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Abstract

Salinisation within delta environments is a dynamic process governed by the interaction between coastal, fluvial and geo-
morphological systems. Increasingly, these have been modified through human activity and management practices, which
lead to unintended problems associated with waterlogging and salt accumulation in soils and water resources. As a result of
these issues, over 100 million people in the Ganges—Brahmaputra and other Asian deltas are negatively affected by a lack of
freshwater availability and decreased crop yields. Rising sea levels, climate change, and population increase are all likely to
exacerbate these problems. Using an iterative approach of literature review, we analyse the evolution of water management
practices and policy and how these have influenced salinity within the delta, with a conceptual framework of understanding
developed to guide risk management strategies. We find that management of coastal flooding and salinisation is hampered
by socio-economic conditions and the dynamic hydro-morphology of the delta, which has increasingly been altered through
diversion and abstraction of upstream flow. Whilst engineering solutions protect large areas from inundation, interruption
of natural flood-dynamics also increases the potential impact from storm-surge and fluvio-tidal flooding. To limit salinity,
policies based on salinisation science, as well as the implementation of adequately financed, multi-layered, integrated risk
management plans at the local, regional, and river basin levels, are required. The promotion of stakeholder engagement
should be encouraged to ensure local co-operation and effective implementation of policies. The mitigation of the multiple
and cascading hazards associated with salinisation caused by anthropogenic activity, climate change and socio-economic
development is crucial for the populations of delta regions across Asia.
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1 Introduction

Asian deltas are among the most densely populated regions
of the world. They are characterised by low elevations, high
rainfall, and a high rate of sediment deposition. Salinisation
is a pervasive problem in low-lying coastal regions of the
world’s deltas (Rahman et al. 2019). The Bengal Delta is no
exception. The coastal delta in Bangladesh, home to ca. 30
million people, faces increased exposure to elevated salinity

< Mohammad A. Hoque
mo.hoque @port.ac.uk

School of the Environment, Geography&Geosciences,
University of Portsmouth, Portsmouth, PO1 3QL, UK

Department of Geology, University of Dhaka, Dhaka,
Bangladesh

in water and soil resources, threatening ecosystem services
and human welfare (Hoque et al. 2016; Szabo et al. 2016;
Vineis et al. 2011; Alam et al. 2018; Rahman and Ahmad
2018). Salinity within the network of tidal river channels,
which are characteristic of the region, experienced a step-
wise increase during 2006—2007 (Sherin et al. 2020), with
future increases and further inland progression of saline
water predicted over the coming century (Dasgupta et al.
2015a; Akter et al. 2019). The full extent of soil salinisation
in the region is unknown, with a 2009 survey identifying
10,560 km? of net cultivable land as affected, an increase of
26% compared to 1973 (SRDI 2010). Modelling of regional
trends in climate data have been used to predict the increased
occurrence of saline soils and a rise in salt accumulation
of 39% by 2050 (Dasgupta et al. 2015b; Payo et al. 2017).
The result for agricultural productivity is predicted to be a
decline in yield of 25 to 50% by 2098 (Clarke et al. 2015).
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The impact on the wellbeing of the population may be aggra-
vated by the salinisation of groundwater and surface water
resources, with an association between drinking water salin-
ity and prevalent hypertension identified in the region (Khan
et al. 2014; Scheelbeek et al. 2017). Ecosystem services (for-
est products, aquatic resources and natural hazard protec-
tion) are also at risk (Dearing and Hossain 2018; Newton
et al. 2020), weakening resilience of the coastline to sea-
level rise and cyclone-induced storm surge.

Under natural conditions, low-lying regions of the Bengal
Delta (Fig. 1) maintain a dynamic equilibrium with sea level
through sedimentation driven by the Ganges Brahmaputra
(G-B) river system (Auerbach et al. 2015a). However, eleva-
tions below 5 m (of which ca. 25,000 km? are within 2 m of
current sea level), frequent cyclones and the dynamics of the
active delta system place the local population at risk from
coastal flooding, which can have both short- and long-term
impacts on economic activity and farming (Rahman et al.
2020). For thousands of years, delta dwellers attempted to
manage water resources, with overflow irrigation systems
established ca. 3000 years ago (Willcocks 1930). Cata-
strophic floods and subsequent famine from 1954 to 1956
lead to the most significant modern adaptation within the
southern tidally active delta, with the reclamation of agricul-
tural land by polder construction during the 1960’s—1980’s.
Although potential consequences of extensive embank-
ment construction, including subsidence, poor drainage and
waterlogging, were raised by the Krug Mission under the
auspices of the United Nations in 1957 (van Staveren et al.
2017), the immediate need was prioritised and isolation of
the embanked areas from the surrounding delta floodplains
ensued.

The subsequent evolution and application of water man-
agement from the 1960’s has occurred against the backdrop
of escalating natural events (e.g., sea-level rise, subsidence
and cyclone storm surge) and anthropogenic alterations (e.g.,
construction of the Farakka Barrage) (Islam and Peterson
2009; Becker et al. 2020; Mirza 1998). The resulting inter-
action with hydro-morphology, coastal processes, the built
environment and service sectors have variably impacted
salinisation, particularly in the coastal belt (Auerbach et al.
2015a; Mirza 1998; Rahman et al. 2019; Sherin et al. 2020).
Improved stakeholder participation occurred through the
1980’s—1990’s (van Staveren et al. 2017), with an integrated
and ambitious delta-wide strategy, The Bangladesh Delta
Plan 2100, being developed in the early part of this century
(Alam et al. 2018).

