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Deltas provide diverse ecosystem services and benefits for their populations. At the same time, deltas are
also recognised as one of the most vulnerable coastal environments, with a range of drivers operating at
multiple scales, from global climate change and sea-level rise to deltaic-scale subsidence and land cover
change. These drivers threaten these ecosystem services, which often provide livelihoods for the poorest
communities in these regions. The imperative to maintain ecosystem services presents a development
challenge: how to develop deltaic areas in ways that are sustainable and benefit all residents including
the most vulnerable. Here we present an integrated framework to analyse changing ecosystem services
in deltas and the implications for human well-being, focussing in particular on the provisioning
ecosystem services of agriculture, inland and offshore capture fisheries, aquaculture and mangroves that
directly support livelihoods. The framework is applied to the world's most populated delta, the Ganges-
Brahmaputra-Meghna Delta within Bangladesh. The framework adopts a systemic perspective to
represent the principal biophysical and socio-ecological components and their interaction. A range of
methods are integrated within a quantitative framework, including biophysical and socio-economic
modelling and analyses of governance through scenario development. The approach is iterative, with
learning both within the project team and with national policy-making stakeholders. The analysis is used
to explore physical and social outcomes for the delta under different scenarios and policy choices. We
consider how the approach is transferable to other deltas and potentially other coastal areas.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Globally, deltas are a major focus for human settlement with a
resident population of 500 million people (Ericson et al., 2006). A
number of large deltas such as the Nile, Ganges-Brahmaputra-
Meghna and Mekong have high population densities, reflecting
the benefits of a delta location, including the significant provi-
sioning ecosystem services of agriculture and fisheries. Many delta
regions have emerged as economic growth poles and sites of urban
agglomeration, such as Cairo, Dhaka and Shanghai (e.g. Seto et al.,
lls).

.J., et al., Integrated assessmen
tuarine, Coastal and Shelf Sci
2011; Szabo et al., 2016; Sebesvari et al., 2016). They are also a
major focus for development and land use change such as
improving agriculture via polders or promoting aquaculture. Delta
ecosystems often have important conservation and biodiversity
status due to their extensive wetlands (www.ramsar.org) and
hence comprise complex socio-environmental systems.

It has long been recognised that deltas are especially vulnerable
to sea-level rise (SLR), reflecting their low altitude (Broadus et al.,
1986; Milliman et al., 1989). However, global SLR is not the only
issue of concern. In deltas a range of other drivers are acting on
multiple sub-global scales. For example, regional catchment man-
agement generally reduces water and sediment input and water
extraction, sediment starvation and subsidence operate at the scale
t of social and environmental sustainability dynamics in the Ganges-
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of the delta plain (e.g., Woodroffe et al., 2006; Day et al., 2007;
Syvitski et al., 2009; Tessler et al., 2015). Hence delta regions
globally are experiencing increases in flooding, inundation, salini-
zation and erosion, enhancing hazards and impacting rural liveli-
hoods and food security. Analysis of change therefore requires an
integrated or systems analysis of the relevant drivers and their ef-
fects, including interactions.

The Ecosystem Services for Poverty Alleviation (ESPA) Deltas
Project (“Assessing Health, Livelihoods, Ecosystem Services and
Poverty Alleviation In Populous Deltas, 2012e2016”) has addressed
these issues in the Ganges-Brahmaputra-Meghna delta, Bangladesh
(Fig. 1). The overall aim is to provide policy makers with the
knowledge and tools to enable them to evaluate the effects of policy
decisions on ecosystem services and livelihoods by linking science
to policy at the landscape scale. In this paper we document the
overall integrated method, illustrate its application, and reflect on
its efficacy. A large 100-strong multidisciplinary team worked
together towards this common goal with integration emphasised
from the earliest stages of the project.

The project framework includes governance and stakeholder
analysis, scenario development, socio-economic analysis, house-
hold surveys and biophysical modelling. Integration of these com-
ponents required developing an integrated assessment model e
the Delta Dynamic Integrated Emulator Model (DDIEM) e suitable
for assessing potential future socio-ecological trajectories on the
delta, including the role of different development and adaptation
choices. DDIEM's development involved extensive discussion and
debate within the research team in terms of formulating ideas on
Fig. 1. (a) The Ganges-Brahmaputra-Meghna river basin (shaded green), the Holocene del
(shaded purple). (b) The detailed study area (shaded), including the Sundarbans (shaded bro
indicated. Bangladesh is shown with a red boundary. (For interpretation of the references t
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integration. An essential feature of the approach is to ensure the
production of timely, useful and coherent results for decision
makers. Hence, in addition to a high level of coordination amongst
the diverse project partners, the project has an ongoing engage-
ment with national level stakeholders selected to engage with
strategic planning. The intra-project interaction ensures that all
components follow the same conceptual model and narratives
about the future, whereas the external interaction with stake-
holders ensures understanding, usefulness and trust of the national
decision makers towards the results. As explained in Section 3.7, a
learning process iterates between model development/application
and structured stakeholder engagement.

The paper is structured as follows. Section 2 discusses the
overall GBM delta, the study area and the challenges to the region
over the coming decades. Section 3 explains the integrated
assessment, developing a framework of diverse components suit-
able to analyse the future of provisioning ecosystem services and
rural livelihoods and policy choices. Section 4 discusses the impli-
cations and Section 5 concludes. The details of the components and
analysis are explained elsewhere such as Nicholls et al. (2015),
Adams et al. (2016) and Amoako Johnson et al. (2016), as well as
in forthcoming papers.

2. The GBM delta, coastal Bangladesh and drivers of change

The Ganges-Brahmaputra-Meghna (GBM) Delta is one of the
world's most dynamic and significant deltas. Geologically, it covers
most of Bangladesh and parts of West Bengal in India, with a total
ta (shown with criss-cross lines, after Woodroffe et al., 2006) and the Bay of Bengal
wn). Selected urban areas are shown as green squares. Khulna and Barisal Divisions are
o colour in this figure legend, the reader is referred to the web version of this article.)

t of social and environmental sustainability dynamics in the Ganges-
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population exceeding 100 million people (Woodroffe et al., 2006;
Ericson et al., 2006). The Ganges and Brahmaputra rivers rise in the
Himalayas (collectively with catchments in five countries: China,
Nepal, India, Bhutan, Bangladesh) and ultimately deposit their
sediments in the GBM delta and the Bay of Bengal (Wilson and
Goodbred, 2015) (Fig. 1). The Meghna is another major river
feeding the delta, which has a smaller catchment in Bangladesh and
India. The delta is changing rapidly with a growing urban popula-
tion, including major cities such as Kolkata, Dhaka, Chittagong and
Khulna. At the same time, the delta provides important ecosystem
services, especially provisioning services that enhance the well-
being of the large population that are dependent on intensive rice
paddy and fisheries.

The national population of Bangladesh increased fourfold be-
tween 1950 and 2013, from 38 to 157 million and is projected to
exceed 200 million by 2050 with continued urbanisation (UN,
2013; Streatfield and Karar, 2008). Despite rapid GDP growth
from US$840 (1996e2000) to US$1090 per capita (2011e2015)
(http://data.worldbank.org/indicator/NY.GDP.PCAP.CD),
Bangladesh continues to be a low income country in UN classifi-
cations (Hunt, 2015).

The study area is the seaward part of the delta within
Bangladesh, south of Khulna and west of the Meghna to the Indian
border (Fig. 1). It includes the southernmost Districts of Khulna
Division and all Barisal Division. This area comprises one of the
world's largest lowlands with an elevation up to 3 m e 1 m above
normal high tides e and it is subject to tidal exchange along the
numerous channels. Hence it is the area within Bangladesh most
threatened by SLR (e.g., Milliman et al., 1989; Huq et al., 1995;
World Bank, 2010). The study area population is exposed to a
number of hazards, including tidal flooding, riverine flooding,
arsenic in local groundwater supplies, salinity inwater supplies and
in irrigation water, and water logging. However, cyclones and
Fig. 2. Schematic illustration of the key biophysical factors affecting the study area
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associated storm surge are most damaging. The region remains
predominantly rural with extensive agriculture, aquaculture and
capture fisheries. There are numerous islands near the Meghna
River with isolated resident communities. It also includes the
Bangladeshi portion of the Sunderbans, the largest mangrove forest
in the world.

The study area population was about 14 million in 2011,
approximately 10 percent of the national population (BBS, 2012).
Demographic projections suggest a likely ageing population of
11.5e14.0 million by 2050 with out-migration of working age
adults and increasing life expectancy (Szabo et al., 2015a, 2015b).
Out-migration is principally to urban centres and reflects multiple
factors, including salinity impacts on agriculture production and
risks from natural hazards. Across the seven divisions in
Bangladesh, poverty is second highest in Barisal and third highest
in Khulna (BBS, 2011; Adams et al., 2013a), showing that the inci-
dence of poverty in the study zone is higher than the national
average. Savings or access to finance are limited for most of Ban-
gladesh's population (Mujeri, 2015), making households vulnerable
to economic shocks.

The analysis considers three distinct scales: (1) global; (2)
regional, including the river basin and Bay of Bengal; and (3) the
delta, including the study area (Figs. 1 and 2).

When considering the biophysical processes operating in the
study area (Fig. 2), they all affect the available land area within the
delta plain and its potential uses (Woodroffe et al., 2006). There is a
broad regional subsidence of two to 3 mm a year, and more local-
ised hotspots with higher subsidence (Brown and Nicholls, 2015;
Higgins et al., 2014). There is both local loss and gain of land,
with a net national gain of land over the last few decades, reflecting
the large sediment supply (Bammer, 2014; Wilson and Goodbred,
2015). River floods mainly occur during the wet season monsoon,
when a large volume of water is received from the upstream
and their relationship to governance and community/socio-economic factors.

t of social and environmental sustainability dynamics in the Ganges-
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catchments. This results in 20e60 percent inundation of
Bangladesh annually (Salehin et al., 2007). Cyclones and storm
surges regularly make landfall in Bangladesh (mean > one per year
for 20th Century). Cyclones and storm surges lead to extreme sea
levels, high winds, and potentially coastal (i.e. saline) flooding,
which damage crops and properties, and have significant conse-
quences on health, mortality and livelihood security (Alam and
Dominey-Howes, 2015; Lewis et al., 2013; Mutahara et al., 2016).
However, improved Disaster Risk Reduction by the growth of flood
warnings and cyclone shelters has greatly reduced the death toll
during extreme floods and cyclones (Shaw et al., 2013).

