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Abstract. In this paper, we propose a concept that captures the different socio-hydrological patterns that result from different
societal choices on how to deal with rivers, floods and erosion: ‘socio-hydrological spaces’. Socio-hydrology aims to
understand the dynamics and co-evolution of coupled human-water systems. Our proposed concept will help to understand
the detailed human-water interactions in a specific location. This paper uses a socio-hydrological approach to describe
human-flood interactions in the Jamuna floodplain, Bangladesh. In this vast space (a braided river bed of 6-16 km) the
differences between land and water are temporary and shifting. To illustrate how the concept can be used, we first classified
and identified socio-hydrological spaces and then validated through the analysis of primary data (household surveys and
focus group discussions) and secondary data (statistics, maps etc.) that were collected in 2015 and 2016. The principal set of
primary data consists of approx. 900 questionnaires on several themes: flooding, riverbank erosion, social processes of the
study area. The concept of SHS draws attention to how historical patterns in the co-evolution of social behaviour, natural
processes and technological adoptions give rise to different landscapes, different style of living, and different ways of
organizing livelihoods. However, we contend that this concept could be used in other places and for other socio-hydrological
systems than floodplains.

1 Introduction

Socio-hydrology has recently been launched by the hydrological sciences community as the research theme for the current
scientific decade of the International Association of Hydrological Sciences (IAHS) “Panta Rhei — Everything Flows” (2013-
2022) which aspires to ‘advance the science of hydrology for the benefit of society’ (Montanari et al., 2013 p.1257). Socio-
hydrology aims to understand the dynamics and co-evolution of coupled human-water systems. In traditional hydrology,
humans are either conceptualised as an external force to the system under study, or taken into account as boundary

conditions (Milly et al., 2008; Peel and Bloschl, 2011). In socio-hydrology, human factors are considered an integral part of
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the system. Understanding such coupled system dynamics is expected to be of high interest to governments who are dealing
with strategic and long term water management and governance decisions (Sivapalan et al., 2012).

One type of situation that is relatively well studied by socio-hydrologists is the co-evolution of human and water systems in
floodplains. After all, the existence of interdependencies between societies and their natural environment is particularly
obvious in floodplains. Since the beginning of human civilization, many societies have developed in floodplains along major
rivers (Vis et al., 2003). In spite of periodical inundations, a distinct preference for floodplain areas as places to settle and
live in stems from their favourable conditions for agricultural production and transportation, enabling trade and economic
growth (Di Baldassarre et al., 2010). Yet, floodplain societies have to learn how to deal and live with periodic floods and the
relocation of river channels by erosion and deposition (Sarker et al., 2003). In general terms, floodplain societies do this by
evaluating the costs of flooding and erosion against the benefits that rivers bring, and by deciding whether to try to mitigate
the risks by defending themselves against floods or to adjust to living with them (Di Baldassarre, et al., 2013a,b). For flood
mitigation, societies have usually relied on engineering measures like embankments or levees to prevent flooding, and spurs
or guide bunds stretching into the river channel to prevent floods and erosion. These measures can be seasonal (temporary)
or permanent (Sultana et al., 2008). In order to adapt to flood risks, societies may limit costly investments in property or
make them movable, and adjust cropping patterns or choose crops that cope with flooding. The construction of flood control
measures or changing land-use patterns might in turn alter the frequency and severity of floods, leading to a dynamic
interaction between the river and the society living alongside it (Hofer and Messerli, 2006).

In the case of a choice for mitigation, societies are liable to enter in a near-vicious circle of path dependency, which has been
described as a lock-in (Wesselink et al., 2007). Already in 1945 White described how the construction of embankments to
protect property in the USA gave rise to what he called ‘the levee effect” (White, 1945) where better protection leads to more
investment, in turn increasing vulnerability, leading to better protection, etc. Understanding such dynamics interactions
between water and people in floodplain areas have become the focus of attention of an emerging analytical approach, socio-
hydrology (Sivapalan et al., 2012; Blair and Buytaert, 2016), resulting in a number of studies. These will be discussed in
more detail below (Section 2). However, in spite of this and more recent research, the specific dynamics produced by the
interactions and feedback mechanisms between hydrological and social processes in floodplains remain largely unexplored
and poorly understood (Di Baldassarre et al., 2013a).