The problem of salinisation in the Bengal Delta is com-
plex, but it is expected to be comparable to that of other
Asian deltas, requiring a thorough analysis of the delta's
hydrology, geology, and ecology, as well as its water man-
agement strategies. The extensive history of water manage-
ment regulations in Bangladesh, as well as its sensitivity to
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climate change, provide a great opportunity to develop an
understanding. Given that sea level rise is anticipated to con-
tinue for the rest of the century and that the salinisation that
will arise from it will be the most difficult issue for Asian
deltas, the knowledge obtained in the Bengal delta will be
helpful for all deltas.

Drawing together a contemporary understanding of the
hydrological processes, considering both historical water
management practices and salinity in reference to the delta
ecosystem, provides the basis for building a new conceptual
model. This step is crucial for creating effective adaptation
strategies to prevent and mitigate increases in soil and water
salinity (Suter 1999; Norton et al. 1992; Auerbach et al.
2015a; Islam et al. 2019). We aim to map the understanding
of salinisation, with specific reference to Bangladesh, by
looking into the literature to answer specific research ques-
tions as outlined in Sect. 3. Critical gaps in knowledge will
be identified with a discussion on the current risk facing the
delta, the interaction of historical management strategies and
whether these can be addressed in an integrated framework
to address the hazards in the region from ongoing climate
and hydro-morphological processes.

2 The Bengal Delta, Bangladesh—A Brief
Overview

The Bengal delta—administered by both India and Bang-
ladesh—is positioned at the juncture of three major river
systems, the Ganges, Brahmaputra and Meghna (GBM),
which drain over 1,500,000 km? of the Himalayas and its
foothill regions (Akter et al. 2016). A combined monthly
river discharge of ca. 7000 m> s™! (dry season) to 90,000
m? s™! (wet season) (Islam 2016) delivers an annual sedi-
ment load of ca. 1 billion tonnes yr~! (Wilson and Goodbred
2015). This morphologically active delta, with an area over
200,000 km? (Uddin and Lundberg 1999), receives an aver-
age rainfall of 1200-1900 mm yr~! of which 80% occurs
within the monsoon months of June—September when the
GBM system also receives water and sediment from its vast
catchment (Caesar and Janes 2018).

The landforms and gently, southerly sloping topography
of the delta are principally fashioned by the GBM rivers
that flow into the Bay of Bengal, with elevated Pleistocene
blocks outcropping in a landscape dominated by Holocene
deposits (Morgan and Mclntire 1959). The flat delta sur-
face, dominantly composed of silty-clay over bank depos-
its, is underlain by extensive unconsolidated, semi-confined,
fluvial channel sand aquifers, which provide an invaluable
groundwater resource for the > 100 million inhabitants of
the delta in Bangladesh and West Bengal (Ravenscroft et al.
2005; Hoque et al. 2014).
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Fig.1 The Bengal delta. Digital elevation model at 90 m resolu-
tion derived from SRTM — Shuttle Radar Topography Mission data
(USGS 2018), shows the delta’s low-lying topography, gently sloping
to the south. Regions below 3 m are concentrated in the southwest of
Bangladesh, into West Bengal (India). The apparent increased eleva-

The hydro-morphological evolution of the delta from
west to east is well documented and attracts continued atten-
tion (e.g., Allison, et al. 2003; Sarkar et al. 2009; Wilson
and Goodbred 2015; Dewan et al. 2017). Spatial variation is
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tion in the region of the Sunderbans results from the height of the
vegetation canopy, and does not indicate true land elevation. Polders,
highlighted in blue, are concentrated in coastal locations and isolate
multiple stream channels

also observed across the modern delta with fluvially domi-
nant systems in the east associated with the Lower Meghna
and interconnected distributary channels, and a tidally
dominant regime in the west where freshwater availability
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is predominantly governed by the flow on the Gorai River
(Fig. 1) (Wilson and Goodbred 2015). Semi-diurnal tides
have ranges of ~2 m at the coast (Hiron Point), amplifying
to~3.5 m (Mongla) before subsiding and reaching in excess
of 120 km inland during the dry season (Wilson et al. 2017).
Increasingly over the last century, fluvio-tidal interactions
have been modified by anthropogenic activity (Dewan et al.
2015; Wilson et al. 2017).

3 Research Approach and Methodology

A hermeneutic approach with a circular framework (Boell
and Cecez-Kecmanovic 2014) was used to map the current
understanding of salinisation by searching for literature, and
examining and interpreting the text. While the systematic
literature review is more focused on collecting data and
more likely to result in identifying larger, more generalizable
knowledge gaps, the hermeneutic approach is more focused
on interpreting and analysing the text in order to identify
what is known or poorly understood. We used hermeneu-
tics philosophy as we focused more on specific knowledge
gaps in our understanding of salinisation risk assessment
(Fig. 2). In it, two hermeneutic circles, the search and acqui-
sition circle and the analysis and interpretation circle, were
used to develop a deeper understanding of the influence of
policies and natural attributes as a factor in salinisation. The
first circle involved searching, sorting, selecting, acquiring,

Fig.2 The hermeneutic circles
that were adopted following
Boell and Cecez-Kecmanovic
(2014). The acquisition circle
and the analysis and interpre-
tation circle were all used to
complete the critical literature
review, to develop management
strategies, and to highlight
unmet research needs

Selecting
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Searching
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and reading, whereas the second circle involved analytical
reading, mapping and categorising knowledge, and critical
assessment of existing understanding.