Coastal Bangladesh has a system of polders built starting in the
1960s where the land is surrounded by embankments with drains
to manage water levels and enhance agriculture. In the long-term,
polderisation both prevents sedimentation and promotes subsi-
dence due to drainage (Auerbach et al., 2015). This degrades soil
quality unless expensive fertilisers are purchased, and makes
drainage more difficult and increases potential flood depths when
dikes fail. The balance between sea water and freshwater is a crit-
ical issue in the study area (Clarke et al., 2015; L�az�ar et al., 2015).
This balance varies seasonally and salt water encroaches further
inland during the low river flow period between the annual
monsoon rains, and cyclones can also cause saltwater flooding by
generating extreme sea levels (Kabir et al., 2015). If the land be-
comes too saline, traditional agriculture is degraded. If this persists
there are limited options: moving to salt-tolerant crops (which are
being continuously developed) or converting to brackish shrimp
aquaculture which is usually for export and are associated with
negative socio-economic outcomes (Ali, 2006; Islam et al., 2015;
Amoako Johnson et al., 2016). Upstream dams and water diver-
sion to irrigation and other uses may enhance salinization. The
Sunderbans are an important buffer against cyclones, but are
threatened by SLR and other stresses (e.g. pollution) (Anirban et al.,
2015; Payo et al., 2016). They provide a range of ecosystem goods
which are available to the poorest, as well as tourism based around
the Bengal tiger, an endangered species.
3. The ESPA deltas approach

Analysing the future of ecosystem services and human liveli-
hoods in coastal Bangladesh includes integrating the social, phys-
ical and ecological dynamics of deltas in the identification and
measurement of the mechanisms bywhich the system components
interact to produce human well-being. The approach seeks to
determine which physical and biological processes affect life,
Fig. 3. Components of analysis of ecosystem service processes, societal
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livelihoods, health and mobility. It then analyses these relation-
ships and builds a predictive model to analyse potential future
scenarios in collaboration with those stakeholders responsible for
action.

The analysis builds on key insights from the science of
ecosystem services. First, economies and societies depend on eco-
systems that produce ecological functions and final goods and
services (Fisher et al., 2009). Ecosystem services include provi-
sioning services, services from regulating biological and physical
processes and diverse cultural ecosystem services (Millennium
Ecosystem Assessment, 2005). In deltas, ecosystem services
include the processes that bring freshwater, sediments, productive
and biologically diverse wetlands and fisheries, and productive
land for agriculture (Barbier et al., 2011). Our focus is on provi-
sioning ecosystem services in agriculture, mangroves and fisheries
dominated systems, as well as regulating services such as buffering
of storms provided by mangroves. The benefits of these to society
are considered as multiple dimensions of well-being including
health outcomes, material elements of well-being and perceptions
of well-being.

The method that we follow to achieve this goal is summarised in
Fig. 3. Governance analysis and stakeholder engagement occur
throughout the project, reflecting its participatory nature. The
method develops hypotheses concerning the relationship between
ecosystem services and livelihoods; and develops new typologies
based on the characteristics of the wider socio-ecological systems
in deltas. We analysed population censuses and implemented a
household survey to collect data on ecosystem services and liveli-
hoods. In parallel, we analysed a range of biophysical processes in a
consistent manner. To apply these results in policy analysis full
integration is required. To this end we developed a range of exog-
enous and endogenous scenarios, including extensive stakeholder
participation. We also develop an integration framework and apply
this to develop the Delta Dynamic Integrated Emulator Model
(DDIEM). DDIEM couples relevant biophysical processes and a
unique household livelihood module based on the household sur-
vey results collected within the project. Fig. 3 provides an overview
of the approach and each component is addressed in detail below.
3.1. Conceptual analysis and framework

The focus of the ESPA Deltas project is on deltaic ecosystem
services, and especially provisioning ecosystem services. Hence, we
develop a framework that focuses on the mechanisms that link
ecosystem services with social outcomes. These mechanisms are
outcomes and governance and scenarios in the GBM delta system.

t of social and environmental sustainability dynamics in the Ganges-
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core to all the following research tasks, including the design of the
integrated model (Section 3.6). This includes exploring hypotheses
concerning the specific nature of development, poverty and envi-
ronmental trends within the GBM delta.

Explaining social outcomes of ecosystem service use within
the GBM delta requires consideration of: (1) the magnitude and
mobility of ecosystem services and associated populations; (2)
seasonality and other short-term temporal dynamics of ecosys-
tems; (3) social structures such as the debt economy, (4) capital
accumulation and reciprocity in economic relations; and (5) the
distribution issues associated with ownership and access to land
and resources such as fisheries. These mechanisms are persis-
tent and engrained in social-ecological systems and their
governance. They have been used to explain the continued
presence of poverty, social exclusion and patterns of uneven
development in many contexts (see Hartmann and Boyce, 1983;
Bebbington, 1999; Ribot and Peluso, 2003). The social mecha-
nisms are manifest in measurable outcomes e notably the ma-
terial well-being and incomes of populations, their nutritional
status and health outcomes, and in so-called subjective well-
being e how people perceive their present and futures
(Camfield et al., 2009).

A key insight of the approach here is that deltas are a mosaic of
diverse social-ecological systems. Various studies on social-
ecological systems show that the well-being and health status of
populations coming from ecosystem services do not depend on
individual elements of ecosystems, but rather on bundles of eco-
systems that collectively produce desirable and socially useful
outcomes. The people, ecosystems, services and mechanisms used
to access these services together combine to create distinct socio-
ecological systems, unique to each bundle of services. The charac-
teristics of co-production of ecosystem services at the landscape
scale lead, it is suggested, to significant trade-offs between types of
ecosystem services (Raudsepp-Hearne et al., 2010). In the GBM
delta, such trade-offs are apparent, with Hossain et al. (2016)
demonstrating how land use intensification over the past 50
years has significantly increased provisioning ecosystem services
per capita, but with a concurrent decline in natural habitats and
regulating services.

The dynamics of deltaic social-ecological systems are such that
trends are not easily identifiable in simple deterministic relation-
ships. In the GBM case, for example, populations in poverty persist
despite the presence of diverse, highly productive ecological sys-
tems (Adams et al., 2013b). Similarly, land conversion from agri-
culture to brackish (Bagda) shrimp aquaculture produces high
value commercial products, yet has not transformed the economic
fortunes of the localities in which it is practiced (as it reduces
employment by 90 percent and the profits are narrowly distrib-
uted). Rather aquaculture is co-located with areas of persistent
poverty, with the health and economic well-being of associated
populations being negatively affected by salinization (Amoako
Johnson et al., 2016).

In summary, the conceptual framing of social-ecological systems
within the GBM delta explains how social phenomena and envi-
ronmental drivers combine to constraint well-being, health and
pathways of development. The approach incorporates multiple el-
ements of well-being including objective measures of material
outcomes such as income and assets; health outcomes; and so-
called subjective well-being. The absence of well-being repre-
sents multi-dimensional poverty: alleviation of poverty is often
stated as a major goal of development policy and hence under-
standing the contribution ecosystem services make to the well-
being of poor populations and their contribution to poverty alle-
viation has high societal and policy relevance.
Please cite this article in press as: Nicholls, R.J., et al., Integrated assessmen
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3.2. Governance analysis and stakeholder engagement

The incorporation of stakeholder views and developing a
detailed understanding of the role and gaps of governance in
connecting ecosystem services and poverty alleviation are funda-
mental to our methodology. A highly structured approach was
adopted to ensure that the project was able to respond to stake-
holder priorities and knowledge, and that stakeholder expectations
were realistic. Understanding the reality of how legal, institutional
and policy frameworks can mediate the translation of ecosystem
services to benefits that could affect poverty were again
stakeholder-driven. In the early stages of the analysis, key issues
were identified for further analysis, and these issues also inform the
scenario development process (Section 3.5).

In Bangladesh, we selected national planning and policy pro-
cesses as our target: this provided an effective and manageable
group of national stakeholders. Representatives from approxi-
mately 60 relevant institutions were actively involved, primarily
through semi-structured one-to-one interviews, but also through
broader workshops, with key stakeholders being identified via an
initial mapping process (Majchrzak, 1984; Reed et al., 2009; Gooch
et al., 2010). These stakeholders comprised: (1) government min-
istries and international organisations; (2) donor agencies; (3) ac-
ademics and experts; and (4) representative NGOs. This process
was bolstered through enhanced engagement with a small number
of super-stakeholders, whose interests aligned most closely with
the project's aims and objectives from the perspective of use and
uptake, data provision and cross-sectoral relevance.

