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Chapter 1

General Introduction




1.1. Introduction

Persistent and widespread hunger and malnutrition continue to be major
challenges in many parts of the world (FAO, 2017). As the global
population is expected to cross 10 billion by 2050, the demand for food
and raw materials will increase between 35-56% in the next 30 years
(Wrachian et al., 2021; van Dijk et al., 2021). Farmers worldwide will
need to increase crop production to meet this rising food demand. The
South Asian region comprising Bangladesh, India, Pakistan, Nepal, Sri
Lanka and Bhutan, having one-quarter of the world population, with
nearly 60% of the population engaged in agriculture (AFA, 2019) should
play a major role in meeting this demand. However, various social,
environmental, economic and political factors adversely affect the
agricultural productivity of the region (FAO, 2017). Farmers face diverse
production problems including climate change, water scarcity, soil
erosion, and lack of access to agricultural extension and farm credit.

In Bangladesh, the southern coastal areas lag far behind other regions in
terms of social, ecological and economic development (Parvin et al., 2010).
Farmers in the coastal regions of Bangladesh, despite having high
agricultural potential predominantly grow rice for a single season with
the onset of monsoon rains (kharif’), alternated with extended fallow
periods or low-input ‘opportunity’ crops during the dry rabi season.
Growing more food by increasing cropping intensity by using surface
water sources (which is perceived abundant in the region), is considered
as the best bet adaptation strategy to combat food insecurity in
Bangladesh. But the coastal belt’s vulnerability to climatic variability
including a shift in the onset of rains, unpredictable rainfall patterns,
increased in-season droughts and floods and reduction in annual
cumulative rainfall are putting agricultural production at risk while also
deterring investments in improved technologies. Impaired agricultural
water management including competition for water, damage of canals
and sluice controls, poor drainage, land subsidence, and soil salinity are
major problems affecting crop production in the region.

In 2018, the Government of Bangladesh (GoB) has launched the
Bangladesh Delta Plan 2100 (BDP 2100) with an investment plan of USD
37 billion to address issues on water resource management, climate change
and environmental challenges. A major share of which is intended to
facilitate the sustainable agricultural transformation of coastal districts.
At the farm level, approaches based on sustainable intensification (SI),
which aims to conserve natural resources while sustainably boosting
productivity are considered as the way forward. However, no research



has been conducted to characterise the coastal farming systems or to
document how farmers’ decision-making pathways and perception of
production risk may alter or hinder the adoption of SI practices. Taking
coastal Bangladesh as a case study, the research presented in this thesis
attempts to bridge the knowledge gaps on farming systems trajectories
and farmers’ preferences for sustainable intensification, followed by using
this newfound knowledge in the design of alternate sustainable farming
systems. The sections below outline the research problem, and present
conceptual, methodological and practical challenges to achieving the
research objectives and an overview of the thesis chapters.

1.2. Problem description and research context

Coastal deltas of the world are densely populated. In these areas,
agriculture continues to play a major role in the lives and livelihoods of
millions of people. South Asian deltas for instance have attracted large
numbers of inhabitants due to their fertile land, freshwater availability
and presence of marine resources and biodiversity (WLE, 2018). The
Ganges-Brahmaputra-Meghna river basin connected to the Bay of Bengal
forms the world’s largest delta, with an area of more than 10.5 million ha
in Bangladesh and India alone (WLE, 2018). It provides a range of
ecosystem services and economic benefits alongside opportunities for
diversified farm enterprises that integrate crops, livestock and aquaculture
(Chapter 2). Bangladesh, which anchors this delta is one of the most
economically impoverished regions (Turner and Ali, 1996). Despite having
enormous agricultural livelihoods opportunities, coastal systems suffer
from several problems (Groeneveld, 2020) including multiple biophysical,
demographic and socioeconomic constraints. The main biophysical
challenges are soil loss and degradation, flood, waterlogging and salinity,
pests and diseases. These together with the competition for land and
water resources negatively affect agriculture in these geographies. Farmers
in coastal zones are also disproportionately vulnerable to climate change
and environmental shocks (Mirza, 2002; Seto, 2011; Ruane et al., 2013;
Ali and El-Magd, 2016).

1.2.1. The case study — coastal farming systems of South-
central Bangladesh

Bangladesh has a coastline of 710 kilometers. Of the total 64 districts in
Bangladesh, 19 districts are in the coastal region. One-third of the country’s
population lives in coastal areas. The south-central coastal region of
Bangladesh is one of the most densely populated and environmental risk-
prone areas in Bangladesh. The region encompasses six districts in the



Barisal administrative division, including the study districts Barisal,
Patuakhali and Barguna (Fig. 1.1). The main sources of livelihood for the
coastal dwellers are agriculture, fishing and aquaculture, petty shops,
rickshaw pulling and salt production. Agriculture in the region is
predominantly single-season cropped, highly dependent on rainfall
availability and uses a large amount of human labour and less efficient
low-scale-two-wheel tractors for tillage and land preparation. The region
mainly produces rice, pulses and vegetables and supports the lives and
livelihoods of approximately 71% of the population (MOA and FAO, 2013).
The farming systems are traditionally mixed, in which rice, livestock and
pond aquaculture are integrated on the same farm. The majority of
agrarian households (HHs) are engaged in rainfed cropping in the kharif
(mid-March to mid-November) and rabr (mid-November to mid-March)
seasons. Kharif sowing coincides with the onset of the monsoon and is
further divided into pre-monsoon khari-1 (mid-March to mid-July)
during which local ‘aus’ rice varieties are grown, and monsoon kharif2
(mid-July to mid-November) when ‘amar’ rice is grown. The region is
also valued for its aquaculture and terrestrial biodiversity and other
remarkable environmental characteristics including wetlands, and
mangrove biodiversity.

In Bangladesh, 30% of the total cultivable area is in the coastal region,
but these cultivable areas are highly prone to damage caused by extreme
and unpredictable weather conditions (Aryal et al., 2019). Climatic
variability including unforeseeable rainfall patterns, droughts and floods,
and cyclones (Chowdhury, 2003; Shahid, 2010) are putting farming in
these areas at risk (Buhaug et al., 2015). In addition, the large population
growth in the coastal areas since Bangladesh’s independence has increased
food demand. At the same time, there is also constant pressure on
agriculture to meet the growing market and the country’s nutrient
demand. Once known as “bread baskets”, the sustainability of most deltaic
agricultural production systems is now confronted with threats of both
anthropogenic and natural origin. Responses to these drivers of change
have either spurred innovation or have led to poverty traps that complicate
efforts to meet Sustainable Development Goals (Cinner et al., 2011).
Emphasis on agricultural technologies that are in the best interests of the
farmers in the area, and adapted to the local environment and climatic
variability is essential for sustainable agricultural development as well as
for ensuring food security in the coastal areas. Nonetheless, these complex
socioecological systems provide novel opportunities to study how natural
processes interact with complex human and management components
that define the characteristics of coastal farming systems and hence
development, food security and adaptation strategies.
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Among all, floods pose a major threat to coastal agriculture. A system of
embankments known as polders, consisting of dykes and sluice gate
controls were constructed by the Bangladeshi government in 1960s to
control oceanic water intrusion, protect against cyclones and support
coastal agriculture (World Bank, 1990). Although primarily intended for
monsoon flood control, the construction of polders and sluice gates
changed the overall functioning of agricultural water management.
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Figure 1.1. Study districts within and outside polders in Southern Bangladesh's coastal
zone



While water scarcity and drainage problems are experienced due to
problems with the control and maintenance of sluice gates inside the
polders, farmers in the north and outside the polders experience tidal
surges during the kharif season, though transplanted ‘amar’ rice is widely
grown during this period. The wet season is followed by the cool, dry
winter rabi season (November to April) when water scarcity and silt
accumulation in the canals is common. In low-lying areas, boro rice is
cultivated wherever irrigation is possible during the rabi season. Without
large-scale irrigation development including canal dredging, farmers
however experience water scarcity during this period. The increase in
cyclonic storms and soil and water salinity along the coasts poses further
challenges, especially within the polders.

Despite the abundance of surface water (Tuong et al., 2014; Bagchi et
al., 2019), nearly 60% of these production systems remain rainfed. The
'amount of crop produced per drop’, i.e., water productivity, tends to be
low, because losses from evapotranspiration are high (Alauddin and
Sharma, 2013). Agricultural water management in the Barisal division is
primarily governed by the LGED (Local Government Engineering
Department), Bangladesh Water Development Board (BWDB) and
Department of Agricultural Extension (DAE). The LGED is responsible
for implementing a large number of small-scale irrigation projects, while
the large-scale projects are implemented exclusively by BWDB. The
Department of Agricultural Extension (DAE) is responsible for advising
the farmers and community on irrigation water management at the village
level. The BWDB was responsible for polder management and
maintenance until 2009 (Afroz et al., 2016). Recent government policy
encourages collective management of the water resources at many parts
of the coastal zone with little success (Dewan et al., 2014). Lack of proper
maintenance and competition for resources has however rendered many
polders and sluice gates dysfunctional. The wrong placement of such
sluices has also contributed to the choking up of the water infrastructure
(Rahman and Rahman, 2015), especially at places where there is a lack
of moisture. Poor drainage, land subsidence, and soil salinity have also
posed mounting problems, although their effect is spatially heterogeneous
(Krupnik et al., 2017). Although primarily intended for the monsoon
season flood control, the construction of polders and sluice gates has
equally transformed how agricultural water management functions during
the cool, dry winter rabrseason. While farmers within polders experience
water scarcity and drainage issues due to problems with control and
maintenance of sluice gates, farmers located just north and outside the
polders also experience tidal water inundation in the wet season, followed
by dryer conditions in the winter season during which natural and
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constructed water canals experience siltation and may run dry. Cyclonic
storms and increasing soil and water salinity pose further challenges,
particularly within polders and as the winter season progresses and
matures into the early monsoon season.

In the recent past, farmers were also subjected to severe crop damage
from cyclonic storms, whose occurrences have significantly increased in
recent times. Since 1960, forty-five major cyclonic storms have occurred
in the region and caused severe damage to lives and property (Mottaleb
et al., 2013). Damage of canals in addition to inadequate drainage and
malfunctioning of existing sluice gates has led to large-scale flooding in
low-lying areas and affected land use. At the same time, crops have been
subjected to salinity in areas within polders (e.g. Barguna and Patuakhali
districts). Prawn/shrimp aquaculture replaced rice in areas of extreme
salinity. Shrimp farmers in the southwestern part of the coastal zones
have damaged the sluice gate control to allow brackish water to enter
their fields as saline-water is conducive to shrimp growth, although such
incidences in the south-central region tend to be less in number (Chapter
3). The encroachment of river banks and canal damage and silt
accumulation have all disrupted the normal flow of water and led to
flooding. After the year 2010, the aman rice crop has experienced losses
of around 20-40% in the average yield mainly due to salinity, water
stagnation, tidal flooding, and erratic rainfall in increased intensity, and
frequency (Moslehuddin et al., 2015). Previously, bororice was cultivated
both in low-lying areas where pulse cropping is prone to moisture stress
and in areas where irrigation facilities are available. High temperature-
induced floral sterility and salinity damage have accounted for
approximately 30% yield reduction of boro in the coastal region
(Moslehuddin et al., 2015). Farmers are now shifting their focus from
boro cultivation due to high irrigation and fertiliser costs. The cultivation
of ausrice popular among coastal farmers due to its low input requirement
is also facing problems from high tidal surge and salinity intrusion during
its peak time of growth from July to August.

To avert risk from tidal flooding and extreme weather events, farmers
tend to fallow their land or grow low-risk, low-input crops including
broadcast, unfertilised legumes during the rabiseason. Almost 2 million
households in this area are now fallowing their land in the absence of
access to irrigation after the monsoon, contributing to food insecurity
and subsistence below the poverty line (Krupnik et al., 2017). As mentioned
above, the GoB has approached the international community to raise
funds for fallow intensification of southern coastal districts. Although
coastal livelihood development is important, the main objective of these
policy initiatives and requests for funding from international donors is to
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promote boro rice cultivation - the most important staple crop in the
country - in place of previously fallow lands or those cultivated with other
crops (MOA and FAO, 2013). Further, to reduce the shortage of water
supply and high energy costs for irrigation in the north of the country
(Qureshi et al., 2015), the GoB recommends measures to improve surface
water flow and access to low-lift irrigation to coastal farmers.

1.2.2. Opportunities and limitations of the Sustainable
Intensification concept in the coastal agricultural context

About 40% of the world’s population lives within 100 km of the coast
(UNFCC, 2020). These coasts and coastal areas directly support the
livelihoods of millions of people, especially in the Deltaic countries. More
than 400 million people in South Asia who live in coastal areas are
experiencing significant changes in rural economies, population density,
agricultural practices, and climate that affect their livelihoods (UNISDR-
UNDP, 2012). As such maintaining the long-term sustainability of
agriculture while ensuring food and nutritional security with less negative
environmental and social impacts from agricultural intensification is
highly important (Toan, 2014; Szabo et al., 2016; Ebhuoma and Simatele,
2017; Gopalakrishnan et al., 2019; Schneider and Asch, 2020). Agricultural
sustainability can be achieved by alternative pathways that ensure food
security, less environmental damage and better social justice to feed the
growing population (Rietveld et al., 2021). Several alternative paradigms
on sustainable agriculture exist. Among them the most popular are
ecological/agro-ecological intensification (AEI), climate—smart
agriculture (CSA) and sustainable intensification (SI) (Campbell et al.,
2014; Obere and Schnell, 2020). AEI is based on agroecological principles
and the use of minimal, or no external inputs (Cassman 1999; Altieri,
2004; Tittonell, 2014a), while CSA tends to be defined by the nature of
technologies such as minimum tillage or resource-conserving practices
(Thierfelder et al., 2017; Aryal et al., 2018), and SI is based on increasing
productivity with less environmental impact (Garnett and Godfray 2012).
Among these Sl is the Strategic Objective Aof FAO, and is the most popular
paradigm advocated for smallholder systems (FAO, 2016). SI, as currently
conceptualised, aims to achieve food security through an increase in
productivity, while minimising negative environmental impacts and
avoiding the expansion of land used for cultivation (Godfray et al., 2010;
Garnett and Godfray, 2012). Although critiqued as placing more
emphasis on productivity than sustainability, the SI paradigm has gained
considerable popularity among researchers, donors, and policy-makers
(Petersen and Snapp, 2015; Krupnik et al., 2017).



1.2.2.1. Sustainable intensification through surface water irrigation

SI aims at sustainable use of natural resources to maintain crop
productivity (Pretty and Bharucha, 2014). This may include the
sustainable use of water for irrigation (Power, 2010). The coastal region
of Bangladesh is known for its dense network of rivers and natural canals
that are suitable for surface water irrigation. Research shows that
irrigation using surface water in coastal areas of Bangladesh consumes
less energy than groundwater extraction (Qureshi et al., 2015). The newly
developed surface water pumps in Bangladesh have shown up to be 51%
more fuel-efficient and about 10% less in cost compared to their
conventional-low-lift competitors. Surface water irrigation has the
potential for sustainable intensification of fallowed land or rainfed crops
during rabi season in coastal areas (Krupnik et al., 2015b). In coastal
Bangladesh, Krupnik et al. (2017) estimate that approximately 125,000
ha of fallow and rainfed cropland, respectively, could be brought into
intensified double cropping using surface water irrigation, provided that
this is accompanied by farmer preferred approaches, adequate extension
support and access to farm credit.

1.2.2.2. Limitations of sustainable intensification

There are different trajectories (e.g. novel technologies) towards
sustainable intensification possible in the study region. So far, the ones
focussing on SI from these geographies have dealt with crop yield
potential, biophysical aspects and resource use. Krupnik et al. (2015a,
b), and Shew et al. (2019) studied yield variability and yield limiting factors
in coastal Bangladesh. Other studies emphasized potential areas for SI
and technology targeting (Krupnik et al., 2017; Schulthess et al., 2015).
While Schulthess et al. (2019) performed a study based on trials of
irrigation and fertiliser use in maize and wheat in the region, Rahman et
al. (2021) compared the emission reduction potential of various tillage
practices of wheat. Except for a recent study by Joffre et al. (2018) on SI
of shrimp farming and Lovell et al. (2021), which studied the gendered
differences in SI technology adoption, several studies on coastal
agriculture (e.g., Stuart et al., 2018; Morton, 2020; Kamal et al., 2020)
focused on agronomic, geospatial and biophysical aspects of SI. All of
the above suggests that the social and economic implications of land use
intensification are under-considered in SI in general and particularly in
coastal agriculture, but biased towards the idea of increasing yield per
hectare or time and or reducing environmental impacts (Cook et al., 2015;
Robinson et al., 2015).



Struik and Kuyper, (2017) defined SI as a process of enquiry and analysis
for navigating and sorting out the issues and concerns in agronomy. Other
disciplines including plant breeding, mechanisation and crop protection
(Foley et al., 2011; Pretty et al., 2011; Weltin et al., 2018) also got
considerable research attention under SI. The adoption of new farming
methods, including those that embrace the principles of SI, is also a subject
of many studies. There is a constant demand from funding agencies and
policy makers for better evaluation of investments in agricultural research
for development or policy adjustments (Allston et al., 1995; Pannell et al.,
2006). However, predicting the adoption of technologies remains a
challenge (Ekboir, 2003). Little attempt has been made to distill extensive
research knowledge into an approach for predicting the conditions and
criteria for the adoption of SI practices by farmers (Jambo et al., 2019).

Also, there are studies comparing SI with other intensification approaches,
including conventional and agro-ecological (Mueller et al., 2012; Petersen
and Snapp, 2015; Tittonell, 2014; Wezel et al., 2015; Gunton et al., 2016;
Weltin et al., 2018). Consequently, a variety of biophysical solutions have
been proposed ranging from improved varieties, agronomic management
at the farm and landscape scale (e.g., precision farming) to regional
integration actions (e.g., dissemination of innovation) (Weltin et al., 2018).
With the climate agenda gaining momentum lately, SI also got linked to
the water-energy-climate nexus, embedding several perspectives of climate
change mitigation, circular economy, the transformation of agriculture
from carbon source to carbon sink, and biodiversity and yield gap closure
(Campbell et al., 2014; van Ittersum et al., 2016; Rockstrom et al., 2016;
Dawson et al., 2019; Fortunati et al.,2020). Increasing water and nutrient
use efficiency has also received much attention in the SI literature (Tilman
et al., 2011; Mueller et al., 2012; Licker et al., 2010; Valin et al., 2014)
with research clustered in highly productive, irrigated, and commodity-
oriented cropping systems, which do not represent large portions of
agricultural systems across coastal areas of South Asia (Jain et al., 2020).

According to (Mouratiadou et al., 2021), a holistic concept of SI that
includes agronomic, environmental, social, and economic aspirations of
farmers (Gliessman, 2014, Struik and Kuyper, 2014) and that build the
capacity and functions of farmers and the farming systems (Garnett et
al., 2013) is required. Despite SI's narrow biophysical focus, Rockstrom
et al. (2017), proposed that a new paradigm for SI can be quantitatively
conceptualised from the resilience literature and can be adapted for
agricultural development.

Proposals such as by Rockstrom et al. (2017) were difficult to
operationalise due to a lack of appropriate indicators and metrics
(Mouratiadou et al., 2021). Recently, indicators and metrics reflecting
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multi-functionality and food and non-food farm enterprises and
ecosystem services were included in the appraisal of SI (Pretty et al., 2011;
Harvey and Pilgrim, 2011; Wezel et al., 2015; Fischer et al., 2017; Suter et
al., 2021). While it has been universally agreed that there is no one fit
metrics or indicators of SI for all geographies or environments, the main
criticism with SI has been its lack of conceptual clarity (e.g., Rockstrom
et al., 2016 and 2017 had little emphasis on social systems), along with
it's narrow biophysical and productivity focus (Petersen and Snapp, 2015).
The SI concept also tends to broadly envision the end goal (e.g., yield
increase and or emission reduction), with insufficient focus on the means
or the actors to achieve agricultural sustainability (Pretty and Bharucha,
2014). Recent literature (e.g., Smith et al., 2017; Jambo et al., 20109;
Mouratiadou et al., 2021) on sustainable agricultural transition offers
some way forward on the integration of social inclusivity in SI. Pretty et
al. (2018), for instance, stresses upon the characterisation of system
trajectories and archetypes alongside system re-design as fundamental
prerequisites for SI to achieve impact at scale.

Setting aside the conceptual issues within SI, one crucial aspect that has
received less attention is the farmer participation and integration of
farmers’ knowledge. The roles and participation of farmers in
accomplishing SI in coastal farming systems is important for two main
reasons. Firstly, implementation and success of development interventions
are ultimately conditioned by individual farmers’ preferences, decisions
and farmers’ participation (Smith et al., 2017). Secondly, farmers within
the system are not likely to perceive the system in the same way as those
who observe and analyse the system from outside (Leeuwis et al., 2021).
Researchers have preferred interventions that are solely market-driven,
top-to-down, centralised and considered against the interests of farmers.
These interventions often do not yield the expected results or welfare
gains for farmers (Hossain et al., 2018). Attempts to measure the degree
to which SI efforts are integrated with farmers’ knowledge motivations
and aspirations are nonetheless rare (Jambo et al., 2019).

1.3. Need and significance of the study

As modern technologies such as artificial intelligence, nanotechnology,
genetic engineering, precision agriculture, sensors, satellites, and robotics
became part of the SI approach, the implementation of SI has become
more complex and more alienated from farmers (Pagliarino et al., 2020).
A handful of works on SI have highlighted the failure of this model in
developing countries and other resource-poor areas, which are more risk-
prone and characterised by more complex problems than the areas where
such technologies were tested and developed (Chambers, 1994; Pretty

11



1995; Pagliarino et al., 2020). Farmer-centric approaches are likely to
address the lack of social inclusivity and the adoption difficulties of
sustainable agricultural practices in developing countries. For instance,
a global meta-analysis showed that farmer participation on policy
formulation would increase both the crop yield and households’ net
income compared to those systems employing top-to-bottom approaches
(Waddington et al., 2014) (Fig.1.2). Farmer participation and integration
of SI with farmers’ knowledge presents a major opportunity for sustainable
agriculture (Smith et al., 2017).
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Figure 1.2. Meta-analysis of impact of farmer participation (FP) on crop yield and net
revenue, calculated in terms of response ratios (RR), which are the difference in outcome
in the treatment group as a proportion of the outcome in the control group. Each red
dot represents the corresponding RR calculated from the estimates of a particular study.
The horizontal lines are upper and lower bounds of confidence intervals. The blue
diamonds indicate the standardised means. The response ratio is centred around 1, which
is the point of “no effect’; the distance above and below the no-effect point are translatable
as percentage changes in the outcome in the treatment group over the comparison,
giving the same Interpretation as a risk ratio. Thus, an RR of 1.10 translates as a 10 per
cent average increase in the treatment condition, while an RR of 0.90 would translate as a
10 per cent average reduction. Source: Waddington et al. (2014).

The promotion and functioning of such sustainable agricultural models
and their acceptance among farmers require the analysis of agricultural
intensification pathways from historical, social, and environmental
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perspectives. It is equally important to understand the future evolution
of agricultural systems and the processes that shape agricultural systems
in coastal areas. Farmers’ decision-making processes are complex and
rarely consider a single crop or cropping season in isolation. Rather,
farmers weigh options based on historical experience and the evolution
of farming systems (Jayne et al., 2014). Farmers also make decisions under
uncertainty. Lack of access to information, markets, and inputs may
encourage risk aversion in the face of proposed SI interventions
(Monjardino et al., 2015). Farmers’ risk profiles are also related to their
preferences for farm investment choices. In risky situations, farmers may
prefer low income as compared to potentially higher, yet uncertain farm
income. Crop and management choices around farmers’ decisions,
beliefs, long-term perspectives, and agricultural development paths are
subject to a wide range of motivations and competitive options that may
change over time. Current ways of making decisions can be driven by a
desire for future agricultural continuity, which is based on the farm’s
history, past activities, and traditions. Therefore, more complex and
dynamic research is necessary, rather than trying to explain the
possibilities of sustainable intensification in terms of static impulses or
factors. Incorporating a temporal dimension into a broader question about
farmers’past practices, current management, knowledge and socio-
cognitive capacity, and future preferences and priorities will help to aid
both in future decision-making and policy design. The accomplishment
of agricultural sustainability will also need a thorough understanding of
farm households’ pluriactivity, intensification/diversification, crop
preferences, as well as their essential cognitive capacities for managing
resources, making future investments and adaptation strategies.

To fully understand the present and future state of coastal agriculture,
there is a need for knowledge of the role of technology, population growth,
biophysical and socio-economic factors, cultural transition, climatic
variability, pandemics, conflicts, changing human attitudes, and
chronological responses. This is especially true if the past is to be used in
a more complex way than the simple analog of future conditions as
established by statistical models or agronomic experiments. By
understanding the rates and directions of the previous pathways and
trajectories of change in landscape processes, erosion, and flooding, we
can greatly reduce the sensitivity of landscape and ecosystems to future
human activities and climate. Such knowledge can lead to the better
formation of resource management strategies and sustainable
intensification of coastal farming systems. In this connection, it is clear
that the past provides ways to test the models we rely on for future forecasts
and situations: climate, major environmental processes, changing social
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and environmental conditions, and the severity of impacts (Brooks and
Place, 2019). These dependencies require testing of model inputs against
what is already known based on the complete data from historical
descriptions to quantitative longitudinal data. This is very important
because economic models fail to capture responses and the impact of
drivers in complex socioecological systems.

The following issues represent the major research gap in respect to
accomplishing SI in the deltaic environment in general: (1) the system
trajectories and archetypes contributing to SI (Pretty et al., 2018; Brooks
and Place, 2019; Kebede et al., 2019), (2) the role of farmers knowledge
and the potential for their systems intensification (Smith et al., 2017;
Jambo et al., 2019; Rietveld et al., 2021), (3) the quantification of SI
metrics and the evaluation of farmer preferred SI options (Mouratiadou
etal., 2021), (4) participatory/co-designing of farming systems to facilitate
SI (Pretty et al., 2018).

1.4. Research objectives

In addition to the aspects related to the limitations and opportunities of
SI in coastal areas discussed earlier under the category of the research
problem (Section 1.2) and the research significance (Section 1.3), the
overall synthesis of the practical and methodological issues related to the
analysis of system trajectories and farmer decision making in respect to
SI have also helped in formulating the research objectives described in
this thesis. The synthesis of issues related to the formulation and
accomplishment of the research objectives are below.

(1) Farming system characteristics (Farm types and system
trajectories)

Farming systems are influenced by complex interactions between social,
economic, political and ecological processes and factors that are hard to
integrate into a common analytical framework (Nkurunziza et al., 2020).
Characterisation of farming systems and identification of farm types are
widely used to understand the complexity of systems and agricultural
development pathways by organising farms internally into simple and
relatively homogenous groups (Tittonell et al., 2010; Alvarez et al., 2018).
To construct farm types, the most recent and widely cited studies tend to
use one-year cross-sectional data. Cross-sectional data cannot control
individual-specific effects (e.g., level of education). Further, constructed
cross-sectional typologies represent only the characteristics of a small set
at a particular point in data collection. Useful insights on the historical
trajectories of change and the influencing factors can be gained using
long-term panel data.
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(2) Farmer perception (Socio-cognitive constraints and
opportunities)

Coastal farming, as in any other rural community, is linked to the beliefs,
preferences, and aspirations of farmers. Dissemination of crops and
farming practices that may not be compatible with the preferences and
aspirations of rural communities in coastal areas will not succeed. The
cognition and understanding of farmers in different environments (e.g.,
within and outside polders) about their farming systems, the factors/
drivers and processes that affect the functioning of their farms and their
decision-making can overlap, converge or diverge. Research objectives
aimed at developing an understanding of how farmers conceptualise the
constraints and opportunities associated with the sustainable
intensification of their farming systems can help in the re-design of
technologies and policies to suit the coastal systems.

(3) Farmers’ preferences (Crop intensification choices)

The conversion of fallow to cropped land in coastal areas of Bangladesh
requires farmers to invest time, money, and inputs as well as the selection
of crops to suit their field conditions and management practices. Exploring
how farmers decide upon baskets of alternative crop options — and what
drives these decisions — is crucial for appropriate and sustainable
agricultural policy and development investments. Accounting for farmers’
preferences and desires is however rarely systematically considered in
policy design, though it is likely to be the precondition for SI's success
(Dolinska, 2017) in coastal environments. Approaches that aim for
contextually appropriate innovations preferred by farmers could assist
in reaching SI in these marginal yet densely populated environments.
Farmers’ preferences and interests are usually understood either through
qualitative focus groups (Mekoya et al., 2008) or through quantitative
ranking procedures (Soltanmohammadi et al., 2010). However, these
methods may not be suitable for trade-off evaluation as they are ineffective
in identifying the relative weight of factors influencing farmers’ decision-
making processes. Another method is to analyse farmer crop selections
using Likert scales or multiple-choice surveys. Since it is difficult to
demonstrate the multiple attributes of each option, farmers participating
in such techniques either underestimate the cost or risk of alternative
options or highly rate the expected benefits (Hanley et al., 2001). Research
objectives and robust ex-ante methods that explore farmers’ choice
between multiple crops described by both positive and negative attributes
are required.

(4) Design of alternative farming systems
In developing countries, agricultural development that involves farmers

15



is mostly limited to demonstration plots and participatory agronomic
trials. These are mainly concerned with controlled single-purpose (e.g.,
yield optimisation) and single-factor (e.g., N application or irrigation
scheduling) experiments, with insufficient attention to farming systems’
socioecological complexity (Catalogna et al., 2018; Kroma, 2006). The
above model is linked to the transfer of technology paradigm, which
assumes that researchers can design solutions for agricultural production
that can be transferred to farmers, such as through extension advisory
services (Roling and Wagemakers, 1998). As SI involves agronomic and
technical changes as well as social and economic aspirations (Wezel et
al., 2018), redesigning sustainable farming systems based on agronomic
trials may not be successful. Farmers’ intensification decisions depend
on a suit of many factors, which shape their multiple objectives that
usually differ among farm and household types (Gocsik et al., 2014)
(Fig.1.3).

A holistic understanding of current farming practices including whole-
farm input-output inventories for multiple seasons would be required,
which needs farmers’ engagement and cooperation in the research
activities. However, supporting farmers’ abilities and capabilities to adopt
sustainable farming practices does not on its own result in actual
engagement. Farmers’ willingness to participate in co-designing can be
influenced by a range of factors, such as farmers’ perceived socio-cognitive
constraints and opportunities for SI, their preferences of technological
options, economic feasibility, social relations, institutional and political
conditions (Aare et al., 2021). This requires interdisciplinary approaches
that include field-level activities, building better researcher-farmer
relationships while winning the confidence of all the stakeholders
including extension officers and other line government agencies (Meynard
et al., 2017), followed by the selection of appropriate approaches, metrics,
indicators and soft and hardware tools. A detailed account of the issues
and methodological challenges encountered alongside the approaches
and tools employed to achieve the objectives is provided in the respective
chapters.

This research broadly analyses farmers’ past land use, practices and future
decision-making pathways and risk profiles and crop preferences to inform
the design of appropriate sustainable intensification strategies in south-
central Bangladesh. The following objectives and hypotheses were used
in the study:

1. Describe historical trajectories of change in agricultural land use
intensity in farming systems of south-central Bangladesh, to
understand how socioecological drivers at different hierarchical
levels: -micro (e.g., household), -meso (e.g., institutions), -macro
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(e.g., population) affect coastal farming systems.
H1: Different types of farm households predominate the study area, with
variation linked to historical differences in biophysical, institutional, and
socioeconomic drivers, which in turn affect farmers’ cropping intensity

and Intensification.

2.

Explain relevant farmers’ insights of the complexity of the central
coastal region’s farming systems and socio-cognitive constraints and
opportunities for water management interventions, as well as to
understand the implications of differences in each farmer type’s

perceptions.
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Figure 1.3. Conceptual illustration on linkages between external and internal factors, and
farmers’ internal considerations, and their influence on intensification decision (adapted
from Meijer et al., 2015).

H2: The perceived understanding of farming systems among farmers
differs from farmer to farmer and among different types of farms. This
can be related to the heterogeneity of socio-economic characteristics or
cognitive capacities of the farmers.

3. Explore farmers’ decision-making processes with respect to
alternative intensification pathways, with special reference to farmer
preferred crop choices and willingness to invest in surface water
irrigation.
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H3: Different farm types exhibit differential investment and intensification
choice behavior, which is primarily governed by biophysical (water
availability and location) and socioeconomic (e.g., tenure and access to
capital) factors.

4. Explore scenarios, trade-offs and pathways for intensification,
focusing on farmer preferred cropping options, to design optimal
farming systems strategies appropriate for different types of farmers.

H4: Multiple trade-offs exist among farmers’ production objectives, such
as between mixes of crop choices, economic profit and organic matter
balance.

1.5. Research methodology

1.5.1. Study area and sampling locations

The research study was conducted in Barisal, Patuakhali and Barguna
districts in south-central Bangladesh, both within and outside polders
(Fig.1.2). Study locations within each district were selected based on their
suitability for dry season crop intensification through irrigation (Krupnik
et al., 2017). The selection of locations within and outside polders has
provided insight into the differential intensification strategies that may
result under each land and water management structure. Districts vary
with respect to biophysical factors (Table 1.1) although most households
in Barisal and Patuakhali and Barguna (87, 84 and 81%, respectively)
hold farms less than 1.0 ha (BBS, 2013).

With monomially distributed precipitation, the monsoon occurs from July
to mid-October, while there is scattered rainfall from November until
April--June. Transplanted rice-fallow is the dominant cropping pattern,
on many farms. Nonetheless, some practice transplanted monsoon season
rice followed by growing low-input rainfed legumes or marginal rainfed
crops during the dryer season.

1.5.2. Analytical strategy separated out for each objective

The research followed the DEED approach (Tittonell, 2008): (1. Describe)
Existing longitudinal data compilation and farm surveys were
implemented to collect relevant agronomic, socio-economic, and natural
resources management data from farmers. Overview of research showing
research objectives, employed methodology and major targets achieved
is provided in Figure 1.4. This information was used to identify farm
typologies and analyse trajectories of historical land use intensity change.
(2. Explain) An in-depth analysis and mental mapping of farmers’
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cognition of their farming systems and opportunities associated with
intensification were conducted for sub-sets of identified farm types, using
fuzzy cognitive mapping. (3. Explore) Choice experiments (CEs) were
implemented to explore farmers’ preferences for cropping intensification
and their willingness to invest in irrigation and fertilisers. (4. Design)
Results from CEs were used to design alternative systems using farm
modelling and trade-off analysis, thereby providing insights for plausible

intensification pathways for different farm types.

Table 1.1. Main characteristics of the selected study locations

Barisal

Patuakhali

Barguna

Mean annual
rainfall (mm)

2,079 mm
(1985-2015)

2,579 mm
(1985-2015)

2,436 mm
(1985-2015)

Dominant soil grey to dark grey, calcareous and grey, slightly
type non-calcareous, non-calcareous calcareous, heavy
heavy silty clays silt loam, and silty clays
silty clay loams
Land type MHL (56%), MHL (58%), MLL MHL (61%)
(inundation followed by MLL (17%), HL (5%), followed by MLL
class) (9%), LL (3%), HL  and restis (3%), HL (2%)
(3%), and 29% Miscellaneous and rest is
Miscellaneousland  land Miscellaneous
land
Wetland type Flood plain: Estuarine flood Tidal flood plain:
Ganges river plain: Meghna Ganges river
river
Water Without polder With polder With polder
management management management management
Number of rural 3,99,205 3,01,231 1,91,060
households
Population 1,039 km™ 1,012 km= 941 km™
density
Cropping pattern  T. aman- Fallow T. aman-Fallow T. aman-mungbean
T. aman- Legumes T. amar-mungbean T. aman-water melon
Aquaculture Freshwater / Pond aquaculture/ Pond aquaculture/
system pond aquaculture shrimp shrimp
Livestock system  Cattle, duck and Cattle, sheep, goat, Cattle, goat,

backyard poultry

duck and poultry

duck and poultry

Sources: multiple including BBS (2011-2018) and FAO and MAO (2013).

