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We dedicate this book to our DECCMA colleague Dr. Asish Kumar Ghosh,
who passed away in April 2018 at the age of 80 years.
Dr. Ghosh founded the Centre for Environment and Development,
Kolkata and was Director of the Zoological Survey of India. He served
the Government of India for more than two decades under the Ministry of
Environment and Forests, was a Fulbright scholar, and led the Indian delegation to the original Ramsar Convention in Japan. He was instrumental
in reintroducing salt-tolerant rice varieties in the Indian Sundarbans after
Cyclone Aila.
Dr. Ghosh had a lifelong commitment to the environment, biodiversity,
and human rights in India and throughout South Asia and shared his great
knowledge and wisdom with both students and colleagues, many of whom
have contributed to this volume.

Foreword

This book provides a quality excursion into one of the hottest topics
in environmental research. Deltas have historically offered up a rich
potential in the maintenance of coastal biodiversity, and flow regulation
between the landscape and the coastal ocean. Deltas remain a key environment for human development and support. The 600 million habitants, now living or working on deltas, face the looming threat of global
sea-level rise due to climate change. More local coastal subsidence,
related to water extraction (urban consumption, irrigation, and industrialisation), peat oxidation, and petroleum mining, further compounds
the impact of a rising global ocean.
Deltas are key engines of the global economy, and the destination
of the largest migration of humans in history. Once the world’s rice
bowls, many deltas have been transformed into protein bowls, with
new aquaculture infrastructure increasing the ecosystem services that
they can render. To accomplish this feat, deforestation in the coastal
zone (global loss of mangrove forests) has often been the result. And
with the removal of coastal forests, the extent of storm surge inundation has increased, putting ever more of delta-citizens at risk. Further,
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marine inundation increases the risk of salinisation leading to depletion of agricultural soil and freshwater marshes, and thus a reduction in
biodiversity.
There is a direct link between how a particular delta functioned in
1950, at the beginning of the Anthropocene Epoch, and its subsequent
transformation with a rapidly increasing population. Over the last 65
years, megacities (10+ million residents) have sprung up on deltas,
worldwide, increasing the need to protect these cities behind artificial
barriers, or face reverse migration off delta, or both. Already officials in
Bangkok and Jakarta, have developed plans to consider such a costly
endeavour.
Deltas in the Anthropocene brings together a very large cast of
researchers, to deal with the major issues concerning: (1) the GangaBrahmaputra-Meghna Delta of Bangladesh and India, (2) the Mahanadi
Delta of India, and (3) the Volta Delta of Ghana. Quite often, insights
from studies on other deltas of the world are discussed for comparison
and guidance when discussing policy implications (e.g., livelihoods,
housing infrastructure, health, and the impacts of gender on migration). Analysis includes socio-economic investigations into the temporal trends and spatial heterogeneity of the key factors affecting each
delta, including the application of integrated modelling to make sense
of the complexity underpinning each environmental system. Often the
authors take the position that future natural flows are being replaced
by human-controlled flows, whether one tracks water, sediment, food
production, and so on. This suggests that deltas in these three delta
regions will continue their transition towards a human-controlled, or
Anthropogenic, environment.
I grew up living on a delta. My memories include the flatness of their
topography; the profusion of seasonal bugs and flies that lived around
the swamps, marshes and delta lakes; floods that would so scare us that
we would often rethink our habitat; the rapid and historic growth of
infrastructure and other forms of delta taming; and, of course, sand and
mud everywhere. Huge volumes of agricultural and forestry goods, minerals, and manufactured goods were always being offloaded or loaded
onto ships. The poorest people lived in the worse parts of the delta; the
richest people always seemed to find highland for views and security.
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Later in life, as I travelled the world, often with the opportunity to
visit or study the local delta(s), I continued to explore how deltas functioned. It became clear to me, that any investigation of a modern delta,
without accounting for their past and future human modifications,
would miss the “story” of the delta. I also realised how there is a neverending tension between the uplanders (those that lived upstream of the
delta), and the lowlanders, the delta inhabitants. Uplanders considered
deltas simply as home to valuable ports to distribute their upland goods
onto other parts of the world economy. Not much thought was ever
given to the impact of upstream dam building, for example, on a delta’s
coastal environment. Trapping of sediment in upstream reservoirs, and
the subsequent erosion on a delta’s shoreline, were not part of the general conversation.
We can do better, and it is not too late to start having the very
important discussion on the governance and function of our world’s
deltas. I am so pleased that Canada’s International Development
and Research Center (IDRC) teamed up with the UK’s Department
for International Development (DFID) to create the Collaborative
Adaptation Research Initiative in Africa and Asia or CARIAA programme that underwrote some of the important funding to support the
book’s contents. As an advisor to the CARIAA programme, I watched
the progress of key aspects of the book’s content. I am extremely pleased
with the results that have broadened my own ability to contextualise
deltaic environments in the Anthropocene. What makes this particular book on deltas exceptional, is that the researchers are largely from
Ghana, India, and Bangladesh. A unique perspective is thus provided.
I have known the book’s lead Editor, Robert J. Nicholls, for many
years, having followed his applied science approach to issues related
to coastal environmental science. This effort will no doubt be another
feather in his cap, but also for his co-editors Neil Adger, Craig W.
Hutton, and Susan E. Hanson. They have done an exceptional job, as
have all 60 contributors. For those wanting a heads up on modern environmental science, this text has much to offer.
Boulder, CO, USA

Jaia Syvitski
University of Colorado
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Delta Challenges and Trade-Offs
from the Holocene to the Anthropocene
Robert J. Nicholls, W. Neil Adger, Craig W. Hutton
and Susan E. Hanson

1.1	Introduction
The human dominance of the Earth and its implications is now captured
in the concept of a fundamental transition to the Anthropocene. The
Anthropocene represents a period of time when humans are the dominant influence on the climate and environment, as opposed to earlier periods more dominated by natural processes (Steffen et al. 2011; Ribot 2014;
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Goudie and Viles 2016; Verburg et al. 2016; Donges et al. 2017). This
transition to human domination is increasingly placed in the mid-twentieth
century, though subject to vigorous debate. In this book, the focus is what
the Anthropocene means for environmental management and achievement
of the widely agreed goals of sustainable development (Hutton et al. 2018;
Szabo et al. 2018), using deltas as hotspots where natural processes and
intense and growing human activity intersect (Renaud et al. 2013).
Many relevant processes of environmental, economic and social
change are progressing faster and more intensely in deltas than their
global averages (Table 1.1). As humans have occupied deltas for centuries and millennia, they are, in effect, a bell-weather for the earth and the
Anthropocene. Figure 1.1 illustrates some key features of deltas in the
Anthropocene.
Deltas have formed at the land–sea interface over hundreds and thousands of years where large rivers deposit their sediment load creating
extensive highly productive and low-lying coastal plains (Ibáñez et al.
2019). Natural deltas represent the interplay of sediment delivery and
reworking, destructive marine processes and subsidence, including major
river channel migration and switching (Syvitski 2008). With their extensive ecosystem services and accessible transport links, deltas have also
been a focus for human settlement for millennia (Bianchi 2016). Their
populations have grown dramatically in the past 100 years and today
Table 1.1 Key trends across deltas and globally, indicating a greater intensity in
populated deltas
Issue

Delta trend

Global trend

Population
Economy
Cities and urban areas
Migration
Intensification of land use
Biodiversity
Threat of submergence
Household adaptation
Engineering interventions

˄˄
˄˄
˄˄
˄˄
˄˄
˅˅
˄˄
?
˄˄

˄˄
˄
˄
˄
˄
˅
N/A
?
˄

˄ increasing; ˄˄ strongly increasing; ˅ decreasing; ˅˅ strongly decreasing; ? no
data/unclear; N/A—not applicable
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Fig. 1.1 Some delta features in the Anthropocene. a Natural environments—
The Sunderbans, a world heritage site, India. b A delta city, Khulna, Bangladesh.
c Intensive aquaculture, Bangladesh. d Cyclone evacuation centre, Bangladesh.
e Agriculture—Polders, Bangladesh. f Major infrastructure—Akosombo Dam,
upstream of the Volta Delta, Ghana. g Adaptation—A major storm surge
barrier—the Maeslantkering, The Netherlands. h A world delta city, Shanghai,
China (Photos: a, b, e Robert J Nicholls; c, d Attila N Lázár; f, g, h reprinted under
licence CC BY-SA 1.0 and 3.0)
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more than 500 million people live in and around deltas globally: or seven
per cent of the human population on one per cent of global land area
(Ericson et al. 2006; Woodroffe et al. 2006). Most large delta populations
are found in mid and low latitude deltas in the global South associated
with large rural populations depending on agriculture for their livelihoods, especially in Asia. Many deltas are also associated with large and
rapidly growing mega-cities such as Cairo, Dhaka, Kolkata and Shanghai.
With their large populations and economic opportunities, deltas are a key focus for development. Deltas have also been associated
with the threat of climate-induced sea-level rise and subsidence and
there is concern this could act as a brake on economic development
(de Souza et al. 2015; Hallegatte et al. 2016). Due to the low elevation of deltas, small changes in water level can have profound hydrological effects, including inundation, salinity and waterlogging with
severe impacts on livelihoods. In the extreme, the spectre of mass
forced migration from deltas due to sea-level rise was raised 30 years
ago (Milliman et al. 1989). However, while such projections have
become received wisdom and widely repeated (Gemenne 2011), there
has been little systematic scientific investigation of demographic realities of future population movements and settlement patterns. Most
integrated analyses show the complexity of delta processes and the
occurrence of multiple and interacting drivers of change (Tessler
et al. 2015; Nicholls et al. 2016). This book examines the current and
future trajectories of Anthropocene deltas by focussing on the full
range of interrelated environmental and social dynamics. It aims to
understand the opportunities as well as the threats in deltas under
Anthropocene conditions.

1.2	Trends in Deltas, Their Catchments
and Adjacent Areas
There are deltas in every inhabited continent in the world, as illustrated in Fig. 1.2. There is a strong concentration of densely
populated deltas in south, south-east and east Asia. Based on
Woodroffe et al. (2006), the largest delta by population is the

1
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Fig. 1.2 A map of 47 global deltas by size and population density (based on
data in Dunn 2017)

Ganges-Brahmaputra-Meghna (GBM) Delta (India and Bangladesh)
with more than 130 million inhabitants. The other eight significant
and populous deltas around the Himalayas, the Irrawaddy (Myanmar),
Chao Phayra (Thailand), Mekong (Vietnam), Song Hong (Red)
(Vietnam), Pearl (China), Changjiang (China), Huanghe (China)
and the abandoned Huanghe (Jiangsu) (China); an additional 195
million people, living at densities of 400–5000 people/km2. Further
large delta populations are found along the Indian coast of the Bay
of Bengal coast, for example the Mahanadi, as well as in Indonesia
where many small deltas exist and coalesce into a coastal plain with
dense populations, as in Java. Outside Asia there are deltas in Europe,
the Netherlands is a delta country; North America, the Mississippi is
an iconic delta; and South America, where the world’s largest delta
in area, the Amazon, is located. Africa has the vital Nile Delta, which
supports around 40 million people including the city of Cairo, and a
number of smaller locally important deltas such as the Volta in Ghana.
Deltas have been changing rapidly over the last few decades. They
naturally evolve by the interplay of sediment supply, redistribution and
loss, including the natural subsidence that occurs in all deltas. Hence,
some deltas may experience accretion in certain areas and erosion elsewhere related to the local sediment budget (see Chapter 2). In the
Anthropocene, a range of additional processes induced by humans have
operated across scales as summarised in Table 1.2.
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Table 1.2 Major human processes shaping delta evolution by scale
Scale

Human-induced process

Sources/information in this
book

Global

Climate change and
sea-level rise
Globalisation, trade
and world markets
Land use change and
sediment yield
Dams construction and
increased water
(and sediment) retention
Enhanced subsidence
(due to ground fluid withdrawal and/or drainage)
Enhanced flood protection
(stopping sedimentation)
Urbanisation and
associated infrastructure
Intensified agriculture
and aquaculture

Chapter 6

Catchment

Delta

Chapter 8
Syvitski et al. (2009); Chapter 5

Ericson et al. (2006), Syvitski
et al. (2009), Tessler et al.
(2018); Chapter 5
Syvitski et al. (2009);
Chapters 5, 9 and 10
Szabo et al. (2016a);
Chapters 7–9
Chapters 6, 8 and 9

At the global scale, human-induced climate change threatens deltas
with accelerating sea-level rise, with more intense storms being of particular concern. These effects will be much larger in the future. Indirectly,
deltas are also exposed to global markets and trends and this can drive
changes at smaller scales, such as the growth in shrimp aquaculture
for export. At the regional and catchment scale, human changes in the
catchments, such as dams, can change the delivery of water and reduce
the supply of sediment, sometimes almost completely. Hydrological
effects in deltas are also apparent with issues such as intensified saltwater intrusion during the dry season reflecting multiple factors including
upstream changes, delta changes and sea-level rise (e.g. Nicholls et al.
2018b). Deltas have long been important food producers reflecting their
significant productive ecosystem services. With growing populations,
agriculture has been greatly intensified in deltas for local and wider use,
as has aquaculture. This is widely associated with polderisation where
low-lying areas are surrounded by dykes and drainage is improved, allowing more easy regulation of water levels and excluding natural flooding

1

Delta Challenges and Trade-Offs from the Holocene …    
7

and sedimentation. Agriculture intensification leads to less subsistence
agriculture and lower agriculture employment (e.g. Amoako-Johnson
et al. 2016). Agricultural systems often require intensive irrigation infrastructure to manage water during dry periods. Drainage and fluid withdrawal leads to accelerated subsidence and falling land levels increase
the likelihood of waterlogging and flooding, driving the construction or
upgrade of flood defences. Most populous deltas in the most recent decades have also experienced major rural to urban migration and growing
urban centres, within or adjacent to the delta (Szabo et al. 2016a). The
urbanisation trend has led to major infrastructure demands including
enhanced urban flood management and protection. Consequently, deltas
are widely moving towards being highly engineered landscapes and are
now a long way from their previous natural or semi-natural state.
Figure 1.3 contrasts an archetypal pristine versus an Anthropocene
delta, emphasising the intensification of a wide range of human activities in the Anthropocene delta. In the real world, deltas are at different stages of these processes, but all deltas with significant populations,
it is argued, are following similar trajectories. The incremental nature
of many of the trends is also apparent: they accumulate with time such
as sea-level rise, loss of elevation and growth of flood defences (Tessler
et al. 2015). There is also a strong coupling between natural processes
and engineering responses that can lead to co-evolution and lock-in
(Welch et al. 2017). Hence, deltas are complex systems and historical
precedent is no longer a guide to the future. Adaptation and flexibility
to the seasons and to climate extremes have always been necessary features of successful human occupancy of deltas. However, many historic
adaptation behaviours may no longer be fit for purpose, due to changing pressures and climatic changes outside of lived experience.
For the future, climate change and sea-level rise have long been recognised as a major threat to deltas (Milliman et al. 1989; Tsyban et al. 1990).
However, deltas in the Anthropocene are influenced by much more than
climate change. Catchment changes, large-scale engineering interventions
in rivers and coasts, population dynamics and socio-ecological interactions dominate virtually all observed changes in the major deltas of the
world to date. These factors can only be compounded by climate change
and sea-level rise which is a growing issue, especially after 2050 when
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Fig. 1.3 A pristine (left) and an Anthropocene (right) archetypal delta, emphasising the intensification of a wide range of human activities within deltas during the Anthropocene

changes could be dramatic (Brown et al. 2018; Nicholls et al. 2018a).
Consequently, as the Anthropocene continues, societies will be transformed
and will need to address new and emerging threats and challenges. In many
ways, delta societies and regions epitomise the challenges found elsewhere:
the lessons drawn from deltas can inform the needs in other settings.

1.3	Possible Consequences of Changing Deltas
Current and future Anthropocene trends and trajectories have important consequences for the deltas and their populations. For example, the
geomorphic trend of loss of elevation leads to potential submergence of
the deltas and land loss or a growing dependence on flood defences and
pumped drainage (Blum and Roberts 2009; Syvitski et al. 2009). This

1
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trend is apparent in many deltas around the world, related to subsidence and sea-level rise. However, as sea-level rise accelerates and compensating sediment supplies continue to fall, an existential threat to
deltas is likely to occur in the Anthropocene. Relative sea-level rise also
has important hydrological trends, especially waterlogging and salinisation (Payo et al. 2017) with potential consequences for agriculture even
if there are flood defences.
Deltas have rich biodiversity and wider ecosystem service values. The
pressure from expanding population, agriculture, industrial development and submergence is removing the space for this important characteristic of deltas. At the same time, there is more interest in ‘working
with nature’ management approaches, such as mangrove buffers, which
might give space for biodiversity and their ecosystem services. But are
delta societies willing to give up that space? Diversification to high value
crops has increased the value of agriculture. Moreover, subsistence agriculture is increasingly less attractive as the economies diversify and relative wages and returns to labour in primary industries stagnate. Climate
change is also making traditional agriculture more risky and less attractive, suggesting a trend to decline in employment in agriculture and
consolidation of agricultural holdings. These trends in the nature of
agriculture and land use represent a profound change to deltas globally. Moreover, dyke-based delta management and the move away from
annual floods may undermine agricultural economics due to the high
cost of fertiliser, as shown in the Mekong Delta (Chapman and Darby
2016). It is not clear who will benefit from these agriculture transitions or from rapid diversification of rural economies in delta regions
and urbanisation. For example, the economy of Bangladesh is currently
growing at more than seven per cent, and over the past 20 years the
economy has increased five times, according to World Bank data. These
observed changes indicate the nature of the delta economies are likely to
continue to change fundamentally in the coming decades.
In addition, there are major demographic transitions in societies in
most countries with large populous deltas (Szabo et al. 2016a). This
suggests the emergence of ageing and stable and even falling populations in the future. The growth of cities in and around the deltas has
been profound and reflects a large migration of people from rural areas.
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Data from observations and projections of populations of selected large
cities from 1950 to 2020 (Table 1.3) shows the largest growth in the
GBM Delta, especially in Dhaka, Kolkata and Chattogram (also known
as Chittagong), and in relative terms Dhaka, Bhubaneswar and Lomé.
Continued substantial growth is projected from 2020 to 2035 in all the
cities, except Khulna. When considering the effects of climate change
on migration, this demonstrates existing substantial high levels of
mobility and population dynamics in many deltas.

1.4	Policy Implications
The sustainability of deltas in the Anthropocene requires the long term
health of physical and ecological systems alongside widely distributed
development that leaves no-one behind. Day et al. (2016) consider delta
sustainability within the context of global biophysical and socio-economic
constraints. They state that geomorphic, ecological and economic aspects
of the delta sustainability are strongly influenced by society. However,
critical factors of a sustainable delta society include livelihood sustainability, demography, well-being and critically their trajectories through
time. The process of managing deltas will require an adaptive approach
to the development of policy with an effective strategy for monitoring progress, scenario development and learning. Taken together

Table 1.3 Selected observed and projected city populations (thousands) in and
adjacent to deltas from 1950 to 2035 (Data from UN DESA [2018]) (see Fig. 1.4
and Table 1.4)
City

1950

1970

1990

2010

2020

2035

Accra
Lomé
Bhubaneswar
Kolkata
Khulna
Dhaka
Chattogram
(Chittagong)

177
33
16
4604
61
336
289

631
192
98
7329
310
1374
723

1197
619
395
10,974
985
6621
2023

2060
1466
868
14,003
1098
14,731
4106

2514
1828
1163
14,850
954
21,006
5020

3632
2947
1649
19,564
1213
31,234
7110
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these diverse elements represent the challenges of delta planning in the
Anthropocene.
The complexity and intensity of the changes discussed in Sects. 1.2
and 1.3 suggests that management and development in deltas will be
challenging. Inevitably important choices and trade-offs will emerge
and there will be a need for clear priorities and goals. This is apparent when the aspirations of the UN Sustainable Development Goals
(SDGs) are considered, as the issues of trade-offs and choice and how
these challenges are addressed have received little attention (Szabo et al.
2016b; Hutton et al. 2018). While delta residents have had to be highly
adaptive to exploit delta livelihoods, all the changes above suggest that
traditional adaptation will be insufficient and important new adaptation
efforts linked to delta development will be required in the future.
The scale of the challenge for delta management in the Anthropocene
would suggest that new and more integrated approaches are required.
Deltas are inherently challenging systems to manage due to the high
sensitivity to multiple drivers and the potential for co-evolution and
lock-in (Welch et al. 2017; Seijger et al. 2018). As an example, construction of flood defences and drainage attracts development, excludes
sedimentation and promotes subsidence of organic soils, increasing the
consequences of flooding if the defences fail. Hence, construction of
flood defences ultimately promotes bigger and higher defences and the
consequences of failure grow. Hallegatte et al. (2013) analysed flooding in coastal cities and found protection resulted in fewer, but bigger, disasters in terms of economic damage. This effect was largest in
cities located in deltas as they subside, in addition to experiencing climate-induced sea-level rise. More innovative ways of managing deltas
are needed such as allowing controlled flooding and sedimentation. This
approach has been used in the Yellow River, China (Han et al. 1995)
and is applied at a small scale as so-called Tidal River Management in
Bangladesh (Chapters 2, 6 and 10). A major dilemma for such strategies is whether they can be scaled up for Anthropocene conditions when
sediment supply from feeding rivers is widely diminishing (e.g. Rogers
and Overeem 2017; Dunn et al. 2018).
Whole delta plans aim to consider the entire delta and adopt integrated perspectives. They are proliferating. In the Mississippi Delta,
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coastal restoration is actively focussing on ecosystem restoration and
coastal safety (CPRAL 2017). In the Netherlands, the Dutch Delta
Commission has been established and similar plans are being developed
in the Mekong and Bangladesh (Seijger et al. 2017). In all these examples, there is a vision of coordinated delta development and adaptive
approaches to an uncertain future.

1.5	The Book Approach and Structure
This book assesses the influences and interactions in deltas in order
to appraise the sustainability and potential futures for deltas in the
Anthropocene. It draws significantly from research conducted in the
multi-disciplinary Deltas, Vulnerability and Climate Change: Migration
and Adaptation project that researched a diversity of the world’s deltas
from 2014 to 2018 (DECCMA 2018). The DECCMA initiative generated scenarios of downscaled climate change and sea-level rise; analysed hotspots of vulnerability and risk; examined individual behaviour
around adaptation practices and migration patterns and consequences;
developed land cover and national agro-ecological zone production; and
modelled the macroeconomy of deltas with projections of how environmental change would affect both the scale of economic activity and
demand for labour. The book, building on findings of the DECCMA
consortium, seeks to answer a number of questions. What are the key
characteristics of the Anthropocene economic transition in deltas? What
are the implications of this transition for twenty-first-century management and adaptation of deltas, including the wider policy implications?
Do deltas offer an early insight into the impact of the Anthropocene
transition of relevance to the management for other socio-ecological
contexts?
The chapters and individual assessments draw on new empirical
insights from DECCMA based on primary data and analysis for three
significant and contrasting deltas: the world’s largest and most populous delta, the GBM, spanning India and Bangladesh, the Mahanadi,
entirely within India and the Volta in West Africa (Fig. 1.4). They
also draw on a renewed and vigorous global community of researchers
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Fig. 1.4 Delta regions considered, including their associated catchments and the
shelf sea regions (analysed for fisheries): a Volta Delta. b Mahanadi Delta. c GangesBrahmaputra-Meghna Delta (Modified from Kebede et al. [2018] under CC BY 4.0)

seeking to support delta planning through integrated science. Deltas
can be defined in various ways, such as the location of the most
upstream distributary, or the surface area composed of Holocene sediments (e.g. Woodroffe et al. 2006). The principal focus of analysis in
this book is on the coastal portion of deltas. Coastal parts of deltas are
the crucible of the impacts of climate change, especially sea-level rise
and subsidence, as well as areas with high population density and economic activity. The study areas for the DECCMA deltas were defined
as a subset of the physical delta limited to land below the five-metre
contour. The specific study area was defined by selecting all the administrative units within this physical delta, i.e. the political units where
these impacts and adaptation are experienced and represent dilemmas
and trade-offs. In Bangladesh, a slightly different approach was taken
and the coastal zone, as recognised by the Government of Bangladesh,
was analysed. This excludes large areas in Bangladesh below the
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five-metre contour further inland, but gives an administratively meaningful study area. This is also the area subject to tropical cyclones. Some
of the key characteristics of the delta study areas are given in Table 1.4.
The population density is lowest in the Volta and exceeds 1000 people/km2 in the dominantly rural setting of the GBM Delta. The deltas all contain large and growing cities, or are adjacent to such cities,
with Accra and Lomé on either side of the Volta Delta. Agriculture and
fisheries are important components of the economy, especially employment. However, the economies are more diverse than often considered,
with large industry and construction, and especially service components, although these aspects of the economy have a strong linkage to
agriculture and fisheries.
The multi-disciplinary, policy-orientated research reported throughout the book explores the effects of a range of environmental and economic scenarios on migration, adaptation, governance, as well as asset
poverty, agricultural and fisheries productivity and nutritional levels.
The research is strongly aligned to the United Nation’s SDGs as delta
populations often experience extremes of poverty, gender and structural
inequality, variable levels of health and well-being, while being vulnerable to extreme and systematic environmental and climate change.
The book is structured as follows. First, the three deltas are considered in detail in Chapters 2–4: the GBM, Mahanadi and Volta Deltas,
respectively. They ask the questions, how are these deltas today, and
what does the Anthropocene mean for each of them? Six thematic
chapters then explore challenges of development and delta futures,
based on global evidence and drawing from the DECCMA example
deltas in particular. Chapter 5 considers fluvial sediment supply and
relative sea-level change in deltas. This is the process which produced
and sustained the world’s deltas over the last few millennia and centuries. However, in the Anthropocene the sediment supply is failing due
to upstream change, especially the construction of dams. This suggests
intensified hazards and growing land loss, or a growing dependence on
dykes and polders. Only radical management in the deltas and in the
catchments can change this trend. Chapter 6 examines the hazards,
exposure, vulnerability and risks within deltas, and their spatial expression, including recognising hotspots. These concepts have emerged

Total area (km2)
and area below
5 m elevation
(%)

5136 (38)

12,856 (38)
51,493 (60)

Delta region

Volta

Mahanadi
GangesBrahmaputraMeghna
8.1 × 106 (625)
56.1 × 106
(1101)

0.86 × 106
(168)

Population
and population density
(people/km2)
None in delta
region.
Nearby Accra
and Lomé,
Togo
Bhubaneswar
Kolkata,
Khulna and
Chattogram,
with Dhaka
nearby

Large cities

29% (44%)
15% (26%)

29% (40%)

17% (17%)
38% (11%)

31% (22%)

54% (39%)
47% (63%)

40% (38%)

GDP (and employment) by sector
Agriculture
Industry and
Services
and fishing
construction

Table 1.4 Economic and demographic characteristics of the selected delta regions

1958
1847

1048

GDP per capita
(2012, USD,
power
purchasing
parities)
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over the last few decades as key information for environmental policy analysis. Hotspots also inform other analysis and helped to guide
the analysis of migration in Chapter 7 and adaptation in Chapter 9.
Chapter 7 assesses where people live and move within deltas using
analysis of the census and dedicated household surveys. It finds that
there is high human mobility in deltas today driven largely by economic reasons, including movement to cities. Hence, any migration
due to environmental change will be in addition to the existing migration processes. Chapter 8 focuses on delta economics and sustainability. While agriculture is a large part of the economy, and provides
much of the employment, the three delta economies have growing service, trade-transport, industry and construction sectors. Fisheries are
also important. Nonetheless, the delta economies are quite vulnerable
to climate change impacts in the next few decades. Chapter 9 considers adaptation to change as a response to these and other threats.
Adaptation is already widespread in deltas. Much of the adaptation
activity at household level focusses on reducing past and present vulnerabilities, with little attention to longer term risks. Government
adaptation initiatives often address structural needs and managing the
dynamic nature of these environments. There is no joined up vision
of adaptation in deltas as yet, although future adaptation offers delta
societies opportunities and choices to deal with the challenges of the
Anthropocene, and it is important to recognise that adaptation choices
will shape the future evolution of deltas. Chapter 10 assesses adaptation
at the delta scale, and the role of trade-offs and plausible development
pathways. Delta management in the Anthropocene will involve the
consideration of trade-offs and the balancing of positive and negative
outcomes for delta functions and the societies that rely on them. Using
integrated models, the chapter demonstrates that trade-offs are crucial
governance challenges for the future sustainability of deltas, probably
illustrating a wider challenge for the Anthropocene. Lastly, Chapter 11
synthesises the book, considering the questions posed for deltas in the
Anthropocene. The trends emerging in each chapter are reviewed and
considered together, and possible trajectories for the Volta, Mahanadi
and GBM deltas are presented. Using these insights, it considers the
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notion of a sustainable delta from a variety of perspectives, and what
this might mean under Anthropocene conditions.
These chapters examine deltas from a range of biophysical and
socio-economic perspectives. The consideration of migration and
population in deltas in Chapters 7 and 9, for example, uses a new
and bespoke survey on migration and adaptation patterns across the
DECCMA deltas: the survey involved more than 7500 households and
individual migrants in rural parts of the deltas and in their destination
cities (DECCMA 2018). Such data on migration and household-level
adaptation to hazards and climate changes provides important new
insights on delta demography and human dilemmas in Anthropocene
deltas. Analysis of the delta economy in Chapter 8 uses newly developed
macroeconomic models for the DECCMA deltas that allows direct
comparative analysis of the macro-level trends and impacts of environmental change on economic activity. Synthesis across all these dimensions provides important new insights on key challenges and trade-offs
for delta societies in the Anthropocene.

References
Amoako-Johnson, F., Hutton, C. W., Hornby, D., Lázár, A. N., &
Mukhopadhyay, A. (2016). Is shrimp farming a successful adaptation to
salinity intrusion? A geospatial associative analysis of poverty in the populous Ganges–Brahmaputra–Meghna Delta of Bangladesh. Sustainability
Science, 11(3), 423–439. https://doi.org/10.1007/s11625-016-0356-6.
Bianchi, T. S. (2016). Deltas and humans: A long relationship now threatened by
global change. Oxford, UK: Oxford University Press.
Blum, M. D., & Roberts, H. H. (2009). Drowning of the Mississippi Delta
due to insufficient sediment supply and global sea-level rise. Nature
Geoscience, 2, 488. https://doi.org/10.1038/ngeo553.
Brown, S., Nicholls, R. J., Lázár, A. N., Hornby, D. D., Hill, C., Hazra, S.,
et al. (2018). What are the implications of sea-level rise for a 1.5, 2 and 3
°C rise in global mean temperatures in the Ganges-Brahmaputra-Meghna
and other vulnerable deltas? Regional Environmental Change, 18(6), 1829–
1842. https://doi.org/10.1007/s10113-018-1311-0.

18    
R. J. Nicholls et al.

Chapman, A., & Darby, S. (2016). Evaluating sustainable adaptation strategies for vulnerable mega-deltas using system dynamics modelling: Rice
agriculture in the Mekong Delta’s An Giang Province. Vietnam. Science
of the Total Environment, 559, 326–338. https://doi.org/10.1016/j.
scitotenv.2016.02.162.
CPRAL. (2017). Louisiana’s comprehensive master plan for a sustainable
coast: Commited to our coast. Baton Rouge, LA: Coastal Protection and
Restoration Authority of Louisiana. http://coastal.la.gov/wp-content/
uploads/2017/04/2017-Coastal-Master-Plan_Web-Single-Page_CFinalwith-Effective-Date-06092017.pdf. Last accessed 20 December 2018.
Day, J. W., Agboola, J., Chen, Z., D’Elia, C., Forbes, D. L., Giosan, L.,
et al. (2016). Approaches to defining deltaic sustainability in the 21st
century. Estuarine, Coastal and Shelf Science, 183, 275–291. https://doi.
org/10.1016/j.ecss.2016.06.018.
DECCMA. (2018). Climate change, migration and adaptation in deltas: Key
findings from the DECCMA project (Deltas, Vulnerability and Climate
Change: Migration and Adaptation [DECCMA] Report). Southampton,
UK: DECCMA Consortium. https://www.preventionweb.net/publications/
view/61576. Last accessed 27 November 2018.
de Souza, K., Kituyi, E., Harvey, B., Leone, M., Murali, K. S., & Ford, J.
D. (2015). Vulnerability to climate change in three hot spots in Africa
and Asia: Key issues for policy-relevant adaptation and resilience-building research. Regional Environmental Change, 15(5), 747–753. https://doi.
org/10.1007/s10113-015-0755-8.
Donges, J. F., Winkelmann, R., Lucht, W., Cornell, S. E., Dyke, J. G.,
Rockström, J., et al. (2017). Closing the loop: Reconnecting human
dynamics to Earth System science. The Anthropocene Review, 4(2), 151–157.
https://doi.org/10.1177/2053019617725537.
Dunn, F. E. (2017). Multidecadal fluvial sediment fluxes to major deltas
under environmental change scenarios: Projections and their implications
(PhD thesis). Faculty of Geography and the Environment, University of
Southampton, Southampton, UK.
Dunn, F. E., Nicholls, R. J., Darby, S. E., Cohen, S., Zarfl, C., & Fekete, B.
M. (2018). Projections of historical and 21st century fluvial sediment delivery to the Ganges-Brahmaputra-Meghna, Mahanadi, and Volta deltas.
Science of the Total Environment, 642, 105–116. https://doi.org/10.1016/j.
scitotenv.2018.06.006.
Ericson, J. P., Vörösmarty, C. J., Dingman, S. L., Ward, L. G., & Meybeck,
M. (2006). Effective sea-level rise and deltas: Causes of change and human

1

Delta Challenges and Trade-Offs from the Holocene …    
19

dimension implications. Global and Planetary Change, 50(1–2), 63–82.
https://doi.org/10.1016/j.gloplacha.2005.07.004.
Gemenne, F. (2011). Why the numbers don’t add up: A review of estimates and predictions of people displaced by environmental changes.
Global Environmental Change, 21, S41–S49. https://doi.org/10.1016/j.
gloenvcha.2011.09.005.
Goudie, A. S., & Viles, H. A. (2016). Geomorphology in the Anthropocene.
Cambridge, UK: Cambridge University Press.
Hallegatte, S., Bangalore, M., Bonzanigo, L., Fay, M., Kane, T., Narloch, U.,
et al. (2016). Shock waves: Managing the impacts of climate change on poverty.
Washington, DC: World Bank. https://openknowledge.worldbank.org/handle/10986/22787. License: CC BY 3.0 IGO.
Hallegatte, S., Green, C., Nicholls, R. J., & Corfee-Morlot, J. (2013). Future
flood losses in major coastal cities. Nature Climate Change, 3, 802–806.
https://doi.org/10.1038/nclimate1979.
Han, M., Wu, L., Hou, C., & Liu, G. (1995). Sea-level rise and the North
China coastal plain: A preliminary analysis. Journal of Coastal Research, S14,
132–150.
Hutton, C. W., Nicholls, R. J., Lázár, A. N., Chapman, A., Schaafsma,
M., & Salehin, M. (2018). Potential trade-offs between the Sustainable
Development Goals in Coastal Bangladesh. Sustainability, 10(4), 1008.
http://dx.doi.org/10.3390/su10041108.
Ibáñez, C., Alcaraz, C., Caiola, N., Prado, P., Trobajo, R., Benito, X., et al.
(2019). Basin-scale land use impacts on world deltas: Human vs natural forcings. Global and Planetary Change, 173, 24–32. https://doi.
org/10.1016/j.gloplacha.2018.12.003.
Kebede, A. S., Nicholls, R. J., Allan, A., Arto, I., Cazcarro, I., Fernandes, J.
A., et al. (2018). Applying the global RCP–SSP–SPA scenario framework
at sub-national scale: A multi-scale and participatory scenario approach.
Science of the Total Environment, 635, 659–672. https://doi.org/10.1016/j.
scitotenv.2018.03.368.
Milliman, J. D., Broadus, J. M., & Gable, F. (1989). Environmental and economic implications of rising sea level and subsiding deltas: The Nile and
Bengal examples. Ambio, 18(6), 340–345.
Nicholls, R. J., Brown, S., Goodwin, P., Wahl, T., Lowe, J., Solan, M.,
et al. (2018a). Stabilization of global temperature at 1.5°C and 2.0°C:
Implications for coastal areas. Philosophical Transactions of the Royal Society,
376(2119). https://doi.org/10.1098/rsta.2016.0448.

20    
R. J. Nicholls et al.

Nicholls, R. J., Hutton, C. W., Adger, W. N., Hanson, S. E., Rahman, M.
M., & Salehin, M. (Eds.). (2018b). Ecosystem services for well-being in deltas:
Integrated assessment for policy analysis. London, UK: Palgrave Macmillan.
Nicholls, R. J., Hutton, C. W., Lázár, A. N., Allan, A., Adger, W. N.,
Adams, H., et al. (2016). Integrated assessment of social and environmental sustainability dynamics in the Ganges-Brahmaputra-Meghna Delta,
Bangladesh. Estuarine and Coastal Shelf Science, 183, 370–381. https://doi.
org/10.1016/j.ecss.2016.08.017.
Payo, A., Lázár, A. N., Clarke, D., Nicholls, R. J., Bricheno, L., Mashfiqus, S.,
et al. (2017). Modeling daily soil salinity dynamics in response to agricultural and environmental changes in coastal Bangladesh. Earth’s Future, 5(5),
495–514. https://doi.org/10.1002/2016EF000530.
Renaud, F. G., Syvitski, J. P. M., Sebesvari, Z., Werners, S. E., Kremer,
H., Kuenzer, C., et al. (2013). Tipping from the Holocene to the
Anthropocene: How threatened are major world deltas? Current Opinion
in Environmental Sustainability, 5(6), 644–654. https://doi.org/10.1016/j.
cosust.2013.11.007.
Ribot, J. (2014). Cause and response: Vulnerability and climate in the
Anthropocene. Journal of Peasant Studies, 41(5), 667–705. https://doi.org/1
0.1080/03066150.2014.894911.
Rogers, K. G., & Overeem, I. (2017). Doomed to drown? Sediment dynamics
in the human-controlled floodplains of the active Bengal Delta. Elementa
Science of the Anthropocene, 5, 65. https://doi.org/10.1525/elementa.250.
Seijger, C., Douven, W., van Halsema, G., Hermans, L., Evers, J., Phi, H.
L., et al. (2017). An analytical framework for strategic delta planning:
Negotiating consent for long-term sustainable delta development. Journal of
Environmental Planning and Management, 60(8), 1485–1509. https://doi.
org/10.1080/09640568.2016.1231667.
Seijger, C., Ellen, G. J., Janssen, S., Verheijen, E., & Erkens, G. (2018).
Sinking deltas: Trapped in a dual lock-in of technology and institutions.
Prometheus, 35, 1–21. https://doi.org/10.1080/08109028.2018.1504867.
Steffen, W., Persson, Å., Deutsch, L., Zalasiewicz, J., Williams, M., Richardson,
K., et al. (2011). The Anthropocene: From global change to planetary stewardship. AMBIO: A Journal of the Human Environment, 40(7), 739–761.
https://doi.org/10.1007/s13280-011-0185-x.
Syvitski, J. P. M. (2008). Deltas at risk. Sustainability Science, 3(1), 23–32.
https://doi.org/10.1007/s11625-008-0043-3.