Since our focus is on the risk of salinisation, we chose
a few key publications on salinisation across a range of
topics (policies, land use, hydro-morphology, health and
agricultural impact). We then employed tracking references
in those articles to find more relevant material as we read.
After the first set of articles is read based on the extended
understanding of the topic searching for additional docu-
ments was carried out. The title and abstracts of articles were
used in order to establish if they are relevant in the context
of the search. Furthermore, when an important paper was
identified, Google Scholar and Web of Science databases
were used to find other papers citing that paper allowing
literature to be tracked forward in time.

In the second circle of this hermeneutic approach, an ana-
lytical framework is drawn up to meet the aim by focusing
on literature that deals with the key issues of salinisation,
climate change and coastal hazards, particularly in the con-
text of low-lying coastal delta settings and Bangladesh. To
map the current understanding of salinisation in low-lying
deltas, we try to look for an answer to the following four
questions using knowledge from the literature:

e What historical hydrological interventions in the Bengal
delta have affected the coastal region? What have been
the implications?
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e What is the extent of salinity? How is this going to
change in the future?

e What are the drivers of salinisation? Can we segregate
the dominance of factors across the delta?

e Can we create a conceptual framework to understand the
impact of salinisation, considering feedback loops?

These questions help to identify key information within
the multiple sources available, with the objective questions
providing a scaffold for the literature search and to focus
knowledge toward the aim of the study (e.g., Webster and
Watson 2002; Sackett and Wennberg 1997).

Subsequently, also under the second circle, we aim to
integrate our understanding, by applying the Source—Path-
way—Receptor (S-P-R) concept, previously utilised in assess-
ing risk within coastal regions e.g., (Grilli et al. 2017). We
focus on salinisation and its link to natural and anthropo-
genic influences and assess whether the current knowledge,
placed in the S-P-R framework and accounting for feedback
from previously implemented strategies, can be used to
provide policy recommendations. An in-depth analysis has
been considered to produce a reflective account of the link
between salinisation and sea-level rise, and subsequently,
the policy perspective on mitigation is discussed along with
further research needs.

4 Analysis of Current Knowledge

What historical hydrological interventions in the Bengal
delta have affected the coastal region?

The historical development of water resource manage-
ment within the delta started ca. 1000 BC with the con-
struction of small channel networks for overflow irrigation

~1000BC to 1800 AD 1975 to 1995

Ancient Era

1960 to 1975
Post colonial Era

Construction of coastal
polders

Overflow irrigation of
central & SW Bengal

1800 to 1950
British Colonial Era

1974-1975
Upstream intervention

Construction of Farakka
Barrage

Small dry season
earthen embankments

Fig.3 Evolution of water management strategies and policies within
Bangladesh and the Bengal delta. A temporal shift from systems
aligned with the natural flood dynamics of the delta to engineer-
ing solutions which primarily aim to exclude flood waters can be
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and to prevent nutrient deficiency in soils (Willcocks 1930).
When the system fell into disrepair and became dysfunc-
tional in the mid-eighteenth century, temporary earth dams
and canals were built in coastal areas to prevent saline incur-
sions during the dry season (Dewan et al. 2015). This water
management practice was devolved to Zamindars (landlords)
during British colonial rule (van Staveren et al. 2017). Fast
moving political events in the twentieth century, including
the independence of India in 1947 and formation of the Peo-
ples Republic of Bangladesh in 1971, have influenced water
management policies in the delta. Major water management
policies are highlighted in Fig. 3, focussing on those with
connection to salinisation in coastal areas. More detailed
accounts of policies and their implication can be found in the
literature (e.g., Dewan et al. 2015; van Staveren et al. 2017,
Rahman et al. 2020).

Localised earth dam water management, aligned to the
natural dynamics of the delta, engaged communities in con-
struction and maintenance (van Staveren et al. 2017) and
was replaced by a large-scale engineering approach from
the 1960’s under the control of national government agen-
cies e.g., the East Pakistan Water and Power Development
Authority which evolved to the Bangladesh Water Develop-
ment Board (BWDB) from 1971 (Dewan et al. 2015). Con-
struction of 139 polders was carried out during the 1960’s
to 1980’s, primarily to protect against coastal flooding and
to reclaim agricultural land (Alam et al. 2018). This iso-
lated floodplain areas from river channels, reduced sediment
deposition and created waterlogging, which over time has
reduced agricultural productivity (van Staveren et al. 2017;
Wilson et al. 2017).

The slow evolution from a top-down based policy
model was, in part, driven by international funding bodies
from the late 1970°s—1980’s and intended to benefit local

1990s 2002-2005
Underfunding Government lead TRM

Beel Kedaria and East
Khuksia restoration
2006-2012

BWDB staff and budget
cut and maintenance of
polders reduced

2000-2020
Era of Policies

1990-1994
Locally initiated TRM

Community initiative of
Beel Dakatia
restoration

Most policies are
formulated during
this time
including long-
term Delta Plan
2100 in 2018

observed. More flexible approaches, including tidal river management
(TRM) started to evolve in the late twentieth century (compiled from
various sources)
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communities and combat poverty (Dewan et al. 2015). It
was not until the 1990’s that the push for more equitable
stakeholder engagement gained traction through popular
opposition of centralised policy, however, in practice, the
lack of power and funding at local level hindered applica-
tion of localised mitigation (Van Staveren et al. 2017). The
reduction of national scale funding for maintenance dur-
ing the late 1990’s as part of decentralisation also led to
increased risk of coastal inundation associated with potential
infrastructure failure (Dewan et al. 2015). Previous attempts
to draw together knowledge in an integrated framework have
been undertaken within the Ecosystem Services for Well-
Being in Deltas project (Nicholls et al. 2018), with the ambi-
tious national scale Bangladesh Delta Plan 2100 developed
to manage rivers, flooding, water resources and associated
aspects of the delta environment (Alam et al. 2018).