Note : MHL = medium high land, MLL = medium low land, LL = low land, and HL = high
land. T. aman = transplanted rice crop grown in kharif season (mid-March to mid-
November) using water from monsoon rains, while in rabi season (mid-November to
mid-March) land is either fallowed or legumes including mungbean and lentil are grown
without irrigation but utilising residual moisture.
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Objective 1:

Describe historical trajectories of change and drivers of agricultural land
use intensity

A balanced panel dataset at farm household level of 502 households in
coastal Bangladesh in Barisal division, spanning 20 years from 1995 to
2015 was developed from farm surveys and longitudinal data of farms
from NGO records.

Multivariate approaches (PCA and hierarchical clustering) were
employed (Tittonell et al., 2010; Alvarez et al., 2018) in conjunction with
focus group discussions targeting specific farm types to gain insight into
how historical changes influence agricultural risk perceptions and to
identify opportunities and constraints for intensification using surface
water irrigation. Lastly, representative farms from each type were selected
for subsequent characterisation of production activities and resource flows
(cash, labour, inputs, and outputs), and later simulation analysis (see
Objective 4). Select variables contributing to farm type variability in panel
years were subsequently analysed by employing panel data models (Fixed
and Random) in R using p/m package (Croissant and Millo, 2008).

Objective 2:

Explain how farmers’ perceive their farming systems and drivers of
cropping intensification and food security

Fuzzy cognitive maps (FCMs) are fuzzy graph structures for representing
cause-effect relationships (Kosko, 1986). FCMs are useful in studying
farmers’ perceptual understanding (mental models) of farming systems
and drivers (Gray et al., 2015). FCMs can provide a visual depiction of a
network of interrelated concepts of uncertain events or objects, and their
effects on a range of ex-ante outcomes (e.g., the systematic influence of
irrigation on crop profitability as defined by variation in production
environment, i.e., biophysical (e.g., salinity) and economic (e.g.,
fluctuating prices). A farm household survey among 240 samples was
used to build initial mental models of farmers, which were later used for
constructing FCMs. The FCMs were constructed in ‘FuzzyDANCES’
modeling software, developed by Wageningen UR. FuzzyDANCES
mapped how different components of farmers’ mental models influence
each other, and was used to determine how particular interventions could
affect the way farmers consider irrigation and intensification, by using
matrix algebra to develop weighted-directed maps and graphs.
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Objective 3:

Explore farmers’ decision-making processes with respect to alternative
intensification pathways, with emphasis on irrigation investment choices
and willingness to invest in surface water irrigation.

This research aims not only to explain farmer perceptions (Objective 2),
but also to identify preferred crop intensification choices. This was
accomplished through data generated from (1) surveys (Objective 1), (2)
FCM (objective 2) and, (3) simple agronomic and investment choice
experiments (CE) in Objective 3.

CE design and subsequent farm optimisation modelling (Objective 4)
require irrigated crop yield data and associated investment costs and
benefits for model parameterisation. Preliminary measurements from on-
farm experiments in the study area alongside crop performance data
were collected. Resulting yields and economic costs and benefits were
used to design farm-specific input data for realistic CE design based on a
CE survey of 300 farmers and subsequent farm simulation modelling
(Objective 4). CE results and the factors influencing farmers’ choices were
examined using random parameter logit models in R using gmn/package
(Sarrias, 2016).

Objective 4:

Explore scenarios, trade-offs and pathways for intensification focusing
on irrigation investment to design optimal farming systems strategies for
specific farm types.

Data collected for Objectives 1-3 were used to explore trade-offs between
multiple production objectives at the whole farm level, contingent on
plausible intensification scenarios outlined by participating farmers.
FarmDESIGN, a multi-objective pareto-based farm optimisation
simulator (Groot et al., 2012a), was used to achieve this aim. After
parameterisation, both existing and hypothetical intensification scenarios
and their effect on risk, food security, and profits, can be examined in a
modeling environment. Further trade-off analysis included mixes of crop
species and field allocation, irrigated versus rainfed production, and the
productivity benefits of irrigation versus the cost of irrigation, etc. While
modelling cannot answer all questions regarding intensification pathways,
it facilitated the delineation of boundaries of potential outcomes. This
work can thus inform development organizations and policymakers on
more appropriate intensification pathways, designed to minimise negative
trade-offs in the study area.
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1.6. Outline of the thesis

While Chapter 1 provides a general introduction and overall outline of
the thesis, Chapter 2 characterises the coastal farming systems and the
socioecological change through a comprehensive driver-response
reconstruction in the study area. Multi-level socioecological drivers of
agrarian change that occurred in the study area are presented using panel
data modelling of twenty years of data. This chapter also formed the
basis for chapters 3 and 4. Chapter 3 describes the FCM methodology to
understand how farmers in coastal Bangladesh cognize constraints and
opportunities associated with crop intensification options. The perceived
difference in understanding of farming systems from farmer to the farmer
or among different types of farms possibly due to the heterogeneity of
socio-economic characteristics or behaviour of the farmers were
investigated and presented in this chapter.

In Chapter 4, farmers’ preferences of alternative cropping options for
fallow land replacement with alternative irrigated and non-irrigated crops
during the dry season were investigated through a choice experiment
(CE). A choice experiment was designed using input data from (1) a
simple agronomic trial of maize, wheat, mungbean and boro rice, and
(2) study objectives 2 and 3 described above. This chapter also presents
the results of the analysis on whether farmers’ preferences are conditioned
by investment requirements on input use (with emphasis on irrigation
and fertiliser) and/or expected net revenues. Chapter 5 presents the
outcome of a more integrated computer simulation approach where
multiple production objectives of the farmers both within and outside
polders of coastal Bangladesh are optimised to generate sustainably
intensified virtual farms. The different trade-offs while incorporating
multiple objectives in respect to profits, organic matter balance, labour
and GHG emissions, while simulating sustainable intensification solutions
are presented in this chapter.

Chapter 6 presents the concluding chapter with a general discussion/
synthesis on the main findings of the Ph.D. project in relation to the overall
objective of the thesis. The contribution of this thesis to policy
recommendations on sustainable intensification of farming systems in
coastal Bangladesh is discussed, study limitations and future research
opportunities are proposed and conclusions are drawn. Further, part of
the findings reported in this thesis has been published as three peer-
reviewed journal articles.
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Chapter 2

Multi-level socioecological drivers
of agrarian change: Longitudinal
evidence from mixed rice-livestock-
aquaculture farming systems

of Bangladesh

Chapter published as:

Aravindakshan, S., Krupnik, T.J., Groot, J.C., Speelman, E.N,, Amjath-Babu, T.S., Tittonell,
P.,2020. Multi-level socioecological drivers of agrarian change: Longitudinal evidence from
mixed rice-livestock-aquaculture farming systems of Bangladesh. Agricultural Systems,
177:102695. https://doi.org/10.1016/j.agsy.2019.102695
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ABSTRACT

Coastal systems are facing natural and human-driven change coupled
with a rising population. With increasing shifts in socioecological
conditions during the past several decades, it is important to understand
how socioecological drivers at different hierarchical levels: -micro, -meso,
and -macro affect coastal farming systems, which play a crucial role in
the livelihoods of coastal dwellers. Mixed rice-livestock-aquaculture
farming in Southern Bangladesh exemplifies the rapid change occurring
in many of the world’s coastal farming systems in response to these drivers.
We used panel data observations from the above study area and modelled
trajectories of farm typologies, and the impact of multi-level
socioecological drivers by a novel approach. Our approach integrates:
(1) a well-articulated conceptual frame of change observed using (2) a
temporal view of the potential drivers, change process and farm type
outcomes, with the twenty years panel data of 502 households that is
analysed by means of (3) multivariate statistics in conjunction with panel
data models that operationalise the conceptual frame. Our approach
allows (a) estimating dynamic effects over time that typically cannot be
estimated in a cross-sectional data set, (b) distinguishing between time-
invariant fixed and time dependent random effects of multi-level
socioecological drivers, and (¢) controlling for omitted variables to a certain
extent. Considering farming systems both within and outside of polder
embankment systems intended to protect against oceanic water intrusion,
we found a gradual shift from heterogeneous, rice-livestock farm types
to more homogenous farms with less livestock and more off-farm activities.
Micro-level factors including farm plot fragmentation, farmers’ experience
in cropping, machinery, salinity and soil fertility were influencing changes
in farming systems. Meso-level factors including markets, road
infrastructure, labour availability, access to extension and land tenure
also affect the trajectory of farming systems change. Among macro-level
drivers, increasing population density positively and significantly
influenced cropping intensity among farms outside polder systems. Within
polders, a positive but non-significant trend was observed for the influence
of population density on cropping intensity. Our data also indicate negative
and significant influence of cyclonic storms on cropping intensity over
time in both areas. Our results underscore the importance of accounting
for multiple levels of socioecological drivers of change when developing
appropriate policy options for sustainable development in South Asia’s
coastal farming systems.

Keywords: Induced intensification; Panel data; Boserup; Socioecological
systems; Systems analysis; South Asia; Environmental risk
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2.1. Introduction

Alongside a range of ecosystem services and economic benefits (Martinez
et al., 2007), coastal systems provide multiple opportunities for diverse
farm enterprises that integrate crops, livestock and aquaculture. Rural
farmers in tropical coastal deltas are however highly vulnerable to global
environmental change (Krupnik et al., 2015a; Ishtiaque et al., 2017). More
than 400 million people in South Asia who live in coastal areas are
experiencing significant changes in rural economies, population density,
agricultural practices, and climate that affect their livelihoods (UNISDR-
UNDP, 2012). Farmers in coastal zones are disproportionately vulnerable
to flooding, coastal erosion, soil and water salinity, and have high sensitivity
to climate change and environmental shocks (Ali and El-Magd, 2016;
Krupnik et al., 2015a). Poised at the interface of multiple socioecological
drivers, including biophysical and socioeconomic factors of both natural
and anthropogenic origin, the coastal farming systems are undergoing
rapid change. With increasing shifts in agroecological conditions during
the past several decades, it is important to understand how socioecological
drivers at different hierarchical levels: -micro (e.g., household), -meso
(e.g., institutions), -macro (e.g., population) affect coastal farming
systems, which play a crucial role in the livelihoods of coastal dwellers.

Coastal farming systems comprise of population of individual farms
organised by their crop, livestock and aquacultural components, and that
have similar resource bases and livelihood patterns for which similar
development interventions may be appropriate (Dixon et al., 2001).
Understanding past and present agricultural diversity, dynamics, and
trajectories of change is crucial to inform policies aimed at meeting
Sustainable Development Goals (Valbuena et al., 2015; Domingues et al.,
2018). Only a limited number of studies have explored how coastal farming
systems have responded and adapted to socioecological drivers.

Farm typologies and characterisation of farming systems have been widely
used to understand systems complexity and agricultural development
trajectories by simplifying and organising farms into separate but relatively
homogenous groups internally (Iraizoz et al., 2007; Tittonell et al., 2010;
Alvarez et al., 2018). Trajectories of farming systems can be studied in
different ways, for example through inductive (Pelling et al., 2008) or
deductive approaches (Valbuena et al., 2008; Tittonell et al., 2010). The
former are defined by the actors (for e.g., farmers or extension agents)
themselves while the latter are drawn from theory or conceptual
frameworks developed by researchers (Overmars and Verburg, 2007;
Sierra et al., 2017). Deductive approaches have been used to study
pathways and trajectories of change in socioecological systems (Valbuena
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et al., 2015; Groot et al., 2016), though most recent (Sierra et al., 2017;
Alvarez et al., 2018; Lopez-Ridaura et al., 2018; Jelsma et al., 2019) and
widely cited (cf. Valbuena et al., 2008; Righi et al., 2011; Tittonell et al.,
2010; Daloglu et al., 2014; Cortez-Arriola et al., 2015: Kuivanen et al.,
2016) studies use single year cross-sectional data or aggregate country/
regional data. While cross-sectional data cannot control for personal fixed
effects (e.g., level of education), aggregate data can underestimate the
influence of individual farm-level change. This reduces the accuracy and
applicability of insights derived from trajectory studies. Typological analysis
of cross-sectional data collected from different farms is only plausible
when farm type change and dynamics are independent realisations of
the same evolutionary process across the farming system. However,
constructed cross-sectional typologies represent only a possible occurrence
order of a small set of properties or traits at a particular point of time
when the data was collected. They cannot reveal the dynamic process of

farming system change. Useful insights can conversely be gained using
long-term panel data.

Hierarchical clustering on Principal components (from principal
component analysis (PCA)) is the most common statistical method used
to analyse development trajectories of farm types (Valbuena et al., 2008;
Tittonell et al., 2010; Cortez-Arriola et al., 2015: Kuivanen et al., 2016).
But linking farming systems’ development trajectories to a handful of
principal component (PC) axes may be misleading—what appears like
the signal of an interesting biophysical or socioeconomic property may
simply be an artifact stemming from how PCA is computed. Falconnier
et al. (2015) and Valbuena et al. (2015) built longitudinal farm typologies
for analysis of PC axes and generated clusters for different time periods.
But they did not attempt any statistical extension using panel data models.
By focusing analyses exclusively on the PC axes, as is commonly done in
trajectory studies, researchers are, in effect, taking a biased sample of a
multivariate distribution (Mitteroecker et al., 2004), while also ignoring
stochasticity that can cause some dimensions to diverge more rapidly,
while others exhibit less divergence across time periods (Uyeda et al.,
2015).

Unlike cross-sectional analyses, most panel data tends to be analysed
using parametric models involving Generalised Linear Mixed Models or
using marginal methods including Generalised Estimating
Equations. When considering trajectory studies, these classical approaches
could however also be biased because variables in panel data are typically
sparse and highly dimensional (Di et al., 2014). Integrating multivariate

statistics with panel regression may therefore help to reduce the high
dimensionality of longitudinal data (Yao et al., 2005).
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Apart from statistical issues, knowledge gaps regarding the historical
influences determining changes in farming systems have also led to
inefficiencies in agricultural policy development (Adamson et al., 2018).
The idea that multiple levels of contextual influence affect complex systems
through interdependent interactions is an ecological view that has a long
tradition since Bronfenbrenner’s socioecological systems theory published
in 1989. A set of factors function at multiple hierarchical levels: -micro
(e.g., household), -meso (e.g., institutions), -macro (e.g., population) has
been emphasised in systems analysis (Berkes and Folke 1998; Hettig et
al., 2016), though quantification of the effects of these factors on
trajectories is rare. For instance, despite researchers recognising the role
of meso- level factors that condition changes in infrastructure and market
and institutional systems (Hazell and Wood, 2008; Anderies et al., 2016),
longitudinal evidence on farming system change remains largely lacking
in South Asia, as are studies that consider and integrate meso- and micro-
level factors. These factors, which for example may include farmers’ level
of agricultural experience, changes in crops, irrigation and farm
machinery, tenure and land fragmentation (Piotrowski et al., 2013;Paul
and wa Githinji, 2018), could shed new insight on how and why farming
systems change, with important implications for development policies
and environmental adaptation priorities (Adamson et al., 2018).

This paper introduces a new systems analysis approach to model
trajectories of farm typologies, systems dynamics and socioecological
drivers using the south-central coast of Bangladesh as a study area. This
new approach is characterised by integrating a well-articulated theoretical
frame of change observed using a temporal view of change processes
and outcomes. We used twenty years panel data from 502 households
and analysed those utilising multivariate statistics in conjunction with
panel data models that operationalise our theoretical framework. Our
approach estimates the dynamic change effects over time that cannot
typically be estimated utilising cross-sectional data set. The approach
also distinguishes between time-invariant fixed and time-independent
random effects of multi-level socioecological drivers, while also controlling
for omitted variables.

Bangladesh is the world’s most densely populated deltaic country with
low per-capita farmland and rural development challenges (Turner and
Ali, 1996; World Bank, 2015). About 40 million people in Bangladesh
remain severely food insecure. Another 11 million suffer from acute hunger
(WFP, 2016), the majority of whom inhabit coastal areas. More than 40%
of productive land is projected to be lost in the southern region of
Bangladesh for a 0.65 meter sea-level rise (World Bank, 2013). In
Bangladesh’s south-central coastal zone, tidal water flooding during the
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monsoon “kharif ”season (mid-March to Mid-November) is common,
though transplanted ‘aman’rice (Oryza sativa) is widely grown during
this period. Without large-scale irrigation development, farmers however
experience water scarcity during the cool, dry winter “rabs” season (mid-
November to mid-March). Soil and water salinity and cyclonic storms
pose further challenges in the kharif —rabiseasons. Farmers tend to fallow
their land or grow low risk, low-input ‘opportunity’ crops including
broadcast, unfertilised legumes predominantly mungbean ( Vigna radiata)
and lathyrus (Lathyrus sativus) during the rabi season. Development
approaches that increase farm productivity by conserving natural
resources, increasing resource use efficiency and ecosystem services while
improving social equity, i.e., sustainable intensification (SI) (Godfray et
al., 2010), have been proposed to guide policy in Bangladesh’s coastal
farming systems (MOA-FAO, 2013; Krupnik et al., 2017). A component
of SI involves increasing cropping intensity, i.e., the number of crops
grown per year on the same land, thereby raising yield per year per unit
of farmland, while also minimising land expansion and consequent
biodiversity loss.

A system of embankments known as polders, consisting of dykes and
sluice gate controls were constructed by the Bangladeshi government in
1960s to control oceanic water intrusion, protect against cyclones and
support coastal agriculture. Poor maintenance and competition for
resources has however resulted in many poorly functioning polders and
sluice gates. Poor drainage, land subsidence, and soil salinity pose
mounting problems, although their effect is spatially heterogeneous
(Krupnik et al., 2017). The diversity of these linked socioecological issues
calls into question the usefulness of standard and ‘blanket’ development
approaches (Goswami et al., 2014). This research responds to these
theoretical and methodological challenges and employs panel data models
to the study of farming systems change both within and outside polders
in Bangladesh’s central coast. Our objective is to improve understanding
of farm trajectories of change by untangling multi-level drivers that
influence farming systems dynamics, and to use this information to inform
relevant policy aimed at sustainable development in coastal South Asia.

2.2. Conceptual framework: farm typologies
and drivers of change

The socioecological views explaining agricultural growth, unlike
population-pressure theories by Mathusian (neo-Malthusian) and
Boserupian (Boserup, 1965), emphasise human-environment
relationships and their influence on agriculture (Ali, 1995). These

29



relationships, however, are driven by numerous socioecological factors,
particularly the multiple levels of constraints imposed by the population
pressure, biophysical environment, and the socio-technological and
economic abilities of farm households to reduce and modify those
constraints (Ali, 1995; Aravindakshan et al., 2018). These constraints can
be harnessed to sustainably intensify farming systems rather than leading
to uncontrollable natural resource depletion. To do so, the forms (types)
and pathways of farming systems responses should be understood and
modelled by socioecological drivers across spatio-temporal scales.

We outline a conceptual framework for the study of farm trajectories of
change at different scales in consideration of the dynamics of systems
change (Fig.2.1). The process of change is represented over time (), £, to
t,. In t, a farming system may consist of ‘7 number of farm types, which
are likely to follow ‘m7 number of pathways with a probability ‘p’. This
results in n + g farm types at time ¢,, with g < o if farming systems tend
towards homogeneity (less diverse) in structures and functions over time,
and g > o if diversity increases. ‘¢’ can take any value including o, but not
< ‘-m.

The factors driving these dynamics include complex and interacting
biophysical, socioeconomic, behavioural, or social influences that operate
at multiple scales (Hettig and Sipangule, 2016). Macro-and meso-level
factors are exogenous and beyond the control of individual farmers;
micro-level factors are conversely endogenous and subject to farmers’
agency. A farm belonging to a particular type undergoes change over
time, forming a trajectory of change in terms of selected farm features.
Although we only show two pathways of change in Fig.2.1, a farm has
multiple ‘7’ options based on the direction and magnitude of influence
of different factors. This conceptualisation is intended as a general model
of farm trajectories and factors of change, although it is likely to differ
from system to system according to prevailing drivers.

At the macro-level, three major factors are widely considered to influence
agrarian change over time. Firstly, population density is considered as a
major driver of agricultural intensification as it can increase both the
demand for food and supply and demand for farm labour, in addition to
land fragmentation (Boserup, 1965). Declining population density on the
other hand may lead to farmland consolidation, land fallowing, and/or
land sales and sharecropping. Secondly, economic growth may change
diets and consumption patterns, thereby increasing demand for food
products even without population growth. Third, variability in climate
and extreme weather events — for example tropical storms and cyclones
in the Bay of Bengal (Knutson et al., 2010; Huq, 2015) — may affect
agricultural change (Hazell and Wood, 2008).
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Figure 2.1. Theoretical framework for farm trajectories of change and select potential
influencing factors. Blue and red solid lines indicate hypothetical trajectories (pathways)
followed by a farm type. Blue and red dots indicate alternative trajectories possible. The
large blue sphere on the bottom left represents a farm type which captures, for example,
households’landholding, fallow land, sharecropped land, cropping, livestock and aquaculture
assets, and off-farm activities.

The diversity of farming systems can be represented by typologies that
segregate farm households into different farm types which may be defined
by the structural (e.g., landholding, crops, livestock size) and/or
functional variables (e.g., cropping intensity, technology adoption) that
may result from interactions between micro- and meso-level factors, and
macro-level drivers (Fig. 2.1). A range of micro-level factors, including
past experience of cropping, household level adoption of improved crop
varieties, irrigation, and machinery, tenure and land fragmentation could
influence household livelihood strategies (Piotrowski et al., 2013; Paul
and wa Githinji, 2018). Farmers’ decisions regarding these factors could
also be conditioned and mediated by meso-level factors, including access
to finance, extension services and civil infrastructure that in turn can
influence relative farm input-output prices and access to new technologies
and markets (Shiferaw and Bantilan, 2004). Many studies of agrarian
change focus on macro-level drivers without considering lower level
drivers or the diversity of farming systems types (cf. Boserup, 1965; Turner
and Ali, 1996; Pingali, 2012). Furthermore, assumptions of the
homogenous impact of multi-level factors across farm types may be overly
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simplistic. For example, in case of farm types experiencing land scarcity,
population growth can lead to fragmentation of landholdings and
competition for natural resources. An additional challenge in the study
of agrarian change is the difficulty in measuring the dynamics of farming
systems change in and of itself. Our approach, detailed below, is to first
illustrate the farm types present at a given time ‘¢’ and proportion of
farms changed from one type to another in a time ‘¢,, then subsequently
identifying the dominant variables influencing these changes. These
variables are then related to potential micro-, meso- and macro-level
driving forces.

2.3. Methods and materials

2.3.1. Study area

The study area in the south-central part of Bangladesh has been identified
as potentially suitable for cropping systems intensification using surface
water irrigation to forgo rabiseason land fallowing (Krupnik et al., 2017).
The region is characterised by a dense network of interconnected rivers
and natural canals that flow into the Bay of Bengal. Annual rainfall ranges
from 1,955 to 2,100 mm (BBS, 2013), with a humid sub-tropical climate.
Most soils are medium to high textured silty clay loams (SRDI, 2010).
The southern-most part of the central coast (Patuakhali, Barguna and
Pirojpur districts) is protected by polders constructed since 1960s. So far
123 polders covering an area of about 13 million ha have been constructed
across coastal Bangladesh that include 6,000 km of channels, 2,500 water
control structures, and 5,000 km of embankments (World Bank, 1990).

Across Barisal, Patuakhali, Barguna and Pirojpur, approximately 70%
of the households within polders are engaged in farming, while farming
households are 59% outside the polders (BBS, 2016). The farming systems
both within and outside polders are traditionally mixed, in which rice,
livestock and pond aquaculture are integrated on the same farm. The
majority of agrarian households (HHs) both within and outside polders
are engaged in rainfed cropping in the kharif (mid-March to mid-
November) and rabi/ (mid-November to mid-March) seasons. kharif
sowing coincides with the onset of monsoon, and is further divided into
pre-monsoon kharif-1 (mid-March to mid-July) during which local ‘aus
rice varieties are grown, and monsoon kharif-2 (mid-July to mid-
November) when aman rice is grown. The rabi season falls during the
dry winter period, when farmers within polders grow primarily pulses,
while farmers in non-polder areas cultivate pulses, mustard and vegetables.
Irrigated rabi season rice production known as ‘boro’occurs in select
areas proximal to water sources.
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2.3.2. Data and sample

We developed a balanced panel dataset at farm household level of 502
HHs in coastal Bangladesh in Barisal division, spanning 20 years from
1995-2015 as part of the multi-year Cereal Systems Initiative for South
Asia (CSISA) project. This dataset is compiled from a farm household
level primary survey, NGO records pertaining to household characteristics,
farmer focus groups and secondary data sources. Sample were selected
from a list of farm HHs provided by the NGO (Bangladesh Development
Society) that keeps village level records of selected coastal districts in
Southern Bangladesh. Two districts within polders (Patuakhali and
Barguna) and a single district outside polders (Barisal district) were
selected for the study (Table 2.1; Fig.2.2). We selected these three districts
of the total 27 districts in southern Bangladesh due to specific interest
considering the potential for crop intensification and surface water
irrigation in coastal Bangladesh (see Krupnik et al., 2017). In addition,
data from districts other than the above for the time period 1995-2010
was not available from our partner NGOs or other sources for the study.

Table 2.1. Details on study locations

Environment District Village Predominant n
names crops by season
kharif-1  kharif-2 rabi
Non-polder Barisal Dehergati, ausrice  amanrice bororice, 204
Barpasha, vegetables,
Tabirkathi mustard,
pulses
Polder Patuakhali Dakhin ausrice  amanrice Pulses, 298
and Bazargona, groundnut
Barguna Auliapur
Paschim
Chakamaiya,
East Amirabad,
Angulkata,
Bazarkhali

Note: In Bangladesh and several parts of South Asia including eastern India, rice is cultivated three
times in a year differentiated by names “aus, aman and boro”. The aman (broadcast and
transplanted) rice is generally cultivated in mid-July to mid-November, sown with the onset of
South-west monsoon rains, boro (irrigated rice) in February-May, and aus rice in mid-March to
mid-July cropping seasons utilising summer rains.

A non-probability purposive sampling procedure was subsequently used
to select HHs from the list whose information on select variables (Refer
Table 2.2 for variable description) were available in the NGO records.
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Figure 2.2. Map of the study area showing study districts. Black spots indicate the study
villages. Salinity data refers to soil and water salinity and was taken from SRDI (2010).
White coloured areas denote lack of salinity data.

Out of the 311 and 336 households outside and within polder areas in the
list, 107 and 38 households were excluded due to data gaps, respectively.
A final sample of 204 HHs outside polders and 298 HHs within polder
areas were selected such that at least 5% of all HHs in each of the selected
villages were sampled as advised by Turner (2003). HH level information
on several variables for these selected HHs, spanning for a period of 1995-
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2010 were then compiled. These same HHs were surveyed in 2015 by the
authors in order to develop a twenty year panel data set by combining
the compiled information with the HH survey. Above panel data set used
in this paper is made openly available by CIMMYT DataVerse for interested
users here: http://hdl.handle.net/11529/10898.

The variables in the panel data set developed included farm structural
and functional characteristics, household resource endowment,
agricultural management information, and data on off- and on-farm
income, in addition to biophysical and socio-economic attributes. Village-
level population and demographic data for twenty years period used in
this study was obtained from Bangladesh Bureau of Statistics (BBS). In
addition to the above, gaps from missing data were filled by collecting
and validating information through a combination of 9 farmer focus group
discussions and presentation of raw data to household members and
through secondary sources including household income and expenditure
survey (HIES) by Bangladesh government. Graphical overviews of selected
variables for years 1995 and 2015 are given in Figure 2.3 and 2.4 for
sample outside and within polders, respectively. Detailed summary
statistics are provided in Table 2.2.
Table 2.2. Descriptive statistics for key structural and functional

farm variables used in the analyses, disaggregated for
polder and non-polder environments

Variables Unit Farms outside polders Farms within polders
(n=204) (n=298)

199 5 2015 1995 2015
Mean SD Mean SD Mean SD Mean SD

I. Candidate typology
variables

A. Structural variables

Age of the

household Years 37.79 10.93 50.08 12.66 36.43 10.34 47.14 12.55
head

Education of the Y 6 8

household head ears  4.24 3.27 5-44 3.60 3-94 3.0 4.94 3-29
Household size Numbers 10.74 2.05 5.89 2.07 10.92 2.09 5.65 2.19

Total land owned h 8 8 6
by the household a 0.70 0.52 041 0.3 0.97 0.87 0.54 0.4

Tropical livestock TLU

unit? farm— 450 1.22 0.38 0.56 4.62 1.32 1.05 1.41
Pond area under

aquaculture ha 0.05 0.17 0.04 0.24 0.05 0.08 0.08 0.22
?ﬁiﬁ‘;ﬁ{;’?pmg % 0.19 0.23 0.31 0.30 0.17 0.27 0.29 0.28
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Total family labour sd
used on fai,m Eearﬂ 262.78 82.84 163.41 106.68 254.51 76.55 181.79 105.26
Total hired labour sd
used on farm Eear*‘ 83.13 54.46 75.83 47.48 84.86 67.32 74.22 56.22
Annual income of
the household ('000) BDT 18.22 16.57 125.48 136.17 15.54 13.63 159.01186.62
Annual net savings
of the householdg BDT 10.81 14.71 20.30 26.85 5.74 5.42 27.60 35.95
('oo0)
B. Functional variables
Area under h 8
cash crops a 0.35 0.19 0.37 0.33 0.4 0.22  0.43 0.30
Area under h 8 6
food crops a 1.25 1.04 0.74 0.50 1.0 1.15 0.69 0.59
Gross cropped area ha 1.61 1.07 1.10 0.67  1.56 1.22 1.12 0.80
Cropping intensity® % 145.64 28.67 168.57 18.25 145.30 33.14 151.95 28.12
Area under h 3 3
irrigation a 0.01 0.0 0.03 0.0 0.00 0.00 0.05 0.10
Amount of aman h 8
season fallow a 0.03 0.10 0.04 0.12 0.27 0.3 0.25 0.45
Amount of rabi h 8
season fallow a 0.91 1.00 0.39 0.33 0.87 111 0.44 0.30
Share of total
crops sold % 70.61  7.93 80.34 14.54 70.99 9.97 85.31 8.80
Months of food Number 8 8 6 3
self-sufficiency ofmonths -9 1:57 10.30 2.1 9-24 1.64 10.0 2:34
Share of
expenditure for food % 56.34 16.38 6248 18.00 61.82 13.30 58.88 17.96
Off-farm income % 41.98 31.31 56.60 27.35 41.28 33.84 49.42 30.46
Remittances
received per BDT 0.03 0.29 10.66 19.76 0.01 0.20 14.37 23.40
annum ('000)
II. Factors driving farm trajectories of change
C. Micro-level household variables
Household’s
experience in Years 20.81 11.00 33.37 12.70 19.35 10.12 30.66 12.62
cropping
Household head’s Ordered
involvement in categorical
farming (1=no 1.48 0.77 1.37 0.74 2.43 0.82 284 0.51
involvement,
2=partial and
3=full involvement)
Share of land
under machine % 1.71 5.70 98.75 5.37 0.00 0.00 95.40 13.58
tillage
Degree of Scale of
fragmentation 1=lowto 3.35 1.22 2.25 0.72  2.39 2.22 2.16 1.67
of farmland¢ 5=high
level
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Inundation class Lowland=1,
medium
land=2  2.08 0.48 2.00 0.40 2.35 0.60 2.45 0.51
and 3=
highland

Perceived soil Low=1,

fertility of the farm medium 2.36 0.88 2.00 0.78 2.20 0.91 2.21 0.80
=2 and
3= high

Perceived soil and Low=1,
water salinity of medium NA NA NA NA 2.08 0.53 1.99 0.99
the farm =2 and

3= high

D. Meso-level conditioning variables

Distance to input-

output markets km 3.88 1.72 2.64 0.98 8.30 3.42 5.68 3.12

Distance to the

irrigation canal km 0.38 0.24 014 013 0.19 0.17 0.14 0.15

Distance to the

main road km 1.66 0.96 1.10 0.52 1.78 1.17 1.65 1.05

Access to extension Dummy

(1=has
access, 046 0.50 0.67 0.47 0.40 049 0.47 0.50

0 otherwise)

Access to credit Dummy
(1= has 0.41 0.49 0.75 0.44 0.27 0.45 0.08 0.27
access, and
0 other wise)

Tenure rights Dummy
(1= has o0.27 0.44 0.16 0.37 0.72 0.45 0.93 0.26
access, and
0 otherwise)

Availability of hired Dummy

farm labour (1= has o0.51 0.50 0.50 0.50 0.21 0.41 0.16 0.37
access, and
0 otherwise)

E. Macro-level driver variables

Village population Numbers  1908.47 817.69  2053.67 86127  4018.43 311631  4674.00 3645.76

Cyclone severity

indexe — 3.72 2.52 1.45 0.94 3.82 2.61 2.74 2.44

Notes: psd = person-day, which is 8 hours of work. *Tropical livestock unit (TLU) was calculated
according to method given by Harvest Choice, 2015 (https://harvestchoice.org/data/anos_tlu)
bSharecropping intensity is ratio of sharecropped land to total land available for cultivation in %.

Gross harvested area (ha) | farm_l year_l

°Cropping intensity averaged across fields is calculated as I —T—x100
Total land area (ha) farm — year

and will exceed 100% where double or triple croppingis practiced. ‘Categories on a scale of 1-5; 1

= low level and 5 = high level of fragmentation. 1USD was ~40 BDT in 1995 while it was ~78 BDT
in 2015. °Index developed by summing up the product of cyclone events and farmer’s perception on
an individual cyclone’s severity on a scale of 0-3 in the respective years observed. All monetary

values are nominal.
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2.3.3. Analytical process

Our analysis for farm HHs outside polders (OP) and within polders (WP)
proceeded in three steps. First, we developed farm typologies for farm
households outside and within polders separately. Distinct farm types
were identified for 1995 and 2015. In the second step, we identified the
most important variables contributing to farm type changes across panel
years. In the last step, we identified the multi-level factors driving farm

type dynamics using panel data regression models. A historical review of
literature was also carried out to complement our findings.

2.3.3.1 Analysing farm type dynamics

In the first analytical stage, transition from one farm type to another is
captured by farm trajectories of change over time. Towards this, both
Principal Component analysis (PCA) and Cluster Analysis were employed
(Alvarez et al., 2018) to categorise farm HHs based on the basis of their
structural (resource endowment) and functional (production and land
use objectives/livelihood strategies) characteristics (Kuivanen et al., 2016).
Following the PCA on the data, Agglomerative Hierarchical Clustering
employing Ward’s minimum-variance method, was done on the PCA (PCs’
scores) to identify clusters. The Ward’s method minimises within-cluster
variation by comparing two clusters using the sum of squares between
the two clusters, summed over all variables (Alvarez et al., 2018). The
number of clusters (i.e., farm types) was defined using the dendrogram
shape, in particular the decrease of the dissimilarity index (“Height”)
according to the increase of the number of clusters (Alvarez et al., 2018).
We named these clusters based on four criteria: own landholding area,
crop-livestock-aquaculture activities, off-farm income and sharecropping.
We used Bangladesh’s National Agricultural Extension Policy criteria to
categorise farms based on the first criteria, i.e., landholding area, such
that marginal farmers are those with landholdings of 0.2 to 0.6 ha; small
farmers between 0.61 and 1.00 ha; medium between 1.01 and 3.03 ha;
and large 3.03 ha or more (MOA, 2012, pp. 2; para 3).