1

Delta Challenges and Trade-Offs from the Holocene …    
21

Syvitski, J. P. M., Kettner, A. J., Overeem, I., Hutton, E. W. H., Hannon, M.
T., Brakenridge, G. R., et al. (2009). Sinking deltas due to human activities.
Nature Geoscience, 2(10), 681–686. https://doi.org/10.1038/ngeo629.
Szabo, S., Adger, W. N., & Matthews, Z. (2018). Home is where the money
goes: Migration-related urban-rural integration in delta regions. Migration
and Development, 7(2), 163–179. https://doi.org/10.1080/21632324.2017
.1374506.
Szabo, S., Brondizio, E., Renaud, F. G., Hetrick, S., Nicholls, R. J., Matthews,
Z., et al. (2016a). Population dynamics, delta vulnerability and environmental change: Comparison of the Mekong, Ganges-Brahmaputra and
Amazon delta regions. Sustainability Science, 11(4), 539–554. https://doi.
org/10.1007/s11625-016-0372-6.
Szabo, S., Nicholls, R. J., Neumann, B., Renaud, F. G., Matthews, Z.,
Sebesvari, Z., et al. (2016b). Making SDGs work for climate change hotspots. Environment: Science and Policy for Sustainable Development, 58(6),
24–33. https://doi.org/10.1080/00139157.2016.1209016.
Tessler, Z. D., Vörösmarty, C. J., Grossberg, M., Gladkova, I., Aizenman, H.,
Syvitski, J., et al. (2015). Profiling risk and sustainability in coastal deltas of
the world. Science, 349(6248), 638–643. https://doi.org/10.1126/science.
aab3574.
Tessler, Z. D., Vörösmarty, C. J., Overeem, I., & Syvitski, J. P. M. (2018). A
model of water and sediment balance as determinants of relative sea level
rise in contemporary and future deltas. Geomorphology, 305, 209–220.
https://doi.org/10.1016/j.geomorph.2017.09.040.
Tsyban, A. V., Everett, J. T., & Titus, J. G. (1990). World oceans and coastal
zones. In W. Tegart, G. W. Sheldon, & C. Griffiths (Eds.), Climate change:
The IPCC impacts assessment. Canberra, Australia: Australian Government
Publishing Service. http://papers.risingsea.net/federal_reports/IPCC-far_
wg_II_chapter_6.pdf. Last accessed 21 January 2019.
UN DESA. (2018). World Urbanization Prospects: The 2018 Revision (Online
ed.). Department of Economic and Social Affairs, Population Division,
United Nations. https://population.un.org/wup/Download/. Last accessed
2 January 2019.
Verburg, P. H., Dearing, J. A., Dyke, J. G., Leeuw, S., Seitzinger, S., Steffen,
W., et al. (2016). Methods and approaches to modelling the Anthropocene.
Global Environmental Change, 39, 328–340. https://doi.org/10.1016/j.
gloenvcha.2015.08.007.

22    
R. J. Nicholls et al.

Welch, A. C., Nicholls, R. J., & Lázár, A. N. (2017), Evolving deltas:
Co-evolution with engineered interventions. Elementa Science of the
Anthropocene, 5, 49. https://doi.org/10.1525/elementa.128.
Woodroffe, C. N., Nicholls, R. J., Saito, Y., Chen, Z., & Goodbred, S. L.
(2006). Landscape variability and the response of Asian megadeltas to environmental change. In N. Harvey (Ed.), Global change and integrated coastal
management: The Asia-Pacific region (pp. 277–314). New York, NY: Springer.

Open Access This chapter is licensed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecommons.
org/licenses/by/4.0/), which permits use, sharing, adaptation, distribution
and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative
Commons license and indicate if changes were made.
The images or other third party material in this chapter are included in the
chapter’s Creative Commons license, unless indicated otherwise in a credit line
to the material. If material is not included in the chapter’s Creative Commons
license and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the
copyright holder.

2
Ganges-Brahmaputra-Meghna Delta,
Bangladesh and India: A Transnational
Mega-Delta
Md. Munsur Rahman, Tuhin Ghosh, Mashfiqus Salehin,
Amit Ghosh, Anisul Haque, Mohammed Abed Hossain,
Shouvik Das, Somnath Hazra, Nabiul Islam,
Maminul Haque Sarker, Robert J. Nicholls
and Craig W. Hutton

2.1	The Ganges-Brahmaputra-Meghna Delta
The Ganges-Brahmaputra-Meghna (GBM) Delta at the north of the
Bay of Bengal is administrated by both India and Bangladesh. It is
characterised by a number of livelihood opportunities resulting from
high population density, as well as a number of biophysical and socioeconomic challenges (flooding, erosion, cyclones, salinisation, water
logging, etc.) which are increasing alongside the changing climate and
anthropogenic developments.
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The people of this region are mainly dependent on the agricultural
sector, while people living in the coastal belt are dependent on traditional
monsoon rice cultivation as well as livelihood activities such as riverine
and marine fishing and activities related to mangroves such as honey collection. Freshwater flooding is a common occurrence in the delta during
the monsoon; it generates benefits such as increased soil fertility, aquifer recharge, replenished ecosystem and increased agricultural production. The delta also supports a diversity of ecosystem services that attract
and support a large local population. One key area is the Sundarbans,
the world’s largest mangrove forest, covering 10,000 km2 which is shared
between Bangladesh (60%) and India (40%) (Fig. 2.1). The unique biodiversity of this area supports a diversity of livelihood options for the
people living on its periphery (Gopal and Chauhan 2006).
The coastal population is exposed to climate hazards, including
fluvio-tidal floods, tropical cyclones accompanied by storm surges,

river bank erosion, salinity intrusion due to seasonal low flow levels in
rivers and upstream water diversion, high levels of salinity in groundwater and arsenic contamination of shallow aquifers. Climate change
and land use impacts are expected to reinforce many of these stresses
(Dastagir 2015). These environmental stresses are believed to be
enhancing already substantial displacement and migration. However,
while the country has seen many planned and autonomous adaptations
to minimise forced migration and displacement, situations often arise
when people have little choice but to move (Mortreux et al. 2018).
Consequently, for effective planning, it is important for policymakers
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Fig. 2.1 The Ganges-Brahmaputra-Meghna Delta showing the coastal zone
with administrative districts in both India and Bangladesh

to have an understanding of how effective adaptation options are, the
circumstances under which people migrate, and if or when people see
migration as an option in the context of available adaptation choices
(Chapter 7).
Coastal Bangladesh has an extensive system of coastal embankments and polders built since the 1960s with the goal of reducing
flooding/salinity, managing water levels and enhancing agriculture
(Haque and Nicholls 2018). While the positive results from such
interventions are visible in the form of increased agricultural production and enhanced regional connectivity, these benefits could not be
translated into long-term gains across the GBM system (Noor 2018).
Rather, these interventions are posing substantial challenges. Prolonged
water logging due to silting up of river beds and hence reduced
drainage capacity of floodplains, further exacerbated by ill-planned
or ill-executed infrastructure projects, such as internal road system, water control infrastructure not being properly maintained and
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aquaculture and other economic activities obstructing drainage undermine the provision of sustainable services. In addition, they contributed to land subsidence, land use pattern changes and tidal influences
on flooding (Islam et al. 2010).
The study area in this chapter considers the part of the delta that is
most threatened by sea-level rise. In West Bengal, this corresponds to
the political units that include areas below 5 m elevation near Kolkata—
South 24 Parganas and North 24 Parganas (Fig. 2.1). In Bangladesh,
the area below 5 m extends across much of the country and the study
area corresponds to coastal Bangladesh as defined by the Government
of Bangladesh. The study area includes part of the Kolkata metropolitan area, but excludes Dhaka: both these cities attract significant migration (see Chapter 1, Table 1.4). The population of the study area is 57
million and occupies more than 51,500 km2. When compared to other
papers such as Ericson et al. (2006) and Woodroffe et al. (2006) which
consider the entire Holocene surface rising to 20 m elevation and a population exceeding 100 million people, it is apparent that the focus here is
more coastal than in earlier analyses.
The aim of the chapter is to consider the whole of the coastal GBM
Delta in India and Bangladesh from a biophysical and socio-economic
perspective. There is a focus on the Anthropocene delta and its prospects and the consideration of both India and Bangladesh makes the
chapter distinct compared to most analyses which are delimited by
national boundaries. The chapter is structured as follows. The characteristics of delta-building and socio-ecological processes are outlined,
followed by discussion on emerging opportunities and challenges,
growth of settlements/land use, vulnerability mapping and options for
adaptation, including migration.

2.2	Morphological Evolution of the Delta
The GBM Delta is a peripheral foreland basin formed through continent–continent collision formed over many millions of years (Raman
et al. 1986). Physiographically, the GBM Delta can be divided into two
major units—the Pleistocene uplands and the deltaic lowlands. There
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are four major terraces; two of these terraces flank the basin extending
east of the Rajmahal hills and west of the Tripura Hills while the other
two, Barind and Madhupur Forest, lie within the basin (Morgan and
McIntire 1959). The other main physiographic division of the GBM
Delta system is the Holocene alluvial plain and the delta.
Pleistocene eustatic sea-level fall has created widespread terraces and
deep erosion of valleys by lowering of base level (Alam 1996). The
sediments brought in by the Ganga-Brahmaputra system during the
post-Pleistocene period appear to have mainly bypassed the delta and
contributed to the rapid growth of Bengal deep-sea fan (Biswas 1992).
Holocene sediments are found in the alluvial fans in the foothills of
the Himalayas, the uplands such as the Tippera surface, the deep tectonic basin (Sylhet basin) and the GBM flood and delta plain, the most
extensive unit of the GBM Delta.
Allison et al. (2003) examined the mineralogical properties of sediment for assessing sedimentary sequence resulting from the lower delta
plain progradation in the late Holocene. From a series of 38 core sites
across the delta, clay mineralogical and radiocarbon evidence agree
that the lower delta plain progradation after the maximum transgression may have been in six phases as the Ganges and Brahmaputra grew
together (Fig. 2.2). Clay mineralogy suggests an increasing influence
of the Ganges in the upper section that may suggest a progradation
of Ganges distributaries into the westernmost delta in the earliest
phase (G1). The early (5000 cal years BP) deltas of the Brahmaputra
(B1) and the Ganges were located far inland of the present shoreline,
reflecting the large amount of accommodation space available in the
tectonically active Bengal basin. Allison et al. (2003) also found that
the shoreline progradation associated with the two rivers was separate
from 5000 cal years BP until they merged into the present Meghna
estuary as recently as about 200 years ago. A series of eastward steps
of the Ganges occurred in three main phases (G1–G3). In each phase,
delta progradation occurred over a wide front that encompassed several active island-shoal complexes. On the other hand, delta plain formation of the Brahmaputra occured inland along two loci created by
channel avulsions east and west of the Pliestocene Madhupur terrace.
The Sylhet basin, in the east of the Bengal delta, faced southward into
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Fig. 2.2 Paleo-geographic map and the pathways and timing of the phases
of late Holocene growth of the lower delta plain associated with the Ganges
(G1, G2, G3), Brahmaputra (B1, B2) and combined Ganges-Brahmaputra (GB1)
Deltas (Adapted from Sarker et al. 2013)

the Meghna estuary following the Meghna River course. Delta progradation into the Meghna estuary (GB1) was limited until the two rivers,
the Ganges and the Brahmaputra, met in historical times. This progradation direction matches well with the findings of Goodbred and
Kuehl (1998).
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Consistent with the evolution of the river system during the
Holocene, the rivers have changed course several times during the last
centuries (Fig. 2.3). About 250 years ago (in 1776), the Brahmaputra
River flowed east side of the Madhupur Tract to meet the Meghna
River, and then into the Bay of Bengal, with the Bhola district on its
west. Till then the Padma River was simply the downstream continuation of the Ganges River. At that time, the Ganges entered the Bay of
Bengal along the approximate course of the Arial Khan River keeping
Bhola island on its east (Fig. 2.3). All the distributaries in this region
along with the Ganges River were flowing southeast in that period. The
Chandana- Barasia, a southeast flowing river, was the main source of
freshwater for the southwest region with a small link with the Gorai
River. The Kabodak River was connected by a narrow link to the
Ganges. When the Brahmaputra avulsed to the present Jamuna in the
early nineteenth century and merged with the Ganges, it caused many
significant changes to the river systems (Fig. 2.3, 1776–1840) in the
southwest region of Bangladesh.

Fig. 2.3 Development of the main rivers in Bangladesh from 1776 to 2010
(Adapted from Sarker et al. 2013)
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During the last 250 years, the location of the delta-building estuary
has moved eastward. In the same period the distributaries, which also
contribute in the delta-building processes, shifted their courses to the
southwest direction, the dominating direction of which was mainly
southeast about 200 years ago (Sarker et al. 2013).
Currently, the GBM Delta is fed and drained by the rivers Ganges,
Brahmaputra and Meghna, along with their numerous tributaries and
distributaries. The Ganges River drains the Himalayas and a significant
portion of Northern India for approximately 2500 km before entering the Bengal basin and dividing into two distributaries. The main
stem of the Ganges continues flowing southwards where it meets the
Brahmaputra River. The other stem flows through West Bengal in India
as the Bhagirathi-Hoogly River (Fig. 2.1). Cumulative river water discharge through the GBM Delta is the fourth largest in the world
(Milliman and Meade 1983) and the delta is the world’s largest sediment dispersal system (Kuehl et al. 1989). It has been estimated that
about 103 million tonnes of sediment per year pass through to the Bay
of Bengal across the 380 km delta front (Allison 1998), although analysis of recent sediment flux suggests a reduction by 50% with a decreasing trend (Rahman et al. 2018). The GBM Delta has a mean rate of
subsidence of 3.9 mm/yr (Brown and Nicholls 2015). This translates
into an average relative sea-level rise, including climate-induced rise,
of about 7 mm/yr over the last few decades, although there is spatial
variability.

2.3	Delta Development During
the Anthropocene
The modern history of settlements in this region dates back to 1757
when land passed from local landowners to the East India Company,
who began reclamation in the Sundarbans for rice fields through direct
leasing of land to local farmers who enclosed sections of land. In 1839,
rights for forest land with 99 years lease agreements known as ‘Latdars ’
or tenure holders were also issued, with land sales initiated in 1865. In
the precolonial period most of the pasture lands of rural Bengal were
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under the control of the village community. However, during the
colonial period (post 1757), pressure of population and permanent settlement generated changes. Land came under the control of revenue
collectors known as Zamindars, Jatdars, and Jaigirdars who, with supportive state intervention, converted pasture land into cultivated land.
Consequently, during this period the delta population remained reliant
on mainly small-scale agricultural productivity (see Ghosh 2017).

Infrastructure Development
The advent of the Anthropocene (after 1950) coincides with
Independence for India from the British Empire in 1947. In the postcolonial era, many large river dams were built across Indian rivers to
facilitate either irrigation or power generation (Alley et al. 2014); interception of the rivers and construction of reservoirs being regarded as
the most convenient method of water storage. One of the clear changes
in the delta since this date is that more than five thousand dams have
been built in the upper catchments, submerging extensive areas in the
upper delta and, with them, the homelands of at least 40 million people. However, the benefits of projects, be it irrigation or hydropower,
were generally enjoyed by the people living in the lower catchment. In
addition, the delineation of the Indo-Bangladesh border resulted in 54
rivers including the Ganga becoming transboundary rivers, leading to
conflicts around the sharing of water.
The commissioning of the Farakka Barrage on the Ganga in India in
1975 (Fig. 2.1) was expected to improve the status of the navigation
channel approaching the port of Kolkata as the water diverted from
the Ganga to the Bhagirathi was expected to reduce the sedimentation in the estuary and ensure better draught for the ships. However,
this did not occur and sedimentation remains an unsolved problem
(Rudra 2018). This was closely followed by the Teesta Barrage Project
(TBP), conceived by the Irrigation and Waterways Department,
Government of West Bengal in 1976, with the vision of irrigating around 1,000,000 ha of land. Seven hydropower stations, four in
Sikkim and three in West Bengal, on the Teesta and its tributaries have
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been constructed to date. The fluctuation of flow has affected flora and
fauna downstream (Rudra 2018). Construction of major engineering projects has continued. Following the Gazoldoba Barrage in India
(1987), Bangladesh constructed a barrage at Duani (Lalmonirhat district) in 1990. As in the development of the TBP, the planners did
not consider available water at the barrage site. Consequently, there
remained a wide gap between the potential benefits and the area actually irrigated. As such, the project only provides supplementary irrigation to the Kharif crop during mid-monsoon breaks. These represent a
few examples of how historical river interventions have influenced the
hydrological regime and delta development of the GBM during the
Anthropocene.

Population and Land Use
The Anthropocene has seen a rapid increase in population for the combined GBM Delta (Fig. 2.4) and changes in land character (see Figs. 2.5
and 2.6), although it remains one of the most under-developed areas in
both Bangladesh and India. The population is mostly dependent on traditional monocrop (Aman paddy/rice) cultivation and riverine/offshore
fishing, crab collection, honey collection, among other livelihoods.
The recent decline in agricultural productivity, linked with poverty,
is increasing the movement of migrants out of the delta for dominantly economic reasons (Adger et al. 2018; Hajra and Ghosh 2018).
However, the percentage of urban population is increasing gradually
(now around 27% of total) and this is contributing towards urbanising
the delta, leading to changes in land use.
A key characteristic of the Anthropocene delta has been the progressive land use change driven by the introduction of large-scale aquaculture, partially for financial reasons and partially in response the
progressive increase in salinity driven by rising sea-levels and hydrological mismanagement in the upper delta systems. The terrestrial forest and
water-based ecosystem services play a major role in the livelihood of the
people, and gradual depletion impacts the traditional farm-based economy. In the Indian part of the GBM Delta, the initial land conversion
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Fig. 2.4 Total population over time in the combined GBM Delta showing the
rapid growth, post 1950, during the Anthropocene (Data from Census of India
[2011], BBS [2015])

was from mangroves to agriculture and human settlement and, following
a decline in agriculture, conversion to aquaculture and brickfields (Fig.
2.5). Saline water aquaculture also gained popularity because of increased
water salinity and soil salinity. Because of the lack of leaching activities
and continuous increase of salinity, productivity decreased 
gradually
and land is no longer suitable for freshwater aquaculture. Finally, the
land became only suitable for brickfields. This is one visible example
of the impacts of unplanned land conversion in the Indian part of the
GBM Delta. The Bangladesh part of the delta experienced a decline in
agricultural area associated with a rapid increase in total built-up area
and aquaculture as illustrated in Fig. 2.6. Aquaculture has grown in
the southwest exploiting the saline water environment, with large economic returns, but at the expense of severe degradation of soil. There
has been some increase in agricultural development in the southwest
part of Bangladesh where improved drainage provides opportunities for
new agriculture. Increases in planted mangrove areas and mudflats are
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Fig. 2.5 Land use change in the Indian section of the GBM Delta showing the
increase in urban settlements, decrease in agricultural land and area of land
converted to brickfields

apparent, especially within Meghna Estuary. Increase in mudflat area is a
manifestation of the active delta-building process, while increase in mangrove area on mudflats represents the increasing focus of the government
on coastal afforestation. These new areas are being explored for industrial
intensification through special economic zones, which target high growth
and employment. The delta-building process in the GBM is thus opening further dimensions for human intervention in the delta during the
Anthropocene, especially in Bangladesh.

Policy and Governance Interventions
India and Bangladesh have faced difficulties in cooperating to achieve policy
formulation and management of the GBM Delta in the Anthropocene. The
transboundary issues can be traced back to the formation of Bangladesh
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Fig. 2.6 Change in land use in the Bangladesh portion of the GBM Delta from
2000 to 2015 (see DECCMA 2018)

(1971) and, despite sharing fifty-four rivers with India, Bangladesh only
signed the Ganges Treaty with India in 1996 with India removing the arbitration clauses with respect to minimum water requirements. Water sharing agreements should be implemented with comprehensive policy dialog,
ensuring the principles of equity and fairness. The formation of the IndoBangladesh Joint River Commission (JRC) has not improved the situation,
with blockage or diversion of river water not discussed between the two
countries. For example, the construction of the Farakka Barrage in 1975 led
to a sharp decline of the freshwater supply to the Ganges River during the
dry season, adversely affecting agriculture, navigation, irrigation, fisheries
and allowing salinity intrusion within Bangladesh.
Governments, non-governmental bodies and foreign organisations
have been identifying innovative approaches to help the delta populations
adapt to change and to reduce vulnerabilities in the face of future uncertainties. National Adaptation Programme of Action 2005, Bangladesh
Climate Change Strategy and Action Plan 2009 (BCCSAP 2009) and
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Bangladesh Climate Change and Gender Action Plan 2013 (BCCGAP
2013) are some of the guiding documents for planned adaptation strategies formulated by the Government of Bangladesh (Haq et al. 2015).
Various climate change adaptation issues have been addressed to different extents in sectoral policies of Bangladesh with regards to dimensions
such as risk reduction, community- and ecosystem-based adaptation,
migration and gender. The National Action Plan on Climate Change
(NAPCC) of 2008 and 2014 and the West Bengal State Action Plan on
Climate Change (WBSAPCC) of 2012 have been the guiding documents
in the Indian part of the delta. A total of seven (agriculture, wind, energy,
health, waste to energy, health and coastal areas) out of twelve missions
stated in the NAPCC promote adaptation, while the WBSAPCC marks
the first integrated plan to combat climate change phenomenon in the
Indian part of the delta (Dey et al. 2016). In both parts of the delta, the
sectoral policies and plans have tended to be short term and sector-specific, following the mandate of the formulating ministries or departments,
while clearly lacking integration across relevant issues including the
cross-cutting issues. There is a clear need for a framework to allow coordination among the sectoral approaches from climate change perspective by
setting sectoral priorities and identifying key sectors for immediate attention (Haq et al. 2015; Dey et al. 2016; Salehin et al. 2018).
In Bangladesh, awareness of gender emerged in policies and plans
most notably after 2009. Although female empowerment is emphasised
in areas such as disaster preparedness and management activities, agriculture management and agriculture wages, there is no explicit link between
gender-specific needs in the climate change context. There is a lack of
guidelines for gender-specific adaptation; policies and plans which address
gender issues discuss ‘what to do’ but not ‘how to do’. BCCGAP 2013
is the only dedicated document in this regard (Haq et al. 2015; Salehin
et al. 2018). Sectoral policies in India have put major emphasis on women’s role in agriculture, management of natural resources and empowerment of women with appropriate skill development. They have addressed
to some extent women-targeted initiatives with regard to self-employment
and small entrepreneurship. Gender issues need mainstreaming in sectoral
policies, with a more gender sensitive and inclusive approach, from climate change and disaster management perspective.
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As challenges to attaining national-level goals and climate change targets present significant downside risks and uncertainties which warrant
long-term strategies, the government of Bangladesh has developed the
Bangladesh Delta Plan 2100 (BDP2100 2018). This aims to integrate
sectoral, national and global targets and plans into long-term coherent
strategies across government ministries for adaptive delta management
taking scenarios of climate change, population growth and economic
development into account (BDP2100 2018). The focus is on steering
the opportunities and vulnerabilities created by the interface of water,
climate change, natural disasters, poverty and environment, with sustainable use of water resources and prevention of water-related natural
disasters providing the backbone.

2.4	Adaptation, Migration and a Way Forward
The future of the GBM Delta in the Anthropocene has many opportunities, including tremendous potential for economic growth. At the
same time, environmental hazards, particularly in so far as impacts
are more keenly felt among the vulnerable populations, are a concern.
Mitigating hazards offers relief from one side of the equation only; it
does not constitute vulnerability reduction. This situation will be exacerbated by climate change during the Anthropocene and presents the
countries in the GBM Delta with a variety of significant challenges. The
impacts of climate change are expected to disrupt the complex hydrological balance existing in the GBM Delta basin and lead to a range of
water management challenges. Factors such as salinity intrusion into
rivers have already led to reduction of cropland and an ongoing transition to large-scale aquaculture (Amoako-Johnson et al. 2016). The much
lower employment in aquaculture than agriculture leads to migration.
Exacerbating environmental pressures due to global climate and environmental change could create social destabilisation. Social vulnerability is defined as the inability of people, organisations and societies to
withstand adverse impacts from the multiple stressors to which they are
exposed (Adger 1999; Adger and Kelly 1999). Vulnerability and related
characteristics have been characterised for deltas (Chapter 6), including
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coastal Bangladesh (Uddin et al. 2019). Here a first preliminary transboundary assessment of social vulnerability to adverse change is shown
for the whole GBM Delta in Fig. 2.7. The analysis is based on Principal
Component Analysis of 13 socio-economic variables explained with
the rationale in Table 2.1. The data is derived from census data at the
sub-district level (Upazila in Bangladesh, and Community Development
Block in India) as follows the Census of India and the Bangladesh
Bureau of Statistics for 2001 and 2011. The results show that there is a
strong vulnerability gradient across the GBM Delta coast in both India
and Bangladesh, with the highest vulnerability being closer to the Bay
of Bengal. Analysis of the change in social vulnerability from 2001 to
2011 suggests that planned efforts to address poverty, generate non-farm
employment and improve health and sanitation status have reduced
social vulnerability, while climatic hazards such as the major cyclones
of Sidr (2007) and Aila (2009) have increased social vulnerability in

Fig. 2.7 Social Vulnerability Index across the coastal GBM Delta for the year
2011 (see Hazra and Islam 2017; also DECCMA 2018)
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Table 2.1 Description of the socio-economic variables considered in the social
vulnerability analysis of the GBM Delta
Variables

Rationale

Population
density

Number of people per
square kilometre

Average household
size

Average number of people per household

Female population

Percentage of female
population to total
population

Illiteracy rate

Percentage of illiterate persons to total
population

Agricultural
dependency

Percentage of cultivators
and agricultural labours
(dependent on agriculture) to total working
population
Percentage of total
non-workers (no work
in any economically
productive activity—
students, persons
engaged in household
duties, dependents) to
total population

Non-workers

Areas with high population density are more
exposed to climate
change impacts
Families with a large
number of people have
more limited resources
and more work responsibilities that reduce
the resilience to and
recovery from hazards
Females have a more
difficult time during
recovery from disasters
than males, due to their
family care responsibilities, sector-specific
employment and lower
wages
Illiteracy or lower level
education constrains
the ability to understand warning information and access to
recovery information
Agricultural dependents
are more impacted
by hazard events and
climate variability than
other workers
Non-workers contribute
to a slower recovery
from the disasters

(continued)
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Table 2.1 (continued)
Variables
Kutcha house

Home ownership

Electricity connection

Drinking water

Sanitation facility

Poverty

Rural population

Rationale
Percentage of households
living in Kutcha (walls
and/or roof are predominantly made by mud,
bamboos, grass, reeds,
thatch, plastic/polythene) houses (temporary structure)
Percentage of households
that do not own their
home (rented, occupied
and others)

People living in Kutcha
houses are more vulnerable to hazards

People who don’t own
their home have less
access to information
about financial aid
during recovery
Percentage of households Households without
access to safe/improved
living without mains
sources of drinking
electricity connection
water, electricity conPercentage of households
nection and sanitation
reported ‘others’ catefacility are more sensigory (i.e. ponds/canal/
tive to climate change
spring/river) as the main
impacts. They have the
source of drinking water
lower ability to respond
Percentage of households
to and recover from the
that have no sanitation
impacts of hazards
facility
Percentage of population Poor people have lower
access to resources and
living below the poverty
lower ability to absorb
line
losses and enhance
resilience to hazard
impacts
Rural populations are
Percentage of populamore dependent on
tion living in rural areas
natural resources and
(total population minus
have lower incomes
urban population)

affected sub-districts. Similar issues exist across the GBM Delta in India
and Bangladesh, and similar solutions are appropriate.
The delta has limited capacity to deal with current climate and
hydrological variability and, without major capacity development,
intensification expected from climate change will exacerbate problems
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as the Anthropocene unfolds. The Intergovernmental Panel on Climate
Change (IPCC) Fourth Assessment Report (AR4) highlighted South
Asia and the greater Himalaya as one of several key regions having
greatly divergent predictions of future changes in precipitation. Both
climatic and non-climatic events adversely affect the livelihood of the
people of this delta. Land loss due to submergence and increasing soil
salinity, along with land fragmentation, will result in challenges for the
delta livelihoods.
In the GBM Delta, economic reasons dominate people’s perception
as the important drivers of migration (Arto et al. 2019). However, environmental reasons are also viewed as a component driver; albeit by a
smaller percentage of respondents (about 1.5% people identified environmental degradation or extreme events as the first most important
driver, another 5.3% as the second most important driver and another
10% as the third most important driver). In the GBM, West Bengal,
almost two-thirds of the migrants are moving to seek better employment, followed by family obligations (12.3%), while 10% left their origin to pursue a degree or obtain training in a new skill. Only 3% of the
population cited environmental stresses as the direct cause of migration
(see Chapter 7). The fact that environmental stresses often precipitate
economic stresses also suggests that people do not always clearly perceive the causes of economic stresses. Environmental factors might be
playing a bigger role than the numbers suggest. Intentions to migrate
in the future are high (among two-thirds of all households), with seeking jobs, better education and environmental stresses as important reasons. Perceived environmental impacts (e.g. flooding, cyclone, erosion),
including loss of seasonal income, are apparent in areas more exposed
to hazards, indicating a higher probability of future migration from the
more hazard-prone areas (see Chapter 7). In policies and plans, migration has not been addressed as a climate change adaptation option,
either in Bangladesh or India. In Bangladesh, the emphasis has been on
overseas migration, while rural to urban migration has been discouraged. This resulted in adaptation gaps in moulding internal migration
into economic benefits. Recent emphasis has been on fostering economic growth and employment opportunities in coastal areas through
labour-intensive industries in planned industrial zones.
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Adaptation policies in both India and Bangladesh are mostly disaster
focused, lacking sectoral coherence and with little focus on gender-specific adaptation and migration as a climate change adaptation (see
Chapter 9). Adaptation policy analysis in Bangladesh has revealed that
climate change issues are mostly disaster risk reduction (DRR) focused,
with ecosystem-based adaptations and community-based adaptations
recently emerging (Haq et al. 2015). Most adaptation measures are
infrastructure focused, in alignment with earlier policies, and reactive in
nature, with inadequate focus on gender issues. Research has revealed
an inventory of implemented adaptations showing that DRR has been
the major focus in almost one-fourth of the total adaptations in the
country, followed by water resources management (WRM) (20%),
infrastructural development (17%) and agriculture (13%). The coastal
districts (the delta region), being the most vulnerable region to natural
hazards and disasters has received more focus on DRR (73% of total
DRR adaptations) and WRM (60% of total WRM adaptations) (Haq
et al. 2015). Most of the WRM, DRR and coastal zone management
focused adaptations to climate variability and climate change are infrastructural in nature which suggests a priority of implementing organisations (mostly government) towards infrastructural development.
Even with the commendable task of preparing BCCSAP 2009 as the
first LDC country and having Climate Change Trust Fund (CCTF) in
2010, there has been relatively little emphasis on the capacity building
which was a key aspiration in BCCSAP 2009 to better understand climate change risks and improve planning and execution in development
projects to combat climate change. Most of the adaptation measures
have been implemented in recent decades when climate change manifestations have been clear, though some of the development activities
occurring in the twentieth century have served in combating climate
change induced disastrous events. Nevertheless, adaptation activities with anticipation of future major hazards have been less in number while the majority have been reactive in nature. This explains why
the majority of the adaptations (75% in the whole country and 72%
in the coastal delta) are undertaken in response to chronic stresses like
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salinity and waterlogging in the delta region and river bank erosion,
regular flood and drought in the non-delta region, rather than sudden
shocks like major cyclonic storm surge events and large floods.
The infrastructure focused adaptation initiatives have meant a skewed
allocation of adaptation funds across the implementing ministries.
Lack of guidance on gender-specific adaptation needs in policies and
plans and lack of participation from local people resulted in less than
one-fourth of adaptation addressing gender issues. Examination of the
projects executed under the Bangladesh CCTF showed that projects
executed by the local government institutions (LGIs) were more targeted towards climate change compared to the central government
agencies targeting climate variability induced hazards. Gender-sensitive
issues were also considered better in adaptation projects implemented
by LGIs than projects executed by central Government of Bangladesh
agencies. More inclusive planning involving LGIs and NGOs may
improve gender-sensitive development and thus overall sustainability of
adaptation options.
Agricultural livelihoods, rural development and DRR are the
major sectors for adaptation activities in West Bengal. Most of the
activities are reactive approaches in response to Cyclone Aila of
2009. More anticipatory approaches such as setting up a Climate
Change Adaptation Centre, renewable energy, livelihood development of disadvantaged sections, seed banks, mobile boat dispensary, probable human migration, innovative farming practices are yet
to be explored. The majority of the adaptation activities have been
undertaken due to ‘stress’ in the area, while only few have been due
to ‘shock’. The factors of changing climatic conditions, cyclones and
storm surges, breaching of embankments leading to coastal inundation, floods, coastal erosion have been pointed out as the main cause
of stress. Apart from this, the other triggers of adaptation include
loss of livelihood and income, unemployment, loss of physical assets
and lack of proper market linkages. In terms of adaptation providers, the majority of reported adaptations have been provided by the
government.

44    
M. M. Rahman et al.

Bangladesh requires a long-term vision, planning and implementation comprising all government ministries and agencies that contribute
to this collective objective. Owing to the large uncertainties with regard
to climate change and socio-economic progress, planning, robust and
versatile strategies are required for effective Adaptive Delta Management
(Seijger et al. 2017; BDP2100 2018). Policymakers from both India
and Bangladesh require stronger knowledge and scientific tools to anticipate the dynamic effects of global climate change and their interaction
with environmental and socio-economic change and make decisions on
the most appropriate interventions and investments (e.g. Nicholls et al.
2018).
Current adaptation practices in the GBM are shown in Fig. 2.8.
These vary widely from east to west which are fundamentally triggered
by the adaption need at a local environment level that includes stresses
due to disasters such as flooding, erosion, salinisation, storm surge, etc.
Cross-border learning on effective adaptation practices that require collaborative research on joint GBM issues will promote replicable future
adaptations. The provision of effective cyclone warning systems and

Fig. 2.8

Examples of adaptation options utilised in the GBM Delta
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thousands of cyclone shelters provides one strong example of recent
adaptation success in Bangladesh and West Bengal (Lumbroso et al.
2017). Looking to the future, strategic development of tidal river management towards more systematic controlled sedimentation within polders offers the promise of a new innovative response to relative sea-level
rise (discussed in more detail in Chapters 5, 6, 11).

2.5	Conclusions
Coastal regions of the GBM Delta have long been settled by humans
due to their abundant resources for livelihoods, including agriculture,
fisheries, transportation and rich biodiversity. However, natural and
anthropogenic factors, such as climate change and sea-level rise, and
land subsidence, population pressure and developmental activities during the Anthropocene pose threats to the delta’s sustainability. Indeed,
there is a strong association between household poverty and the likelihood of material and human loss following a natural event in the
islands of the Indian GBM. It is also evident that the poorest households are most likely to suffer from deteriorating livelihoods following a
natural hazard. The GBM Delta is enriched with ecosystem services that
attract many people to live there. However, overexploitation of provisioning ecosystem resources (e.g. agriculture) has led to other important
changes such as declining water quality and higher salinisation during
the Anthropocene.
A key characteristic of the Anthropocene delta has been the progressive land use change driven by the introduction of large-scale
aquaculture, partially for financial reasons and partially in response
the progressive increase in salinity driven by rising sea-levels and
hydrological mismanagement in the upper delta systems. This aquaculture development is on a large and highly commercialised scale
and offers limited local employment as well as a poor record in sustainability, as soils are heavily polluted/salinised within a few years
of operation. As a result, aquaculture, while lucrative to those who
invest in it, contributes to the loss of livelihoods of the poorest sectors of the community and consequently migration out of the region.
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This supports an ongoing migratory trend, predominantly due to economic drivers, from the delta.
The growing populations of the two associated delta megacities
(Dhaka and Kolkata) indicate continuous in-migration in recent
years. This produces a population that is highly vulnerable within the
urban environment, subject to poor working and wage conditions
and highly susceptible to urban climatic change. Making these two
cities sustainable in the long run requires greater policy recognition
of the drivers of migration and their fundamentally economic underpinnings, and more specifically that people will continue to migrate
to access urban benefits. Indeed, it is perhaps better to undertake a
strategy of bringing the urban benefits to those in rural areas, such
as improved infrastructure and development of smaller distributed
cities and the health, economic, livelihood and education benefits
that entails than simply aiming to enhance standard rural livelihoods.
As such, in the Anthropocene it is vital that the delta is understood
and developed as a system, considering both the urban and rural
areas, which will feed the cities and sustain biodiversity, and all the
threats and opportunities are considered. This is consistent with evidence-based Adaptive Delta Planning as proposed in the BDP2100
(2018).
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3.1	The Mahanadi Delta
The Mahanadi Delta (Fig. 3.1), located in the state of Odisha on the
east coast of India, is a composite delta fed by water, sediments and
nutrients from a network of three major rivers: the Mahanadi River
(and its distributaries; the Devi, Daya, Bhargavi, Kushbhandra and
Parchi) and the adjoining Brahmani and Baitarini Rivers (Kumar
and Bhattacharya 2003). The 851 km long Mahanadi River has one
of the largest drainage basin on the east coast of India (Fig. 3.1 inset)
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Fig. 3.1 Mahanadi Delta showing the extent of the catchment basin (inset) and
the five coastal districts, with shoreline positions mapped in 1950 and 2010

covering 141,589 km2 (WRIS 2011), 45% of which lies in the state
of Odisha. The coastline of the delta is approximately 200 km long,
extending from the Chilika lagoon in the south to the Dhamara River
in the north. It has five coastal districts (Puri, Khordha, Jagatsinghpur,
Kendrapara and Bhadrak) which constitute 83% of the delta area
and have large areas below the five metre contour where floods due to
cyclones and sea-level rise are expected to be important. These districts
form the focus of the research presented here.