Bangladesh also faces competition for water resources
due to its position as the downstream riparian partner to
India (Ganges and Brahmaputra Rivers) and China (Brah-
maputra River), with national management strategies poten-
tially reliant on international co-operation for water sharing.
This dependence is highlighted by the negotiations sur-
rounding water flow on the Ganges after the construction of
the Farakka Barrage by India during 1975, and the subse-
quent water sharing agreements and Ganges Treaty of 1996
(Baten and Titumir 2016). However, reductions in freshwater
flow between pre- and post-Farakka periods are repeatedly
highlighted (Mirza 1997; Gain and Giuponni 2014) and have
been linked to increases in river salinity in southwest Bang-
ladesh (Mirza 1998), with decreases in discharge proposed
as a leading mechanism of salinisation in the region (Akter
et al. 2019). The continuing challenges of trans-national
water management are likely to impact national policy well
into the future (Baten and Titumir 2016).

What is the extent of salinity? How is this going to
change in the future?

Salinisation has impacted Bangladesh on a large scale,
with the tidally active western portion of the delta show-
ing the most severe increases during the dry season (Das-
gupta et al. 2015a; Clarke et al. 2015; Wilson and Goodbred
2015). The spatial distribution of salinity within the delta
is highlighted in Fig. 4, which shows the average salinity
maxima between 2000 and 2017 at 54 monitoring stations,
with elevated values focused in the southwest. Rising salin-
ity is reported in multiple river channels over various time-
scales including the Rupsa 1965-1992 (Mirza 1998), Passur
1962-2008 (Dasgupta et al. 2015a), and the Shibsa, Kak-
shiali and Morishan Rivers (Shammi et al. 2017). Predictive
models also suggest future upstream penetration of salinity,
with the 2 ppt (parts per thousand) isohaline extrapolated
over 80 km inland in the central and eastern sectors of the
delta by 2050 (Dasgupta et al. 2015a). On a localised scale,
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the 10 ppt front is also predicted to intrude 21 km inland
along the Passur River as a consequence of the locally antici-
pated 0.59 m sea-level rise (SLR) (Bhuiyan and Dutta 2012).
Recent studies indicate a rapid shift in salinity during the
dry season of 20062007, however, the driving mechanism
behind this change remains unresolved (Sherin et al. 2020).

Salinity already affects 20-30% of net cultivable land in
Bangladesh (Baten et al. 2015) with increased river salin-
ity in the southwest mirrored by the spatial distribution of
soil salinity in coastal regions (Salehin et al. 2018). Mean
electrical conductivity (EC) values >3 dS/m are recorded in
soils of the southwest and coastal regions of the central and
eastern portions of the delta (Dasgupta et al. 2015b). Com-
puter modelling predicts increased occurrence of saline soils
through the twenty-first century combined with associated
decreases in crop yields (Payo et al. 2017; Dasgupta et al.
2015b; Clarke et al. 2015).

High levels of salinity up to~13.5 g/L are also recorded
in groundwater (e.g., Ayers et al. 2016; Saha et al. 2018;
Sarker et al. 2014; Worland et al. 2015) with a naturally
occurring saline front present in coastal areas (Ravenscroft
et al. 2013). Whilst elevated salinity may (partially) result
from connate pore water emplaced during the deposition of
marine/estuarine sediments (Ayers et al. 2016), inundation
resulting from storm surges has the potential to increase both
soil and shallow groundwater salinity (Islam et al. 2019;
Rahman et al. 2018).

In contrast to the well-developed north—south oriented
palaeo-channels in the southeast of the delta, limited-scale
fluvial channel deposits in the southwest retards regional
fresh groundwater recharge and limits flushing of salinity
from potential aquifer units (Ravenscroft et al. 2005; Naus
et al. 2019).

What are the drivers of salinisation? Can we segre-
gate the dominance of factors across the delta?

The spatio-temporal distribution of salinity within the
G-B Delta results from the complex interaction between
multiple drivers over varying timescales of hours (e.g.,
tides and storm events—Dasgupta et al. 2015a; Karim and
Mimura 2008), months (e.g., river discharge—Mirza 1998),
decades (e.g., channel migration—Coleman 1969), centuries
(e.g., subsidence—Brown and Nicholls 2015) and millennia
(e.g., marine transgression/regression and delta formation—
Allison et al. 2003). The shifting hydro-morphology and
natural processes within the delta conflict with the stability
desired by its human populace. Anthropogenic modifica-
tion of hydro-morphology within the coastal belt, through
freshwater abstraction/diversion, polder construction and
land use, directly impacts salinity (Mirza 1998; Pethick and
Orford 2013; Islam et al. 2019).

The key role of discharge and flow modification, com-
bined with subsequent impacts on fluvial geomorphology of
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Fig.4 Salinity maxima in the river system of Bangladesh during the
period 2000 to 2017. Elevated salinity is observed in the southwest,
in a region where polders dominate the landscape and land elevation
is below 6 m (lightest grey colouration) (refer to Fig. 1). The large

the Gorai River are highlighted in the work by Mirza (1998).
Correlation between high flow volumes along the Gorai
and decreased salinity in the region has been demonstrated
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volumes of freshwater discharged in the east of the delta are seen to
reduce the salinity in this region, despite the tidal propagation (high-
lighted in Fig. 1) penetrating over 100 km inland

before. Dredging on this channel, as a management strat-
egy, is accredited with increasing flow by 5-13% during the
dry seasons between 2010 and 2013 (MoP 2014), however,
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long-term sustainability is unlikely because of the dynamic
geomorphology of the river and high costs (Gazi et al. 2020).
The concept that salinity is linked to reduced upstream flow
is supported by Akter et al (2019), who propose this as the
dominant mechanism within the region, with the impact of
SLR suggested to be limited to coastal areas, and further
localised influence on salinity from cyclone-induced storm
surge.