In the second stage, we explored the principal components for changes
in typology variables’ contribution across panel years from 1995-2015 to
farming systems change. Variables highly correlated with a principal
component (PC) contribute most to its scores (Husson et al., 2017). The
percentile contributions of each variable to the principal components can
be assessed to determine if any variables strongly influence a particular
PC (David and Jacobs, 2014). The contribution (C)) of a variable ‘% to a
given PC is calculated as:
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((cos, )* * 100
Ck = SK 2 (1)
., (cos, )

where (cos, )* in Eq. 1 is the squared cosine of a variable ‘% that

represents the quality of the representation of that variable quantified as
the squared loadings for that variable in the principal component. Squared
cosines (cos®) thus help locate the variables important for a given PC
based on their relative contribution (Abdi and Williams, 2010). Cumulative
contributions of all variables in the selected PCs (with eigenvalues > 1.0)
for each panel year (1995 and 2015) were assessed to identify the variables
showing strongest contribution to variance. Those with the greatest
contribution across years are assumed to have robust linkages to change
trajectories among sampled farms. These are the ‘farm dynamicity
inducing variables that were analysed using panel regression models in
the second stage as described below.

2.3.3.2 Modelling multi-level factors and drivers influencing
farm change trajectories

In the third analytical stage, we analysed the effects of multi-level factors/
drivers of change on dominant variables contributing to farm type
dynamics in panel years (7") by employing panel data modelling (Hsiao
et al., 2000; Baltagi, 2008). Let the panel dataset contain observations
of the multi-level factors and drivers of change (independent variables),
X X, X, and the dominant variables contributing to farm type
dynamics, whose identification is explained in Section 2.3.3.1 be treated
as (dependent variables): Y Y, Y , with farm/farmer specific effects:

“““““

Z.a . The model thus takes the form in equation 2:

Y, = Xiyz‘ﬂ+Ziya+git (2)

where i =1,...,n andt=1,..., T, where the first subscript, ;, referstiee
farm being observed, and the second term¢, refers to the observational

year (I=5 in our case). In Eq. 2, &, is the error term and 7' is a set of

farm household-specific micro-level factors (Table 2.2). Since 7 " in the
data has both observed and farmers’ perceived variables, the ordinary
linear model fitted by least squares would suffer from bias (Baltagi, 2008).
We therefore estimated a generalised fixed effects (FE) model (Eq. 3)

when Z " is unobserved, but correlated with X , and when is observed,

then we estimated a generalised random effects (RE) model by
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introducing a household specific random element 4 as in Eq. 4.
yit =X;‘tﬂ+ 4, * & (3)

Y =X pta+tu ¢ (4)

it it

We ran both FE and RE estimators for all dependent variables ¥, Y,
Y., obtained from stage 1 and compared results using the Hausman test,
the results of which are reported in Section 2.4. The effect of multi-level
factors/drivers were assessed from the coefficient estimates, i.e., ' 4' and
"a.'. All statistical analyses are conducted using packages p/m (Croissant
and Millo, 2008) and FactoMineR (Husson et al., 2017) in R (version

3.3.2).
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Figure 2.5. Results of the typology analysis for farms outside (A, B) and within polders (C,
D) in the year 1995 (A, C) and 2015 (B, D) along the first two principal components.
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2.4. Results

2.4.1. Farm type dynamics

Farm typology analysis of data yielded a multivariate classification of
distinct farm typologies segregated by those located within and or outside
polders. Farm types observed in five-year increments from 1995-2015 are
provided in the Supplementary Materials (Table SM 1 and SM 2).
Performing typology analysis on 204 farms outside polders revealed seven
distinct farm types for the baseline year 1995 (Fig. 2.5A). The same farms
got re-classified into three types in 2015 (Fig.2.5B). The dendrograms
and cut-off points based on dissimilarity for all the years (1995-2015) for
farms located within or outside polders are shown in the Supplementary
Materials (Figure SM 1 (A) and (B)). Farm types identified outside polders
are labelled as #7 to t7, and ¢,7 to t,3 respectively, where 7, and ¢,
correspond to time periods 1995 and 2015. Numbers conversely correspond
to typology clusters. A detailed account of the farm types with the names
defining structural and functional characteristics are provided in the
Supplementary Materials (Text SM 1 to SM 4). For farms located within
polders, the trend with respect to farming systems was similar to those
outside polders: consolidation into fewer farm types was observed over
time in both locational categories. The typology analysis for farms within
polders for 1995 and 2015 identified six and three farm types, respectively
(Figures 2.5C and 2.5D).

Figure 2.6 shows shifts between farm types from the baseline in 1995 to
the final year of analysis in 2015. Among farms outside polders, the
proportion of marginal farms increased from 52% in 1995 to over 70% by
2015. The share of small farms also increased by 8% during the same
period, while medium-sized farms whose proportion was 26% in 1995
disappeared entirely by 2015. Out of the medium-sized farms with rice-
livestock-sharecropping systems (¢,7), 92% became small farms with rice-
pulse and aquaculture—sharecropping systems (£,3) in 2015, while the
remaining 8% became marginal farms with rice-aquaculture systems and
off-farm activities (Z,7). Among farms within polders, 84% of small farm
types transitioned into marginal farms by 2015. The remaining farms
changed to two small farm types (¢,8 and #,C) by 2015. There was only
one marginal farm type in 2015 that can be described as rice-pulse-
aquaculture systems with off-farm income (z,4). These constituted 67%
of observed farms in 2015. In 1995, two medium-sized farm types were
observed that comprised 20% of all farms surveyed. Roughly 22% of
medium-sized sharecropping farms with rice-livestock-pulse-aquaculture
systems (¢ £) farms transitioned into marginal farms with rice-pulse-
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aquaculture supplemented by off-farm income (#,4) by 2015. The
remaining 78% shifted into small rice-pulse-aquaculture and a significant
proportion of sharecropping activities (#,8). Ninety-one percent of
medium-sized sharecropping farms with rice-livestock-pulse-aquaculture
systems (# E) transitioned into type #,B (Small farms with rice-pulse
systems and off-farm income) by 2015, while 9% shifted into marginally
sized farms with rice-aquaculture systems and off-farm income (¢,0).

Within the polders, the real income from edible crops showed negative
growth (-1.6%) for marginally sized farms between 1995 and 2015, there
was however a remarkably higher growth rate from aquaculture (>950%)
and remittance (>500%) (Table SM 6). Income from edible crops for
small sized farms also exhibited a positive growth rate, but at just 6%
during this twenty year period. Both income from aquaculture and
remittance showed increase in growth rate of 180% and 131% respectively
for small farms outside polders. A trend towards non-farm income
generation also appears to be growing among marginally sized farms
outside polders. This shift towards off-farm income outside polders is
however less prominent among smaller farms, despite a slight 2% growth
rate (Table SM 5).

Among farms in polders, trends during this twenty years are only notable
for small farms, as marginally sized were not existent in 1995, and medium
sized farms had disappeared by 2015 (Figure 2.8B). Growth in non-farm
income (6%) was however observed with increasing remittances and off-
farm income generation, in addition to income from cash crops (Figure
2.8B and Table SM 6). The contribution of livestock to household income
within polders has also conversely declined over time (Figure 2.8B).

2.4.2 Relative farmland use changes and drivers

Five distinct cropping patterns practiced by farmers located outside
polders were distinguished during the kharif-1 (spring), kharif-2
(autumn), and rabr (winter) seasons. Their corresponding drivers of
change are found in Figure 2.7A. Cropping patterns within polders were
equally diverse, but their abundance differed when compared to those
found outside polders (Figure 2.7B). Four cropping patterns were
practiced by most farms within polders during the kharif-1 (spring),
kharif-2 (autumn), and rabi (winter) seasons (Fig.2.7B). During the 1995-
2007 period, ‘fallow-amanrice-lathyrus’ rotations were practiced by >60%
farmers with land outside polders.
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Figure 2.7. Relative farm land use change in terms of cropping patterns for kharif and rabi
seasons that represents proportion of HHs in non-polder (A) and polder (B) areas.
Cyclones Sidr and Aila also appear to have had adverse impacts on
irrigated rice production during 2007 and 2009, both within and outside
polder areas. Farmers turned to less intensive cropping patterns including
pulses (which were slowly becoming more profitable) and land fallowing
in the wake of both events. Towards the late 1990s, ‘fallow-aman rice-
mungbean’ cropping sequences emerged as an important rotation outside
of polders. By 2015 this pattern dominated >70% farms surveyed outside
of polders, with mungbean as a widely favoured pulse.

By the year 2000 each village sampled within polders on average had 4-
5 low-lift irrigation pumps. This helped expansion of irrigated boro rice
cultivation by drawing water from rivers and canals, though cyclones
Sidr and Aila caused later damage to sluice gates that regulate water
inflow and outflow from the canals. Sluice gates, which were initially
installed through governmental programs, have yet to be repaired in a
number of the surveyed villages. As an alternative to irrigated cultivation,
farmers have slowly shifted to minor pulses including black gram, cowpea
and field pea, grown prior to with spring rice (aus). Major pulses such as
mungbean and lathyrus were also popular. The ‘fallow-rice-various pulses’
cropping pattern remained prominent until 2010 when mungbean began
to replace other pulses. The other predominant cropping pattern, ‘fallow-
aman rice-fallow’, declined from 10% to 4% between 1995 and 2015.
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2.4.3. Factors driving farm trajectories of change among
polder and non-polder sample

We identified variables that contributed strongly to each principle
component by computing the percentage contribution (Ctr) of each
typology variable within a given principle component (Abdi and Williams,
2010; Husson et al., 2017) using Eq. 1 and present them in Figure 8.
Principle components with eigenvalues >1 selected for computing
contribution explained more than 70% of the variability in farm typology
data both within and outside polders. Within polders, the first four PCs
obtained for the years 1995, 2000, 2005 and 2015 explained cumulative
variability of 77%, 73%, 73% and 72% respectively. In 2010, however,
only the first three principle components had eigenvalues >1, explaining
roughly 70% variability for samples outside the polder area in 2010.
Within polders, the first three principle components obtained for years
1995, 2000 and 2015 had eigenvalues >1, which explained cumulative
variability of 77%, 70% and 73% respectively. While for years 2005 and
2010, first five principle components had eigenvalues >1. They explained
73% and 76% of cumulative variability for samples within polders for
2005 and 2010. Estimates of cumulative contributions of each typology
variable for Figure 8 are provided in the Supplementary Materials (Tables
SM 3 and SM 4). Figure 2.8 indicates that farm type dynamics are strongly
linked to cropping intensity, off-farm income and landholding outside
polders, while inside polders, the dynamics is linked to cropping intensity,
off-farm income and livestock.

Tables 2.3 and 2.4 provide panel data model estimates of factors
influencing farm change trajectories among within and outside polders.
The Hausman test for the goodness of fit of the fixed effects versus random
effects for all models informs whether the random effects estimator is
consistent and the model is valid. The test was significant (27>0.05),
rejecting the null hypothesis of a consistent fixed effects estimator for all
models.
Table 2.3. Factors driving farm change trajectories in cropping

intensity, landholding and off-farm income outside polders
(random effects model; n=204)

: Cropping Land owned Off-farm income
Model details intensity (%) (ha) %)
Model intercept 192.580 0.0717 61.516%**
(2.471) (0.189) (10.996)
Micro-level household determinants
Experience in farming -0.003 0.003* 0.079
(0.016) (0.001) (0.074)
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Household head’s 1.291% -0.022 4.130

involvement in farming (0.529) (0.040) (2.358)
Share of land under 0.013 -0.002*%% 0.157%%*
machine tillage (0.007) (0.001) (0.034)
Degree of landholding -1.146%** -0.010 6.877%**
fragmentation (0.042) (0.032) (1.864)
Perceived soil fertility 1.406%* 0.037 1.574
of the farm (0.456) (0.035) (2.032)
Inundation class 0.640% 0.084* -7.080%**
(0.310) (0.035) (2.013)
Meso-level conditioning factors
Distance to the input- -1.640%** 0.014 -2.674**
output markets (0.220) (0.010) (0.974)
Distance to irrigation -1.3924 0.157* -1.317
canal (0.998) (0.076) (4.43)
Distance to the -1.2658%** 0.077%% -4.939%**
main road (0.340) (0.026) (1.495)
Access to extension 3.744%** 0.052 -0.197
(0.690) (0.410) (3.055)
Access to credit -0.144 -0.071 2.103
(0.918) (0.061) (4.087)
Tenure rights 2.540%* -0.001 -2.779
(0.923) (0.070) (4.108)
Labour availability 4.134%%* 0.058 -2.866
(0.872) (0.050) (3.884)
Macro-level drivers
Village population 0.001%** -0.001 0.002
density (0.000) (0.00) (0.001)
Cyclone severity -3.165%** -0.025% -1.986*
(0.176) (0.010) (0.784)
Model goodness of fit measures
Total Sum of Squares: 809000 237.33 792130
Residual Sum of Squares: 36181 211.09 716480
R-Squared: 0.655 0.611 0.673
Adj. R-Squared: 0.641 0.609 0.662
F-statistic: 1429.680*on15  8.320% on 15 7.067* on 15
and 1004 DF and 1004 DF and 1004 DF
Hausman Test (p-value) ChP? = 22.762, ChP = 15.529, Chr= 13.793,
df=15, df = 15, df=15,
P=0.089 P=0.414 P=0.541

Notes:*,** and *** indicate significance at the 10%, 5%, and 1% levels. Coefficient estimates
of linear probability models are shown with robust standard errors at household level in
parentheses.
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Table 2.4. Factors driving farm change trajectories in cropping
intensity, troFical livestock units and off-farm income

within polders (random effects model; n=298).
: Croppin Tropical intensity Off-farm income
Model details intens%{)y (g%) p (%) y (%)
Model intercept 190.952%** (1.458) 3.573%**
(0.385) 53.471%** (7.126)
Micro-level household determinants
Experience in farming -0.026* -0.005 -0.024
(0.013) (0.003) (0.063)
Household head's 0.189 0.004 -5.518%%*
involvement in farming (0.329) (0.87) (1.610)
Share of land under 0.009* -0.015%** -0.039
machine tillage (0.005) (0.001) (0.026)
Degree of landholding -0.409%** -0.006 4.728%%*
fragmentation (0.087) (0.023) (0.423)
Perceived soil fertility -0.260 -0.015 -1.09
of the farm (0.295) (0.078) (1.442)
Perceived soil salinity -0.473* 0.009 6.065%**
in the farm (0.210) (0.056) (1.031)
Inundation class 0.253* -0.087 -2.253
(0.116) (0.077) (1.419)
Meso-level conditioning factors
Distance to the input- -0.683%** 0.051% -1.496%**
output markets (0.092) (0.242) (0.449)
Distance to irrigation -1.759* 0.259 (0.458)
canal (0.837) (0.247) 1.233%*
Distance to the -1.977%** (0.042) 0.092
main road (0.112) 0.504 (2.072)
Access to extension 2.375%%* -0.006 -0.599
(0.451) (0.119) (2.204)
Access to credit 0.906 0.192 -3.507
(0.600) (0.158) (2.935)
Tenure rights 2.706%** -0.109 2.175
(0.704) (0.186) (3.442)
Labour availability 4.946%** 0.067 -0.297
(0.588) (0.155) (2.872)
Macro-level drivers
Village population 0.001 0.001 -0.001
density (0.001) (0.000) (0.000)
Cyclone severity -1.686%** -0.093* -1.053
(0.148) (0.039) (0.722)
Model goodness of fit measures
Total Sum of Squares 1346100 3202.9 1230100
Residual Sum 43380 3019.5 1036600
R-Squared: 0.668 0.630 0.457
Adj. R-Squared 0.657 0. 621 0.456
F-statistic: 2764.660* on 16  8.335% on 16 17.178% on 16
and 1473 DF and 1473 DF and 1473 DF
Hausman Test (p-value) Chr = 11.872, ChF = 12.147, Chr = 11.39, df
df = 16, df = 16, df = 16,
P=0.753 P=0.734 P=0.785

Notes: *, **, and *** indicate significance at the 10%, 5%, and 1% levels. Coefficient estimates
of linear probability models are shown with robust standard errors at household level in
parentheses.
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Figure 2.8. Variable contribution to principal components across panel years. Index values of
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100. Dynamicity inducing variables, ie., the variables influencing farm type dyvnamics and
variability significantly are represented by dotted redline

2.4.3.1. Micro-level factors influencing farm trajectories

Among micro-level factors, farm household heads’ experience exerted a
significant (P<0.05) negative influence on cropping intensity within
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polders (Table 2.4). Outside polders, this effect though negative was
nonetheless insignificant (Table 2.3). During focus groups, older farmers
revealed their preference for growing rice over cash crops when monsoon
rains are available, with land left fallow in the subsequent winter season.
Rice being the main staple crop in Bangladesh, this preference according
to them is to ensure household food security. Compared to households
with no direct involvement in farming operations (i.e., those who tended
to work as hired labourers), households which are fully involved in
agricultural production had average cropping intensities that were 1.3
times greater, ceteris paribus.

Within polders, the proportion of land upon which farmers used
machinery for tillage was positively related to cropping intensity (P< 0.05)
(Table 2.4). Mechanised tillage was inversely related (< 0.05) to livestock
holdings both within and outside of polders. Land fragmentation into
separate parcels was observed to have a negative (P<0.001) influence on
cropping intensity in all study locations (Table 2.4). Farmers’ perceptions
of soil fertility showed a positive (P<0.1) influence on cropping intensity
outside polders, although within polders, no relationship could be
discerned. Farmers located outside polders did not report problems of
soil or water salinity, while those within polders reported low, moderate
and high soil and water salinity. Perceived soil and water salinity within
polders had a negative (P<0.1) impact on cropping intensity.

Another qualitative variable farmers were surveyed on was ‘Inundation
class”. This variable was based on classifications described by Brammer
(2013) as the average perceived depth of flooding during the monsoon
season, and is widely used by farmers to describe their land types. The
level of inundation during the monsoon is important in determining the
variety of rice that can be grown, and the speed at which floodwaters
vacate following the summer monsoon to permit cropping in the early
winter season (Krupnik et al., 2017). The official land inundation
classification system is complex, with five classes. For simplification, we
asked farmers to report if their fields on average belonged to “low” (>180
cm average water depth) “medium” (30-180 cm water depth) or “high”
(0-30 cm water depth) during the monsoon season. Our results indicated
that lower inundation depths associated with progressively higher land
on a micro-elevation basis positively and significantly (P<0.05)
influenced cropping intensity both within and outside polders (Table 2.4).
Farms with a higher share of fields on ‘highlands’ are also more likely to
be suitable for double-cropping. This result that could be influenced by
drainage problems associated with land subsidence and poor polder
engineering that prevents timely winter cropping, even on highlands,
within polder systems in the central coast of Bangladesh (Krupnik et al.,
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2017). Model estimates showed positive (P<0.05) relationship between
landholding size outside polders and lower inundation depths (Table
2.3). These results indicate that farmers in both locational classifications
prefer less flood-prone lands that can be more reliably cropped.

Turning to micro-level factors influencing off-farm income, land
fragmentation positively and significantly (P< 0.001) influenced the share
of farm household’s off-farm income both within and outside polders.
Outside polders, inundation class negatively (P<0.001) influenced off-
farm income (Table 2.3). In other words, farms with higher land less
subjected to prolonged monsoon water stagnation were associated with
a 7% reduction in share of off-farm income.

2.4.3.2. Meso-level factors influencing farm trajectories

Both increasing distance to the market and main road from the farm
negatively and significantly (P<0.001) influenced cropping intensities
of all farms in the sample (Tables 2.3 and 2.4). A similar negative
(P<0.001) relationship was found between output market distance and
share of off-farm income within and outside polders (Tables 2.3 and 2.4).
Access to extension on the other hand had a positive and significant
influence (P<0.001) on cropping intensity within polders (Table 2.4).
Access to credit was insignificant across locations, though approximately
5% of surveyed farmers in polders reported constraints in timely
availability and access to agricultural finance. Farmers with secure land
tenure were also found associated with increased cropping intensity
compared to those heavily involved in sharecropping. Tenure rights had
a positive and highly significant influence (P< 0.01) on cropping intensities
both within and outside of polders (Tables 2.3 and 2.4).

Irrigation canal proximally to farms had no significant influence on
cropping intensity or off-farm income outside polders (Table 2.3).
Irrigation canals situated near farmers’ fields conversely had a marginally
significant (P< 0.1) and positive influence on larger farm size (Table 2.3).
Cropping intensity within polders decreased significantly ( P<0.05) with
increasing distance to irrigation canals (Table 2.4). The influence of
irrigation canal distance on off-farm income within polders was however
positive and significant (P<0.01), indicating that farmers may seek off-
farm income opportunities when irrigation is distant and unreliable (Table
2.4). Our results also highlight the very significant (P< 0.001) and positive
relationship between labour availability and cropping intensity both within
and outside polders (Tables 2.3 and 2.4).
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2.4.3.3 Macro-level drivers influencing farm trajectories

The relationship between village population size and cropping intensity
was positive and significant (P<0.001) outside polders (Table 2.3).
Population density however had no effect on the amount of land owned
or off-farm income (Table 2.3). Population growth also had no association
with cropping intensity inside polders, despite a positive trend (Table
2.4). Importantly, past cyclone severity negatively and significantly affected
cropping intensities of farms both within and outside polders (< 0.001)
(Tables 2.3 and 2.4). Past cyclones severity also negatively influenced the
amount of land owned (P<0.05) and off-farm income (P< 0.05) outside
polders (Table 2.3), while within polders, cyclones severity was negatively
associated with the number of livestock owned (P<o0.05) (Table 2.4). A
single unit increase in cyclonic severity was associated with a two to three
time reduction in cropping intensity within and outside polders,
respectively. During focus groups, farmers who had experienced cyclones
and extreme weather also indicated that they responded by reducing
cropped area or by fallowing to hedge risks.

2.5 Discussion

Using a novel systems analysis approach integrating multivariate statistics
with panel data models that operationalise the theoretical framework
described in Section 2.2, we studied how biophysical processes interact
with complex human and management components that define coastal
farming systems both within and outside polder areas using two decades
of data. Farming systems studied exhibit spatial and temporal dynamics
that highlight how farm types transition over time in response to multi-
level drivers of change. Both within and outside polders, marginal and
small farms dominated in 2015, as compared to larger farms twenty years
earlier. The number of medium and large farms for example also sharply
declined in north-western Bangladesh since 2005 (Misra, 2017). Similar
observations have been made for in population dense and intensively
cultivated landscapes in parts of South East Asia and sub-Saharan Africa
(Rigg et al., 2016; Jayne et al., 2016).

Our findings highlight a consistent trend throughout for farms observed
outside polders. Once heterogeneous, rice-livestock farms have shifted to
more homogenous farms with aquaculture and increasing off-farm
income generating activities. Within polders, trends were only notable
for smaller farm types. Growth in remittances and off-farm income
generation was however observed, in addition to income from cash crops.
The contribution of livestock to household income conversely declined.
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Considering marginally sized farms within polders, there was more than
a five to nine fold increase in income contribution from aquaculture and
remittances, respectively. Income from edible crops for small sized farms
also exhibited a positive trend, but at just 6%. For smaller farms outside
polders, both income from aquaculture and remittances showed increased
growth rates of 180% and 131%, respectively. Farmers also shifted from
subsistence aquaculture to the production of commercial species including
tilapia, pangasius, and catfish (Hernandez et al., 2018). Unlike the south-
western Bangladesh where prawn production has competed with rice
for land and water resources, aquacultural intensification in south-central
Bangladesh appears to have had limited negative environmental and
social impacts (Henriksson et al., 2018).

Irrespective of typology, farming systems in both the study locations
continued to be aman rice-based. Until approximately 2005, boro rice
production (during the winter rabr season) also flourished both within
and outside polders, but then declined. In polders outside our study area
in south-western Bangladesh, concerns of elite capture of surface water
resources by commercial prawn farmers diverting saline water into canal
systems have been common (cf. Dewan et al., 2015). South-central
Bangladesh however has more hydrologically active freshwater canal
systems — in some cases even within polders (Krupnik et al., 2017).

Between 1996-1998, national agricultural policy in Bangladesh re-
introduced fertiliser price subsidies. Changes included increased control
on input market price volatility, making fertilisers affordable (Jaim and
Akter, 2012). OP farmers may have responded by transitioning to two
new cropping patterns including ‘fallow-aman rice-vegetables’, with the
latter crop requiring increased fertiliser. This period also saw the expansion
of ‘fallow-aman rice-irrigated boro rice’ corresponding to expanding
availability of low-lift surface water pumps, in addition to fertiliser
(Mottaleb et al., 2016). In the winter season, boro rice area continued to
decrease within and outside polders from 2005 to 2010. This appeared
to be a result of urea shortages that followed the introduction of a
government subsidised fertiliser voucher system. Focus group interviews
indicated that politically connected farmers captured more vouchers than
less well-connected farmers, rending the system less efficient and
negatively influencing aggregate boro production. Differences in cropping
patterns outside and within polders were evident until 2010. Farmers
outside polders favoured ‘fallow-aman rice-lathyrus’ rotations compared
to ‘aus rice-aman rice-mungbean’ within the polders. Nonetheless, there
is now a clear shift towards ‘fallow-aman rice-mungbean’ sequences in
both areas, with a definite growth in mungbean cultivation.
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The GoB’s Master Plan for Development in the Southern region proposed
by the MOA and FAO in 2013 suggests initiatives to increase boro rice
production in place of fallows. This however conflicts with the growing
popularity of mungbean in the winter season. Focus groups indicated
that low paddy prices and relatively higher labour costs provide
disincentive against boro, in addition to high irrigation costs. Although
mungbean is favoured as a low-input opportunity crop that fetches better
prices, it fairs poorly in the face of storms and waterlogging common in
the coastal region (Biswas et al., 2018). Further studies regarding its
suitability vzs-a-vis other options are still warranted.

Changes in farm types appeared to be linked to dynamicity inducing
variables: (1) cropping intensity and (2) off-farm income, and (3)
landholding and livestock, the former two in both outside and within
polders. Our analysis revealed the influence of multi-level socioecological
drivers of trajectories of farming systems change. Ours results show that
while cropping intensities both within and outside polders reduce with
increased farm fragmentation; farmers responded to this and other
environmental stresses through off-farm income generation. Bangladeshi
inheritance laws stipulate the sub-division of land to multiple heirs after
loss of parents (Rahman and Rahman, 2009). Amending these laws in
order to prevent sub-division may be an important consideration in policy
supportive of crop intensification.

Secure land tenure rights was positively associated with cropping intensity.
In focus groups, sharecroppers reported aversion to investment in land
management or irrigation in the absence of secure land rights. Tenure
insecurity could also reduce farmers’ interest in improving soil quality
over time as farmers discount future investments (Tenaw, 2009). At
current rates, the cost of securing tenure rights through land registration
is roughly 10% of total land value (Islam and Lee, 2016). This is prohibitive
to small and marginal farmers in the coastal region, which provides
evidence on the need for land tenure policy reformation and improvements
in informal land sharing arrangements.

Our data also indicated that most farmers in the central coast have tended
to depend on inherent soil fertility with little application of inorganic or
organic amendments. This observation aligns with concerns of declining
soil fertility in Bangladesh (Barmon et al., 2008). Balanced nutrient
‘budgets’ have been reported to contribute to farmers’ willingness to shifts
from single cropping to double and even triple cropping in Bangladesh
(Yousaf et al., 2017). Extension systems should therefore maintain a focus
on appropriate nutrient management regimes.
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The inundation classes to which a farm belongs had positive influence
on cropping intensity: farmers with highlands and medium-highlands
tend to grow more crops per year. On medium-lowlands and below, as
well as within polders with land subsidence, social (e.g. water users’
groups) and technical (e.g., drainage canals) may be necessary to help
drain stagnant water after the monsoon. Drainage systems are however
complex and will require careful coordination to permit land preparation
so a diversity of subsequent winter season crops can be grown (Krupnik
et al., 2017). Finally, the environmental risks posed by cyclones had a
negative influence on both cropping intensity and off-farm income
generation. There have been considerable crop losses associated with
previous extreme weather events in coastal Bangladesh. Opportunities
for climate services that increase farmers’ ability to anticipate and cope
with extreme climatic events may also be beneficial in reducing risk.
Cyclones and extreme weather are widely cited as risk-bearing factors
that can limit rural developments efforts in coastal South Asia (Mottaleb

et al., 2016); options for farm insurance can also be explored to hedge
risks.

The farming systems in the central coast of Bangladesh draw attention
to the range of socioecological drivers that affect agricultural
intensification pathways and rural livelihoods. Boserup (1965) and several
others recently, including Jayne et al., (2014), Muyanga and Jayne (2014)
and Ricker-Gilbert et al. (2014), have shown the significance of population
pressure as the main driver of agrarian change. Surprisingly, our data
showed inconsistent effects of population pressure, with positive
significance outside polders, and a non-significant positive trend within
them. Our research however underscores the significance of a host of
additional and equally important factors, including those associated with
climatic risks and tenure insecurity that negatively affect cropping
intensity. Farm households observed in our data can be seen as either
‘hanging in, stepping up, or out’ of farming as a primary livelihood
strategy (cf. Dorward, 2009). Such dynamics have been measured in sub-
Saharan Africa (Tittonell, 2014b) but not previously in South Asia.
Increasing importance of off-farm income (remittances and off-farm
employment), particularly for small and marginally sized farms can be
seen as ‘stepping out’ of farming. Conversely, 12% and 22% of farms
outside and within polders, respectively, tended to continuously fallow
land during the winter between 2005-2015. This indicates a ‘hanging i’
strategy for farms less reliant on off-farm income. Increasing income from
intensified cropping is likely to require considerable changes and inclusion
of high value crops supported by requisite irrigation infrastructure, market
access, and supportive policies (Krupnik et al., 2017). Although sufficiently
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robust to detect the above-mentioned trends, our approach may however
be to some extent be sensitive to difficulties encountered when farmers
attempt to recall information during surveys. These risks were however
mitigated in our study through cross-validation with secondary sources
and confirmation of observed trends through follow-up focus groups.

According to Singh (2002) farming systems in the coastal region of South
Asia are solely represented by ‘coastal artisanal fishing mixed farming
systems’ comprising of mixed systems of rice, pulses, livestock and
aquaculture. We therefore consider that our data and sample exemplifies
the agrarian change in mixed rice-livestock-aquaculture systems typical
for much of the coastal areas in South Asia, including Eastern parts of
India, Bangladesh and Sri Lanka (Dixon, 2001). As a result, the findings
of this study are likely most applicable to the above locations than other
parts of South Asia. This is due to the comparable agro-climate and
similarities with regard to agricultural practices, demographics, and other
socioecological factors.

2.6. Conclusions and implications

This study aimed to elucidate farm change trajectories and likely factors/
drivers influencing changes in the farming systems of Bangladesh’s central
coast using a novel systems analysis approach. We presented a new
framework for analysing farm trajectories using long-term panel data.
While we adopted both fixed and random effects models similar to Baltagi
(2001), our approach was unique in that we employed data
dimensionality reduction techniques, hierarchically clustered farm
typology analysis, and examined how they changed over time. We also
extracted the underlying latent factors that helped explain what drives
change over time using panel data modelling. The conceptual model and
the analysis provided here illustrate how it is meaningful to consider a
wide range of socioecological system properties potentially influencing
agricultural intensification, rather than singling out macro-drivers such
as population pressure as the primary metric of agrarian change and
intensification.

Our approach, which can be adapted to other farming systems and
geographies, showed that coastal farming systems exhibit farm type
dynamics that are spatially and temporally diverse. With several
socioecological drivers as key influencers of change, farming systems in
our study area have gradually moved from heterogeneous, rice-livestock
based farm types into more homogenous farm types with less livestock
and increased emphasis on income generated from pulses, aquaculture
and off-farm employment. Evidence also suggests that farm typological
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diversity has decreased within and outside of polders. Marginal- and
small-sized farms now dominate compared to a more diverse mix of
marginal to large farm types twenty years before. We have shown the
influence of both micro- and meso-level factors in addition to macro-
level drivers (e.g. population and cyclone intensity) in driving changes in
cropping intensity. The inundation class to which farmland belongs had
a positive influence on cropping intensities of the studied areas, reinforcing
the requirement for both post-monsoon field drainage and clearing
existing drainage canals to facilitate winter season cropping. Finally, the
environmental risk posed by cyclones had a negative influence on both
cropping intensities and off-farm income activities in the area.

These topics, however, have not been adequately dealt with through policy,
which has instead focused on promoting boro rice cultivation. Our data
clearly indicate that this approach is less appealing for farmers. Rather
than focusing on boro rice cultivation in the winter season, the
development of stress tolerant mungbean varieties and extension support
to improve nutrient management may be beneficial, alongside efforts to
improve in-field drainage to facilitate early winter season land
preparation. Setting these issues aside, pathways to catalyse intensification
of these systems also likely require efforts to ameliorate environmental
risks posed by extreme weather, policy to improve sharecropping
arrangements and land tenure security, alongside farming systems re-
design that incorporates household’s development aspirations and the
factors affecting their choices.
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SUPPLEMENTARY MATERIALS

(Chapter 2)

TextSM 1. Farm type characteristics of sampled farms
outside polders in 1995

Cluster 1 - Marginal farms with rice-livestock-aquaculture systems and
off-farm income (MRLAQO): A well-defined farm type constituting the largest
majority (24%) of the sample engaged in rice cultivation, livestock rearing and
aquaculture. Roughly 61% of the total income for this group came from off-farm
income activities (e.g. petty shops and commerce). The average size of land own was
only 0.50 ha. Almost 49% of cultivable farmland was left fallow in the dry rabs
season. Rice was cultivated on 71% of the land utilised for farming while the remaining
29% was primarily used for growing lathyrus. Aquaculture was limited to growing
local fish species in small household ponds. The stocking density of livestock was on
average 5.5 TLU. Household size was relatively large (up to eleven family members)
and ~82% of farm labour came from family labour. The remainder was hired.

Nitrogen in the form of urea is the sole fertiliser type applied by these farm household
types with an average rate of 36 kg N ha'per annum.

Cluster 2 - Marginal farms with rice-livestock systems and off-farm

Income (MRLO): This type constituted 22% of the sample and consisted primarily
ofaman -rice farmers with livestock and some type of off-farm income generating
activities. On average, they owned 0.45 ha of land. While almost 100% of this land
was cultivated with rice in thekharif season, approximately 35-40% was fallowed in
the dryrabi season. The remaining farm area was under lathyrus. Farmers earned
56% of their income was from off-farm income as wage labourers, with local house
construction being a prime source of off-farm employment. The stocking density of
livestock for this farm type was 3.7 TLU on average. They depended heavily on family
labour for farming activities with 81% of the labour coming from the household. The
large contribution of family labour corresponds to large household sizes of eleven

members on average. These farm types relied primarily on inherent soil fertility, and
used only urea at an average nitrogen application rate of 35 kg ha* per annum.

Cluster 3 - Marginal farms with rice-livestock-pulse and off-farm income

(MRLPO): This group represented only 5.5% of the sample and owned 0.49 ha of
land on average. About 65-70% of the total income for this farm type came from off-
farm income (e.g. rural grocery shops). Nearly 60% of the cultivated land was under
aman rice, the remaining 35% under lathyrus. Out of total land available for farming,
about 40% was left fallow in the winter season. Average livestock stocking density
was approximately 5.0 TLU. On average there were 10 members per household, and
87% of the total farm labour was contributed by family members. The rate of nitrogen

apf;f)lication by this type of farms was 36 kg ha* per annum, which is not remarkably
differing from other types of marginal farms outside polders.