Indicators of the Anthropocene
During the Holocene period the delta shows evidence of substantial
progradation and growth. The onset of the Anthropocene (post 1950)
was indicated when this growth rate declined significantly, in line with a
period of intense dam building (Somanna et al. 2016). This started with
the construction of the multipurpose Hirakud Dam on the Mahanadi
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River near Sambalpur in 1957, and has resulted in a total of 254 mainly
small and medium scale dams within the drainage basin (WRIS 2014).
The decline in sediment supply has been significant, amounting to
67% for the Mahanadi River and around 75% for the Bramhani River
(Gupta et al. 2012). As a consequence, over 65% of the coastal margin is presently experiencing moderate to severe erosion, with increasing
rates from south to north (Mukhopadhyay et al. 2018). For example,
between 1990 and 2015, the Anthropocene shoreline (as mapped in
1950, see Fig. 3.1) receded at a rate often exceeding 10–15 m/year.
Near the Mahanadi estuary, the rate has exceeded 50 m/year. Hence,
erosion is now a key feature of the once prograding delta (Dandekar
2014; Mukhopadhyay et al. 2018).
Since the 1950s, the coastal districts of the delta have also witnessed
rapid increase in population (especially Bhubaneswar city), growth of a
port, industrial development along with increased groundwater extraction, small- and medium-scale irrigation projects and deforestation of
mangroves. Based on the Census of India (2011a, b), the population in
each coastal district has accelerated rapidly (see Fig. 3.2) reaching eight
million in 2011 across the five coastal districts. The associated high population density is around 600 persons per km2, growing at an estimated
annual rate of 1.4% over the last two decades. Population projections
anticipate this growth to continue until at least 2050 (Whitehead et al.
2015), although spatial variation in population distribution is noticeable (Fig. 3.2); Khordha is the most populated district with a population
of 2.25 million (52% male and 48% female), whereas Jagatsinghpur
district has the lowest population (1.13 million, 51% male and 49%
female). The increase in population is allied with rapid urbanisation.
The coastal city of Puri is famous for religious tourism and experiences an annual 10% rise in temporary population largely due to foreign tourists (Das 2013). On the outer fringe of Mahanadi Delta, the
capital city of Bhubaneswar, established in 1948, registered the highest
population growth rate in India during 1961–1971 with significant
ongoing urban growth (Pathy and Panda 2012). Along with tourism,
business and IT industries, education and health services make the area
among the top three investment destinations in India (The Economic
Times 2015). The port city of Paradip on the Mahanadi River, in
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Fig. 3.2 Historical and projected decadal population growth for the five districts within the Mahanadi Delta (1901–2051) showing acceleration in the
Anthropocene (post 1950s)

Jagatsinghpur district, is also emerging as a hub for major petroleum,
chemicals and petrochemical investment regions.
As a consequence, the Mahanadi River system has experienced a substantial increase in the amount of untreated sewage and industrial effluent and rising levels of pollution (Radhakrishna 2001; Sundaray et al.
2006). During the peak monsoon discharge, high levels of organic pollution are indicated by Nitrogen and Phosphorus loading (Sundaray
et al. 2006). Substantially low dissolved oxygen conditions have also
been reported (Pradhan et al. 1998; Nayak et al. 2001) leading to more
acidic conditions (Borges et al. 2003) with extremely low levels of pH
being reported at various stations along the Mahanadi River in recent
times (Panda et al. 2006; Sarma et al. 2012; Behera et al. 2014). The
most strikingly low pH values have been observed in the Atharbanki
creek water near the port at Paradip (pH = 3.2) with negligible seasonal
variability (Sundaray et al. 2006). Such steady acidic input has a potential to affect agricultural productivity and contributes to the acidification
of the Mahanadi Estuary with consequences for fisheries, aquaculture
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and tourism (Sarma et al. 2012; Bhattacharyya et al. 2015). Plastics,
another key indicator of the Anthropocene period, are increasingly
found in sediments and water bodies endangering fish, marine mammal
and bird populations (e.g. in the Chilika lagoon [Sahu et al. 2014]).
More than 57% of the land area of the Mahanadi Delta is under
cultivation. Agriculture currently (in 2011) occupies 68% and, with a
subsidiary occupation of capture and culture fisheries, provides the subsistence for the predominantly rural population of the delta. The net
area sown and gross copped area are 0.64 million hectares and 1.12 million hectares respectively (DAFP 2014). Agricultural intensity has been
and is still being promoted by converting existing monocrop areas to
grow two or three crops per year using irrigation water and chemical
fertiliser input to boost crop production and yield (Ghosh et al. 2012;
Srivastava et al. 2014; Pattanaik and Mohanty 2016).
The rapid urbanisation and development in agricultural practice over
recent decades have left a mark on the environment. Land use analysis
finds that between 2001 and 2011 alone, the delta has lost 4600 hectares of agriculture land and 360 hectares of pristine mangrove forest
to urban/rural settlements and aquaculture. A probabilistic land cover
change assessment for 2030 (Fig. 3.3) under a Business as Usual (BAU)
scenario (see Kebede et al. 2018) suggests that the double and triple
crop areas in the delta are likely to increase by 12 and 21%, respectively,
with substantial (48% when compared to 2011) reduction in mangrove
areas (and associated unique ecosystem services). This change in agriculture is reflected in the economics of the delta with the agriculture and
animal husbandry sector contributing only 17% (2012–2013) to the
Gross State Domestic Product (GSDP) at current prices and the share
of the agricultural sector in the states gross domestic product declining over the last decade (P & CD 2014, 2015). Lower profitability of
agriculture coupled with reducing yield per hectare is considered the
major reason for this decline. Climate change and associated hazards
have the potential to further reduce agricultural yield by 2050, affecting
food security and reducing the GDP of the delta population by around
0.27% (Cazcarro et al. 2018) (see Chapter 8).
Fisheries, both marine capture and culture, are another important livelihood option for the people in the delta. Before the 1950s,
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Fig. 3.3 Projection of land cover change in the Mahanadi Delta for 2030 under
a Business as Usual scenario

people used to depend on subsistence fishing in the river and the estuaries using boats to supplement their daily protein requirements. In
the capture fisheries sector, motorised boats were introduced in the
late 1950s but only became popular with the increasing availability of
outboard engines during the 1980s. This is reflected in the increase in
average annual marine catch from 5000 tonnes (1950s) to 120,000
tonnes (1990s). However, in spite of the introduction of technology in
the form of improved engines and fishing gears, the marine catch still
shows abrupt fluctuation due to variability of the monsoon, river discharge and other oceanographic parameters. Over the last two decades,
while the catch of prawns (Penaeid and non Penaeid species) or Ribbon
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fish showed a steady increase, the prize catch of Hilsa, Silver Pomfret,
Bombay Duck or Indian Spanish Mackerel showed a wide variation. For
the future, the impact of climate change on marine fisheries of northern Bay of Bengal analysed using integrated modelling (Fernandes et al.
2016a, b; Cazcarro et al. 2018; Lauria et al. 2018) is expected to reduce
marine fish production in the Bay of Bengal region between 3 and 9%
by 2100 under a BAU scenario. The socio-economic implications of
this decline indicate that, if combined with unsustainable fishing practices, there would be significant loss in the GDP of the Mahanadi Delta
region by 2050 (Lauria et al. 2018).

Extreme Events and Climate Change
Climatic extremes have a potential to affect the delta adversely. Odisha
is the fifth most flood-prone state in India with the delta exposed to
frequent floods and waterlogging. In addition to heavy rainfall, cyclonic
winds and tidal flows also cause flooding in coastal areas with flooding
usually lasting for five to fifteen days in the coastal districts. While low
to moderate intensity floods are often treated as a boon by the coastal
community due to the arrival of high fertility soils, it is the high-intensity floods that adversely affect the lives, livelihood and food security of
the coastal community (F & ED 2010, 2018).
The Mahanadi Delta is situated in the most cyclone-prone region of
India. Historical data on cyclones in Odisha indicate high disaster losses
due to cyclone and surges in the Anthropocene period (Chittibabu
et al. 2004) with eight high-intensity flooding events reported during
the period 2001–2015 (Ghosh et al. 2019). One of the most extreme
events experienced was the 1999 Odisha Super cyclone Kalinga which
had an estimated maximum wind speed of 260–270 km/hr generating a surge of more than 6 metres (20 feet) which travelled 20 km
inland (Kalsi 2006). This along with heavy rainfall led to substantial
loss of life and damage to property. In the five deltaic districts, 9078
lives were lost, 445,595 houses collapsed, 13,762 houses were washed
away and around 0.7 million hectares of agriculture land was affected
(PCD 2004). In recent times, thanks to the improved cyclone and
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flood warning, evacuation and disaster management procedures and
community preparedness, loss of life and property can be minimised
(Padhy et al. 2015) as evidenced during the very severe cyclonic storms
Phailin (2013) and HudHud (2014). Simulations from a regional climate model suggest that the frequency and intensity of severe cyclones
are likely to increase along with extreme sea levels in the later part of
this century when compared to a baseline scenario (1961–1990)
(Unnikrishnan et al. 2011).
Future climate data from regional modelling (Macadam and Janes
2017) also indicates that precipitation along with high rainfall events
may increase significantly in the later part of this century. Using daily
discharge simulations from bias corrected CNRM-C5 data between
2021 and 2099, it is observed that the number of high discharge events
(those exceeding 20,000 cumec, capable of generating flood in the
delta) is likely to increase under a BAU scenario. The greatest impact of
these high discharge events and flooding would be on agricultural land
along with a number of urban areas across the delta. Table 3.1 shows
the likely extent of flooding and coastal inundation of agricultural land
in the delta by the end of the century under this scenario.
In addition, the rate of relative sea-level rise in the last decade has
increased to nearly 6 mm/year (Mukhopadhyay, personal communication computed from PSMSL data [http://www.psmsl.org/]). Forecasting
the future coastline for the years 2020, 2035 and 2050, Mukhopadhyay
Table 3.1 Spatial extent of agricultural area inundation in the Mahanadi Delta
by 2100 under a Business as Usual scenario
Blocks/sub-districts

Chandabali
Basudebpur
Mahakalpara
Rajnagar
Tihidi
Ersama
Pattamundai
Rajkanika

Area of cropland (km2)
Projected to be flooded in
100 year fluvial floods

Projected to be flooded
coastal storm surges

418
298
290
251
212
211
206
–

421
256
280
263
176
148
152
183
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et al. (2018) estimate that about 26 coastal mouzas (small administrative
blocks) out of 87 (approximately 30%) with average population density
greater than 400 per square kilometre would be susceptible to acute erosion by the year 2050 and this may lead to displacement of people from
the coast.

3.2	Key Issues for the Mahanadi Delta
Migration
Throughout history, deltas have been a preferred destination for people
to migrate and settle thanks to the abundance of natural resources and
livelihood opportunities (Szabo et al. 2016). However, the Mahanadi
Delta itself has seen a net trend of out-migration. In the state of Odisha,
migration (mostly internal) can be permanent, seasonal or circular, and,
as it is an ongoing process, it can be difficult to identify causes.
From a study of perceptions of environmental stress of migrant
households, it emerges that hazard events such as flooding and
droughts act as ‘stressors’ and motivate individuals/households to consider migration as an option. This is supported by analysis and mapping of risk and net-migration at sub-district level (Fig. 3.4) which
includes the common environmental stressors of flooding, cyclone
and coastal erosion. Several coastal sub-districts are shown to be
adversely affected by climatic hazards, have a low level of economic
growth, exhibit high risk and, critically, experience greater out-migration. The sub-districts of Dhamnagar, Ersama, Balikuda and Tihidi
are biophysically and socio-economically at very high risk and out-migration dominates (Fig. 3.4) whereas, several sub-districts at comparatively lower risk (e.g. Khordha, Puri) and urban growth centres mostly
act as net receiving areas of migrants. Khordha, which is the most
urbanised district in Odisha (43% urban population), Puri (famous
destination for religious tourism) and Paradip (a growing seaport)
emerge as preferred destinations of migrants as they offer economic
opportunities for migrants from adjoining rural communities (Das
et al. 2016).
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Fig. 3.4

Multi-hazard risk and migration map for the Mahanadi Delta

However, in a household survey carried out in 2016 (see Table 3.2),
over 40% of respondents reported that the main reason behind migration is economic, with the majority of migrants moving in search of better employment opportunities. The second most frequently mentioned
reason (nearly 20%) is associated with education; to pursue a degree
or obtain training. The survey also shows that the dominant nature of
migration is seasonal (62%). People migrate to major cities and different
states of India once or twice a year depending on the season. Migrants
are mostly from agricultural households where monthly income is low
and where household size is large (more than 6 members). It is possible
that low returns from the existing livelihoods of agriculture and fisheries
are triggering migration in the hope to generate alternative livelihoods.
The propensity to migrate is highest in the 21–30 age group and people with secondary and tertiary education generally tend to migrate more
than those with lower levels of education. It is most common for single
male members of a family to migrate; women either migrate with family
members, or remain as female heads of households. Male-headed families
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Table 3.2 Patterns of migration in the Mahanadi Delta based on a household
survey carried out in 2016
Characteristics
Type
Frequency
Duration
Scale
Destination

Responses (%)
Seasonal migration
1–2 times
3–6 months
Internal migration

62.1
54.2
39.7
99.2

State

69.7
Odisha, West Bengal, Karnataka,
Tamil Nadu
District
60.4
Khordha, Kolkata, Puri
City
Bhubaneswar, Puri (M), Khordha (M) 75.3
Current migrant’s characteristics
Male migrants
Age
Marital status
Education
Livelihood
Monthly income
Female migrants
Age
Marital status
Education
Livelihood
Monthly income
Reasons
First
Second
Third
Remittances
Type
Frequency
Amount
Uses of remittances

60.6
52.9
49.7
78.1

21–40
Never married
Secondary
Factory worker, regular salaried
employee, construction worker
Rs. 10,000 and below

71.6

21–40
Currently married
Secondary
Unpaid home carer, student
No income

50.0
54.8
43.9
88.2
91.8

Seeking employment
Seeking education
Family obligations/problems

43.6
19.4
13.5

Money
Monthly
Rs. 5000 and below
Daily consumption (food, bills)

42.0
47.4
70.3
71.0

dominate in the delta (1225 [87%] male as opposed to 189 [13%]
female), but the increase in the number of female-headed household is
emerging as a feature of Anthropocene in the Mahanadi Delta; it is estimated from the household surveys that the number of migrant-sending
households will increase in the delta to 38% in the near future resulting in
more married women ‘left behind’ as female heads of households.
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These female-headed households often have a more difficult time
during the extreme events than male heads due to family care responsibilities, lower incomes, lower resilience or adaptive capacity. A key conclusion from the survey is that female-headed households experienced
more monetary losses due to failure of crop, livestock and equipment
damages as well as loss of life, during the extreme events than their
male-headed counterparts. More than 37% of the female heads have no
income and 47% have income less than INR 3000 per month. Sixty per
cent of female heads are found to be widowed. In fact, widows, dominantly of mature age (54% are over 60 years old) and with no education
(>50%) are often dependent on pension schemes (widow pension, old
age pension) provided by the government or are supported by relatives.
This suggests that female-headed households living in physically most
vulnerable conditions in the delta are socio-economically more vulnerable than the male-headed households.
Monthly remittances sent by migrant family members can alleviate
the vulnerable status of households, at least marginally. Remittances
enable recipients to pay for daily consumption (food, bills), education and health, and to maintain or improve their standard of living.
Households with a migrant member are economically better placed
than those without migrants. This is more prominent in the case of
female-headed households. Monthly Per Capita Expenditure (MPCE)
of female-headed households with migrant members are found to be
higher (Rs. 2355) than those without any migrant member (Rs. 1473).
More than 60% of total respondents felt migration is beneficial as this
improves the socio-economic status of migrants and migrant-sending
households. The exchange of money, knowledge and ideas between
migrant’s place origin and destinations offers further opportunities for
reducing the socio-economic and biophysical vulnerabilities for communities within the delta.

Adaptation
Adaptation activities, both autonomous and planned are taking
place in the delta in relation to vulnerability reduction, disaster risk
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reduction and building social-ecological resilience to natural hazards
and environmental changes (see DECCMA 2018). A notable case of
planned adaptation due to environmental change is the Satabhaya
Gram panchayat of the Kendrapara district in the delta. After a loss of
65% of land area due to erosion, 571 families were identified by the
Government of Odisha to be resettled and rehabilitated in Bagpatiya
village in 2010 (R & DM Department 2011). However, while more
than 50% of families have been resettled, full implementation of the
plan is yet to be achieved.
Survey results, at the household level, recorded adaptation activities can be broadly subdivided into three categories: disaster risk
reduction, livelihood assistance and infrastructure building. The first
category includes capacity building and training in various forms to
improve resilience/adaptive capacity of the individual or community
for reduction of disaster risk, which is observed to be a dominant
mode of adaptation in the Mahanadi Delta (Tompkins et al. 2017);
the second category of livelihood related activities include climate tolerant crops, mixed farming, irrigation and water resources augmentation and fishing new breeds; the third category of infrastructure
related adaptation involves construction of embankments, house relocation or upgrade and cyclone shelters. The impact of these adaptations is reflected in improved agricultural productivity, food security
and efficient management of water resources and enhanced income
(Hazra et al. 2016). Use of these techniques is spatially variable across
the delta (see Fig. 3.5).
Capacity building and training, climate-tolerant crops, assistance
from government and NGOs and structural protection measures like
embankment or cyclone shelters were seen to be effective, with loans,
cutting down trees and the use of mixed farming methods deemed less
successful by those surveyed. For those working at State and District
level, the topmost criterion for successful adaptation is the improvement
of the capacity of the local institutions to manage environmental disasters and changes. Odisha is exposed to floods and cyclones, and this
indicates the need for enhancing capacity to cope with these disasters at
all levels across the delta.
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Fig. 3.5

Spatial variability of adaptation activities in the Mahanadi Delta

During the household surveys, the opinion of both male and female
respondents were collected on 21 adaptation options that they may/may
not practice, the scale of relative success and the preference or intention of the respondents for a particular type (Fig. 3.6 upper). Other
than infrastructure and agriculture/fishing (livelihood) related activities,
the soft options for disaster reduction related activities such as training, capacity building, assistance, loan, etc. are included in Institutional
Support. Migration, returned migration or women working outside the
village have been considered under mobility. The responses are also plotted against the percentage of success (abscissa) and percentage preference (ordinate) with the size of the bubble varying with the frequency
of practice (Fig. 3.6 lower). From these results it can be observed that
there are gender differences in the practiced adaptation activities and
often the most practiced adaptation activities are not always the most
successful one.
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Fig. 3.6 Gender differentiated adaptation activities (upper) and adaptation
practice, success and preference (lower)
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Policy
In Odisha, there are no specific policies focussed on the Mahanadi
Delta. This part of the State, though both biophysically and socio-economically vulnerable to climatic and demographic changes, have never
been addressed as a separate planning unit. The most significant coastal
project with a potential long-standing impact on the sustainable development of the delta is the Integrated Coastal Zone Management Project
(ICZMP), being implemented in two coastal stretches—Paradeep to
Dhamra and Gopalpur to Chilika. However, the investigation of the
biophysical sustainability of the delta as a physiographic entity and
socio-economic well-being of the deltaic community was not included.
The delta coastal districts are also not considered in livelihood generation schemes such as National Rural Livelihood Mission (NRLM)/
Odisha Livelihood Mission (OLM) and employment guarantee programme of Mahatma Gandhi National Rural Employment Guarantee
Scheme (MGNREGS). The NRLM also reports that in the year 2013–
2014 the number of self-help groups in delta districts is less than half of
the non-delta districts like Ganjam and Mayurbhanj functioning with
government support (P & CD 2015).
No national policy, plan or regulations covering adaptation activities addresses human migration due to climate change and disasters, or
the adaptation requirements of vulnerable female-headed households.
However, a picture of migration on the delta should not be solely characterised by the concept of a vulnerable population forced to migrate,
having failed to adapt to environmental variability. This research identified various benefits of migration in the delta, with remittances being
one of them. Data shows that domestic remittances have risen most
significantly in Odisha since the 1990s (Tumbe 2011). In 2007–2008,
rural Odisha received 14.25 billion dollars as domestic remittances, 6th
highest in the country. The benefits of remittances positively contributed to autonomous climate adaptation by the community.
Another inadequacy of present policies of climate change adaptation
and disaster risk reduction is the limited consideration of gender in
policies and more generally a lack of a gendered database for an effective yet differentiated planning. Such differentiated policies would be

3

The Mahanadi Delta: A Rapidly Developing Delta in India    
69

necessary to address the rising number of female-headed households in
the delta. Making certain of gender equity in decision-making is very
important in migration contexts, especially when the out-migrants are
generally adult male members of the family. Empowerment of women
through various skill building and other trainings will help in developing the adaptive capacity of this vulnerable group.

3.3	The Future for the Mahanadi Delta
In the Anthropocene, where human beings have the capacity to alter the
pathway of natural changes, the future is what humans make it. Future
projections under a BAU scenario are not encouraging for the Mahanadi
Delta. Higher sea surface temperatures (a rise of potentially 2.3–2.9 °C
[Fernandes et al. 2016b]) and sea levels along with an increasing number of high rainfall events, particularly in the later part of the century,
has a potential for increased number of flood events endangering life and
livelihoods of the delta community. Climate change and climatic shocks
also have the potential to reduce crop yield in the delta. Based on the
IPCC’s Shared Socio-economic Pathway 2 scenario for the Mahanadi
Delta, Arto et al. (2019) estimated, that, by 2050, the economic loss
from agriculture could be about 5% of GDP per capita. However if
loss of infrastructure is considered, climate change and climatic shocks
(flood, cyclone, etc.) may lead to cumulative per cent loss in GDP per
capita of about 11% in the delta (Arto et al. 2019). At the same time,
with the projected loss of fisheries production (Fernandes et al. 2016a),
the socio-economic integrated model indicates that losses from the fishery sector alone to be around 0.25% of the total GDP in the delta by
2050 (Lauria et al. 2018). These together impose a serious constraint on
the livelihood of the delta community in future.
Like most other deltas in the world, Mahanadi Delta, is under threat
from sea-level rise and sediment starvation (Chapter 5). The potential consequences of extreme events are illustrated by surge-inundation
from the 1999 Super cyclone when the district of Jagatsinghpur suffered over eight thousand fatalities (see Table 7.6 in PCD 2004). As
indicated earlier, 65% of the deltaic coast is also currently experiencing
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varying degree of erosion, a situation which is expected to worsen by
2050 (Mukhopadhyay et al. 2018), implying compounded threat to the
coastal habitations particularly between Puri to Paradip and promoting
increased out-migration of people from the coast.
Whether the Mahanadi Delta will be able to withstand adverse environmental hazards in the Anthropocene and develop sustainably will
largely depend on global climate change mitigation action (see Brown
et al. 2018) alongside regional, national and local adaptation planning.
As the latter are currently limited in scope and application, an immediate challenge is to generate management plans which aim to develop
holistic pathways to sustainable management of biophysical and human
resources of the delta in near future.

3.4	Discussion and Conclusion
This research looks at the changes in the Mahanadi catchment basin since
the onset of the Anthropocene (i.e., since 1950), focusing on the evolution of the Mahanadi Delta, both in terms of biophysical and socioecological change over time including delta management and policy
evolution. The once prograding delta of the Holocene is now retreating
due to sediment starvation and sea-level rise, and experiencing accelerated population growth, decline in income from agriculture or fisheries,
increasing pollution in the river system with potential of acidification
of estuaries, proliferation of plastics in the environment, degradation
of mangroves with loss of biodiversity and human migration. Thus the
Mahanadi Delta is now shrinking and a more challenging situation is
emerging. The most vulnerable communities often suffer disproportionately at times of natural disasters with potential loss of life, livelihoods
and assets. The people living in the Mahanadi Delta are forced to cope
with frequent disasters, but recent progress in warnings, evacuation
and shelters seems to have reduced losses. Urban areas in the delta are
expanding and there is rural to urban migration which can be expected
to continue. These urban areas will have important implications for the
future of the delta.
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For policymakers at both the State and District level, the topmost criterion for successful adaptation is the improvement of the capacity of
the local institutions to manage environmental disasters and changes.
This research indicates a positive correlation between perceived success of adaptation activity and people’s intention to undertake them.
However, the most practiced adaptation activities are not always the
most successful in the Mahanadi Delta. Adaptation activities are not
always gender-sensitive with the effect that men are benefiting more
than women. Thus it has to be ensured that the most vulnerable groups
including the elderly, the severely poor, the physically challenged and
women are involved in the development of migration-related adaptation
as stakeholders. All stakeholders need to be involved for proper planning and implementation of adaptation plans and for accrual of benefits
from there.
This research has the following three key observations for the
Mahanadi Delta: (i) assessing the Mahanadi Delta region as a unit of
planning and implementation offers opportunities to enable coherent
policy responses to reduce the risk of climate change to populations by
supporting gender-sensitive adaptations; (ii) a variety of types of adaptations should be used to reduce climate change risk; and (iii) to encourage migration as an adaptation, targeting trapped populations with skill
development (as observed in Pattamundai, Kendrapara district) can
improve their migration capability. Alternatively, designing incomegenerating opportunities like skills training, livelihood programmes and
development initiatives for those who remain behind in areas affected
by disasters/climate change will reduce their vulnerability and increase
their ability to cope during an extreme weather event.
In the Anthropocene, the major challenge for the rural areas of the
Mahanadi Delta is to restore or maintain the natural delta dynamics as
far as possible, to combat the cumulative threat of sea-level rise and land
subsidence and address the water-sediment-pollution-biodiversity interactions, while maintaining the socio-economy of the delta in an integrated and inclusive way to make the delta sustainable for the future
generations. The interactions of the rural delta areas with the urban
delta areas also need to be considered.
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(Fig. 4.1). The Volta Delta lies within the Keta Basin, which is one of
several fault-controlled sedimentary basins in West Africa (Appeaning
Addo et al. 2018). The basin is underlain by acid and basic gneisses and
schists of the Dahomeyan system with outcrop on the northern fringes
of the basin. The soil underlying the Keta Basin is soft, highly compressible organic or inorganic clays overlaying fine sand to great depth
(Kumapley 1989).
The delta plain is almost flat, featureless and descends gradually from
inland to the Gulf of Guinea. Several thousand years ago, the river mouth
of the delta was located further east but migrated westward (Nairn et al.
1999). The repositioning of the river mouth, decrease in sediment supply
and reworking of the Holocene delta plain have resulted in realignment
of the delta front east of the present river mouth (Anthony 2015).
The Volta Delta falls within the south-eastern coastal plains climatic
zone. Climatic conditions are influenced by two air masses, the dry
north-east trade winds and the moist southwest monsoon winds, which
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Fig. 4.1 Map of the Volta Delta area depicting the 5 m contour boundary of
the delta and the nine administrative districts partly or wholly within the delta

produce a double maximum rainfall pattern (Gampson et al. 2017). The
major rainy season falls between March and July, and the minor rainy
season is between August and November. Mean annual rainfall varies
between 146 and 750 mm between years and increases from south of
the delta to its north. The dry season occurs from November to February
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and it is characterised by the north-east trade winds (harmattan). The
mean temperature does not fall below 25 °C (Awadzi et al. 2008).
Ocean wave action significantly shapes the delta front. Swell waves of
moderate to high energy with an average height of about 1.4 metres (m)
and a long period of about 11 seconds (s) approach the shoreline unimpeded from the south to south west (Almar et al. 2015). The consistent wave action generates significant longshore currents which transport
sediment eastwards, causing one of the highest rates of annual unidirectional longshore sand drift in the world (1–1.5 × 106 m3/yr) (Nairn
et al. 1999). Tides are semi-diurnal with a tidal range of about 1 m and
generate weak currents which have limited effect on the shoreline morphology (Appeaning Addo et al. 2008).
The Volta River is one of the main sources of sediment supply to
the Gulf of Guinea but its activities have been interfered with by
anthropogenic activities. The river’s discharge varied between 1000
m3/s in the dry season and over 6000 m3/s in the wet season before the
Akosombo Dam was completed in 1965 (Anthony et al. 2015). Runoff
before dam construction was 87.5 mm/yr and more varied than the
post-dam period at 73.5 mm/yr (Oguntunde et al. 2006). The natural flooding patterns of the area have changed due to the controlled
flow of water. In addition, annual sediment transport has drastically
reduced by dam construction to only a fraction of the original transport with no peaks in flow discharge (Bollen et al. 2011) (see Chapter
5). The delta comprises extensive swamps, interspersed with short
grassland mangrove areas, mainly red mangrove, and savannah woodland (Manson et al. 2013).

4.2	Demographic and Socio-Economic
Characteristics
Table 4.1 presents a comparison of some key demographic characteristics of the Volta Delta and Ghana. The population of the Volta Delta as
defined in Fig. 4.1 was about 850,000 in 2010 constituting about 4%
of the total population of Ghana (24.6 million). The population structure has a broad base with people below 15 years constituting about
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Table 4.1 Key demographic characteristics of the Volta Delta and Ghana (Data
from the 2010 Ghana National Population and Housing Census [GSS 2013])
Population dynamic

Volta Delta

Ghana

Population
Proportion of population below 15 years
Proportion of population aged 65 years and above
Dependency ratio
Sex ratio
Proportion of female-headed households
Population density (persons per km2)
Total fertility rate
Population growth rate
Proportion urban

856,050
38.0%
7.1%
81
87.0
41%
151
3.6
1.6%
33%

24,658,823
38.3%
4.7%
76
95.2
34%
103
4.0
2.1%
52%

a third of the total population of the delta (38%) similar to Ghana
nationally (38.3%). Further, the population aged 65 years and above
constitutes 7% of the delta population which is much higher than the
national level of just under 5%. As such, the dependency ratio (84
dependent-age population per 100 population of working-age [15–64])
in the Volta Delta is higher than the national ratio (76 per 100). While
the sex ratio in the delta is lower (88 males per 100 females) compared
to the national average (95.2 males per 100 females), the proportion of
female-headed households is higher in the Volta Delta (45%) compared
to the national average (34%) (Appeaning Addo et al. 2018). A lower
sex ratio coupled with a higher proportion of female-headed households
in the Volta Delta can be attributed to high out-migration of males
(Atiglo and Codjoe 2015).
The population density of the Volta Delta is 151 persons per km2
compared to 103 persons per km2 in Ghana. Both the Total Fertility
Rate (3.6) and annual population growth rate (1.6%) are lower in
the Volta Delta compared with the national averages of 4.0 and 2.1%
respectively. About two-thirds of the delta population is rural, however,
it is projected that more than half of the population of the Volta Delta
will be living in urban areas by 2035 through migration. Increasing
population growth and urbanisation have altered the land cover, topography and land use in the delta region, and vegetated land has been converted to agricultural use and settlements (Appeaning Addo 2015).
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Regarding socio-economic characteristics, the dominant types of
dwelling are the compound house and separate structures, and slightly
over 60% of dwelling units are owned by households (GSS 2013).
Outer wall materials of buildings are mainly concrete, and cement
block. Biomass (wood, charcoal, sawdust, etc.) constitutes the main
source of fuel for cooking and kerosene the main source for lighting.
However, considering the rapid rural electrification that has occurred in
the country over the past twenty years, it is expected that more households will be connected to the national electricity grid (Kumi 2017).
This will increase the number of households that use electricity for
cooking and lighting. While the main source of water for drinking and
domestic use is pipe-borne, unimproved sources, including groundwater
from wells and open water sources (30%) are quite common.
The two main ethnic groups in the Volta Delta are Ewe and
Ga-Dangme and both are patrilineal. The dominant religion in the
Volta Delta is Christianity (72%), followed by Traditional African
Religion (22%) and Islam (3%). Illiteracy rate for the population aged
15 years and above is about 30%, with higher illiteracy rates for females
compared to males (GSS 2013).
The Volta Delta has a diverse economic system with different but
integrated sectors, i.e., agriculture including livestock rearing and fisheries, salt and sand mining, construction, trade, transport and tourism
(Codjoe et al. 2017). Agriculture-related activities are very common
and important for livelihoods in the delta. The crop production sector
employs a higher proportion of females than males (Barry et al. 2005).
Females mainly engage in processing and selling of fish and farm produce, while males mostly engage in fishing and crop production (Ayivor
and Kufogbe 2001). It is, however, largely small-scale and characterised by unsophisticated technologies or irrigation systems. Coconut,
for instance, was a major cash crop in the delta in the nineteenth century. However, in the 1930s, production was affected by the Cape St
Paul Wilt disease leading to the collapse of the industry (Eziashi and
Omamor 2010). In the last two decades, the services sector, particularly trade, transport and small and medium scale manufacturing, has
seen a major boost. In recent times, aquaculture farms have been established in the River Volta and the Keta Lagoon and this industry has
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huge potential to supplement declining marine fish stocks in the future
(Amponsah et al. 2015; Lauria et al. 2018).
Other emerging economic activities include charcoal burning which
involves cutting of trees (Akrasi 2005) and salt production (Barry
et al. 2005). Furthermore, coastal sand mining which mainly feeds the
booming construction industry in the nearby cities of Accra and Tema,
despite being illegal, is a common activity (Mensah 2002; Anim et al.
2013; Wiafe et al. 2013; Jonah et al. 2015). Indeed, this practice negatively influences the sediment budget and has contributed significantly
to increased erosion along the coast (Appeaning Addo 2015).
Finally, the Volta Delta has very important tourist attractions such as
marine turtle breeding sites located in the estuary at Totope, Lolonya,
Akplabanya and Kewuse, bird watching on the Songhor and Keta
Lagoons (designated wetlands and Ramsar sites which provide sanctuary
for about 80% of migratory birds that transit in Ghana), fetish shrines,
sacred groves and traditional festivals. Resorts located on the Volta River
provide water recreational activities and attract migrants to work in the
tourism industry (Codjoe et al. 2017).
Short to medium term economic projections of the delta show that
the manufacturing sector could outpace the agriculture and services
sectors, partly due to impacts of environmental changes on agricultural
production as well as prospects for future oil production (Adjei et al.
2016). Currently, the delta remains a net importer of goods and services
as economic activities are inadequate to satisfy domestic and external
demands.

4.3	Biophysical and Socio-Economic Drivers
of Change
The Volta Delta is a dynamic and rich environment that is constantly
changing in time and space (Dada et al. 2016). The delta, formed some
thousands of years ago from sediments deposited along the mouth of
the River Volta, and has constantly undergone changes since the early
Holocene (Nairn et al. 1999). Natural and anthropogenic factors
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combine in a complex system to drive such change. In most instances,
the anthropogenic factors tend to exacerbate the natural effects. It is to
be noted, however, that anthropogenic interventions have not always
been detrimental to the environment as laws and policies have been
enacted overtime to protect the natural resources in the delta area.
Climate change-related events such as rainfall variability, marine and
riverine flooding, drought, sea-level rise, storm surges and increased
temperature are some natural drivers of change in the biophysical conditions of the delta system (Appeaning Addo et al. 2018). Humaninduced changes occur mainly from interruptions in the hydrology, land
use and the landscape. The onset of the rainy season has changed due
to climate variability. However, increased rainfall intensity in the rainy
season causes frequent flooding in the Volta Delta. The floods degrade
the environment, threaten lives, destroy properties, and result in displacement of households. Energetic swell waves, increasing sea-level
rise and storm surge aided by relatively low topography also facilitate
coastal flooding. The delta coast is dynamic with high crests underlain
by soft rocks which naturally expose the coast from Prampram to Aflao
to flooding, erosion and shoreline recession (Ly 1980). Erosion in the
Volta Delta was first reported in 1929 but posited to have existed since
the 1860s, particularly in Keta (Nairn et al. 1999).
A critical characteristic of the Anthropocene delta was the construction of the Akosombo and Kpong Dams in 1964 and 1982, respectively, which drastically reduced sediment supply to the coast. This
exposed it to severe wave action and erosion resulting in accelerated
shoreline retreat, reduction in fresh water and fish supply down-stream
(Ly 1980; Nairn et al. 1999; Tsikata 2006) and also the introduction of
water hyacinths that affect aquatic life in the Volta River (Gyau-Boakye
2001). Furthermore, it has been documented that schistosomiasis infections became a public health issue in Ghana after the construction of
the Akosombo Dam in the 1960s, which created extensive areas suitable for the breeding of the schistosoma host snails (Paperna 1970). The
prevalence of urinary schistosomiasis was below 10% among communities living along the river before damming in 1964 and reached as
high as 80–90% after damming by 1971 (Lavoipierre 1973; Barry et al.
2005).
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Additionally, the construction of the Tema Harbour in 1955 caused
sea wave diffraction on the land along the east coast of Ghana, causing
massive erosion (Ly 1980; Tsidzi and Kumapley 2001). Erosion rates
of about 4 m per year before the construction of the dams increased
to about 8 m per year post-dam construction (Ly 1980). To address
some impacts of erosion, the Keta and Ada Sea Defence Projects were
undertaken in 2001 and 2013, respectively, by the central government.
These were preceded by attempts to protect the shoreline by communities in Keta and its environs, led by their traditional leaders and the
government, since 1923. These earlier defence structures from colonial
times were constructed with weak local materials which could not withstand the strong sea waves (Akyeampong 2002; van der Linden et al.
2013). After Ghana’s independence in 1957, the government undertook
a coastal protection project in 1960 using steel sheets to protect about
1,600 m of the Keta Township but these also corroded rapidly (van der
Linden et al. 2013).
By 1996, the rate of erosion and flooding had increased, with more
than half of Keta and its surrounding towns under water (Ile et al. 2014)
displacing more than 10,000 people in communities within Keta and
leading to losses in the millions of dollars (Oteng-Ababio et al. 2011;
Danquah et al. 2014). The central government therefore undertook a sea
defence project to construct a causeway across the Keta lagoon for the
coastal highway, reclaim lands lost to the sea and construct houses for
resettlement of displaced people (Danquah et al. 2014). Between 2001
and 2004, six groynes were constructed within the Keta area to prevent
erosion and to control flooding of buildings between the Keta Lagoon
and the sea (Boateng 2009). The groynes were about 190 m in length
and 750 m apart (Nairn and Dibajnia 2004). In 2011, the Government
of Ghana began the construction of a 30 km sea defence wall at Ada
to protect communities against wave action (Anim et al. 2013). The
defence structures have had two effects; accretion of the up-drift side
and increased erosion of the down-drift side of the shoreline (Wiafe
et al. 2013; Appeaning Addo 2015).
In recent times, groundwater extraction for irrigated farming practices which has the potential for enhanced subsidence of the delta at
a rate of about 1 mm per annum as pertains in other deltas globally
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(Kortatsi et al. 2005; Appeaning Addo et al. 2018), mangrove harvesting which may cause erosion and flooding (Anim et al. 2013), prospecting for oil and gas which is expected to increase the rate of subsidence
(Setordzi and Nyavor 2015) and coastal sand mining with the potential of reducing sediment budget and thus increase erosion (Appeaning
Addo 2015; Appeaning Addo et al. 2018) are being widely practiced.

4.4	Adaptation to Climate
and Non-climate Change
Households and communities in the Volta Delta employ both autonomous and planned adaptation strategies to respond to the multiple
threats of climatic and non-climatic stressors. Drought and flooding
(both riverine and coastal) are the most common pressures on traditional livelihoods, in addition to land degradation, land-use changes,
and increasing population demands on natural resources.
In the delta, as in most parts of the country, the prioritised sectors
for adaptation are agriculture, water resources and disaster risk reduction. In the post-dam Anthropocene era, the government and non-
governmental organisations have implemented a number of projects
and programmes to support communities to deal with the inundation
of farmlands and settlements, loss of property, salinisation of groundwater, low agricultural productivity, coastal and riverine erosion, water
shortage and increased incidence of water and sanitation-related diseases. Planned adaptation activities have mainly focused on implementing change with improved technologies, building capacity (e.g.,
climate change awareness and adaptation governance training programmes), providing alternative livelihoods for improving food security,
minimising the impacts of flooding on communities through disaster
risk reduction and rural-urban development actions, improving ecological functions and services for providing sustainable access to natural resources (such as mangrove regeneration and tree planting), and
improving access to water.
Evidence from a household survey carried out in 2016 (see
DECCMA 2018) shows that, at the community level, about
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three-quarters of households have undertaken one or multiple forms
of autonomous adaptation strategies. The main adaptation strategies
undertaken by households include modification of labour utilisation
which involves the use of hired labour and/or women taking up work
outside the home. Also, modifications to housing structures or moving
houses entirely are common. As noted earlier, houses are usually made
of weak materials and may require regular modification or complete
abandonment. Financial capital investments in the form of loans, insurance and joining cooperatives are also common. Among these, insurance is the least employed strategy (not shown). Migration does not
feature as a major adaptation strategy among households.
Farming and fishing related adaptation strategies constitute the least
used strategies in the delta as a whole. Receiving training in new fishing
or farming skills is the least common adaptation strategy in the delta.
However, among farming households only, purchasing farm equipment
is most common (Fig. 4.2).
The most successful adaptation options for most households are strategies that increase their resilience, reduce disaster impacts and improve

Fig. 4.2
Delta

Adaptation strategies by household adaptation strategy in the Volta
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living standards by improving their overall skills and capacity for
improved livelihood options. Some indications of barriers to successful
adaption relate to project cost implications, the ability of targeted communities/individuals to participate or sustain participation, conflicts
between original landowners and related communities over land ownership, and concerns about future loss of biodiversity and downstream pollution from the establishment of commercial agricultural farms. Other
barriers include concerns over impacts of constructed sea defence structures on the movement and nesting patterns of sea turtles, the threat of
non-indigenous tree species used as buffers along the banks of the Volta
River becoming invasive species, and possible interruptions to water supply due to more communities getting connected to the same source.
There are positive influences on the sustainability of adaptation
actions due to shared ownership and commitment by the local community through active participation in planning, design and implementation; commitment and financial support (e.g., subsidies) demonstrated
by the government; self-generated funds to support action; and the use
of cost effective and efficient technologies. Adaptation options that have
built in sustainability and ecologically sensitive components are also
more likely to be effective in the long-term for reducing disaster risk and
vulnerability of the communities, and increasing resilience of the system.
Finally, gendered issues in adaptation were not prominent since both
males and females generally have similar perspectives on how effective or successful an adaptation strategy is. However, introducing new
breeds in fishing ponds, converting mono-cropped land to mixed farming, employing irrigation farming techniques and relocating to a new
house are ranked higher by females, and males rank receiving governmental and NGO intervention and being trained with new skills higher
compared to females.