Ecosystems are governed by different legal regimes, often
confined within sectoral boundaries (Greiber and Schiele, 2011).
Laws and institutions often fail to accommodate cross-cutting is-
sues and are frequently fragmented and incomplete. Weaknesses
in government planning structures in Bangladesh, combined with
heavy reliance on donors, could result in donor-initiated projects
that are not optimally aligned with the achievement of national
goals and policies (Rouillard et al., 2014). Our governance analysis
focused on around 80 pieces of relevant legislation and policy
across multiple sectors relevant to the sources of ecosystem ser-
vices and to the protection and improvement of livelihoods
(including water and land use management, fisheries, environ-
mental protection, human rights and rural development). Pre-
liminary efforts aimed to produce a baseline multi-sector, multi-
scale analysis of relevant documentation, from the transboundary
scale (i.e. across the whole GBM basin) through the national and
sub-basin scales and down to the local, concentrating on those
administrative areas where decision-making is of relevance (cf.
Figs. 1 and 2). This was buttressed by a further analysis of the
factors that influence the implementation and achievement of
policy objectives, and the extent to which legal and institutional
frameworks are capable of supporting policy (Hill et al., 2014). This
analysis of barriers was extended to cover informal governance
systems where relevant, in order to understand the cogency of
local customary systems and more formal frameworks (Greiber
and Schiele, 2011).

Additional efforts weremade to incorporate governance metrics
and indicators into the integrated modelling process in order to try
to capture the governance situation in future projections, though
significant difficulties were encountered with respect to linking
these in a meaningful way to biophysical, poverty and health-
related indicators. As one approach to overcome these problems,
a post-hoc assessment of modelled interventions was performed in
the light of the governance findings, highlighting key steps that
should be taken from a legal, policy and institutional perspective to
facilitate implementation of the specific intervention.
t of social and environmental sustainability dynamics in the Ganges-
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3.3. Socio-economic data collection and analysis

Building on the conceptual framework, a range of socio-
economic analyses were conducted (Fig. 4) including an analysis
of demographic trends and scenarios (Szabo et al., 2015a), an
analysis of macro- and national economic trends (Hunt, 2015) an
analysis of poverty indicators from the census (Amoako Johnson
et al., 2016) and as little empirical data existed, an innovative
household survey on ecosystem services in the study area. This
survey is explained in detail below. Combined, these data provided
an understanding of: baseline conditions and scenarios; empirical
linkages between the environment and poverty; and a detailed
causal analysis of the links between the environment and poverty
and environmental factors, respectively. These all informed the
DDIEM model (Section 3.6).

To investigate the relationship between ecosystem services and
human well-being across diverse socio-ecological systems a qual-
itative and a quantitative household survey are conducted. The
qualitative survey aimed to conceptualise the socio-ecological
system, and the quantitative survey ensured that this information
can be integrated with the biophysical models to answer specific
questions regarding the ecosystem-poverty relationship. Within
the quantitative household survey, approximately 1500 randomly
selected households were visited in three seasons, across the socio-
ecological systems of the study area. This allowed capturing the
temporal and spatial dynamics at multiple scales. The question-
naire collected data on livelihoods, diverse forms of well-being
(assets, income, expenditure, food consumption, satisfaction with
life, blood pressure, nutritional status) and the characteristics of
ecosystem service use. In addition, the survey collected information
on the mechanisms that facilitate or hinder well-being from
ecosystem services: debt and debt relations; land ownership and
Fig. 4. A conceptual diagram showing the flow of information t
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access mechanisms; shocks and coping strategies; and mobility.
The highest level of stratification for sampling was based on the

seven most important socio-ecological systems in the region,
identified through land cover maps, verified through extensive
qualitative fieldwork, and based on dominant land use: (1) irrigated
agriculture, (2) rain-fed agriculture, (3) saline aquaculture (4)
freshwater aquaculture, (5) mangrove forest dependence, (6)
offshore fisheries and (7) locations with riverbank erosion. Strati-
fication was carried out using land use maps generated from sat-
ellite imagery. Further stratification was then carried out using
administrative districts (Unions), lists of villages (Mouzas) and a
household listing in selected villages. Adams et al. (2016) provides
full details of the survey design and data collection and the asso-
ciated data is available at http://dx.doi.org/10.5255/UKDA-SN-
852179.

The household survey found livelihoods in the study area to be
complex and diversified (Adams et al., 2016). Of the survey
households, only 3.5 percent worked exclusively (all three seasons)
in agriculture/fisheries, 75.9 percent worked one or two out of
three seasons in agriculture/fisheries, and the remainder (20.6
percent) worked exclusively in non-agriculture/fisheries sectors.
Similarly, 15.0, 2.4 and 82.6 percent of the surveyed households
practiced only one, two or 3 or more livelihood types throughout
the year, respectively. The data has been analysed in multiple ways
in order to illuminate the relationship between ecosystem services
and well-being in the context of diverse socio-ecological systems.
The results reinforce the importance of ecosystem services as a
safety net for the poorest, since those without ecosystem services
are those most likely to be both materially poor and experience low
satisfaction with life. They also reveal that poverty-environment
linkages differ across the socio-ecological systems. These spatially
differentiated effects extend to health-related components of well-
o knowledge integration, which is encapsulated in DDIEM.

t of social and environmental sustainability dynamics in the Ganges-
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being such as nutritional status and blood pressure.
The objective of the data collection was not only to dissect the

present-day ecosystem servicese poverty nexus, but also to ensure
that the baseline conditions, parameters and behaviour that inform
the integrated model are realistic (Section 3.6). The surveyed ~1500
households were grouped into 37 household archetypes based on
seasonal livelihoods and land ownership and these archetypal
households were characterised by utilising this unique dataset:
assets, income, expenditure, levels of debt, diversity of and sea-
sonality of livelihoods and associated incomes/costs, food intake
(among other factors) in DDIEM are all based on this empirical data.

In addition, to supporting the development of DDIEM, the sur-
vey data has many other potential applications, and there is po-
tential to repeat the survey to understand inter-annual trends and
variability (Adams et al., 2016).

3.4. Biophysical analysis and models

The ecosystem services available in the study area depend in
large part on the biophysical environment. A quantitative approach
using state-of-the-art models was adopted. While this has a time
penalty when setting these up, it allows us to explore and under-
stand coupling and feedbacks between different processes and
drivers, as well as consider different policy interventions. Hence, a
range of relevant state-of-the-art biophysical process models have
been selected, implemented and validated for the GBM delta and/or
surrounding region. In general, each of these models had been
developed previously, for different locations and applications. After
being implemented appropriately for the study area, they were
loosely coupled to provide a cascade of information and insight.
They have been run for a range of future climate and socio-
economic scenarios (Section 3.5) and the outputs have also been
used to build the integrated DDIEM model as explained in Section
3.6. If further queries arise during the integration, the detailed
models are available for further analysis.

Quantitative process models are often applied to individual
components of a biophysical system in isolation. However, we take
the novel and challenging approach of attempting to link a suite of
models of different parts of the system and allowing them to
interact with each other as illustrated in Fig. 4. This allows insight
into the complex inter-dependencies and relationships within the
biophysical system. Once these models were implemented and
validated against historical data, we assume that the underlying
physics/biology is unchanged andmake future projections based on
changing input data and forcing. To a great extent the natural
ecology and human utilisation of the delta system is determined by
the physical characteristics of the region. Thus, the underpinning
nature of the topography and climate of the region is paramount.
Human intervention is the next most important driver of change, at
a range of time and space scales, from land use to water abstraction
and anthropogenic climate change.

The model system comprises component models or groups of
models to simulate climate, catchment hydrology, water quality
and sediment load, delta study area hydrodynamics, morphody-
namics and groundwater, the Bay of Bengal, and fisheries, agricul-
ture and mangroves in the study area.

For climate, three of the UK Met Office's HadRM3/PRECIS
Regional Climate Model simulations (Q0, Q8, Q16) are used to cap-
ture future climate variability under an A1B emissions scenario.
Climate projections indicate a consistent trend towards increasing
temperatures and precipitation over the region by the end of the
21st century. Heavy rainfall events are projected to become more
frequent, with lighter andmoderate rainfall becoming less frequent
(Caesar et al., 2015). Consistent climate-induced SLR scenarios are
available (Church et al., 2013), together with subsidence scenarios
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(Brown and Nicholls, 2015).
For catchment hydrology, the semi-distributed INCA model is

applied to the entire GBM river system. This shows that climate
change is likely to increase the peak flows into Bangladesh during
the monsoon period, but that low flows may be more variable and
more extended. There is a major threat to water availability from
the water transfer plans for the upstream rivers, which could divert
water away from the delta region (Whitehead et al., 2015b). For
water quality and sediment load, simulations with the INCA-N and
HydroTrend models are used. The nutrient loads to the delta region
from the GBM rivers will vary in the future as climate and socio-
economic conditions change. Increased monsoon flows will dilute
sources of N and P resulting in reduced concentrations flowing into
the delta region. The implementation of the Ganga Management
Plan (improved water treatment) will also reduce nutrient loads
moving into the delta in the longer term, although increased agri-
cultural development may generate a higher nutrient load
depending on the use of fertilisers in upstream catchments. Sim-
ulations of sediment flux reveal that the delivery of fluvial sediment
to the GBM delta is likely to increase with increasing flows under
climate change (Darby et al., 2015; Whitehead et al., 2015a).

Hydrodynamics and morphological changes at the delta scale
are captured with the FVCOM (Chen et al., 2003) and Delft-3D
models (Haque et al., 2016). Water levels in the delta are
controlled by a balance between river and tidal flow, acting on
different timescales. Throughout the year the situation can change;
from tides controlling the water levels in the dry season, to domi-
nance by river flow during the monsoon. The salinity penetration is
controlled by sea level and freshwater flow. The MODFLOW
groundwater model (Harbaugh, 2005) is coupled with the SEAWAT
water quality model (Langevin et al., 2008) to approximate the
groundwater hydrology and salinity of the coastal zone. The
groundwater seawater interface has attained its current position
over a period of tens of thousands of years. Hence, the direct impact
of SLR on the lateral movement of this seawater interface is mini-
mal over the next 50/100 years. However, the indirect impact of SLR
is via the increase in surface river salinity which in turn contributes
to groundwater salinity. In addition, another potential driver of
groundwater salinity change is increased groundwater abstraction
in the areas north of the study area.