Cluster 4 - Small farms with rice-livestock-aquaculture systems (SRLA):

This group consisted of roughly 16% of the sample and was representative of typical
smallholder farms with mixed-farming activities. Average land owned by this type
was 0.70 ha, out of which 57% remained fallow in the winterrabr season, while in

the remaining 43% of land owned, 95-100% was occupied by aman rice inkharif
season and was allotted to pulses in therabi season. They stocked livestock at an
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average TLU of 3.8. Use of family labour was as high as 75%. Large households
averaging 8-10 members were observed. The share of off-farm income was less than
30% of the total income of the household. The rate of nitrogen use was 30 kg ha*per
annum, which is the lowest among observed farming systems types outside polders.

Cluster 5 - Small rice-livestock farms with off-farm income (SRLO): This
group of small farms constituted 5.5% of the sample. They owned 0.72 ha ofland on
an average. Almost 70-80% of the land was left fallow in the dry rabiseason; on the
remaining land, lathyrus was grown. The average stocking rate of livestock by this
type was 4.0 TLU. With an average household size of 10 members, family labour use
was approximately 82%. Notably they derived much of their income (97%) from off-
farm income such as non-agricultural labour. These farms applied nitrogen at the
rate of 33 kg ha'per annum.

Cluster 6 - Medium sharecropping farms with rice-livestock-aquaculture
systems (MRLAS): This well-defined group of medium farms comprised 21% of
the sample and owned on average 1.16 ha of land. They practiced both renting-in and
renting-out of land. They were primarily rice growers; almost 80% of harvested grain
was marketed. Aman rice was grown during kharif, with almost 100% area coverage.
Approximately 85-100% of farm land was left fallow during dry rabiseason. While
they had a livestock density of 4.8 TLU, aquaculture occupied 0.1 ha on average.
Around 11 members were part of the household and 70% of total labour was family
sourced. On average they applied nitrogen at the rate of 42 kg ha*per annum.

Cluster 7 - Medium sharecropping farms with rice-livestock systems
(MRLS): Nearly 6% of the farms in the sample belonged to this farm type. Farmers
were sharecroppers, owning 1.12 ha of own land on average but renting-in an average
2.2 ha of additional land. They grew amanrice in the kharifmonsoon season, with
almost 100% of the land left fallow in the winter rabrseason. They had a livestock
density of 4.3 TLU. The urea application rate (45 kg N ha* per annum) of this farm
type was greater than other farms types outside polders. Another feature is their
comparatively larger use of hired labour, i.e., 50-60% of the total labour.

Text SM 2, Farm type characteristics of sampled farms
outside polders in 2015

Cluster 1 - Marginal farms with rice- aquaculture systems and off-farm
Income (MRAQ): This distinct group of marginal farms comprised 15% of the
sample. The total land owned by this group was around 0.2 ha, they grow amanrice
in the kharif season. In the dry rabi season, vegetables are grown by households
with irrigation facilities, while mungbean is grown under rainfed conditions. Only
20-25% of farm lands are left fallow during the winter rabs season. Cropping provides
only 30% of household income, while 60-65% of the income is derived from off-farm
activities such as rickshaw pulling or construction labour. Households are comprised
of 5-7 members, who contributed ~65% of total farm labour. Average rate of nitrogen
applied is 65 kg ha*per annum.

Cluster 2 - Marginal farms with rice-pulse-aquaculture systems and off-
farm income (MRPAQ): This group was found to be the major farm type outside
polders in 2015, accounting for 60% of the sample. On average, they own 0.33 ha of
land, nearly 100% of which is cultivated under aman rice in the kharif monsoon
season. During the winter rabi season, roughly 45-50% of the land is devoted to
mungbean or lathyrus. The rest is left fallowed. While 95% of the pulse crop is sold,
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only 10-15% of rice is sold. Household members are also engaged in off-farm income
generating activities such as rickshaw pulling, management of shops or construction
work. About 70% of their income is derived off-farm. They also maintain pond
aquaculture within the homestead in an area averaging 0.06 ha, mainly for home
consumption. Households have 5-6 members. Seventy six percent of farm labour is
supplied by the household. Urea is the main fertiliser applied by the households at
the rate of 65-70 kg N ha'per annum.

Cluster 3 - Small sharecropping farms with rice-pulse and aquaculture
systems (SRPAS): This group of small farms is primarily engaged in sharecropping
of rice and pulses. About 25% of the sample constitutes this farm type. They own 0.7
ha of land on average. Nearly 70% of the gross cropped land is under rice, the
remaining 30% is under mungbean. Out of total land available for farming, about
50% was fallowed in the winter rabiseason. Some part of the cultivated land during
rabi may also be placed under boro rice by farms with access to irrigation. Otherwise
mungbean is grown. Pond aquaculture is common, maintained in an area of roughly
0.06 ha. Fish serve as protein source for the household. On average there are 6
members per household, and 50-60% of the total labour is contributed by family
labour. The rate of nitrogen application by this type of farms is 85-90 kg ha per
annum, which is remarkably higher than other farm types outside polders.

Text SM 3. Farm type characteristics of sampled polder
farmsin 1995

Cluster 1- Marginal farms with rice-livestock-aquaculture systems and
off-farm income (MRLAQO): This well-defined group was engaged in mixed
farming alongside off-farm income generating activities. They were the most
commonly occurring farm type in 1995, occupying 31% of the sample. Average size of
the land owned by this group was 0.50 ha. All land was cultivated under aman rice
during the monsoon, while only 36% of this was left fallow in the winter. Lathyrus
was the main crop in the rabrseason. They also maintained pond aquaculture of size
0.1hain the homestead. A stock of farm animals was also kept at the rate of 4.0 TLU.
In addition, roughly 74% of household income came from off-farm income (e.g. petty
shops). Average household size was 8-10, with the majority of farm labour (82%)
was supplied by the household. Nitrogen in the form of urea was the only fertiliser
applied at the rate of 36 kg ha per annum.

Cluster 2- Small farms with rice-livestock-pulse systems (SRLP): This group
on an average owned 0.85 ha of land, and were the next major group found in
polders, constituting 28% of the sample. Rice was grown in almost 100% of the area
in kharif, while in rabi, lathyrus covered 54% of the area. The remaining 46% was
left fallow. These farms had one of the highest numbers of livestock at 6.0 TLU per
household. Households had 9-11 members, contributing more than 80% to farm
labour. Nitrogen was applied as urea at the rate of 35 kg N ha per year.

Cluster 3- Small farms with rice-livestock systems and off-farm income
(SRLA): These small-sized farms had an average land ownership of 0.74 ha. They
constituted 15% of the sample in 1995. Rice was grown in the entire land owned
during kharif, while half of this land as left fallow in rabi. Pulses occupied the
remaining portion in rabi. Livestock was maintained by the household with a stocking
density of 4.75 TLU, and with resulting products mainly consumed by the household.
Off-farm income provided less than 40% of the income. These households had 9-11
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members contributing 75% of total farm labour. They applied nitrogen at the rate of
30 kgha* per annum.

Cluster 4- Small farms with rice-livestock-pulse -aquaculture systems
(SRLPO): These smallholder mixed farms comprised 5.4% of the sample. The total
land owned by the household was 0.67 on average. Rice was rotated with lathyrus
and fallowing. While almost 100% of the land was under rice in the monsoon kharif
season, nearly 32% was left fallow in rabj, the rest of the land was under pulses in
rabi season. Almost 55-60% of the gross cropped area was under rice, and lathyrus
occupying the rest. Livestock density is comparatively high with 5.5 TLU per
household. They derived 70% of their income from off-farm income. Annually, around
37 kg N ha*was applied in the form of urea to the farm.

Cluster 5- Medium sharecropping farms with rice-livestock-pulse-
aquaculture systems (MRLPAS): This farm type of medium-sized farms
constitutes 17% of the sample. On average, they owned 1.83 ha ofland, and rented-
in another 0.5 ha. Rice was cultivated in the entire area available during kharif,
while almost 75% of this land remained fallow in rabz. Roughly 80% of the gross
cropped area was occupied by rice, remaining area with pulses. The average livestock
density of this farm type was 4.2 TLU. Pond aquaculture activities were pursued
approximately in 0.1 ha to meet household demand for fish. Households generally
consisted of 8-12 family members, and almost 65% of the farm labour was provided
by the household, while the rest was hired. Urea was the only fertiliser applied at the
rate of 38 kg N ha! per annum, on average.

Cluster 6 - Large sharecropping farms with rice-livestock —pulse systems
(LRLPS): This was a distinct group of farm households representing 3.6% of the
sample. Roughly 3.79-4.0 ha of land was owned with secure tenure rights. Another
1.2 ha were rented-in, on average. During kharif, rice was grown on all owned land.
Almost 80-90% of the land wass left fallow in rabi. Pulses occupied the remaining
land. Average livestock density of this farm type was 4.9 TLU. There were in general
10-15 members in the household, providing roughly 55-60% of the labour as family
labour. Similar to the other farm types in the sample, urea was the sole fertiliser
applied. The average nitrogen application rate was 40 kg ha* per annum, which is
not greatly different from the other farm types.

Text SM 4. Farm type characteristics of sampled polder
farmsin 2015

Cluster 1 - Marginal farms with rice-pulse-aquaculture systems and off-
farm income (MRPAQ): Twenty five percent of the farm households found within
polders that we sampled belong to this type. Average land owned is 0.21 ha; rice is
cultivated in the entire area of the farm during khariz, 50% of which is left fallow in
the subsequent rabi season. On remaining land, mungbean and groundnut are
cultivated. Apart from croppings, farmers are engaged in pond aquaculture in 0.05
ha, and off-farm income activities such as rickshaw pulling and daily wage labour.
Crucially, the major source of income (82%) is from off-farm income such as rickshaw
pulling and seasonal labour migration to Dhaka. On average, the household has 4-
6 members. More than 85% of the labour is contributed by the household. Annual

nitrogen use in the farms is at the rate of 68-70 kg ha* per annum.
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Cluster 2 - Small farms with rice- aquaculture systems and off-farm
Income (SRAQ): This group of small farms owned 0.46 ha of land, on average.
This farm type represents 49% of the sample. All farmland is cultivated under rice
during kharif, followed by fallow on 95% of the land in rabiseason. Pond aquaculture
occupies 0.04 ha of homestead area, where local fish species are grown alongside
tilapia and grass carp. About 42% of household income comes from off-farm income
such as petty shop keeping. Households consists of 4-5 family members, at least one
of them working as a wage labour outside the village. More than 75% of the labour for
farming is contributed by the family. Average fertiliser use is comparatively low:
nitrogen application rates average approximately 46 kg ha per year.

Cluster 3 - Small sharecropping farms with rice-pulse and aquaculture
systems (SRPAS): This farm type is the second major group observed within
polders, representing 26% of the farms sampled. They are sharecroppers with roughly
0.9-1.0 ha of land that is securely titled with tenure arrangements. Since farming is
their main livelihood source, rice is grown on both own and rented-in land during
kharif. Almost 45-50% of land is however left fallow in the winter rabrseason, the
rest is devoted to rainfed mungbean. Mungbean is grown as a cash crop with 98%
sold into the market. Households have 5-6 members. About 58% of the farm labour
comes from the family. Urea is the main fertiliser applied at the rate of 78-80 kg N ha™

per annum.

Table SM 1. Farm type change across panel years from 1995-2015
among farms outside polders in the central coast of Bangladesh

Abbreviation of farm Proportion Expansion of
Year  types observed in in the abbreviation
non-polder sample sample (%)

MRLAO 24.0 Marginal farms with rice—livestock—
aquaculture systems and off-farm income

MRLO 290 Marginal farms with r'ice—livestock
systems and off-farm income

MRLPO 55 Marginal farms with rice—livestock—pulse
systems and off-farm income

1995 SRLA 16.0 Small farms with rice-livestock-
) aquaculture systems

Small farms with rice-livestock

SRLO 55 and off-farm income activities

MRLAS 21.0 Medium sharecropping farms with rice-
livestock-aquaculture systems

MRLS 6.0 Mediqm sharecropping farms
with rice-livestock- systems

MRLAO 31.0 Marginal farms with rice—livestock—
aquaculture systems and off-farm income

SRLA 10.0 Small farms with rice-livestock-

aquaculture systems

2000 SRLAS 38.0 S'mall' sharecropping farms with
rice-livestock-aquaculture systems
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Medium sharecropping farms with rice-

MRLAS 210 livestock-aquaculture systems
MRLAO 27.0 Marginal farms with rice—livestock—
aquaculture systems and off-farm income
MRLPO 36.0 Marginal farms with r@ce—livestock-pulse
2005 systems and off-farm income
SRLPS 26.0 Small sharecropping farms with
) rice-livestock-pulse systems
MRLAS 1.0 Medium sharecropping farms with rice-
livestock-aquaculture systems
RLA Marginal farms with rice-livestock-
M 0 44.0 aquaculture systems and off-farm income
2010 Marginal farms with rice-pulse-
MRPAO 340 aquaculture systems and off- farm income
SRLPS 95.0 Small_ sharecropping farms with
rice-livestock-pulse systems
MRAO 15.0 Marginal farms with rjce— aquaculture
systems and off-farm income
MRPAO 60.0 Marginal farms with rice-pulse- )
2015 aquaculture systems and off- farm income
SRPAS 25.0 Small sharecropping farms with

rice-pulse-aquaculture systems

Table SM 2. Farm type change across panel years from 1995-2015
among farms within polders in the central coast of Bangladesh

Abbreviation of farm Proportion

Expansion of

Year  types observed in in the abbreviation
non-polder sample sample (%)
MRLAO 31.0 Marginal farms with rice—livestoc}(-
aquaculture systems and off-farm income
SRLP 28.0 Small farms with rice-livestock-
’ pulse systems
SRLA 15.0 Small farms with rice-livestock-
1995 aquaculture systems
Small farms with rice-livestock-
SRLPO >4 pulse and off-farm income activities
MRLPAS 17.0 Medium sharecropping farms with rice-
livestock-pulse-aquaculture systems
LRLPS 3.6 Lfirgg sharecropping farms with
rice-livestock-pulse systems
MRLAO 55.0 Marginal farms with rice—livestock-
aquaculture systems and off-farm income
SRLA 9.0 Small farms with rice-livestock-
2000 aquaculture systems
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Medium sharecropping farms with rice-

MRLPAS 330 livestock-pulse-aquaculture systems
Medium sharecropping farms
MRLAS 30 with rice-livestock-aquaculture systems
MRLAO 55.0 Marginal farms with rice—livestock—
aquaculture systems and off-farm income
MRLPAS 40.0 Medium sharecropping farms with rice-
2005 livestock-pulse-aquaculture systems
MRLPS 50 Medium sharecropping farms with rice-
livestock-pulse systems
MRLAO 52.0 Marginal farms with rice—livestock—
aquaculture systems and off-farm income
2010 SRLPA 37.0 Small farms with rice-livestock-
pulse-aquaculture systems
MRLPS 290 Mediqm sharecropping farms
with rice-livestock-pulse systems
MRPAO 25.0 Marginal farms with rice-pulse- )
aquaculture systems and off-farm income
Small farms with rice-aquaculture
201
5 SRAO 490 systems and off-farm income activities
SRPAS 26.0 Small sharecropping farms with

rice-pulse-aquaculture systems

Table SM 3. Contribution of typology variables to farm type
dynamics among farms outside polders

Variables in typology Unit 1995 2000 2005 2010 2015
construction

Edible crops area ha 6.76 6.87 6.85 6.63 6.86
Cash crops area ha 5.30 5.65 5.24 5.31 6.47
Rabi fallow area ha 6.78 6.79 6.72 6.24 6.53

Gross cropped area ha 6.60 686 6.78 6.52 6.84
Landholding ha 4.28 2.72 3.01 3.44 3.31
Cropping intensity % 5.77 3.61 6.02 6.00 2.27
Total family labour psd year™ 2.57 2.66 2.78 2.51 2.39
Total hired labour psd year™ 6.04 6.34 6.28 6.42 6.80
Tropical livestock units TLU farm®  6.06 5.53 5.36 4.77  4.94
Share of crops marketed % 5.37 5.27 5.09 4.71 4.51

Months of food sufficiency Number 4.85 4.61 5.01 5.02 4.73
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Expenditure on food % 6.02 5.98 6.54 5.87 6.15

Gross farm profit BDT year 5.18 5.69 5.69 5.66 5.52

Off-farm income % 5.88 4.35 1.91 2.65 4.95

Notes: All values presented are cumulative contributions of variables in the selected
principal components (with eigen value < 1.0) for each of panel years from 1995-2015.
Contributions of principal components with eigen values <1.0 are not included so the
column-wise sum will not add up to 100%. Values in bold show high variability across
panel years and, thus have strong linkages to trajectories of change.

Table SM 4. Contribution of typology variables to farm type
dynamics among farms within polders

Variables in typology Unit 1995 2000 2005 2010 2015
construction

Food crops area ha 6.64  6.58 6.45 6.51 6.61

Cash crops area ha 6.43 5.31 5.49 5.93 6.60
Rabi fallow area ha 6.69 6.45 6.47 6.10 6.72
Gross cropped area ha 6.75 6.70 6.46 6.93 6.90
Landholding ha 526  3.93 3.57 3.57 3.54
Cropping intensity % 5.36 3.35 5.38 6.51 1.45

Total family labour psdyear-1  5.49 2.38  4.40 4.25 2.86
Total hired labour psdyear-1  6.28 6.24 5.68 6.57 6.74
Tropical livestock units TLU farm-1  5.88 6.20 6.13 3.93 4.32
Share of crops marketed % 3.39 5.61 3.64 3.14 4.23
Months of food sufficiency Number 5.87 5.62 4.93 4.52 6.18

Expenditure on food % 6.30 3.82 6.55 6.70 5.93
Gross farm profit BDTyear-1 5.07 5.14 3.16 5.05 5.32
Off-farm income % 1.29 2.80 5.14 5.83 5.37

Notes: All values presented are cumulative contributions of variables in the selected
principal components (with eigen value < 1.0) for each of panel years from 1995-2015.
Contributions of principal components with eigen values <1.0 are not included so the
column-wise sum will not add up to 100%. Values in bold show high variability across
panel years and, thus have strong linkages to trajectories of change.
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A. Non-polder sample
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Farm type clusters with individual farms

Figure SM 1(A). Hierarchical clustering following principal component analysis for panel
years showing farm type dynamics among farms outside polders. Dendrograms show the
branches corresponding to each farm type. The dotted red line indicates the cut-off point to
determine the number of farm types. The number of farm types (clusters) was chosen on
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the basis of dendrogram form and gain within inertia following Husson et al., (2017).

Inertia refers to variance, and total inertia (total variance) is decomposed into between and

within-group variance. Refer Table SM 2 for expansion of farm type names.
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B. Sample within polders
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Farm type clusters with individual farms

Figure SM 1(B). Hierarchical clustering following principal component analysis for panel
years showing farm type dynamics among farms within polders. Dendrograms show the
branches corresponding to each farm type. The dotted red line indicates the cut-off point to
determine the number of farm types. The number of farm types (clusters) was chosen on
the basis of dendrogram form and gain within inertia following Husson et al., (2017).
Inertia refers to variance, and total inertia (total variance) is decomposed into between and
within-group variance. Refer Table SM 3 for expansion of farm type names.
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Socio-cognitive constraints and
opportunities for sustainable
intensification in South Asia:
insights from fuzzy cognitive

mapping in coastal Bangladesh

Chapter published as:

Aravindakshan, S., Krupnik, T.J., Shahrin, S., Tittonell, P., Siddique, K.H., Ditzler, L. and
Groot, J.C., 2021. Socio-cognitive constraints and opportunities for sustainable intensification
in South Asia: insights from fuzzy cognitive mapping in coastal Bangladesh. Environment,
Development and Sustainability, pp.1-29. https://doi.org/10.1007/s10668-021-01342-y

71



ABSTRACT

Appreciating and dealing with the plurality of farmers’ perceptions and
their contextual knowledge and perspectives of the functioning and
performance of their agroecosystems—in other words, their ‘mental
models’—is central for appropriate and sustainable agricultural
development. In this respect, the sustainable development goals (SDGs)
aim to eradicate poverty and food insecurity by 2030 by envisioning social
inclusivity that incorporates the preferences and knowledge of key
stakeholders, including farmers. Agricultural development interventions
and policies directed at sustainable intensification (SI), however, do not
sufficiently account for farmers’ perceptions, beliefs, priorities, or interests.
Considering two contrasting agroecological systems in coastal Bangladesh,
we used a fuzzy cognitive mapping (FCM)-based simulation and
sensitivity analysis of mental models of respondents of different farm types
from 240 farm households. The employed FCM mental models were able
to (1) capture farmers’ perception of farming system concepts and
relationships for each farm type and (2) assess the impact of external
interventions (drivers) on cropping intensification and food security. We
decomposed the FCM models’ variance into the first-order sensitivity index
(SVI) and total sensitivity index (TSI) using a winding stairs algorithm.
Both within and outside polder areas, the highest TSIs (35-68%) were
observed for effects of agricultural extension on changes in other concepts
in the map, particularly food security and income (SI indicators),
indicating the importance of extension programs for SI. Outside polders,
drainage and micro-credit were also influential; within polders, the
availability of micro-credit appears to affect farmer perceptions of SI
indicators more than drainage. This study demonstrated the importance
of reflection on the differing perspectives of farmers both within and
outside polders to identify entry points for development interventions. In
addition, the study underscores the need for micro-farming systems-level
research to assess the context-based feasibility of introduced interventions
as perceived by farmers of different farm types.

Keywords:Socio-cognitive model; Systems analysis; Sustainable
Intensification; Semi-quantitative approach; Winding stairs
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3.1. Introduction

Achieving the Sustainable Development Goals (SDGs) is crucial for ending
poverty and food insecurity in developing countries. The aim is to achieve
these outcomes by 2030 by achieving social inclusivity that addresses the
preferences and knowledge of key stakeholders in the development process
(Gupta and Vegelin, 2016). Agricultural development in South Asia has
typically focused on improved crop varieties and the extension of novel
agronomic technologies, with much less attention to the perceptions,
beliefs, and priorities of farmers or the ways that these influence their
decisions to change or improve farm and crop husbandry practices
(Chaudhuri et al., 2020). Sustainable intensification (SI)—an approach
aimed at increasing agricultural productivity while reducing
environmental and social trade-offs in agricultural development—has
become increasingly important in SDGs (Rockstrom et al., 2017; Firbank
et al., 2018). SI is also important for the climate-risk-prone and
impoverished coastal zones of South Asia (Aryal et al., 2019; Emran et
al., 2019), including coastal areas in India and south Bangladesh, where
approximately 400 million vulnerable people derive their livelihoods,
primarily in rural areas (Chapter 2 of this thesis). Accomplishing the
challenging goals associated with SI and the SDGs are particularly relevant
for the region’s coastal zones, where millions of farmers compete for land
and water resources while dealing with constant challenges, including
waterlogging, soil and water salinity, cyclones, extreme weather events,
rising sea levels, and poor infrastructural and market development (Akter
et al., 2016; Akter and Ahmed, 2020).

In the last half-century, coastal embankments or dykes known as polders
have been constructed in Bangladesh to control oceanic intrusion and
prevent excessive waterlogging (World Bank, 1990). The lack of
maintenance, as well as canal obstructions and diversions by farmers
competing for resources—for example, those who require freshwater for
irrigating crops and prawn/shrimp producers channelling brackish
water—have rendered many protective and water control structures
dysfunctional, with increased siltation of canals (Kabir et al., 2016;
Chapter 2 of this thesis). Although primarily intended for flood control,
the construction of polders have transformed how agricultural water
management functions during the cool, dry winter ‘rabr season (from
November to April). Farmers within polders experience water scarcity
and post-monsoon season drainage issues during the rabi season due to
land subsidence, as well as problems with the control and maintenance
of sluice gates. Farmers located just north and outside the polders also
experience tidal water inundation in the wet season. Both within and
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outside polders, almost two million households are fallowing their land
during the rabiseason due to fresh water scarcity and to avert risks in the
absence of context-appropriate policies that address the interests and
priorities of farmers, which contribute in part to food insecurity and
subsistence below the poverty line (Krupnik et al., 2017; Chapter 2 of this
thesis).

Approximately USD 500 million in funds has been requested by the
Government of Bangladesh (GoB) from foreign development donors to
develop surface water irrigation resources to transition farmers from
monsoon season rice followed by the dry rabi season land fallowing to
intensified double cropping in coastal Bangladesh. These goals align
roughly with the SI objectives, which encourage multiple cropping within
the same field within a single calendar year (Pretty and Bharucha, 2014;
Krupnik et al., 2017). Policy emphasis has, however, been to increase dry
season monocropping of irrigated ‘boro’ rice during the winter dry season
in this region (MOA and FAO 2013), largely to ensure food security, as
rice is Bangladesh’s primary staple. It also aims to achieve the strategic
goal of shifting boro rice entirely or partially to the southern coasts to
offset the increasing energy costs and massive depletion of groundwater
as a result of intensive boro production in northern Bangladesh (Qureshi
et al., 2015). The feasibility of this approach is questionable, in /ieu of the
farmers’ preferences to abandon agriculture or grow low-yielding but
low-input-dependent pulses in the dry season (Schulthess et al., 2019;
Chapter 2 of this thesis). In addition, the region experiences increasing
soil and water salinity as the dry season progresses—a situation
exacerbated by water competition as described above—and extreme
weather events, and is at risk of climate change-induced sea-level rise
(Qureshi et al., 2015; Krupnik et al., 2017).

Rather than promoting crops and farming practices that may not be
compatible with the beliefs, priorities, and aspirations of rural communities
in coastal areas, approaches that aim for contextually appropriate
innovations could assist in reaching SI in these marginal yet densely
populated environments. The perceived understanding of farming
systems may also differ from farmer to farmer or among different types
of farmers, as a result of the heterogeneity in socioeconomic and
biophysical circumstances that affect rural communities. Differences in
decision-making frameworks among farmers belonging to different farm
types also remain poorly understood'.

‘Farm typologies and the characterisation of farming systems have been widely used to understand
system complexity and agricultural development trajectories by simplifying and organising farms
into separatebut relatively homogenous groups (farm type) internally (Chapter 2)
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In the coastal areas of Bangladesh, few studies have systematically
approached these issues or developed an understanding of how farmers
conceptualise the constraints and opportunities associated with their
farming systems. We used fuzzy cognitive mapping (FCM) to study the
socio-cognitive systems of farmers belonging to different farm types both
within and outside polder areas. Our goal was to identify gaps and
overlaps in farmers’ understanding of their farming systems and
development priorities aimed at using surface water irrigation to
encourage double cropping and intensification in the dry season. The
main objective of these FCM models was to explore the understanding of
farmers in different situations (within and outside polders) of the factors/
drivers and processes that affect the functioning of their farms and their
decision- making, which in turn could affect sustainable agricultural
intensification. Although context-specific and focused on coastal
Bangladesh, this approach will have broader applicability in a variety of
socioecological systems in developing countries.

3.2. Farmer mental models and FCM

Mental models are widely used for understanding complex socioecological
systems and portraying the knowledge and experience of stakeholders in
graphical form. Based on Rouse and Morris (1986), mental models of
agroecological systems are defined as the representation of systems,
including purpose and form, explanation of system functioning and
observed system states, and prediction of future system states. In complex
socioecological circumstances of multi-stakeholder contexts, such as the
coastal farming systems of Bangladesh, the existence of a broad diversity
of perspectives and associated mental models is anticipated. However,
these representations would be similar for farmers in similar situations
and with corresponding resource availability and production orientation.
In agroecologies with diverse resource endowments, the mental models
of farmers may be influenced by the structural and functional
characteristics of the farming systems in which they operate. For instance,
the diversity of farming systems can be represented by typologies that
segregate farm households into different farm types, such as structural
(e.g., landholding, crops, livestock size) and/or functional variables (e.g.,
cropping intensity, technology adoption). When farms are grouped into
types based on functional and structural features, similar mental models
are expected to emerge as a function of farm type.

To arrive at a representation of the mental model of farmers belonging to
a particular farm type, a single mental model that represents the group’s
understanding in its entirety can be developed through participatory and
interactive processes in a group comprising representative farmers of a
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particular farm type. Interactions between the participants during such
processes may, however, not be fully representative. For example, there
is extensive literature on the risks of bias in focus groups, where particular
individuals may, for example, dominate and skew conversations, thereby
reducing the effectiveness of focus groups or similar participatory settings
in arriving at an average representation of a particular system (Nyumba
et al., 2018). As a result, dominant participants can overly influence and
change how less assertive participants express themselves (Jones et al.,
2011). Conversely, Gray et al. (2014) demonstrated the validity of an
alternative approach based on aggregating and averaging causal
relationship strengths perceived by individuals in a group, which can be
used to depict a group’s mental model while reducing the risk of bias
(Fig. 3.1). Several subsequent studies modelling the perceptions of
socioecological systems (Bunce et al., 2010; Halbrendt et al., 2014; Whitley
et al., 2018), in particular coastal systems (Levine et al., 2015), have used
aggregation techniques to average individual responses to questions on
mental model components and incorporate them into a representative
group model.

Individual mental models of 'n' farmers Community mental models of 'n' farmers

goE @eod @EeE g & &
=

Farmer 1 Farmer 2 Farmer n

|

Increasing complexity "
Figure 3.1. Stylised pictorial overview of grouping individual mental models to form
collective mental models used in this study. C,and C, are two example concepts represented
by cyan and purple boxes, respectively. The relationship between C, and C, are indicated by
lines with double-sided arrows. The relationship strengths between C,and C,for n’number
of individual farmers are given by the values X, X,,..,X, the collective community mental

model is the average of individual values X X.,X, givenas  2X/n.

FCM creates a directional graph that incorporates feedback loops (Kosko,
1986). Like traditional causal concept maps, FCM consists of nodes that
represent key ‘concepts’ of the system that are graphically represented by
boxes. The links or edges of concepts are given a numerical value, signed
as either positive or negative, to represent the nature of their causal
relationship. Feedback equips FCM with the ability to assess causal
relationships between processes.
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We used FCM to model aggregated perspectives on the components and
interactions within coastal agroecosystems differentiated by key farm
types identified both within and outside the polders in central coastal
Bangladesh. This approach should elucidate farmers’ perceived
relationships between agroecosystem component dynamics and
production risks, irrigation and water management systems, market
structures, household priorities, and external development interventions.

3.3. Methodology

3.3.1. Study area

The study area comprised the Barisal, Patuakhali, and Barguna districts
in south-central Bangladesh (Fig. 3.2). The region is characterized by a
dense network of interconnected rivers and natural canals that flow into
the Bay of Bengal. Annual rainfall ranges from 1,955 to 2,100 mm (BBS,
2013), with a humid subtropical climate. Most soils are medium- to high-
textured silty clay loams (SRDI, 2010). The southern-most part of the
central coast (Patuakhali, and Barguna districts) is protected by polder
embankments constructed from 1960 onwards. Across the Barisal,
Patuakhali, and Barguna districts, approximately 70% of the households
in the polders and 59% of the households outside the polders are engaged
in farming (BBS, 2013). Most households are engaged in rainfed cropping
in the kharif (mid-March to mid-November) and drier winter rabs (mid-
November to mid-March) seasons. Kharif sowing coincides with the onset
of monsoon and is further divided into pre-monsoon kharif-1 (mid-March
to mid-July) during which local ‘aus’ rice varieties are grown, and
monsoon kharif-2 (mid-July to mid-November) when amanrice is grown.
The rabiseason falls in the dry winter period, when farmers within polders
grow pulses primarily, while farmers in non-polder areas cultivate pulses,
mustard, and, to a lesser extent, vegetables. Irrigated rabi season rice
production, known as ‘boro,’ occurs in select areas proximal to water
sources.

3.3.2. Data collection

Two districts within polders (Patuakhali and Barguna) and a single district
outside polders (Barisal district) were selected for the study (Fig. 3.2),
due to their potential for crop intensification and surface water irrigation
in coastal Bangladesh (Krupnik et al., 2017; Chapter 2 of this thesis).
Based on the discussions with the experts from the Bangladesh
Agricultural Research Institute (BARI) and a local NGO (Bangladesh
Development Society (BDS)), five villages each from within and outside
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the polder areas were selected through a simple random procedure for
the FCM survey. This was followed by a non-probability purposive
sampling to select the respondents’ from a list of households available
with the NGO: BDS, who works with farm households in the area. Out of
the total of 250 samples (25 each from the 10 surveyed villages), ten
samples were removed due to incomplete surveys. A final sample of 120
HHs each within and outside polders were selected such that at least 5%
of all HHs in each of the selected villages were sampled as advised by
Turner (2003). The surveys were administered during October—December,
2016. Farm typology variables, including farm structural and functional
characteristics, household resource endowments, agricultural
management information, on- and off-farm income data, and biophysical,
socioeconomic, and demographic attributes were collected alongside
questions on FCM concepts and strength of their relationships between
them using Likert scale as explained in section 3.3.3.2.
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Figure 3.2. Map of the study districts showing the location of surveyed farmer communities,
denoted by red circles
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3.3.3. Analytical approaches

The analytical approach for the analysis of farmer cognition of farming
systems and causal effects of proposed interventions for food security
and cropping systems intensification consisted of three discrete steps
outlined below.

3.3.3.1. Characterisation of farming systems

We used principal component analysis (PCA) and cluster analysis to
characterise the farming systems (see Alvarez et al., 2018) and farm
households based on their structural (resource endowment) and
functional (production and land use objectives/livelihood strategies)
characteristics (Kuivanen et al., 2016). The variables used in the farm
typology construction are provided in the Supplementary Material (Table
S1). Agglomerative hierarchical clustering incorporating Ward’s
minimum-variance method was undertaken on the PCA (PC scores) to
identify clusters. Ward’s method minimises within-cluster variation by
comparing two clusters using the sum of squares between two clusters,
summed over all variables (Alvarez et al., 2018).

3.3.3.2. Identification of farming system concepts and potential drivers

Farmers’ cognition of farming system concepts and potential
interventions/drivers of change were identified by focus group discussions
(FGDs) with three groups of farmers belonging to different farm types,
as identified from Step 1 (Section 3.3.3.1). Sixty-five randomly selected
farmers in Barisal, Patuakhali, and Barguna districts participated in the
FGDs. The FGDs were administered (during August—September 2016)
using a semi-structured questionnaire to identify and discuss the farmers’
present and previous experiences with double cropping, irrigation, crop
diversification, and production risks, and to identify relevant internal
and external factors perceived as influencing their farming system. We
identified the most common themes in the responses given by farmers in
the FGD, which were divided into concepts and given titles to each
thematic response. Then the relationships between the concepts were
identified based on the qualitative information given by FGDs.

During the FCM surveys, the farmers were asked to identify whether they
perceived relationships between map concepts. If respondents indicated
their belief in a relationship, they were asked to quantify the degree to
which these relationships affected the concepts using a categorical scale
translated as very, moderately, or slightly influential. These data were
used to determine the weights of causal relationships, according to a 7-
point Likert scale, to establish the positive or negative influence and degree
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of strength for each causal relationship represented in the concept map.
Based on this information and data, distinct fuzzy cognitive maps were
developed in FuzzyDANCES Software — part of a multi-scale agricultural
modelling framework called COMPASS (Groot et al., 2012b) — by
aggregating individual measures assigned by farmers for farm types within
and outside the polders. A Kruskal-Wallis H test was used to compare
the causal relationships (relationship weights) between concepts in the
FCM of each farm type within a study environment.