4.5	Migration and Resettlement
The first recorded mass migration into the Volta Delta was in the sixteenth century by the Ga-Dangme and Ewe ethnic groups. Ever since
this period, there has been migration to and from the delta although
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out-migration has been predominant. In the Anthropocene, the Volta
Delta is a net migrant sending area, although some districts (South
Tongu, Ketu South, Akatsi South, Ada East, Ada West and Prampram)
are net-migrant receiving areas. Based on the results of the survey carried out for this research, the main drivers of migration from the delta
are economic (employment opportunities), education and family reunion; very few individuals cite direct environmental factors as the main
reason for migrating. Furthermore, higher proportions of males, mainly
youth, migrate due to economic reasons, whilst more females migrate to
reunite with a family or for education. It should be noted, however, that
some of the economic or livelihood drivers of migration may be directly
linked to climate and/or environmental change.
People who migrate for economic reasons are usually never married,
cohabiting or separated. Movements from the delta area are usually permanent and there is continuous mobility from the area. Respondents
in male-headed households have a higher proportion of members who
intend to migrate compared to female-headed households. Although
more than a third of the respondents (42%) in the Volta Delta are of
the view that migration is disruptive to individuals and the household,
there is a general perception that migration is helpful. The common
perception is that migration improves the socio-economic conditions of
individuals and households and this feedback may continue to increase
future migration from the delta, if economic opportunities are not
enhanced in situ.
Some biophysical factors are associated with out-migration from the
region. For example, there is already high impact of climate change on
farming and fishing activities in the area. Land used for crop and vegetable cultivation and landing sites for fishers have been lost to flooding
and erosion, and fresh water fishing and farming in or near the lagoon
have also been affected by salinisation (Codjoe et al. 2017). In addition,
the construction of the sea defence walls has not attracted people back
into areas destroyed by coastal erosion or inundation due to lost livelihoods and rare economic opportunities. It is estimated that future accelerated environmental change due to the impacts of coastal erosion and
flooding will lead to mass displacements and high out-migration from
affected areas.
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Successive governments have considered resettling highly vulnerable
communities in the delta. Prior to independence, earlier attempts to
resettle communities from the Keta area failed because of the communities’ attachment to their place and main livelihood activity, i.e., fishing
(Akyeampong 2002). In 1996, the government undertook a comprehensive resettlement scheme for three communities in Keta—Adzido,
Vodza and Kedzi (Akyeampong 2002; Afram et al. 2015). According
to Afram et al. (2015), resettled communities are generally happy
with the housing facilities provided but are dissatisfied with the living
arrangements. In particular, people prefer to live close to their extended
families and to have spaces around their homes for gatherings such as
funerals and marriage ceremonies. Not incorporating these cultural
and family contexts result in loss of family and cultural ties, violation
of people’s fundamental human rights as well as apathy for community
cohesion (Danquah et al. 2014).

4.6	Delta Management and Policy
As shown in Table 4.2, pre-colonial management of the Volta Delta
environment was primarily based on traditional/customary laws which
included sanctions, taboos, cultural norms, beliefs, values, codes of conduct, etc. that were handed down over generations by oral tradition,
teaching or imitation (Kuupole and Botchway 2010). Management of
the delta was vested in chiefs and traditional leaders who ensured that
all natural resources inherited from their predecessors were sustained for
the next generation (Opoku-Agyemang 2001a). For example, there were
customary rules and beliefs which prohibited fishing activities on some
days and farming close to the water body or harvesting mangroves, and
there were demarcated sacred groves in order to protect the serene and
fragile environment (Sarpong 2004; Atampugre et al. 2016).
There is no explicit national policy devoted entirely to the Volta
Delta. However, various policies contain focus areas that apply to
protecting and conserving some delta features. During colonial and
post-colonial times, formal rules in the form of laws, policies, protocols

River Ordinance, Forests
Ordinance

Convention on Wetlands of
International Importance
Especially as Water Fowl
Habitats: Ramsar
Convention for the Cooperation
in the Protection and
Development of the Marine
and Coastal Environment of
the West and Central African
Region (Abidjan Convention)
United Nations Convention on
the Law of the Sea
Integrated Water Resource
Management Policy
National Wetland Strategy

Water Use Regulation Policy LI
1962

Colonial era

1971

2001

1999

1996

1985

1981

Policy type

Traditional/customary laws i.e.,
taboos, restrictions etc.

Year/period

Pre-colonial era

National

National

National

International

International
(regional)

International

National

Local community

Level
Source

Groundwater
management
Wetland and wildlife protection
Water
management
(continued)

Opoku-Agyemang
(2001b)

Opoku-Agyemang
(2001b)

Kuupole and
Botchway (2010)
Opoku-Agyemang
(2001a)
Opoku-Agyemang
Protection of
(2001b)
rivers, forests and
mangroves
Opoku-Agyemang
Wetland
(2001b)
protection
Mangrove
protection
Fish conservation

Impact

Table 4.2 Laws, policies, conventions and ordinances and their impacts on the Volta Delta
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National Irrigation Policy,
Strategies and Measures
Document
National Buffer Zone Policy

National Coastal Policy

2011

Ongoing

2011

2007

2006

Policy type

Declaration on improved management of natural resources
of the Volta Basin
Drilling for Water and
Groundwater Development
Regulation Policy LI 1827
National Water Policy

Year/period

2002

Table 4.2 (continued)
Level

National

National

National

National

National

International
(regional)

Protection of
buffer zones

Water
management
Irrigation
management

Groundwater
management

Impact

MWWH (2011)

MFA (2011)

MWWH (2007)

Source
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and agreements were established to ensure delta management. The earliest documented law on the Volta River Basin in Ghana was the River
Ordinance of 1903 (Opoku-Agyemang 2001b) to manage the use of
some rivers in the country, including the Volta, and vested powers of
control over the river in the colonial governments.
National policies with focus areas that may help protect the delta include
the National Water Policy; the National Wetlands Policy; the Tourism
Development Policy, Land Management Policy; National Environmental
Policy; Energy Policy; Minerals Policy and the Wildlife Conservation
Policy. A national coastal policy is currently under development.
International protocols that apply to the delta include the Convention on
Wetlands of International Importance Especially as Water Fowl Habitats:
Ramsar Convention (1971); International Covenant on Economic, Social
and Cultural Rights (2000); United Nations Convention on the Law of the
Sea (1985); Volta Basin Declaration on improved management of the natural resources of the Volta Basin (2002); Convention for the Cooperation in
the Protection and Development of the Marine and Coastal Environment
of the West and Central African Region (Abidjan Convention) (1981).

4.7	Conclusion
There has been a transitioning in the Volta Delta from the Holocene
to the Anthropocene. It is evident that human activities have greatly
altered the physical characteristics in the delta area and the built
environment has further reshaped the nature of human settlement,
livelihoods and movement. The construction of the Akosombo and
Kpong Dams has had tremendous impact, not only on the geophysical characteristics of the delta, but also on the socio-economic adjustments to population livelihoods (see also Chapter 8). The dams have
interfered with sedimentation process and repositioning of the river
mouth along the Gulf of Guinea and also reduced the amount of
freshwater that flows into the sea. Further, the fish population that
flowed from upstream has significantly dropped. Thus, there has been
outmigration from the delta area to upstream areas for freshwater
fishing.
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Similarly, the construction of a fishing harbour in Tema, west of the
delta has impacted the rates of erosion as well as livelihoods in the delta
region. The harbour and an associated industrial city serve as an attractive hub for migrants from the delta whose main fishing-based livelihoods have been adversely impacted by the construction of the dams.
Migration is dominated by males leading to a higher proportion of
females in the delta.
Currently, the construction of groynes along the coasts of Keta and
Ada have resulted in significant rates of accretion and reshaping of
the morphology along the shoreline. The Keta sea defence project and
accompanying resettlement scheme continue to have some impact on
the physical nature of the delta as well as human mobility. The construction of the revetment in Atokor in the Keta Municipality has further enabled the reconstruction of the previously destroyed road and
opened up the area for commercial activities. Finally, human settlements, land use and economic activities continue to reshape the land
cover and biosphere of the delta area.
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Fluvial Sediment Supply
and Relative Sea-Level Rise
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5.1	Introduction
The world’s major deltas are facing a sustainability crisis (Giosan et al. 2014;
Anthony et al. 2015). Of the world’s 33 largest deltas, 28 are at high risk
of being ‘drowned’ as a result of relative sea-level rise (Syvitski et al. 2009).
These changes have profound implications for human habitation of these
systems and suggest wide-scale abandonment, or a growing dependency on
dykes, artificial drainage and polders. Given deltas’ role in food production,
the potential consequences for regional and global food security are readily
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apparent: around 20% of the land within the large deltas of South and
Southeast Asia will likely be lost by 2100 unless protected by dykes (Giosan
et al. 2014; Smajgl et al. 2015). The challenge of securing, let alone increasing, food production is further compounded by the enhanced flood risk
and waterlogging as well as the problems of saline intrusion that are also
associated with sea-level rise. For these reasons there is widespread concern
that the current combination of environmental stresses affecting deltas is
leading to accelerated rates of relative sea-level rise. Current rates of relative
sea-level rise for 46 of the world’s major deltas average 6.8 mm/yr (Tessler
et al. 2018) and these average changes do not capture ‘hotspots’ of subsidence within these deltas. This delta-specific rate is double that of the global
trend of sea-level rise due to climate change, as measured with satellites.
The factors contributing to relative sea-level change in deltas are well
understood, at least in a qualitative sense (Syvitski et al. 2009), with
the change in delta surface elevation relative to sea-level being derived
as the sum of the rates of natural compaction and anthropogenic subsidence, eustatic sea-level change, rate of crustal deformation due to
local geodynamics, and the rate of surface aggradation (Fig. 5.1). It is
important to understand that deltas naturally sink relative to sea level
as a result of the natural compaction of sediments, but anthropogenic
activities such as groundwater abstraction or hydrocarbon extraction
often also induce accelerated subsidence (Erban et al. 2014; Brown
and Nicholls 2015; Minderhoud et al. 2017). This accelerated subsidence is being compounded in many deltas by (the local expression of )
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Fig. 5.1 Overview of the factors and processes contributing to relative sea-level
rise within deltas. Most of the world’s large deltas currently have low rates of
natural sediment supply and high rates of eustatic sea-level rise (E) and often
higher rates of human-induced subsidence (SA), meaning that significant portions of the world’s deltas are at risk of imminent drowning, with sediment
accretion (AN) being the only factor that can offset relative sea-level rise. Note
that Cn and G denote natural compaction and crustal deformation, respectively

eustatic sea-level rise as a result of anthropogenic warming (Cazenave
and Remy 2011). Thus, as human agency drives these trends, high rates
of relative sea-level rise in deltas can be considered as an indicator of the
Anthropocene.
Importantly, of all the drivers of relative sea-level change, the only
factor that can potentially offset rising sea level, and therefore its associated risks, is sediment accretion on the delta surface. This means that
it is critically important to understand the processes affecting sediment
accretion—the geomorphic dynamics of deltas. In fact surface accretion
rates can be understood to be affected primarily by two main factors:
(i) the rate of fluvial sediment supply from the catchment upstream
(Darby et al. 2016; Dunn et al. 2018; Rahman et al. 2018), and (ii) the
capacity of deltas to retain that sediment (Syvitski and Kettner 2011).
Yet, both of these dimensions of geomorphic dynamics of deltas are
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susceptible to human modification and human pressures are ubiquitous
in many delta environments. This means that many of the world’s major
deltas may already have reached a major tipping point in which they
have been shifted from a quasi-stable Holocene state to what might now
be regarded as an Anthropocene (Crutzen and Stoermer 2000) state in
which delta dynamics are predominantly controlled by human activity
(Tessler et al. 2015).
In order to understand the drivers underlying this postulated transition from Holocene to Anthropocene deltas, alongside the potential
social-ecological impacts of such a transition (Fig. 5.2), it is possible
to consider the major past trends in fluvial sediment supply on major
deltas. Specifically, prior studies have highlighted how fluvial sediment
delivery is a critical factor in countering relative sea-level rise (Ericson
et al. 2006; Syvitski et al. 2009), but that rates of sediment supply to deltas have typically declined significantly in the last few centuries as a result
of catchment land use change reducing sediment yield and sediment
trapping behind constructed reservoirs (Milliman and Syvitski 1992;

Fig. 5.2 Drivers of geomorphological change for deltas in the Anthropocene
(Reprinted with permission from Nicholls et al. [2016])
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Darby et al. 2016). Prior to these changes of the last few centuries, many
of the world’s deltas experienced increased rates of fluvial sediment supply
associated with major land use changes driven by the onset and subsequent intensification of agriculture (Milliman et al. 1987). This points to
a scenario whereby past changes in sediment flux supplied to deltas have
been driven primarily by major and direct human modifications to the
feeder catchments upstream of deltas, with climate-driven changes only
of secondary importance (Darby et al. 2015). As discussed in this chapter, however, the radical shift in boundary conditions associated with this
transition to a new Anthropocene catchment-delta system means that
the effect of climate-related changes may become relatively more significant in the future.

5.2	Objectives and Overview
The aim of this chapter is to consider present and future sediment
delivery and distribution in deltas, as a fundamental control on
delta futures and illustrate how these processes have been, and are
being, significantly impacted by human activity. It is argued that the
extent of human activity is so great that, in many of the world’s deltas, it is no longer possible to regard these processes as being ‘natural’ but rather it is more appropriate to consider deltas as existing in
an Anthropocene state. The chapter is structured as follows. Below,
in Sect. 5.3 case studies of three deltas are presented to illustrate how
their status has been shifted from pre-disturbance Holocene deltas to
at-risk deltas of the Anthropocene, largely as a result of the disruption of sediment flux by human activity. In Sect. 5.4 the ‘prospects’
for the futures of these and other deltas are considered, examining
how changing geomorphological processes in the deltas and their
catchments might affect their relative sea-level rise in the future and
considering how human activity can be modified to promote a more
sustainable future for at-risk deltas.
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5.3	Trends of Fluvial Sediment Supply
in Three Deltas
In this section the evidence base for understanding how geomorphological processes have evolved from the Holocene to the present day and
beyond is presented, using the three deltas (described in Chapters 2–4)
as case studies. It also examines the extent to which transitions have
occurred creating an ‘Anthropocene’ state related to human disturbance.

The Ganges-Brahmaputra-Meghna Delta
The Ganges-Brahmaputra-Meghna (GBM) Delta (see Chapter 2,
Fig. 2.1) is the second largest in the world by area, and is home to more
than 100 million people (Ericson et al. 2006). The delta is fed by two
major rivers, the Ganges and Brahmaputra, as well as the Meghna, with
the combined catchments draining land in Bangladesh, Bhutan, China,
India and Nepal. The delta itself covers the coastal region of much of
Bangladesh and part of West Bengal, India, with the delta front extending for some 380 km (Allison 1998). The GBM Delta is tidally influenced, with the zone of the tidal influence extending up to 100 km
inland. The many people who live in the delta live often in extreme
poverty and are highly exposed to natural hazards including tropical
cyclones, tidal flooding, and river and coastal erosion.
The catchments feeding the delta are located in a neo-tectonically
active basin affected by block faulting and rifting which has led to frequent changes of river course and sediment supply to the delta. During
the early sixteenth century, due to the easterly tilt of the basin by block
faulting, the main flow of the Ganges shifted eastward and merged
with the flow of Brahmaputra and then subsequently with the Meghna
(Morgan and McIntire 1959) leaving the southerly flowing distributaries (e.g., Bhagirathi-Hoogly and Gorai) dry except during the monsoon period. Delta progradation, both in the subaerial and subaqueous
domains continues presently only in the eastern part of the GBM Delta
(i.e., the Meghna estuary) where active accretion is creating new land
area (Wilson and Goodbred 2015). In contrast, the western part of the

5

Fluvial Sediment Supply and Relative Sea-Level Rise    
109

delta, especially the Hoogly or Harinbhanga estuary, has effectively been
‘abandoned’ (Allison et al. 2003) by the Ganges and most of the distributaries of the Ganges have now lost their upstream fresh water sources
and have gradually silted up. The most recent and probably the largest direct human intervention in the delta dynamics is associated with
the construction of the Farakka Barrage in 1975 (see Chapter 2), which
was designed in part to redirect the dry season flow of the Ganges to
the otherwise moribund Bhagirathi-Hoogly River system and the city
of Kolkata. The barrage, which was built at the apex of the delta, not
only initiated sedimentation upstream of the barrage, but it also considerably reduced the sediment supply downstream (Gupta et al. 2012).
Field measurements show that there is now strong evidence that the
combined sediment flux delivered by these two major river systems is
following a declining trend (with a current rate of decline of ~10 Mt/a),
such that the present fluvial sediment flux is probably about half (~500
Mt/a) of its pre-disturbance value (~1000 Mt/a) (Rahman et al. 2018).
In the last three decades, the northern part of the Bay of Bengal
has recorded a sea-level rise of the order of 8 mm/yr (Pethick and
Orford 2013). Indeed, two inhabited estuarine islands (Lohachara and
Suparibhanga) and New Moore island in the western part of the delta
have been completely lost due to a mixture of erosion and submergence
(Hazra et al. 2016), reflecting low sediment supply to this part of the
GBM Delta. This vulnerability is exacerbated by the GBM Delta’s tendency to subsidence resulting from compaction of the deltaic deposits
and anthropogenic interventions make the situation crucial to manage
the delta in the coming decades. Recent studies (Pethick and Orford
2013; Brown and Nicholls 2015) show a wide range of variation of
subsidence, varying from fraction of a millimetre to 45 mm/yr locally.
Unable to cope with rising sea level and the reduced sediment supply
(Rahman et al. 2018) the western part of the delta, in effect now abandoned by the Ganges, has suffered severe land loss to the sea over at
least the last 150 years. Between 1792 and 1984, the delta lost 368 km2
in the west while gaining 1346 km2 in the east (i.e., around the Meghna
Estuary) (Allison 1998). This wide range of variation of land change
within the delta itself makes it necessary to adopt an adaptive approach
to face the challenges of climate change. Thus the eastern part of the
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delta still maintains a supply of fluvial sediment that could enable active
sediment management and restoration (see Sect. 5.4), whereas the western part is sediment starved today. Here, extensive areas of the delta will
fall below mean sea level, requiring either abandonment or protective
sea dykes.

The Mahanadi Delta
The Mahanadi Delta (Fig. 5.3), located in the state of Odisha on the
east coast of India, is an arcuate shaped wave-dominated delta formed
under a micro-tidal regime (Kumar and Bhattacharya 2003). A network
of three major rivers: the Mahanadi (and its distributaries, the Devi,
Daya, Bhargavi, Kushbhandra and Parchi) and the adjoining Brahmani

Fig. 5.3 Overview of the Mahanadi Delta and its upstream catchment illustrating the location of dams within the catchment
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and Baitarini rivers contribute water and sediments to the delta. The
coastline of the delta is about 200 km long, extending from the Chilika
lagoon in the south to the Dhamara River in the north. The luxuriant
mangrove forests of Bhitarkanika, the nesting grounds for the Olive
Ridley Turtle on the spits and sandy barrier islands of Gahirmatha and
the rich biodiversity of the Chilika lagoon make the delta an important
biodiversity hotspot. The delta apex lies near Cuttack, approximately 90
km inland from the coast (ibid.). The delta is fed by the 851 km long
Mahanadi River, which at 142,589 km2 drains one of the largest basins
of the east coast of India. The annual discharge of the Mahanadi River
at the Naraj dam is 1545 m3/s, but the delta experiences a highly variable seasonal flow regime with peak flows of up to 45,000 m3/s generated
during the southwest monsoon period. The mean annual suspended
load of 27.07 Mt and bed load of 2.70 Mt is therefore supplied to the
delta mainly during the monsoon months (Ray 1988; Ray and Mohanti
1989).
Located within distances of 7–35 km of the coast, a series of three
shore-parallel beach ridges indicate three paleo-stand lines, from which
the past evolution of the delta can be established. Moving seaward, the
ridges are dated between 5880 ± 120 BP and 4250 ± 210 BP, 1590 ±
150 to 1220 ± 180 BP and 750 ± 50 BP, respectively (Somanna et al.
2016). These dates suggest subaerial delta progradation of around 4 m/
yr through much of the Holocene, increasing to 9 m/yr after ~1700 BP
until 1950.
Delta growth has declined significantly since the 1950s, particularly
after the construction of the multi-purpose Hirakud Dam in 1957,
which is located 300 km upstream (see Chapter 3). The construction
of the Hirakud Dam across the Mahanadi River, along with the 60
other small and medium scale dams in the Brahmani-Baitarani river
basin between 1975 and 2000 (WRIS 2014) has led to a significant
loss of annual fluvial sediment supply of up to 67% in the Mahanadi
and around 75% in the Brahmani Rivers (Gupta et al. 2012). This
trend is expected to continue with a projected 234 additional small
and medium scale dams and barrages expected to be built in the catchment over the next 40 years (Fig. 5.3). The loss of sediment supply
has already been reflected in the diminished aggradation and increased

112    
S. E. Darby et al.

erosion along a large stretch of the delta (Kumar et al. 2016), albeit
with a roughly 20-year lag in the response at the shoreline following
dam closure (Fig. 5.4). Specifically, historical movements of the coastline have been analysed with the End Point Rate (EPR) and Linear
Regression Rate (LRR) methods and the Digital Shoreline Assessment
System (DSAS) tool (Mukhopadhyay et al. 2018) of the United States
Geological Survey (Fig. 5.4). These analyses indicate that, from 1990
to 2010, the shoreline receded around 90 meters near the tourist city
of Puri in the south west of the delta to as much as 235 meters at
Satabhaya in the north. Significant accretion (210 meters) is seen only
around the port city of Paradeep where port construction and guide
walls have intercepted sediment transport along the coast (Fig. 5.4). At
present, 65% of the shoreline is under moderate to severe erosion, with
increasing intensity from the south to north (ibid.). Forecasts of the
position of the future coastline for the years 2020, 2035 and 2050 have
also been undertaken, in which it was estimated that about 26 coastal

Fig. 5.4

Historical shoreline changes along the Mahanadi Delta coastal front
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mouzas (small administrative blocks) out of 87 (each with an average
population density of >400/km2) would be under the threat of displacement by the year 2050 (Mukhopadhyay et al. 2018).
Changes in the progradation rate of the delta shoreline may also be
driven by variations in the rate of relative sea-level change. As computed
from the tide level data at Paradeep station (Source PSMSL [www.psmsl.
org], 1966–2014), the relative sea-level rise seems to have accelerated in
the period from 1995 to 2015 to reach a value of 8 mm/yr. At the same
time, the coastal districts of the delta have witnessed a rapid growth of
population and increased water withdrawal, small and medium scale
irrigation projects that use both surface and ground water, deforestation
of mangroves and the growth of ports, industries and urbanisation, e.g.,
the growth of Bhubaneswar. This means that the number of people, and
the economic value of assets, exposed to flooding has increased even as
relative sea-level rise is accelerating. Indeed, as with all low-lying deltas,
flooding is not an unusual phenomenon on the Mahanadi Delta. Before
construction of the Hirakud Dam, the delta experienced 27 devastating
river floods in the 88 years between 1869 and 1957, with only nine such
floods subsequently (to 2011) (Beura 2015). However, the situation in
the delta is further complicated by the construction of over 200 small
to medium dams in the upper catchment, mostly for irrigation. In case
of high rainfall events, these low capacity dams cannot store much runoff and are opened to prevent breaching. Similarly, the Hirakud Dam,
with a significantly reduced (28%) water storage capacity due to heavy
siltation with time, has to pass excess water downstream. For any flow
discharge over 20,000 m3/s, large areas of the delta are thus now exposed
to river flooding, despite the dams upstream. With an increasing trend
of high rainfall events (Mohapatra and Mohanty 2005), the frequency
of severe riverine flooding has actually increased in the delta (Jana and
Bhattacharya 2013). Eight high-intensity flooding events during the
period 2001–2015 can be spatially differentiated over 41 separate events
across the delta (Ghosh et al. 2019), with severe attendant impacts on
the lives and livelihoods of the deltaic communities. Thus, technological
interventions on the rivers and the delta have a potential to further exacerbate the frequency and extent of flooding coupled with erosion and
inundation along the coast in the Anthropocene.
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The Volta Delta
The Volta Delta (Fig. 5.5) falls within the Keta sedimentary basin, which
is one of several fault-controlled sedimentary basins in West Africa
(Jørgensen and Banoeng-Yakubo 2001). The Keta basin is characterised by
soft, highly compressible organic or inorganic clays overlaying fine sand, a
point which is relevant to understanding contemporary controls on deltaic subsidence rates. A significant portion of the delta landscape is also
characterised by the Keta Lagoon complex, the Songor lagoon, a number of creeks along the coast, extensive marsh areas, as well as extensive
mangroves (see Chapter 4 and Appeaning Addo et al. 2018). The Volta
River basin (390,000 km2) has three main tributaries namely the White
Volta, the Black Volta and the Oti River (Ibrahim et al. 2015) that drain
a predominantly sandstone catchment that also includes a wide variety of
lithologic terranes; the Volta being one of the main sources of sediment
supply to the Gulf of Guinea (Goussard and Ducrocq 2014). The yearly
sediment transport before the Akosombo Dam construction was about
71 million m3, which has now reduced by about 90% following construction of the Akosombo Dam in 1965 (Boateng et al. 2012).

Fig. 5.5 Area of the Volta Delta in Ghana showing major settlements and the
5 m contour
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The Volta River historically carried large quantities of sediment,
including coarse-grained sand, to the sea and this sediment was deposited at the river mouth, forming the modern delta (Nairn et al. 1999).
The surplus of sediments has built the delta lobe off the original bedrock shoreline. The coarser sand fractions are transported by the littoral
drift towards beach ridges to the east of the river mouth, while the finer
mud and silt fractions, input by the Volta river, have formed a plume
on the shore face east of the river mouth and on the shelf (Anthony
and Blivi 1999). The Volta River has a single outlet channel to the sea
at Ada with a low (1 m) tidal influence (cf. the Ganges-BrahmaputraMeghna delta discussed in Sect. 5.3.1). The estuary is associated with
a large spit that is highly dynamic. This large spit is as a result of the
direct outgrowth of a natural change in the location of the mouth of the
river (Anthony et al. 2016). An eastward shift, of about 12 km, in the
point at which the river entered the sea has occurred since 1974 (Barry
et al. 2005). The Volta Delta has features both of (river) sediment and
wave domination; the sediment domination is expressed by the seaward
protrusion of the delta off of the bed-rock, rather than a land-sided
in-carving (Roest 2018). Carbon dating of bore-hole soil samples shows
a multi-layered deltaic soil system, with peat layers dated at 5000–7000
years BP (Streif 1983). This indicates that the current perimeter of the
delta has remained in its approximate position for an extended period of
time (Roest 2018). However, this is expected to change into the future
as sediment discharge from the Volta River has greatly reduced and
pressures on the delta system are increasing.
Major hydroelectric dams constructed on the Volta River in 1965 at
Akosombo and Kpong (downstream of Aksombo) in 1982 are now significantly influencing the delta sediment supply and morphology. The
river’s discharge varied between 1000 m3/s in the dry season and over
6000 m3/s in the wet season before the construction of the Akosombo
Dam (Anthony et al. 2016). Runoff before dam construction was about
87.5 mm/yr, compared to the post-dam period value of 73.5 mm/yr
(Oguntunde et al. 2006). Since the construction of the dam, there
are no longer any pronounced peaks in flow discharge and the sediment transport is reduced to only 10% of the original transport rate
(Bollen et al. 2011; Boateng et al. 2012). The reduced sediment supply
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to the delta system has affected the evolution of the delta (Appeaning
Addo et al. 2018), shifting from a sediment-dominated towards a more
wave-dominated delta (Roest 2018). As a result of the control of water
discharge, flooding patterns in the delta have also changed and the
annual flood-flushing of the river mouth ceased (Anthony et al. 2016).
The flood plains now rely on irrigation and there is a reduced water supply for farming (Corcoran et al. 2007; Ofori-Danson et al. 2016).
Changes in the sediment flow into the delta has resulted in a significant recession of the shoreline and increased coastal flooding along the
shoreline especially during energetic swell events (Allersma and Tilmans
1993). Coastal erosion in the Volta Delta was first reported in 1929,
but is posited to have existed since at least the 1860s, particularly in
Keta (Nairn et al. 1999). Ly (1980) estimated that the shoreline in Keta
was eroding at a rate between 4 and 8 m/yr, while Bollen et al. (2011)
reported that the shoreline in Totope—Ada is receding at a rate of about
6 m/yr. Kumapley (1989) estimated that a strip of coastal land about
1 km wide has been lost to erosion since 1880s. The damaging impact
of erosion and flooding has resulted in the construction of engineering
structures in more developed areas over the last 30 years, mainly comprising groynes and revetments, to manage the erosion and flooding in hot
spot areas (Boateng 2009). Although these methods have provided localised solutions to these problems, they have also transferred the erosion
and flooding problems to the down-drift coast (Angnuureng et al. 2013).
Hence, in the Volta Delta, the dominant current process is erosion and
sediment starvation on the open coast. Looking to the future, flooding
and submergence becomes more likely as sea levels rise and subsidence
continues.

5.4	Synthesis and Prospects
To conclude this overview of the geomorphological factors driving
relative sea-level rise in three representative deltas, it is appropriate
to consider the prospects in terms of how: (i) projected environmental changes may affect future sediment loads to each delta, and; (ii)
management interventions that could be adopted to help promote
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sediment deposition to mitigate against sea-level rise and subsidence.
Regarding the former issue, in their recent paper Dunn et al. (2018)
employed a catchment model, WBMsed, to project changes in fluvial
sediment delivery to each of these deltas across the twenty-first century.
They also developed a series of model scenarios to represent potential future pathways of environmental change encompassing climate
change, socio-economic change and reservoir construction through to
the end of the twenty-first century. Specifically, the climate data used
were derived from the Met Office Hadley Centre Global Environment
Model version 2—Earth System (HasGEM2-ES) at 0.5 degree resolution using Representative Concentration Pathways (RCP) 2.6, 4.5, 6.0
and 8.5 from Jones et al. (2011). Reservoir data for each catchment
were taken from the future dam database of Zarfl et al. (2015), which
includes information on hydropower dams with over 1 MW generating
capacity, both planned and under construction. Finally, the socio-economic data employed (Gross National Product [GNP] and population
changes) were taken from Murakami and Yamagata (2016) to reflect the
Shared Socio-economic Pathways (SSP) 1, 2 and 3. This combination
of four climate and three socio-economic pathways led to a total of 12
future scenarios of change, with the reservoir construction scenarios in
each case being embedded in the timelines for each future scenario (see
Dunn et al. 2018).
The results indicate declining sediment loads during the remainder
of this century, for the GBM and Mahanadi Deltas. Specifically, for the
GBM Delta sediment loads at the end of the twenty-first century are
projected to decline substantially: to 79–92 Mt/a (depending on scenario), compared to a contemporary value of ~500 Mt/a (Rahman et al.
2018). This decline is caused primarily by projected socio-economic
changes in the catchment (specifically substantial increases in projected
GNP which are associated with improved land management practices
and lower sediment yields), with new reservoir construction being a secondary factor. At the same time, future climate change is projected to
have a slight positive impact (~15% increase) on future fluvial sediment
loads, partially offsetting the direct anthropogenic impacts. For the
Mahanadi Delta, there is much greater variability in projected future
sediment loads across the 12 investigated scenarios and the overall
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future relative decline in sediment load is less than for the GBM, but
there is again a significant projected decline in overall fluvial sediment
delivery (between ~5 and 25 Mt/a by 2100) compared to the recent past
(40 Mt/a). In contrast, the Volta’s trajectory is very different to that of
the GBM and Mahanadi Deltas. In the case of the Volta, future changes
in sediment load to the delta are negligible (changing from ~0.3 Mt/a
to between 0.2 and 0.4 Mt/a depending on scenario by 2100). This
reflects that the main anthropogenic impact has already occurred in one
event following the construction of the Akosombo Dam in 1965, when
almost all the pre-disturbance sediment supply ceased. This means that
the Volta Delta already has a near zero fluvial sediment supply and there
is no significant potential to restore it, assuming the continued presence
of the Akosombo Dam.
In conclusion, and with regard to the role of fluvial sediment supply modulating relative sea-level rise in deltas, the global prognosis is
not good, with an expectation of continued decline in sediment supply.
Deltas such as the Volta and the Nile which have essentially lost their
entire sediment supply due to major dams are not expected to see any
positive changes. It should be noted that this prognosis does not consider climate-induced sea-level rise, which further exacerbates the situation. Moreover, it is also apparent that this prognosis is similar to the
overview provided by Syvitski et al. (2009), meaning that in the ten
years since that review little has changed in terms of the understanding
of key anthropogenic drivers influencing relative sea-level change in deltas. Hence the prognosis for Anthropocene deltas remains one of relative
loss of elevation, submergence and decline, or increasing use of engineering approaches. However, other management interventions could
be successful. Ironically, if the world’s deltas are seriously threatened as
a result of the major human imprint on these fragile environments, then
thoughtful, targeted, human agency could still offer opportunities to
reverse, or at least slow, the worst impacts. For example, the Mississippi
Delta has seen a failure of sediment supply and fundamental change to
its hydrology and huge areas of land have been, and will continue to be,
lost (Meade and Moody 2009). Nevertheless, active restoration of the
Mississippi’s delta is now the subject of serious investigation including
major water diversions and hopes of increasing the sediment supply from
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the Mississippi River (e.g., Nittrouer et al. 2012). However, as losses
continue it must be questioned if these efforts will reverse losses or simply slow or maybe stabilise the situation. As a contrast, the Netherlands
has similar trends to other deltas, but the risk of flooding is nonetheless
very low due to an intense engineering effort of both soft (on the open
coast) and hard (along the rivers) measures. New governance measures
have also been implemented in the form of a Delta Plan and a Delta
Commission which is promoting a more adaptive and strategic approach
to delta management. However, residual risk cannot be entirely eliminated and failure would be catastrophic with growing consequences over
time as sea levels rise and the land sinks. Importantly, it has recently been
argued that the Dutch approach may result in deltas becoming trapped
in a ‘dual lock-in’ (Seijger et al. 2018) in which both engineering technology and institutional interests act as constraints to moving into the
(arguably) more sustainable direction afforded by restoration efforts.
Looking more widely, the question is can the Dutch and/or
Mississippi approaches be explored together in many deltas where there
are large populations and sediment loads? Engineering can be considered as a means to promote human and economic safety and controlled
flooding and sedimentation to raise land levels or build new land. What
is possible needs to be assessed at the delta level and on a delta by delta
basis, suggesting that the local Delta Plans (e.g., in Bangladesh for the
GBM and in Viet Nam for the Mekong Delta) that are emerging need
to be replicated more widely to address local circumstances and needs.
These suggest the need for major human involvement in the development of populated deltas in the coming decades and longer. Tidal River
Management (defined as controlled flooding and sedimentation within
polders) is already practiced locally in the GBM Delta (Angamuthu
et al. 2018), but the scale of application needs to increase dramatically to keep pace with relative sea-level rise. In the Mekong, flooding
is now recognised as being necessary to bring sediments and nutrients
to rice agriculture, which might offer a strategy for future management
(Chapman and Darby 2016). More remote and relatively unpopulated
deltas, such as those in the Arctic, might be left to their own devices,
but even here, indirect human influence in the catchment is likely to
increase and needs to be carefully considered.
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6.1	Introduction
Risk, as a function of hazard, exposure, and vulnerability, is a growing
characteristic of the Anthropocene concept. It is changing with evolving human assets and populations, as well as adaptation. Risk is not
experienced, judged, or responded to uniformly, although often associated with levels of development and the nature of social systems
(Cutter et al. 2003; Busby et al. 2014). The general tendency during the
Anthropocene has been, and is likely to continue to be, low-risk tolerance in areas of high economic and investment value. Historically, this
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has resulted in high levels of localised protective adaptation generating
protected zones which encourage further development, placing additional populations and assets at risk (e.g. Welch et al. 2017). However,
risk is also fluid in nature, changing over time and in response to external influences. Mapping the spatially differentiated factors of risk such
as climate variability and extremes, vulnerability of populations and natural systems to climatic stressors, and adaptive capacities provides information and understanding of changing risk as an indicator for current
and future adaptation needs (Chapter 9), and locations where degradation of livelihoods may trigger migration (Chapter 7).
In addition to climate change (Chapter 1), delta regions have also
been widely identified as global hotspots of vulnerability and risk due
to the concentration of population and engineering interventions
and the nature of these unconsolidated and dynamic coastal systems
(e.g. Ericson et al. 2006; Tessler et al. 2015). Within deltas there are
also local scale hotspots of risk, vulnerabilities, exposure, and hazards
(e.g. Chapters 2–4). These can be hazard-specific (see Fig. 6.1), but deltas also represent environments where the interplay of physical, socioeconomic, and socio-ecological systems operating over multiple spatial
and temporal scales combine to produce variable levels and patterns of
risk. This will inevitably continue during the Anthropocene.
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Fig. 6.1 Hazards within deltaic areas: a low-lying regions close to shoreline are
exposed to regular overtopping and coastal flooding (Totope, Ghana), b coastal
and river erosion processes hazards may modify locations of risk hotspots and
increase populations’ vulnerability (Meghna, Bangladesh, RSC), c increasing subsidence and salinisation lead to changing land use and conversion from agriculture to aquaculture e.g. saline ponds (Mahanadi), d freshwater and brackish
flooding regularly affects low-lying deltaic areas and populations, however
changes in the drivers of risk can cause flood-prone locations to shift or expand
(Bangladesh) (Photos: a Carolin Bothe-Tews; b Ricardo Safra de Campos; c Jon
Lawn; d A. K. M Saiful Islam)

This chapter therefore explores mapping present and potential
future hotspots of risk with reference to three contrasting deltas (the
Ganges-Brahmaputra-Meghna [GBM], Mahanadi and Volta Deltas,
Chapters 2–4) under relevant scenarios (see Kebede et al. 2018). It
examines risk through its components of hazards, exposure, and vulnerabilities, reflecting both changing environmental conditions and the
history of interventions and adaptations. This includes consideration of
the intricately interlinked feedbacks and responses to past events and

130    
C. Hill et al.

perceived risks. It also examines the spatial and temporal nature of hotspots, particularly in relation to future variation in the frequency and
magnitude of hazards associated with climate change. These hotspot
risk maps can help to communicate issues clearly with stakeholders and
policymakers (e.g. De Sherbinin 2014; Lewis and Lenton 2015; De
Sherbinin et al. 2017) and provide a basis for future research such as the
sampling strategy for the household survey analysed in Chapters 7 and 9.