The GCOMS global framework has been adapted for the Bay of
Bengal and simulations to 2100 have been completed for three
climate and three socio-economic scenarios. These long time series
outputs were required to model fisheries, as fisheries are influ-
enced by processes with a time-scale of 10e30 years. It also enabled
an assessment of the increased likelihood of extreme sea level
events in the study area (Kay et al., 2015). For coastal fisheries, all
simulations project decreases in potential catches comparing pre-
sent conditions and future scenarios. However, while climate
change impacts negatively on Bangladeshi fisheries, good man-
agement can mitigate these declines (Fernandes et al., 2015).

For agriculture, he improved CROPWAT model has been devel-
oped and fully coupled in DDIEM (L�az�ar et al., 2015). Thus it is
possible to run complex scenarios with DDIEM and interpret the
results by considering the uncertainties of the crop model. Field
trials and the Aquacrop model have been used in parallel (Mondal
et al., 2015).

Changes in mangrove forest area have been estimated using the
Sea Level Affecting Marshes Model (SLAMM) (Payo et al., 2016). By
2100, the net loss was estimated as a maximum of 3, 6 and 24
percent of the present mangrove area for SLR of 0.46 m, 0.75 m and
1.48 m, respectively. The higher losses could reduce the buffer
protection provided to upstream areas by the Sunderbans against
storm surges (Sakib et al., 2015).

Land cover/Land (LCLU) of the study area is also required and
t of social and environmental sustainability dynamics in the Ganges-
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was measured using Landsat 5TM remote sensing images com-
bined with field observations. This classified the study area into
nine LCLU categories for three time slices (1991, 2001, 2011): (1)
Water, (2) Bagda (saline shrimp farming), (3) Golda (freshwater
prawn farming), (4) Agriculture (non-waterlogged), (5) Agriculture
(waterlogged), (6) Wetlands and mudflats, (7) Mangrove, (8) Rural
settlements, and (9) Major urban areas (see Amoako Johnson et al.,
2016). Based on these observations, annual land use scenarios were
developed. For the historical period, gaps were filled with linear
interpolation. The future LULC scenarios were developed based on
stakeholders' scenario narratives for 2050 (e.g. saltwater shrimp
area slightly increased due to conversion of natural vegetation
under BAU). The narratives were quantified, and after a final
stakeholder workshop, where the quantified scenarios were dis-
cussed, the 2011 LULC data were projected to 2050. Beyond 2050,
no further change in LULC is assumed due to the huge uncertainties.

3.5. Scenario development

The project utilised climate, environmental and socio-economic
scenarios. The climate, environmental, land use and demographic
scenarios were developed by experts as explained in Sections 3.3
and 3.4. Below the development of endogenous socio-economic
scenarios is explained.

Adopting a scenario-based narrative of possible (and plausible)
futures allows responses to environmental and social changes over
time to be explored in a way that addresses the huge levels of
uncertainty. It also facilitated the integration of the views of
stakeholders with the scientific findings. The approach that was
adopted was inspired by the new Shared Socioeconomic reference
Pathways (SSPs) approach (Arnell et al., 2011; O'Neill et al., 2014).
We developed three future socio-economic scenarios: Less Sus-
tainable (LS); Business As Usual (BAU); and More Sustainable (MS).
These scenarios are devices for engaging with stakeholders, and no
absolute inferences were made with respect to the actual sustain-
ability of any of these scenarios: this is assessed with DDIEM. BAU is
defined as the situation thatmight exist if existing policies continue
and development trajectories proceed along similar lines to the
previous 30 years. LS and MS are alternatives that are broadly less
or more sustainable than BAU. The scenario approach allowed us to
take the stakeholder issues of concern and project how they might
look in 2050, on the basis of the ensemble of downscaled climate
models defined in Section 3.4.

As part of the stakeholder engagement process described in
Section 3.2, the main issues in the delta that were of concern to
stakeholders were derived through a series of interviews and local
level workshops held over two years (2012e2014). Each of the
resulting issues eincluding salinization, erosion and sedimenta-
tion, and shrimp versus agriculture - were categorized into four
issue groups: (1) Natural Resource Management; (2) Food Security;
(3) Poverty/Health/Livelihoods; and (4) Governance. During a
workshop held in October 2013, these were broken down by par-
ticipants into almost 100 separate elements. Within the limits of a
series of rather conservative boundary conditions, attendees
ranked the extent of improvement/deterioration of these elements
they expected by 2050 using a six point scale. Consensus (or at least
majority agreement) was achieved, and significant efforts were
made to ensure internal consistency across categories. Stakeholders
were also asked to identify, where possible, the elements of the
other issues where the impact of governance would be significant.
The resulting table, roughly quantifying the constituent elements,
allowed a detailed qualitative narrative of the BAU scenario in
Bangladesh to be prepared, and corresponding narratives were
developed for the other two scenarios (LS, MS). These were
forensically evaluated by almost 100 experts at a workshop in
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Dhaka in May 2014, and revised narratives agreed subsequently.
A Qualitative-to-Quantitative process was required so that

DDIEM could utilise the scenarios (Sections 3.6 and 3.7). This
required the quantification of as many scenario elements as
possible. In order to maximise stakeholder ownership of the sce-
narios (and subsequent results), stakeholder experts agreed on
values of key model input parameters consistent with the narra-
tives at a workshop held in November 2014, and through comple-
tion of a dedicated questionnaire. These results were then applied
within the iterative learning loop (Section 3.7). Note that there
were limits to the incorporation of a significant proportion of the
scenario elements in the quantitative analysis, especially those
related to governance. This is a topic for further research.

These socio-economic scenarios are linked to the expert de-
mographic and land use scenarios. Hence, the climate and socio-
economic scenarios are combined in a three by three matrix, giv-
ing nine plausible sets of scenarios (Q0-LS, Q0-BAU, Q0-MS, Q8-LS,
etc.). By constantly considering nine plausible futures, the simula-
tion results immediately indicate the uncertainty of the results and
the robustness of interventions. While these are the scenarios used
at present, the framework is flexible and other scenarios could be
utilised as appropriate, as long as they provide the appropriate
parameters for DDIEM.

3.6. Integrated model development (DDIEM)

As already noted, integration within the ESPA Deltas project
faced multiple challenges: (1) multiple scientific disciplines, (2)
multiple scales of analysis, (3) varying analytical methods, and (4)
different computational power and run time requirements. For
example, the Delft-3D model takes two days to simulate one year
for one scenario, whereas the INCA model simulates all nine sce-
narios over 100 years within an hour. Thus, the first step of inte-
gration is to build on the earlier components and develop a
conceptual diagram of the coupled biophysical-human system
(Fig. 4). This includes issues raised by the stakeholders and iden-
tifies the required processes andmodel elements. At the same time,
the spatial and temporal scales of the biophysical models and all
analytical methods are mapped, including the schematics of the
integrative model. The integration aims to develop a rapid assess-
ment framework which can simulate many future cases, and hence
explore policy choices. This was based on a new meta-model that
fully couples the required system elements and harmonises across
the spatial and temporal scales. The current version of the model
considers the upstream river basin and the Bay of Bengal as
boundary conditions (although these can be replaced by dynamic
counterparts, if required), because the focus of the analysis is on the
Bangladesh coastal zone as defined in Fig. 1 and on the environ-
ment e human interaction. Thus, the boundary conditions are
currently represented by look-up tables of scenarios (climate, up-
stream hydrology and water quality, Bay of Bengal sea elevation
and fisheries), whereas the coastal system has fully coupled
representation.

In DDIEM the hydrodynamics of the coastal zone was captured
by the three-dimensional Delft-3D, FVCOM and Modflow-SEAWAT
models for three time-slices, and sophisticated emulators (cf.
Hotelling, 1936; Clark, 1975; Challenor, 2012) were created to
represent these (surface and groundwater) hydrological and water
quality processes within DDIEM. Emulation of these complex
model results was essential to reduce the computational time and
to interpolate the available simulations. A novel, regional soil
salinity component of DDIEMwas also developed that fully couples
the climatic, hydrological and land management drivers of soil
salinity change and links these with a process-based agriculture
model (i.e. the improved CROPWAT model; L�az�ar et al., 2015). Thus
t of social and environmental sustainability dynamics in the Ganges-
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climate change, flooding, salinization, and land management has a
direct impact on crop productivity in the simulations. All these
biophysical calculations are done at the Union level (i.e. the
smallest planning unit in Bangladesh) and at a daily time step (note
that there are 653 Unions in the study area). Annual fish catches
estimated by the coastal fisheries model are downscaled to the
Union scale and a monthly time step by utilising a new fish market
survey conducted within the project. Other livelihoods (i.e. small
business, small-scale manufacturing, salaried employment) are less
important in rural Bangladesh, and were not studied in detail. Thus
in DDIEM, they are represented with observation-based look-up
tables.

One of the most novel aspects of the approach is the explicit
inclusion of poverty and health inDDIEM, rather than as an external
piece of analysis. These issues are integrated in two distinct ways,
both building strongly on the biophysical simulations of DDIEM.
The first method uses a spatial statistical asset-poverty model
(aggregated to the Union Level and on an annual time step) to
directly estimate asset poverty (Amoako Johnson et al., 2016). This
is based on biophysical state indicators and some socio-economic
scenarios of employment rate, access to education and travel time
to cities and markets. The second method approximates household
livelihoods, poverty and health from the household survey (Section
3.3) using an agent-based-type household economy model. Within
this process-based calculation, the simulation follows the virtual
lives of 37 household archetypes (union-based, monthly time step).
These archetypes are identified and parametrised using the
household survey. Calculations in the household component are
driven not only by the biophysical changes, but also by the de-
mographic, land cover and economic scenarios (Section 3.5). In-
comes and remittances are matched with direct livelihood costs,
affordable household expenditure and farm labouring opportu-
nities. The output of the calculation is household welfare and food
intake. A range of governance interventions can be tested with this
model framework such as: land use restrictions, subsidies, income
Fig. 5. Concept of the iterative learning loop using DDIEM for policy analysis. Reference num
adaptation responses; (2) qualitative to quantitative translation to DDIEM inputs; (3) simul
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taxes, market price policies, new crop varieties, embankment pro-
jects, infrastructure development, etc. Such a detailed household
economy model also produces regional economic indicators (e.g.
GDP/capita, GINI coefficient), food security indicators (e.g. rice
production, hunger periods) and national poverty indicators. These
two contrasting methods, the statistical associative model and the
household survey model, allow preliminary consideration of un-
certainty in the simulations, robustness of governance in-
terventions and identify further research areas.