3.3.3.3. Simulation of interventions and winding stairs algorithm

The dynamics of the states of the concepts in an FCM can be assessed
quantitatively by iterative matrix multiplication using the program
FuzzyDANCES. A balanced FCM will lead to equilibrium values for the
concept state values (Kosko 1986). We used a multiplication function
wherein the new state is independent of the current state of the concept
(e.g., Stach et al., 2005).

A+1)=2" W, X A, 1)

i#]
J=1

where ¢ is the iteration number, A, (t), and A, (t+1) are the state values

of concept ; atiterations fand #+1,and w, is the weight of the relationship

between concepts jand ;.

The winding stairs (WS) algorithm is based on the Monte Carlo sensitivity
analysis but performs a factorial analysis of the effect of multiple
parameters on the performance of response variables within modelled
systems (Jansen et al., 1994; Chan et al., 2000), in our case represented
by the FCM. This allows us to analyse the sensitivity of target performance
indicators in the system (i.e., selected concept state variables) to changes
in the weight of external drivers or relationships in the system. Thus, the
parameters of the sensitivity analysis can be either two or more state values
of system drivers, or the values of a subset of the causal relationships
between concepts within the FCM. A scalar model output Y, representing
one of the target state values in the FCM, depends on the influences of
inputs factor vectors X, X, ... X, following Equation 2, that we treat as
random variables because they vary about nominal values that are
unknown (Chan et al., 2000).

Y= f(X, X}, X)) (2)
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The function f is deterministic and, in this case, the result of the matrix

multiplications of the FCM to the equilibrium state. The systematic
sampling applied allows the variability of /to be expressed as its variance,
and the proportions of the variance caused by the input factors X, X, ...
X, These factors are randomly sampled in cyclical order, with new values
{x, x,, ... x,}, for the first step of cycle 1. In this step, x _is randomly
adjusted, in the second x,, etc. Thus, each cycle contains & steps that
constitute one WS sample or ‘winding’ (Jansen et al., 1994). The number

of WS samples generated (/) can be set as a parameter of the algorithm.

The total number of observations generated is N= k x/.

We used the WS analysis to decompose model variance into the first-
order sensitivity index (SVI) and total sensitivity index (TSI) (Chan et al.,
2000). The SVI is defined as the variance reduction due to fixing factor
X while varying the other factors (also denoted as top marginal variance)
(Jansen et al., 1994). The TSI is, conversely, the variance caused when
only X, is uncertain (bottom marginal variance; Jansen et al., 1994). The
TSI measures the contribution of an input factor X, to the total model
output variation (Homma and Saltelli, 1996; Chan et al., 2000). We
analysed two outputs of the WS sensitivity analysis, including (1) changes
in the state values of the selected performance indicators of intensification
listed in Section 3.4.5 in response to modelled perturbations in the external
drivers, and (2) the TSI of the indicators to the external drivers. The
sensitivity analysis of drivers in this study involved a resampling procedure
where the driver state values are manipulated from a start value of [0.5],
to a maximum of 1.0 and a minimum of 0, after setting it as an objective,
followed by running the WS algorithm through 1000 windings. The
winding stairs method involves computing the model outputs after each
drawing of a new value for an individual parameter (driver) and building
a WS-matrix.

3.4. Results

3.4.1. Characterisation of farming systems and farm typology

The overview of typology variables and their descriptive statistics are
provided in the supplementary material (Table S1). Analysis of the farm
typology data yielded a multivariate classification of distinct farm typologies
segregated by those located within (WP) or outside (OP) polders, each
resulting in three distinct farm types (Figures 3.3A and 3.3B; Table 3.1).
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Table 3.1. Farm types identified in the study area

Outside polders Within polders
Cluster OP-1  Marginal farms with rice—  Cluster WP-1 ~ Marginal farms with
aquaculture systems and rice—pulse—aquaculture
off-farm income (MRAO) systems (MRPAO)

and off-farm income

Cluster OP-2  Marginal farms with rice—  Cluster WP-2 ~ Small farms with

pulse—aquaculture rice—aquaculture
systems and off-farm systems and off-farm
income (MRPAO) income (SRAO)
Cluster OP-3  Small sharecropping Cluster WP-3  Small sharecropping
farms with rice—pulse— farms with rice—
aquaculture systems pulse—aquaculture
(SRPAS) systems (SRPAS)

The dendrograms and cut-off points based on dissimilarity for farms
located within or outside polders are also shown in Fig. 3.3. PCs with
eigenvalues >1 explained more than 70% of the variability in farm
typology data, both within and outside polders.The first four PCs explained

cumulative variability of 72% and 73% for farmers within and outside
polder areas, respectively.
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Figure 3.3. Results of the typology analysis for farms (A) outside and (B) within polders
along the first two principal components. MRAO = Marginal farms with rice—aquaculture
systems and off-farm income; MRPAO = Marginal farms with rice—pulse—aquaculture
systems and off-farm income; SRPAS = Small sharecropping farms with rice—pulse—
aquaculture systems; SRAO = Small farms with rice—aquaculture systems and off-farm
income.
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3.4.2. General structure of FCM

Six FCMs, each representing the mental models (Fuzzy Cognitive Maps)
of farmers belonging to each of the identified farm types were developed
in FuzzyDANCES separately. For brevity, we represented FCMs belonging
to a particular environment together in a single figure. For e.g., the three
FCMs corresponding to the farm types outside the polders were shown
in a single fuzzy cognitive map (Fig. 3.4) by representing the relationship
strength between the concepts of farm types MRAO, MRPAO, and SRPAS

using English letters A, B, and C (superscripted above the values assigned
to relationship strengths), respectively.
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Figure 3.4. Aggregate irrigation—farm-household system Fuzzy cognitive mapping for
outside polder farm types (A) Marginal farms with rice—aquaculture systems and oft-farm
income, (B) Marginal farms with rice—pulse—aquaculture systems and off-farm income,
(C) Small sharecropping farms with rice—pulse—aquaculture systems. The system drivers—
Identified as external transmitter variables that are subject to state changes (natural or
Intentional intervention)—are indicated by looped arrows and are outlined in black. To
better understand the Fuzzy cognitive mapping, concepts are grouped into colour-coded
categories based on their function within the system, i.e., information resource, land/water
quality, household resources and welfare, market conditions, water resources, and land use
types. Values in boxed concepts represent the baseline values applied in the winding stairs
sensitivity analysis (WSSA). Values within the box outside parenthesis correspond to current
state while (0, 1) indicates the minimum and maximum range of simulation in the WSSA.
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Similarly, for farm types MRPAO, SRAO, and SRPAS within the polders,
using D, E, F, respectively (Fig. 3.5). The FCM for each farm type, both
within and outside polders, identifies pathways where dry season fallows
in the rabi (winter) season can be used for cropping to improve household
income and food security. The concepts and drivers, as conceptualised
by farmers in coastal areas of south-central Bangladesh during the FGDs,
are provided in Table 3.2. Concepts that frequently emerged in the FGDs
and were considered very important by the community and the authors
were included for the construction of each FCM. Selected concepts had
robust causal relationships with household income, food security, and
crop management. The baseline structure of the FCM for each farm type
outside (Fig. 3.4) and within (Fig. 3.5) polders shows the direction,
strength, and sign for each of the causal relationships identified and

averaged across the study.
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Figure 3.5. Aggregate irrigation—farm—household system Fuzzy cognitive mapping for
within polder farm types (D) Marginal farms with rice—pulse—aquaculture systems and
oft-farm income (E) Small farms with rice—aquaculture systems and oft-farm income (F)
Small sharecropping farms with rice—pulse—aquaculture systems. The system drivers—
Iidentified as external transmitter variables that are subject to state changes (natural or
intentional intervention)—are indicated by looped arrows and are outlined in black. To
better understand the Fuzzy cognitive mapping, concepts are grouped into colour-coded
categories based on their function within the system, i.e., information resource, land/water
quality, household resources and welfare, market conditions, water resources, and land use
types. Values in boxed concepts represent the baseline values applied in the winding stairs
sensitivity analysis (WSSA). Values within the box outside parenthesis correspond to
current state while (0, 1) indicates the minimum and maximum range of simulation in the
WSSA.
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Table 3.2. Description of the concepts and drivers in the baseline
fuzzy cognitive mapping, as conceptualised by farmers in coastal
areas of south-central Bangladesh, during focus group discussions

Concept

Concept Group/

Concept type indicators Description
Extension Driver Information  Agricultural advisory or information services received
source by farmers from public or private agencies.
Drainage  Driver Land/water Removal of excess water present in farm fields via hand-
quality or back-hoe dug drainage channels. Drainage is
necessary in low-lying areas of coastal Bangladesh,
where waterlogging can hamper production of
mungbean, lathyrus (grass pea) and vegetables.
Salinity Driver Land/water Increasing water salinity that intrudes into cropland
quality and affects soils.
Income Receiver / Sustainable Total household income of a farm household,
comprising
Transmitter intensification farm and non-farm income, and remittances.
(household
welfare)
Food Receiver Sustainable Condition in which all members of a household,
security intensification at all times, have physical and economic access to
(household sufficient food to meet their dietary needs and
welfare) food preferences for an active and healthy life.
Fertiliser ~ Receiver / Household Farmers’ access to outlets selling fertilisers and the
access Transmitter resources financial means to do so.
Hired Receiver / Household Hired labourers paid by the farmer to conduct farm
labour Transmitte resources operations (e.g., land preparation, transplanting,
weeding, harvesting).
Market Driver Market Farm-gate price paid for irrigated crops
prices of conditions (i.e., boro rice, maize, wheat).
irrigated
crops
Market Driver Market Farm-gate price paid for rainfed crops
prices of conditions (i.e., mungbean and lathyrus (grass pea)).
rainfed
crops
Micro- Driver Market Access to and ability of the farmer to avail
credit conditions financial loans for funding crop production activities.
Canal Driver Water Excavation and removal of silt and sediments
dredging resources accumulated in irrigation canals to improve the flow
of irrigation water to farmers’ fields. Dredging is
usually carried out by government or non-
governmental agencies.
Capacity to Receiver / Water Ability of the farmer to irrigate crop fields, further
irrigate Transmitter resources determined by access to finance and irrigation service
provision.
Canal Receiver / Water Level of water flowing through irrigation canal
water level Transmitter resources during the dry rabi season. Farmers consider a

threshold water level of 0.6 m as necessary for
pumping with low-lift pumps. It is not feasible to pump
water when the level drops below this threshold.
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Sluice Receiver Water Management of sluice gates to open or close canals
control resources to allow water flow. Often controlled by individuals or
groups in a community.

Irrigated Receiver / Land Boro rice, wheat, and maize are considered rabr

crops Transmitter use type season crops that require irrigation. Boro rice is
cultivated in some parts of the Barisal division; wheat
and maize are relatively new to the area.

Rainfed Receiver/ Land use Mungbean and lathyrus (grass pea); commonly
crops Transmitter type cultivated without irrigation in the rabi season, after
harvest of ‘aman’ rice.

Fallow Receiver/ Land use Land left uncultivated during the dry rabs season,
land Transmitter type which could potentially be utilised for a second,
irrigated crop.

Share Receiver/ Land use Practice in which a landowner permits a farmer

cropping  Transmitter type to use the land for crop production, in return for a
share of the crops harvested. Commonly, ~30—-40%
of the harvest is shared by the tenant farmer with the
landowner. Most farmers in the Barisal division are
sharecroppers.

Notes : Concept groups/categories are based on Smith et al.(2017) and discussion with key
informants from BARI.

3.4.2.1. Information resources

‘Information resources’ refers to sources of information and the provision
of advice that assists farmers in cropping and marketing decisions.
Although this may be open to a wide variety of interpretations, the farmers
in the FGDs clarified that they conceptualise this concept as agricultural
extension. In our study area, field officers from the Department of
Agricultural Extension are primary sources of information on crop and
input management strategies.

3.4.2.2, Land/water quality

Drainage and salinity are the concepts included in the ‘land and water
quality’ category. ‘Salinity’ is conceptualised by farmers in terms of both
soil and water salinity that affects crop production. ‘Drainage’ is
conceptualised as the removal of excess water present in the fields through
drainage channels. While rice can withstand waterlogging, but not
extended submergence, drainage is necessary for low-lying areas of coastal
Bangladesh, where waterlogging can hamper the production of pulses,
and vegetables. Outside the polders, salinity problems were not present.
So only drainage was included in the land and water quality category for
farms outside polders, while for those inside polders both salinity and
drainage were included.
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3.4.2.3. Household resources and welfare

Household resources consist mainly of the income from farm and non-
farm activities and remittances, while household welfare includes its
command over market and non-market goods and services. We included
the concepts ‘household income’, ‘food security’, and ‘households’ ability’
to purchase or access fertilisers and hired labour’ in the ‘household
resources and welfare’. Income and food security of the households are
directly related to the intensification of crops in southern Bangladesh,
whether it is irrigated or rainfed. A change in income can have a direct
effect on a household’s ability to access inputs and purchase irrigation
services.

3.4.2.4. Market conditions

The concept of ‘market conditions’ is based on farmers’ market access
and the price of the final product. In the absence of sufficient storage
facilities, demand and access to markets can exert a strong influence on
cropping patterns by increasing double cropping (Chapter 2 of this thesis).
In the FGDs, farmers clarified that irrigated crop prices are
conceptualised as the market price of boro rice, while the rainfed crop
price is conceptualised as the market price of rainfed pulses, such as
mungbean.

3.4.2.5. Water resources

‘Water resources’ include numerous concepts in the literature; here, water
resources in FCM involved four concepts that were considered important
in the FGDs—’canal dredging,” ‘capacity to irrigate,” ‘canal water level,’
and ‘sluice gate control’. Farmers clarified that the concept of canal
dredging refers to the excavation and removal of silt and sediments
accumulated in canals from which surface water can be withdrawn for
irrigation. Siltation can prevent the regular flow of water adjacent to
farmers’ fields, particularly in the dry season. Canal dredging requires
specialised equipment at substantial cost and cannot typically be borne
by farmers alone. It is usually carried out by governmental agencies, such
as the Bangladesh Agricultural Development Corporation or the Local
Government Engineering Department.

The ‘capacity to irrigate’ is the ability of the farmer to irrigate their crop
fields on a timely and efficient basis, which has an influence on crop
productivity. In the FGDs, farmers indicated that their ability to irrigate
is, in turn, affected by the availability of micro-credit to purchase fuel for
pumps or contract a pump owner to provide irrigation to their fields.
However, the farmers clarified that even if they were willing to purchase
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irrigation services, they do not consider it feasible to pump water when
the water level in canals drops below a threshold of 0.6 m depth. As such,
canal water levels were clarified during surveys as the average level of
water flowing through and available in canals during peak times for crop
irrigation demand in the dry rabr season. Finally, the water level and
flow in canals are typically regulated by the opening and closing of a
movable sluice gate (Krupnik et al., 2017). The concept of sluice gate
control refers to an adjustable gate allowing water to flow through it.

Land that is fallowed in the dry season can, in principle, be cropped
during the dry rabi season, when water resources (e.g., surface water)
are available and farmers are willing to invest in irrigation. When and
where irrigation sources are not well developed, or in situations where
farmers are unwilling to invest in irrigation, rainfed crops or crops
established with residual soil moisture after the monsoon can be an
alternative. These crops—typically pulses—can be used to convert fallows
and increase cropping intensity. Though small quantities of irrigation
water can considerably improve the yield of these crops, the cost of
irrigation pumping service provision or de-silting canals may prevent
wide-scale use among farmers.

3.4.2.6. Land use types

In the current study, the concept of ‘land-use types’ consists of irrigated
cropland, rainfed cropland, and fallow. While irrigated crops mainly
involve boro rice, wheat, and maize with irrigation from canals or rivers,
in the FGDs, the farmers grouped rainfed crops into a category comprising
unirrigated pulses, such as mungbean, lentil, and grass pea, which are
typically established using only residual soil moisture. Farmers also
clarified that the concept of ‘fallow land’ is farmland that remains
uncropped during the rabi (winter) season. Reasons for land fallowing
may include farmers’ inability to invest in irrigation and fertiliser inputs,
lack of irrigation infrastructure, canal water level below the threshold for
irrigation, early withdrawal of monsoon rains leading to insufficient soil
moisture for sowing winter crops, waterlogging and excessive moisture,
and lack of suitable crop varieties for late planting in the rabiseason. In
addition to the various land-use types, ‘sharecropping’ is another
important concept identified in FGDs, which includes arrangements for
alandowner to permit a farmer (who becomes a tenant in terms of sharing
the land for cropping) to use the land in return for a share of the crops
produced on the landowner’s portion of land. Survey data indicated that
roughly 30—40% of the crop harvest is shared by the tenant farmer with
the landowner.
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3.4.3. Similarities and dissimilarities between FCM within and
outside polders

Network structures for the combined FCM within a study environment
(i.e., within polders or outside polders) were relatively uniform when not
distinguished by farm typology (Table 3.3). The sample farm types tended
to agree with respect to FCM concepts, except for the driver ‘soil and
water salinity’ for the combined FCM within the polder area, which was
not identified by farmers outside polders. In total, 17 concepts and 35
relationships were included in each farm-type FCM outside polders. The
farm types within polders included 18 concepts and 38 relationships.
The concepts were similar, and the strength of relationships between
concepts only varied slightly among farm types within a study environment.
Table 3.3. Network metrics for baseline concept maps of farming

systems in south-central Bangladesh, disaggregated by study
environments and farm types

Metrics Outside polder area Within polder area
MRAO MRPAO SRPAS MRPAO SRAO SRPAS

Number of concepts 17.00 17.00 17.00 18.00 18.00 18.00
Number of relations 44.00 44.00 44.00 47.00  47.00  47.00
Density (clustering coefficient) 0.16 0.16 0.16 0.15 0.15 0.15
Hierarchy index 0.07 0.07 0.08 0.07 0.07 0.06
Number of transmitters 0.00 0.00 0.00 0.00 0.00 0.00
Number of receivers 1.00 1.00 1.00 1.00 1.00 1.00
Number of ordinary 16.00 16.00 16.00 17.00 17.00 17.00

Notes: MRAO = Marginal farms with rice—aquaculture systems and off-farm income;
MRPAO = Marginal farms with rice—pulse—aquaculture systems and off-farm income;
SRPAS = Small sharecropping farms with rice—pulse—aquaculture systems;

SRAO = Small farms with rice—aquaculture systems and off-farm income.

Kruskal-Wallis H tests were used to compare the relationships strengths
between concepts in the combined FCM from within or outside polder
areas. First, the combined FCM of farmers within polders was analysed
without differentiating the sample into farm types. When comparing the
combined FCM of the two locations (i.e., within and outside polders), of
the 35 relationships in each FCM, 12 showed significant differences (Table
3.4). For example, the relationships between the price of irrigated crops
and irrigated crop area (P=0.001), micro-credit and the capacity to irrigate
(P=0.000), micro-credit and fertiliser access (P=0.000), agricultural
extension and irrigated crop area (P=0.002), canal dredging and canal
water level (P=0.000), irrigated crop area and household income
(P=0.027), irrigated crop area and food security (P=0.000), area of
irrigated crops and fallow land (P=0.000).
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Of the 35 relationships in each of the farm type specific FCM constructed
representing the perceptual models of farmers outside the polders, eight
significantly differed in their relationship strengths (see Supplementary
Material, Table S2), including agricultural extension and irrigated crop
area (P=0.004), drainage and rainfed crop area (P=0.000), fallow and
rainfed crop area (P=0.002), access and fertiliser to rainfed crop area
(P=0.002), and hired labour and irrigated crop area (P=0.041). In
addition, significant differences were found in farmers’ mental models,
outside the polders, including sluice gate control and the capacity to
irrigate (P=0.050), canal water level and capacity to irrigate (P=0.053),
and household income and ability to access (purchase) to fertiliser
(P=0.036).

Within polders, FCM significantly differed with farm typology for 15 of
the 38 perceived relationships (Supplementary Material, Table S3), being
market prices of irrigated crops and irrigated crop area (=0.000), market
prices of rainfed crops and rainfed crop area (P=0.009), drainage and
rainfed cropped area (P=0.000), canal dredging and canal water levels
(P=0.000), irrigated crop area and food security (P=0.016), irrigated
crop area and land fallowing (P=0.002), rainfed crop area and food
security (P=0.039), rainfed crop area and fallow land area (P=0.004),
fallowed land and rainfed crop area (P=0.005), fertiliser access and
irrigated crop area (P=0.023), hired labour and irrigated crop area
(P=0.031), sharecropping and rainfed crop area (P=0.001), household
income and farmers’ capacity to irrigate (#=0.000), household income
and hired labour (P=0.006), and household income and ability to control
sluice gates (P=0.001).

3.4.4. Dynamics of FCM

The FCMs stabilised between 20—50 iterations (Fig. 3.6), although several
additional iterations up to 100 would ideally be performed to ensure the
FCM equilibrium (Kok, 2009).

For farm types outside polders, the highest steady-state values for SI
indicator concepts above and below the origin (0.0) are shown by irrigated
crop area (3.76, 3.91, and 4.75 for MRAO, MRPAO, and SRPAS,
respectively) and fallow land (-2.69, —2.80, and —2.76 for MRAO,
MRPAO, and SRPAS, respectively). For MRPAO and SRAO within
polders, the highest steady-state values were obtained for food security
(5.93 and 6.81, respectively), with the maximum steady-state value for
SRPAS attributed to irrigated crop area (5.01). Similar to the farm types
within polders, the lowest steady-state values for types outside the polders
were obtained for fallow land (i.e., —2.89, —2.84, and —1.91 for MRPAO,
SRAO, and SRPAS, respectively).
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Figure 3.6.Stabilisation of the state values of each concept in the fuzzy cognitive mapping
of farm types outside polders (A) MRAO = Marginal farms with rice—aquaculture systems

and off-farm income, (B) MRPAO = Marginal farms with rice—pulse—aquaculture systems
and off-farm income, (C) SRPAS = Small sharecropping farms with rice—pulse—

aquaculture systems, and within polders (D) MRPAO=Marginal farms with rice—pulse—
aquaculture systems and oft-farm income, (E) SRAO=Small farms with rice—aquaculture
systems and off-farm income and (F) SRPAS = Small sharecropping farms with rice—
pulse—aquaculture systems after 100 iterations.

3.4.5. Sensitivity of SI indicators to interventions

The potential effect of the different policy interventions represented in
the FCM—using the concepts of agricultural extension, micro-credit
access, drainage, market prices of irrigated and rainfed crops, and canal
dredging as indicator concepts, were explored using sensitivity analysis
with the WS algorithm (Tables 3.5 and 3.6). Both within and outside
polder areas, the highest TSI was observed for effects of extension on
changes in other concepts in the map, particularly food security and
income (SI indicators). Outside polders, the concepts of drainage and
micro-credit were also influential (Table 3.5); within polders, the

availability of micro-credit appears to affect farmer perceptions of SI
indicators more than drainage (Table 3.6).
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This sensitivity analysis of the relationships between drivers and indicators
also showed that farmers perceive that extension, micro-credit, and
drainage would reduce fallowed land area and increase their capacity to
irrigate both irrigated and rainfed crops. These drivers were also positively
related to the FCM concepts for food security and income. There was a
strong perceptual agreement among marginal and small farm types on
the relationship between sharecropping within polders and increased
access to extension, credit availability, and canal dredging. Outside
polders, the strongest perceptual linkages were those observed for the
SRPAS (Cluster OP-3) typology; within polders, linkages were strongest
for the SRAO and MRPAO (Clusters WP-1 and WP-2) typologies. An
increase in canal dredging, however, appears to have stronger linkages
with farmers’ perceived capacity to irrigate, regardless of their location
within or outside polders.

3.5. Discussion and conclusions

Bangladesh has the highest levels of poverty in South Asia, and about 87
percent of Bangladeshi rural households rely on agriculture for food
security and income (Gautam and Faruqee, 2016). A major development
objective in Bangladesh is the intensification of farming systems by
increasing the number of crops grown on the same unit of land per year.
The 7™ five-year plan of Bangladesh aligns with the SDGs of the United
Nations and is aimed at ending hunger, achieving food security, and
improving nutrition through the implementation of more intensive and
sustainable agricultural practices. More than USD 7 billion of international
donor investment has been requested by the GoB to support the ‘master
plan’ for developing the country’s coastal region, with a strong emphasis
on reducing land fallowing in the rabi season and establishing irrigated
double cropping; an estimated USD 500 million has been allocated to
this purpose alone (MOA and FAO 2013).

Such international or national development goals and associated policies—
particularly those that pertain to agriculture—often do not fully account
for the priorities and perceptual frameworks of rural communities. Yet,
recent literature underscores the importance of embedding farmer
knowledge and perceived impacts of drivers on their farming systems in
agricultural policymaking (Tittonell et al., 2016). By integrating farm
typological analysis with socio-cognitive modelling in the form of FCM,
we studied how farmers in Bangladesh’s coastal farming systems perceive
the structure and functioning of their farming systems and how they
believe that interventions aimed at facilitating double-cropping through
surface water irrigation in the dry season could affect agronomic,
environmental, and social outcomes. Given the farming systems
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perceptions of each farmer typology group, represented in the FCM, our
findings indicate that farmers perceive that both income and food security
could be improved by increasing their access to extension and micro-
credit in coastal Bangladesh. The importance of agricultural finance and
access to quality advice from extension services in developing countries is
widely acknowledged in the non-FCM literature (e.g., Vanlauwe et al.,
2014), including in Bangladesh (Aravindakshan et al., 2018). These themes
also appear in FCM studies; for example, Pacilly et al. (2016) on potato
farmers in the Netherlands, and Pathinathan and Peter (2014) and
Jayashree et al. (2015) on farmers in India, showed the importance of
agricultural extension in the successful crop management. According to
the FCM for all farm types across locations in the current study, increasing
the availability of extension and micro-credit in the relatively remote coastal
region would be perceptually linked to farmer interest in replacing
fallowed land with increased cultivation of both rainfed and irrigated
crops in the winter rabi season, thus indicating the potential for
intensification.

Our results point to a perceptual linkage among these farm types,
indicating the belief that increased access to extension, credit, and canal
dredging would positively affect increased surface water use in rabiseason.
Except for the marginal rice—pulse—aquaculture farm typology with off-
farm income located outside polders, each FCM for other farm types
indicated a belief that their capacity to irrigate during the dry rabrseason
would benefit most from extension services, credit, and the ability to drain
fields for land preparation and planting. Setting aside the perceptual
linkages between extension and credit on cropping systems intensification,
the farm types within polders tended to perceive canal dredging as a key
concept and action that would increase their capacity to irrigate. This is
in opposition to farm types outside polders who perceived drainage to be
more important as a pre-requisite for irrigation to support intensified
cropping. Identification of this perceptual relationship is an important
outcome of the sensitivity analysis that would otherwise not be apparent
during FGDs or preliminary visual analysis of FCM. Regardless of farm
typology, most farmers indicated that they experience stagnant water or
excessive soil moisture at the end of the monsoon season and the start of
the subsequent rabi season, due to the low-lying fields that prevail in
much of the region. As such, field drainage is a likely prerequisite for rabr
season cropping and the timely establishment of crops such as maize,
wheat, and mungbean. Similar results have been observed in farm
community participatory agronomic studies to the west of our study area
within polders (Yadav et al., 2020).

The FCM analysis indicated that farmers perceive that the rainfed crop
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area would increase as a function of higher farm gate prices, though
sensitivity analysis suggested that rainfed crop area is highly sensitive to
prices, which differs considerably between farm types. Two recent studies
(Hossain et al., 2018; Islam et al., 2020) attributed soil salinity as the
main factor for low cropping intensity and dry season land fallowing in
coastal Bangladesh. Our results surprisingly indicated that for farm types
in polders in our study area, increases in soil and water salinity tend to
have weak sensitivities for the indicators of cropping system intensification
(food security and income outcomes). This may be the result of our
sampling location, which despite being far to the south of Bangladesh’s
central coastal area, is slightly north of more saline affected areas. Another
surprising result was the low centrality of sharecropping across farm types
in both locations, showing the lesser importance of sharecropping
arrangements in systems intensification, despite the commonality of
several kinds of informal sharecropping arrangements in these locations.
These results—which are somewhat counterintuitive considering the
predominant literature—warrant further behavioural science research on
water management and biophysical concepts as a core focus of SI in
similar geographies in South Asia. Conflicting approaches (e.g., SI and
agro-ecological intensification) and diverging interests (public vs. private)
may present farmers with too many options, which in turn can paralyze
decision-making (Schwartz, 2004). As a follow-up study, it would be
beneficial to know how conflicting approaches of intensification and
diverse interests affect farmer cognitions. Future studies could also focus
on gaining a better understanding of farmer preferences for crops
disaggregated by various agroecological systems, and/or by farm type as
system-specific and farm-type tailored entry points may be needed for
development initiatives aimed at cropping systems intensification (Chapter
2). Analysis of farmers’ feedback on the FCMs can help understand how
far this research has captured farmer realities, and it can be a part of the
follow-up research too. While farmers across farm types both within
and outside polders tended to have high centrality values for irrigated
and rainfed crops, our study did not elucidate which specific crop species
would be both agronomically and socially acceptable in the central coast
of Bangladesh. On-farm participatory research that combines agronomic
and water management interventions designed to respond to the specific
needs of the region’s distinct farm types could be a useful starting point.

The use of FCM to describe farmers’ cognitive frameworks was useful in
gaining an improved understanding of the dynamics of farming systems,
as perceived by farmers belonging to different farm types, and examining
the relative importance of drivers affecting perceptions of crop
intensification processes. Though novel methods to assess the efficacy of
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SI approaches and intensification pathways are currently being tested
globally, the use of FCM and similar approaches are of increasing interest,
both for ex-ante planning and targeting research, in addition to ex-post
impact assessments in developing countries. The FCM methodology and
many of the results of the current study are likely to be applicable to
similar coastal farming systems and deltaic environments in South Asia;
for example, those within Bangladesh or parts of eastern India with
comparable climates, soils and agricultural practices, demographics, and
other socioeconomic factors. In addition, our developed fuzzy cognitive
maps are broadly applicable for many farmers in our study area, since
we used a survey and averaged scores by farm types. A similar observation
was made by Halbrendt et al. (2014), who used a similar survey approach
to develop community fuzzy cognitive maps for a large group of Nepalese
farmers. Niskanen (2020) studied FCM from a statistical standpoint, and
showed the analogy between FCMs and linear regression, nonetheless
while FCMs measure strength of relationship between system concepts
as perceived by respondent subjects, linear regression estimates the
relationship using measured values of factor variables. Future research
that investigates these factors comparing participatory FCM with survey
results and developing community-wide FCM is warranted.

In consideration of the policies aimed at improving livelihoods in coastal
Bangladesh, including those championed by the GoB (e.g., MOA and
FAO, 2013), this study demonstrates the value of reflection on the differing
perspectives of farmers both within and outside polders to identify entry
points for development interventions. In addition, the current study
underscores the need for micro-farming systems-level research to assess
the context-based feasibility of introduced interventions as perceived by
farmers of different farm types. In addition to developing an improved
understanding of the complexity of these socioecological systems, the use
of FCM and similar approaches could be useful for informing policies to
embed the priorities of farming communities in development planning
from the bottom-up.
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SUPPLEMENTARY MATERIALS
(Chapter 3)

Table S1: Descriptive statistics for key structural and functional farm
variables used in the analyses, disaggregated for polder
and non-polder environments

Farms outside Farms within
Variables Unit polders (n=204) polders (n1=298)
Mean SD Mean SD
Candidate typology variables
A. Structural variables
Age of the household head Years 50.08 12.66 47.14 12.55
Education of the household head  Years 5.44 3.60 4.94 3.29
Household size Numbers 5.89 2.07 5.65 2.19
Total land owned by the household ha 0.41 0.38 0.54 0.46
Tropical livestock unit? TLU farm™ 0.38 0.56 1.05 1.41
Pond area under aquaculture ha 0.04 0.24 0.08 0.22
Sharecropping intensity® % 0.31 0.30 0.29 0.28
Total family labour used on farm psd year™ 163.41 106.68 181.79 105.26
Total hired labour used on farm  psd year™ 75.83 47.48 74.22 56.22
Annual income of
the household ('000) BDT 125.48 136.17 159.01 186.62
Annual net savings
of the household ('000) BDT 20.30 26.85 27.60 35.95
B. Functional variables
Area under cash crops ha 0.37 0.33 0.43 0.30
Area under food crops ha 0.74 0.50 0.69 0.59
Gross cropped area ha 1.10 0.67 1.12 0.80
Cropping intensity® % 168.57 18.25 151.95 28.12
Area under irrigation ha 0.03 0.08 0.05 0.10
Amount of aman season fallow ha 0.04 0.12 0.25 0.45
Amount of rabr season fallow ha 0.39 0.33 0.44 0.30
Share of total crops sold % 80.34 14.54 85.31 8.80
Months of food self-sufficiency Number 10.30 2.18 10.08 2.34
of months
Share of expenditure for food % 62.48 18.00 58.88 17.96
Off-farm income % 56.60 27.35 49.42 30.46
Remittances received per annum BDT 10.66 19.76 14.37 23.40

(‘o000)

Notes: psd=person-day, which is 8 hours of work; 1USD was ~78 BDT in 2015; * Tropical livestock unit
(TLU) calculated according to method in Harvest Choice, 2015 (https://
harvestchoice.org/data/an05_tlu); ® Sharecropping intensity is ratio of sharecropped land to total land
available for cultivation in %; ¢ Cropping intensity averaged across fields calculated as

Gross harvested area (ha) farm71 year71
T *100 and exceeds 100% where double or triple cropping is practiced.

Total land area (ha) farm -1 yeur_

All monetary values are nominal.
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ABSTRACT

Sustainable intensification (SI) is envisioned as an effective strategy for
developing countries to increase farm productivity while reducing negative
environmental and social externalities. The development of regionally
appropriate SI options however requires accounting for the knowledge
and preferences of key stakeholders. In Bangladesh, the Government has
requested international donors to support the development of dry season
rice expansion in the coastal region. Policies however tend to be made
without adequate study of farmers’ preferences and ambitions; this can
render crop intensification efforts ineffective. Understanding farmers’
preferences for alternative crops and crop management practices are
therefore crucial for success where agricultural development investments
aim at incorporating the principles of SI. Using coastal Bangladesh as a
case study— we aim to (1) quantify farmers’ preferences for alternative
irrigated crop and crop management options in comparison to the status
quo (land fallowing), (2) analyse whether farmers’ preferences are
conditioned by concerns regarding the cost and availability of irrigation
and fertiliser inputs in comparison to expected net revenues, (3)
understand how the heterogeneity in preferences can be attributed to
farmer and/or farm characteristics, institutional, and biophysical factors,
(4) determine how much farmers’ are willing to invest in different crops
and crop management options — including those reliant and not reliant
on irrigation. Taking 300 farmers in two diverse coastal environments, a
choice experiment (CE) was employed to explore the heterogeneity in
farmers’ preferences for different dry “ rabs” season intensification options
(‘boro’ rice, maize, wheat and mungbean) against the status quo (dry
season land fallowing after harvest of the monsoon season rice crop).
Analyses included random parameter logit modeling followed by
willingness-to-invest and profit simulations. Analyses revealed strong
farmer preferences against rice and in favor of irrigated maize, and also
in favor of rainfed or partially irrigated mungbean as an alternative to
land fallowing. Irrespective of their location and environmental
conditions, respondents had largely a negative preference for irrigation
and fertiliser use due to high investment costs and associated production
risks in the dry season. Nonetheless, a significant positive effect on their
willingness-to-intensify cropping was observed where farmers felt it
feasible to provide in-field drainage to limit waterlogging risks.