6.2	The Nature of Hazards in Deltas
The inherent properties of deltas such as low gradient, low elevation
topography, often fertile soils (Saleque et al. 2010), and proximity to
rivers and seas make them attractive for concentrations of populations
and anthropogenic activities. However, these properties also increase the
exposure to stresses, hazards, and multiple hazards, which compromise
the biophysical and socio-economic systems of deltas (Evans 2012).
These stresses and hazards occur elsewhere across the world but they are
accentuated in populated deltas, where multiple processes operate and
interact across spatial and temporal scales (see Chapter 1, Tables 1.1 and
1.2). Beyond the impacts on socio-economic systems in deltas, all the
previously discussed hazards can affect biophysical systems and therefore
ecosystem processes and services (Renaud et al. 2013). Within the context of these study deltas, the definition used is a hybrid of the morphological delta (Galloway 1975) that includes a relief characterisation
(the 5 m contour) and the administrative units that intersect with the
contour (Chapter 1). Although there are many potential delta definitions, this combines the morphological with socio-economic and governance components of risk. Figure 6.2 highlights the multiple natural
and anthropogenic processes, and fast and slow onset events that affect
delta risks, the nature of scenarios of change, and deltaic livelihoods.
The nature of hazards is often a complex of both natural and
human-induced processes: for instance, salinisation levels can affect
land suitability and thereby agricultural productivity and population
health through contaminated ground and surface water (Syvitski 2008).
In addition to being related to relative sea-level rise (RSLR), salinisation
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Fig. 6.2 Summary of natural atmospheric, terrestrial, marine, and anthropogenic processes in delta systems and related scenarios of risk associated with
exogenous and endogenous changes

can also be caused by groundwater depletion (Erban et al. 2014), farming patterns, and agricultural practices themselves (Clarke et al. 2018).
In coastal Bangladesh, salinity intrusion reflects the interplay of human
and natural process, such as reductions in upstream discharge, rising sea
levels and cyclonic conditions, compaction, subsidence and polderisation. Modelled scenarios of change in each of these factors show that
the anthropogenic impact of intervention in upstream discharge affects
the whole region, and is overlain on larger-scale exogenous factors of
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sea-level rise, and cyclone landfall and tracking. The resulting higher
salinities, fluvio-tidal and tidal floods impact on cropland suitability
and livelihoods (Kamal and Khan 2009). Equally, subsidence is due
in part to natural processes of tectonic subsidence and natural compaction, but is accelerated by anthropogenic groundwater extraction,
drainage of organic soils, and reduced sediment supply resultant from
upstream dam construction and embanking which limits new sedimentation (Brown and Nicholls 2015; Darby et al. 2015). These interconnected factors are contributing to RSLR that increases the river and
storm surge flood hazard and increases salinity and waterlogging (FAO
2015).
Climatic variations will continue and potentially become more severe
with future climate change so the related hazards may also increase in
frequency and severity (Janes et al. 2019). In the context of the three
deltas considered in this book (Chapters 2–4), climate projections show
regional increases in seasonally averaged temperature during the monsoon season (June–September) by the end of the twenty-first century,
ranging from 3 to 5 °C. They also indicate an increase in average monsoon precipitation by the end of the century, ranging from 10–40%
over central India. For Ghana, using data derived from Cordex (Janes
et al. 2019) mean annual temperatures are projected to rise by 2.2 °C
by 2050s and by 3.6 °C by 2080s across the delta area, whilst average
rainfall volumes are projected to show a modest decrease. However, the
projected annual potential evapotranspiration and the number of growing days are projected to decrease, with consequent impacts on rain-fed
agricultural production (Fischer and Harrij 2018). Sea-level rise is also
expected, reinforced by subsidence, affecting the deltas themselves (see
Chapter 5).
In addition to climatic drivers, hazards in deltas are related to other
external drivers such as changes in upstream catchments (Dunn et al.
2018). Economic, industrial, and land cover change in upstream catchments can influence river water quality and quantity, modifying hazards
such as river flooding, hydrological drought, erosion (sediment starvation), and river nutrient levels (Whitehead et al. 2018). Changes in
river nutrients can be hazardous to fishing, aquaculture, and agriculture,
as well as potential human health (Syvitski 2003; Syvitski et al. 2005).
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The characteristics of the deltas vary (see Table 6.1), but an improved
understanding of risk and vulnerability needs to go beyond linear causeand-effect processes, to consider the interrelated network of natural
and anthropogenic processes across scales, and feedback to the hazardproducing systems themselves.

6.3	Identifying and Mapping Vulnerability
and Risk Hotspots
As hazards can be multiple and spatially variable, so are social vulnerabilities (Wisner et al. 2004) and hotspots occur where concentrations of
hazard and vulnerability converge to create risk. Delta communities are
often dependent on climate-sensitive production systems (agriculture,
fish farming, natural resources—see Chapter 8) and are subject to spatial variations in environmental stresses. Typically spatial vulnerability
assessment therefore involves data integration in which geo-referenced
socio-economic and biophysical data are combined with climate data to
understand patterns of vulnerability.

Describing Vulnerability
Social vulnerability can be characterised by a series of factors (or
domains) that are described by indicators of sensitivity (the degree to
which the hazard would affect the community) and adaptive capacity (the ability of the community to cope in the short term and adjust
in the longer term) to avoid the negative consequences of changes,
(Amoako-Johnson and Hutton 2014; IPCC 2014). The relation can
thus be expressed as:
Vulnerability = f (Sensitivity, Adaptive Capacity)

(6.1)

Some indicators measure the predisposition of community vulnerability and may be directly or indirectly related to climate, but others may be
largely unrelated to climate change e.g. geological hazards such as tectonics. Socio-economic factors, such as education levels or alternate livelihoods,

Typical livelihoods (see Chapter
8)
Key cities in the delta

Typical crops

Current relative sea-level rise
(mm/yr)
Mid-century relative sea-level
rise 2041–2060
End-century relative sea-level
rise 2081–2100
Key current land use issues and
hazards

0.29 m (Gulf of Guinea)

0.26 m (Bay of Bengal)
0.64 m
Floods, erosion, low dry season
flows, waterlogging, salinisation, surge
Rice (main crop), wheat, jute,
pulses, oilseeds, sugarcane,
potatoes, vegetables, spices
Agriculture, services (e.g. tourism), trade-transport
Bhubaneswar, Cuttack, Puri

0.26 m (Bay of Bengal)

0.64 m

River floods, erosion, low dry
season flows, waterlogging,
salinisation, surge
Rice (main crop), wheat, jute,
pulses, oilseeds, sugarcane,
potatoes, vegetables, spices
Agriculture, trade-transport,
services
Kolkata, Dhaka, Khulna,
Chittagong

Agriculture, trade-transport,
industry (e.g. salt production)
None, but Accra, Ghana, and
Lomé, Toga, are both adjacent

Erosion (especially at Keta),
floods, salinisation, drought,
fire
Shallot, maize, cassava, tomatoes, okra, yams, rice

0.69 m

3.0

Akosombo Dam (1961–1965)
stopped all upstream influence

0.9

Black Volta, White Volta and
Red Volta (398)
5.1

Volta, Ghana

Significant, but less affected
Hirakud Dam in 1957
than other two deltas to date.
Farraka Barrage on the Ganges
1975
Up to 11.0
3.3

8.1

56.1

Study area (Chapter 1)
(103 km2)
Study area population (Chapter
1) (x106 people)
Main catchment interventions
(Chapter 5)

Mahanadi, Brahmani and
Baitarani (141)
12.9

Mahanadi, India

GBM, Bangladesh, and India

Ganges, Brahmaputra and
Meghna (1730)
51.5

Features

Rivers/catchment area (103 km2)

Table 6.1 Characteristics of the three delta systems of the GBM, Mahanadi, and Volta. Mid-century and end-century
RSLR values based on RCP 8.5 for points at 2°N, 3°W (Gulf of Guinea) and 11°N, 90°E (Bay of Bengal). Based on the methodology in Palmer et al. (2018), sea levels affecting the named deltas show differences between the coastal systems from
the mid-century and end-entry values, adjusted for each location
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whilst independent of climate change may also be sensitive indicators of the
community vulnerability and adaptability. As these are inherently hazardspecific concepts, sensitivity and adaptive capacity will change with hazard
type (the factors influencing vulnerability to drought may be very different
to those affected by flooding), however there is often commonality between
socio-economic factors driving sensitivity such as underlying marginalisation and poverty. Critically, in terms of hotspot identification, the relationship between exposure, sensitivity and adaptive capacity vary spatially and
temporally (Chen et al. 2013).
The domains and indicators of sensitivity and adaptive capacity with
respect to risks are developed through stakeholder engagement at planner, land manager, community, and individual levels. The Volta Delta
provides an example of the approaches used for the vulnerability mapping employing literature, stakeholder engagement, and household
surveys to identify the indicators of sensitivity and adaptive capacity
(Amoako-Johnson and Hutton 2014). For the Volta, ten indicators
are selected to represent the sensitivity and adaptive capacity domains
(Fig. 6.3) and are derived largely from enumeration level census data.
The factors are inherently subjective, providing relative values of vulnerability, requiring weighting of the domain-specific relative importance; for mapping purposes, the Delphi participatory approaches were
used to assign scores (Linstone and Turoff 2002). Hotspot analysis is
also sensitive to the scale of the data used to identify factor variability;
the highest resolution socio-economic data, based at enumeration area
level, in Ghana is the 2010 census data. However, census data does not
describe all the factors that may be needed to designate the domains of
sensitivity and adaptive capacity. Other sources and surrogate measures,
such as land cover derived from satellite information (Noor et al. 2008),
may therefore be used as a measure of livelihood (i.e. dependence on
agriculture and natural resources).
Methodological challenges to operating the vulnerability assessment may affect the outputs and the interpretation of the various
domains of vulnerability. Data limitations, such as the lack of correspondence of data for the individual factors and multiple scales of
data may affect the resolution of vulnerability analysis. Challenges
include the conceptualisation of the domains, their indicators and
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Fig. 6.3 Geospatial variability for selected sensitivity and adaptive capacity
domains and example indicators for the Volta Delta (see Amoako-Johnson et al.
2017)

measures, the degree to which data are aggregated, and the extent to
which variables represented at enumeration area level are representative
at the finer-scale at which hazards and stresses may be experienced by
communities (Openshaw 1984). The unit of analysis issue may particularly affect communities at the coast or in riparian zones where
there is exposure and susceptibility to erosional and flooding hazards
in a linear zone, yet the wider sampling zone of census data include
un-impacted communities. Such factors may mask significant vulnerabilities, exposure, and risk, and where vulnerability at the local level
is both a predisposition to and a consequence of existing risk. This
implies that the most vulnerable may have been historically exposed
to risk and are likely to continue to be so in the future, in a selfreinforcing way. For example, the community on Ghana’s Totope
coastal barrier beach (Fig. 6.1a) are already coping and adjusting to
existing hazards, are already highly exposed to storm surges and erosion hazards, and are highly vulnerable due to poverty (high sensitivity)
and with limited scope to adjust livelihoods (low adaptive capacity).
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However, these ‘risky locations’ may be the only areas which marginalised communities can access.
Within the Volta Delta, the risk mapping described above suggests
that the most sensitive areas and those with least adaptive capacity are
generally focused in the north and west of the delta study area, and are
generally inland. Whilst delta regions include the hazards associated
with their low-lying, coastal, and riverine settings (erosion, flooding),
the sensitivity and adaptive capacity of communities is related to the
individual environmental stresses and may reflect other factors that marginalise communities (Amoako-Johnson et al. 2017). This implies that,
despite coastal hazards and sea-level rise, communities at the coast may
both benefit from shoreline protection and socio-economic opportunities that overall reduce relative vulnerability.
A similar analysis of vulnerability for the Mahanadi and GBM Deltas
(Ghosh 2018; Akter et al. 2019), including the future projection of the
indicators (see Sect. 6.3.3) shows both the domains and socio-economic
indicators for hazard-specific adaptive capacity vary based on the relevance, stakeholder evaluation, and availability of data.

Combining Vulnerability and Hazard to Map Climate
Change Risk
The Fifth Assessment Report of the IPCC (2014) conceptualises risk
as an objective function of the hazard, exposure to the hazard, and the
socio-economic vulnerability of both assets and communities (Eq. 6.2).
Risk = f (Hazard, Exposure, Vulnerability)

(6.2)

Whilst the hazards are often conceived of as natural, they may be
exacerbated by human-induced factors that accelerate or increase the
magnitude of events or process or reduce through interventions and
adaptations, for example, coastal defences, embankments, and polders may mitigate flood occurrence and flood levels (Mendelsohn et al.
2012; Haque and Nicholls 2018).
Using biophysical models under baseline and anticipated conditions
assess these hazard-specific processes. For the Volta, Mahanadi, and
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GBM Deltas analysed here, the external forcing of hazards is simulated
by upstream hydrological and downstream ocean models driven by Met
Office climate model data (Janes et al. 2019). Figure 6.4 illustrates the
modelled risks for river flood, salinity, erosion, and storm surge within
the Bangladesh area of the GBM Delta at the upazila administrative level showing both the baseline (2011) and future modelled risks
to mid-century (2050). The climate change modelling in this research
used downscaled Regional Climate Models RCMs Cordex Africa (0.44
degrees) and a new PRECIS South Asia downscaled data to (0.22
degrees, c. 25 km) from three selected Global Climate Models (GCMs)
and based on a ‘worst case’ scenario using Representative Concentration
Pathway (RCP) 8.5 for greenhouse gas concentrations and temperature changes developed under the Intergovernmental Panel on Climate
Change Fifth Assessment Report (Janes et al. 2019). Hazard-specific
risks for the future (mid-century) have been assessed by using simulations from biophysical models for storm surge, river flood, coastal erosion, riverbank erosion, and salinisation using the Delft 3D model suite,
and the integrated catchment models (INCA) (Jin et al. 2018) provides
the upstream boundary conditions (fluxes of freshwater water and nutrients) to secondary impact models. The sea-level rise scenarios are taken
from Table 6.1.
Figure 6.4b, d, f, h illustrate the changing nature of the risk in
Bangladesh for four principle hazards: river floods, salinity, erosion,
and coastal storm surges. It is important to note that the changing risk
is the combination of the changes in the hazards, vulnerability, and
exposure components. Projections have been used for indicators where
data are available or are projected e.g. female to male ratio, poverty
rate. The current (baseline) flood risk in these regions of Bangladesh
is mainly dominated by flood hazard; flood risk in the mid-century
period increases in the northern districts of Jessore and Narail which
is mainly due to increased exposure in these regions (Fig. 6.4e). The
storm surge risk impact in the mid-century comes only through sealevel rise, not any change in cyclone strength which is not included.
In the central region, decreased storm surge risk in the mid-century
(Fig. 6.4f ) is interpreted as not being due to decreased surge hazard but
mainly due to decreased poverty in the region that ultimately reduces
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the vulnerability. Similarly, salinity risk in this region has a varied relationship to salinity hazard. Results in mid-century (right image of
Fig. 6.4g) shows some decreased salinity risk in the western and central region, which is interpreted as mainly due to decreased poverty that
reduces future vulnerability in the region. As described, erosion in the
region is confined along the Lower Meghna and along the Tetilia system. Reduced socio-economic vulnerability has little effect on reducing
future erosion risk in the region, which is evident from the risk zonation
in base condition and in mid-century (Fig. 6.4h).
Combining individual risks reveals a different aspect of hotspots; as
such it does not represent any specific event and may therefore have a
reduced sectoral policy relevance. However, multi-risk analysis represents risk zoning comprising weighted impacts of the hazard-specific
risks to reflect the aggregation of environmental stress. Distribution
of multi-risk for the Bangladesh GBM Delta in baseline and in midcentury conditions (see Fig. 6.5) shows an increased total risk impact in
the eastern region which is mainly due to the sustained very high storm
surge risk in this region (see Fig. 6.4g). On the other hand, increased
risk impact during mid-century in the western zone is due to increased
risks of flood, storm surge, and salinity in this region.
Changes in agro-meteorological conditions (rainfall, temperature,
evapotranspiration) also drive land use and productivity changes;
National Agro Ecological Zoning (NAEZ) models simulate the agricultural yield and potential production for selected crops under changing
climate and socio-economic inputs (Fischer et al. 2012; Clarke et al.
2018; Fischer and Harrij 2018). NAEZ modelling has assessed the area
of suitable land relative to a baseline (1981–2010) and for two future
periods (2050s and 2080s) based on the climate model inputs to provide production estimates for periods, both with and without CO2 fertilisation (increased levels of photosynthesis resulting from increased
atmospheric carbon dioxide). The baseline is for the period 1981–2010,
for future climate in 2050s (ensemble mean of simulations with three
climate models for the period 2041–2070) and for the 2080s (for the
period 2070–2099). Taking the example of the SE Asia domain, Table
6.2 illustrates the changes in suitable area and potential production of
selected crops in India (Mahanadi and GBM) and Bangladesh GBM
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Fig. 6.4 Assessment of hazard-specific risk for the GBM Delta in Bangladesh for
baseline and mid-century conditions: a, b river flood risk, c, d salinity, e, f erosion,
and g, h storm surge risk. Baseline assessment is to 2001 and mid-century to 2050
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Fig. 6.5 Multi-risk assessment for the Bangladesh area of the GBM Delta (in
base condition a and in a mid-century b)

Delta areas of interest. This illustrates the progressive changes in land
suitability for crops, and the frequent intensification of production
losses. Whilst areas become unsustainable in the later period (2080s) for
some crops, such as barley, for the production of coconut, an important
cash crop, there are substantial losses without CO2 fertilisation and in
contrast gains with CO2 fertilisation with consequent divergent impacts
on cropping and incomes.
Similarly, the climate data drives marine hydrodynamics and biogeochemistry models (POLCOMS-ERSEM [Kay et al. 2018]) delivering
biophysical projections (sea levels and temperatures). Ecosystem and fisheries productivity and potential catch projections are made using the Size
Spectrum-Dynamic Bioclimatic Envelope Model (SS-DBEM) (Cheung
et al. 2009; Hossain et al. 2018; Lauria et al. 2018) for the coastal offshore
zones of the Bay of Bengal and Gulf of Guinea illustrate the potential
impacts of climate change and management scenarios on resources and
production systems; for coastal fisheries and rural agricultural production
potentials and relevance to livelihood choices (Bernier et al. 2016).

Temporal Changes in Vulnerability
As illustrated in the previous section with climate change and environmental hazards (and see Mendelsohn et al. 2012), hotspots of risk are
not static. Changes to assets and socio-ecological systems, production
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1589
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7215

–
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379
510
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Potential production (‘000 tons)
Base
2050s
2080s

799
470
3751

132
221
6657

1746
975
5132
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Table 6.2 Examples of areal extents and production potentials of rain-fed Rice, Sugarcane and Coconut for the GBM
and Mahanadi Deltas in the 2050s and 2080s for baseline climate (Base) and climate scenario ensembles (ENS) with CO2
fertilisation (ENS+) and without CO2 fertilisation (ENS)
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systems, population, land use change, and economic development
all change over time and scale and may be even more determinants of
changes in risk in the short term.
Historic analysis for the combined GBM using census data from
2001 to 2011 illustrates such changes. Figure 6.5b shows several
sub-districts are socio-economically vulnerable and 
sub-districts like
Barrackpur—I & II, Rajarhat, Daulatpur, and Raozan are socio-economically least vulnerable in both time periods. A social vulnerability
gradient exists across the delta coast, where socially marginalised and
vulnerable communities are found on the delta margin in both India
and Bangladesh (Fig. 6.6b, see also Chapter 2). Five principal components largely determine social vulnerability in GBM Delta: (i) rural
population, (ii) house ownership, (iii) agriculture dependency, (iv) lack
of sanitation, and (v) existence of mud houses. Several coastal sub-districts like Koyra, Manpura, Shyamnagar, Basanti, and Morrelganj have
maximum social vulnerability and have the potential to be adversely
affected by environmental change, where focussed adaptation measures are immediately needed. Amongst the most vulnerable districts,
Bhola, Pirojpur, Bagerhat, Shariatpur, Chandpur, and Lakshmipur show
increasing trend in vulnerability ranking between 2001–2011 whilst

Fig. 6.6 Historical change in the location of hotspots between 2001 and 2011
based on census analysis: a change in multi-risk for the period in Bangladesh,
b change in vulnerability across the combined GBM (India and Bangladesh).
The figures are a relative risk rather than absolute values. Multi-risk change
classes −ve scores (blue) are reducing risk/vulnerability change and +ve scores
(red) indicate increased risk/vulnerability change classes
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most of the other district show positive change or no change, suggesting
an absence of focussed vulnerability reduction measures other than normal developmental activities.
Hypothetically, risk may be seen typically as increasing due to climate change impacts, but may be offset by adaptations and coastal/
flood defences with consequent improved livelihoods and development.
However, the unitary benefits gained by protection and reduced risk
may collectively be lost as higher populations or assets are attracted or
developed within risk zones which may increase the overall potential
losses. Thus, future risk assessment requires evaluation of change scenarios from both biophysical and socio-economic contexts (Kebede et al.
2018).

6.4	Conclusion
As the Anthropocene progresses hazards are anticipated to evolve, associated with changes in long-term climate variability (such as average
precipitation, temperature, and seasonal patterns), increasing number
and intensity of extreme events (e.g. tropical storms, droughts), and sealevel rise/subsidence. Risks will also evolve due to socio-environmental,
livelihood, assets, and infrastructure changes, reflecting the influences of
economic development (e.g. urbanisation, access, irrigation), changes
to production (e.g. agricultural, fisheries), changing community and
household livelihoods, as well as the adaptation response to hazards and
exposure. As a consequence, hotspot patterns will change over time.
Delta-level hotspot analysis offers a basis for identifying and targeting actions to support community adaptation to climate change and
other stresses (Chapter 9). This is more than just mapping hazardous
events. The combined geospatial analyses help to establish locations and
explanations for the highest vulnerabilities and exposure and underpin
effective, local actions to increase resilience. A delta-wide assessment of
the multi-hazard nature and multiple indicators of vulnerability emphasises that changing risk is due to more than the obvious hazard drivers, and changes in sensitivity and adaptive capacity may counterbalance
increased hazards. Within the Anthropocene there is an increasing link
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between the natural and man-made hazards, introducing new risks. A
key conclusion based mainly on the Volta Delta analyses is the importance of non-marine climate hazards, such as drought, and the importance of non-climate vulnerabilities such as poor access to livelihood
resources and development opportunities. In the Volta Delta, many risk
hotspots are remote from the coastal fringe and its hazards, reflecting a
wider pressure on livelihoods from long-term drought. The Volta results
also suggest that access to livelihood resources, e.g. roads, is a significant influence on the vulnerability of communities. Hence, increasing
access may be part of a comprehensive strategy for reducing risk. This
shows that the components of hotspot risk analysis offer insights based
on local community and stakeholder-defined sensitive indicators. These
components are established within the context of the delta-specific environment and livelihoods systems. However, it should be noted that
these relationships are associative and may not be causal.
Understanding the links and relationships between the components of vulnerability and drivers of change can have policy implications; helping to inform national and sub-national policy formulation
to address the impacts of environmental changes, and the social processes and drivers that determine inequalities. Many deltas are subject
to climate change policies, development strategies and delta management plans (e.g. NAPCC 2008; MoEF 2009; BDP 2100 2018). These
indicate where an improved knowledge of community vulnerabilities and current adaptations can help formulate policies and support
mechanisms that address the most vulnerable. As such they may also
focus the opportunities and locations for adaptation, such as changing
agricultural land use, crop types, and agricultural policy. Identifying
potential future hotspots and potential change in hotspots can help
decision-makers address the determinants of poverty and inequality and
also support sustainable growth and development.
Ultimately, mapping hotspots of risk, vulnerability, and the constituents of vulnerability indicate the unequal distribution of the risk.
This highlights that during the Anthropocene a wider appreciation of
the nature of risk hotspots is essential in order to inform management
and make the necessary adaptation choices. The trade-offs that this will
entail are discussed further in Chapter 10.
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All regions of the world through the twentieth century have undergone
absolute transformations in peoples’ lives: they live longer, have fewer
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these are individual decisions, it is now commonly understood that the
structural drivers of such profound changes lie in economic opportunities, culturally shared expectations, access to health technologies and
levels of education (Lutz et al. 2017). Regions and countries experience
so-called demographic transitions of lower mortality especially infant
mortality, followed by lowered total fertility rates (TFR) after a time lag,
with these two combining to produce rapid population growth followed
by stabilisation, population ageing and sometimes decline. The current
global aggregate population of more than seven billion may stabilise
over the incoming decades, but the timing of this stabilisation is not
discernible in advance as it is driven by underlying drivers.
Scientific synthesis of the underlying drivers for future population
shows that the outcomes that matter are on levels of fertility, mortality, migration and education, especially female education rates and quality. Analysis of the Shared Socio-economic Pathways descriptions of the
future by Samir and Lutz (2017) and Abel et al. (2016) show that scenarios involving sustainability priorities, universal education and human
rights result in projections of global populations around seven billion by
the end of the twenty-first century. At the other extreme, future scenarios with significant and persistent poverty, population momentum, less
access to education and fewer health gains, can produce global populations of greater than twelve billion by the end of the century.
A related major Anthropocene trend is in health outcomes: essentially sustained improvements in longevity and positive health across
many parts of the world, despite challenging environmental conditions.
McMichael (2014), for example, highlights life expectancy of more than
75 years in much of the world including in cities in countries with rapid
economic growth; gains coming from sanitation, hygiene and maternal
education. Limiting factors for life expectancy are currently principally
non-communicable diseases such as cancers and heart and lung diseases
associated with sedentary lifestyles, exacerbated by exposure to pollutants (McMichael 2014).
So why is population health, as manifest in greater life expectancy,
increasing when ecosystem services are in decline and pollution exposure is increasing? This apparent paradox is explained in a number of
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alternative ways. On the one hand, well-being is not being reliant on
the environment but principally on provisioning ecosystem services;
availability of food production globally has increased substantially in the
past half-century. Alternatively, health may be increasingly decoupled
from environmental challenges, with urban living meaning populations
are less exposed to environmental risks. Finally, as most population
health research suggests, there is a significant time lag between environmental degradation and the impacts appearing in the overall health of
populations (Whitmee et al. 2015). Hence McMichael (2014) and others suggest that there are looming crises and challenges to human health
in the incoming decades, not least through accumulating toxic effluent
in air, water and soil and through urban interfaces with climate change
including exposure to heat and pollution interactions. So continued
health and well-being gains from resource exploitation are not inevitable
in the future, and adverse trends cannot be discounted.
The third major Anthropocene trend has involved the movement
of whole populations towards urban settlement. Projections of global
urban populations suggest around five billion people living in urban
settlements by 2030, with an associated tripling of the global urban
land area since 2000 (Seto et al. 2012). This increases the proportion
of global populations living in urban areas to be greater than the current 55%, with growth concentrated in the present mega-cities, many
of which are in coastal and delta areas, especially in Asia. Much of this
growth occurs through migration towards urban settlements. Migration
brings benefits to those moving both in terms of avoiding risks in source
areas and, more importantly, providing economic, social and educational opportunities in destination areas. Individual decisions involve
complex interactions between families, perceptions of opportunity and
risk, and social expectations. However, at the aggregate level, the movement of many millions of people creates challenges for both rural source
areas losing human capital, and for the sustainability of urbanisation
processes, as illustrated in deltas (Szabo et al. 2018).
Deltas reflect these global trends and challenges. Deltas and coastal
areas in general are in net population growth due to migration flows
over the past half-century. They are areas where people have lived in

156    
R. Safra de Campos et al.

large numbers since the advent of intensive agricultural production and
have been the sites of the growth of major cities over the past century.
This chapter therefore examines the demographic and mobility dimensions of development and the prospects for flourishing and sustainable futures in deltas. It does so by examining the dynamics of current
and future populations in three deltas located in South Asia and West
Africa—the Ganges-Brahmaputra-Meghna (GBM) which is comprised
of the India Bengal and the Bangladesh sections, Mahanadi and Volta
(Chapters 2–4). Given major changes in the physical and ecological
dimensions of low lying coastal areas including deltas projected for the
future (Brown et al. 2018), the chapter examines potential interventions
to protect populations in place and to assist the movement of people
away from environmental risks and harm.

7.2	Population Dynamics of Deltas
At the turn of the century around seven per cent of the world’s population lived in deltas (Ericson et al. 2006). The proportion is likely to
have increased since with the global phenomenon of the so-called drift
to the coast. But population dynamics involve specific demographic
processes such as population structures by age and sex, ongoing changes
in the drivers of fertility, life expectation and mortality and migration.
In addition, projections of sea-level change and rapid-onset hazards
such as cyclones and flooding, exacerbate existing challenges for life and
livelihoods of delta communities, as outlined in Chapter 6.
Demographic studies suggest that countries experience concomitant
declining mortality and fertility levels typically associated with increasing life expectancy as they progress through the different stages of the
demographic transition (Caldwell 2006; Dyson 2013). Intervening factors such as economic development and the quality of the biophysical
environment influence the speed of such a transition. The majority of
developing countries show this rapid demographic transition over the
past 40 years associated with gradual improvement to sanitation, nutrition, access to health services and education. For example, the population structure of the coastal districts of Bangladesh (Fig. 7.1) based
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Fig. 7.1 Population pyramids for coastal Bangladesh: a 2011 and b projected to
2050 (Based on census data from the Bangladesh Bureau of Statistics [2011])
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on the 2011 census (BBS 2011) is young, although it is visible that the
youngest age groups (0–4) are disproportionally small, which reflects
recent trends in fertility decline. Compared to the demographic projection for 2050, obtained using the projected method in the Spectrum
software, the population structure in the Bangladesh portion of the
GBM Delta is displaying an ageing pattern, consistent with increases in
life expectancy combined with a decline in number of births.
Over the past quarter‐century, the TFR has declined rapidly in many
developing countries. Projections typically assume that this trend will
continue until replacement level (around 2.1 children per woman) is
reached (Bongaarts 2008). Analysis of TFR in Bangladesh shows that
TFR declined from 6.7 children per women in 1960 to 2.1 in 2016
(World Bank Data 2018). This decline is evident in both urban and
rural areas and across all administrative units, education categories,
and wealth quintiles. The 2.0 children per woman in the Bangladesh
portion of the GBM Delta reflects this trend. In India, national TFR
declined from 5.9 children per women in 1960 to replacement level in
2016 (World Bank Data 2018). TFR in both the Mahanadi and India
Bengal (Indian administered section of the GBM Delta) Deltas are even
lower, recording 1.7 and 1.5 children per women, respectively (Census
of India 2011). Similarly, TFR in Ghana has been continuously decreasing reaching 3.3 children per woman in 2010, while the Volta Delta
recorded 3.6 children per woman (GSS 2013).
Increasing life expectancy in these regions is a key component of the
demographic transition. For example, average life expectancy in India
increased from 59 years in 1991 to over 67.5 years in 2011, representing 14% gain in 20 years. A similar pattern is observed in Ghana, where
male life expectancy increased from 52.6 years in 1984 to 59.4 in 2010.
Females in the country recorded even higher improvement, with life
expectancy going from 54.8 years in 1984 to 64.4 years in 2010, resulting in a 17 per cent increase in a 24-year period. Table 7.1 includes
demographic information for the three deltas (one transnational) and
the national level indicators for Bangladesh, India and Ghana based on
the most recent census.
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Total population (million)
Population density (persons per km2)
Proportion of population less than 15
years (%)
Proportion of population aged 15–64
years (%)
Proportion of population aged 65 years
and above
Age dependency ratio
Sex ratio
Crude birth rate (per 1000 population)
Total fertility rate
Crude death rate (per 1000 population)
Infant mortality rate (per 1000 live
births)
Under five mortality rate (per 1000 live
births)
Proportion urban (%)
Annual population growth rate (%)

Demographic characteristic

Table 7.1 National and delta demographic characteristics for Bangladesh, India and Ghana
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Spatial Variation in Population Driven
by Migration Processes
Environmental challenges result in various types of population movements driven by a wide range of spatio-temporal factors. At the same time,
migration is the most challenging component of demographic projection
to understand. Households employ different forms of mobility to diversify their portfolio of economic activities through access to distant labour
markets in order to ensure survival or to improve their standards of living
(Ellis 2000). Migration rates are highest among individuals in age group
21–30 years with secondary or higher education levels: older individuals
are typically less inclined to migrate and educated people are more likely
to do so (Bernard et al. 2014; Hunter et al. 2015). Gender is an important form of social differentiation that influences migration, played out
in different ways across the world (Boyle and Halfacree 2002). Migration
intentions and propensity are also manifest in roots in the form of place
attachment to where people live (place attachment—Adams 2016) and
the perceived benefits from migration (de Jong and Fawcett 1981).
Unequal spatial development, socio-economic transformations and
environmental stress are key factors driving ongoing population movement in deltas worldwide (Seto 2011). Deltas are often described as
popular destinations for migrants because of diverse socio-economic
opportunities associated with fertile soils, freshwater resources and rich
biodiversity conducive to rapid agricultural development (Renaud et al.
2013). Such characteristics combine to act as a pull factor attracting
migrants to areas that are already densely populated. This rapid consolidation of population has transformed the major global deltas from agrarian
economies into industrial and service-driven cities which are projected to
continue to act as hubs of attraction to new populations therefore increasing the pressure on delivery of services (Nicholls et al. 2018).
Despite current high rates of urbanisation and the range of factors
described above acting as pull factors, net migration rates for the GBM,
Mahanadi and Volta Deltas, based on the two most recent censuses for
Bangladesh, India and Ghana, reveal contrasting evidence of in-migration as
shown in Fig. 7.2. The Bangladeshi GBM Delta is a net sender of migrants
to other areas of the country particularly to Dhaka and Chattogram
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Net migration rate by delta district in Bangladesh, Ghana and India

(city formerly known as Chittagong) and there is more out-migration
of males compared to females. This is similar to the trend recorded in the
Mekong Delta, in Vietnam, which has recorded high out-migration rates
(Szabo et al. 2016). In addition, all 19 districts located in the Bangladeshi
GBM Delta recorded negative net migration. For example, Bhola, an isolated island district, recorded the highest out-migration between 2001 and
2011 (11.2% of total population); Cox’s Bazar recorded the lowest net
out-migration for the same period (3.6% of total population). This net
migration is explained in large part by internal migration to the two major
urban centres of the country, Dhaka and Chattogram, where employment
and access to services are offered in higher proportion compared to rural
areas. Dhaka had net annual migration arrivals between 2000 and 2010
of 300–400,000 (te Lintelo et al. 2018), while Chattogram had an aggregate population of 3.3 million in 2001 and four million in 2011 with an
annual growth rate of 3.6% between 1990 and 2011 (Mia et al. 2015). The
majority of new arrivals to Chattogram are associated with economic opportunities brought about by rapid industrialisation such as garment manufacture (which is responsible for two-thirds of the growth in employment in
Chattogram [Mia et al. 2015]).
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The Volta Delta also has a negative net migration of about 41,000 people over the period 2000–2010, representing 4.8% of the mid-year population of the area in 2010. The negative net migration in the area is partly
as a result of biophysical and development factors such as the construction of the Akosombo Dam in 1964 and the Akuse Dam in 1982, which
resulted in significant shoreline recession (Anthony et al. 2016) (see
Chapters 4 and 5). Additionally, environmental hazards such as land subsidence, sea-level rise and saltwater intrusion have also impacted the lives
of the residents of the Volta Delta (e.g. Appeaning Addo et al. 2018).
In contrast, the Indian Bengal and Mahanadi Deltas are net receivers
of migrants. In the former delta, these represent 2.6% of the mid-year
population and are evident in the high proportion of urbanisation (43%
of the total population live in urban areas as shown in Table 7.1). In the
Mahanadi Delta, 2.51% of the total mid-year population are migrants.
Figures 7.3 and 7.4 show the direction of migrant flows from both the
Indian Bengal and the Mahanadi Deltas. The widths of arrows represent the number of individuals who reported relocating to a different
state within the country based on data from a cross-sectional household
survey conducted for this research in India in 2016. This reflects that
societies tend to become more mobile as the level of development of
countries improve; a trend in line with the mobility transition theory
postulated by Zelinsky (1971) and examined by, for example, de Haas
(2010) and Skeldon (2014). It is relevant to mention that the population movement examined in this section capture long term moves
including permanent, seasonal and circular mobility. Previous research
shows that empirical evidence on other forms of temporary moves that
form the broad spectrum of the mobility continuum such as daily,
weekly and occasional movements is more limited (Safra de Campos
et al. 2016) and therefore were not included in this research.

Growth of Urban Centres and Impacts of Migration
on Rural–Urban Linkages
Associated with population dynamics and increased mobility is
the growth of cities, particularly mega-cities in deltas, with the
majority of the global population at present living in urban areas
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Fig. 7.3 Direction of interstate migration from the Indian section of the GBM
Delta, India (N = 108)

(World Bank Group 2014). Seto (2011) suggests that cities in deltas
face two main challenges. First, future urban growth will be more significant in Asia and Africa resulting in additional pressure on existing
infrastructure and provision of services. Second, climate change is predicted to increase the frequency and magnitude of extreme events leaving low-lying coastal zones and deltas exposed to the impacts of storm
surges, sea-level rise, flooding and coastal erosion (Brown et al. 2018;
Nicholls et al. 2018).
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Fig. 7.4 Direction of interstate migration from the Mahanadi Delta, India
(N = 251)

At the same time, deltas are undergoing substantial land-use changes,
for example, ports and port-related industries, which have dominated
economic and spatial development of many of coastal areas (Dammers
et al. 2014). The introduction of alternative ecosystem-based livelihoods
including intensive aquaculture has brought about impacts associated
with land tenure and livelihood displacement resulting in income loss,
food insecurity, rural unemployment and forced migration (Hossain
et al. 2013; Amoako-Johnson et al. 2016).
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In addition to the socio-economic and environmental challenges, there are other dimensions associated with rapid urbanisation.
Population movements are often associated with unequal development
and distribution of resources (Tacoli and Mabala 2010). However, the
flow of remittances between urban and rural areas is an important and
stable economic resource that supports communities in rural areas. The
importance of remittances for the domestic economy of households in
deltas was captured in the household survey conducted in Bangladesh,
Ghana and India. Across these three deltas, 66% of respondents
reported receiving remittances. The vast majority of respondents used
this income mainly to help pay for food, health, education, debt repayment and household appliances. This supports widespread evidence
that remittances sent by migrants have the potential to enable rural
households to overcome credit and risk constraints by spatial diversification of labour and income (Stark 1991). Moreover, if invested in modern agricultural technologies, tools and livestock, subsistence farmers
can increase their productivity and complete the transition from familial
to commercial production, which is instrumental in the diversification
of rural economies (Webber and Barnett 2010).
In addition to financial benefits derived from remittance income,
migration also circulates new ideas, knowledge, skills and technologies
from destination to origin areas (Levitt and Lamba-Nieves 2011). This
rural–urban linkage through social remittances was also expressed in the
same survey; 75% of households reported benefits from new ideas and
knowledge to build adaptive capacities at the origin.