In this paper, we propose a new concept to help fill this gap: ‘socio-hydrological spaces’. The concept captures the different
socio-hydrological patterns that result from different societal choices on how to deal with rivers, floods and erosion, which is
turn produce different living conditions and watery environments. The concept thus helps trace and show how flood-society
dynamics are differently patterned depending on the different societal and hydrological characteristics of different locations.
In this sense it is largely a descriptive concept, rather than an explanatory one. Yet, we contend that the systematic and
comparative identification of socio-hydrological spaces over time or over flood plains may reveal patterns or systemic
characteristics that allow the concept to become predictive of future events. After a discussion of its definition and its

usefulness (Section 2), we show how ‘socio-hydrological spaces’ can be used to describe the human-water dynamics the
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Jamuna River (local name of Brahmaputra River) floodplain of Bangladesh (Sections 4 to 5). We introduce the concept here
as a methodological and theoretical advance in the socio-hydrology of floodplains. However, we suggest that its usefulness

to other contexts such as irrigated catchments or urban water systems should also be investigated.

2 Socio-hydrological spaces defined

The study of floodplains using a socio-hydrological approach has advanced rapidly in the last few years (Di Baldassarre et
al., 2013a,b; O’Connell and O’Donnell, 2014; Viglione et al., 2014). This approach is aimed at furthering understanding of
‘how different sociotechnical approaches in floodplains are formed, adapted, and reformed through social, political,
technical, and economic processes; how they require and/or entail a reordering of social relations leading to shifts in
governance and creating new institutions, organizations, and knowledge; and how these societal shifts then impact floodplain
hydrology and flooding patterns’ (Di Baldassarre et al., 2014a, p.137). Two different methodologies to the study of
floodplains can be broadly distinguished, in parallel with general trends in socio-hydrology found by Wesselink et al. (2017).
First, some publications present a narrative of the floodplain’s socio-hydrological system and its development based on
qualitative research. This approach identifies historical patterns in the co-evolution of river dynamics, settlement patterns
and technological choices (Di Baldassarre et al., 2013a, 2014a) (see also similar work by Staveren and Tatenhove, 2016,
Staveren et al., 2017a, 2017b). The second approach focusses on the development and use of a generic conceptual model of
human-nature interactions in a floodplain which is subsequently expressed in terms of differential equations (e.g. Di
Baldassarre et al., 2013b, 2015). This generic model is then used to explore scenarios of floodplain development (Di
Baldassarre et al., 2013b; Viglione et al., 2014).

We introduce here the concept of ‘socio-hydrological space’ (SHS) that takes an intermediary (statistical) position between
the purely qualitative narratives and the deterministic, data-demanding mathematical-conceptual models. We define a socio-
hydrological space as a geographic area with distinct hydrological and social features that gives rise to the emergence of
distinct interactions and dynamics between society and water, which also vary with time. The concept draws attention to the
historical patterns in the co-evolution of settlement patterns and technological choices, showing how these give rise to
different landscapes and different ways of organizing livelihoods. The concept’s importance lies in its emphasis on how the
interactions between society and water are always place-bound: these interactions therefore defy straightforward
generalizations in either hydrological or social terms. We therefore propose the socio-hydrological space as a useful concept
for advancing socio-hydrology: distinguishing different socio-hydrological spaces helps to understand the spatially distinct
dynamics of water-society interactions, while also providing a relatively straightforward and easy to use tool to describe and
analyse and perhaps predict human-water systems in floodplains or elsewhere. The concept provides a way to bring local
specificity to the study of socio-hydrology of floodplains, and we contend, socio-hydrology in general, though its usefulness
in other situations than floodplains remains to be explored.
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To use the concept of SHS, we propose a two-step approach. First, a thorough understanding of a specific floodplain system
(geography, history, technology, societal occupation etc.) results in a preliminary classification of the study area into distinct
SHS. Second, the classification is tested for statistical significance using available or newly collected data. If the
classification is not statistically significant, merging or splitting of categories should be considered (repeat step 1).
By proposing this definition, SHS neatly fits socio-hydrology’s ontology of human-water dynamics in terms of interacting
social and hydrological systems. As mentioned above, SHS takes an intermediary position between the purely qualitative
narratives and the deterministic, data-demanding mathematical-conceptual models. Its understanding (step 1) is more
detailed than a general narrative, but its evidence (step 2) is less data-demanding and complicated than running a model
based on differential equations.
It is interesting to note that some of the earlier socio-hydrological research on floodplains can be said to implicitly employ
something resembling the SHS concept (Fig. 1). In their study, which is partly based on the Po floodplain, Di Baldassarre et
al. (2013a, 2014a) identify two patterns of society-river interactions. In the ‘adaptation effect’ pattern the use of flood
defence technology is limited, resulting in frequent flooding which is in turn associated with decreasing vulnerability (see
also Kreibich et al., 2017). The ‘levee effect’ pattern results when flood protection structures lead to less frequent but more
severe flooding, which is in turn associated with increasing vulnerability (Di Baldassarre et al., 2015) (already identified by
White, 1945; see also Kates et al., 2006). These two patterns can be rendered in terms of SHS, yielding a classification of:

e the SHS “adaptation space’ where the use of flood defense technology is limited, resulting in frequent flooding, less

economic development and lower population density and other human adjustments;
o the SHS ‘levee effect space’ where flood protection structures lead to less frequent but more severe flooding, more

economic development and higher population density and other human adjustments.

Figure 1: Schematic of human adjustments to flooding: (a) adaptation: settling away from the river, and (b) levee effect: raising
levees or dikes (Di Baldassarre et al., 2013b).

In these first conceptualizations, one floodplain is assumed to show one or the other pattern at one point in time (while
allowing shifts over time from adaptation to levee effect; Di Baldassarre et al., 2013a). While it does not allow for spatial
differentiation within the floodplain, this classification nevertheless results in a distinction of socio-hydrological spaces but
this time between different floodplains, since it connects the specific floodplain space with a specific socio-hydrological

interaction. Because the study classifies each floodplain in terms of one type of SHS only, it is able to use these two patterns
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to classify socio-hydrological interactions in floodplains worldwide (Di Baldassarre et al., 2015). For example, the study
classifies Bangladesh as a whole into the ‘adaptation’ type. In what follows, we illustrate how the concept can be used in a
more detailed and refined analysis of the Jamuna floodplain in Bangladesh. We show how its use can provide nuances to the
broad-sweep overall classification by showing that within this overall characterisation some areas to some extent exhibit a

‘levee effect’, while other areas do not fit the two-way classification.

3 Research approach
3.1 Case study area

The Ganges/Brahmaputra/Meghna delta encompasses 230 rivers and covers most of Bangladesh (Mirza et al., 2003). It is the
largest delta in the world draining almost all of the Himalayas which are the most sediment-producing mountains in the
world (Goodbred et al., 2003). The combined flows of the Ganges, Brahmaputra and Meghna Rivers are delivered to the Bay
of Bengal through the Lower Meghna River, a total of 1 trillion cubic meter per year of water and 1 billion tonnes per year of
sediment (Allison, 1998). It is also a very densely populated country with more than 140 million of people (964 persons per
square km); around 80% of the population lives in floodplain areas (Tingsanchali and Karim, 2005) and depends on
agriculture and fisheries (BBS, 2011). Normally, 25-30% of the floodplain area is inundated by the seasonal monsoon
(Brammer, 2004). These ‘normal’ floods are valued by rural people, because they are beneficial to land fertility, provide
ecosystem services (fish), and transportation (Hug, 2014). Extreme flood events (defined by flood duration, exposure, depths
etc.) were observed in 1954, 1955, 1974, 1987, 1988, 1998, 2004 and 2007. Subsequently, successive governments have
developed and implemented flood control measures to protect agriculture and populations from floods (Sultana et al., 2008).
Riverbank erosion is associated with flooding in many areas of the country. The extremely poor people who live on the chars
(islands in the big rivers) are most exposed and affected by flood hazards and riverbank erosion. During the 1973 to 2015,
the net erosion and accretion along the 220 km long Brahamaputra was about 90,413 ha and 16,497 ha respectively (CEGIS,
2016). During 1981-1993, about 0.7 million char-land dwellers were displaced in Bangladesh. Among half of them were
from chars in the Brahamaputra (FAP 16/19 1993). Every year about 50,000 to 200,000 people are displaced by riverbank
erosion (IOM, 2010). Hence, it is clear that hydrological processes (flooding and riverbank erosion) play a vital role in the
way people in Bangladesh organize their lives, as manifested among others in patterns of migration, livelihoods and land
use.