Keywords: Ex-ante; Farmer preferences; Choice experiment; Cereal systems;
Sustainable intensification; South Asia
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4.1.Introduction

Although most agricultural research for development in South Asia has
focused on highly productive and less risk-prone areas such as the fertile
Indo-Gangetic Plains (Krishna et al., 2017), the long-term sustainability
of agriculture is also crucial for the food security and livelihood of more
than 400 million vulnerable people inhabiting coastal areas. In addition
to institutional, economic and policy changes that affect prices for inputs
and outputs that influence farmers’ decision making processes, there are
myriad factors that affect the economic and environmental sustainability
of farms in coastal regions. Among these, multiple stressors including
resource scarcity, and population pressure affect the ways in which farmers
in coastal regions decide upon cropping options and management
(Chapter 2 of this thesis). Coastal areas in Bangladesh, and West Bengal
and Odisha in India are also climate risk prone and grapple with
challenges including soil and water salinity (Krupnik et al., 2017). Farmers
in coastal areas are also relatively poorer and have significantly smaller
field sizes (Krishna et al., 2017), calling for unique development
approaches to mitigate risks and alleviate poverty.

In Bangladesh, agricultural productivity in coastal areas suffers from
waterlogging risks, soil and water salinity, cyclones and extreme weather
events, in addition to long-term sea-level rise (Akter et al., 2016; Bell et
al., 2019; Mainuddin et al., 2019). Without sustained investment in
protective coastal embankments, in next 60 years, almost 40% of
productive land is predicted to be lost in coastal Bangladesh for an
expected 0.65 meter sea-level rise (World Bank, 2013). Along Bangladesh’s
central coast, tidal movement and inundation and waterlogging of fields
are severe during the “kharif” season (June—August), though rainfed
cultivation of transplanted ‘amar’ rice (Oryza sativa) using local and deep-
water varieties is possible and indeed common during this period (Krupnik
et al., 2017). Over the last half century, coastal embankments or dykes
known as polders have been constructed to control oceanic water intrusion
and prevent excessive waterlogging (World Bank, 1990). Poor
maintenance, vandalism, and competition for water resources — i.e.,
farmers who want freshwater for crops competing with saline fish farmers
who require brackish water — have however rendered many polders and
their water flow controlling sluice gates non-functional (Chapter 2 of
this thesis). Although primarily intended for the monsoon season flood
control, the construction of polders and sluice gates have equally
transformed the ways in which agricultural water management functions
during the cool, dry winter “rabr’ season (November to April). While
farmers within polders experience water scarcity and drainage issues due
to problems with control and maintenance of sluice gates, farmers located
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just north and outside the polders also experience tidal water inundation
in the wet season, followed by dryer conditions in the winter season during
which natural and constructed water canals experience siltation and may
run dry. Cyclonic storms and increasing soil and water salinity pose further
challenges, particularly within polders and as the winter season progresses
and matures into the early monsoon season. Both within and outside
polders, farmers tend to fallow their land or grow low risk, low-input
‘opportunity’ crops including broadcast pulses such as mungbean ( Vigna
radiata) and lathyrus (Lathyrus sativus) during the rabiseason (Fig. 4.1).
In addition, in order to reduce water table drawdown and high energy
costs for irrigation in the north of the country (Qureshi et al., 2015), the
Government of Bangladesh has adopted policy recommending measures
to improved surface water flow and access by farmers in coastal areas.
While livelihood improvement in the coastal area is important, and
additional and key objective of these policy initiatives and requests for
international donor funding support has been to encourage irrigated
cropping of rice — the country’s most important staple — on previously
fallowed or land devoted to pulses (MOA and FAO, 2013).

Agricultural systems organised around the principles of sustainable
intensification (SI) aim to increase agricultural productivity while
minimising environmental and social trade-offs. SI is now widely
recognised as an important pathway to food security in developing
countries (Garnett et al., 2013). In food insecure areas of coastal
Bangladesh, Krupnik et al. (2017) studied the potential for irrigated dry
season maize and wheat in comparison to rice in areas both within and
outside of polders. Where surface water (e.g., freshwater rivers and canals)
are accessible through infrastructural improvements and the use of low-
cost efficient pumps, they suggested that the scope to replace land
fallowing with irrigated cropping by surface water was approximately
0.11 M ha in coastal Bangladesh alone. Although they studied cereals,
pulses may also be an appropriate choice to replace land fallowing while
generating additional income (Kumar et al., 2019), enhancing nutrition
and thus contributing to improved rural livelihoods (Paudel et al., 2020).
In addition, the introduction of nitrogen-fixing pulses could arguably
assist in the long-term improvement of soil fertility and assist in limiting
the nutrient mining impact of rice-based crop rotations (Chadha, 2010).
Agricultural development policies however emphasize increasing dry
season ‘boro rice production to replace fallows, despite emerging evidence
that farmers may prefer pulses and maize (Chapter 2 in this thesis).
Identifying farmers’ preferences among competing suites of available crop
options including maize, rice, wheat and pulses as a replacement for dry
season land fallowing is therefore important towards developing context-
appropriate SI pathways for coastal Bangladesh.
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Figure 4.1. A typical landscape scene from coastal farming systems of south-central
Bangladesh during dry “rabi” season, where the fields remain fallow without any crops.
Photo credit: Sreejith Aravindakshan.

Accounting for farmers’ preferences and desires is however rarely
systematically considered in policy design, though it is likely to be pre-
requisite for success (Dolinska, 2017). Because the conversion of fallow
to cropped land requires farmers to invest time, money, and inputs. So
understanding the ways in which farmers decide upon among baskets of
alternative crop options — and what drives these decisions — is crucial for
appropriate and sustainable agricultural policy and development
investments. To address this crucial research gap, we studied farm
households in coastal Bangladesh to understand farmers’ preferences
for cropping intensification options (irrigated dry season maize, wheat,
or rice compared to mungbean) against the predominant counterfactual
of dry “rabr” season land fallowing in south-central coastal region of the
country.

Farmers’ preference of alternate farming options can be studied by
quantitative ranking procedures (Soltanmohammadi et al., 2010) or
qualitative focus groups (Mekoya et al., 2008). However, they are of
limited use for the identification of the relative weight of factors
influencing farmers’ decision processes. Nor are they well suited for
identifying trade-offs (Kuehne et al., 2017). Alternatively, farmers’ crop
choices can also be analysed using Likert scales or multiple-choice surveys.
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Both can yield somewhat biased results as multiple attributes of each
option are seldom presented, leading farmers to highly rate the expected
benefits of alternative crops while underestimating costs or risks (Hanley
et al., 2001). ‘Serious board’ and role-playing games that can simulate
stakeholder decisions on intensification options are also increasingly
popular (Ditzler et al., 2018). Nonetheless, gaming approaches are time
consuming and often suffer from low sample sizes, limiting their
generalisability (Barreteau et al., 2003; Rajabu, 2007).

A potentially more robust ex-ante alternative is choice experimentation
(CE), where farmers choose between multiple crops described by both
positive and negative attributes. For example, CEs can allow farmers to
hypothetically compare lower yielding crop with lower resource
requirements against more productive options with higher resource
requirements, as well as to the status quo. Instead of solely choosing the
most profitable choice, farmers are expected to weigh options and consider
investment costs and risks alongside potential benefits, ultimately choosing
attribute bundles that maximise their (perceived) utility. Farmers are
however not homogenous, and decision making patterns are likely to
vary as a function of environment, and level of risk aversion (Singh et al.,
2016). As an ex-ante method to explore farmers’ investment decisions,
CEs provide information on farmers’ decision-making based on their
perceived utility and costs (see sections 4.3.1 and 4.3.2 for more details
on utility concept). CEs have become an increasingly important approach
to study preferences and behaviour regarding the potential adoption of
SI practices (cf. Ortega et al., 2016; Oyinbo et al., 2019).

In the current study, a choice experiment was employed to explore the
heterogeneity in farmers’ preferences for different dry “rabs’ season
intensification options (‘boro’ rice, maize, wheat and mungbean) against
the status quo (dry season land fallowing after harvest of the monsoon
season rice crop).

By taking two contrasting study locations of coastal Bangladesh, i.e., agro-
environments within and outside the polder systems, we aimed to (1)
quantify farmers’ preferences of options for fallow land replacement with
alternative irrigated and non-irrigated crops during the dry season, (2)
analyse whether farmers’ preferences are conditioned by investment
requirements on input use (with emphasis on irrigation and fertiliser)
and/or expected net revenues, and (3) investigate how the heterogeneity
in preferences can be attributed to farmer and/or farm characteristics,
institutional, and biophysical factors. Finally, (4) this paper quantifies
farmers’ willingness to invest in different intensification options.
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Figure 4.2. Case study area showing districts within and outside polder embankments
where choice experiment was carried out.

4.2. Case study background

Bangladesh’s south central coast is largely encompassed by the Barisal
administrative division, which has an area of 13,644.85 km? (Figure 4.2),
and a population of 8,326,000 people (MOA and FAO, 2013). It is
comprised of six coastal districts, including Barisal, Barguna, and
Patuakhali. Eighty-five percent of the population is rural and dependent
on agriculture for their livelihood (Lazar et al., 2015). The climate is humid
sub-tropical with an annual rainfall ranging from 1,955 to 2,100 mm
(BBS, 2013). Soils are medium to high textured si/ty clay loams that
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support the cultivation of a wide range of crops including cereals,
vegetables and pulses (Chapter 2 of this thesis). Nonetheless, as part of
the Ganges-Brahmaputra floodplain delta, riparian areas can suffer from
bank erosion. The area is criss-crossed with tidal canals that can be used
as an irrigation source (Krupnik et al., 2017), though accretion of
sediments in canals and tidal flooding can impede canal water flow in
the dry season, or result in flooding of fields in the monsoon, respectively
(Chapter 2 in this thesis). The region is also vulnerable to extreme weather.
For example, two mega-cyclones: Sidr and Aila—occurred in the region
in 2007 and 2009, respectively, resulting in a large number of casualties,
losses to agriculture, livestock and infrastructure (Chapter 2 in this thesis).

Although the region has potential for irrigation (Krupnik et al., 2017),
cropping remains largely rainfed. Farmers tend to grow rice during the
monsoon “aman” season (June-August). A lack of well-maintained
irrigation infrastructure and irrigation pumps pose challenges to farming
during the cool, dry winter (November to April) “rabs” season. In south-
central coastal zones alone, approximately 1.7 million farming households
fallow their land after the monsoon, contributing to food insecurity and
subsistence below the poverty line (Krupnik et al., 2017).

The Government of Bangladesh has requested international donors USD
7 billion for the development of coastal region, out of which USD 500
million is intended to encourage double cropping, with emphasis on the
development of canal water resources for irrigation in south-central
Bangladesh (MOA and FAO, 2013). The impetus for such a policy is
justified as a means to alleviate pressure on groundwater irrigation in
the dry season in intensive dry season rice producing areas in the north
that has resulted in declining groundwater tables, high pumping costs,
and high energy subsidies to sustain productivity (Qureshi et al., 2015).
This approach is perhaps narrowly focused on dry season ‘boro’ rice
production, with far less attention to other cereals (e.g., maize and wheat)
and legumes (e.g., mungbean) that may be of interest to farmers. Crop
intensification and diversification could help spread production risk;
alternatives to energy intensive irrigated bororice cultivation may also be
desirable from the standpoint of crop profitability and adaptation to
climate change (USDA, 2016).

This coastal region is also vulnerable to sea level rise and seasonal soil
and water salinity (Krupnik et al., 2017). A series of hydrological
embankments known as polders, consisting of dykes and sluice gate
controls were constructed by the Bangladeshi government in 1960s. One
hundred twenty three polder structures are there now covering an area
of about 13 million ha. These areas include 6,000 km of intra-polder
channels, 2,500 water control structures, and 5,000 km of embankments
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(World Bank, 1990). These systems have however deteriorated over time.
Damage from cyclones and poor maintenance of dykes and water flow
structures have rendered polders dysfunctional and agriculture less
productive.

These circumstances have resulted in the evolution of farming systems
that are distinct within and outside polders (Chapter 2 of this thesis).
Such diversity is likely to condition farmers’ decision making process,
thereby affecting their willingness to invest in intensified or double
cropping through use of irrigation. We therefore account for the
differences polder and non-polder areas of coastal zones of south central
Bangladesh, by considering them as distinct socioecological systems in
our analysis.

Our study area comprises of districts within and outside the polders (Fig.
4.2). Crop production follows two main seasons: the monsoon ‘ kharif”’
(mid-March to mid-November) and rabi (mid-November to mid-March)
seasons. kharif season sowing coincides with the onset of monsoon. The
season is further divided into kharif-1 (mid-March to mid-July) during
which ‘aus’ rice is grown, and kharif-2 (mid-July to mid-November) when
‘amar rice is grown. Farmers commonly grow aman rice using monsoon
precipitation and tidal flooding, creating adequate conditions for paddy
production. In the dry ‘rabi’ season, rains are scanty, although the
availability of surface water in rivers and canals creates opportunities for
crop production as an alternative to the common practice of land fallowing
(Krupnik et al., 2017). Expanded use of irrigation is however complicated
by social conditions that result in differential access to water, tidal flows
that create periods of excess or water scarcity, and late rabi season water
and soil salinity close to the coast.
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Figure 4.3. Conceptual overview of choice experiment depicting the five stages from attribute
selection to modelling and estimation. Modified from Mizuyama (2013)
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4.3. Materials and methods

4.3.1. Methodological overview of choice experiment

Choice experiment (CE) is a socio-behavioural tool to assess people’s
preferences or decisions in hypothetical scenarios (i.e., in the absence of
observed data), for instance, before a new product is launched, a new
technology becomes available, or a new policy is implemented (Colen et
al., 2016). This ability of CE to provide preference information about
alternative options even before their dissemination and use is crucial in
agricultural development for sustainable intensification goals; not only
to identify the best among the alternatives, but also to avoid expensive
and ineffective solutions. We draw conceptually from utility-maximising
behaviour based on the theory of Lancaster (1966), which postulates that
decision makers (e.g., farmers) are not interested in goods (e.g., crops or
technology) per-se, but in the role of attributes or characteristics shared
by more than one good that give them utility. While making decisions on
agronomic management or in crop selection, farmers weigh among
various attributes of available options and choose the option with the
highest relative utility (McFadden, 1974). Preference heterogeneity among
individuals can hence be understood by estimating attribute utilities. The
overview of CE is provided in Fig. 4.3.

4.3.1.1. Selection of attributes and levels based on farmer participatory
field experiment

Discussions with agricultural experts from local NGOs and Bangladeshi
research institutes were carried out prior to the choice experiment to
identify the key attributes X, X ..., X, that farmers may consider when
choosing a crop for the rabiseason. A list of three attributes consisting of
fertiliser investment, irrigation investment and net revenues emerged as
crucial for decisions to intensify cropping. Therefore, these three attributes
were included in the choice experiment. Levels of these attributes however
have to be representative of the actual farming systems of the study area.
Farmers in south central Bangladesh have little prior knowledge on
managing crops other than rice. To familiarise farmers with the proposed
options and mitigate possible bias resulting from hypothetical attribute
levels and values in CE design, we carried out farmer participatory
agronomic trials (irrigated mungbean, wheat and maize) by involving
farmers in the input management and harvest operations in locations
within and outside the polder. An example of field experimental layout is
provided in the Supplementary Material (Figure SA 1). The details of
these trials are provided in Schulthess et al. (2019). Yields and economic
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data from these field experiments provided region-specific input data to
design a realistic CE. For boro or winter rice crop, irrigation and fertiliser
values were derived from existing farmers in the study villages. The
following scenarios were explored for which the yield and economic
benefits are compared for (1) bororice, (2) maize, and (3) wheat and (4)
mungbean. The attributes and their levels are reported in Table 4.1.

Table 4.1. Attributes and levels in the CE design for all crops

Attributes Description Level
Fertiliser Investment incurred for the buying and Low-level
investment application of nitrogen, phosphorus and

potash (NPK) fertilisers (in Bangladeshi Taka) High-level
Irrigation Investment incurred for the buying irrigation Low-level
investment service provision (in Bangladeshi Taka) High-level
Net returns Net returns obtained from growing a crop Lowreturns

(in Bangladeshi Taka) Medium

returns
High returns

Note: Levels of attributes are crop specific such that the “level of a particular attribute”
varies with both the amount and frequency of application. For instance, low level of irrigation
investment for boro rice and maize will not be the same because rice requires more
irrigation than maize. Same goes for the levels of the other two attributes: Fertiliser
investment and Net returns.

4.3.1.2. Choice experiment design

In the second stage, choice sets are constructed through experimental
design procedures by all possible combinations of bundling attributes
and their levels. A fully factorial design including the selected crops
potentially suitable as a second rabi season crop after aman rice (i.e.,
boro rice, maize, wheat and mungbean) alongside all possible
combinations of attributes and levels presented in Table 4.1 would
generate a large number of choice scenarios and several arbitrary
designs. D-efficient designs are used in choice experiments to identify
the optimum combination of choice sets while still being able to estimate
the main effects without losing any information (Scarpa et al., 2008).
Therefore, the goodness-of-fit of our experimental design was measured
relative to a hypothetical orthogonal (Benchmark) design to yield the D-
efficiency.!

2D-efficiency is a function of the geometric mean of the eigenvalues between a CE design in
question and a reference (benchmark) CE design. D-efficiency is given by | x ’X)'ll "7 where XX is
the Fisher information matrix of the parameters of an experimental design. Thedeterminant |
X IX)'Il is the product of the eigenvalues of (X’X)" . The p root of this determinant gives the D-

efficiency value.
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As it is impossible to accommodate all the possible combinations, subsets
with necessary variation over the attribute levels among alternative
cropping options are to be provided to respondent farmers. D-efficient
design generated subsets of the possible combinations that best identify
attribute preferences. A perfect D-efficient design will have a value of
100% when it is balanced and orthogonal.

Card-3 (all values in per bigha*) Outside polders
, | Fallow g
Attributes 3
[} R
Irrigation ! i X
Taka 700/- Taka 500/- Taka 700/- Taka 700/-
g M ~ LO_W ~ LO_W -] Hl_i
Fertiliser @ @ X
Taka 1100/- Taka 1500/- | Taka 1200/- Taka 475/-

High Medium Low [ . High
O S Q?A\

Net returns

) S :
Taka 2300/- | Taka 4800/- Taka 1000/- Taka 6250/-

Your choice

*1 bigha=0.13 ha

Figure 4.4. A sample choice card showing attributes and their levels corresponding to
each crop option presented to the respondent farmers. The status quo (reference land use)
option “fallow” has no attributes. Levels of attributes are crop specific such that the “level of
a particular attribute”varies with both the amount and frequency of application. For instance,

low level of irrigation investment for boro rice and maize will not be the same because rice
requires more irrigation than maize. Same goes for the levels of the other two attributes:

Fertiliser investment and Net returns.

Our experimental design consisted of an optimal fully fractional design
assuming zero priors consisting of a single block and 6 choice (sub) sets
of D-efficiency 87% was selected using Ngene software version 1.1.1. Each
set offered respondents a choice of 5 alternative scenarios including fallow
as a status quo option. Fallow was included as a status quo choice since
approximately 50% of farmers in the coastal zones of south-central
Bangladesh were fallowing their land during the study period in the rabr
season. Inclusion of fallow as the status quo alternative also avoids a
forced choice by giving the possibility to choose none of the crop
alternatives in the choice set, making the design consistent with theory of
demand. The selected crops, fallow situation, attributes and their levels

116



were represented using context-specific pictorial illustrations in separate
choice cards (Fig. 4.4). These illustrations were pre-tested and corrected
to mitigate any possible cognitive difficulties among sampled farmers prior
to the CE survey (See Figures SA 2 and SA 3 in the supplementary material
for the complete set of choice cards used in the study).

4.3.1.3. Sample selection and choice experiment implementation

A farm household level choice experiment survey was conducted in six
sub-districts of Barisal division in south-central Bangladesh, namely
Babuganj, Bakerganj and Banaripara (outside polder area) and
Patuakhali sadar, Amtali and Kalapara (within the polder area), during
March - April 2017 (Refer Table 4.2 for sample characteristics). The CE
sample in our study consists of 300 farmers, 150 farmers from within
and 150 from outside the polder embankment. These 300 CE respondents
were randomly selected from a larger sample of 502 HHs previously
surveyed in the year 2015, for a related study that characterised farm
HHs into different farm types (Chapter 2 of this thesis).

Table 4.2. Sample characteristics and summary statistics

Outside Within
Variables Unit/Description polders polders  p-value®
(n=150) (n=150)
Mean SD Mean SD
Landholding Agricultural land
(LH) owned by the farm 0.53 0.60 0.74 0.52 <0.001
household (ha)
Share of fallow Share of land fallowed to
land in rabi total cultivable land, during  23.09 30.48 13.08 29.23 0.81
season dry rabi season (%)
Education ofthe ~ Formal education
farmer (EDN) attained (years) 6.41 419 639 342 0-47
Age of the Age of the respondent
farmer (AGE) farmer (years) 49-49 1258 4541 1413 0-01
Household size Number of household
(HHS) members living and 611 248 520 1.69 <0.001
eating from the
household (numbers)
Respondents’ A composite risk attitude
risk attitude score developed based
(RAS) on Starkweather, 2012. 2.15 048 3.8 0.52 <0.001
See supplementary
material (Questions:
QN.SA1)
Annualhousehold ~ Annual household income
income (AI) from farm and non-farm  896.29 844.17 1072.11 799.57 <0.001

activities (USD)

Share of off-farm
income (SOI)

Share of Off-farm

income (%) 3715

32.30

28.86

26.60

0.03
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Farmers’ Categorical (3 = full,

involvement in 2 = partial and 1 = no) 2.61 0.50 1.47 0.73 <0.001

farming (IF)

Distance to farm  Distance is measured

input-output in kms 1.69 0.83 2.22 1.67 0.09

markets (DM)

Distance to the Distance is measured

main road from  in kms 0.46 0.85 0.95 1.24 <0.001

the main field (DR)

Distance to the Distance is measured

irrigation in kms 0.17 0.25 0.49 0.47 <0.001

sources (DIS)

Quality of the Categorical (3 = good,

main road near 2 = fair and 1 = poor) 1.87 0.83 1.95 0.84 0.41

farm (QR)

Last year crop Cropping decisions are

prices (CP) based on last year crop 0.57 0.50 0.80 0.40 <0.001
prices; (0 = no, 1 = yes)

Accessto

agricultural Dummy (0 = no, 1 = yes) 0.55 0.50 0.27 0.44 <0.001

credit (AC)

Accessto

agricultural Dummy (0 = no, 1 = yes) 0.51 0.50 0.71 0.46 <0.001

extension (AE)

Accessto

Irrigation water Dummy (0 = no, 1 = yes) 0.80 0.40 0.59 0.49 <0.001

management

institutions (AWT)

Provision of field

drainage (PFD) Dummy (0 = no, 1 = yes) 0.57 0.50 0.60 0.49 0.56

Tenure rights Categorical

(TR) (3 = full, 2 = partial 2.27 0.90 2.69 0.59 <0.001
and 1 = no)

Cyclonic Categorical

severity (CS) (3 = severe impact;
2 = moderate impact; 1.58 1.15 2.07 0.95 <0.001
1 = no impact)

Inundation Categorical

class (IC) (3 = high, 2 = medium 2.13 0.51 1.73 0.63 <0.001
and 1 = low)

Optimum field

conditions for Dummy (0 = no, 1 = yes) 2.68 048 2.86 0.35 <0.001

sowing (OFC)

Overall soil Categorical (3 = high,

fertility of the 2 = medium and 1 = low) 2.08 0.74 2.18 0.79 0.22

farm (SF)

Overall soil Categorical (3 = high,

salinity of the 2 = medium and 1 = low) na na 2.37 0.61 na

farm (SS)

Notes : *Mann-Whitney U fest between farmers outside and within polder embanked areas
respectively. 1 USD = 80.9 BDT as per the exchange rates during survey (April 2017).

‘na = not applicable.
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4.3.2. Empirical Application of the choice experiment

McFadden (1974) devised the econometric basis for Lancaster’s theory of
choice under the random utility framework. The random utility framework
forms the basis of CE in this study, which assumes that farmers derive
‘utility’ from crop selection for their fields. The utility of choosing
alternative crops is a latent variable that can be decomposed into the
observable (non-random) deterministic and unobservable (random)
components. The deterministic component of utility is usually measured
as a function of several predictor variables or through their interactions.
Using the utility-maximization framework, we modelled crop choice data
of sampled farmers from non-polder and polder areas separately. In the
first step, we modelled the effect of attributes and their levels on farmers’
preference for different crops as alternatives to land fallowing. In the
second step, we estimated farmers’ willingness to invest in crop
intensification options in terms of input use (fertiliser and irrigation). In
the third step, interactions between farmer-specific and external factors
and crop choices of farmers within and outside polder areas were analysed.
The external factors included market and infrastructure, institutions and
biophysical factors.

Step 1: Modelling crop choices for fallow intensification and attributes

Farmers’ preferences for and the effects of attribute levels on discrete
crop choices are analysed using mixed/random parameter logit model
(RPL) (McFadden, 1974). Following the random utility theory, the basic
multinomial logit (MNL) model takes the form:

U, =V, +¢, (1)

y

where "U;" is the utility derived by the farmer ";" from the alternative

choice " j". The deterministic part of Eq.1 "V " is defined as a function
of the attributes (Xj) of the various alternatives and (2) the farmer specific

characteristics (Zi) . Arandom element (Zi), represents the “error term”.

The deterministic part of the utility function that farmer ";" derives from

choice (bororice or maize or wheat or mungbean or fallow (status quo))
is re-written as follows:

Vl-j=C'i(a+zk7kzik+(1_Cj)+(zqﬂquq) (2)

where 'C,' is the binary variable which takes the value 1 when a farmer
'j' choose any of the cropping options (bororice (j =1) or maize (j =2)
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or wheat (j =3) or mungbean (j =4) and takes the value 0 when fallow

(status quo) (j=15) is selected. '' is the alternative-specific constant

(ASC) when fallow is opted that captures changes of utility from any
other crop specific feature not included among choice attributes. The

'Z, ' are the farmer 'f' characteristics, while 'X,

i, specifies the 'q'

attributes relative to crop choice scenario. 'y' and ' ' are the coefficients
to be estimated with respect to the model’s intercept and attributes
respectively. Given the probability that a farmer chooses alternative from
a set of choices, Eq. 2 can be estimated using the maximum likelihood
procedure (Train, 2003).

Due to advantages in terms of flexible model structure, the MNL is the
most frequently used model to estimate Equation (1). The MNL model
nonetheless derives a linear relationship between farmers’ utility and
attribute parameters alongside the estimation of an identically and

independently distributed (IID) error term '¢;' (Train, 2003). In

addition, we hypothesised heterogeneous preferences for farmer within
the study areas and between the study areas, which may not hold true
for MNL models. The RPL model, which is an improvement up on the
basic MNL model addresses the potential IID assumption violation while
accounting for preference heterogeneity across farmers. The standard
MNL model (Eq. 1) assumes a fixed vector, while the RPL model considers

'B' vector as a mixture of random coefficients ('£') and non-random

constants ('y'). The RPL model becomes :
Uij :Kj(ﬂ)+gy (3)

rewritten as: l//TWy_ +§TX!./. +é&; 4)

where ' X, ' is a set of explanatory variables with random parameters
and ', ' represents the explanatory variables with fixed non-random
parameters. By including the random coefficients, different crop choice
outcomes become correlated even though their error terms, '¢, ', are still

i
assumed to be independent and identically distributed.
Step 2: Willingness to invest on fallow intensification by farmers

Another essential measure revealed through the estimated preference
structure is the farmers’ willingness to invest in irrigation and fertiliser.
The willingness-to-invest (WTI) for each attribute is commonly computed
as the willingness-to-pay (WTP) estimate, which is the ratio between the
coefficient for each attribute and the price coefficient (Train and Weeks,
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2005). The marginal WTP for attribute 1is:

—_—

—_—
X

wip, = —==
B (5)

P

The standard approach in Eq.5, which is also referred to as a WTP in
preference space, is obtained from procedures based on RPL models (Train
and Weeks, 2005). The WTP space approach re-parameterizes the model
such that the parameters are the marginal WTP for each attribute rather
than the marginal utility. Train and Weeks (2005) extended the WTP
space approach by allowing random parameters in a RPL model. This
WTP space approach is appealing because it allows estimation of WTP
heterogeneity distribution directly (Scarpa et al., 2008). Previous studies
have shown that the WTP space models provide more reasonable WTP
values with distributions that have lower densities associated with extreme
values (Train and Weeks, 2005). In this study, the maximum simulated
likelihood estimation of an RPL model in the R package “gmn/’ (Sarrias
and Daziano, 2017) is applied to obtain the WTP space values.

Step 3: Crop choice and interaction of socio-economic, institutional,
market or biophysical conditions

The stated RPL model nonetheless cannot explain preference
heterogeneity from external variables of socio-economic, institutional,
market or biophysical conditions in which the farmers operate (Boxall
and Adamowicz, 2002; Speelman et al., 2015). For detailed description
of these independent variables and expansion of abbreviations, see Table
4.2. These sources of heterogeneity were captured by allowing interactions
of these variables with choice specific attributes and/or ASC in the utility
function. In order to avert potential multicollinearity issues, only one
external variable was allowed to interact with the three crop attributes
when modelling. As such, several models were run by employing RPL
and the interaction coefficients are presented in an abridged table, for
respondents within and outside polder areas.

Step 4:Simulation of crop production risk based on farmer preferences

In coastal farming systems, farmers encounter many production risks
due to unpredictable weather, cyclonic events or pests and diseases; where
the set of outcomes such as yield or returns are stochastic rather than
discrete. The spread of production risk can be mathematically represented
using a cumulative distribution function (CDF) and can be viewed visually.
We simulated the net returns from actual crop choice data separately for
boro rice, maize, wheat and mungbean obtained from the choice
experiment and analysed using CDF.
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4.4. Results and discussion

4.4.1. Respondents’ characteristics

Although the age of farmers differed significantly between polder and
non-polder areas, there was no significant difference in educational level
between farmers of the two areas (Table 4.2). The landholdings were on
average slightly larger within the polder areas (0.74 ha) compared to
those outside the polder areas (0.53 ha). The two groups also differed
significantly in share of fallow land. While the respondents within the
polder areas had 30% share for fallow land, those outside the polder had
23%. Other socio-economic variables such as household size, household
income, off-farm income, risk attitude and involvement in farming were
significantly different comparing respondents from these two areas.
Among the market variables, though the distance to the input-output
markets was not significantly different for the two groups, crop prices
received in the preceding year varied significantly within vs. outside
polders. Other infrastructure variables such as distance to and quality of
the main roads, and distance to the irrigation source were significantly
different.

4.4.2. Respondents’ preference for cropping intensification in
coastal farming systems

The majority (62%) of the respondents outside the polder areas selected
mungbean as their primary choice followed by maize (22%), boro rice
(8%), land fallowing (4%), and wheat (4%). Despite the aforementioned
differences between respondents in both study environments, it is quite
surprising to note that the preferences of samples within the polder area
were not remarkably different from their counterparts. Around 66% of
this group preferred to grow mungbean, while 22% selected maize,
followed by wheat (5%), and boro rice (4%). Preference for the crops
irrespectively of the profile (ASC) was only 3%, i.e., only 3% of the
respondent farmers outside polders opted fallow. The data obtained from
the Agriculture Statistical Yearbook (BBS, 2019) and the Department of
Agricultural Extension (DAE), Bangladesh for the period 2016-2020
justified our results on farmers’ preference towards mungbean (See Fig.
SA 4 for growth in area and production). During this period, there has
been a substantial increase in both the area (55%) and production (81%)
of mungbean in the Barisal division. Our CE survey coincided with the
harvesting of rabicrops including wheat sown in October-November 2016.
During this period, wheat blast incidence that severely affected wheat
grain yields was reported for the first time in Bangladesh (Mottaleb et
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al., 2018). The influence of wheat blast on crop choice however was not
explicitly included in our CE design because wheat blast was not an issue
during the CE design phase. Regardless of this, that the relative low
preference for wheat within the sample could be due to widespread
reporting of crop losses from wheat blast incidence from several parts of
the country, including our study area. The results of the CE are relative
to the reference land management system (Jaeck and Lifran, 2014).
Farmers’ preference for a particular crop (i.e., mungbean or maize against
boro rice or wheat) is relative to thestatus quo : fallow system.

We first tested different specifications viz. RPL versus MNL. Table 4.3
shows that the RPL models had low AIC, high log likelihood and high
McFadden R? values compared to the MNL models suggesting a better
fit. There is also significant difference between standard deviation estimates
between the RPL models for samples within and outside polders, which
are shown in thelower part of Table 4.3. The significance of these estimates
confirms the existence of heterogeneity in farmers’ preferences for the
different intensification attributes in the two study environments. Given
the observed differences between within and outside polder samples (Table
4.3), we also tested whether pooling of the two groups in one model
permits generalisation of our findings for the whole of the study area.
For this, we estimated separate models for the two sub-samples, which
are shown in the second and third columns of Table 4.3.

A. Sampled non-polder farms B. Sampled polder farms
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Figure 4.5. Simulation of production risk from crop choice data, based on attribute values
for actual crop choices. At conservative levels of production risk (6oth percentile), sampled
non-polder farmers could make a net profit of 450 USD ha™ and 650 USD ha™ for mungbean
and maize respectively. The net returns for sampled polder farmers at 60" percentile could
be 410 USD ha” and 500 USD ha™ for mungbean and maize respectively. Rice (boro) and
wheat on the other hand would fetch < 200 USD ha™ in polder and non-polder environments.
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The RPL model estimates the fixed non-random parameters and random
parameters. The estimates of non-random parameters are constants
similar to model intercepts for each cropping option while the random
parameter estimates are of interest since they provide the attribute utilities
corresponding to farmer preferences. In general for all crops, respondents
within polders tended to have significant negative preference for irrigation
investment attribute both in the MNL (P<0.001) and RPL (P<0.05)
estimates. Although also negative, the preference for irrigation was not
significant for respondents outside polders. However, when the
respondents both within and outside polders were pooled, this negative
preference was significant (P<0.05) in the RPL model but not in the
MNL model. For the pooled sample, coefficients of all the three attributes
are statistically significant in the RPL. Both the investments for irrigation
and fertiliser were negatively and significantly related to crop choice, while
net returns would increase preference for cropping systems intensification.
The salinity reducing effect of irrigation is particularly relevant for
locations such as Patuakhali and Barguna in southern Bangladesh. But
rain is not very reliable in quantity and distribution during rabi, and the
risk of cyclones is high. In these circumstances, farmers are unwilling to
invest in irrigation, fertiliser and other agricultural inputs because of the
risk of crop failure, rather they would go for low input high opportunity
crops such as mungbean. Irrigation generally improves fertiliser use
efficiency of crops. In addition, irrigation can also save crops from drought
and associated yield loss, but farmers may not be willing to invest for
irrigation in risky environments (Gebregziabher, 2009). Particularly,
investments in irrigation and fertilisers of farmers in southern Bangladesh
are lower than that under recommended crop management practices
(Schulthess et al., 2019).