7.3	Environmental Stress: Trigger
for Migration?
Deltas and low-lying coastal areas are at risk from sea-level rise and
storm surges which may result in submergence of seafront settlements
and increased flooding of coastal land, as well as saltwater intrusion of
surface waters and groundwater (Nicholls and Cazenave 2010; Brown
et al. 2018). Changes in the intensity and frequency of cyclones and
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persistent variance in pluviometry are also a likely consequence of climate change. Flooding in low-lying densely populated coastal areas is
predominantly seasonal and usually short-lived, yet it can have significant impacts on vulnerable sections of society. For example, poor households living in flood prone areas might become displaced and forced
to move temporarily seeking access to frontline services and alternative forms of livelihood. Furthermore, there might be instances where
impacted communities must be relocated permanently. Due to the
characteristics described above, it is tempting to suggest that existing or
future environmental factors are influential in driving individual decisions on migration, more so in already vulnerable locations in low-lying
coastal areas. The cross-sectional survey of 5479 households across the
delta locations in India, Ghana and Bangladesh revealed that more than
30% of these representative households reported at least one migrant.
The survey collected data on the motivation for migration by one or
more household members: eliciting all relevant motivations for migration and ranking them to ascertain the main driver reported by household heads. Figure 7.5 shows that only 2.8% of respondents perceived
the main reason behind the decision to move to have been associated
with environmental stress. The majority of respondents perceived economic and social factors to have accounted for the migration of their
household members.
The results reveal that few people, even in places significantly exposed
to environmental hazards and climate variability, self-report as environmental migrants. Yet environmental risks may still play a significant
role in migration decisions at the household level (Abu et al. 2014).
In the aforementioned survey, households in coastal Ghana, India and
Bangladesh also reported significant exposure to environmental risks
and perceived economic insecurity associated with environmental hazards. One-third of all respondents perceived that there was an increased
exposure to hazards including cyclone, drought, erosion, flooding,
salinity and storm surge over the previous five years. Over one-third of
respondents (37.5%) also reported the environment to be more hazardous and extreme events to be more frequent. Similarly, between
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Fig. 7.5 Main reason for migration across the three deltas (N = 2310): economic
(employment and debt); social (education, marriage, health, family and housing
problems); environmental (loss of income for one/multiple seasons, environmental degradation and extreme events); political (social/political problems)

40 and 80% of the respondents associated environmental factors with
more insecure livelihoods. These perceptions of underlying environmental degradation and insecurity suggest a correlation with migration of
household members.
Analysis also recognised the diversity of environmental stressors, categorising these as either rapid- or slow-onset, each potentially affecting migration in different forms (Warner 2010) with links
being made between migration and thresholds associated with access
to various forms of capital assets, and changes in land use and livelihood (McLeman 2018b). This shows that the role played by mobility
as a response to climate events depends heavily on the duration, intensity and nature of the stimulus, as well as the composition and assets
of households, their previous experience, the networks to which they
belong, and the adaptation responses set in motion (see Chapter 9).
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7.4	Migrate, Relocate or Remain: Policy
and Interventions in Deltas
The Anthropocene trend of increased human mobility may well be
intensified by the effects of climate change, displacement often being
one of the consequences associated with environmental change.
Displacement due to climate and environmental hazards is common throughout the world, with estimates of over 18 million people
impacted by weather-related events, including 8.6 million people displaced by floods and 7.5 million by storms, with hundreds of millions
more at risk (iDMC 2018). Resulting movements are often temporary
and short-lived, with the majority of the people impacted returning
to their place of origin. This involuntary and unforeseen movement
of people from their place of residence due to extreme weatherrelated impacts on property and infrastructure poses a challenge for
policy-makers and practitioners. Therefore, based on analysis of demographic changes, governance processes have agency in planning for
different forms of mobility through creating favourable conditions for
voluntary movement as well as prepare for planned relocation alternatives (Adger et al. 2018).
Planned relocation, also termed resettlement or managed retreat, is
a structured form of response in the face of sea-level rise or other environmental hazards affecting the lives, livelihood and property (see
Chapter 2, Wong et al. 2014; Hino et al. 2017; Mortreux et al. 2018).
Relocation is typically initiated, supervised and implemented from
national to local level and develops from small communities, but it may
also involve large populations (Hino et al. 2017). The strategic relocation of structures and vulnerable communities coupled with the abandonment of land to manage natural hazard risk is a potential adaptation
in low-lying zones exposed to the impacts of coastal hazards but has
been instigated with varying degrees of success (Hino et al. 2017). In
addition to implementation costs, planned relocation initiatives result
in a range of cultural, social and psychological losses related to disruptions to sense of place and identity, self-efficacy, and rights to ancestral
land and culture (McNamara et al. 2018). Those involved in these processes in coastal areas in Ghana speak for themselves on those social and
cultural dimensions of relocation in Box 7.1.
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There are significant challenges to governments of enacting fair process and providing frontline services for growing urban populations.
Initiatives that seek to enhance the rights of the internally displaced as a
direct result of change and empower and protect these populations are
being discussed in both policy and academic circles. The legitimacy and
efficacy of each individual strategy depends on upholding the principle
of fairness of process and ultimately respect for the autonomy of individuals and their decisions of where and how they live (Warner et al.
2013).
Box 7.1 Qualitative interviews with residents in the Volta Delta on
diverse impacts on resettlement in coastal villages in Ghana
1. “Resettlement is an expensive exercise. Actually, there is another sea
defence going on at Ada. So government is no more waiting for disaster to happen before they reclaim the land (…) when it’s coming (a
disaster), we see early, then we claim when it’s coming”. (Quantity surveyor, Public Works Department)
2. “The other problem some of us have seen in that place is that previously they are closer to the beach for their fishing activities but now
it is a distance away from the beach. Now you have to walk a distance
unlike previously. That is the only thing and the boulders that they
packed over there, if they want to drag the net that is also a small
problem over there”. (Planning officer, Keta Municipal Assembly)
3. “We are fishermen here so any resettlement consideration must not
be far from the sea. We will continue to be fishers because that is the
work we know how to do well and depend on to cater for our kids,
the place must not be too far from the sea. In addition; since we have
children, there must be a school in the place. Every human being will
definitely fall sick so there must be a hospital at the place. Once we go
fishing, we need to sell the catch so there must be a market as well. All
those things must be provided at the new location before any resettlement. But if the four aforementioned facilities are not provided; i.e.
the place is not close to the sea, no school for our kids to attend, no
market for our wives to trade and hospital for us to get health care
when we are ill then it will be difficult for us to agree to a resettlement
to any such location”. (Focus group male participant from a community
affected by sea erosion)
4. “We are comfortable here. If the community is secure we are comfortable here. Due to livelihood, employment and so on and so forth we are
comfortable here. We can get work to do and the community being
secured, we can live here and everything will be okay with us”. (Male
chief fisherman of a resettled community)
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7.5	Conclusion
The Anthropocene is marked by changes that occur at different scales
and speeds. Delta communities worldwide, particularly in the developing world, are exposed to major uncertainties to their socio-ecological
systems with an element of control for only some risks. The interaction
between multiple socio-economic and biophysical changes at different
geographical scales and speeds interact to produce uneven outcomes
for people’s lives and livelihoods in locations exposed to the impacts of
this interrelation. As governments design and invest in protective measures and wider coastal development policies, strategies will have major
implications for continued settlement of high-risk locations. Current
and future migration flows in deltas involve movement of people from
unprotected settlements displaced by the slow and continuous loss of
productive land due to slow onset processes such as sea-level rise, punctuated by periodic surges of migrants in the aftermath of extreme storm
events (McLeman 2018a).
Continued growth of delta urban settlements in itself generates challenges of social cohesion, dependence on hinterlands and population
stagnation in non-metropolitan areas. The destinations for migrants
are often predictable: existing social networks, historical linkages and
economic opportunities tend to be the main pull factors between origin and destination areas. Migration affects social cohesion in destination settlements and communities (Benson and O’Reilly 2009; Skeldon
2014): New migrant populations can feel dislocated from norms and
cultures in destination areas, while a strong sense of attachment to communities of origin is shown to strengthen intra-community ties.
Social and environmental change in deltas has the significant potential to disrupt migration flows and individual migration decisions in
deltaic areas worldwide (Call et al. 2017). Migratory systems can be
altered in multiple ways, ranging from temporary displacement from
weather-related disasters to long term decline of regions resulting in
planned relocation or managed retreat initiatives. The demographic
dimensions of where people live and move in deltas demonstrate how
socio-economic transformation and climate change are intertwined with
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the political economy of development processes. Migration is a successful and desirable option for many people, availing themselves of better
lives and opportunities. It is a reality of life in deltas. In effect, it is suggested that the sustainability of delta cities is dependent on the effectiveness and speed of integration of new migrant populations into the
social and political life of these places. Investment in the future of cities
involves people and place-making as much as infrastructure.
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Delta Economics and Sustainability
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and Prince Osei-Wusu Adjei

8.1	Introduction
Deltas are exposed to multiple climatic and environmental factors such
as sea-level rise, subsidence, storm surge and temperature and rainfall
changes. These environmental risks frequently translate into harm to
populations, depending on the sensitivity of the economic activity on
which populations depend. Economic characteristics are, of course, heterogeneous across deltas. In absolute terms, the deltas located in East
and South-east Asia, Gulf of Mexico, and the deltas of the rivers Rhine,
Nile and Parana have a higher GDP per capita compared to the economies in which they are located. The opposite is found in deltas located
in less developed regions and in Africa in particular. Developed regions
often have significant assets that indicate the financial capacity to cope
with environmental change (Tessler et al. 2015). Consequently, regions
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with significant economic activity and infrastructure have been commonly designated as having low vulnerability to environmental risks as
investing in infrastructure represents a major element of adaptive capacity (Engle 2011; Tessler et al. 2015).
The economies of deltas are heterogeneous in relation to their structure and evolution. The contribution of agriculture and fisheries to the
GDP in deltas located in lower income countries is in general higher
than in industrialised countries. Activities such as transportation, tourism, and in some cases oil and gas extraction are present across most
deltas to varying extents. While the size and structure of delta economies are, in general, stable, some deltas in emerging economies are
growing and diversifying rapidly. This is the case for the Bangladeshi
section of the Ganges-Brahmaputra-Meghna (GBM) Delta. Some other
delta regions such as the Mekong within Vietnam are, by contrast,
shrinking in relation to the economy of the rest of the country.
The evolution of deltas in the Anthropocene era is highly influenced by economic and environmental dynamics at different scales.
A significant challenge to deltas is how different potential climate futures
affect economic options and pathways and how these in turn affect vulnerability and sustainability, the availability of jobs and livelihoods, and
potential population movements in the wider regions. In this chapter
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the current and potential future economies of the GBM, Mahanadi and
Volta Deltas are therefore analysed. Possible economic trajectories under
climate change through macro-scale economic model and scenario simulations, highlighting both the economic activities and the labour implications of diverse futures, are explored. The chapter also introduces a
framework to assess the economic impacts of climate change on individual deltas (as defined in Chapters 2–4) and presents summary findings
and conclusions on the future of the deltas in a changing environment.

8.2	The Current Socio-Economic Context
of Deltas
Analysing discrete geographical regions within national economies is
often restricted by the availability of detailed data on economic activities, not least when some parts of the economy involve informal transactions and labour markets. National statistical institutes of all countries
report on a regular basis the main economic aggregates and structure
of their economies, as well as some economic indicators at sub-national level. The latter information is often limited and reporting units,
provinces or districts, do not necessarily match the geographical area
of interest. Furthermore, in some cases such as the GBM Delta, deltas
cross national boundaries. While it is desirable to address transnational
deltas as a single unit, macroeconomic analysis usually differentiates
between the countries’ economic systems because they are governed
by distinct political, institutional and cultural rules. The circulation of
goods, labour and capital are also constrained by geopolitical borders.
The first step to understand the current socio-economic context of
deltas consists of compiling relevant information available for the
administrative regions within the delta from economic accounts, census and statistics on employment, trade, agriculture and forestry and
fishing. This information is used to develop multiregional input-output
(MRIO) tables for each delta (see Cazcarro et al. 2018 for methods and
data sources). The MRIO table represents the socio-economic structure of the country where it is located, divided into the delta and nondelta parts of the economy. It describes the flows of goods and services
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between all the individual sectors of the delta and non-delta regions
and the use of goods and services by final users, quantified in monetary
terms. The distinction between the delta and non-delta is especially relevant for the study of labour and populations movement, since decisions
by individuals to relocate across economic sectors and places are primarily driven by differences in the economic conditions of delta and nondelta areas. The MRIO tables are also used to analyse the biophysical
and socio-economic conditions and change within deltas. Combining
a Computable General Equilibrium (CGE) model with changes in the
provision of natural resources, for example, reveals their potential effect
on the economies of the deltas and linked regions, and how this in turn
affects economic vulnerability and sustainability in these regions.
For the deltas analysed, the MRIO tables reveal the structure of
the economies of the delta in relation to the rest of the country. For
example, the Bangladesh GBM represents one quarter of the economy of Bangladesh. The Volta represents, by contrast, only 3.5% of
the economy of Ghana, while the deltas in India are a small fraction
of the national economy. These differences are also reflected in terms of
income per capita. In India and Ghana, the GDP per capita (measured
in purchasing power parity) is lower in the delta than in the non-delta
region suggesting that deltas are economically marginalised and are not
growth poles within those countries. In Bangladesh, by contrast, the
delta has a GDP per capita higher than the rest of the country. These
descriptions are dependent, inevitably, on the presence or absence of
large urban centres within the deltas: in the Bangladesh case, the higher
GDP per capita is explained by the inclusion of Chattogram (formerly
known as Chittagong) and Khulna cities within the region.
Differential income levels in delta and non-deltas areas and the
size of the economies of both regions partially explain migration patterns across the deltas, as discussed in Chapter 7. Of the deltas analysed here, the lowest GDP per capita appears in the Volta Delta (USD
1048 compared to USD 1215 per capita nationally); GDP per capita
in the Indian deltas is substantially greater being USD 1958 per capita in the Mahanadi Delta and USD 2347 per capita in the Indian
section of the GBM (also termed the Indian Bengal Delta [IBD]). In
both cases though, the average income per capita in the delta remains
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lower than for the whole country (USD 3172 per capita). Conversely,
in Bangladesh the GDP per capita in the delta (USD 1607) is notably
higher than in the whole country (USD 1444 per capita).
The MRIO tables also show the sectoral contribution to GDP.
Generally, economies in which a high share of the GDP is linked to sectors whose activity relies on environmental conditions, such as agriculture or fishing, are more likely to suffer the impacts of climate change.
Figure 8.1 shows the sectoral structure of the GDP and the employment in the deltas; the tertiary sector is revealed as the main source of
income in all deltas. In the three Asian deltas the contribution of services, trade and transportation represents more than half of the total
GDP of the economy; in the Volta, while lower, they still contribute
40%. However, the contribution of the primary sector remains significant, ranging between 16 and 29%. The majority of the primary sector
contribution corresponds to agriculture, with fisheries making a more

Fig. 8.1
2011

Percentage distribution of GDP and employment by sector and delta in
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modest contribution (3–4% of GDP, except in the Volta where it represents 7%). In the Bangladesh GBM the construction sector is relatively
high compared to the other delta areas (15%), while industrial activities such as transformation of agricultural goods in the food industry or
salt-mining are especially relevant in the Volta (almost 20%). In terms
of employment, however, the role of the primary sector in the economy
is more relevant than in terms of GDP. The share of the employment
engaged in the primary sector ranges from 32% in the IBD to 58% in
the Mahanadi. This difference is the consequence of the low productivity of the agricultural sector, in which subsistence production dominates, compared to other economic activities.
In addition to the information shown in Fig. 8.1, the MRIO tables
can be used to provide some insights on the importance of each sector in the economy from a systemic view (i.e. including information
on the economic activities indirectly linked through supply-chains). In
this sense, a way of measuring the relevance of the economic activities
exposed to the impacts of climate changes, such as agriculture, is the
measurement of the potential impact, in terms of GDP, of their hypothetical disappearance. This impact, which includes both the direct
GDP loss in the sector that hypothetically disappears and the cascading
or indirect effects in other sectors, is computed using the Hypothetical
Extraction Method (Strassert 1968; Meller and Marfán 1981; Cella
1984; Clements 1990). This method hypothetically extracts a sector
from an economic system and examines the influence of this extraction on other sectors in the economy. For the Mahanadi Delta, where
agriculture is not well-integrated with other sectors, apart from the
(hypothetical) direct loss within the sector itself (17% of the GDP),
the effect on GDP from other sectors would be relatively low (0.36%
of the total Delta GDP). In the IBD direct losses would amount to
15% of the GDP and, as integration is slightly higher, the hypothetical indirect loss in other sectors would be greater (1.23% of the total
Delta GDP). In the Bangladesh GBM, direct losses would total 12%
of the GDP and indirect would go above 5% of the GDP. The effect
is greatest in the Volta Delta where there is a potential direct and
indirect reduction in GDP of around 22% and 8% respectively. In
the Volta Delta, the relatively higher indirect impact is linked to the
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relevance of the food processing industry, while in the Bangladesh economy it is due to the food processing industry and textiles and leather
transformation. These figures provide a preliminary overview of the vulnerability of the delta economies to impacts such as those originated
from climate change which may generate economic losses. However, the
comprehensive analysis of the economic impacts of climate change for
the future requires further integration between present and future climatic, biophysical and socio-economic drivers under different scenarios.

8.3	Modelling the Economic Impacts of Climate
Change in Deltas
Overview of the Integrated Modelling Framework
The analysis of the economic impacts of future climate change in the
deltas involves two sources of uncertainty. First, uncertainty arises
because of the complexity of functioning of and interactions between
complex socio-economic and natural systems. Second, there is intrinsic
uncertainty because of the indeterminate nature of future climatic and
socio-economic pathways.
Figure 8.2 shows the integrated modelling framework, consisting of a
set of scenarios and models operating in different spheres that are used
to analyse the impacts of climate change in deltas and to assess different adaptations options, especially migration. The framework follows
the typical sequential or cascading structure (Ciscar et al. 2011) linking
future climatic projections, changes in environmental conditions, biophysical impacts and economic impacts.
The starting point of the integrated modelling framework is
the scenario framework developed by Kebede et al. (2018) (top of
Fig. 8.2). This framework uses global narratives for the climatic, socioeconomic and adaptation pathways (Representative Concentration
Pathways [RCP] [van Vuuren et al. 2011], Shared Socio-economic
Pathways [SSP] [O’Neill et al. 2014], and Shared Policy Assumptions
[SPA] [Kriegler et al. 2014]). The large-scale global circulation models
(GCMs) simulate climate across the World and assess the impacts of
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Fig. 8.2 Integrated modelling framework (Adapted from Arto et al. [2019]. Red
text indicates link node with Fig. 8.3)

increasing greenhouse gas concentrations on the global climate system.
The simulations assume concentrations of greenhouse gases and temperature increases in line with the worst case scenario (i.e. the RCP 8.5).
The results of the simulations of various GCMs are downscaled using
regional climate models (RCMs).
In the second stage of the modelling chain, the hydrological model
takes information from the climate models and provides future pathways for hydrology parameters. Hydrological models such as the INCA
model (Whitehead et al. 2015a, b, 2018) are conceptual representations
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of a part of the hydrologic or water cycle, primarily used for hydrologic
prediction and for understanding hydrologic processes. The information
reported by this hydrological model is passed, together with information from the RCM, to the biophysical models in order to explore the
impacts of climate change on crop productivity and fisheries.
The FAO/IIASA Agro-Ecological Zoning (AEZ) modelling (Fischer
et al. 2012) is a comprehensive framework accounting for climate, soil,
terrain and management conditions matched with specific crop requirements under different input levels and water supply. It provides information of crop yields and potential production for current and future
scenarios for major crops. In the case of fisheries, the Plymouth Marine
Laboratory (PML) POLCOMS-ERSEM biogeochemical model and the
Dynamic Bioclimate Envelope Model (DBEM) (Cheung et al. 2009)
report projections for key marine species using inputs from the RCM
and the INCA model. The output from the crop and fisheries models
enters as input into the economic model.
The economic sphere is analysed using, for each delta, a dynamic
CGE model (Delta-CGE) that interacts at several stages with other
models. The model consists of two components: a comprehensive economic dataset of the case study areas assembled in a Social Accounting
Matrix (SAM), and a relatively flexible model (systems of equations) in
the form of a dynamic CGE. The former represents the flows of all economic transactions that take place within the economy (an extension
of the MRIO tables) and the latter aims to represent the flows of goods
and services in the economies of the deltas and their relation with the
rest of the country at a given point in time. In this regard, the DeltaCGE model uses actual economic data to estimate how the economy
might react to changes in external factors.
The starting point of the economic modelling are three scenario storylines up to 2050 inspired by the SSP2, SSP3 and SSP5 narratives
(Moss et al. 2010; van Vuuren et al. 2011; O’Neill et al. 2012; Kriegler
et al. 2014; Riahi et al. 2017). At the national scale, the socio-economic
scenarios for the three countries (Ghana, India and Bangladesh) are
based on the publicly available SSPs (IIASA, 2018). These data provide historic trends and future projections of the changes in urban and
rural populations, and GDP for each country under the different SSP
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scenarios. These data are used as one of the boundary conditions to
develop the scenario at the delta-level in collaboration with regional and
national experts and stakeholders.
The Delta-CGE model (Arto et al. 2019) acts as an interface between
the climate and biophysical models and the integrated model of migration, in the sense that it translates the biophysical impacts of climate
change, such as reduction of crop productivity, into changes in some
key socio-economic drivers of migration, such as wages. It is important to highlight that the Delta-CGE model does not seek to directly
translate changes in climatic conditions into migration flows. Rather,
it aims at taking advantage of the superiority of the biophysical models to capture the impacts of climate change in some critical variables affecting specific economic processes and translates them into
economic impacts.
The economic model also interacts with the four different adaptation trajectories elaborated through combining expert-based and
participatory methods. The four adaptation trajectories are termed
Minimum Intervention, Economic Capacity Expansion, System
Efficiency Enhancement and System Restructuring (see Suckall et al.
2018 for further details). The combination of the three different socioeconomic scenarios, the four adaptation trajectories and the impacts of
climate change from the biophysical models results on a set of possible
socio-economic trajectories under climate change.
This information is further passed to the Integrated System
Dynamics models and Bayesian Network model (see Lázár et al. 2017)
where, in combination with the outputs of other models, it is used to
assess the impact of climate change on human well-being and to evaluate different coping strategies. The integration of the results of the
economic model into the migration models is done through a statistical emulator, which approximates the results through statistical relationships based on a Monte Carlo analysis of the economics results, without
the need of integrating all the sets of equations of the Delta-CGE. At
the same time, partial assessments of these integrated models provide
the Delta-CGE with an ex-ante exogenous default set of migration figures (without yet accounting for migration changes estimated in the
economics model), represented as dotted lines in Fig. 8.2.
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The Delta-CGE Model
The Delta-CGE shows a set of features that make it appropriate to
assess migration as an adaptation in deltaic environments under a
changing climate and to inform sustainable gender-sensitive adaptation
(see Fig. 8.3).
The production side of the economy is defined by production functions which specify, for each sector, the inputs required to produce one
unit of output. These inputs can be intermediate inputs (goods and services from other sectors, which may come from the delta, the rest of the
country or the rest of the World), as well as production factors: capital,
land and labour. The level of capital depends on the capital of the previous year and current investment, which is influenced by interest rates
and depreciation rates. Capital stock and investment are also affected by
climate change through losses due to extreme events (e.g. damages in
infrastructures). Land is used in the agriculture sectors to produce different crops and can be directly affected by climate change through losses
in land availability. In addition, the output of agricultural products can
also be affected by climate change through changes in crop yield.
Labour is linked to population, which determines the labour force,
and to households, which receive the income from labour compensation

Fig. 8.3 General structure of the Delta-CGE model (Red text indicates link node
with Fig. 8.2)
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(i.e. wages). Households consume goods and services coming from the
delta, the rest of the country or the rest of the World. Income is distributed between consumption and savings/investments. Households also
interact with government by paying taxes and receiving transfers. A similar interaction applies to firms and government. It is also via firms that
the returns of capital are further invested within companies or distributed to households. The income of households in the delta also includes
remittances from migrants in other regions.
The model also has a migration module in which migration is driven
by economic factors using a Harris-Todaro model type of decision rule
(Harris and Todaro 1970; Todaro 1986; Gupta 1993; Espíndola et al.
2006). According to this rule, migration is triggered in response to differences in expected earnings between regions. The specification may
look oversimplified, but other factors affecting migration are modelled
in the Integrated System Dynamics models and Bayesian Network
model (Lázár et al. 2017) and linked to the Delta-CGE model. The
dominant thinking in the economics literature of labour migration
highlights how better economic opportunities typically drive migration;
this has been found in the deltas analysed (Safra de Campos et al. 2016)
(see Chapter 7). Arto et al. (2019) provide a detailed description of the
migration module of the Delta-CGE model.

8.4	The Socio-Economic Future of Deltas
in a Changing Environment
Baseline Socio-Economic Scenarios
Socio-economic scenario modelling, together with climate and environmental analyses, is one of the key elements in the study of climate change and its possible implications in the mid-term. Several
approaches have been taken in the literature, such as Participatory
Scenario Development (e.g. Bizikova et al. 2014), also sometimes linking stakeholder survey, scenario analysis, and simulation modelling to
explore long-term trajectories (e.g. Keeler et al. 2015). The scenario
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framework (see Kebede et al. 2018), integrates knowledge from scenario design, modelling and surveys, being stakeholder participation a
central element of the framework. This was done with the triple purpose of engaging stakeholders in the project, understanding the capacity of the governance system to support migration in the context of
other adaptation options, and leaving a policy and practical legacy from
the research.
The socio-economic projections also include a modest exercise of
expert-based questionnaire about the future of the deltas regarding
rural/urban population, GDP growth and composition, inequality, or
education. These expert insights are treated with caution, and put in
context in relation to other knowledge, literature and complementary
analyses as benchmarks for comparison. In particular, key reference data
at the country level are the GDP and population levels projected by the
SSP Public Database Version 1.1 (see Riahi et al. 2017). Looking at the
future GDP growth (in purchasing power parities, PPP) (see Fig. 8.4),
for Ghana the experts’ views lie in between the SSP2 and SSP5 projections. In India, experts envisage a lower GDP growth path for deltas
than those of SSP3. However, for Bangladesh (both for the delta and
non-delta) the experts’ visions on GDP are quite above the scenario of
the highest growth (i.e. SSP5). This becomes similarly clear when looking at the projected GDP per capita, which would reach close to USD
8000 per year in Bangladesh under the high growth scenario. In the case
of Ghana, also the high growth scenario implies even clearer increases in
GDP per capita, reaching over USD 8000 per year, due to the clear cut
slower population growth under this scenario. In the case of India, the
point of departure is much higher; the experts’ views from the questionnaires are relatively less pro-growth than in other deltas, being around
the projections from SSP3. Still, in those lower-case options the projections are of a GDP per capita around USD 11,000 going up to around
USD 30,000 per capita in the SSP5.
As with all projections, these figures should be taken with care. The
responses to the questionnaires are sometimes too “pro-GDP growth
optimistic”, as witnessed in past literature, and are often based on early
trends which then were proven to deviate downward, due to the fact
that, for example, continuous GDP growth has rarely been sustained for
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Fig. 8.4 Country GDP (PPP) and GDP (PPP) per capita projected by SSPs (IIASA)
and delta questionnaires (please note differences in vertical scales)

long periods for any country. On the other hand, it is true that SSP
projections for Bangladesh on GDP, and more importantly on GDP
per capita, seem to be low compared to current trends, so these types
of paths are also worth considering, especially if they are likely to be
associated to other processes of urbanisation, migration, environmental
degradation, etc.
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Economic Impacts of Climate Change in the Deltas
In this section the outcomes of simulations for different scenarios with
the Delta-CGE model are summarised. The results show the change in
the GDP per capita due to climate change with respect to the baseline
scenario. In particular, the impacts analysed include shocks on agriculture (losses in terms of land availability and crop yield), fisheries and
infrastructure, with and without adaptation options.
The results show that the Bangladeshi side of the GBM would suffer
the highest economic impact from climate change, with a cumulative
loss up to 2050 of 19.5% in terms of GDP per capita, mostly due to the
impacts in agriculture and infrastructures. The Volta Delta would be the
one with the lowest GDP per capita losses (−9%), mainly from impacts
in the agriculture sector. In the case of the Mahanadi Delta, the main
shocks are found in infrastructure, representing about three times the
GDP per capita loss of the agricultural and fisheries sectors; the cumulative losses due to climate change up to 2050 would represent 12% of the
GDP per capita of the delta (0.25% of the GDP per capita of the whole
India). Finally, in the IBD, damages in infrastructure up to 2050 would
generate losses equivalent to 7% of the GDP per capita, losses driven by
the impacts of climate change in the agricultural sector would affect about
8% of the GDP per capita, and fisheries losses would clearly stay below
1%. Table 8.1 summarises these cumulative losses in terms of GDP per
capita up to 2050 without adaptation options.
Table 8.1 Cumulative GDP per capita percentage losses due to climate change
by type of impact in selected deltas up to 2050, average and range assuming no
adaptation

Agriculturea
Fisheriesb
Infrastructure
Total
aConditioned

GBM
Bangladesh

IBD

12 (8–14)
0.36
7.5 (6–9)
19.5 (14–24)

8 (6–9)
0.33
7 (4.5–9)
15.5 (10–19)

Volta

Mahanadi

6.5 (3–9)
0.85
1.5 (1–2)
9 (4–13)

3 (1–6)
0.09
9 (7–11)
12 (8–16)

on whether CO2 fertilisation and good management practices take
place or not
bAverage of three climatic models implemented with the fisheries modelling
POLCOMS-ERSEM
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Adaptation options, in particular embankments and protection and
restoration of mangroves would contribute to buffer these effects. In the
case of the Mahanadi Delta, losses in terms of GDP per capita could be
reduced by 2%. For the IBD, from the 15% reduction in terms of GDP
per capita due to climate change, about 2% could be buffered with
adaptation interventions (Fig. 8.5).
In the case of the Volta Delta, the effects from the expected climate impacts on fisheries are the most important across all studied deltas (9–17% of decrease in potential catch up to 2100, and
4–8% in 2050), implying around 1% GDP per capita loss up to
mid-century. This could be buffered by adaptation activities such as
housing for fishing communities, establishment of fish seed hatcheries and further development of retail fish markets and allied infrastructure. The Bangladesh GBM is a delta without a development
gap with respect to the rest of the country and with lower specialisation in agriculture. However, the impacts of climate change in the

Fig. 8.5 Economic impacts of climate change for the four delta economies.
Percentage change with respect to the baseline scenario
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agricultural sector are still the highest of the areas analysed, reaching
a reduction of about 12% GDP per capita in 2050. This result arises
from the expected reduction in crop yield that may reach 30% by 2050,
and even with CO2 fertilisation and good management practices still
could reach 20%. This decline in yield also translates into GDP per capita reductions for the rest of the country (non-delta region) of about
2% in 2050.
As previously indicated, the socio-economic analysis of fisheries
impacts builds on fisheries modelling for both the Gulf of Guinea and
Bay of Bengal (Fernandes et al. 2016; Lauria et al. 2018). The expected
impacts of climate change on fisheries up to the year 2050 are entered
as input in the Delta-CGE model as fisheries losses (based on likeliness
of fisheries changes, which may involve growth of stock of some species, and higher losses in others) for each deltaic region. In 2050 under
current management practices losses are estimated to be about 8% for
Ghana and 4% for the Bay of Bengal. This implies losses in the whole
GDP per capita of the deltas of about 0.1% for the Mahanadi Delta,
0.35% for the whole GBM Delta and 0.85% for the Volta Delta. This
potential fish decline could be reduce to a third mitigated if sustainable management practices are undertaken (see Barange et al. 2014;
Fernandes et al. 2016).

8.5	Conclusions
The vulnerability of deltas is a complex phenomenon characterised by
many environmental, social and economic drivers interacting at multiple geographical and temporal scales. Using an integrated biophysical-economic approach, this chapter explores the potential economic
impacts of climate change in the deltas of the GBM, Mahanadi and
Volta to 2050. A CGE model is used together with information from
biophysical models to assess the impacts of climate change on the economies of the deltas and linked regions.
The results from the model simulations show the economic importance of these deltas. Assuming no adaptation, losses in terms of GDP
per capita range from an average of 9% in the Volta Delta to 19.5%
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in the Bangladeshi section of the GBM. These impacts mainly constitute damages to infrastructure and losses in crop production and, to a
lesser extent, due to losses in fisheries. For all these deltas, impacts of
agriculture and fisheries represent key livelihoods for the poorest and
more vulnerable, and hence the consequences of these purely macroeconomic impacts are expected to be large in terms of livelihoods and food
security.
The simulations also provide key information for the development and implementation of successful adaptation options in deltas
(Chapters 9 and 10). For example, impacts on agriculture in all the deltas analysed represent around 8% decline in production, though such
impacts could be potentially halved through effective management
practices. In addition, the results also show the potential effect of interventions aimed at reducing disaster risks such as building multipurpose
cyclone shelters or constructing embankments in terms of avoiding economic and social costs of extreme events. This macro-economic analysis
and diverse studies of economic behaviour and investments suggest that
sustaining people and livelihoods in place in delta regions involves significant challenges, but also offers multiple benefits to the regions and
countries within which they reside.
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9.1	Introduction
Deltas are shifting, subsiding, morphing environments endlessly adapting
to changes in sediment flows, water levels, storms, floods and sea-level rise,
both naturally and, increasingly, through human effort (e.g. Chapters 2–4).
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contribute to the vulnerable environment within which deltas produce
food, support commerce and residents manage their lives and livelihoods.
Delivering secure places while improving ability to adapt and fostering
resilience is a huge challenge in rapidly changing delta landscapes in the
Anthropocene.
Deltas have been changed by human activity since early human
settlement. For example, human modifications in the GangesBrahmaputra-Meghna dating are documented for approximately
3000 years, and more recently with the founding of Dhaka in 1604
(Fergusson 1863). The Anthropocene is characterised by a great acceleration in trends of land use and other change. Dhaka for example, has
increased in population from around 220,000 in 1941 to 15 million in
2011 (RAJUK 2015). During this period the city has expanded with
land reclaimed and more low lying flood-prone areas have been settled.
The abundance of fertile land means that deltas are vital resources in
food production. However the context in which this takes place in the
Anthropocene is changing. As a result of population increase and demand
for land, land tends to be used more intensively. Large engineered interventions are common which can include upstream dams outside the delta
to generate hydropower on the Nile and Volta Rivers, and canalisation for
irrigation and transport as seen within the Mississippi and other deltas.
The Mekong Delta, for example, is central to the rice bowl of Southeast
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Asia and generates around 50% of Vietnam’s total rice output and
about 90% of its rice export (Ling et al. 2015). Other deltas, such as the
Mahanadi in India, have larger proportions involved in small scale and
subsistence farming, representing a significant labour and livelihood for
extensive populations (Duncan et al. 2017).
Here, the building blocks of adaptation to environmental change
in deltas and prospects for the future are examined. The focus is on
decisions made by people, not just as individual agents but also in
the social context of households. Such decisions are constrained and
shaped by collective and policy-driven adaptation. This chapter considers the lived reality and social distribution of vulnerability and
reviews evidence on where adaptation is occurring, who is undertaking
it, what forms it takes, and what types of adaptation are perceived to
be successful. An adaptation typology to organise forms of adaptation
is presented which considers the relationship between policy driven
adaptation and what households are doing within this adaptation
policy context. Adaptation policy has, on occasion, unforeseen negative consequences of adaptation policy and the chapter reflects on the
future of adaptation, specifically the relationship between latent and
active capacity to adapt, vulnerability and the existence of incentives
to adapt.

9.2	Vulnerability Affects People’s Ability
to Adapt in Deltas
People in deltas are, in many places, highly vulnerable to environmental
shocks and stresses. Many elements of this vulnerability are driven by
the natural geography of deltas, e.g. river flow and sedimentation, but
are amplified by more recent human interference with the delta systems.
This includes inappropriate or poorly maintained engineering interventions, such as dams, navigation, flood control works, but also from
demographic pressures and changes in land use. The combination of all
of these pressures leads to floods, subsidence, storm surges and a highly
variable living environment. Deltas also face upstream and externally
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driven stresses, such as sediment starvation from dams (Chapter 5),
price fluctuations in key crops from global economic issues, and the
hazards associated with climate change (Nicholls et al. 2007).
In terms of current vulnerability, the role of sea-level rise remains
uncertain. Some argue that present day societal vulnerability is more
dependent on risks from river discharge and storm surges, rather than
longer term trend changes in sea level (Vermaat and Eleveld 2013).
Others argue that sea-level rise and climate change are dominant factors
shaping deltaic environments in the future (Szabo et al. 2016). There is
no debate that climate change will have an impact on the vulnerability
of deltas. The questions to be asked are: is climate change already affecting deltas, if not, when will it start to have an impact, and what can be
done about this now?
Levels of economic development play a key role in shaping present
day vulnerability (Tessler et al. 2015). Chapter 5, for example, shows
how shocks to the regional economies of deltas result in reductions in
labour demand, aggregate income levels, and ultimately undermine the
resilience of these areas. Deltas in wealthy countries, such as those of
the Mississippi and the Rhine, appear to be better placed to cope with
current stresses than those in poorer countries, due to levels of investment in protective infrastructure. The distribution of resources, and levels of inequality and poverty, especially in the developing world, make
delta populations vulnerable and fragile in the context of environmental shocks. In the Yellow River Delta, China, for example, low levels of
education, below minimum wage and general lack awareness of global
climatic issues of its many deltaic residents, are considered important
factors that contribute to increasing their vulnerability (Wolters et al.
2016). As outlined in Chapter 7, delta areas are characterised by trends
towards ageing populations and significant shifts in populations from
rural to urban areas (Szabo et al. 2016). At present some rural areas
continue to have labour surpluses, but are increasingly facing the implications of an ageing population with high dependency ratios with outfluxes of working age adults to cities.
Even within deltas, experiences vary with the social factors that shape
vulnerability and adaptive capacity in deltas (see Chapter 6). Limited
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access to resources, low decision-making power and social roles constrain women’s capacity to prepare, respond and adapt to climate
shocks and stresses (Pearse 2016). The adverse impacts of coastal erosion on land and water have gendered effects linked to social responsibilities and roles. Water salinisation and land loss can force women to
walk longer distances to collect water and graze livestock adding further
physical and time burden that ultimately affects their adaptive capacity. However, it is worth noting that vulnerabilities are not homogenous
among women, but are determined by an interplay of social, economic
and cultural factors including age, class, caste and ethnicity (Kaijser and
Kronsell 2014). A case study in Odisha, shows that women from upper
castes are less vulnerable to cyclones than women from low-castes due
to better access to social networks, assets and resources (Ray-Bennett
2009). Age can also be a mitigating factor of vulnerability linked to
voice and decision-making in intra-households power dynamics.
Perceptions of risk affect vulnerability and are subjective, reflecting
socio-cultural backgrounds. Perceptions influence individual and collective preparedness, response and recovery to short term extreme weather
events, as well as people’s adaptive behaviours to long term change, such
as sea-level rise. Experiential and socio-cultural factors may explain significantly more variance in climate risk perception than either cognitive
or socio-demographic characteristics (van der Linden 2015). Previous
experiences of loss and damage can also shape expectations about the
prevalence and severity of future events such that perception of risk
increases sharply after exposure to flooding (e.g. Botzen et al. 2009;
Kellens et al. 2012; Gallagher 2014) and makes people more willing to
make household level changes and be better prepared (Lawrence et al.
2014). Even within the same household, climate risk perception and
adaptive responses differ between genders for the same shock (Mishra
and Pede 2017). Individuals may change their perception of risk over
time either as the result of direct experience of one or more hazards or
based on new information acquired through trusted social networks or
other information sources (e.g. Magliocca and Walls 2018).
The challenge in deltas in poorer countries is to address the cyclical
and chronic changes in the deltaic environment, the frequent hazards,
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poverty and the need for economic development, alongside the increasing ad hoc physical modifications of canals, dykes and polders. For
example, in the Mahanadi Delta in India, repeated cycles of disasters
coupled with recurrent (and expensive) cultural activities, ineffective
livelihood diversification, ineffective formal institutional support and
limited access to land all combine to reduce individual and household
resilience to hazards (Duncan et al. 2017). The solutions used to address
past and present challenges could change the future for delta residents;
the following sections address the questions how might that happen?
What policies are used in deltas? And, what might future transformational adaptation policies for deltas look like?