3.7. Policy analysis and an iterative learning loop

Our integrated methodology is built on ongoing stakeholder
engagement and iterative learning through the project (Sections
3.2 and 3.5). This includes involving an innovative learning process
where stakeholders (from government to civil societies) are
involved in all stages of the research starting from the identification
of research questions to developing scenarios and exploring these
within the DDIEM framework. This ensures stakeholder trust, in-
terest and willingness to participate.

While stakeholder engagement and learning was embedded in
the whole project, the iterative learning loop in Fig. 3 is critical to
engaging with the policy process and is expanded in Fig. 5. This
provides a process for decision makers to engage and adaptively
test outcomes from the implementation of individual policies or
rafts of policies into the future. The practicalities of this approach
involve a series of workshops which initially provide information
on the simulated outcomes across a range of scenarios. The process
is initiated by the earlier stakeholder engagement and scenario
development described in Section 3.5. Stakeholders are informed of
DDIEM capabilities and formulate inputs to DDIEM based upon
scenarios already discussed (Step [1] in Fig. 5). These inputs are in
the form of narrative statements and so the process of Qualitative to
Quantitative transformation is required with expert technical input
(Step [2] in Fig. 5). These inputs are used in DDIEM to produce a
bers describe the loop are referred to in the text: (1) scenario development, including
ations using DDIEM; and (4) stakeholder review of the simulations.
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range of output simulations of future states of the delta study area.
(Step [3] in Fig. 5). These simulations are then reviewed at a further
stakeholder meeting and adaptation responses can be proposed
(Step [4] in Fig. 5). The loop can then be re-iterated multiple times,
allowing investigation of the problems of the GBM delta, and
possible solutions including trade-offs.

We have worked with stakeholders to define the types of
intervention that could be represented in DDIEM. A diverse range of
socio-environment and socio-agricultural interventions can be
addressed and simulated in the DDIEM system, ranging from soft
policy tools such as natural flood management (forestry and land
use management mangrove development, and land use planning
and zonation), to harder more substantial engineering in-
terventions such as the development of water management and
storage systems (dams, barrages, polders, pumping systems, water
treatment). The credibility of a simulation always needs to be
considered, and for some measures additional model simulations
including the interventions to retrain DDIEM emulators may be
required.

As such DDIEM is an iterative learning instrument to explore the
impact of a range of climate, social and governance interventions in
close collaboration with decision makers. The main focus is up to
2050, as the socio-economic scenarios are most credible over this
time frame and there is stronger interest in the next 30 years.
However, longer simulations are feasible and desirable from a
policy perspective, especially for the biophysical indicators if not
for the socio-economic context. For example, the Bangladesh Delta
Plan 2100, which is currently being developed to steer strategic
development of Bangladesh, has a strong focus on the next few
decades but also considers a maximum time frame of 2100 (see
http://www.bangladeshdeltaplan2100.org/).

The output simulations can be evaluated in a number of ways.
Rather than seeking optimum solutions the notion of robustness is
favoured by the authors. This explores what interventions work
best across a wide range of plausible futures, as robust in-
terventions are more likely to be applicable in an uncertain future.
This is an important point, as DDIEM does not provide forecasts of
future states, but rather allows an exploration of possible futures,
which constitutes appropriate information for a robustness
assessment. One question of interest is testing grey versus green
infrastructure approaches, as well as hybrid grey/green approaches.
Given the large amount of output from DDIEM, other decision an-
alytic approaches could be considered.

4. Discussion

Our analysis started with broad qualitative assessment of the
system of interest. It progressed with a range of socio-economic
analysis and surveys and biophysical modelling. These were
developed with integration in mind and also informed scenario
development. National-level stakeholders were consulted
throughout this process including within the scenario develop-
ment. This has culminated in the DDIEM model, which offers a
practical assessment tool for scientific and policy assessment
designed with and for stakeholders in a complex socio-
environmental context. The DDIEM model is now beginning to be
used in analysis of the development choices for coastal Bangladesh.

In terms of the question concerning the physical and biological
processes which affect life, livelihoods, health and mobility,
important insights have emerged as outlined below, and will
continue to emerge from this analysis. With respect to the stability
of the relationships as regards biophysical process, and hence
predictability over time, our assumption that they are unchanging
is reasonable and normal. For socio-economic issues this assump-
tion is less justifiable and we have had to review the literature in
Please cite this article in press as: Nicholls, R.J., et al., Integrated assessmen
Brahmaputra-Meghna delta, Bangladesh, Estuarine, Coastal and Shelf Sci
order to inform our understanding of the stability of the relation-
ships over time. These assumptions are explicit and will be inves-
tigated into the future both in Bangladesh and using appropriate
analogues elsewhere. However, we recognise that the timeframes
at which the socio-economic results are useful is much shorter than
for the biophysical results.

This hybrid integrated framework has allowed a move away
from an ad hoc, external expert or purely indicator-based approach
and provided an opportunity to explore the interactions between
domains of knowledge as diverse as oceanographic modelling and
perception-based assessments of well-being. In this approach,
while the analysis is complex, the assumptions are explicit and
have been debated, challenged and changed as our knowledge
grows and the detailed questions being posed evolve with this
understanding. Hence, it provides an explicit analytical framework
and forces the user to identify, consider and explore the limits to
knowledge.

DDIEM depends upon systems analysis and simulation model-
ling. Given the difficulty of predicting change in all of the systems
considered here, such simulation modelling could be regarded as
being almost naïve.We recognise the limits towhat we represent in
our models, but we sought to represent all the relevant processes
and their interactions. Developing and linking models was a key
process within the project team that facilitated development of our
conceptual ideas, promoted detailed discussion between different
discipline experts, as well as developing the DDIEM software. As we
gain experience we will continue to explore the complexities, in-
terdependencies and uncertainties of our study area. This includes
considering a wide range of possible strategies for development
within the context of an uncertain future.

Many improvements are possible. This includes provision of
better basic data such as bathymetry and elevation or surface water
salinity in the short- and long-term. The household surveymight be
repeated to explore how these factors and relationships change
over a number of years, addressing the issue of the stability of re-
lationships/predictability over time. Moreover, the DDIEM frame-
work is flexible and can be adapted to analyse additional issues. So,
while we have primarily focussed on provisioning ecosystem ser-
vices in a deltaic environment, the models used could readily be
extended to analyse regulating ecosystem services (cf. Hossain
et al., 2016).

Building these types of co-produced analytical tools represents a
significant amount of effort and resource, but we would argue that
the new insights, capacity building, scientific and policy applica-
tions and understanding generated justify this approach. The
model framework structures our diverse knowledge and under-
standing of the relevant processes, information and data. Indeed,
the level of integration accomplished in this research is novel and
unusual and possibly unique in its strong quantitative coupling of
biophysical changes to household livelihoods related to provi-
sioning ecosystem services. This research has already provided
important insights about the socio-ecological processes operating
in the study area and in the wider region. The integration provides
synergistic insights for national policy processes such as the
Bangladesh Delta Plan 2100. This is providing a practical test of the
real world application of this approach in a policy context.

5. Conclusion

This research provides a comprehensive approach that utilises a
highly diverse range of data, models and treatments intersected
with strong and sustained participatory interaction with stake-
holders. The approach offers a transparent methodological
approach to the analysing the interface between diverse socio-
economic and biophysical components e in this case sustainable
t of social and environmental sustainability dynamics in the Ganges-
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livelihoods and ecosystem services in deltas e issues that have
often proven a stumbling block for integration. One of the strengths
of the approach is that it provides a platform for further refinement
and development. The models and data are modular and can be
easily changed or extended.

This research has already come to a number of important con-
clusions for the GBM delta, such as the spatially-variable drivers of
poverty in the study area (Amoako Johnson et al., 2016), or the
likely amplification of the seasonal river cycle due to climate
change (Whitehead et al., 2015a). Importantly, we have organised
our understanding of the GBM delta, both in terms of recent history
and prognosis. This helps to understand how the different drivers
are shaping the biophysical landscape and ecosystem services and
their implications for the resident's well-being. It also makes the
development choices and possible trajectories more explicit and
empowers national decision-making. Our preliminary analysis
shows that decisions made in Bangladesh will have important
implications for these trajectories.

Looking to the future, these methods could be applied more
widely across other deltas, as many issues are common. Cross-
fertilisation with other research efforts in deltas such as the
Dutch delta plan (Van Alphen, 2015) and habitat restoration in the
Mississippi delta (Coastal Protection and Restoration Authority,
2013) may also be fruitful. As already noted, the methods
described are not delta-specific and could be applied in other
coastal and non-coastal contexts where strong socio-ecological
coupling exists. As such, the spatial domain covered in
Bangladesh could be expanded and a national application has been
discussed.

Acknowledgements

The research in this paper was funded by the Ecosystem Services
for Poverty Alleviation (ESPA) programme (project number NE-
J002755-1). The ESPA programme is funded by the UK Department
for International Development (DFID), the Economic and Social
Research Council (ESRC) and the Natural Environment Research
Council (NERC). We thank all our collaborators in the ESPA Deltas
project (http://www.espadelta.net/) for their input, as well as all
the stakeholders in Bangladesh who have contributed throughout
the project. We particularly thank the General Economics Division
of the Planning Division, Ministry of Planning, Government of
Bangladesh for hosting national stakeholder workshops to support
our research. We also thank two anonymous referees for their
comments that improved an earlier version of this paper.