To evidence and understand how this happens, this study focusses on a small area along approx. 30 km of the Jamuna River
in the north of Bangladesh (Fig. 2). The total area is about 500 square km and the total population is approximately 0.36
million (BBS, 2011). In the early 18th century, the main course of the current Jamuna was flowing through what is now the
Old Brahmaputra, but sometime between 1776 and 1830 the course of the Brahmaputra shifted from east to west, and the
river took the name Jamuna. Since then, the Jamuna has shown progressive westward migration and widening, meanwhile

transforming from a meandering river to a braided one (CEGIS, 2007). Taking this westward migration into account, the

5
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government built groynes and spurs on the west side of the river in order to try to stabilize the position of the river, with
limited success.

The case study area includes parts of Gaibandha district and parts of Jamalpur district (Fig. 2). The total width of the case
study area is around 24 km, of which the braided river bed takes approx. 12-16 km. The braided river bed measures approx.
4-8 km; this includes many inhabited river islands (chars) that flood with varying frequency (every year to only with severe
floods). The area to the west is protected by an embankment (the Brahmaputra Right Embankment, BRE) constructed in the
1960s to limit flooding and increase the agricultural production of that area. Its maintenance in the study area has been
sporadic. When constructed, the average height was 4.5m, width 6m and slope 1:3 on both sides (CEGIS, 2007). Though
extreme discharges could not overtop this embankment, breaches have occurred which caused catastrophic floods and
damages (FICHTNER and nhc, 2015). In the 2016 flood (observed during the field survey), BRE was breached in
Gaibandha district resulting in a large portion of the area being flooded. On the left bank there is no human-made protection,

but there is a natural levee that has been deposited by the river.

T T T
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Figure 2: Bangladesh map with case study area and SHS.
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3.2 Step 1: preliminary classification and identification

As flood control measures were only developed along some rivers or river banks, the study area is characterized by different
degrees of protection, giving rise to the development of different socio-hydrological relationships in the same floodplain.
This forms the basis for distinguishing different SHS in the landscape. We thus started out identification of SHS based on
differences in geophysical characteristics and flood protection measures, yielding a distinction in three SHS: SHS1 are areas
protected by the BRE (west bank); SHS2 refers to the char areas (in the river bed); and SHS3, the areas with a natural levee
(east bank). We categorized all administrative areas at the lowest level (unions) in the case study area into one of these three
SHS.

3.3 Step 2: evidence

The categorization of unions into SHS was validated through the analysis of primary data (household surveys and focus
group discussions) and secondary data (statistics, maps etc.) that were collected in 2015 and 2016. The principal set of
primary data consists of approx. 900 questionnaires dealing with several themes: general information (location of settlement
and agricultural land, main occupation, age, income and expenditures, wealth and origin of the households), information on
different flood experiences (depth of floods, frequency, duration, flood damages, effects on agricultural income and
expenditures, adaptation options, migration etc.) and experiences with river erosion (frequency, damages, migration,
adaptation options etc.). We also did focus group discussions in different unions of the case study area to validate and
contextualize our survey data.

A cross-sectional method was used to gather the primary data of the case study area. Cross-sectional research involves using
different groups of people, both male and female (farmer, fisherman, day-labor, service holder etc.) who differ in the
variables of interest but share other characteristics, such as socio-economic status and ethnicity. We aimed to collect
approximately the same number of surveys in each of the three SHS. Due to the rural character, most of respondents were
farmers. We introduced an age bias because we wanted to collect historical information on flooding, riverbank erosion,
livelihood etc. The household surveys were implemented with a combination of purposive sampling and quota sampling.
Purposive sampling is a method where individuals are selected because they meet specific criteria (e.g., farmer, fisherman,
day labour etc.). The quota sampling method selects a specific number of respondents with particular qualities (like farmer’s
age should be 40 or above). We use the Raosoft sample size calculator to determine the required sample size for the surveys
by union (the lowest administrative unit of Bangladesh government). This calculator allowed to enter values including
acceptable margin of error, response distribution, confidence level and size of the population that is to be surveyed. We
accepted a 5% margin of error with 95% confidence level to determine the sample size, which is 1% households (863
household surveys) of the case study area. In total 15 Unions were surveyed along the study area. The questionnaire of the
surveys is provided in supplementary materials (ESM1).
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In addition, we performed 12 focus group discussions in the case study area, four meetings in each SHS in different unions.
About 20 participants were present in each of the meetings. Participants were selected based on occupation and location of
the households (i.e. guaranteeing a uniform spread over the union area). The topics of the discussions were: how flood is
affecting the livelihood group and what are the coping strategies; the relation of the household members’ occupation to the
floods; migration pattern; human activities against the flooding; river bank erosion and coping strategies; human influences
on riverbank erosion; governmental initiatives against flooding and riverbank erosion etc. The agenda of the focus group
discussion is provided in the supplementary materials (ESM2).