9.3	Adaptation Policies and Incentives
in Deltas
Many elements of policies for adaptation to environmental risks in
deltas mirror planning and policymaking in other low lying coastal
areas: policy options are largely described within the broad concepts
of protect, accommodate or retreat (Bijlsma et al. 1996), also referred
to as armour, adapt or retreat. Deltas are also widely referred to as
poverty, climatic and development hotspots (de Souza et al. 2015).
Specific delta policies or strategies are largely sets of principles framed
around a broad geographical area. They include the Dutch Delta
Programme, the 2016–2019 Mississippi Delta Region Development
Plan, the Niger Delta Master Plan, the Mekong Delta Plan, or the
Bangladesh Delta Plan 2100 (Seijger et al. 2017). However, there are
not comprehensive delta plans or processes for many of the world’s
most significant and populous deltas (see Chapters 2–4, Mensah et al.
[2016] and Hazra et al. [2016]).
Policy choices for deltas have been influenced by international cooperation and treaties such as the Sendai Framework for disaster risk
reduction agenda, UNFCCC climate change adaptation reporting
requirements, and the Sustainable Development Goals (Lwasa 2015). At
the subnational scale, adaptation policy appears to be largely focussed
on addressing disaster risk, yet there is only limited documentation
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of the initiatives that are taking place e.g. managing coastal erosion
through creation of barriers, storm surge barriers, adaptation of housing
to flooding (Kates et al. 2012). Of all the adaptation policies in deltas,
these can be grouped into three main components: addressing pre-existing socio-economic vulnerability, reducing disaster risk and building
long term social-ecological resilience, see Fig. 9.1.
In many deltas, much of the current effort in adaptation policy is
focussed on reducing vulnerability. For example, Bangladesh formulated
the Climate Change Strategy and Action Plan 2009 (MoEF 2009) and
established a climate change trust fund in 2010 to fund implementation
(Ayers et al. 2014). The strategy and action plan proposed six areas of
activity namely: food security, social protection and health; comprehensive disaster management; infrastructure; research and knowledge management; mitigation and low carbon development; and capacity building and
institutional strengthening (Islam and Nursey-Bray 2017). Within these
areas, 44 programmes have been funded to date, and are categorised in
Fig. 9.2 to be distributed among three elements: vulnerability reduction,
disaster risk reduction and ecological resilience (Tompkins et al. 2018).

Fig. 9.1 Components of adaptation policy in deltas (Adapted from Tompkins
et al. [2018] under CC BY 4.0)
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Fig. 9.2 Distribution of types of adaptations across the GBM Delta undertaken
by Bangladesh Climate Change Trust (BCCTF) during 2009–2017 (Data from:
Annual Reports since 2009 of Bangladesh Climate Change Trust, Ministry of
Environment and Forests, Dhaka. Adaptation types follow Tompkins et al. [2017])

Measures in the delta include construction/repair of embankments,
river bank protection, cyclone shelters, etc. The vulnerability reducing
measures include re-excavation of canals, improving drinking water
supply, raising homesteads, etc. Ecosystem based adaptations include
coastal mangrove plantation. Of the 231 measures considered, about
80% of the total investment has been made in food security and infrastructure clusters. Very little investment has been made in research
and capacity building. Among various ministries in Bangladesh, the
Ministry of Water Resources, Ministry of Local Government and
Ministry of Environment and Forest received most funds. Local government institutions received much less funding compared to central agencies, but performed better in targeting adaptation deficits and
mainstreaming gender considerations (Vij et al. 2018).
Common adaptation policies and programmes that seek to
reduce vulnerability are typically incremental (Denton et al. 2014).
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Beyond the developing world, some policies seek to be more
transformational (Kates et al. 2012) by fundamentally changing

the nature of a system, or inducing radical change across systems.
Such transformations focus on the future and long term substantial
change, and may involve questioning the effectiveness of existing
systems (Lonsdale et al. 2015). Examples of transformational adaptation policy include: removal of existing hard protection and barriers to tidal and riverine flow (e.g. riverine and tidal dike removal) in
the Mississippi Delta (Mississippi Department of Marine Resources
2011); reactivation of floodplains in the Rhine delta (ICPR 2015);
and restoring floodplains that remove embankments and return
agricultural polders to floodplains to increase floodwater retention
capacity in the Yangtze (Chen et al. 2014). Managed retreat of infrastructure and people from the coastal Mekong (USAID 2014) represents a significant transformation and demonstrates that such radical
plans often have significant losers as well as winners. All of these policy choices reveal a dramatic shift away from current and historical
adaptation policy choices in the various deltas (Vincent 2017). It is
in this context that individual households, businesses and communities are adapting to shocks and stresses. The following sections consider: how are people adapting and how is policy affecting adaptation
choices? What adaptations are considered effective and is there agreement on the best way to adapt?

9.4	Adapting to Present Day Stresses
Despite a long history of adaptation to environmental change in deltas, little is known about the specifics of this adaptation, for example,
who is adapting, how and why, and how this has changed over time.
However, given the ambition to undertake a global stocktake of adaptation by 2023 as mandated by the Paris Agreement to the UNFCCC,
documentation of such adaptation practice is urgently required
(Tompkins et al. 2018). At present, it is known that households and
individuals do not adapt in isolation from the national policy context,
but operate within it. Household choices are mediated by a number of
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factors, including non-government organisations (NGOs), international
advocacy groups, the private sector and the socio-cultural context.
Within the current research, drawing on multi-scale governance literatures, a typology of the factors influencing how policy and household
choices interact is identified (Fig. 9.3).
Adaptation policy can play a role in supporting adaptation. For example, support to convert land to alternative livelihoods, such as horticulture, or resourcing to support community-based cyclone preparedness
activity, can spur on households to undertake adaptive actions. However,
the extent to which policies achieve their intended goals is variable.
Cyclone shelters are installed to provide shelter during and after extreme
events, yet women and girls are often reluctant to stay in public shelters
where they may have to interact with men, to maintain honour and avoid
shame and harassment (Rashid and Michaud 2002; Juran and Trivedi
2015). Poverty can constrain household adaptation choice. For example,
government policy in India provides training for farmers on climate tolerant crop varieties to improve agricultural productivity in increasingly
saline or dry conditions. However, poor farmers may not have the time to
travel to training on new crop varieties, or have the buffering capacity to
take the chance to change crops just in case of crop failure.
While many adaptation policies have been put in place, imperfect
implementation can also mean that the social consequences have not
always been even (Mimura et al. 2014). In Bangladesh, dykes and polders are essential to protect properties and agricultural fields from tidal

Fig. 9.3 National policy influences adaptation choices by households, mediated
by social and environmental factors
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flooding. Many of these polders are still awaiting rehabilitation following severe cyclone damage in 2007 and 2009. This has prolonged community suffering due to the continued threat of tidal flooding, income
insecurity, lack of freshwater supply and ongoing vulnerabilities due to
weak coastal embankments remain a concern long after those cyclones
(Sadik et al. 2018). In the Mekong a government programme of dyke
building has enabled multiple crops per year, encouraging commercial
production and leading to a reduction in small-scale farming and net
out-migration of people from the delta (Chapman et al. 2016). As highlighted in Chapter 7, government action is patchy: not all communities
that require relocation, or demand it, are necessarily included in plans
(Mortreux et al. 2018).
Adaptation policy choices can also lead to unexpected impacts,
where individuals have to adapt to the consequences of the adaptation.
In the Vietnamese Mekong Delta, the most profound recent effort has
been the creation of an extensive high dyke network, spanning thousands of kilometres and encompassing the majority of the delta’s rice
paddies. Much of the effort in creating this network occurred during
the late 1990s and early 2000s. Through household survey (Chapman
et al. 2016), creation of a system dynamics model (Chapman 2016)
and multi-criteria analysis (Chapman 2016), findings suggest that
extending and heightening the Vietnamese Mekong Delta dyke network is an effective adaptation against prevalence of extreme river flood
events. However, this finding is only true when greater weight is placed
on large-scale short-term food production and export, and the incomes
of wealthier (large land-owning) farmers. Should decision-makers take
a pro-poor approach, and place an equal or greater weighting on the
sustainability of the livelihoods of poorer farmers, and indeed the sustainability of the delta system, the adaptation (the high dyke network)
generates a counterintuitive outcome, see Fig. 9.4.
Two key, linked trends in Fig. 9.4 lie at the heart of this counterintuitive result. The first is that under the adapted (high dyke) system,
rates of change over time in rice input efficiencies (i.e. yield per tonne
of fertiliser) reverse direction. The loss of nutrient-rich sediment deposition (in the unadapted system), historically brought by the now
excluded flood, degrades the quality of the soil and pushes farmers
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Fig. 9.4 The distributional impacts of adaptation in rice farming systems in the
Vietnamese Mekong Delta (Adapted from Chapman et al. [2016] under CC BY 4.0)

towards heavier fertiliser use. The second trend, a direct result of this,
is a reversal in the relative advantage of farm size (Fig. 9.4), from
favouring smaller operations (unadapted system), to favouring larger
operations (adapted systems). Small-scale operations of one hectare
or less tend to lack the resources to compete in a fertiliser-intensive
system, having previously benefitted from the free provision of sediment-bound nutrients. Chapman et al. (2016) point to the importance
of recognising whose priorities count in evaluating the success of adaptation policy choices. They acknowledge that the success of adaptations
is normative: there are winners and losers, and trade-offs will always be
needed (see also Hutton et al. 2018).
A key issue raised in policy and science is the assessment of success
in adaptation. Under what conditions can adaptation be considered
a success? And how does success vary with social factors, such as gender, age and caste? There are various criteria by which adaptation can
be evaluated, for example effectiveness in terms of long-term sustainable development, cost-efficiency of the action, equity of the distribution of impacts or the legitimacy of the action (Adger et al. 2005).
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Despite some work considering no-regrets adaptation and adaptations
that generate mitigation or developmental co-benefits (see, for example, Suckall et al. 2015), it is broadly agreed that there is little evidence
of such multiple wins and that most adaptations have negative consequences for some (Ficklin et al. 2018). Indeed, there is growing recognition that no adaptations will generate universal benefits, and there will
always be people who lose as a result of adaptation, either through paying for adaptation benefits and not receiving them, being affected by
others’ adaptations, or even because an individual has no choice but to
adapt in a way that does not contribute to long-term sustainable development. This is not necessarily a message that policymakers wish to
hear, however, it is a realistic appraisal of the impacts of adaptation policy. This leaves the question—how can inclusive adaptation strategies be
designed for deltas during the Anthropocene?

9.5	The Design of Inclusive Adaptation
Strategies
Adaptation is a spatially and temporally dynamic process with accrued
benefits potentially changing with geography, time and circumstances.
What might be considered an effective adaptation response in one place
at one time may, with time, become less or more effective with associated
consequences and potentially bringing into question the sustainability of
the adaptive response. An example is the Mekong Delta in Vietnam where
short-term benefits of engineering interventions to increase rice production from two annual crops to three are offset by the longer term impacts.
The impacts include: soil quality degradation associated with fertiliser use,
reduction in fishery co-production and loss of ecosystem services from
the introduction of agricultural pest predators associated with flooding
(Chapman et al. 2016). In Bangladesh, there can be long term financial
benefits of enhanced horticulture production, in lieu of traditional rice
farming, but due to the highly variable year on year yields of horticulture
(which can create lean years), there is much lower uptake of this adaptation by poorer socio-ecological groups on the delta (Hutton et al. 2018).
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Evidence from past adaptations in deltas reveals a spectrum of initiatives, from extensive investments in cyclone preparedness and recovery
in Bangladesh (Mallick and Rahman 2013), to dyke and polder building
in India, and construction of embankments in the United States. Other
significant change has occurred in deltas as a result of social policy. For
example, the Mahatma Gandhi Rural Employment Guarantee Scheme
in India provides a social safety net for those who are below the poverty line. There is also evidence of attempts to redraw, what often tend
to be, entrenched patterns of competition and dominance in the allocation of water and management of river basins (Budds 2013). Adaptation
strategies are clearly not simply engineered solutions, nor are they simply
social policies, they are a complex web of policies that affect the various
components within deltas: land use, ecosystems, rural and urban development, transport, disaster risk reduction, to name a few, see, for example, Mensah et al. (2016), Hazra et al. (2016), and Dey et al. (2016).
Recent research has endeavoured to consider what future strategies in
deltas may look like (Suckall et al. 2015). Adaptation is not limited to
one sector, but needs to be considered in the light of the bigger picture. Policymakers are often lacking insights into how policy can affect
adaptation strategies, and the trade-offs that need to be made to reflect
normative goals (for example equitable poverty reduction, or emphasis
on national level economic growth). In turn, adaptation policy choices
are affected by the costs of adaptation and the extent to which policy
change, and political effort, is required.
Suckall et al. (2018) develop narratives of adaptation policy—
which comprise multiple policies in the areas of: addressing disaster
risk, reducing socio-economic vulnerability and managing landscapes
and ecological systems. Each adaptation policy direction requires different levels of investment, resourcing and policy support. Minimum
intervention brings together policy choices that could be explained
as focusing on low cost adaptation policies designed to achieve maximum impact. The focus here tends to on basic emergency response
to disasters. Capacity expansion encourages climate-proof economic
growth, requiring investment, but does not seek to make significant change to the current structure of the economy. Efficiency
enhancement requires less investment than policy commitment, is an
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ambitious strategy that promotes adaptation consistent with the most
efficient management and exploitation of the current system, looking at ways of distributing labour, balancing livelihood choices and
best utilising ecosystem services to enhance livelihoods and wellbeing
under climate change. System restructuring requires the greatest level of
investment and policy commitment, and is based on pre-emptive fundamental change at every level in order to completely transform the
current social and ecological system, and change the social and physical functioning of the delta system. This argues that the system can be
restructured in one of three main ways—each with a different focus:
protection, accommodating change and retreating/moving away.
Each has a different end goal for the delta. Collectively these policy
directions offer insight to policymakers by envisioning what policy
direction opportunities there are for deltaic regions. Under a changing climate, with an inevitable reduction in sediment in deltas resulting from upstream damming and other land use modifications (see
Chapter 6), it is known that the structure of deltas will substantially,
and potentially fundamentally, change further in the Anthropocene.
What are the implications of these different adaptation policy directions in this context? Chapter 10 considers how these different policy
directions can generate different outcomes for deltas, and it considers
explicitly the trade-offs that need to be made to achieve policy goals.

9.6	Conclusions
Policies and planning will play a powerful role in creating the
human-dominated deltas of the Anthropocene. There is good evidence
that active management of deltas can potentially generate sustainability for deltas and their populations. Governments retain the autonomy
to identify their priorities for development of many deltas, and choose
adaptation policy directions that help to achieve these aims.
The emergence of delta management plans in many developed and
developing countries is a positive sign of proactive attempts to manage the complex interactions of natural environments and human systems in the Anthropocene. A key insight is that what deltas will look
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like in the future depends substantially on current policy directions and
choices. This is not a simple policy choice particularly due to gaps in
our information and understanding about what adaptations are most
successful over time, and across which population groups. The global
stocktake of adaptation mandated by the Paris Agreement of the
UNFCCC will provide insights into the prevalence and quality of adaptations, including in deltas, to understand who is gaining and who is
losing from alternative adaptation policy directions.
National governments with deltas within their boundaries, and
neighbouring countries in watersheds are facing major challenges in
managing deltas in a changing climate, not least with limited information about directions and motivations for adaptation of diverse actors.
Key dilemmas for governments in delta adaptation policy directions are
to decide whose voice should be heard in developing plans, and what
trade-offs they would consider to be unacceptable. In this way, planning
for an uncertain future can proceed on a sound basis.
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integrated with their hydrodynamic processes and in particular the provision of sediments (see Chapters 5 and 6). A natural delta adjusts its form
and function in balance with such processes (Wolman and Gerson 1978),
but Anthropocene deltas are more defined by the intimate relationship
between humans and their physical systems (see Day et al. 2016). Human
settlements and economies manipulate the natural circumstances in the
delta for their benefit, but when such efforts occur on the catchment
scale, this permanently alters the trends and balance of the whole system
(Overeem and Syvitski 2009).
Contemporary trends and changes inevitably lead to trade-offs
between the needs of diverse populations of people and the requirements
to maintain a sustainable, productive environment and associated services (Steffan-Dewenter et al. 2007; Hutton et al. 2018). For example,
to accept annual floods would be beneficial for maintaining long-term
land elevation, soil fertility and local ecosystems (Chapter 5). However,
benefits of incorporating natural processes into already engineered delta
systems come with the cost of potential flood damage to infrastructures,
people and agriculture. Other trade-offs are between development and
nature at various scales. Land transformations to aquaculture in brackish
conditions, for example, results in soil and biodiversity degradation and
decline in local agriculture balanced against economic needs at a national
level (Amoako-Johnson et al. 2016). However, populations are not static,
adapting and evolving temporally and spatially within the Anthropocene
(as discussed in Chapters 7 and 9). Indeed, individual households and
communities adapt to changing circumstances, in effect making tradeoffs at community and household level. Both natural resource-based and
off-farm households constantly adapt due to a range of reasons including
environmental pressures and economic opportunities.
Policies aiming to promote particular human benefits can also often
generate diverse and unforeseen trade-offs at the government, community or individual level, and over short- or long-term timescales.
Focussing on identifying, understanding and quantifying such tradeoffs enables governments, planners and civil society to accomplish their
national aims while supporting delta populations in their development.
In this chapter therefore, choices, potential trade-offs and plausible
pathways for Anthropocene deltas are explored, drawing fundamentally
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on integrated modelling and other simulation approaches. Tradeoffs from coastal Bangladesh in the Ganges-Brahmaputra-Meghna
(GBM) Delta in particular are outlined to illustrate environmental and
socio-economic trends, potential trade-offs and local adaptation options
as a result of high-level policy decisions. The analysis includes actions
and dilemmas faced by individuals, referred to as household adaptation
(see Chapter 9) across the three deltas considered in Chapters 2–4. This
analysis is used to reflect on delta management across the world and
how analysis of trade-offs can be used to address future development
trajectories.

10.2	Policy Development in Deltas
A trade-off is “a situation where one balances two opposing situations or
qualities ”, which inherently means that “one accepts something bad
in order to have something good ” (Online Cambridge Dictionary).
Understanding trade-offs is especially crucial for deltas as their entire
extent and existence are uniquely vulnerable to decisions made at
national, local and household levels. Broader governance frameworks
across a range of scales need to consider exogenous and endogenous factors over the delta and its catchment in determining how multiple interests can be weighed over time and space.
Governance frameworks and regimes serve at least in part to facilitate
the balancing the needs of sectors, interests and regions (Paavola et al.
2009). Higher quality systems are able to maximise the accountability
of those making and implementing decisions and hopefully ensure that,
while decisions will inevitably be taken in the absence of perfect information, appropriate adaptation is possible. Coordination and integration of policymaking across sectors and space are critical for minimising
potential negative effects. For example, integration potentially ensures
that disaster risk management at the local level is aligned with national
and regional mechanisms (Allan 2017), but also across civil emergencies, infrastructure maintenance and human rights (APFM 2006). Such
coordination is challenging but essential if trade-offs are to reflect the
relative values of each element.
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Physical and administrative boundaries rarely coincide for deltas.
Thus, decisions made outside, or in different areas of, the delta may have
disproportionate effects (see, for example, the impact of dams on sediment transport in Chapter 6). Policymaking and the relevant legal architecture in relation to the management of water resources and floods, for
example the European Water Framework Directive (Article 3, European
Parliament and Council 2000), generally express balance between
upstream and downstream rights and interests. More specifically, delta
nations such as the Netherlands, Vietnam and Bangladesh, have international agreements in place that make their planning processes more
robust and flexible (Seijger et al. 2017). However, in most cases, this does
not happen (for example, India), as there is no agreement at basin level
on how the river is to be managed (Global Water Partnership 2000). This
has the effect of limiting or skewing the trade-offs and reducing options
that can be considered. Lack of data-sharing mechanisms and limitations
on basin management, whether at national or international scales, may
result in a similar situation (Gerlak et al. 2011).
Trade-offs that maximise benefits and minimise disadvantages would
appear to be desirable. But governments typically do not have complete autonomy in decision-making, and are constrained by international obligations. For example, the rights of co-riparian states under
international law relating to transboundary waters (United Nations
1997), the rights of women (United Nations 1966), the views of relevant stakeholders (UNECE 1998), protection of the environment
(e.g. Ramsar 1971) and human rights more generally. Such international frameworks also inform those making policy regarding deltas
about best practice. The Sendai Framework on Disaster Risk Reduction
(United Nations 2015) for example, illuminates how trade-offs can be
put into effect. Human rights considerations have broader impacts for
policymaking and the assessment of trade-offs as they may oblige policymakers to make public the considerations that have not only been
considered in policy development and implementation, but more
importantly to define those people who have rights to be involved in
the making of those policies. For deltas in particular, consideration of
the aims, obligations and challenges of global issues, such as climate
change, can also affect decision-making (Hoegh-Guldberg et al. 2018).
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In the end, governments that are seeking to develop policy for deltas and
their inhabitants will be framed, informed and unavoidably influenced by
factors over which they may have little control. However, delta planning
processes, principally affecting flood and water management infrastructure,
remain likely to be more effective if they are nested within flood and water
resource management governance which extends across whole basins.

10.3	Assessing Trends and Trade-Offs Under
Plausible Delta Futures
Trends and trade-offs are, it is suggested, symptomatic of delta development during the Anthropocene. Hence their identification and evaluation play an important role in understanding the future of deltas thus
enabling evidence-based decision-making and planning (Anderies et al.
2007; Daw et al. 2016). Integrated Assessment Modelling captures
the main elements and characteristics of the system in a framework
and allows the testing of a range of scenarios. Trade-offs are identified
by comparing scenarios and identifying the winners and losers of the
changes (Daw et al. 2011; Chapman and Darby 2016). Thus, integrated
modelling can help to identify plausible trends, and locate, estimate
and highlight the risks or benefits (including previously unforeseen)
associated with proposed or unintended changes for future delta
development.
Here a novel integrated assessment model, the Delta Dynamic
Integrated Emulator model (ΔDIEM) is used. Originally developed for
coastal Bangladesh in the GBM Delta (Nicholls et al. 2018), it allows
the exploration of the interactive relationships between natural and
socio-economic processes under a range of scenarios and policy options
to identify both trends and trade-offs (Nicholls et al. 2016; Hutton
et al. 2018; Lázár et al. 2018b). The following sections illustrate tradeoffs using different approaches and scenarios in each case; please note
that comparison between examples is therefore not possible.
Within ΔDIEM, contrasting scenarios can be constructed from the
model variables to explore the effects on the well-being of the local
population and productivity. Table 10.1 shows the main components
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Table 10.1 Summary of assumed changes from present (2015) to 2100 for
coastal Bangladesh within the two selected scenarios
Scenario descriptions
Positive world
Sea-level rise

Slow—54 cm (26 cm in
2050)
Air temperature
+3.7 ℃
Other climate
Moderately drier
climate (−15%
annual precipitation
compared to mean
of 2000–2015; −17%
total monsoon rain
and −3% total dry
season rainfall)
Population
Maintained at 14
million
Embankment
Good maintemaintenance
nance—maintained
embankments
Farming and
New crop types
agriculture
increase production
(+20%)
Manufacturing and Fast growth (212%
services
by 2100 or 2.5% per
year)

Negative world
Fast—148 cm (61 cm in 2050)
+4.1 ℃
Wetter climate (+10% annual
precipitation compared to
mean of 2000–2015) with more
extremes: wetter monsoon
(+2%) and drier dry seasons
(−18%)

Decreasing to seven million,
reflecting net outmigration
Poor maintenance—slow
deterioration in embankment
height (−3 cm per year)
Traditional crop types, no growth
in production
Slow growth (53% by 2100 or
0.62% per year)

of two extreme scenarios used to examine potential trends in coastal
Bangladesh within the GBM Delta.
Figure 10.1 compares the expected trends for six indicators over this
century associated with the selected scenarios. It is clear that each scenario has both positive and negative effects. For example, using the
end numbers of the scenario configurations identified above, embankment deterioration, higher sea-level rise and more seasonality in river
flows, the total inundated area increases by approximately 70% under
the Negative scenario. In the alternative future with fewer extremes and
better water resources management, the total inundation area does not
change significantly.
There are environmental trade-offs in both worlds. In the Positive
scenario, less flooding increases the soil salinity by about 30%, due to
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Fig. 10.1 Contrasting trends for coastal Bangladesh between the ‘negative’ and
‘positive’ scenarios (baseline: mean of 2005–2015)

less flushing effects, but this is compensated with salt tolerant crops and
better management techniques, resulting in a fourfold net increase in
rice productivity. Thus, food security and economy are not impacted,
but environmental quality is degraded. In the opposite, Negative world,
soil salinity slightly decreases due to the annual monsoon flushing of the
salt out of soil. However, rice production collapses by about 80% due to
the frequent flood damage, elevated temperature limitations and lower
potential yields of traditional rice varieties compared to higher yielding varieties of the Positive world. Also, while environmental quality
improves with more sediment deposition and lower salinity levels under
the Negative world, traditional farming practices could have negative
implications on the local economy. Of course, there are plausible futures
which sit between these scenarios and these can be explored by the use
of the modelling.
There are similar contradictions within and between income and inequality trends. Most noteworthy is that while GDP per capita increases
significantly in the Positive world so does inequality indicating that
the income gap within society widens. This increase in inequality lies
in unequal land sizes and off-farm capital investments. The more land
one owns, the more profit it makes under good economic conditions,
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whereas the economic growth of the poor and landless is slower. Hence
the income gap widens. Income inequality is significantly lower in the
Negative world where a lower per capita growth is experienced, but it is
more equitably distributed. When the simulated household consumption rates are compared with the extrapolated trend of the upper poverty line of Bangladesh (BBS 2011), an increasing percentage of the
Negative world population remains classified as in poverty. This indicates that poverty can persist even when the GDP per capita growth
occurs, particularly where manufacturing and services form an important aspect of the local economy. Thus, targeted policies and development programs are required to provide a safety net and support for the
poorest households and regions in any of the futures.

10.4	Policy Driven Trade-Offs
Variations in potential futures can also be strongly related to governance
decisions and policy focus. Policy is generally set in relation to a single
issue with little capacity for consideration of potential side effects or
trade-offs with other sectors of society. This section presents a comparison of the effects of three contrasting policy examples (Table 10.2) with
an Economic Development, a Social Welfare and an Environmental
Sustainability focus against a baseline scenario describing a continuation of current trends. The Economic Development policy focuses
on promoting productivity. Agriculture is promoted with progressively
improving crop varieties. Irrigation use, irrigation efficiency and fertiliser use are also maximised. Fishing intensity is increased to get more
economic benefits. Embankments are maintained to reduce the possibility of flooding. Population numbers are the same as the baseline
scenario. For the Social Welfare policy, selected options aim to support households residing in the delta. The population remains at 14
million assuming that as a result of the policies net outmigration is
zero. Agriculture retains the use of existing irrigation and fertiliser practices, and utilises new crops following research and development activities after 2050 to maximise income. In addition, agriculture costs
are subsidised (25%) and household expenses are reduced by 25%
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Table 10.2 Scenario summary of the policy trade-off simulations (by 2100). Cells
with shading highlights the deviation from the Baseline scenario assumptions

throughout the simulations to relieve the households financially and
make life easier, so that they do not migrate away. Fishing intensity is
reduced to provide a long-term sustainable fishing income. Under the
Environmental Sustainability policy, the aim is to restore as far as possible the natural condition of the delta. The dyke system is allowed to
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slowly deteriorate over this century increasingly allowing flooding, and
thus increasing sedimentation. In addition, Tidal River Management
for all polders during the 2020s enable sediment accumulation: further
interventions are not needed as flooding and thus sedimentation will
intensify over time as embankments deteriorate. Farming practices go
back to traditional crops and methods and do not use irrigation or fertiliser. Fishing intensity is reduced to a sustainable level. Population numbers fall to seven million by the end of the century. The specific options
selected within ΔDIEM for each policy are summarised in Table 10.2;
climate and sea-level scenarios remain constant.
The potential trade-offs are shown as the percentage of difference
for six selected indicators when compared to the Baseline scenario.
The results are surprising (Fig. 10.2). By 2050, the changes compared
to Baseline are relatively small. Soil salinity is drastically reduced under
the Environmental Sustainability scenario as a result of the deteriorating
embankments and thus more frequent flooding and monsoon flushing
of salt from the soil. However, soil salinity trends will not change as a
result of the other scenarios. Rice productivity is maintained when the
irrigation is maximised, but in all other cases, the productivity will fall.
Returning to traditional farming practices would leave the region with
about 70% less rice. Income inequality (GINI index) is not impacted

Fig. 10.2 Trade-offs resulting from different policy focuses in coastal
Bangladesh. The values show the relative change (percent) compared to the
baseline simulation (i.e. current trends). The grey shaded area indicates negative
change
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significantly by these governance changes. Poverty however, would
increase under the Social Welfare scenario (+25%). Finally, GDP per
capita would sharply increase under the Environmental Sustainability
scenario (+90%).
By the end of the century, these trends are amplified. Flooding intensifies under the Environmental Sustainability scenario due to the disappearance of the dyke system in coastal Bangladesh. The soil salinity
does not deviate further from the Baseline. However, rice productivity
multiplies under the Economic Development scenario (+200%) and
falls to an even lower level under the Environmental Sustainability
scenario (−80%). Inequality increases under the Economic
Development scenario (+20%), but poverty is reduced under the same
scenario by ten percent. However, poverty increases under the Social
Welfare scenario by approximately 50% (compared to Baseline). As a
result of this poverty increase, GDP/capita falls under the Social Welfare
scenario, but increases under Economic Development (~20%) and
Environmental Sustainability (130%).
The results described above provide somewhat counter-intuitive
results to conventional wisdom concerning the outcome of policy strategies. Why would the Social Welfare scenario result in higher poverty
rates and why would the Environmental Sustainability scenario generate higher GDP per capita results than the Economic Development scenario? Based on the model results, a key factor lies in the assumptions
about population. The Environmental Sustainability scenario assumes a
rapidly declining population and a land redistribution. This means that
as the population size decreases, the remaining farmers would accumulate more productive land and farm size increases through land consolidation. Thus, even though the rice productivity is drastically reduced,
larger farm sizes compensate for the loss of yield resulting in a higher
GDP per capita value. The scenario also has better biodiversity as a
result of the reconnected land to river, lower soil salinity and sustainable
fishing habits. However, more frequent and extensive flooding can be
expected.
The Economic Development scenario solely focuses on economic
gains, thus exploiting the environment with higher fishing efforts and
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more intrusive farming practices. Rice productivity increases significantly, but population size remains the same as in the Baseline. This
results in only a moderate increase in GDP per capita, as the share from
this significant increase in productivity mainly benefits the large landowners. As a result, poverty slightly decreases, but inequality noticeably
increases by the end of the century.
At the heart of the Social Welfare scenario is the aim to support rural
livelihoods and welfare through subsidies on household expenses and
agriculture costs. However, this aim is not achieved in the simulation.
The population size remains at today’s level, but this results in smaller
farm sizes. Rice productivity declines slightly due to slightly increased
flooding and the new subsidies are not sufficient to compensate for the
loss in income and small farm size. Since more landless and small landowners remain, the overall poverty rate increases and the GDP per capita falls. Thus, investment in social capital and land consolidation seem
to be key to make the coastal zone socio-economically more sustainable.
Of course, in undesirable circumstances, there is likely to be an increase
in migratory behaviour and possibly a greater uptake of workers into
the growing service sector, a subject of ongoing research. In conclusion,
there is a delicate balance between livelihood potential, population size,
welfare programs and environmental hazard mitigation that national
planning has to carefully consider and which can be supported by integrative model simulations.
The results highlight the interlinked natural-socio-economic delta
processes in action. Even though the results are illustrative, they are also
robust. However, these still need to be used with care due to assumptions in the model setup. For example, there is an assumed land consolidation that might not happen in coastal Bangladesh, because land
is an important safety net for agriculturally-dependent populations
(Toufique and Turton 2002). Economic trends are also assumed and
future changes are very uncertain especially under climate change and
when flooding patterns significantly change (see Chapter 8). Thus, to
inform policy, improved understanding of the basis for assumptions is
needed, with a more robust scenario testing exercise, particularly as they
may vary spatially and temporally. Changes outside coastal Bangladesh
may also need to be considered.
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10.5	Spatial Trade-Offs
Trade-offs can also occur spatially. An example is shown in Fig. 10.3,
which illustrates the flooding and socio-economic consequences of new
polder development in coastal Bangladesh (Chapman et al. 2019). Under
the current situation, the North-East part of the study area is regularly
flooded in the monsoon season (Fig. 10.3a). Hence, the construction of
new embankment and polders is proposed to reduce flooding and better manage water levels. However, hydrodynamic modelling shows that
when these new polders are implemented, the neighbouring Western
areas experience more extensive and deeper flooding (Fig. 10.3b). This is
reflected in the decrease in agricultural output and increase in households
in poverty for this area. However, these losses are significantly less than
the gains experienced in the newly protected area, so there is a net benefit to Bangladesh. Although this does not include construction costs, it
is clear that the economic benefits outweigh the damages; yet, significant
livelihood and well-being changes can be expected in the neighbouring
areas. The identification of this spatial trade-off allows consequences to be
pro-actively managed, possibly with additional financial support to compensate for losses, new flood defence or training for new livelihoods.

Fig. 10.3 Risk transfer due to new polders in coastal Bangladesh a existing polders and b existing with new South-Central polders (Adapted from Haque and
Nicholls [2018] under CC BY 4.0)
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However, there are some other longer-term issues that need to be
considered. For example, additional polders will increase the sediment
deficit on the land (Chapter 5) resulting in accelerated subsidence and
waterlogging. Also, the reduced flood risk will result in an increase in
land value, and the poorest inhabitants might be forced off their land
reducing their chance for an increased well-being. The social structure
of these areas could therefore change due to these improvements and
result in within-community conflicts. In addition, the poor who sell
their land for short-term capital gain need to move elsewhere, potentially increasing the poverty rate and local issues (e.g. infrastructure
overload) of the receiving area. In Bangladesh, the capital Dhaka is the
main destination of such migration (Chapter 7).

10.6	Household Adaptation Response
to Change
For policy development, in addition to identification of trade-offs such
as those in Sect. 10.3, it is also beneficial to consider how the local population might respond to such changes at household level. As discussed
in Chapters 7 and 9, people, and the households in which they reside,
constantly adapt to changing natural and socio-economic conditions.
This is a feature of life everywhere, but the high natural and social pressures in populous deltas accentuate these processes.
Based on analysis of household surveys in three deltas (see Chapters 2–4),
an Integrated Bayesian Adaptation model is able to quantify the influence
of different policy directions on household decision-making (Lázár et al.
2015). This model considers the characteristics of the household and the
environment to quantify the possibility of the household to adapt its present
behaviour.
Five broad categories of household adaptation options are simulated
(Lázár et al. 2018a): 1. A financial change alters or supplements the
household finances by getting a loan, insuring the livelihood activities
and assets, applying for an NGO or government support or joining a
cooperative; 2. A structural change can improve the house or make it
climate resilient, trees might be planted around the house to provide
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shade, firewood or additional protection against wind damage, or the
household might start using community shelters when disasters are
imminent; 3. The household can modify or intensify the existing livelihood by start using fertiliser, irrigation, new productive assets and more
tolerant crops, but it can also hire additional labour or participate in
training courses; 4. Diversifying the existing livelihood might include
growing a wider range of crops in multiple seasons, engaging for example in mixed farming/fishing activities, or enabling women to take up
work outside the house; and finally, 5. the household might decide
to send a household member away to alternate labour markets or for
non-economic reasons such as family issues or education (i.e. migrate).
In this example, this Integrated Bayesian Adaptation model is
used to simulate the effect of six plausible policy directions on household decisions. As discussed in (Suckall et al. 2018) and Sect. 9.5 of
this book, these six plausible adaptation policy directions (APDs)
were conceptualised representing contrasting governance contexts:
A. Minimum Intervention (low investment/low commitment to
policy change): no-regrets strategy where the lowest cost adaptation
policies are pursued to protect citizens from some climate impacts;
B. Capacity Expansion (high investment/low commitment to policy
change) encourages climate-proof economic growth, but does not seek
to make significant change to the current structure of the economy;
C. Efficiency Enhancement (medium investment/medium commitment to policy change) is an ambitious strategy that promotes
adaptation consistent with the most efficient management and
exploitation of the current system, and best utilising ecosystem services to enhance livelihoods and well-being under climate change;
D. System Restructuring (high investment/high commitment to
change) embraces pre-emptive fundamental change at every level in
order to completely transform the current social and ecological system:
D1. Protect, broadly following the Dutch model with a high level of
engineered protection, D2. Accommodate, live and work with nature
principle, D3. Retreat population and infrastructural relocation.
Each of the above investment policy directions was broken down
to a set of assumptions describing the changes of household and environmental characteristics as a result of the presence of APDs. During
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the model simulation, household and environmental characteristics
are altered and the new adaptation choices are recorded. When comparing the baseline and new adaptation choices, the percent changes
in household decisions can be quantified and compared (Fig. 10.4,
N.B. the direction of the change can be positive or negative, and this
is not shown). The most common adaptation responses for both maleand female-headed households are financial, where they seek alternative income sources, and structural, which is primarily emergency
response to an environmental hazard. These broad trajectories indicate an improving household welfare.
Migration has limited appeal as an adaptation option with only
female-headed households living in the Bangladeshi GBM and maleheaded in the Indian administered part of the GBM Delta (also termed
the Indian Bengal Delta [IBD]), considering this as a viable option perhaps due to the higher level of protection and other social benefits. This
indicates that, where possible, the general preference is for the population to remain in situ and adapt. The frequency of livelihood adaptations is also unlikely to increase in the future under these APDs.
Overall, the results indicate that better policies can positively influence

Fig. 10.4 Prevalence and the level of influence of adaptation policy directions
on gendered household decisions in specified deltas
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in situ livelihoods and well-being, but migration trends are unlikely to
be changed until there is a significant shift in well-being and as a result,
the mindset of households changes significantly.