References

Adams, H., Adger, W., Huq, H., Rahman, R., Salehin, M., 2013a. Wellbeing-ecosystem
Service Links: Mechanisms and Dynamics in the Southwest Coastal Zone of
Bangladesh. ESPA Deltas Working Paper. http://www.espadelta.net/resources/
docs/working_papers/ESPA_Deltas_FT2_June2013.pd.

Adams, H., Adger, W.N., Huq, H., Rahman, R., Salehin, M., 2013b. Transformations in
land use in the southwest coastal zone of Bangladesh: resilience and revers-
ibility under environmental change. In: O'Brien, K.L., Sygna, L. (Eds.), Pro-
ceedings of Transformation in a Changing Climate International Conference.
University of Oslo, Oslo, pp. 160e168.

Adams, H., Adger, W.N., Ahmad, S., Ahmed, A., Begum, D., L�az�ar, A.N., Matthews, Z.,
Rahman, M.M., Streatfield, P.K., 2016. Spatial and temporal dynamics of multi-
dimensional well-being, livelihoods and ecosystem services in coastal
Bangladesh. Sci. Data (in press).

Alam, E., Dominey-Howes, D., 2015. A new catalogue of tropical cyclones of the
northern Bay of Bengal and the distribution and effects of selected landfalling
events in Bangladesh. Int. J. Climatol. 35 (6), 801e835.

Ali, A.M.S., 2006. Rice to shrimp: land use/land cover changes and soil degradation
in Southwestern Bangladesh. Land Use Policy 23 (4), 421e435.

Amoako-Johnson, F., Hutton, C.W., Hornby, D., L�az�ar, A., Mukhopadhyay, A., 2016. Is
shrimp farming a successful adaptation to salinity intrusion? A geospatial
associative analysis of poverty in the populous GangeseBrahmaputraeMeghna
Delta of Bangladesh. Sustain. Sci. 11 (3), 423e439. http://dx.doi.org/10.1007/
Please cite this article in press as: Nicholls, R.J., et al., Integrated assessmen
Brahmaputra-Meghna delta, Bangladesh, Estuarine, Coastal and Shelf Sci
s11625-016-0356-6.
Anirban, M., Mondal, P., Barik, J., Chowdhury, S.M., Ghosh, T., Hazra, S., 2015.

Changes in mangrove species assemblages and future prediction of the
Bangladesh Sundarbans using Markov chain model and cellular automata. En-
viron. Sci. Process. Impacts 17, 1111e1117. http://dx.doi.org/10.1039/
C4EM00611A.

Arnell, N., Kram, T., Carter, T., Ebi, K., Edmonds, J., Hallegatte, S., Kriegler, E.,
Mathur, R., O'Neill, B., Riahi, K., Winkler, H., Van Vuuren, D., Zwickel, T., 2011.
A Framework for a New Generation of Socioeconomic Scenarios for Climate
Change Impact, Adaptation, Vulnerability and Mitigation Research. Working
Paper. http://www.isp.ucar.edu/sites/default/files/Scenario_FrameworkPaper_
15aug11_0.pdf.

Auerbach, L.W., Goodbred Jr., S.L., Mondal, D.R., Wilson, C.A., Ahmed, K.R., Roy, K.,
Steckler, M.S., Small, C., Gilligan, J.M., Ackerly, B.A., 2015. Flood risk of natural
and embanked landscapes on the Ganges-Brahmaputra tidal delta plain. Nat.
Clim. Change 5, 153e157. http://dx.doi.org/10.1038/nclimate2472.

Bammer, H., 2014. Bangladesh's dynamic coastal regions and sea-level rise. Clim.
Risk Manag. 1, 51e62.

Bangladesh Bureau of Statistics (BBS), 2011. Report of the Household Income &
Expenditure Survey 2010. Bangladesh Bureau of Statistics, Statistical Division,
Ministry of Planning.

Bangladesh Bureau of Statistics (BBS), 2012. Population and Housing Census 2011.
Socio-economic and Demographic Report. Statistics and Informatics Division
(SID), Ministry of Planning.

Barbier, E.B., Hacker, S.D., Kennedy, C., Koch, E.W., Stier, A.C., Silliman, B.R., 2011. The
value of estuarine and coastal ecosystem services. Ecol. Monogr. 81 (2),
169e193.

Bebbington, A., 1999. Capitals and capabilities: a framework for analyzing peasant
viability, rural livelihoods and poverty. World Dev. 27, 2021e2044.

Broadus, J., Milliman, J.D., Edwards, S.F., Aubrey, D.G., Gable, F., 1986. 1986. Rising sea
level and damming of rivers: possible effects in Egypt and Bangladesh. In:
Titus, J.G. (Ed.), Effects of Changes in Stratospheric Ozone and Global Climate,
vol. 4. Environment Protection Agency, Washington DC, pp. 165e189.

Brown, S., Nicholls, R.J., 2015. Subsidence and human influences in mega deltas: the
case of the GangeseBrahmaputraeMeghna. Sci. Total Environ. 527e528,
362e374.

Caesar, J., Janes, T., Lindsay, A., Bhaskaran, B., 2015. Temperature and Precipitation
Projections over Bangladesh and the Upstream Ganges, Brahmaputra and
Meghna Systems.

Camfield, L., Choudhury, K., Devine, J., 2009. Well-being, happiness and why re-
lationships matter: evidence from Bangladesh. J. Happiness Stud. 10, 71e91.

Challenor, P., 2012. Using emulators to estimate uncertainty in complex models. In:
Dienstfrey, A.M., Boisvert, R.F. (Eds.), Uncertainty Quantification in Scientific
Computing. Volume 377 of the Series IFIP Advances in Information and
Communication Technology. Springer, pp. 151e164.

Chen, C., Liu, H., Beardsley, R.C., 2003. An unstructured grid, finite volume, three-
dimensional, primitive equations ocean model: application to coastalocean
and estuaries. J. Atmos. Ocean. Technol. 20 (1), 159e186.

Church, J.A., Clark, P.U., Cazenave, A., Gregory, J.M., Jevrejeva, S., Levermann, A.,
Merrifield, M.A., Milne, G.A., Nerem, R.S., Nunn, P.D., Payne, A.J., Pfeffer, W.T.,
Stammer, D., Unnikrishnan, A.S., 2013. Sea level change. In: Stocker, T.F., Qin, D.,
Plattner, G.-K., Tignor, M., Allen, S.K., Boschung, J., Nauels, A., Xia, Y., Bex, V.,
Midgley, P.M. (Eds.), Climate Change 2013: The Physical Science Basis, Contri-
bution of Working Group I to the Fifth Assessment Report of the Intergovern-
mental Panel on Climate Change. Cambridge University Press, Cambridge.

Clark, D., 1975. Understanding Canonical Correlation Analysis, Concepts and Tech-
niques in Modern Geography, No.3. Geo Abstracts Ltd, Norwich, UK.

Clarke, D., Williams, S., Jahiruddin, M., Parks, K., Salehin, M., 2015. Projections of on-
farm salinity in coastal Bangladesh. Environ. Sci. Process. Impacts 17,
1127e1136. http://dx.doi.org/10.1039/C4EM00682H.

Coastal Protection and Restoration Authority, 2013. 2017 Coastal Master Plan:
Model Improvement Plan. Version I, Prepared by the Water Institute of the Gulf.
Coastal Protection and Restoration Authority, Baton Rouge, Louisiana, 60pp.

Darby, S.E., Dunn, F., Nicholls, R.J., Rahman, M., Riddy, L., 2015. A first look at the
influence of anthropogenic climate change on the future delivery of fluvial
sediment to the GangeseBrahmaputraeMeghna delta. Environ. Sci. Process.
Impacts 17, 1587e1600.

Day, John W., Boesch, Donald F., Clairain, Ellis J., Kemp, G. Paul, Laska, Shirley B.,
Mitsch, William J., Orth, Kenneth, Mashriqui, Hassan, Reed, Denise J.,
Shabman, Leonard, Simenstad, Charles A., Streever, Bill J., Twilley, Robert R.,
Watson, Chester C., Wells, John T., Whigham, Dennis F., 2007. Restoration of the
Mississippi delta: lessons from hurricanes katrina and rita. Science 315,
1679e1684. http://dx.doi.org/10.1126/science.1137030.

Ericson, J.P., V€or€osmarty, C.J., Dingman, S.L., Ward, L.G., Meybeck, M., 2006. Effective
sea-level rise and deltas: causes of change and human dimension implications.
Glob. Planet. Chang 50 (1e2), 63e82.

Fernandes, J.A., Kay, S., Hossain, M.A.R., Ahmed, M., Cheung, W.W.L., L�az�ar, A.N.,
Barange, M., 2015. Projecting marine fish production and catch potential in
Bangladesh in the 21st century under long-term environmental change and
management scenarios. ICES J. Mar. Sci. J. du Conseil 73 (5), 1357e1369. http://
dx.doi.org/10.1093/icesjms/fsv217.

Fisher, B., Turner, R.K., Morling, P., 2009. Defining and classifying ecosystem services
for decision making. Ecol. Econ. 68, 643e653.