In addition, we collected secondary data like time series satellite images to analyse the morphological dynamics of the
Jamuna, census population data to analyse population density from different governmental and non-governmental
organisations of Bangladesh. We also present frequency analyses for the three spaces SHS1, SHS2, and SHS3. The

significance of frequency differences between spaces was tested by an analysis of variance.

4 Results step 1: Identification of socio-hydrological spaces along the Jamuna River

As noted, in our study area along the Jamuna, three distinct socio-hydrological spaces can be identified; SHS1: areas
protected by the BRE (west bank), SHS2: char areas (in the river bed) and SHS3: areas with a natural levee (east bank).
These are depicted in a schematized fashion in Fig. 3.

The SHS are delineated based on physical conditions and related occupation patterns. Different local geomorphology and
flood management measures influence the level of flood frequency and extent, as well as the level of river bank erosion.

Inhabitants of the areas adapt to these physical conditions, which is apparent e.g. in investment levels and cropping patterns.

4.1 Areas protected with flood embankment (west bank) (SHS1)

This socio-hydrological space is protected from ‘normal floods’ by flood embankments along the main river Jamuna (BRE)
and some smaller Jamuna tributaries. However, different parts of the area are still frequently ponded with excess rainwater,
due to limited drainage capacity. Further, smaller rivers (Ghagot and Alai) inundate unprotected areas yearly in the western
part of the area. The BRE effectively protects the area against frequent largescale riverine flooding from the Jamuna and as a
result, inhabitants feel relatively confident enough to invest in businesses and homesteads. Yet, the BRE sometimes
breaches. Inhabitants build their houses on artificially raised platform — often several metres above ground level — to reduce

their vulnerability to such floods. River bank erosion in this area is not widespread, but does occur in several locations.

4.2 Floodplain outside embankment (west bank) and chars (SHS2)

This is a very dynamic environment. The Jamuna is a braided river, where multiple channels crisscross within the outer
boundary of the river. When considered over decades, channels more and more move into a westward direction (CEGIS,

2007). The “chars’ — or river islands — are also moving, progressing or disappearing, due to local erosion and flooding

8
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processes. Chars have different ages, which have a direct relation to the height level. As the river still deposits sediment on
chars, some older chars have higher elevations than the areas in SHS1, and have shown to remain dry in extreme flood
conditions.

If a newly developed char does not erode very quickly it is first colonized by grass, which accelerates deposition of silt
during the next flooding. Consequently, people start to occupy the char, planting fast growing trees and laying out
agricultural fields. In the course of time, all kind of facilities like schools, mosques, small shops, bazars etc. are established.
Since the chars are not stable, most of the houses built in the chars are semi-permanent and easy to take apart and move:
kutcha (wood, straw and bamboo mats) or jhupri (straw). Many people raise the plinth levels of their houses to avoid flood
damages, but this is not very effective.

At the ‘chars’, inhabitants regularly face agricultural as well as homestead damages from flooding and river bank erosion,
often leading to complete destruction. Temporary migration during the flood season to safer places, for example the
embankment or on railway lines, is therefore very common. Permanent migration occurs only the land that people live and
farm on simply disappears. With migration, and the fluctuations provoked by floods, people also often change their
occupation temporarily or permanently. As char dwellers’ life styles are defined by flood and erosion, they appear to be able
to cope with the harsh conditions. Yet, most of them become poorer through time, because of landlessness, unreliable and

changing sources of employment and income and frequent temporary or permanent migration.

4.3 Eastbank (areas with natural levee) (SHS3)

The natural levee on the east bank of the Jamuna protects this area from normal riverine flooding, although flooding occurs
more frequently than in SHS1. A few areas are flooded by smaller rivers like the Old Brahmaputra and Jinjira. High water
levels in these rivers sometimes occur independent of high water levels of the Jamuna, as these are not part of the same
drainage basin.