10.7	Conclusion
Natural deltas are complex systems with many interacting factors and
that operate on diverse timescales, from seasons through to geological time. However, in the Anthropocene, human actions have become
dominant and the complexity of delta system processes has grown significantly. As a consequence, the assessment of trade-offs and the balance between those that gain or lose are becoming highly important for
policy development. Trade-offs between and within the socio-economic
and natural systems are inevitable due to the competing interests and
limited understanding of causal effects.
Deltas are key social and economic hubs and they are critical to
the livelihoods and well-being of their resident and neighbouring
populations. Deltas are also areas where any development is exposed
to significant risks (Chapter 8) with environmental hazards growing due to climate change and other factors: submergence by sealevel rise is an obvious and widely discussed threat (see Chapter 6
and Wong et al. 2014, for example). Historical analogues might
not be valid to infer the future due to feedbacks and system shifts.
There is, therefore, a pressing need to understand the behaviour and
co-evolution of the coupled human-natural systems and to simultaneously develop and manage these systems in ways that are positive
for society while sustaining the environment. Integrated models can
explore these interactions through policy and management options,
identifying trade-offs and their possible consequences, an important
contribution for key global policy goals such as the internationally-agreed Sustainable Development Goals (Hutton et al. 2018). They
are also consistent with moves to adaptive delta planning such as the
Bangladesh Delta Plan 2100.
The examples discussed in this chapter demonstrate how climate
and environmental change is both an important driver and limiting
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factor for delta development. However, technological development and
good governance can result in positive delta management. What kind
of development is a choice for governments and associated decisionmakers. Economic growth is often the preferred objective, but this can
result in higher segregation within communities, large scale environmental degradation and other ill-considered consequences. Effective
balancing of trade-offs at basin level is enhanced by the existence of
water resource management and flood management frameworks at this
scale, and along with efficient data sharing arrangements, potentially
lead to more enlightened delta management.
Actions of resident populations are crucial to the sustainability of
future deltas; their relationship with the delta system, their use of
resources and development of infrastructure inevitably influence environmental and livelihood potential changes and adaptation options.
Thus, actions by individuals and households can either support or
negate larger scale policy decisions. Combining the top-down policy
influences with the bottom-up household actions is the way forward in
integrated modelling of delta systems.
In many deltas, major investment in coastal protection provides only a
short term fix to rising sea levels. Ultimately, all deltas will need to face
the uncomfortable truth that any further large-scale infrastructure development will be highly costly, leading to potential lock-in and requiring
continuous and substantial capital and maintenance funds. Thus, when
planning for the long-term beyond the next 50 years, continuous adaptation at both national level (Haasnoot et al. 2013) and at local-scale in livelihood adaptation, investment in human capital, is more likely to secure
long-term delta sustainability. Incorporating natural processes, such as
space for river and tidal river management, holds high promises and should
be prioritised wherever is possible in delta planning and management.
It is clear that managing coupled human and natural systems inevitably involves trade-offs, with winners and losers. There is no win-win
situation for both delta systems and the use of its ecosystem services.
Delta planning, thus, remains an intractable challenge with no easy
solution. Looking to the future, these types of integrated analysis tools
(e.g. ΔDIEM) provide new perspectives, hold great promise and also
serve a fundamental and growing need.
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11.1	Introduction
This book examines the recent development of selected populous
deltas from a variety of perspectives—sediment budgets, vulnerability
hotspots, settlement and migration, the delta economy, household adaptation and delta-level adaptation. Building on these analyses, this chapter
extracts key lessons for delta development and management through the
early twenty-first century and beyond. Some of the emerging trends seem
almost inevitable, such as declining sediment supplies, while others will
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depend strongly on the choices that are made, such as how delta populations are enabled to adapt. Hence, what are the possible trajectories for
delta development and how can the more desirable ones be achieved?
Deltas are home to 1 in 14 of the global population: hence a key issue
is the implications of delta science for the sustainability and persistence
of deltas as geomorphic, ecological, economic and social systems. Many
chapters in this book highlight how deltas are dynamic in all these aspects
today and change seems inevitable. As deltas are fundamentally geomorphic features, their geomorphic persistence is a core prerequisite for delta
sustainability in the long-term (Syvitski et al. 2009; Giosan et al. 2014;
Day et al. 2016). Rapid socio-economic changes are also a feature of
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Anthropocene deltas. What are the implications of these different types
of change and their different timescales? Economic development gives the
opportunity for deltas to prosper and increase the welfare of their whole
population over the coming few decades. Given current low levels of
income of populations in many agriculture-dominated delta regions, such
development is essential. However, in the decade to century time-scale,
how will the bio-geomorphic constraints operate and can populations
adapt to them? The evidence in this book shows that the twenty-first century will continue to transform landscapes as deltas become more engineered, urbanised and more central to economic activity in their wider
regions. Yet the decisions taken in the next decade will set in train pathways that are potentially irreversible. The benefits are increasingly clear of
conserving natural capital and conserving ecosystem services in the present day to keep options open for nature-based adaptation into a sustainable and good Anthropocene for deltas (Bennett et al. 2016).
The chapter is structured around the three specific questions asked
above. First, the Anthropocene transition in deltas is synthesised. This,
second, forms the basis of the review of implications for management
and adaptation. Third, the chapter then considers dimensions of sustainability and the wider lessons of this analysis beyond deltas. As examples, Boxes 11.1, 11.2 and 11.3 synthesise current knowledge for three
archetypal deltas in Asia and Africa (see Chapters 2–4) to provide a
plausible set of futures to 2050 and beyond.

Box 11.1 Ganges-Brahmaputra-Meghna Delta: Realistic
and plausible trends to 2050
Change in economic structure and implications for land use
The GBM Delta will continue to see significant urbanisation with a focus
in and around Kolkata and Dhaka, and a corresponding stabilisation or
probable decline in rural populations. Greater Dhaka may reach a size
bigger than any city existing today. At the same time, the economy will
continue to transform and grow rapidly: by 2050 the GDP per capita in
the Indian part of the GBM Delta could be seven times larger than today
and five times larger in the Bangladeshi part, with major expansion of
sectors such as industry and services, and a continued decoupling from
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agriculture (Chapter 8). Agriculture will decline significantly as a proportion of the economy with intensification of rice (and aquaculture). As a
result, labour will leave agriculture in search of higher wages in other sectors. This will be particularly true of smallholders and landless labourers
who will find it harder to benefit from the growing service economy and
agricultural intensification. This is one key driver of rural to urban migration. Further, agriculture may become more intensive with more mechanisation and larger farm sizes, although no evidence of such trends is yet
apparent.
Implications of policies and plans
The Bangladesh Delta Plan 2100 (BDP2100) will trigger more coordinated
top-down adaptation and development across Bangladesh, while new
infrastructure provision such as the Padma Bridge (scheduled opening
2020) will transform how Bangladesh develops. The Indian portion of the
delta would also benefit from its own delta plan, but there is no obvious
impetus for this today. The renegotiation of the Ganges Water Treaty from
2026 will have a significant impact on both the Bangladeshi and Indian
parts of the delta, though national and state governance frameworks may
struggle to adapt to these changes initially.
Biophysical changes and implications for inhabitants and livelihoods
Deltaic accretion is likely to continue in Bangladesh, particularly around
the Meghna Estuary, although this may slow, while the Indian part of the
GBM Delta will continue to erode (Chapter 5). To 2050, climate change
will be a challenge, even with business-as-usual adaptation (Chapter 8).
Modelling suggests that wild fisheries are more of a concern, and continued regulation is important to maintain catches. In the short-term (next
10 years) growth in aquaculture looks likely. Beyond this, changes are less
certain and over intense aquaculture can lead to abandonment of fish
ponds that are difficult to convert to other uses, blighting areas: mixed
culture is becoming more popular to overcome this issue. The Sundarbans
mangrove forest can persist under expected sea-level rise scenarios to
2100, but has many other threats such as pollution. Beyond 2050, climate
change and sea-level rise become a bigger concern, while the expected
decline of sediment supply from the rivers will hinder the application of
sediment-based and working with nature approaches (Chapters 9 and 10).
The wild card of major cyclone landfall remains and this could have severe
and disruptive impacts.
Role of adaptation
Under plausible improved adaptation measures, agriculture can continue
to prosper and flourish and the delta will remain habitable and productive
(Chapter 10). Innovative adaptation approaches such as build elevation via
controlled sedimentation (Chapter 5) could be widely implemented across
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the delta, but this must also address the social issues that it raises. Recent
improvements in flood/storm surge warnings and cyclone shelters have
greatly improved responses to cyclone, and dikes—if well maintained—are
generally considered adequate. The post-2050 challenges require significant preparation which should be integral to today’s delta planning. The
BDP2100 is arguably transformative and supportive in this regard. It also
creates a platform for other transformative adaptation, such as what to do
about abandoned fishponds as one example.

11.2	The Anthropocene Transition in Deltas
A key message of the preceding chapters is that deltas are highly
dynamic systems in multiple biophysical and socio-economic ways
and they are evolving rapidly. Table 11.1 summarises the key observed
trends and drivers in deltas. These trends are diverse and linked either
directly or indirectly to human activities, consistent with the concept
of the Anthropocene. While humans have been influencing deltas for
thousands of years in some cases (Bianchi 2016; Welch et al. 2017),
these type of changes are now pervasive in low and mid-latitude populated deltas and dominate their evolution. Table 11.2 summarises some
potential indicators of the Anthropocene transition in deltas from the
analysis discussed in previous chapters.
While within any single discipline the individual trends in Table 11.1
and indicators in Table 11.2 might be unsurprising, the trends are usually seen and managed in isolation. However, in deltas these trends are
occurring in the same location and interacting in complex ways. As a
result, deltas today are quite different to deltas 30 years ago, reflecting the growing importance of cities, agricultural intensification and
the changing structure of the economy. The continuation of human
activities means that deltas in 2050 will be different to what is seen
today. This evolving inter-relationship of trends contrasts with the
common narrative about deltas in a changing world, which often
narrowly focuses on just one threat—that of relative sea-level rise—
while ignoring the implications of other factors, both singly and in

Human pressures,
climate change

Sediment starvation and relative sea- Dams, natural
level rise
subsidence, humanenhanced subsidence,
climate-induced sea-level
rise
Changing risks due to changing haz- Growing population
ard, exposure and vulnerability
and economy, adverse
environmental and climate
change
Growing urban populations/staLivelihood threats and
ble or declining and ageing rural
opportunities, economic/
populations
education opportunities,
better infrastructure and
health facilities in cities,
demographic transition,
increasing life expectancy

Drivers

Threatened ecosystems

7

Details depend on fertility,
the demographic transition
is stronger in Asia than Africa

(continued)

6

5

2, 3, 4

Chapter

Growth in risk is almost
inevitable without
significant adaptation

Longstanding problem,
which is still intensifying,
but growing interest in
working with nature may
indicate a new direction
(linked to adaptation)
Leads to erosion, loss of
elevation and growing
flood hazard unless there is
significant adaptation

Comments

Key observed trends in deltas in the late 20th/early 21st century highlighted in this book

Key trends

Table 11.1
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A recognition that adaptation
trade-offs and choices have
major influence on future delta
evolution

Economic growth,
agricultural
intensification
Multiple issues galvanising
action such as: climate
change, growing numbers
of receptors, changing
attitudes and a more
risk-adverse population

Drivers

Larger economies: major growth
in industry and services and
relative decline in agriculture
and fisheries
A growing need for adaptation,
especially large scale, planned
adaptation

(continued)

Key trends

Table 11.1
Chapter

Growth in climate and other risks can 8
threaten this trend, so the economic
development of deltas is strongly
linked to adaptation
9
The Bangladesh Delta Plan 2100
illustrates the scale and intervention
that is needed: transformative adaptation. What are the best strategic
options for such transformation?
Retreat, protect, build elevation or
whatever? The linkages to catch10
ments and neighbouring seas must
also be considered

Comments
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Declining trend in sediment supply, with sometimes catastrophic decline compared
to pre-Anthropocene conditions, mainly reflecting dam construction
Often enhanced subsidence due to ground fluid withdrawal and drainage, sometimes very rapid (>10 cm/yr) most especially within urban areas on deltas
Intensification/higher yields to feed the growing delta and associated populations;
More diverse, higher value agriculture and aquaculture production (e.g., growth in
brackish shrimp aquaculture for export); Move from a subsistence to cash economy
and globalisation; Declining agricultural employment
Urbanisation and stable/falling rural populations. Active migration systems, within
or adjacent to the delta
Growing and diversified economy
Decline in biodiversity and natural systems preserved in reserves and protect refuges
Growing dependence on engineered flood protection (dikes, polders, etc.) as in the
Netherlands, leading to lock-in where the choice is between higher defences or
major retreat/abandonment; Large-scale integrated and adaptive management up
to the whole delta scale (e.g. Bangladesh Delta Plan 2100)

Economy
Natural ecosystems
Delta-level adaptation

Population/migration

Land use and land
management

Subsidence

Anthropocene indicators

Sediment supply

Potential indicators of Anthropocene conditions in deltas

Factor

Table 11.2
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combination. For example, migration from deltas is widely discussed
in the climate narrative as being solely a response to sea-level rise,
while research summarised in Chapter 7 shows that sea-level rise and
environmental degradation more widely is perturbing well-established
migration systems, reflecting more general and systemic social trends.
Hence sea-level rise and its impacts are only one of many drivers and
effects that should be considered when analysing delta evolution and
development policies.
The role of adaptation in general and protection through infrastructure in particular is also key to the Anthropocene in deltas. Many deltas
could not support their large populations without significant hard adaptation in the form of defence infrastructure. For example, in Bangladesh
alone there are more than 6000 km of dikes and embankments around
coastal polders and over 2500 cyclone shelters (multi-storey robust
buildings) which are a key element in the agricultural and disaster management systems.
These cyclone shelters have been demonstrated to be highly effective to reduce mortality for exposed populations during cyclones
(Faruk et al. 2018). They have been transferred to the Mahanadi Delta
(Fig. 11.1) where they have similarly been effective (Box 11.2).
Significant enhancement of this infrastructure, and its implications for
a diverse profile of livelihoods, is ongoing and will continue under the
BDP2100 which covers all of Bangladesh (BDP2100 2018). This is discussed more in Sect. 11.3.

11.3	Management and Adaptation of Deltas
in the Anthropocene
People living in deltas have long adapted to the changing conditions
and situations that characterise the systems, including the seasonal
cycles that shape delta life. However, it would seem that the multiple stresses apparent under Anthropocene conditions mean that historic approaches to adaptation and management will not be enough
in the future. This mandates an intensification and transformation
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Fig. 11.1 Effective local adaptation infrastructure: Cyclone shelter in the
Mahanadi Delta, India (Photo: Amit Ghosh/Shouvik Das)

of adaptation in terms of technical approach, scale and governance
arrangements.
The emergence of delta-scale plans (Seijger et al. 2017) would seem to
be one appropriate response to modifying the approach to adaptation in
deltas. Being in many ways a response to the flooding of New Orleans in
Hurricane Katrina in 2005, these started in the Netherlands with the Delta
Plan in 2008 (Deltacommissie 2008; Kabat et al. 2009; Stive et al. 2011).
This approach to delta planning has been exported to the Mekong Delta,
Vietnam (Mekong Delta Consortium 2013) and Bangladesh (BDP2100
2018), with other deltas considering similar plans. The Mississippi Delta
also has a major delta planning process (CPRAL 2017).
All these deltas plans and planning processes stress the importance
of governance and integration and a long-term commitment to adaptation. For example, the Netherlands has created a Delta Commission
and a Delta Commissioner role with long-term (20 year) financial
commitments and new institutions/governance approaches to manage the delta; a structure which has the potential to be translated to
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other deltas. However, it is important not to see delta governance
approaches in isolation, as they are heavily influenced and directed by
governance frameworks across multiple administrative and hydrological scales. The Dutch system, for example, operates within the confines
of the river basin management planning framework under the Water
Framework, Floods and Environmental Impact Assessment Directives
(among others), but also under international legal arrangements for the
Meuse, Rhine and Scheldt Rivers. Likewise, the implementation of the
Mekong Delta Plan is dependent to some extent on the Mekong River
Convention and on relevant (though not delta-specific) national policy
and legal contexts.
Such delta plans promote a systems view of adaptation which allows
important changes in adaptation and management to be incorporated.
For example, there is growing interest in soft infrastructure and “building with nature” approaches (van Wesenbeeck et al. 2014) and hybrid
approaches that combine soft and hard adaptation (Smajgl et al. 2015);
these can include maintaining or recreating mangrove and forest belts
and controlled sedimentation within polders to raise land levels. Natural
system approaches are most strongly developed in the Mississippi
Delta, USA (Costanza et al. 2006; Day et al. 2007; Paola et al. 2010),
reflecting a desire to counter massive historic losses of wetland since the
1950s. Further innovation in delta adaptation is anticipated over the
next few decades and working with nature to the maximum degree possible, especially for sediment management, is one guiding principle of
these efforts.
An important issue when considering future adaptation is the
notion of “lock-in”. Lock-in occurs when any decisions limit or curtail future options. Building embankments and dikes with polders
in a delta with relative sea-level rise, and growing economic value
behind the defences leads to choice between raising these defences
or a major abandonment/retreat. This dilemma epitomises much of
today’s Netherlands and other wealthy developed countries. Thus,
defences can lock the delta into a pathway that is unsustainable in
the long-term and can only be reversed with great efforts and significant resources. Seijger et al. (2018) conceptualise that the delta
pathway lock-in can occur for technological and institutional reasons
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that co-evolve. Skills, relations and interests of an institution can
limit their willingness to take up a new technology. On the other
hand, if a technology is widely deployed, it is easier and cheaper to
maintain and improve than replace with a completely new approach
affecting assets and way of living. This is what Seijger et al. (2018)
call the dual lock-in of deltas. However, environmental concerns of
societies, especially in wealthy countries, can also have a bearing on
delta development and planning (van Staveren and van Tatenhove
2016; Welch et al. 2017). In such cases, the competing interests
between hazard exposure, economic development, social welfare and
environmental protection make delta planning more complex, and
a clear understanding of trends, threats and trade-offs is essential
(Suckall et al. 2018; Chapter 9).
As an alternative adaptation pathway, controlled sedimentation and
building elevation may create a pathway where the land surface can
keep relative pace with sea level—the sediment that allows this strategy has been characterised as “brown gold” (Darby et al., 2018). This
is a more sustainable adaptation strategy in deltas if sufficient sediment
is available. However, to be sustainable, land raising will need to be an
ongoing process and the effects on society during the time that the land
is in the process of being raised needs to be considered; this requires
a strategic approach. More broadly, questions of equity and how the
poorest and politically-underrepresented are treated in such processes,
especially the possibility of being displaced from their land, must be
addressed.
As noted in Boxes 11.1–11.3, the commitment and interest in delta
planning in the Mahanadi, Volta and Indian portion of the GBM Delta
is currently lower than in Bangladesh. Would they benefit from their
own delta plan? Or should they be managed together with the neighbouring non-deltaic coasts? In the Mahanadi context, there may be
good reasons for the development of a delta plan by the state of Odisha,
if only in order to inform the current controversy over water use in
the upstream state of Chhattisgarh and where, although legal frameworks on coastal zone management are actively enforced, broader water
resource management legislation across the basin is much less effective.
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In other cases, this question needs to be explored further. As part of
these discussions, two additional questions also need to be considered:
how should this management be conducted, and what is a sustainable
delta?

Box 11.2 Mahanadi Delta: Realistic and plausible trends to 2050
Change in economic structure and implications for land use
The Mahanadi Delta will see many trends similar to the GBM delta. There
will be significant urbanisation with a particular focus in and around
Bhubaneswar, and a continued decline in rural populations (Chapter 7).
However, the scale of these cities is small compared to Dhaka and Kolkata
in the GBM Delta. Again, the economy will continue to transform and
grow rapidly: by 2050 the GDP per capita could be 5.4 times larger than
today, with major expansion of sectors such as industry and services, and
a decline in the relative size and employment in agriculture (Chapter 8).
Implications of policies and plans
Separate delta level efforts need to be initiated to counter the decline of
forest and biodiversity and combat increasing pollution load in the ecosystem. In governance terms, increasing conflict between the Indian states
of Chhattisgarh and Odisha may prompt the determination of state water
allocations, but the delta is unlikely to feature strongly in this process
and may suffer from increasing water scarcity in future. This creates little
impetus for the development of strategic delta planning (Chapter 9).
Biophysical changes and implications for inhabitants and livelihoods
Erosion is already widespread in the delta and this is likely to continue
and may trigger hard or soft (working with nature) engineering responses
(Chapter 5). The wild card of a major cyclone landfall remains a concern
and this could have severe impacts as in the 1999 Super Cyclone. Beyond
2050, climate change and sea-level rise become a bigger concern, and sediment supply from the rivers is expected to decline, hindering working
with nature approaches (Chapter 5). These upcoming challenges require
preparation now and should be integral to delta planning today, but the
institutional framework and willingness to facilitate this do not exist.
Role of adaptation
Adaptation by individual households is likely to continue as is, without a larger development plan for the delta. This is likely to continue to
be driven by the need to reduce vulnerability, e.g. migration, loans and
improving individual homes. Hence, the emergence of women headed

260    
R. J. Nicholls et al.

household as a separate vulnerable group within the delta is likely to
persist. While this may improve the opportunities for those able to
afford adaptation, those unable to find the resources to adapt are likely
to remain in poverty and fall further behind. However, recent improvements in disaster risk management, including flood warnings, evacuations
and the provision of cyclone shelters have greatly improved responses—
Cyclone Phailin in 2013, while causing widespread damage, had hardly
any casualties. Such planned delta level adaptation would be increasingly
useful beyond 2050.

11.4	Deltas and Sustainability
The idea of sustainability is key to the concept of the Anthropocene.
The analysis in this book shows that sustainability has multiple
dimensions and timescales. Day et al. (2016) consider delta sustainability within the context of global biophysical and socio-economic constraints, recognising geomorphic, ecological and economic aspects of
delta sustainability. However, a narrow focus on the physical processes
that underpin delta functioning tends to underemphasise the influence
of maintaining a sustainable delta society, which includes livelihood sustainability, demography and well-being. The following therefore highlight trade-offs inherent in the concept of adaptation when considered
in relation to the different aspects of delta sustainability, focussing on
the examples raised in the detailed delta studies.

Geomorphic Sustainability
Geomorphic sustainability links sediment budgets and resulting land
elevation (see Chapter 5). Sediment flux to the deltas from the catchment is often significantly reduced by upstream dams, but even within
deltas, sediment movement is widely restricted by engineering interventions such as dikes for urbanisation and flood defence. Subsidence
in deltas is a naturally occurring process due to sediment compaction
(Meckel et al. 2007; Syvitski 2008) that can be greatly accelerated by
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groundwater abstraction (e.g. for irrigation or for drinking water).
The mean subsidence of 46 major deltas is 3.6 mm/yr, but can reach
at least 22 mm/yr in extreme cases such as the Indus Delta in Pakistan
(Tessler et al. 2018), and even more in urban areas on deltas (Nicholls
2018). This, combined with one metre or more sea-level rise, will
result in significant land areas in deltas being below sea level by the
end of this century (Syvitski et al. 2009; Brown et al. 2018); land
which will either be submerged or dependent on major defences and
drainage systems (as in the Netherlands) (Fig. 11.2).
The benefits of regular flooding and sedimentation for deltas is highlighted by Auerbach et al. (2015). They estimated that poldered areas in
coastal Bangladesh have lost 1.0–1.5 m land elevation since the 1960s
compared to the neighbouring Sundarbans mangrove forest whose land
elevation has remained stable relative to sea level. However, if such subsided lands are reconnected with tidal inundation as a result of a natural disaster, or through controlled flooding, rapid sedimentation of
around tens of centimetres of elevation increase in months can occur
(Auerbach et al. 2015). There are examples of small-scale controlled
inundation practices to locally raise land levels, such as the Tidal River

Fig. 11.2 Erosion and flooding are both indicative of sediment supply and sealevel rise issues (Photo: Mousuni Island, GBM Delta—Shouvik Das)
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Management (TRM) in Bangladesh (Chapter 2; Box 11.1), aiming to
ensure long-term geomorphic and ecological sustainability. Even though
such interventions provide long-term benefits of reduced flooding and
waterlogging, TRM remains controversial as it results in the temporary
loss of productive land and hence livelihoods. Without addressing the
short-term institutional limitations and providing compensation, many
communities are therefore reluctant to implement it (Gain et al. 2017).
Future plans for TRM are consequently limited, and it is not included
within more than 100 proposals contained within the BDP2100. A
more ambitious plan in Bangladesh could aim to raise larger areas of
land and try to keep pace with relative sea-level rise, but a change in
mindset will be required.
Eliminating the sediment retention of upstream dams is similarly
problematic as many of these dams are located in a different country,
and they serve multiple economic purposes such as providing irrigation
water, producing electricity and ensuring navigation. Even if sediment
can bypass the dam, the regulation of flow greatly reduces downstream
sediment transport to the delta. Thus, competing economic interests
often cause sediment starvation of the coastal areas even without the
negative effect of embankments and water abstraction. The widespread
erosion of the Volta Delta due to sediment starvation from upstream
dams is well known (Chapter 4).
As noted earlier, long-term adaptation and planning in deltas are
becoming more widespread around the world, aiming to balance the
geomorphic and societal needs of the delta (MDP 2013; BDP2100
2018; DP 2018). However, there are ultimately three policy choices
in the face of the long-term (i.e. 2100 and beyond) sea-level rise and
subsidence: (i) abandon the coastal zone; (ii) protect the population
of the coastal zone with ever-higher defences, including pumping; or
(iii) build land elevation by controlled sedimentation (Nicholls et al.
2018a). Assuming climate stabilisation and sufficient sediment supply
can be maintained from upstream catchments, innovative solutions
for sediment management are proposed, but their long-term feasibility
and social acceptability need further trials (Day et al. 2014; Gain et al.
2017; also Chapter 5).
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Ecological Sustainability
The ecology of populated deltas is highly modified and agriculture and
aquaculture have largely replaced natural systems, except for protected areas
like the Sundarbans. Day et al. (2016) argued that river inputs regulate soil
processes thus enabling better accretion rates, soil formation and resistance
to erosion and sea-level rise. But ecological sustainability should be viewed
more broadly. Saline intrusion in rivers and groundwater results in soil
salinisation (Fan et al. 2012) and the degradation of aquatic and terrestrial
biodiversity (Goss 2003). Salinisation also requires radically altered agriculture practices (Rahman et al. 2011; Renaud et al. 2015). However, soil
salinisation and biodiversity degradation is also driven by economic transformations of land use that can be highly detrimental to the agricultural
yields and may encourage maladaptive processes (Fig. 11.3). An example of
such a maladaptation, from a sustainability point of view, is the large-scale

Fig. 11.3 Extensive shrimp farming replaces traditional agricultural practices
and local ecosystems in the GBM Delta (Photo: Attila Lázár)
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high intensity brackish shrimp cultivation in Bangladesh, which increases
soil salinity, acidity, degrades soil quality and can also result in soil toxicity
and mangrove destruction (Ali 2006; Azad et al. 2009). While unplanned
and uncoordinated shrimp cultivation creates short term export value, it
also creates social conflicts, as it negatively impacts traditional agriculture
and has significant negative ecological consequences (Flaherty et al. 1999;
Hossain et al. 2013; Paul and Røskaft 2013). For example, the collection of
shrimp larvae is an important informal livelihood, and one that is accessible
for women (Ahmed et al. 2010), but the systematic removal of larvae from
coastal waters has significant negative impacts on ecosystem services and
aquatic ecology (Hoq 2007; Azad et al. 2009). Also, even though shrimp
cultivation is lucrative for the private interests involved, the realised benefits
of the shrimp production to delta residents is small due to the outflow of
profit to the investors (Swapan and Gavin 2011). Virtually all shrimp produced in the GBM Delta in Bangladesh is exported (Quassem et al. 2003),
and hence does not support local food security and availability.
In natural areas such as the Sundarbans—the world’s largest mangrove forest (Chapter 2)—major land losses are widely expected due
to sea-level rise. However, there is good evidence that these systems
are more resilience and can persist, even under high rates of sea-level
rise and subsidence, although this is dependent on the availability of
sediment and does not mean that the current species composition is
conserved. In the Sundarbans, there is a change to more salt-tolerant
mangroves (Payo et al. 2016; Mukhopadhyay et al. 2018). Other
non-climate risks are noteworthy such as oil spills and pollution—the
Sundarbans contain major shipping routes.
Thus, ecological sustainability partially depends on geomorphological
processes, but can also be heavily impacted by human activities in the
short-term. In the long-run, ecological sustainability must be linked to
geomorphic sustainability.

Economic Sustainability
From the economic perspective, the future sustainability of deltas will depend on their capacity to provide the goods and services
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required to ensure the well-being of their population and contribute
to the achievement of the Sustainable Development Goals (SDGs)
(Nicholls et al. 2018b). But there are significant potential trade-offs
involved when some elements of the sustainability are prioritised.
For example, shrimp farming is very lucrative and contributes to
economic growth (SDG8), being the fifth largest export commodity
of Bangladesh at about US$500 million in 2016–2017 (BBS 2017)
while simultaneously damaging water quality and affecting biodiversity conservation (SGDG15). Similarly, coastal protection protects
economic activities from extreme events, but this threatens geomorphic sustainability.
Economic sustainability can, in theory, be steered through policies,
research and development and investment. However, stark dilemmas
exist between seeking the benefits of industrialisation and protection of the environment, biodiversity and the traditional way of living. The sustainability dilemmas highlight issues of reversibility, the
potential for technology, and the inertia in policy focussed on economic growth. A planned Indian-Bangladeshi cross-border coal power
plant, for example, endangers the Sundarbans mangrove forest and
the wider region through water and air pollution (Ghosh 2018). Yet
India is rapidly moving away from coal power as a redundant resource,
seeking to implement solar and other renewable energy technologies
that are less polluting for climate and local environments (Mehra and
Bhattacharya 2019).
The drive for economic growth is acute in delta regions, because of
their role as growth poles of population and economic activity in virtually all deltas (Chapter 8). In effect, natural capital in deltas is being
converted to physical and financial capital. Principles of sustainability
suggest that such a strategy can be sustained as long as natural capital
thresholds are not exceeded. Without knowledge of where many thresholds and tipping points for natural systems are in deltas, there is a significant priority to conserve natural systems and processes to keep future
development options open and to ensure the avoidance of overall loss of
sustainability potential.

266    
R. J. Nicholls et al.

Social Sustainability
Economic sustainability does not necessarily mean that the delta can
equitably provide livelihoods and well-being. An increasing GDP or an
increase in average living standards does not mean that poverty is reduced
for everyone (Ravallion 2001). The poor typically benefit from economic
growth, but they are also disproportionally hurt from economic contraction or hazard events. Indeed, increased economic growth can drive
inequality, where poorer sectors of society are left out of growth or are
driven from areas of development as land values rise (Amoako-Johnson
et al. 2016). Unequal benefits of farming technologies are also highlighted
by Chapman and Darby (2016) in the Mekong Delta, Vietnam. They
showed that the current triple-cropping strategy with protection from
dikes only benefits the wealthier farmers with a limited 10-year maximum
benefit window as soil nutrients are depleted. However, taking a more sustainable view and leave the sluice gates open, agriculture could become
more equitable although the net economic benefits would become smaller.
If rural delta regions do not prioritise liveability and livelihood security, such regions will inevitably lose populations to cities.
Environmental dimensions of migration in deltas include land grabbing
for agricultural intensification, land degradation and marginalised livelihoods. These exacerbate existing migration trends relating to family
obligations, seeking better education and infrastructure (Chapter 7). In
addition, exposure to climate shocks often displaces populations temporarily but changes the long term attractiveness of permanent moves,
almost invariably to urban settlements (Fig. 11.4). Rural coastal communities are exposed to environmental stress and hazards, and often lack
education and health infrastructure that can be a serious motivation for
migration. Societal sustainability therefore incorporates the spatial distribution of populations, the links between cities and rural hinterlands and
liveable environments where inequality and poverty and minimised.

Deltas and the Sustainable Development Goals
The 17 SDGs express aspirations for human development that require
the realisation of a universal, but diverse set of ethical principles, such
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Fig. 11.4 Displacement of populations by floods can lead to permanent migration (Photo: A. K. M. Saiful Islam)

as inclusion, justice, equality, dignity, well-being, global solidarity,
sharing, sustainability and public participation (United Nations 2015;
Szabo et al. 2016; Hutton et al. 2018). As with all coupled humanenvironment systems, the issues that impact deltas in the Anthropocene
are both diverse and complex (Young et al. 2006). It is for this reason
that the SDGs are extensive and comprehensive in their approach to
capturing the biophysical and socio-economic context for development,
as well as the inherent trade-offs associated with this development
(Hutton et al. 2018). Economic growth, poverty, environmental degradation, and inequality as well as food production are recurrent issues.
As such, of particular interest within delta systems is the relationship
between the SDG goals in Table 11.3, although all the SDGs are linked.
These goals can, and do, directly compete with each other through
the sustainability of food production processes and the demands of
urbanisation (Machingura and Lally 2017). Decision makers are
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Table 11.3 Selected SDG goals of particular relevance in the future management of deltas
SDG

Aim

1
2
8

(No poverty) Eradicating poverty in all its forms by 2030
(No hunger) End all forms of hunger and malnutrition by 2030
(Decent work and economic growth) Promote sustained economic
growth and higher levels of productivity
(Reduced inequalities) Reduce inequality within and among countries
(Life below water) To sustainably manage and protect marine and
coastal ecosystems
(Life on land) To conserve and restore the use of terrestrial ecosystems

10
14
15

therefore faced with choices regarding the intensification of agriculture
that, while enhancing food production, may also reduce the demand for
labour, increase inequalities, undermine subsistence and small holding
livelihoods as well as causing damage to the terrestrial and aquatic ecosystems. Similarly, the development of infrastructure, so important for
reducing rural poverty, can also lead to highly destructive environmental practices. Such insight is extremely relevant for policy development,
as it calls for processes of trade-off decisions, compromise and planning
of strategic development pathways. The recognition of this raises critical
ethical questions about potential pathways and compromises to achieve
a balance between the SDGs, and demands transparent scrutiny of priorities and motivations for sustainable development, as well as the identification of winners and losers (Hutton et al., 2018).

Box 11.3 Volta Delta: Realistic and plausible trends to 2050
Biophysical changes and implications for inhabitants and livelihoods
The Volta Delta differs from the GBM and Mahanadi Deltas in that the
main marine hazard is erosion and flooding at the immediate coast—
tides and surges are small and penetrate relatively small distances inland
compared to the other deltas. Other delta processes have been removed
for 50 years or more by upstream dams so river floods and a new sediment supply are almost totally absent (Chapter 5). These trends are
likely to continue and accelerate, as are the engineered protection
responses of breakwaters, groynes and nourishment in developed areas.
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This protection is certainly buying time in the more critical locations
on the open coast like Keta, but could exacerbate erosion to the east,
causing potential conflict with Togo. Beyond 2050, climate change and
sea-level rise become a bigger concern for the delta with a growing flood
plain and the potential for more widespread impacts.
Change in economic structure and implications for land use
There will be significant rural to urban outmigration to Accra, Tema,
Lomé (Togo) and other urban areas mainly due to livelihood decisions
(Chapter 7). Looking to 2050 and beyond, the urban footprint of Greater
Accra and Greater Lomé may significantly expand on to the Volta Delta.
As the total fertility rate is higher in West Africa than in Asia, the rural
population may be stable or even rise rather than decline as in the Asian
deltas. This in turn is likely to drive land cover change towards agriculture
and more intense agriculture, although urbanisation may become a feature in a few decades as the neighbouring cities grow. Similarly aquaculture on the Keta Lagoon is expected to intensify greatly. Inland, climate
variability and change may be manifest by drought and its impact on agriculture, with the impacts beyond the delta (Chapter 6). As with the other
deltas, the delta economy will continue to transform and grow rapidly:
by 2050 the GDP per capita in the delta could be 4.5 times larger than
today, with major expansion of sectors such as industry and services, and
a decline in the relative size and employment in agriculture (Chapter 8).
Implications of policies and plans
In governance terms, the specific needs of the delta are not well recognised as a distinct feature, but the erosion of the coast is widely recognised
as a problem, as demonstrated by the government-funded adaptation projects. As with the Mahanadi, this creates little impetus for the development
of strategic delta planning. Upcoming challenges require preparation now
and should be integral to delta planning today, but the institutions for this
to happen do not seem to exist. In the absence of delta planning, climate
change is likely to increase migration away from the delta.
Role of adaptation
While more adaptation is to be expected due to ongoing erosion, climate
and other changes, this is likely to be more of the same (Chapter 9). A
key innovation would be the development of more integrated beach and
erosion management and recognising the value of beach sand. With the
absence of cyclones and local storms, erosion will continue to displace
people where there is no protection, but this will be small compared to
other drivers of migration. However, the images of these impacts are
evocative and will continue to draw significant attention.
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11.5	Insights on the Anthropocene Transition
and Its Management
Beyond deltas, these analyses provide an important and useful perspective on the Anthropocene in general that are applicable for
other coupled human-environment systems. In deltas, geomorphic,
ecological, economic and social processes coexist in the same space
and interact in multiple ways. They show that multiple drivers are
in operation today and these are linked, directly or indirectly, to
human agency. Importantly, this includes adaptation that, while a
response to these drivers, also potentially has an important feedback
on the future evolution of deltas (Welch et al. 2017; Seijger et al.
2018). This brings out the complexity of these systems and their
evolution is difficult to predict with confidence—different possible
trajectories are apparent and policy can steer change towards desirable outcomes. Similar processes are operating in other coupled
human-environment systems, such as river catchments (upstream of
the deltas considered here), drylands or coastal lowlands. In all cases,
this suggests that a systems analysis is useful and instructive to analyse the current status of these areas, and to consider possible future
trajectories and inform policy.
It is also important to recognise the complementary role of bottom-up and top-down approaches in such analyses (Conway et al.
2019). Climate science often takes a “global” view, but this can
miss important social and economic changes that manifest at more
local levels. Integrating these approaches leads to a more complete
analysis and recognition of both the broad-scale and more local
drivers of change and sets the global driver of climate change (and
other broad-scale drivers) into an appropriate context. This means
engaging with stakeholders in a participatory manner is a key component of success in managing and developing coupled humanenvironment systems in the Anthropocene (e.g. Nicholls et al.
2018b).
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11.6	Key Lessons
This book identifies a number of important dimensions of sustainability for deltas in the Anthropocene. Firstly, it demonstrates that deltas
are hotspots in the Anthropocene transition and exemplify many of the
diverse social and environmental changes that are occurring across the
planet. The range of biophysical and socio-economic processes interacting in deltas, including migration flows and adaptation choices,
are shaping their future development and sustainability or persistence.
Deltas are, therefore, about more than sediment supply and geomorphic change, but sediment availability and sedimentation emerge as
key factors influencing long-term delta survivability. Over the next 30
years, all the deltas considered here have potential to develop in ways
that will deliver great benefits for their populations (Boxes 11.1–11.3).
Economic development can create significant adaptive capacity to
address the challenges that lie beyond this time frame, especially if the
framework for such responses is planned now rather than delayed.
Strategic adaptation and consideration of delta development trajectories can help to avoid lock-in and other irreversible decisions—
strategic raising of agricultural and natural areas with controlled
sedimentation should be encouraged and become the norm where possible. However, it is unclear if sufficient sediment will be available in
all cases, and this does not address urban areas where more traditional
flood defence is likely to remain the key form of risk management.
The prospect of occasional large floods in delta cities is a significant
concern (cf. Hallegatte et al. 2013). This raises the question about the
trade-off between elevation and wealth. For example, Day et al. (2016)
and many other sources see elevation in deltas as fundamental. Yet the
Netherlands presently copes with such conditions of lost elevation,
reflecting its high wealth, access to technology and good governance.
Hence, while the long term health of deltas is dependent on sediment
supply, wealthy societies in deltas can, in effect, buy time and adapt
with technology, and economic growth greatly increases the capacity of
these options.
Long-term adaptation and planning is becoming more common in
deltas around the world aiming to balance the biophysical and societal

272    
R. J. Nicholls et al.

needs. However, as we look to the long-term (i.e. 2100 and beyond),
there are ultimately three policy choices for deltas in the face of sea-level
rise and subsidence: (i) abandon the coastal zone; (ii) protect the population of the coastal zone with ever-higher defences, including pumping, and consideration of residual risk; or (iii) raise land elevation by
controlled sedimentation. As noted, this dilemma can be dodged in the
short-term, but as time goes on this stark choice will become clearer and
clearer. In populated deltas, building elevation is an attractive option if
sufficient sediment is available and it can be delivered to the delta surface in a manner that is socially acceptable. The absence of such proposals in the current BDP2100 is noteworthy and much work remains
to be done in promoting this approach. However, the BDP2100 will
be regularly updated allowing such innovation. In contrast, in the Volta
Delta controlled sedimentation does not seem to be an option as there
is no sediment supply and other approaches are required.
Many earlier analyses paint a negative picture of the future of deltas
and suggest that, without radical transformation, disaster lies ahead (e.g.
Syvitski et al. 2009; Day et al. 2016). This book recognises those major
challenges, but it also highlights opportunities and possible trajectories
where these deltas will prosper, in some senses the potential for a good
Anthropocene (Bennett et al. 2016). These futures depend on significant
adaptation, be it working with nature to build elevation via controlled
sedimentation, or more traditional hard adaptation approaches such as
building and improving dikes and embankments and moving towards
a situation resembling the Netherlands. Bennett et al. (2016) define
“seeds” of a good Anthropocene, and in deltas this would seem to include
working with natural approaches to maximise geomorphic sustainability. Importantly, delta scale simulations, including human agency, are
becoming feasible (Angamuthu et al. 2018), facilitating this approach.
Equally, there are trajectories where collapse may occur especially under
scenarios of degraded livelihoods and extreme events. To a great extent,
the future effectiveness of delta-specific approaches will be tempered by
the overall quality of governance in basins as a whole. It is important to
recognise that not all deltas will behave or respond in the same ways, and
success stories in some deltas may be offset by failure in others.
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