Polder construction has further influenced the balance
between tidal flow and river discharge, by altering chan-
nel geometry (Du et al. 2018). The isolation of river chan-
nels from the floodplains has also restricted active channel
length, by up to 60%, with a reduction exceeding 600 km in
the southwest delta floodplain (Wilson et al. 2017). Greater
estimates of > 1000 km are forecast for the whole delta
(Pethick and Orford 2013). This decreased capacity has cre-
ated higher water levels in coastal areas and pushed saline
waters further inland through the remaining open channel
network (Pethick and Orford 2013).

Salinisation of soils has been associated with increases
in salinity in adjacent rivers (Salehin et al. 2018), irriga-
tion (Clarke et al 2015; Salehin et al. 2018) and saltwater
shrimp farming (Be et al. 1999; Ali 2006; Chowdhury et al.
2011). Inundation resulting from the overtopping of flood
defence embankments during storm surge events can also
be a source of saline water (Auerbach et al. 2015a; Ikeuchi
et al. 2017). If un-remediated this flooding can also increase
underlying shallow groundwater salinity (Rahman et al.
2018; Islam et al. 2019). Salinity variations in the shallow
aquifer (<60 m depth) are linked to land use and hydro-
morphological features, including the location of freshwa-
ter ponds, elevation, siting of brackish water shrimp ponds
and areas exposed to more regular tidal flooding (Naus et al.
2019; Islam et al. 2019). The high salinity in the southwest
of Bangladesh has led to increased development of brackish
water aquaculture, which covers an area ca. 150,000 hectares
in the region (Ahmed and Diana 2015), and conflicts with
the freshwater demands of agriculture. With saline waters
actively introduced into the polders which are designed to
protect the land and water resources from sea-water flood-
ing. Active breaching of polders at the community level may
also be initiated to reduce waterlogging (van Staveren et al.
2017), however, whilst this may achieve the addition of sedi-
ments within the affected area, saline water may be trapped
within the sediment, or infiltrate into underlying groundwa-
ter enhancing salinisation (Auerbach et al. 2015a). Previous
predictive models (Dasgupta et al. 2018; Clarke et al. 2015)
anticipate that, without suitable adaptation strategies, salini-
ties in the southwest will exceed 20 ppt by the end of the
century, essentially limiting dry season agriculture.
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Can we create a conceptual framework to under-
stand the impact of salinisation, considering feed-
back loops?

Salinisation impacts multiple aspects of delta ecology,
ecosystem services, agriculture and human health through
the introduction of potentially harmful sources of excess
sodium (Na) to ecological (Herbert et al. 2015) and human
receptors (Scheelbeek et al. 2017) as summarised in the
conceptual framework presented in Fig. 5. Increased salin-
ity within coastal wetlands and mangrove forests results in
shifts in floral and faunal distribution and is linked to dying
back of Sundari and Goran trees in the Sunderban (Newton
et al. 2020). These changes threaten to affect ecosystem ser-
vices including forestry, fishing and honey/wax collection,
whilst reducing natural protection against cyclonic storm
surges and coastal erosion (Islam and Bhuiyan 2018).

Agricultural productivity is closely linked to soil quality,
with nutrient cycling critical for healthy crop growth. Both
abiotic and biotic elements of soils are negatively affected
by increased salinity through alteration of cation exchange
capacity and increased faunal mortality which reduce nutri-
ent availability/cycling (Evangelou and McDonald 1999;
Herbert et al. 2015; Butcher et al. 2016). Physical degrada-
tion of soils, caused by the adsorption of Na* ions onto clay
mineral surfaces and subsequent expansion of clay parti-
cles also results in reduced porosity/permeability (Vengosh
2005)—exacerbating problems associated with waterlog-
ging. High levels of soluble and exchangeable Na within
soils and pore water can decrease crop yields by reducing
water uptake via osmotic stress and toxicity within plant
cells (Butcher et al. 2016; Dasgupta et al. 2018; Zorb et al.
2019). Increased salinity in irrigation water not only reduces
rice yields (water exceeding >2000 pS/cm causes in a 10%
decline), but it is also associated with lower yields in other
locally grown crops such as Melon, Mustard, Sweet Potato
and Potato (Haque et al. 2014; Rahman et al. 2011). These
negative impacts on agriculture are proposed to reduce
income within the affected areas and to be a driver behind
internal migration within Bangladesh (Chen and Mueller
2018).

Surface water and aquifer resources are also threatened
by increasing salinity (Hoque et al. 2016), with storm
surge inundation not only driving the salinisation of shal-
low groundwater (Islam et al. 2019) but also resulting in
the contamination of drinking water ponds (Hoque et al.
2016). Cohort studies have identified an association between
increased Na concentration in drinking water and increased
rates of hypertensive disorders such as (pre)eclampsia (Khan
etal. 2011, 2014), increased infant mortality (Dasgupta et al.
2016) and other cardio-metabolic health issues (Scheelbeek
et al 2017). In coastal Bangladesh and other Asian deltas,
drinking water sources with high saline content are reported
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Fig.5 The process and impact of salinisation. The conceptual under-
standing of saltwater intrusion on ecosystems and human health
based on the Source—Pathway—Receptor (S-P-R) and feedback loop
concept. Coastal salinity ubiquitously introduces excess sodium,

to be contributing to an increased intake of sodium (Hoque
and Butler 2015).