River bank erosion is prominent in this area. Even though the river overall shifts westwards, due to the presence of highly
erodible bank materials on the left bank, erosion is still severe in SHS3. For example, 75 ha of land eroded in 2015 in this
area, of which 4 ha with housing (CEGIS, 2016). People build cross structures (like small spurs), made from bamboo and
wood to stop erosion. However, while these encourage sedimentation at a local scale, they are not sufficient to stop
largescale erosion. Like behind the BRE, most houses are built on artificially raised mounds, substantially reducing potential
for flood impacts. Flooding and riverbank erosion causes damage to agriculture, homesteads and businesses, in turn
impoverishing people. Migration is one of their coping strategies, while several farm households also adapt their cropping
pattern to accommodate flooding and cultivate fast growing crops after the flood season.
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Figure 3: A typical planform and cross-section with distinct SHS along the Jamuna.

5 Results step 2: Evidence of socio-hydrological spaces along the Jamuna River

In this section we further verify the usefulness of the concept of socio-hydrological spaces by using the collected data.
Hence, we assessed whether (or to what extent) it makes sense to categorize perceptions of the sources of flooding; flood
frequency; flood damages; average household income and wealth; river bank erosion; migration; homestead types in the
three identified SHS. We performed statistical analysis ANOVA test (p<0.05) with these data for the three socio-

hydrological spaces to find that all of them are significantly different.

5.1 Perception of the sources of flooding

All respondents have experienced flooding in their lifetime, but their perceptions about the sources of flooding are different
(Fig. 4a). The main sources of flooding in space SHS1 are excessive rainfall, neighbouring small rivers and the Jamuna
(through breaching of the BRE), whereas the sources of flooding mentioned in SHS2 is only Jamuna, and for SHS3 they are
the Jamuna, the Old Brahmaputra River and other smaller rivers. A good number of SHS3 people mentioned that the lack of

embankment is one of the reasons for flooding, although they also mention excess discharges and river sedimentation.

5.2 Flood frequency

When asked about their recollection of historical flood events (Fig. 4b), in SHS2, people indicated experiencing flooding

every year. In both other spaces, this is roughly only once every 2 years. The unexpected relatively high flood frequency for
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the protected SHS1 may be attributed to the frequent failure of the embankment, or to the fact that the area is flooded from

the regional Ghagot River.
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Figure 4: Comparison in between different socio-hydrological spaces (HH = household).
5.3 Flood damages

From analysing the flood damage information for extreme events in 1987, 1988 and 2007 and normal conditions in 2015, it
becomes clear that 1988 was the most severe year for all three spaces (ranging from 800 USD per household in SHS3 to
1200 USD in SHS2) (Fig. 4c). In other years, average damages where significantly less. In 1987, damages in SHS1 was
highest (~600 USD), compared to the other zones and damages in 2007 and 2015 were of equal size without large variety
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between the spaces (around ~200 USD). The relatively high damage in SHS1, may be attributed to poor drainage capacity in

these times, as well as that the average land elevation is lower than in the other zones.

5.4 River bank erosion

Riverbank erosion is experienced in each zone, but mainly by inhabitants in the dynamic SHS2. However, erosion rates in
SHS3 is also very high (> 50% of the interviewed people have experienced it themselves). In SHS1 expected rates are
lowest, but still considerable, as 30% has experienced it. Almost an identical distribution is found (Fig. 4d) in that

households had to move due the riverbank erosion.

5.5 Average household income and wealth

The average wealth distribution (Fig. 4e) shows clearly the economic differences between the households in the three spaces.
In the protected areas, people have much more wealth (on an average about 19,000 USD). About 80% of the people in the
case study area are farmers, thus their income and wealth mostly depends on their agricultural production. Their starting
position and subsequent losses depend to a large extent on where they live.

As per our surveys there were 7% large farmer households (lands> 3 hectares) in 1960 in SHS1 but after consecutive
flooding events, this was reduced to only 2% in 2015 (Fig. 5). Those who owned more land in the past (> 3 hectares)
gradually saw a decline in their farm land to become medium (from 1 to 2.99 hectares) or small farmers (lands from 0.2 to
0.99 hectare), with some even becoming landless. There were only 16% landless households in 1960, but this increased to
28% in 2015.

In SHS2 and SHS3, a comparable pattern can be observed. The number of large farm households reduced from 18% to 1 %
and landless farmer households increased from 7% to 48% in SHS2. On the other hand, the land owned and farmed by large
farmers reduced from 10% to 2 % and the proportion of landless farmers increased from 18% to 41% in SHS3. More than
80% of the respondents from SHS2 told that they could not recover from the losses due to flooding and riverbank erosion.
Many of them had to change their occupation temporarily, with 3% of the respondents in SHS2 changing their occupation
permanently from farmer to day labourer.