4.4.3. Willingness to invest in double cropping and
alternatives to dry season fallows

Even though the respondents had negative preference for irrigation and
fertiliser while making crop choices, when it comes to increasing net
returns, both farmers within and outside polders had positive willingness
to invest in inputs in the case of boro rice, maize and mungbean, but not
for wheat (Table 4.4). Outside polders, the willingness to invest to
potentially increase net returns was higher than within polders. Risk taking
ability of farmers varies with the biophysical and socioeconomic
environment they operate (Ullah et al., 2016). Compared to farms outside
polders, the threat of tidal floods coupled with drainage congestion and
soil and water salinity is more inside the polders. Within polders the
WTI for boro rice is almost half of that within polders, which may be
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attributed to environmental riskiness within polders. In polders, salinity
alone reduces rice yield by 16% (Dasgupta et al., 2018). In addition,
transportation facilities and road network are very limited within polders,
which weakens the movement of labour and agricultural inputs, and in
turn increases input costs. So, farmers within the polder would be relatively
risk averse compared to those outside the polders. Vulnerability to salinity
and high input costs disincentivises polder farmers from producing labour
and input exhaustive crops such as rice.

Our WTTI results indicate that farmers within and outside polders may be
more willing to invest in inputs (irrigation and fertiliser) for mungbean
followed by maize and boro rice in that order. Farmers’ preference for
mungbean in the studied districts is apparent from the area expansion
of mungbean in the recent period. During the period from 2016 to 2020,
mungbean area doubled from 0.14 Mha to 0.22 Mha with an average
annual growth rate of 12% in the study area (authors’ calculation based
on BBS 2010-2019 and DAE data). Although not significant, a negative
value of WTI is estimated for wheat both within and outside polders
meaning that it is less preferred by farmers over the status quo(fallowing).
It also indicates wheat as a secondary crop grown in the dry season that
is likely to be feasible only with external intervention, e.g., through
governmental subsidy programs. Despite wheat’s potential suitability from
an agronomic standpoint for the region (Krupnik et al., 2015a), even
after pooling the data, the sign and significance of WTI estimate for wheat
remains unchanged implying that the farmers in general appear not to
be willing to invest in wheat. Therefore farmers need to have a reduction
in input costs to compensate a shift from fallowing their fields to wheat
cropping. These results should however be considered cautiously given
that CEs were conducted the year following wheat blast outbreak and as
such, this could affect farmers; lack of enthusiasm for wheat. Since 2016,
Bangladesh has however only seen limited incidence of blast. Farmers’
preference for a particular crop also depends on the quantity of labour
and the potential for mechanisation, as using mechanised systems requires
less labour but needs access and availability of agricultural equipment
services (e.g. hiring operators for land preparation). Agricultural
mechanisation is not well-developed in the study area but the possibility
of mechanisation for different crops and its influence on farmer
preference should be explored in the future.
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Table 4.4. Respondent farmers’ willingness to
invest in fallow intensification

Crops Outside Within polder Pooled sample
(n=150) (n=150) (n=300)
WTI Monetary WTI Monetary WTI Monetary

estimates equivalent estimates equivalent estimates equivalent
for1 USD of WTIin for 1 USD of WTIlin for1 USD of WTIin
return from BDT for return BDT for return BDT for
the selected 1 USD from the 1 USD from the 1 USD
crop (80.9 BDT) selected (80.9 BDT) selected (80.9 BDT)

return Crop return Crop return

Rice (boro) 0.563%** 45.53 0.335% 27.13 0.181 14.61
(0.200) (0.164) (0.802)

Maize 0.632%** 51.13 0.417%%* 33.74 0.367* 20.65
(0.238) (0.146) (0.180)

Wheat -0.469 -37.96 -0.461 -37.31 -0.467 -37.82
(0.351) (0.301) (0.343)

Mungbean 0.665*** 53.79 0.573%** 46.35 0.582%** 47.06
(0.109) (0.166) (0.194)

Notes: *, ** and *** indicate significance at the 10%, 5%, and 1% levels. Values in parentheses
indicate the standard error. Simulation based on 10000 halton draws. 1 USD=80.9 BDT as per

the exchange rates during survey (April 2017).

4.4.4 Influence of socioeconomic factors on crop choice
attributes

We accounted for observed heterogeneity of crop preferences across farm
households by the estimation of several models where socio-economic
characteristics interacted with crop attributes (Part A of Table 4.5). Our
results suggest that young farmers (<35 years) living outside polders had
significant and positive interaction (< 0.05) towards investing in fertiliser
inputs as well as receiving a higher net return. Age however had no
significant interaction for their counterparts within polders (Table 4.5).
Both within and outside polders, risk averseness of respondents were
associated with a significant and negative preference for fertiliser inputs
(P<o0.001) and net returns (P<0.05). Risk neutral behaviour of
respondents in both the areas however had positive and significant
preference for net returns (£P<0.001). Our results appear to complement
the neoclassical model of decision-making, where an unconstrained, risk-
neutral farmer who maximizes profits would choose to grow only the
crop with highest profit potential per unit of land (Smale et al., 2001).
While within polders risk neutrality had significant and positive
interaction with fertiliser investment (P < 0.001), the interaction of risk-
neutral behaviour with fertiliser investment was not significant for
respondents outside polders though the sign was positive. In the polders,
risk seeking behaviour interacted with fertiliser investment to have a
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positive and significant effect (P<0.01). Although the interaction of
fertiliser investment with risk seeking behaviour within polders was
insignificant, risk seeking had a positive and significant interaction with
both irrigation investment and net returns (£<0.01). An increase in
household income in general had interacted positively with irrigation and
fertiliser investments for respondents both within and outside polders,
though these effects were significant only within the polder sample
(P<0.05). Nonetheless, outside polders, an increase in household income
showed positive and significant interaction with net returns (£<0.001).
Interaction effect of off-farm income with fertiliser investment is negative
and significant for respondents outside the polders when their share of
off-farm income to total income is less than 50%. Nonetheless, when it
comes to the interaction of off-farm income with the net returns of
respondents outside the polders, the effect was negative and significant
for only those having share of off-farm income to total income below
50%. Conversely, the interaction effect of fertiliser investment with off-
farm income when its share is above 50% was positive and significant for
respondents outside the polders while this interaction was significant and
negative for respondents within polders.

4.4.5. Influence of institutions, infrastructure, markets and
biophysical factors on crop choice attributes

Generally, among the institutional factors, increasing tenure rights and
credit access tended to increase farmers’ preference for intensification
and double cropping. Outside polders, increasing both credit access and
tenure security appears to drive respondent farmers’ preferences for
fertiliser and irrigation investments and higher net returns (Part B in
Table 4.5). Within polders, while tenure tends to a have significant and
positive influence on interest in dry season irrigation, the influence of
credit and tenure on the remaining attributes were positive but
insignificant. Secure land tenure rights are positively associated with
cropping intensity, i.e., the number of crops grown on the same field
within one year (Chapter 2 of this thesis).

In focus groups, sharecroppers reported aversion to investment in land
management or irrigation in the absence of secure land rights. We believe
that tenure insecurity could also reduce farmers’ interest in improving
soil quality over time as farmers discount future investments. At current
rates, the cost of securing tenure rights through land registration is roughly
10% of total land value (cf. Chapter 2 of this thesis). This is prohibitive to
small and marginal farmers in the coastal region, which provides evidence
on the need for land tenure policy reforms and improvements in informal
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land sharing arrangements as pre-requisite for land use intensification.
In addition, from a welfare perspective, it is likely to be important for the
government to increase farmers’ access to institutions involved in
agricultural finance (Chapter 3 of this thesis) and water use rights
(Speelman et al., 2010), since this appears to be linked to farmers’
increased WTT for irrigation and fertiliser.

Field drainage tended to be an important variable driving fertiliser
investment since both within and outside polders, the interaction of
drainage with fertiliser was found positive and significant. Within field
drainage is important given the low-lying nature of many fields in the
study area, and consequent waterlogging risks. Unlike the respondents
outside polders, for respondents within polders, the interaction of
drainage with net returns was positive and significant. This implies that
within polders, respondents’ preference for crops that fetch higher net
returns are positively correlated with the perception that improved
drainage is needed. Drainage systems are however complex and will require
careful coordination to permit land preparation so a diversity of
subsequent winter season crops can be grown (Krupnik et al., 2017).
Participatory water management by the community including cleaning
of irrigation canals and provision of in-field drainage may be explored
under the ongoing Employment Generation Programme for the Poorest
(EGPP) (Mannan et al., 2018). The interaction between the distance of
fields from canals that can be tapped for surface water irrigation and
WTT for irrigation for respondents both within and outside polders was
negative and significant. This clearly implies a negative preference for
irrigation investments with increasing canal distance from the farm.

In comparison to other parts of the country, coastal Bangladesh has a
relatively lower density of input and output markets and have relatively
poor road infrastructure (MAO and FAO, 2013). Farmers both within
and outside polders therefore have a locational hindrance to the purchase
of inputs and sales of crops for distant markets. Increasing distance to
markets from the farm had a significantly negative interaction on fertiliser
investment. Remoteness not only reduces farmers’ market access, but can
also influence their land use decisions (Tur-Cardona et al., 2018;
Aravindakshan et al., 2018). Improved quality of roads was found to
positively and significantly influence respondents’ fertiliser investment
both within and outside the polders. Among the other variables related
to markets, increase of prices for any crop was positively associated to
respondents’ preferences for growing that crop in the coming season. As
evident in our estimates, market prices observed in the last year prior to
survey had a positive and significant influence on crop preferences, except
for wheat outside the polders.
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Another qualitative variable considered was ‘Inundation class”. This
variable was based on the classifications described by Brammer (2013) as
the average perceived depth of field flooding during the monsoon season.
This variable is further described in Krupnik et al. (2017) and Emran et
al. (2019), is widely used by farmers to describe their land types. The level
of inundation during the monsoon is important in determining the variety
of rice that can be grown, and the speed at which floodwaters vacate
following the summer monsoon to permit cropping in the early winter
season (Krupnik et al., 2017). The official land inundation classification
system is complex, with five main classes. For simplification, we asked
farmers to report if their fields on average belonged to “low” (>180 cm
average water depth), “medium” (30-180 ¢m water depth) or “high” (o-
30 cm water depth) during the monsoon season. Our results indicated
that lower inundation depths corresponding to higher ‘micro-elevation’
fields) were associated positively and significantly with farmers’ preference
for fertiliser investments in the dry season both within and outside polders
(Table 4.5).

Importantly, past cyclone severity tends to affect the crop input investment
preferences of farmers both within and outside polders, with strongly
negative effects observed. Our results show a negative and significant
interaction influence of cyclone severity on preference for fertiliser
investments. There have been considerable crop losses associated with
previous extreme weather events in coastal Bangladesh. Opportunities
for climate services that increase farmers’ ability to anticipate and cope
with extreme climatic events may also be beneficial in reducing risk (Akter
etal., 2016). Cyclones and extreme weather are widely cited as risk-bearing
factors that can limit rural developments efforts in coastal South Asia
(Akter et al., 2016); options for farm insurance can also be explored to
hedge risks.

4.4.6. Production risks and farmers risk attitude in crop
choices

Cumulative probability distribution graphs (Fig. 4.5) based on attribute
values for actual crop choices of farmers show the risk spread for different
crops. At conservative levels of production risk (60" percentile), sampled
farmers outside polders could make a net profit of 450USD ha and 650
USD ha for mungbean and maize respectively. The net returns for
sampled polder farmers at the 60™ percentile could be 410 USD ha*and
500 USD ha™ for mungbean and maize respectively. Our analysis shows
a wider risk spread for net returns from maize, which ranged from 250-
1,000 USD ha™ outside of polders, and 100-1,000 USD ha within polders
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(Fig. 4.5). This indicates that maize is perceived as a more risky crop
within than outside polders, which is perhaps linked to the relatively high
investment costs for maize (Schulthess et al., 2019). Growing boro rice
and wheat, on the other hand, is clearly perceived by farmers as less
profitable in both study areas, fetching < 200 USD ha™.

4.5. Conclusion and implications

This paper considered the range of complex socioecological challenges
that undermine increased land use intensity in South Asia’s coastal deltas,
through a case study in south central Bangladesh. Governmental policy
has supported efforts to encourage increased land use intensity through
double cropping and the replacement of winter ‘rabs season land fallowing
with surface water irrigated and intensified crop management practices,
with strong emphasis on irrigated rice. Policies however tend to be made
without adequate study of farmers’ preferences and ambitions; this can
render crop intensification efforts ineffective. In response, we employed
a choice experiment to investigate farmers’ preferences for crops
potentially suitable for replacing dry season land fallowing, in addition
to the nature of attributes and most important socio-economic forces
driving farmers’ preferences.

The choice experiment revealed strong farmer preferences for crops with
less irrigation demand (less irrigated mungbean and irrigated maize),
against crops requiring high irrigation (‘boro’ rice or wheat). Our results
indicated that farmers in south-central Bangladesh, irrespective of their
farm’s location within or outside coastal embankment systems, showed
negative preference towards irrigation and fertiliser investments while
selecting a crop for intensification, hence their stronger relative preference
for mungbean than maize, ‘boro’ or wheat. Furthermore, respondent
farmers also showed positive preference for crops fetching higher potential
net returns. These findings may explain the low adoption rates of surface
water irrigation investments in coastal Bangladesh over the last several
years, despite policy investments and extensive extension efforts.

Our results also indicate that farmers within and outside polders may be
more willing to invest in mungbean followed by maize and boro in that
order. Bangladeshi government’s policy suggests initiatives to increase
boro rice production in place of land fallows, which however conflicts
with the farmers’ preference for mungbean in the winter season. Low
paddy prices and relatively higher labour costs provide disincentive
against boro, in addition to high irrigation costs (Chapter 2 of this thesis).
Respondents’ negative willingness to invest in wheat both within and
outside polders indicated its low preference over the status quo choice
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(fallow). Significant supportive measures, likely in the form of subsidies,
will be required to encourage wheat production. The fact that the majority
of farmers both within and outside polder areas have a preference for
mungbean followed by maize points to the need for extension to educate
farmers on crop management for both crops, alongside potential credit
support for purchase of inputs and to offset irrigation costs. Based on
the models on variable interactions, our study also indicated a strong
link between field drainage and the existence of optimum sowing
conditions on crop preferences. The severity of previous cyclones in our
study area also appears to negatively influence respondents’ willingness
to invest in inputs, most notably fertiliser. Given the vulnerability of
farmers in the study areas to extreme weather events, developing
production risk mitigation for these crops vza well-designed insurance
programs and tailored climate information services is highly relevant.
This study also revealed that there are significant differences among farm
household level factors that drive preferences for different crops and
intensified management practices, including age, distance to markets
proximity and quality of roads, and level of access to agricultural extension
and credit. These results have important policy implications on the efforts
to encourage double cropping and sustainable intensification. Our study
clearly indicates that agronomic interventions alone are not perceived to
be sufficient; rather, comprehensive and integrated development
programs are required to assist in improving within field water
management, asphalted roads, context-specific extension and educational
programs, alongside access to finance for coastal farmers, particularly
those interested in maize. Lastly, our study documented a strong
preference for mungbean to replace dry season land fallowing; as such,
the development of improved mungbean varieties and appropriate
management practices appear to be important priorities.
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practice for any given crop, FP refers to farmer practice.
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Questions to develop composite risk attitude score —QN.SA1

Compared to other farmers, your friends, relatives, how would you rate
your willingness to undertake risky investments? (Please circle the
appropriate number)

Risk y Risk
hating A g loving

0 1 2 3 4 5 6 7 8 9 10

Indicate how much you disagree or agree with each of the following
statements by circulating the appropriate number.

Statements Strongly ¢ ) Strongly
disagree agree

I like taking financial risks 1 2 3 4 5

I am willing to take financial risk for higher returns 1 2 3 4 5

I aim to achieve high long-term returns on
my investments even if that means taking
significant financial risks in the short-run 1 2 3 4 5

I relate the word ‘risk’ with the idea of

‘trying new crops/technology. 1 2 3 4 5
People who know me would describe me as

an adventurous person loving to take risk 1 2 3 4 5
I try avoid investment risks 1 2 3 4 5
I prefer to receive a guaranteed return even ifitis low 1 2 3 4 5

It is unlikely that I invest in a farm
technology that has a chance of failing 1 2 3 4 5

When making investment decisions I attach
equal weight to maximising long-term
returns and minimising financial risks 1 2 3 4 5

I prefer to receive a guaranteed low return on my
investments rather than an uncertain high return 1 2 3 4 5
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Chapter 5

Scenarios, trade-offs and pathways
of sustainable intensification of
farm types in coastal Bangladesh:
A multi-objective optimisation
method

Chapter to be published as:

Aravindakshan, S., Krupnik, T.J., Tittonell, P. and Groot, J.C. Scenarios, trade-offs and
pathways of sustainable intensification of farm types in coastal Bangladesh: A multi-objective
optimisation method
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ABSTRACT

Farming systems of coastal Bangladesh need to accomplish multiple
objectives of agriculture sustainability including increasing productivity
and profits while reducing negative environmental impacts. Alternative
pathways that integrate maize (Zea mays) and mungbean ( Vigna radiata)
to replace the current fallows in the rabi season (November to April) may
help achieve sustainable intensification goals in the region. Farmers expect
additional benefits of income and biomass addition to soil by adding maize
and mungbean in the crop rotation. But heterogeneity among different
farm types may require alternative strategies of input and crop
management. We employed the multi-objective Pareto-based optimisation
model FarmDESIGN to explore the alternative desired futures for different
farm types. Redesigning current cropping patterns gave all farms
possibilities to reduce greenhouse gas (GHG) emissions, increase organic
matter, improving profits, labour balances and households’ self-reliance,
and decrease nitrogen losses. The redesigned farms outperformed their
current cropping pattern for all farm types, although trade-offs existed
with respect to profits and GHG emissions, especially for marginal farms
with rice-aquaculture systems (MRAO), outside the polders, and small
farms with rice-pulse systems (SRAQO) within polders. In terms of the
multiple welfare and environmental objectives, bringing mungbean into
the crop rotation is not as beneficial as maize under intensified
management. Nonetheless, mungbean under intensified management
tend to be more beneficial than both boro rice cultivation and land
fallowing for all farm types.
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5.1.Introduction

By the year 2050, the global population is expected to grow to more than
10 billion, which will push the worldwide demand for agricultural
products (R60s et al., 2017). The food demand is also expected to increase
by 56% compared to 2010 (Ranganathan et al., 2018). Nonetheless, there
is widespread concern about the future of global food security because
the business-as-usual agricultural practices will not be able to meet these
growing food and agricultural needs (FAO, 2017). And also continuing
with the business-as-usual farming approaches and the indiscriminate
use of agricultural resources while expanding cropping into ecologically
fragile zones will destroy the earth’s balance beyond safe working spaces.
Reducing the environmental impact of agriculture and other productive
sectors on natural resources is paramount in maintaining the ecosystem
services and productivity of agricultural systems (Power, 2010; Krupnik
et al., 2017). Globally, increasing emphasis has been placed on sustainable
agriculture and food security. Of the 17 Sustainable Development Goals
(SDGs) that the United Nations aims to achieve by 2030, the second
objective is sustainable agricultural intensification to achieve food security
and better nutrition while ending global hunger (UN, 2015; Gil et al.,
2019). In addition, the potential to achieve various other SDGs is strongly
dependent on sustainable development in agricultural systems. Alternative
farm/crop intensification practices surrounding the principles of
sustainable intensification are widely discussed and debated (Struik and
Kuyper, 2017).

In South Asia, agriculture is dominated by small and marginal production
systems (Cohn et al., 2017). So, to address the problem of hunger and
malnutrition in countries of South Asia, the productivity of the agricultural
sector, especially that of the small and marginal farms, needs to be
improved. Dissemination and adoption of modern agricultural
technologies should go hand-in-hand with the interests of farmers. There
is no universal technology that can adapt to all biophysical or socio-
economic environments. Farmers who are exposed to the socio-ecological-
economic conditions of a particular area would be among the best judges
of crop suitability and technology feasibility for that area. Farmers usually
prefer crops and technologies that are affordable, profitable, and easily
adaptable to their local agro-ecologies (Chapter 5 of this thesis). Most
farmers also avoid crops with high climatic, production, logistics, or
market risks. In southern Bangladesh, farmers in the coastal area face a
wide variety of risks from social, economic, and environmental problems.
Agriculture production in coastal Bangladesh is particularly vulnerable
to tidal floods, cyclonic and monsoon storm surge, poor drainage and
waterlogging, and oceanic saline water intrusion (Chapter 2 of this thesis).
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To protect the coastal lands from flood and saline water intrusion, several
engineering structures called ‘Polders’ surrounded by embankments
meant to control water levels, connected with canals and managed with
sluice controls were constructed in the 1960s under the Coastal
Embankment Project (World Bank, 1990). But these poorly planned
structures caused operational problems and suffered vandalism and
damage. The construction of polders and sluice gates have changed
agricultural water management within and outside the polder embanked
areas during the cool, dry winter “rabi” season (November to April) that
follows “kharif” (from mid-March to mid-November).

Farming systems both ‘within’ and ‘outside’ the polders experience rising
farming costs, labour shortages, and biophysical limitations. During the
dry cool winter season from November to April (rabi season), farmers in
the coastal areas in Bangladesh also suffer from high risks posed by
environmental problems including cyclone and tidal flooding. In
November, at the start of the rabr crop season, the farmers encounter
excessive soil moisture which is detrimental to seed sowing and proper
germination. But as the rabr season advances, farmers cultivating crops
face severe water scarcity for irrigation. Water dynamics and availability
in the coastal areas have spatial-temporal variability. At a given point of
time during the same crop season, water insufficiency and waterlogging
are experienced within the same geographies depending upon the land
elevation or proximity to the coasts. To avert the risk of water stress during
the rabi season, farmers tend to rotate rice grown in the kharif with
fallow (e.g., rice (aman)-fallow) or grow low input pulses (e.g., rice
(aman)-lathyrus).

In response to various global changes including climate change, price
volatility, and changing needs of the consumers, farmers within the coastal
areas need to adapt their agriculture by introducing new crops, cropping
patterns, and crop management practices. Understanding how farmers
in coastal Bangladesh adapt to external drivers and make farming
decisions can help guide agricultural policies in these risk-prone farming
systems. Recent studies have shown that farmers’ interest in cropping
intensification and knowledge of their farming systems can be explored
through choice experimentation and mental modelling (Chapter 3, and
4 of this thesis). For example, farmers in coastal areas of Bangladesh,
belonging to different farm types have expressed interest in cultivating
non-traditional crops instead of boro rice (i.e., rice grown in the rabi
season) to intensify their farming systems during the rabiseason (Chapter
4 of this thesis). They prefer to cultivate maize (Zea mays) or mungbean
(Vigna radiata), perhaps because they expect higher profits from it and
because of the relatively low cost. Although farmers in coastal areas prefer
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non-paddy crops due to their lower water demand and their ability to
achieve higher yields, most of the farmers in the study area are unfamiliar
with non-rice crops, especially maize. There are also growing concerns
about environmental impact of non-conventional crops and practices to
the ecosystems (e.g., mangroves) and marine and freshwater biodiversity,
alongside farmers’ vulnerabilities and exposure to production risks.
Therefore, the question is whether the impact on natural resources such
as soil and water can be minimised in the future to ensure sustainable
farming and food security.

Although the benefits from agriculture as the source of livelihood and
food security for coastal dwellers are numerous, trade-offs involving
environmental issues from crop management are multifaceted. They vary
in time and space between different environmental goods and services
and different development goals. An understanding of the wider impacts
and gravity of the trade-offs are required, for instance, which trade-offs
are acceptable and which can be minimised to the extent to which farmers’
production and welfare objectives are synergistic to environmental
conservation goals. Farmers’ choice of crops for intensive cultivation in
fallow lands may also have several objectives, for instance, food security,
increase in net income, reduction of labour use, improving resource
utilisation, and GHG mitigation. The importance of these multiple goals
may vary depending on the type of farm and the agro-environment. The
results from Chapter 4 indicated that most of the sample (>80%) outside
and within the polder areas preferred to replace fallows with either
mungbean or maize. However, farmers and extension officers in coastal
Bangladesh are expected to require support with land allocation and
resource optimisation when considering several of these objectives.

Considering the above, and by taking farming systems in coastal
Bangladesh, this chapter builds on earlier works under the same research
project: (1) Chapter 2, which describes the drivers of farm trajectories
and farm types in these two diverse environments (i.e., outside and within
polders); and (2) Chapter 3, which studied the cognitive constraints and
opportunities of farmers in these two environments for sustainable
intensification; and (3) Chapter 4 that identified farmers’ crop preferences
for sustainable intensification in these two environments. Although the
above studies may have provided insights into the past practices and
present conditions of coastal farmers and future crop preferences and
their drivers, it is not clear how the optimal pathways of different farming
practices in these farming systems will lead to a “desired” future. We
consider the welfare (e.g., profit/income) and environmental (e.g., GHG
emissions) impact of these farmers’ intensification preferences. Common
single-objective optimisation models do not consider the trade-offs and
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synergies between economic efficiency and environmental efficiency.
Therefore, a multi-objective model that considers: (1) the environmental
and income-generating performance of crops selected at the discretion
of the farmer and (2) the spatial diversity in terms of biophysical
characteristics and resource endowments to make adoption decisions is
required. In light of this motivation, we considered multiple objectives to
optimise the farms. For this, we used the FarmDESIGN model in which
different competitive (optimal) solutions (depending on different objective
functions) are considered to determine the trade-off space. This model
provides an opportunity to analyse trade-offs between targets and identify
effective solutions.

Previous studies have also stressed the diversity of practices and farm
types within and outside the polder embankments in coastal areas, which
calls into question the usefulness of standard and ‘blanket’ development
approaches (Goswami et al., 2014). Therefore, in this study, four aspects
were considered for farming systems within and outside the polder areas
of coastal Bangladesh. Firstly, what would be the change in income and
environmental impacts if the studied farms adopt those crops that are
preferred by the majority of farmers in the study area? Secondly, we
explored possible cropping intensification scenarios of fallow land in the
rabi season by simulating farmer preferred crops and management
practices. Thirdly, we analysed the trade-offs between multiple objectives
of welfare and environmental quality by taking different farm types within
and outside the polders. Finally, the results of scenario analyses and trade-
offs in respect of various farm types within and outside polders are
compared and discussed.

5.2. Methodology

5.2.1. Study area

The study area comprises the south central coastal zone in the Barisal
administrative division of Bangladesh. Three districts in the coastal zones
of South-central Bangladesh namely Barisal, Patuakhali and Barguna
were selected for this study (Fig. 5.1).

Among the selected study districts, Patuakhali and Barguna are located
within the polders and Barisal is located outside the polders. All areas
within those districts inside the polders are connected by a system of
embankments, dykes, and inlet-outlet sluice gates, separating the land
from both the sea and the main river basin. Although the land inside the
polders is slightly below sea level, polders protect the holdings from tidal
flooding, salt intrusion and silting thus enable cultivation within them.
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Over the years, polders have become dysfunctional at many places due to
a lack of periodic maintenance or vandalism. Farmers inside the polders
have started experiencing both water scarcity during the rabi season as
well as post-monsoon drainage problems. In addition, issues with the
control and maintenance of sluice gates impede efficient irrigation. At
the same time, farmers in the north and outside of the polders face water
management issues from tidal surges and flash floods. During the
monsoons, floods affect farmers both inside and outside the polders.
According to the International Panel on Climate Change (IPCC), more
than 30-35 million people from Bangladesh’s coastal districts will lose
their livelihoods and may be displaced to other parts of the country as
refugees if sea levels rise by just 30 to 45 cm (Iftekhar, 2006; World Bank,
2011; Dastagir, 2015; GCF, 2019). Sea-level rise can result in saltwater
intrusion and increased soil and water salinity. The combined effects of
salinity, increased rainfall, flooding, intermittent drought and loss of
arable land are expected to negatively impact agriculture in coastal areas.
Climate change and environmental risks may reduce rice production in
coastal Bangladesh by around 4.0% annually (Yu et al., 2010). Meanwhile,
rising temperatures in coastal areas are thought to be adversely affecting
wheat cultivation and the recent incidences of fall armyworm infestation
in maize are believed to be associated with climatic variability (UNFCC,
2020). Out of 2.85 million hectares of coastal and coastal areas, 1.2 million
hectares of arable land is already badly affected by various adverse
biophysical factors (e.g., salinity, erosion and flooding) (Yu et al., 2010).
For these reasons alone, there are approximately 20 million farm
households inside and outside the polders, who tend to fallow their
croplands during the rabi season. In the absence of appropriate policies
for irrigation management options that address the interests and
preferences of farmers, the situation can lead to food insecurity in coastal
areas (Krupnik et al., 2017). Setting aside these issues, the potential for
cropping systems intensification of coastal farming systems in South-
central Bangladesh has been widely reported (Krupnik et al., 2017). The
Government of Bangladesh (GoB) has formulated a comprehensive
development plan - the Bangladesh Delta Plan (BDP 2100) of USD 37
billion, focusing on economic growth, environmental conservation, and
enhanced climate resilience (Roome, 2021). The project envisions Climate
Smart Agriculture and Water Management Project intended at
rehabilitating water control infrastructures, drainage and irrigation. Part
of the plan is the development of surface water irrigation resources to
transition farmers from monsoon season rice followed by the dry rabi
season land fallowing to intensified double cropping in coastal
Bangladesh. These goals align roughly with the SI objectives, which
encourage multiple cropping within the same field within a single calendar
year (Krupnik et al., 2017). 153



90°0'E

|
24°0'N == Legend = 24°0N
. Polder areas
. Non-polder areas
O Reference farm in the polder area
. Reference farm in the non-polder area
2200!N — - 2200IN
|
90°0'E

Figure 5.1. Study area showing representative farms
selected for whole-farm analysis and optimisation.

154



5.2.2. Farm types and on-farm data and secondary data
collection

Chapter 2 describes the farm typologies in these agro-environments by
analysing over 500 sample farms of farming systems located inside and
outside the polders. In this study, three farm types each, structurally and
functionally distinct, were identified inside and outside the polders. From
among the farm types identified, three farms each representing the farm
types from inside and outside the polders (i.e., a total of six farms) were
subjected to in-depth observation and on-farm data collection during
March 2016 - March 2018. The land type and soil texture data were
collected from the Upazila Land and Soil Resources Utilization Guide of
the Soils Resources Development Institute (SRDI). The secondary data
of these parameters were verified at the field level through physical
observations as well as consultations with the local experts and officials
of the Department of Agriculture Extension (DAE) during the field visit.
Land use information and farming systems maps were prepared by
engaging farmers through a participatory mapping and resource
appraisal approach (Fig. SP1 in the supplementary materials). Data on
agricultural and environmental resources, which included existing
cropping patterns, crop variety, crop calendar, crop yield, crop damage,
and agricultural inputs used were collected from both secondary and
primary sources. For select data collected in this study refer to Table SP1
in the Supplementary Materials. Agriculture data were collected through
extensive field surveys with the help of questionnaires and consultations
with local people and concerned agricultural officials. Agricultural
resources data were also collected from secondary sources including
Agricultural Statistics of Bangladesh for years 2016 and 2017, which has
district-wise crop rotation and management information.

5.2.3. Farmer preferred alternative intensification scenarios

Chapter 4 of this thesis notes that farmers in these study areas preferred
to grow maize and mungbean as crops potential for intensifying their
farming systems which would otherwise have been left fallow. Farmers
may get a good price by cultivating these crops of their choice. At the
same time, there is no clarity or study on how these crops will perform if
evaluated by environmental and social criteria. Therefore, we used the
bio-economic whole-farm model FarmDESIGN (Ditzler et al., 2019; Groot
etal., 2012a) to determine the production, environmental, socio-economic
and fundamental performance of these six farms, which differ structurally
and functionally in maize and mungbean selected by farmers. An overview
of the cropping patterns used in the original farm configurations and
the farmer-preferred alternative cropping patterns that were included in
the multi-objective optimisation are presented in Table 5.1.
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Table 5.1. Cropping patterns in the original farm, configurations
(yellow) and farmer preferred alternative cropping patterns
used in multi-objective optimisation (green).

Cropping patterns Outside polders Within polders
MRAO | MRPAO | SRPAS | MRPAO | SRAO SRPAS

rice (aman)-mungbean (P)

rice (aman)-fallow (P) NA NA

rice (aman)-rice (boro) (P) NA NA NA NA NA
rice (aman)-vegetables (P) NA NA NA NA NA
rice (aman)-sunflower (P) NA NA NA NA NA
rice (aman)-lathyrus (P) NA NA NA NA NA
rice (aman)-maize (I)

rice (aman)-maize (P) NA NA
rice (aman)-mungbean (I) NA NA

Notes: (1) P=Farmer practice; I=Intensified production. NA = not applicable.(2) MRAO=
Marginal farms with rice—aquaculture systems and off-farm income; MRPAO= Marginal
farms with rice—pulse—aquaculture systems and off-farm income; SRPAS= Small sharecropping
farms with rice—pulse—aquaculture systems; SRAO= Small farms with rice—aquaculture systems
and off-farm income.

5.2.4. Evaluation of farms’ performance and alternative
intensification pathways

5.2.4.1. Pareto-efficiency evaluation

The decision to promote sustainable intensification (SI) policies involves
multiple objectives, especially concerning the selection of alternative crops,
yield increase and reducing environmental impact (Pretty and Bharucha,
2014; Paul et al., 2020; Balaine et al., 2020). As opposed to single objective
optimisation problems, in multi-objective optimisation problems such as
SI, there is no single optimal solution, but rather a set of alternative
solutions or pathways (Timler et al., 2020).

In farming systems with multiple objectives as in the case of coastal farming
systems of Bangladesh, the objectives are often in conflict with one
another. To evaluate alternative crop intensification pathways the
efficiency of current and alternative configurations can be calculated and
compared. The efficiencies can be calculated with respect to the Pareto-
frontier, where one objective function value must be “traded off” for
another. In this study, the approach determines the Pareto-optimal
solution set or an efficient frontier for studied farm types, which is a set
of points in the objective function space that is often referred to as a
trade-off curve (Toorop et al., 2020a). Given the set and number of
parameters (decision variables), constraints and multiple objectives, the
efficient frontier is defined as the locus of maximum gains possible for a
farm (Alvarez-Vazquez et al., 2010; Groot et al., 2012a). Based on the
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original status of the farm, Pareto-improvements can be brought in where
some of the newly configured farms will gain while some other configured
farms will lose in terms of objectives. Using the bio-economic whole-farm
model FarmDESIGN (Groot et al., 2012a; Ditzler et al., 2019), the Pareto-
frontier or Pareto-optimal set can be parameterised by Pareto-efficient
allocation of input resources. Let ‘A "be the set of optimal points admissible
and let B be the set of criteria/objectives.

Then the Pareto-optimal solution of a problem ( Q) ism = (m,,...,m ) e M .
If m is the Pareto-optimal solution, the objective vector
€ M =(B,(m),...,B,(m)) e R" is the Pareto-optimal. The set of Pareto-
optimal solutions is called a Pareto-optimal set and the set of Pareto-
optimal objective vectors is called a Pareto-optimal frontier.

Consider a farm with a production function f:X — R”, such that Xis

a compact set of feasible decisions in the metric space p» . If the preferred

directions of objectives and their values are known, then the Pareto-
frontier can be written as:

P(Y)={y'eY:{y"eY:y>y',y'¢y"}:¢}, (1)
where ¥ is a feasible set of objective vectors in 2, such that
Y= {y eR?:y—f(x),xe X} Here y"cR2is point in the Euclidian

metric space, which dominates another point y" c Rp2y'c g2, indicated

as y">y'inEq. 1.
2.4.2. Multi-objective optimisation and trade-offs

We used FarmDESIGN to explore the productive, environmental and
socio-economic baseline performance of the six selected farms, 3 each
from within and outside polder embanked areas. FarmDESIGN is a static
model that quantifies farm performance in terms of annual resource flows
and balances. FarmDESIGN is built to run the Pareto-based Multi-
Objective Differential Evolution (P-MODE) (Deb et al., 2002; Storn and
Price, 1997; Toorop et al., 2020b), to explore options to improve
performance of the baseline of the six selected farms for the seven
objectives and to determine the interrelations among these farm objectives
(see Supplementary Materials, Tables SP2 and SP3). The relationships
between the above objectives are represented by the extent and structure
of the outcome solution space, where synergies are observed when the
objectives change in desirable directions and trade-offs when in opposite
directions (Groot et al., 2010). The P-MODE algorithm generates a set of
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alternative farm configurations (solutions) that is iteratively improved
using Pareto-based ranking (Groot and Rossing, 2011; Groot et al., 2012a).
Solutions were sorted according to Pareto ranking and distance from the
Pareto-efficiency frontier (i.e., Euclidian directional distance function).