5 Discussion

5.1 Interaction of Natural and Anthropogenic
Processes and Enhanced Risk

The current consensus is that fluvio-tidal and storm surge
flooding are the primary causes of episodic inundation of
vast areas in southwest Bangladesh (Adnan et al. 2019).
The landfall of tropical cyclones, which occur at an average
frequency of 10 per decade (Islam and Peterson. 2009), can
produce a surge of seawater linked to a low-pressure induced
rise in water level at the centre of the storm. This sudden
rise in sea level can be amplified by the timing (e.g., high
spring tides) or by the narrow width and shallow depth of
tidal creeks/channels (Woodruff et al. 2013; Du et al. 2018).
The large-scale polders designed to prevent coastal flooding
and protect agricultural land (Adnan et al. 2019) have, in
the long term, increased the vulnerability of enclosed areas,
with increased risk of breaching or overtopping through
differential subsidence, SLR and altered channel geometry
(Auerbach et al. 2015a; Du et al. 2018; Becker et al. 2020).
Inundation now initiates a cascading hazard (Fig. 6), with
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impacting human health, crop yield and ecological balance. Ini-
tial negative impacts feedback into the system causing a cycle of
increased land degradation and poverty

multiple sequential impacts and feedback on the livelihoods
of the local population and regional economy (Szabo et al.
2016; Chen and Mueller 2018). This risk is compounded by
the potential for coastal erosion and the dynamic geomor-
phology of the delta (Wilson et al. 2017).

Over time, the construction of polders has resulted in
waterlogging problems, increased salinity and decreased
nutrients, all limiting potential for crop growth and agri-
cultural productivity (van Staveren et al. 2017; Haque et al.
2014). Subsequent changes in land use, through increased
adoption of shrimp farming, have further enhanced exposure
of flood protected land to sources of salinity (Ahmed and
Diana 2015). Increased potential for exposure to salinisation
is predicted through increased cyclone frequency in the post-
monsoon season (Sahoo and Bhaskeran. 2016) and through
globally accelerating SLR (Dangendorf et al. 2017; IPCC
2021).

The primary controls on the spatial distribution of salinity
are temporally variable, with current SLR and subsidence
rates increasing average tidal water levels within the delta
(Becker et al. 2020; Feist et al. 2021). The intra-regional and
local spatial variability remain poorly defined, with recent
studies (Sherin et al. 2020) providing limited insight into
short term dynamics and driving mechanisms. However,
since the mid-twentieth century human activity appears to
play an increasing role in salinisation, through modification
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Fig.6 Cascading hazards in coastal Bangladesh. Multiple coastal
hazards present a significant risk in the region. A single event can
impact socio-economic and infrastructural systems both directly and
through the systematic cascade of negative effects via inter-connected
domains, with consequences for the livelihoods of the local populace
and the local-regional economy. As an example, the impact of a pol-
der breach, not only results in sea-water flooding but also disrupts

of the natural systems that govern ecological distribution
and the habitability of the coastal delta (e.g., Newton et al.
2020; Auerbach et al. 2015a; Syvitski et al. 2009; Mirza
1998). Implementation of top-down policy and large-scale
engineering projects, such as the Farakka Barrage and pol-
der construction, have also counteracted dynamic feedback
mechanisms and increased salinisation.

5.2 Initiation of Cascading Hazards

The enhanced risks outlined in the previous section have
multiplied the pathways of exposure to salinity within the
delta, ultimately resulting in a cascading hazard i.e., chain
effects impacting the operation of assets such as power
plants, water supplies and communications (Pescaroli and

@ Springer

communication/infrastructure, by cutting roads which run across the
top of the embankments in the region. The immediate impacts of this
flooding may damage the homes, water supply and agriculture, how-
ever, the loss of connectivity can also disrupt business, social services
and energy supply. The sea-water flooding may also impact social
services through direct inundation of facilities, or increased demand
due to failure of sanitation and increased illness

Alexander 2018). The failure to mitigate against an indi-
vidual risk or to adopt an integrated approach to manage risk
results in sequential exposure of ecological systems, agricul-
ture, infrastructure and the built environment to increased
salinity. Figure 6 identifies the hazards and socio-economic
domains that may be impacted through exposure to immedi-
ate (e.g., sea-water flooding) and longer-term processes (e.g.,
salinisation), which often overlap in time and space. Whilst
disaster management practices are in place within the region
(DMB 2010; Alam et al. 2018), the interaction in terms of
risk modification (multihazard) or spillover to infrastructure
failure leading to widespread disruption (cascading hazard),
is not addressed by current policies. In order to identify vul-
nerability to cascading hazards the incorporation of social
vulnerability and interaction of infrastructure is needed
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(Pescaroli and Alexander 2018). Hazard identification and
risk management must, therefore, address the multiple tiers
and timescales involved in order to protect society from the
physical and economic hardships introduced by salinisation.

5.3 Multi-barrier Risk-Based Mitigation
of Hazards—Salinity Safety Planning

The management of salinisation requires action at various
spatial and temporal scales; ranging from regional, river
basin and at individual polder levels, providing multiple tiers
of hazard mitigation potentially capable of addressing the
issue of cascading hazards. Approaches based on the concept
of risk management through the removal of salinity sources,
disruption of pathways of exposure, or removal of receptors
should incorporate an assessment of vulnerability to identify
areas where mitigation is a priority due to environmental and
socio-economic factors (Das et al. 2020).