Gooch, G., Allan, A., Rieu-Clarke, A., Baggett, S., 2010. The policy-science interface in
sustainable water management: creating scenarios together with stakeholders.
t of social and environmental sustainability dynamics in the Ganges-
ence (2016), http://dx.doi.org/10.1016/j.ecss.2016.08.017

http://www.espadelta.net/
http://www.espadelta.net/resources/docs/working_papers/ESPA_Deltas_FT2_June2013.pd
http://www.espadelta.net/resources/docs/working_papers/ESPA_Deltas_FT2_June2013.pd
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref4
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref4
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref4
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref4
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref4
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref4
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref5
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref5
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref5
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref5
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref5
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref5
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref6
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref6
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref6
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref6
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref7
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref7
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref7
http://dx.doi.org/10.1007/s11625-016-0356-6
http://dx.doi.org/10.1007/s11625-016-0356-6
http://dx.doi.org/10.1039/C4EM00611A
http://dx.doi.org/10.1039/C4EM00611A
http://www.isp.ucar.edu/sites/default/files/Scenario_FrameworkPaper_15aug11_0.pdf
http://www.isp.ucar.edu/sites/default/files/Scenario_FrameworkPaper_15aug11_0.pdf
http://dx.doi.org/10.1038/nclimate2472
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref13
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref13
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref13
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref14
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref14
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref14
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref1
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref1
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref1
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref16
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref16
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref16
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref16
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref17
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref17
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref17
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref18
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref18
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref18
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref18
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref18
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref19
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref19
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref19
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref19
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref19
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref19
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref19
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref20
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref20
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref20
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref21
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref21
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref21
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref22
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref22
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref22
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref22
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref22
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref23
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref23
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref23
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref23
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref24
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref24
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref24
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref24
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref24
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref24
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref24
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref25
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref25
http://dx.doi.org/10.1039/C4EM00682H
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref27
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref27
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref27
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref28
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref28
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref28
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref28
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref28
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref28
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref28
http://dx.doi.org/10.1126/science.1137030
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref81
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref81
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref81
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref81
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref81
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref81
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref81
http://dx.doi.org/10.1093/icesjms/fsv217
http://dx.doi.org/10.1093/icesjms/fsv217
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref31
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref31
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref31
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref32
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref32


R.J. Nicholls et al. / Estuarine, Coastal and Shelf Science xxx (2016) 1e1212
In: Gooch, G., Stalnacke, P. (Eds.), Science, Policy and Stakeholders in Water
Management (Earthscan, London), pp. 51e67.

Greiber, T., Schiele, S., 2011. Governance of Ecosystem Services. IUCN, Gland,
Switzerland.

Haque, A., Sumaiya, Rahman, M., 2016. Flow distribution and sediment transport
mechanism in the estuarine systems of Ganges-Brahmaputra-Meghna delta.
Int. J. Environ. Sci. Dev. 7, 22e30.

Harbaugh, A.W., 2005. MODFLOW-2005, the U.S. Geological Survey Modular
Ground-water Model e the Ground-water Flow Process (TM 6-A16).

Hartmann, B., Boyce, J.K., 1983. A Quiet Violence: View from a Bangladesh Village.
Zed Books, London.

Higgins, S.A., Overeem, I., Steckler, M.S., Syvitski, J.P.M., Seeber, L., Akhter, S.H., 2014.
InSAR measurements of compaction and subsidence in the Ganges-
Brahmaputra Delta, Bangladesh. J. Geophys. Res. Earth Surf. 119, 1768e1781.
http://dx.doi.org/10.1002/2014JF003117.

Hill, M., Allan, A., Hannah, D., 2014. Water, resilience and the law: from general
concepts and governance design principles to actionable mechanisms. Environ.
Sci. Policy 43, 98e110. November 2014.

Hossain, M.S., Dearing, J.A., Rahman, M.M., Salehin, M., 2016. Recent changes in
ecosystem services and human well-being in the Bangladesh coastal zone. Reg.
Environ. Change 16, 429e443.

Hotelling, H., 1936. Relations between two sets of variates. Biometrika 28, 312e377.
Hunt, A., 2015. ESPA Deltas: Economic Policy Dimensions. Identification of Existing

and Implied Economic Dimensions in the Scenarios, and Their Levels. Unpub-
lished Project Report. Bath University.

Huq, S., Ali, S.I., Rahman, A.A., 1995. Sea-level rise and Bangladesh: a preliminary
analysis. J. Coast. Res. 44e53. Special issue no, 14.

Islam, G.M.T., Islam, A.K.M.S., Shopan, A.A., Rahman, M.R., L�az�ar, A.N.,
Mukhopadhyay, A., 2015. Implications of agricultural land use change to
ecosystem services in the Ganges delta. J. Environ. Manag. 161, 443e452.

Kabir, T., Salehin, M., Kibria, G., 2015. Delineation of physical factors of cyclone Aila
and their implications for different vulnerable groups. In: Proceedings of the
5th International Conference on Water & Flood Management (ICWFM-2015),
Organized by IWFM, BUET, Dhaka.

Kay, S., Caesar, J., Wolf, J., Bricheno, L., Nicholls, R.J., Saiful Islam, A.K.M., Haque, A.,
Pardaens, A., Lowe, J.A., 2015. Modelling the increased frequency of extreme sea
levels in the Ganges-Brahmaputra-Meghna delta due to sea level rise and other
effects of climate change. Environ. Sci. Process. Impacts 17, 1311.

Langevin, C.D., Thorne Jr., D.T., Dausman, A.M., Sukop, M.C., Guo, Weixing, 2008.
SEAWAT Version 4: A Computer Program for Simulation of Multi-species Solute
and Heat Transport: U.S. Geological Survey Techniques and Methods Book 6,
Chapter A22, p. 39.

L�az�ar, A.N., Clarke, D., Adams, H., Akanda, A.R., Szabo, S., Nicholls, R.J., Matthews, Z.,
Begum, D., Saleh, A.F.M., Abedin, M.A., Payo, A., Streatfield, P.K., Hutton, C.,
Mondal, M.S., Moslehuddin, A.Z.M., 2015. Agricultural livelihoods in coastal
Bangladesh under climate and environmental change - a model framework.
Environ. Sci. Process. Impacts 17 (6), 1018e1031.

Lewis, M., Bates, P., Horsburgh, K., Neal, J., Schumann, G., 2013. A storm surge
inundation model of the northern Bay of Bengal using publicly available data.
Q.J.R. Meteorol. Soc. 139, 358e369. http://dx.doi.org/10.1002/qj.2040.

Majchrzak, A., 1984. Methods for Policy Research. Sage Publications, USA.
Millennium Ecosystem Assessment, 2005. Ecosystems and Human Well-being:

Synthesis. Island Press, Washington, DC.
Milliman, J.D., Broadus, J.M., Gable, F., 1989. Environmental and economic impli-

cations of rising sea level and subsiding deltas: the nile and Bengal examples.
Ambio 18, 340e345.

Mondal, M.S., Saleh, A.F.M., Razzaque Akanda, M.A., Biswas, S.K., Moslehuddin, A. Z.
Md., Zaman, S., L�az�ar, A.N., Clarke, D., 2015. Simulating yield response of rice to
salinity stress with the AquaCrop model. Environ. Sci. Process. Impacts 17 (6),
1118e1126.

Mujeri, M.K., 2015. Improving Access of the Poor to Financial Services. A Report
Prepared for the General Economics Division of the Planning Commission to
Serve as a Background Study for Preparing the 7th Five Year Plan (2016-2020) of
Bangladesh.

Mutahara, M., Haque, A., Khan, M.S.A., Warner, J.F., Wester, P., 2016. Development of
a sustainable livelihood security model for storm-surge hazard in the coastal
areas of Bangladesh. Stoch. Environ. Res. Risk Assess. 30 (5), 1301e1315. http://
dx.doi.org/10.1007/s00477-016-1232-8.

Nicholls, R.J., Whitehead, P., Wolf, J., Rahman, M., Salehin, M., 2015. The Gang-
eseBrahmaputraeMeghna delta system: biophysical models to support anal-
ysis of ecosystem services and poverty alleviation. Environ. Sci. Process. Impacts
17, 1016e1017. http://dx.doi.org/10.1039/C5EM90022K.

O'Neill, B., Kriegler, E., Riahi, K., Ebi, K., Hallegatte, S., Carter, T., Mathur, R., van
Vuuren, D.P., 2014. A new scenario framework for climate change research: the
concept of Shared socio economic pathways. Clim. Change 122, 387e400.

Payo, A., Mukhopadhyay, A., Hazra, S., Ghosh, T., Ghosh, S., Brown, S., Nicholls, R.J.,
Bricheno, L., Wolf, J., Kay, S., L�az�ar, A.N., Haque, A., 2016. Projected changes in
area of the Sundarban mangrove forest in Bangladesh due to sea-level rise by
Please cite this article in press as: Nicholls, R.J., et al., Integrated assessmen
Brahmaputra-Meghna delta, Bangladesh, Estuarine, Coastal and Shelf Sci
2100. Clim. Change. http://dx.doi.org/10.1007/s10584-016-1769-z.
Raudsepp-Hearne, C., Peterson, G.D., Bennett, E.M., 2010. Ecosystem service bundles

for analyzing tradeoffs in diverse landscapes. Proc. Natl. Acad. Sci. 107,
5242e5247.

Reed, M.S., Graves, A., Dandy, N., Posthumos, H., Hubacek, K., Morris, J., Prell, C.,
Quinn, C., Stringer, L., 2009. Who's in and why? A typology of stakeholder
analysis methods for natural resource management. J. Environ. Manag. 90,
1933e1949.

Ribot, J.C., Peluso, N.L., 2003. A theory of access. Rural. Sociol. 68, 153e181.
Rouillard, J., Benson, D., Gain, A., 2014. Evaluating WRM implementation success:

are water policies in Bangladesh enhancing adaptive capacity to climate change
impacts. Int. J. Water Resour. Dev. 30 (3), 515e527.

Sakib, M., Nihal, F., Haque, H., Rahman, M., Ali, M., 2015. Sundarban as a buffer
against storm surge flooding. World J. Eng. Technol. 2015 (3), 59e64.