There is a possibility that some respondents exaggerated reported losses in the hope that the research would help to mobilize
funds. This is why we arranged focus group discussions to verify the outcomes from the household surveys. These revealed
that the cropping patterns of the protected areas in SHS1 and the unprotected areas SHS2 are different. Respondents in SHS1
are cultivating three crops per year. In the SHS3 areas people used to cultivate three crops earlier, but due to flooding they
now cultivate either two crops or only one crop per year because they cultivate only in the dry season after floods have
subsided. From the survey data it appears that in SHS1 only 15% of the respondents changed cropping patterns between the
1960s and the 2010s, against 53% in SHS3 and 40% in SHS2. A very small number of people have changed land use
completely, for example from agriculture to homestead, from low elevation land to high elevation land by filling silts, or
from agriculture to fallow etc.
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Figure 5: Agricultural land changes with time of the different types of farmer (% of HH respondents).
5.6 Migration

The population density in the three spaces from census data show much higher densities in SHS1 than in SHS2 and SHS3. In
SHSL1 it is 1,500 person/km2 (varying between 1,000 to 3,000 person/km2), while population density in SHS3 is 800
person/km2 (between 100 to 2,000 person/km2). It is lowest in SHS2 at 400 person/km2.

The population data from BBS 2011 show that population density has increased in most of the unions in the spaces, except in
SHS2. Unfortunately, there are no official records of the exact number of people who migrate long or a short distances. From
our survey, we found that the people are mostly migrating from SHS2. Most of the migration occurs from SHS2 to SHS1
and SHS3. From 1988 to 2015, 17% of respondents had migrated to SHS1 and 8% to SHS3.

Riverbank erosion is one of the main reasons for moving from their place of origin (Fig. 4f). We found that 80% of the
households in SHS2 had moved at least once. Most of them moved within 5 km, but in focus groups it was said that about
25% of people of that area had migrated away to other districts. About 68% of respondents were born in SHS1 and still live
there, while 25% migrated to SHS1 from other places due to riverbank erosion. In SHS3, about 58% were born locally and
the rest immigrated, again mostly due to riverbank erosion. The respondents who immigrated to new places mostly knew that
their new places are flood prone and also experience riverbank erosion. However, the lack of available land is a major

problem and the reason why they move to a risk-prone area.
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5.7 Homestead types

The construction of the houses is different between the spaces (Fig. 6). Most of the pucca houses (well-constructed buildings
using modern masonry materials) and semi-pucca or half pucca houses (made of brick and tin) are within the SHS1 and
SHS3, where people feel comparatively safe against flooding and erosion. As a result, they invest more in their
accommodation. In SHS2 a high proportion of kutcha (wood, straw and bamboo mats) and jhupri (straw) is observed, since

these are easy to take apart and move in case of flooding or erosion.

SHS1 SHS2 0 0 SHS3 1

B Well-constructed building using modern masonry materials

M Houses made of brick and tin
B House made of earthen floor, wood, paddy straw and bamboo mats

B Houses made of straw

Figure 6: Homestead type of households.

6 Discussion

We introduced the concept of socio-hydrological spaces (SHS) and applied it to a test area along the Jamuna River in
Bangladesh. We found it convenient and useful for categorizing and specifying the interaction between sociological and
hydrological processes in the three identified SHS we distinguished in this location. The concept draws attention to the
historical patterns of the hydrological processes of the Jamuna River and as well as different social processes along the three
spaces. Each SHS shows distinct features when comparing flood-society interactions, proving that the dynamic interaction of
floods and society is depending on different hydrological and societal characteristics along the Jamuna River.