Landward progression of saline water along river chan-
nels is currently limited on the tidal plains by a single level
of protection—polder embankments and associated infra-
structure—which are vulnerable to overtopping/breaching/
failure (Adnan et al. 2019). Limiting the source of salin-
ity at the regional/river basin scale, through maintenance
of upstream flow is key to lowering salinity within river
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channels (Akter et al. 2019). However, the natural upstream
hydro-morphological dynamics and uncertain, location-spe-
cific, interactions between discharge and SLR (e.g., on the
Gorai River) add further complexity. The conflict between
fresh and brackish water demand, driven by increased aqua-
culture within the polder and providing both a source and
pathway of exposure, also requires careful management.
Further challenges exist with regard to the impacts of inter-
national water-sharing agreements and potential rising
demand due to population growth, economic development
and climate change (Brichieri-Colombi and Bradnock 2003;
Szabo et al. 2016).

At the polder scale, consideration of short-, medium-
and long-term strategies to isolate salinity from potential
receptors is essential and can be incorporated into a Salin-
ity Safety Plan (SSP) (Fig. 7). Short-term measures require
the identification of existing regular and intensifying haz-
ards (e.g., SLR-induced erosion) which are a risk factor for
embankment/infrastructure breaching, overtopping or fail-
ure. Medium-term options include annual maintenance pro-
grammes for embankments, sluice gates, and other critical
infrastructure within the polders. With long-term measures
focussing on the mitigation of unintended consequences of
polder construction, such as relative subsidence and drain-
age problems.
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Fig.7 The Salinity Safety Plan (SSP) with implementation levels in
the centre. The systematic processes and steps outlined in the diagram
highlight the multiple and iterative stages of planning required with
feedback guiding future adaptation of planning strategies and mitiga-

Published in partnership with CECCR at King Abdulaziz University

tion measures based on their relative success/effects. Flexibility and
adaptation are key to the process in order to avoid entrenchment and
single policy dominance
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Whilst individual levels of risk management cannot
address all of the hazards present, the overlap of multiple
mitigation steps should minimise risk and provide timely
remediation options to prevent salinisation. This tiered
approach is utilised within the drinking water industry and
community water supply system where the Water Safety
Plan (WSP) is well established (Mahmud et al. 2007; WHO
2012). A similar approach and development of the SSP
may be adopted to promote local community engagement
(Fig. 7). Viable plans with adequate funding for mitiga-
tion and maintenance require development, that supports/
enhance measures being adopted by neighbouring polder
units, and are approved by the local community working in
unison with the local government.

Local measures should harmonise with regional and
national policy, the latter prioritising maintenance of fresh-
water flow, and utilise the natural flood dynamics of the
delta. Although WSP considers safety from the catchment
to the user level (Mahmud et al. 2007), its scope is often
limited, therefore, SSP may require initiation at a regional
level with multi-level nesting of working groups. The SSP
needs to consider freshwater flow at the river basin scale,
sediment dynamics at the tidal basin scale, protection at
the polder embankment scale, and for the worst case sce-
nario—embankment failure—protection of critical infra-
structure within the polder (e.g., power supply, health, social
services).

Historical water management practices in coastal areas
prior to polder construction favoured approaches which
maintained natural ecological balances (Willcocks 1930;
Dewan et al. 2015). Recent attempts to mimic these prac-
tices under TRM (tidal river management) show promis-
ing results, but not without social and hydrological conse-
quences (Gain et al. 2017). TRM returns the polder to the
tidal plain by the removal of embankments, allowing the
flood and tidal waters to regularly inundate the previously
isolated area. Within 3-5 years’ sedimentation restores sur-
face elevation resolving waterlogging (Gain et al. 2017),
with estimations of up to 1.4 m of elevation could be added
within 5 years (Adnan et al. 2020). However, this prevents
agricultural activity during implementation of the TRM,
with salinisation remaining a potential problem for soil
and groundwater in strongly tidal areas (Auerbach et al.
2015a; Gain et al. 2017). River channels adjacent to polders
in coastal areas are frequently at or below 3 m elevation
(Fig. 1), equivalent to the regional tidal range (Wilson et al.
2017). These channels are flooded twice a day and hydrody-
namic equilibrium is established between saline river water
and the underlying aquifer, forming a pathway for ground-
water salinisation (Smith and Turner 2001). During extreme
high tides, these streams may also flood surrounding farm-
land resulting in the further accumulation of salts in soils.
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TRM is, therefore, not a universal solution, with greater
potential for success in specific areas. Auerbach et al.
(2015a) highlight the potential for sediment delivery and
elevation recovery during periods of exposure to tidal action,
clarifying the saline nature of these sediments and complexi-
ties of TRM in coastal areas in later correspondence (Hos-
sain et al. 2015; Auerbach et al. 2015b). Whilst modelling
studies demonstrate that limiting TRM to the monsoon sea-
son, when river water is fresh and loaded with sediments,
will have greater freshening impact on groundwater and soil
salinity (Islam et al. 2019). The latter approach has greater
affinity with water management practiced by the Zamindar
from the 1700’s to 1950’s (Dewan et al. 2015; van Staveren
et al. 2017; Adnan et al. 2020).

In regions where salinisation has become extreme,
increased adoption of shrimp farming has already occurred
(Ahmed and Diana 2015), with increased rates of migration
away from the affected areas (Szabo et al. 2016; Chen and
Mueller 2018). Future action may be necessary to provide
compensation for farmers forced to leave their land due to
loss of productivity or lack of potable water. Whilst the scale
of managed retreat in global coastal communities has so far
been limited (Oppenheimer et al. 2019), where required a
highly targeted approach could enable the distribution of
resources to areas where mitigation can be most effective
(Hino et al. 2017; Carey 2020). It is acknowledged that this
approach could prove unpopular and problematic in an area
of high population density, however, this step could provide
the opportunity to enhance natural environmental systems
through reforestation, ultimately increasing coastal protec-
tion and ecosystem services (Dearing et al., 2018; Newton
et al. 2020).