Salehin, M., Haque, A., Rahman, M.R., Khan, M.S.A., Bala, S.K., 2007. Hydrological
aspects of 2004 floods in Bangladesh. J. Hydrol. Meteorol. 4 (1), 33e44.

Sebesvari, Z., Foufoula-Georgiou, E., Harrison, I., Brondizio, E.S., Bucx, T.,
Dearing, J.A., Ganguly, D., Ghosh, T., Goodbred, S.L., Hagenlocher, M., Hajra, R.,
Kuenzer, C., Mansur, A.V., Matthews, Z., Nicholls, R.J., Nielsen, K., Overeem, I.,
Purvaja, R., Rahman, Md.M., Ramesh, R., Renaud, F.G., Robin, R.S., Subba
Reddy, B., Singh, G., Szabo, S., Tessler, Z.D., van de Guchte, C., Vogt, N.,
Wilson, C.A., 2016. Imperatives for Sustainable Delta Futures. Global Sustainable
Development Report (GSDR) 2016 Science Brief. Available from: https://
sustainabledevelopment.un.org/content/documents/972032_Sebesvari_
Imperatives%20for%20sustainable%20delta%20futures.pdf [accessed: 03.04.16.].

Seto, K.C., Fragkias, M., Güneralp, B., Reilly, M.K., 2011. A meta-analysis of global
urban land expansion. PLoS One 6 (8), e23777. http://dx.doi.org/10.1371/
journal.pone.0023777.

Shaw, R., Mallick, F., Islam, A. (Eds.), 2013. Disaster Risk Reduction Approaches in
Bangladesh. Series: Disaster Risk Reduction. Springer, Japan, 366 pp.

Streatfield, P.K., Karar, Z.A., 2008. Population challenges for Bangladesh in the
coming decades. J. Health Popul. Nutr. 26 (3), 261e272.

Syvitski, J.P.M., Kettner, A.J., Overeem, I., Hutton, E.W.H., Hannon, M.T.,
Brakenridge, R.G., Day, J., Vӧrӧsmarty, C., Saito, Y., Giosam, L., Nicholls, R.J., 2009.
Sinking deltas due to human activities. Nat. Geosci. 2, 681e686. http://
dx.doi.org/10.1038/ngeo629.

Szabo, S., Begum, D., Ahmad, S., Matthews, Z., Streatfield, P.K., 2015a. Scenarios of
Population Change in the Coastal Ganges Brahmaputra Delta (2011e2051). ESRC
Centre for Population Change. Working Paper 61, March 2015; ISSN 2042e4116.

Szabo, S., Hajra, R., Baschieri, A., Matthews, Z., 2015b. Inequalities in Human Well-
being in the Urban Ganges-brahmaputra Delta: Implications for Sustainable
Development. ESRC Centre for Population Change. Working Paper 67; August
2015, ISSN 2042e4116.

Szabo, S., Eduardo, Brondizio, Scott, Hetrick, Renaud, Fabrice G., Nicholls, Robert J.,
Matthews, Zoe, Tessler, Zachary, Tejedor, Alejandro, Sebesvari, Zita, Foufoula-
Georgiou, Efi, da Costa, Sandra, Dearing, John A., 2016. Population dynamics,
delta vulnerability and environmental change: comparison and overview of the
Mekong, Ganges-Brahmaputra and Amazon delta regions. Sustain. Sci. 11, 539.
http://dx.doi.org/10.1007/s11625-016-0372-6.

Tessler, Z.D., V€or€osmarty, C.J., Grossberg, M., Gladkova, I., Aizenman, H.,
Syvitski, J.P.M., Foufoula-Georgiou, E., 2015. Profiling risk and sustainability in
coastal deltas of the world. Science 349 (6248), 638e643. http://dx.doi.org/
10.1126/science.aab3574.

UN, 2013. World Population Prospects, the 2012 Revision. Department of Economic
and Social Affairs, Population Division, United Nations, New York.

Van Alphen, J., 2015. The Delta Programme and updated flood risk management
policies in The Netherlands. J. Flood Risk Manag. http://dx.doi.org/10.1111/
jfr3.12183.

Whitehead, P.G., Barbour, E., Futter, M.N., Sarkar, S., Rodda, H., Caesar, J.,
Butterfield, D., Jin, L., Sinha, R., Nicholls, R., Salehin, M., 2015a. Impacts of
climate change and socio-economic scenarios on flow and water quality of the
Ganges, Brahmaputra and Meghna (GBM) river systems: low flow and flood
statistics. Environ. Sci. Process. Impacts 17 (6), 1057e1069.

Whitehead, P.G., Sarkar, S., Jin, L., Futter, M.N., Caesar, J., Barbour, E., Butterfield, D.,
Sinha, R., Nicholls, R., Hutton, C., Leckie, H.D., 2015b. Dynamic modeling of the
Ganga river system: impacts of future climate and socio-economic change on
flows and nitrogen fluxes in India and Bangladesh. Environ. Sci. Process. Im-
pacts 17 (6), 1082e1097.

Wilson, C.A., Goodbred, S.L., 2015. Construction and Maintenance of the Ganges-
Brahmaputra-Meghna delta: linking process, Morphology, and Stratigraphy.
Annu. Rev. Mar. Sci. 7, 67e88.

Woodroffe, C.N., Nicholls, R.J., Saito, Y., Chen, Z., Goodbred, S.L., 2006. Chapter 10:
landscape variability and the response of Asian Megadeltas to environmental
change. In: Harvey, N. (Ed.), Global Change and Integrated Coastal Management.
Springer, pp. 277e314.

World Bank, 2010. Economics of Adaptation to Climate Change (EACC) Report,
Bangladesh, 2010. http://climatechange.worldbank.org/sites/default/files/
documents/EACC_Bangladesh.pdf.
t of social and environmental sustainability dynamics in the Ganges-
ence (2016), http://dx.doi.org/10.1016/j.ecss.2016.08.017

http://refhub.elsevier.com/S0272-7714(16)30271-2/sref32
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref32
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref32
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref33
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref33
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref34
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref34
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref34
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref34
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref35
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref35
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref35
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref36
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref36
http://dx.doi.org/10.1002/2014JF003117
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref38
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref38
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref38
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref38
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref39
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref39
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref39
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref39
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref40
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref40
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref41
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref41
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref41
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref42
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref42
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref42
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref43
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref43
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref43
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref43
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref43
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref43
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref44
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref44
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref44
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref44
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref44
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref45
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref45
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref45
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref45
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref46
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref46
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref46
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref46
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref47
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref47
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref47
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref47
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref47
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref47
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref47
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref47
http://dx.doi.org/10.1002/qj.2040
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref49
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref50
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref50
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref51
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref51
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref51
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref51
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref52
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref52
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref52
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref52
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref52
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref52
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref52
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref53
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref53
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref53
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref53
http://dx.doi.org/10.1007/s00477-016-1232-8
http://dx.doi.org/10.1007/s00477-016-1232-8
http://dx.doi.org/10.1039/C5EM90022K
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref57
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref57
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref57
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref57
http://dx.doi.org/10.1007/s10584-016-1769-z
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref59
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref59
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref59
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref59
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref60
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref60
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref60
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref60
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref60
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref61
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref61
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref62
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref62
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref62
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref62
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref63
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref63
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref63
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref64
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref64
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref64
https://sustainabledevelopment.un.org/content/documents/972032_Sebesvari_Imperatives%20for%20sustainable%20delta%20futures.pdf
https://sustainabledevelopment.un.org/content/documents/972032_Sebesvari_Imperatives%20for%20sustainable%20delta%20futures.pdf
https://sustainabledevelopment.un.org/content/documents/972032_Sebesvari_Imperatives%20for%20sustainable%20delta%20futures.pdf
http://dx.doi.org/10.1371/journal.pone.0023777
http://dx.doi.org/10.1371/journal.pone.0023777
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref67
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref67
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref68
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref68
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref68
http://dx.doi.org/10.1038/ngeo629
http://dx.doi.org/10.1038/ngeo629
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref70
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref70
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref70
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref70
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref70
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref71
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref71
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref71
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref71
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref71
http://dx.doi.org/10.1007/s11625-016-0372-6
http://dx.doi.org/10.1126/science.aab3574
http://dx.doi.org/10.1126/science.aab3574
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref74
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref74
http://dx.doi.org/10.1111/jfr3.12183
http://dx.doi.org/10.1111/jfr3.12183
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref76
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref76
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref76
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref76
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref76
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref76
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref77
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref77
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref77
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref77
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref77
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref77
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref78
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref78
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref78
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref78
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref80
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref80
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref80
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref80
http://refhub.elsevier.com/S0272-7714(16)30271-2/sref80
http://climatechange.worldbank.org/sites/default/files/documents/EACC_Bangladesh.pdf
http://climatechange.worldbank.org/sites/default/files/documents/EACC_Bangladesh.pdf

	Integrated assessment of social and environmental sustainability dynamics in the Ganges-Brahmaputra-Meghna delta, Bangladesh
	1. Introduction
	2. The GBM delta, coastal Bangladesh and drivers of change
	3. The ESPA deltas approach
	3.1. Conceptual analysis and framework
	3.2. Governance analysis and stakeholder engagement
	3.3. Socio-economic data collection and analysis
	3.4. Biophysical analysis and models
	3.5. Scenario development
	3.6. Integrated model development (ΔDIEM)
	3.7. Policy analysis and an iterative learning loop

	4. Discussion
	5. Conclusion
	Acknowledgements
	References