A key point in the application of the proposed methodology is the initial identification of potential SHS. This step has to do
with the difficulty -and somehow subjectivity- to initially determine the boundaries of the identified spaces. In our example,
we started by fixing the boundaries of three spaces based on the presence of distinct physical features in the landscape: the
embankment on the west bank, the natural levee on the east bank, and the area in between. This is of course an arbitrary
selection. The second step of the methodology aims at proving whether the selection has a statistical meaning, which means
that the identified SHS do show distinct and unique dynamics when selected variables are compared. If not, an iteration of

the boundary selection needs to be made and verified.
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Furthermore, the initially selected boundaries might show SHS in the present, but if the identified SHS boundaries are not
fixed over time they need to be redefined. This is for example the case in our test area: an analysis over time of the physical
characteristics of the SHS boundaries show that they are quite dynamic due to continuing bank erosion along both banks of
the Jamuna (Fig. 7). In particular, by analysing satellite images of the case study area from the late 1960s up to now, one can
easily check that the west bank has been migrating westward and the east bank has been migrating eastward. As a result, the
length-averaged width of the river has increased from 8.17 km to 11.68 km (CEGIS, 2007). Since the construction of the
BRE in the 1960s, many breaches have occurred due to river bank erosion, forcing relocation of the embankment in many
places (FICHTNER and nhc, 2015). At the same time due to erosion of the east bank the natural levee also moved somewhat
over time. Thus the physical boundary lines between SHS1-SHS2 and SHS2-SHS3 are not fixed in time, showing mobility
of the SHS boundaries.

89°40'0"E 89°50'0"E

25°?U'N
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Satellite image 1967 Satellite image 1984 Satellite image 2000 Satellite image 2016

Figure 7: Time series dry season satellite images of the case study area.

It should also be noted that in this specific application, the social boundaries of the SHS are not fixed either. In fact, as
emerges from the data collection, migration in the Jamuna floodplain is not rare, thus people mobility within the SHS might
change the social features of those currently living in each SHS. For our analysis, we have surveyed households according to
their current locations. However, in every extreme event some migration occurs among the spaces (see Section 5.6). That
social and physical boundaries to the SHS shift in time is unavoidable and indeed intrinsic to the highly dynamic socio-
hydrology of the floodplain system. Thus, Step 1 in the methodology, identification of SHS, should explicitly and in a
transparent way illustrate the criteria for setting up the initial (spatio-temporal) boundaries of SHS and thus highlight under
what circumstances SHS boundaries should be revised or update.

We tested the SHS concept in a quick changing socio-physical environment, namely a floodplain in Bangladesh, and find
that the concept provides a methodological and theoretical advance in the socio-hydrology of floodplains as it helps
identifying and categorizing human-water dynamics in specific geographical locations. We believe that the concept has a
broader validity and can be applied to identify micro-socio—hydrological contexts in other floodplains, characterized by

different socio-physical features.
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Finally, a step forward in this research topic is the application of the SHS methodology shown here for the Jamuna
floodplain to analyse physical processes other than floods, such as drought, salt intrusion, irrigated catchments or urban
systems.

7 Conclusions

Socio-hydrological space (SHS) is a concept that enriches the study of socio-hydrology because it helps understand the
detailed human-water interactions in a specific location. We demonstrated its use in a small area along the Jamuna floodplain
in Bangladesh. The concept draws attention to how historical patterns in the co-evolution of social behaviour, natural
processes and technological adoptions give rise to different landscapes, different styles of living, and different ways of
organizing livelihoods. The concept suggests that the interactions between society and water are place bound because of
differences in social processes and river dynamics. Rather than a generalized model for understanding how such interactions
occur, the concept draws analytical attention to how flood dynamics co-evolve with societal dynamics. Such attention is
useful anywhere in the world and for other socio-hydrological systems than floodplains. This usefulness does not only result
from what it allows to see, as explained above, but also from the relative ease of application in situations where data are too
sparse to use fully deterministic models (as is the case nearly anywhere in the world). Compared with existing approaches in
socio-hydrology, the concept allows taking an intermediary (statistical) position between purely qualitative narratives and
deterministic, data-demanding mathematical-conceptual models. Its understanding is more detailed than a general narrative,
but its substantiation is less data-demanding and complicated than running a model based on differential equations. Because
SHS are place bound, and can only be found (literally) on the ground, the use of SHS forces the researcher to actually go to
the field, talk to inhabitants and officials, and obtain a thorough understanding of the specifics of the location. This also
means that the use of SHS will make socio-hydrological analyses more policy-relevant. In terms of practical use, it can for
instance be added as additional element to rapid rural appraisals, or other social assessments, to draw attention to how
material conditions (hydrological and technical/infrastructure) co-shape social situations. This would be useful for
developing interventions under disaster management, but also other development goals. In summary, SHS provides a new

way of looking at and analysing socio-hydrological systems.
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