5.4 Research Challenges and Opportunities

This study has attempted to draw together and synthesise
the current knowledge available within the published lit-
erature in order to formulate a method for risk management
for salinisation. However, potential limitations of a single
approach to managing salinisation are acknowledged due to
the significant spatial and temporal variability in the driv-
ers of salinity and anthropogenic interaction with deltaic
processes (e.g., tides, sedimentation, erosion, channel mor-
phology, etc.). Significant challenges also exist due to the
incomplete understanding of the rates of change in natu-
ral processes and their spatial variability within the delta,
and the spatio-temporal scales at which various drivers are
operating.

Whilst the S-P-R framework provides a method to outline
the problem of salinisation within the delta, a complex net-
work of feedback loops between natural and anthropogenic
systems are identified which require further investigation.
Identifying regional trends in driving factors, such as river
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discharge, subsidence and SLR e.g., (Becker et al. 2020;
Sherin et al. 2020; Feist et al. 2021) can help identify the
overall risk to the delta. However, these can mask local and
intra-regional variability (e.g., Fujihara et al. 2016; Valle-
Levinson et al. 2017), knowledge of which is required to
target the most vulnerable areas.

Local association between decreased river discharge and
increased salinity has already been demonstrated (Mirza
1998). However, despite further study (Akter et al. 2019;
Sherin et al. 2020), the association between SLR and salin-
isation within the delta remains poorly defined. Previous
studies have focussed on modelling approaches for inves-
tigating inland tidal propagation (e.g., Bhuiyan and Dutta;
2012; Dasgupta et al. 2015a; Akter et al. 2019) with limited
use of in situ observation data (e.g., Mirza 1998; Rahman
et al. 2000; Sherin et al. 2020).

Multiple studies also identify the potential pathways for
salinisation through interaction between surface waters, soil
and shallow groundwater (e.g., Islam et al. 2019; Rahman
et al. 2018; Naus et al. 2019). However, the relationship
between river salinity and soil/groundwater salinisation
remains poorly constrained, with associations restricted
to coastal areas (Salehin et al. 2018). Insights into river—
groundwater interaction are also limited in the region (Peters
and Hornberger 2020) with the potential for density driven
flow in coastal rivers identified in other tidal channel settings
(Smith and Turner 2001).

These knowledge gaps restrict the ability to develop inte-
grated risk management plans and combine with climate
change and increasing populations to increase the vulner-
ability of water and agricultural security within the region
(Hoque et al. 2016). Sea-level, water-level and river salin-
ity monitoring data, available for Bangladesh from the
BWDB, Bangladesh Inland Water Transport Authority and
open source data repositories (e.g., the Permanent Service
for Mean Sea level [PSMSLY]), provide the opportunity to
define these processes within the G-B Delta, with potential
for application in other Asian deltas. Targeted research in
these areas will provide a baseline understanding for the
local SSP framework and for regional policy guidance for
climate change adaptation and infrastructure risk manage-
ment planning.

6 Conclusions

The review of historical—modern day water management
processes and policies, and their association with salinisa-
tion in Bangladesh allows us to assess the current knowledge
surrounding the mechanisms of salinisation and the potential
for the application of an integrated risk management process
in low-lying deltas.
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Historical interventions within Bangladesh have changed
from being aligned with the natural deltaic processes to one
of protection and isolation. This has led to problems of
waterlogging and differential subsidence, with an associated
risk of increased vulnerability resulting from embankment
overtopping/failure. These issues are now better understood,
with limited application of tidal river management being
used to mitigate the increased risk.

Salinisation of water and soil resources in the region
is extensive, particularly in the southwest of Bangladesh.
However, whilst changes in river discharge are singled out
as a potential leading driver, there is little consensus on the
relative contribution of SLR, cyclones or groundwater flow
to the process, with limited quantification of the rates of
change affecting these drivers. The characterisation of the
spatio-temporal distribution of salinity and its rate of change
in surface water and soils is poorly defined from observed
data, and is reliant on modelling to provide predictions. An
increased level of analysis on monitoring data, available for
Bangladesh, would help build on our current understanding
and assist in model development.

The construction of a conceptual model, based on the
S-P-R framework, aids in linking our understanding of
salinisation within the delta and the feedback loops, which
adversely impact the local population and lead to increased
exposure of soil and water resources to salinity. The adap-
tion to salinisation by increased brackish water shrimp
farming within the polders breaks down the fundamental
purpose of these engineered barriers, and does not address
the underlying issues that are leading to increased outward
migration from the affected regions. Developing the model
into a framework of cascading hazards we also identify the
complexity and multiple aspects of risk associated with ele-
vated salinity within coastal areas which, based on current
changes of tidal water levels in the delta of ca. 3 mm yr~!,
and predictions derived from modelling studies which indi-
cate increased salinity will be encountered further inland.

The Salinity Safety Plan (SSP) has also been proposed to
aid policy development and provides a robust and systematic
method to address the issues identified and to ensure the
adoption of flexible mitigation strategies that can be adapted
based on the feedback encountered from the initial imple-
mentation. These plans require integration with national and
regional policy and should be led at the community level
to ensure engagement and its relevance to the needs of the
local populace.

Crucially, in order to develop policy recommendation,
gaps in our knowledge must be addressed through continued
analysis of the processes governing salinisation within delta
environments, which are currently facing increased risk from
the consequences of changing climate and pressures from
increased populations.
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