A multi-objective virtual farm design problem can be generally stated as
follows.

Minimise or Maximise B (x),B (x),....B (x)
subject to g(x)<0,h=0 (2)

In Eq. 2 while the vector x=(x,x,,..,x,) represents 'n' decision variables
are the decision variables that represent the farm-specific adjustable

parameters, to define alternative farm configurations; B, (x),B,(x),... B (x)

represents objective functions. The other vectors g(x) and #i(x)are,
respectively, the inequality and equality constraints that the decision on

the'n variables x,,x,,....x, as a whole must fulfill to be feasible. The decision

variables can take on an array of values, x < S, where Sis the outcome or
parameter space. Constraints in Eq. 2 can arise from the problem
formulation, for instance by limitations on farm model results related to
a specific configuration of decision variables. The multiple objectives can
be symbolically represented by vector B, whereas its objective-value vector,

B(x), serves as the 'performance index' of solution x.

Based on the SI principles of increasing yield/profit and reducing the
environmental impact, the six objectives adopted in FarmDESIGN were
to:

*  Maximise the soil organic matter balance to improve the soil quality.

* Maximise farm operating profit to improve the farm economic
performance contributing to farmer livelihoods.

*  Minimise the GHG emissions to mitigate effects on global warming.

*  Minimise soil losses of nitrogen to reduce the impact on water quality.

*  Maximise the labour balance to allow off-farm income generating
activities.

*+ Maximise feed self-reliance to reduce dependence on external
resources.

The optimisation generated 1000 solutions after 1000 rounds of iterative
improvement with the Differential Evolution algorithm (Storn and Price,
1997) using parameters for cross-over probability CR=0.85 and amplitude
F=o0.15.
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For each solution the respective distance to the original configuration
was calculated using the formula of double-scaled Euclidean distance by
Barrett (2005). In addition to normalising the variables' values, this
formula also rescales the Euclidian distances in a 0-1 range:

D (3)

k=1

md K= (maximumk—minim um, )2 (4)

Where D, is the distance of the set of indicators of farm p, = (e/ b,
...p,) from the set of indicators of the ideal point g, = (ql, q, --q), md, is
the maximum discrepancy for the indicator 4 (Equation 2), and n is the
number of indicators. The Euclidian distance was calculated for decision
variables (D,) and objectives (D). To find optimal change pathways,
minimising D,, was included as a seventh objective in the optimisation.
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Figure 5.2. Hulls surrounding solution spaces resulting from multi-objective optimisation
with seven objectives for various farms representing farm types within and outside the
polders. The symbols indicate the performance of the original farm configurations.
"Euclidian"shows the Euclidian distance for changes in decision variables needed to realise
the change in objectives; it was used as an additional objective that was minimised.

159



5.3. Results

The original configurations of the farms are presented in Table 5.2
(outside polders) and Table 5.3 (within polders). The cropping patterns
aman rice - fallow and aman rice - mungbean occurred most frequently
in the original farms. Bothaman rice - maize andaman rice - mungbean
with intensified production were included in optimised farm
configurations that maximised profit, except for the small farms (SRAO
and SRPAS) within polders (Tables 5.2 and 5.3). This optimisation
resulted in up to fourfold increases in profit but would require more labour

(thus reduced the labour balance), while impacts on other objectives were
variable.
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Figure 5.3. Relationship between objectives to Maximise organic matter balance (a., d.),
to Minimise GHG emissions (b., e.) and to Maximise operating profit (c., ) versus the
required change in the farm configuration as reflected in the Euclidian distance of the
decision variables compared to the original configuration for farms representing different
farm types within and outside polders. Pareto-frontiers are indicated.

Fig. 5.2 shows the performance of the six farms (original configurations)
in terms of the selected objectives and their solution spaces resulting from
multi-objective optimisation. Among all the farm types, within and outside
the polders, the exploration yielded the largest room for improvement in
the case of MRPAO farm outside the polders and SRAO farm within the
polder.
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The solution spaces showed a synergy for reductions in GHG emissions
and N losses (Fig. 5.2f), but also various trade-offs between objectives:
higher profit would be associated with lower labour balance (Fig. 5.2q)
and lower self-reliance (except for MRPAO outside polders; Fig. 5.2h),
while higher organic matter balance would result from larger feed imports
and would therefore also lead to higher N losses (Fig. 5.2n) and lower
self-reliance (Fig. 5.20). Therefore, it would be hard for farms to improve
all objectives simultaneously.

Fig. 5.3 shows the Pareto-frontiers that indicate the best attainable
performance for objectives to Maximise organic matter balance, Minimise
GHG emissions and Maximise profit at a given level of change in farm
configuration. The configurations on the Pareto-frontiers represented less
than 5% of the set of solutions generated in the multi-objective
optimisation. Maximum values of operating profit could be reached with
less changes (lower Euclidian distance; Figures 5.3c¢ and 5.3f), while
reaching maximum organic matter balance would require the largest
adjustments in the farm configuration (Figures 5.3a and 5.3d).

A set of Pareto-optimal solutions that Maximise the Euclidian distance
of objectives (DO) and Minimise the Euclidian distance of decision
variables (DV) was extracted (see Fig. SP 1 in Supplementary Material).
Fig. 5.4 shows the changes in the distribution of cropping patterns in
consecutive farm configurations on the DO-DV Pareto-frontier. These
sequences with increasing degree of improvement in the farm
configurations relative to the original farm layout depict a potential
trajectory of change. Both within and outside the polders, the rice (aman)-
fallow area tends to decrease with increasing change along the trajectory.
The rice (aman)-maize (I) cropping pattern on the other hand was found
to increase along the trajectory for all farm types except MRPAO farms
both within and outside the polders (Figs 5.4b and 5.4d). The MRPAO
farms couldprioritize rice (aman)-mungbean (P) within polders (Fig.
5.4d) and a mixture of cropping patterns outside polders (Fig. 5.4b).

5.4. Discussion

The analysis of the solution spaces demonstrated the trade-offs that
farmers face. The degree of change in both farm configuration and farm
performance expressed in the Euclidian distances of decision variables
(D,) and objectives (D), respectively, allowed to assess the effort required
to improve farm performance and to identify the most efficient change
pathways for different farm types. In most farm types the intensified
cropping patterns integrating maize or mungbean could play an important
role, although the marginal farms could also benefit from a more
diversified portfolio (outside polders) or farmer-practiced rice-mungbean
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cultivation (within polders). The relative effort required to improve farm
profitability would be lower than for improving environmental
performance by reducing GHG emissions and increasing soil organic
matter balance.

In this study the decision variables and objectives were not weighed when
calculating the Euclidian distance. This implies that no distinction was
made between different types of changes to farm which may vary in
degree of difficulty (for D, ; it would probably be easier to adjust quantities
of imported resources than to adjust cropping areas) or between objectives
that would receive different importance for farmers (for D). Additional
ranking exercises with farmers and advisors could be conducted to
determine the appropriate weights that could be applied to adjust DV
and D, calculations.
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Figure 5.4. Gradual changes in the relative areas of cropping patterns of Pareto-frontier
solutions with increasing Euclidian distance compared to the original configuration for
farms representing different farm types within and outside polders.
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Input-output optimisation of farms based on efficiency analysis is a widely
applied methodology for policy formulation (Bravo-Ureta et al., 2017).
Frontier functions are often used to estimate the extent of inefficiency
and to rank a sample of farms in order of efficiency (e.g., Arshad et al.,
2018). Alternative input-output optimisation methods based on
multilateral total factor productivity (TFP), corrected ordinary least
squares (COLS), stochastic frontier analysis (SFA) and linear
programming based data envelopment analysis (DEA) are popular
(Settlage et al., 2000). The ability of statistical models for optimisation
based on interaction between human activities and biophysical processes
in the management of farming systems is often limited (Berre et al., 2013).
Whole-farm models can optimise the functioning or the management of
alternative production system, while integrating several socio-economic
and biophysical parameters and objectives (Jones et al., 2017).

We used a whole-farm Pareto-optimisation model (FarmDESIGN) to
simulate future pathways of intensification among different farm types
in coastal Bangladesh by incorporating multiple objectives of economic
and environmental performance. The multi-objective Pareto-optimisation
of different farm types were carried out based on farmer preferred
cropping patterns. A similar approach of Pareto-optimisation of farm
types using FarmDESIGN was carried out by Michalscheck et al. (2018).
They compared the results of alternative farm configurations with farmers'
perceptions. While Michalscheck et al. (2018) carried out a post modelling
comparison of their results with farmers' perception, we integrated
farmers' preferences for simulating alternative pathways in the model.
For this purpose, we used the results of Chapter 4 on farmers' crop
preferences for simulating the cropping pattern scenarios. In the models,
farmer preferred crops such as maize and mungbean were replaced with
fallow land in the kharif -rabi crop rotations.

Our results show that alternative configurations of farms by replacing
fallow land with either maize crop or mungbean improved performance
with respect to multiple objectives. Although farmers' crop preferences in
terms of inputs and outputs aligned with the optimisation results of
multiple objectives in our case, the results can vary across geographies
and farm types. Mandryk et al. (2014) note that the stated preferences of
Dutch farmers in objectives were often not fully reflected in their realised
farming practices. In most farm types, Euclidian distances from
simultaneous multiple objective optimisation (DO) had highest values
when fallows were replaced with intensified maize in the crop rotation,
except for MRPAO farms (both within and outside the polders). The
MRPAO farms outside the polders achieved highest value for DO when
the fallows were replaced with maize under farmers' crop management
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practices (Table 2). Within the polders, highest value for DO was achieved
when intensified mungbean replaced fallows (Table 3). Nonetheless, the
degree to which intensified crop management complemented the multiple
objectives differed across farm types. Toorop et al. (2020b) based on their
FarmDESIGN modelling of rice-wheat systems in India observed that
the performance of alternative pathways depends largely on farm type
and current farm features and performance, described by a farm typology.
Similar large differences in endowment and profits after Pareto-
optimisation were noted among farms in Ghana (Michalscheck et al.,
2018) and Mexico (Flores-Sanchez et al., 2014). Relative to the original
farm, the alternative farm configurations (pathways) offer opportunities
to improve farm performance in terms of the multiple economic-
environmental objectives. Our results indicated that several trade-offs
exist between different objectives of the modelled farms. These results
suggest specific nuances that need considering when examining trade-
offs and synergies at the farm-household (Ditzler et al., 2019).

Another major concern that undermines accomplishment of sustainable
intensification is the prevalence of nutrition insecurity (Pretty and
Bharucha, 2014). The coastal Bangladesh, including Barisal division
(study area) has a long history of household level under-nutrition.
Stunting among children and poor nutritional status of women are also
prevalent among coastal communities of Bangladesh (Van Soesbergen
et al., 2017). This study however did not address this problem, which
required household level nutrition data for model parameterisation.
Exploring solution spaces for nutrition sensitive agriculture (Timler et
al., 2020) would represent potential future research using farm-household
models. Another future option would be to gain farmers' and
policymakers' feedback on the results from the explorations carried out
in this study in order to mitigate any deviations from ground-reality and
expand this approach to similar geographies in South Asia.

5.5. Conclusion

Efforts to intensify South Asia's coastal farming systems have focused
attention on identifying potentially viable sustainable alternative to
traditional rice-fallow rotations and crop establishment. Most studies on
sustainable agriculture in coastal systems take place under researcher
management on agricultural experiment stations, with less clarity on the
outcomes of farmer decision-making under farmer management.
Therefore, using year-long on-farm biophysical, socioeconomic, and crop
management data of three crop seasons, this study systematically
investigated the efficiency, trade-offs and synergies of farmer preferred
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crop rotations in terms of multiple SI objectives (minimising negative
environmental impacts while maximising farm income) of farm types
within and outside polder embanked areas of coastal Bangladesh.

Trajectories of change were identified to improve farm performance
despite the existence of trade-offs: increasing profit would require more
labour and result in lower self-reliance for most farms, while higher
organic matter balance would be associated with higher N losses. The
results of economic-environmental exploration were largely in line with
farmers' preferences. The majority of farmers preferred less-irrigated
mungbean for replacing rabi fallows. Many other farmers also preferred
maize under intensified management. Our modelling study found that
cultivating intensified maize rather than mungbean reduced trade-offs
and maximised economic and environmental benefits across farm types.
Bringing mungbean into the crop rotation would not be as beneficial as
maize under intensified management, but mungbean under intensified
management is more beneficial than both boro rice cultivation and land
fallowing for all farm types. Our results underscore the importance of
redesigning the farmscape of coastal Bangladesh by considering the
respective farm types when sustainably intensifying cropping patterns
under suitable management.

167



BlEp AIRPUOIIS AVA 33 4 [ 1-IB9A 9 d1el 1SaI93U]
(1La9) eyel 1ysope[dueg - - - - Sse[D) Auaiin)
BlRp AIRPUOIDS 1S Soor Soo* Soo- % UOISOId U JUIU0D Y
elep AIBpu02ds IQIS Soo’ Soo’ Soo’ % UOISOId Ul JUSJU0d J
Blep AIBpU02dS IQIS Soo0’ Soo0’ Soo0’ % UOISOId UI JUSIU0D N
BlRp AIRPUOIDS 1Q4S Soo* Soo* Soo* % UOISOID UL JUSU0d NO
Blep AIBpU02dS 1AQdS So0* So0* Soo* ww papois [108
BlRp AIRPUOIIS ang cE-ve cE-ve cé-te IBdA Aep G-€ >4d yum poueg
BlRp AIRPUOIIS ang ot ‘ob ‘Gt 9'S ‘T'1v ‘broc 9GS ‘T'IV ‘g'g1 Do ainjeraduial ueay
BlRp AIRpPU0DdS 1aQ4s 6 6 o1 Teak ey 8y uonisodap wmissejod
elRp AI1RpU00dS 1S 80 1 1 Ieak ey 3y uonysodap snroydsoyd
Blep AIBpUO0ddS 1a4s 14 [ S Teak ey 8y uonisodep ueSonIN
Blep AIBPUOJIS 1aQ4s S S [ Teak ey 8y uonexijy N oNOIqUAS-UON
BlRp AIRPUOIDS 1Q¥S 3T (48 Gg'11 % JUUO0D ST
elep Arewinld Surdues 108 184 (430 L0 ey 8y 1U91UO0D WINISSBI0]
BlRp ArRwWLig Surdures 108 (0T ey 8y anfea md
Blep AIewLlg Surdures 110§ [ 9t ¥'9 - Hd [108
Blep AIBpU02dS 1aQ4sS L 8" c'1 - 1010B] 2IMX9],
elep AIRWLIJ Surdures 10§ oST1r 00zcT 00gT1 ¢ W 3y Ajsuap Yng
Blep ArewLlg Surdures [10g 10 10 10 w yadap [108
Blep AIBPUOJIS 1a@4s 4 1894 94 uonepeissp WO
elep Arewtig Surdures 110§ Slt cto'c €o'c % NO 2A1Y
Blep AI1Bpu02ds 1a4s pueT ySIH wnipajn weo] Aep) e SSe[o adA£j 1os
peqeItry isey mderny nedeyaqg
syTeway 90In0§ sage[[a Apnis nun I9jowered

[Ppow NOISHWIR Y] 91RI]I[ED 0] pasn sonfea 1ojduwreted 109[9S '1dS 9d[qel
(s 12adeyd)

AVI¥3LVIN AUVLININWITddNS

168



Table SP2. GHG emission factors used in the
FarmDESIGN model optimisation

Crop rotation/livestock Emission  Unit Source
Rice-Fallow 106.1 kg CH4 ha™ BIHS, 2015
Rice-Maize (Intensified) 154.5 kg CH, ha™ Haque et al., 2017
Rice-Maize (Farmer practice) 160.2 kg CH, ha" Haque et al., 2018
Rice-Mungbean (Intensified) 98.1 kg CH, ha* Haque et al., 2019
gzi;ﬁ?r;iﬁ?iie) 98.1 kg CH, ha" Haque et al., 2020
gziﬁgfgﬁietirce) 121.76 kg CH4 ha™ Vetter et al., 2017
Chicken (Emission rumen) o kg CH4 animal® year® Dasetal., 2020
Chicken (Emission manure) 0.02 kg CH4 animal® year® Dasetal., 2020
Duck (Emission rumen) o) kg CH4 animal® year® Dasetal., 2020
Duck (Emission manure) 0.02 kg CH4 animal® year® Dasetal., 2020
Fish (Emission rumen) o) kg CH4 animal® year® Dasetal., 2020
Fish (Emission manure) 0.004 kg CH4 animal® year® Dasetal., 2020
Dairy cow (Emission rumen) 58 kg CH, animal” year" Dasetal., 2020
Dairy cow (Emission manure) 5 kg CH, animal” year" Dasetal., 2020
N,0 Emission manure 0.02 kg N,Okg'N Dasetal., 2020
N, 0 Emission volatilisation 0.02 kg N,Okg'NH, -N Das et al., 2020
N, 0 Emission application 0.02 kg N,O kg™ Das et al., 2020
Crop residue emission factor 0.01 No unit Das et al., 2020
gicttroorgen fixation emission (o] No unit Das et al., 2020
Nirogen fixation emission 0o No unit Dasetal., 2020
factor
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Table SP3. Multiple objectives used for optimizing the
FarmDESIGN model

Objectives Unit Description Direction
Self-reliance Maximise (+)
GHG kg CO,eha'yrt GHG emissions of the farm are calculated =~ Minimise (-)
emissions in total carbon dioxide equivalents (CO2e)

per unit of area (ha), according to the
standard emission factors
(supplementary material Table SP2).

Nitrogen kghatyrt Nitrogen losses from farms include Minimise (-)
losses nitrates dissolved in surface runoff,

percolation (leachate), and lateral

subsurface flow; microbial

decomposition; organic nitrogen

attached to wind and waterborne

sediment; and ammonia and nitrogen

oxides lost to the atmosphere

Organic kgOMha'yr* The soil organic matter balance was Maximise (+)
matter calculated as the difference between
balance inputs of organic matter into the soil

(from crop roots and residues, green
manure, and farm-produced and
imported manures) and losses of organic
matter (by degradation of active soil
organic matter, degradation of added
manure, and soil erosion).

Operating USD ha™ yr* Operating profit was calculated as the Maximise (+)
profit difference between the revenue obtained

from crop and animal production and the

costs including imported manure,

fertilisers, pesticides, treatment costs for

livestock, feed costs and hired labour. All

the economic data were converted from

Bangaldeshi Taka (BDT) into USD using

an exchange rate of 1 USD = 81.20 BDT

as on March 2017.

Labour hoursha'yr*  Labour requirement related to crop Maximise (+)
balance cultivation was calculated by the labour

requirement per hectare of the crop and

animals (regular and casual Labour).

Euclidian In the solution space, Euclidian distance Minimise (-)
distance is the distance between the location (point)

of the original farm or the position/point

of any solution farm from the pareto-

efficient frontier. The Euclidian distances

are scaled in a range of 0 to 1

170



"

e

o = o
)

Splays a

Figure SP1. Farmer participatory map of SRAO farm type
from south-central Bangladesh

171



Chapter 6

Synthesis
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6.1. Introduction

The Southern coastal regions of Bangladesh are rich in water resources
and fertile land but remain underutilized for agriculture due to complex
socioecological issues surrounding agricultural water management.
Several factors including the threat of climate change, population density,
lack of market access, infrastructure deficit, and institutional barriers
increasingly pose challenges to farmers trying to meet rising demands of
food. Around 12 million people live in poverty and suffer from food
insecurity in Bangladesh’s coastal regions alone (World Bank, 2016).
Efforts to meet the future food security needs of the region will require
increasing yields and shifting production to crops other than staple rice.

Sustainable intensification (SI) is increasingly put forth as a necessary
development paradigm to enhance farm productivity, and to improve
environmental sustainability while being able to meet the food demands
of a growing population (Godfray et al., 2010). Several recent scientific
publications and government policies increasingly mention SI as a core
objective in rural development in developing countries. In coastal areas
of South Asia, the pragmatism surrounding the implementation and roles
of actors including farmers on how to ensure sustainable agricultural
intensification is opaque. The lack of conceptual and practical clarity
regarding the way to achieve SI has led to criticism, and in particular the
social aspects are under represented (Petersen and Snapp 2015; Tittonell,
2014a). More recent contributions (e.g., Pretty et al., 2018) stress the need
for explicit emphasis on a wider set of social inclusivity dimensions in SI.
Currently, the SI model tends to be primarily limited to an innovative
concept of increasing productivity and minimising the environmental
impact of agriculture. Instead, the SI paradigm should evolve from just
being a set of concepts to system-specific standard procedures that can
be practically implemented in diverse farming systems. It still requires
operationalisation and understanding in terms of farmers’ multiple
objectives and preferences and optimal pathways of agricultural
sustainability in many geographies (Mouratiadou et al., 2021; Marinus
et al., 2021) including coastal farming systems, as studied in this thesis.

Against this background, this thesis analysed farmers’ past land use,
practices, and future decision-making pathways and crop preferences to
inform the design of appropriate SI strategies in south-central
Bangladesh. It integrated statistical, behavioural and whole-farm multi-
objective optimisation methodologies to facilitate an understanding of
the means and roles of farmers in accomplishing SI in the coastal region.

In Chapter 2 of the thesis, I described the trajectories of change in coastal
farming systems of south-central Bangladesh by building farm typologies
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of two diverse environments (i.e., within and outside the polder
embankments). By using typologies build from longitudinal data, I
demonstrated the importance of accounting for social-ecological change
in farming systems for identifying their potential for intensification. To
accomplish the research objective in Chapter 2, I proposed a new
conceptual framework of change observed using the temporal view of
the potential drivers, change process and farm type outcomes. By
integrating multivariate analysis with panel data modelling, I have shown
how social, economic, biophysical and institutional data can be used for
a comprehensive driver-response reconstruction of the study area. I have
also shown the importance of accounting for both household-level factors
and institutional factors in addition to macro-level drivers (e.g. population
and cyclone intensity) in accomplishing cropping intensification in coastal
Bangladesh. Farmers belonging to heterogenous farm types can have
different perceptions regarding the constraints and opportunities for SI.
In Chapter 3, I explained the mental models of agricultural water
management interventions (drivers) and responses of SI indicators (food
security and income) in a cause-effect framework. By using fuzzy cognitive
mapping (FCM) and sensitivity analysis, I found a perceptual linkage
among different farm types, indicating the importance of increased access
to extension, credit, drainage and canal dredging as key concepts that
affect increased surface water use and cropping intensification. Through
FCM simulations, I showed that farm types both within and outside
polders tended to have a high potential for cropping systems
intensification using surface water irrigation water use. Nonetheless, in
this Chapter 3, I did not elucidate which specific crop species would be
both agronomically suitable and farmer acceptable in the central coast
of Bangladesh. Therefore, I explored farmer preferences for different
cropping options to intensify fallows in coastal farming systems of south-
central Bangladesh in Chapter 4. By employing choice experimentation
(CE), I found evidence for strong farmer preferences against rice and in
favour of irrigated maize, and also in favour of rainfed or partially irrigated
mungbean as an alternative to land fallowing. I also demonstrated that
farmers were willing to invest in agricultural intensification in locations
where it is feasible to provide in-field drainage to limit waterlogging risks.
Through the integration of farmer preferred crop choices (e.g., mungbean
(Vigna radiata) and maize (Zea mays) from Chapter 4 in the whole-farm
model: FarmDESIGN, I presented alternative optimal pathways for SI in
Chapter 5. I showed that in terms of multiple welfare and environmental
objectives for coastal farming systems in Bangladesh, bringing mungbean
into the crop rotation is not as beneficial as maize under intensified
management. The current chapter provides the synthesis of the
methodology and main findings of the Ph.D. research. I also discuss
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excerpts from relevant studies as and where required in each of the
sections.

6.2. The DEED approach

The different objectives of this research were addressed through the DEED
approach. The DEED approach is an iterative learning cycle incorporating
four steps namely Describe, Explain, Explore and Design (Giller et al.,
2008; Tittonell, 2008). I integrated the research objectives into the DEED
cycle by linking the results of each step to the next. An overview of the
DEED approach as applied in this thesis is provided in Fig. 6.1. In the
describe phase, I addressed the first research objective of describing the
historical trajectories of change in terms of farm typologies. The entire
activities and the findings of the describe phase are provided in Chapter
2. The second research objective was concerned with the explain phase
where I explained farmer mental models in terms of different farm types
that were identified from the describe phase. The potential for
intensification and interventions needed for different farm types from
the describe phase provided the basis for exploring farmers’ alternative
crop preferences in the exploration phase. While the activities and results
of the explain phase have been provided in Chapter 3, that from the
exploration phase is provided in Chapter 4. The explore phase is linked
to the design phase through the integration of farmers’ preferences in
the FarmDESIGN model. Inthe design phase, I re-designed optimal farms

based on multi-objective Pareto-optimisation in the FarmDESIGN. The
activities and findings of the design phase are given in Chapter 5.

DESCRIBE

Describing farming system
«+» Farm typology
+* Drivers of change

EXPLAIN
DESIGN
Re-Designing based on Explaining mental models
optimal SI pathways «» Perceptual modelling of farmers
¢+ Reconfiguring farms of of different farm types
different farm types «» Casual inference of drivers of S|
<+ FarmDESIGN model ++» Potential for intensification

EXPLORE

Explore farmer preferences for S|
«+ Crop choices preferred by farmers
** Willingness for investment in irrigation

Figure 6.1. Overview of the DEED approach as applied in this thesis showing linkages
between research outcomes in each phase.
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6.3. Main findings from the thesis

6.3.1. Patterns of agricultural change in coastal farming
systems of Bangladesh

The main findings narrated in this section emanated from my first research
objective of describing the historical trajectories of change in agricultural
land-use intensity in coastal farming systems of south-central Bangladesh.
I addressed my first research question by a series of research activities for
constructing farm typologies of coastal farming systems of the study area,
including the development of a conceptual framework on trajectories of
change, compilation of a panel dataset, and the application of statistical
methods. I outlined the various approaches to typology construction in
Chapter 2.

My use of the longitudinal dataset for analysing the evolution of farm
types, and the drivers of change provided an improved understanding of
trends in the cropping pattern change, input use, and farmers’ adaptive
responses to natural disasters (e.g., cyclones) and extreme weather events.
I have provided in detail the conceptualisation and idea of trajectories of
change in terms of farm types in Chapter 2. The findings are reported
and discussed at length in Chapter 2.

I showed that the once heterogeneous, rice-livestock farms are shifting
to more homogenous farms with less livestock, increasing aquaculture
and off-farm income generating activities, especially outside the polder
areas. Within polders, similar trends were particularly notable for small
farm types. Both within and outside polder areas, natural disasters and
cyclones appear to have contributed to the decline of livestock population
in coastal areas. These mixed rice-livestock-aquaculture farming in coastal
areas of Bangladesh illustrates the rapid change occurring in many of
the world’s coastal farming systems in response to various drivers.

I found that in 1995 agriculture accounted for only 65% of household
income for marginally sized farms outside the polders, while in 2015 this
share had declined to 36% (Fig.6.2 A). Over the past twenty years, marginal
farms outside the polders were found increasingly shifting to activities
that generate additional non-agricultural income. Medium-sized farms
outside the polders however vanished by 2015, as a result of their transition
into marginal and small farm types. I also found growth in remittances
and off-farm income generation alongside cash crop income within
polders.
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Farmers have also been shifting from subsistence aquaculture, coastal to
the production of commercial freshwater fish species (Hernandez et al.,
2018). Among farms in polders, trends are only notable for small farms,
as marginally sized were not existent in 1995, and medium sized farms
had disappeared by 2015 (Fig. 6.2 B). Growth in non-farm income (6%)
was however observed with increasing remittances and off-farm income
generation, in addition to income from cash crops (Fig.6.2 B). The
contribution of livestock to household income both within and outside
polders was found to decline over time (Fig. 6.2 B).

The farming systems were aman rice based in all the farm types in the
two study areas. Until about 2002, boro rice production (during the rabs
season) flourished inside and outside the polders but then declined
significantly due to increasing costs of inputs and labour. The area of
boro rice continued to decline from 2005 to 2010 inside and outside the
polders. Mismanagement after the implementation of the subsidised
fertiliser voucher system has been cited by farmers as one of the reasons
for this decline. Focus Group interviews indicate that the overall efficiency
of the fertiliser-distribution system has been adversely affected by the
influence of politically affiliated farmers who captured more vouchers
than they actually deserved. Differences in cropping patterns outside and
within polders were also evident until 2010. Farmers outside polders
favoured fallow-aman rice-lathyrus rotations compared to ausrice-aman
rice-mungbean within the polders. Nonetheless, I showed a clear shift
towards fallow-aman rice-mungbean sequences in both areas since 2015,
with a definite growth in mungbean cultivation.

6.3.2. Impact of multi-level socioecological drivers

I used multivariate statistics (principal component analysis) in
conjunction with panel regression models to achieve the second part of
the first research objective of identifying the socioecological drivers
affecting farming system trajectories. I argue that the variables with the
greatest contribution (factor loadings) in the principal components across
years have robust linkages to change trajectories among sampled farms.
Considering their contribution to the dynamics of farming systems by
differential loading in the principal axes, in this study, I treated them as
the ‘farm dynamicity inducing variables . I showed in Chapter 2 that the
farming system trajectories were found to be linked to these dynamicity
inducing variables, i.e., to (1) cropping intensity and (2) off-farm income,
and (3) landholding and livestock, the latter two in both outside and
within polders. The results showed the influence of socioecological drivers
at different hierarchical levels: -micro (e.g., household level), -meso (e.g.,
institutional level), and —macro (e.g., regional/global level) affect coastal
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farming systems, which play a crucial role in the livelihoods of coastal
dwellers. Micro-level factors including farm plot fragmentation, farmers’
experience in cropping, machinery, salinity and soil fertility were
influencing changes in farming systems. I found that while cropping
intensities both within and outside polders were reduced with increased
farm fragmentation, farmers responded to this and other environmental
stresses through off-farm income generation. Bangladeshi law stipulates
the sub-division of land to multiple heirs when after the loss of parents
(Lazar et al., 2015). Resolving land fragmentation issue — which could
increase total farm transactions costs — may be an important consideration
in policy supportive of crop intensification.

The inundation classes to which a farm belongs had a positive relationship
to cropping intensity: farms on highlands and medium-highlands tend
to grow more crops per year. On medium-lowlands and below, as well as
within polders with land subsidence, social (e.g., water users’ groups)
and technical (e.g., drainage canals) could help vacate monsoon
waterlogging after aman rice so that a diversity of subsequent crops can
be grown.

Meso-level factors including markets, road infrastructure, labour
availability, and access to extension and land tenure were also found to
affect the trajectory of farming systems change. In focus groups,
sharecroppers reported aversion to investment in land management or
irrigation in the absence of secure land rights. Tenure insecurity can also
reduce farmers’ interest in improving soil quality over time as farmers
discount future investments (Tenaw, 2009).

At current rates, the cost of securing tenure rights through land
registration is roughly 10% of total land value (Islam and Lee, 2016).
This is prohibitive to small and marginal farmers in the coastal region,
calling for tenure land reformation and improvements in informal land
sharing arrangements.

Among macro-level drivers, increasing population density positively and
significantly influenced cropping intensity among farms outside polder
systems. Within polders, a positive but non-significant trend was observed
for the influence of population density on cropping intensity. Boserupian
(Boserup,1965) and Neo-Boserupian, including Jayne et al. (2014),
Muyanga and Jayne (2014) and Ricker-Gilbert et al. (2014) point to
population pressure as the main driver of agrarian change. Rather, I
argue that a host of additional and equally important factors at multiple
levels of influence should be considered, including those associated with
climatic risks and tenure rights, which may also reduce cropping intensities.
I found inconsistent effects of population pressure, with statistically
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significant positive relation outside polders, and a non-significant positive
trend within them.

There have been considerable crop losses associated with previous extreme
climate events in coastal Bangladesh. The findings of this thesis indicate
the negative and much significant influence of cyclonic storms on cropping
intensity over time in both within and outside the polder areas.
Opportunities for climate services that increase farmers’ ability to
anticipate and cope with extreme climatic events may also be beneficial
in reducing risk. Cyclones and extreme weather are widely cited as risk-
bearing factors that can limit rural developments efforts in coastal South
Asia (Lazar et al., 2015); options for farm insurance can also be explored
to hedge risks.

In 2018, the Government of Bangladesh (GoB) has launched the
Bangladesh Delta Plan 2100 (BDP 2100), an investment project worth
USD 37 billion, in response to the shortcomings of the past coastal
development policies. Under this plan, priority will be given to water
resource management, climate change and addressing environmental
challenges. The plan is expected to play an important role in facilitating
the sustainable agricultural transformation of the coastal districts. The
results from this thesis underscore the importance of accounting for
multiple levels of socioecological drivers of change when developing
appropriate policy options for sustainable development in South Asia’s
coastal farming systems.

6.3.3. Impact of external interventions (drivers) on cropping
intensification

I addressed the second research objective by studying perceptual linkages
between water management interventions and intensification among
different farm types. The employed fuzzy cognitive mapping (FCM)
mental models captured farmers’ perception of farming system concepts
and relationships for each farm type. Farmers’ perceptions and their
contextual knowledge and perspectives of the functioning and
performance of their agroecosystems— in other words, their ‘mental
models’ formed the crux of Chapter 3.

I presented the impact of external interventions (drivers) on cropping
intensification and food security by decomposing the FCM variance into
first-order sensitivity index (SVI) and total sensitivity index (TSI), using
a winding stairs algorithm. Both within and outside polder areas, the
highest TSI was observed for effects of extension on changes in other
concepts in the map, particularly food security and income (SI indicators).
Outside polders, the concepts of drainage and micro-credit were also

180



influential; within polders, the availability of micro-credit appears to affect
farmer perceptions of SI indicators more than drainage. The importance
of agricultural finance and access to quality advice from extension services
in developing countries is widely acknowledged in the non-FCM literature
(e.g., Jayne et al., 2004; Vanlauwe et al., 2014), including in Bangladesh
(Aravindakshan et al., 2018). Within polders, farmers perceived that
extension, micro-credit, and drainage would reduce fallowed land area
and increase their capacity to irrigate. These drivers were also positively
related to the FCM concepts for food security and income in both the
study environments. Irrespective of farm type, an increase in canal
dredging, appeared to have stronger linkages with farmers’ perceived
capacity to irrigate, both within or outside polders. Discounting the
marginal farm types with off-farm income that are located outside polders,
each FCM for other farm types indicated a belief that their capacity to
irrigate during the dry rabr season would benefit most from extension
services, credit, and the ability to drain fields of excess moisture in order
to bring them conducive for sowing. The farm types within polders also
tended to perceive canal dredging as a key concept and action that would
increase their capacity to irrigate. This is in opposition to farm types outside
polders who perceived drainage to be more important as a prerequisite
for irrigation to support intensified cropping. Most farmers outside the
polders, irrespective of their farm types, indicated that they experience
stagnant water or excessive soil moisture at the end of the monsoon season
and the start of the subsequent rabi season, due to the low-lying fields
that prevail in much of the region. As such, field drainage is a likely
prerequisite for rabiseason cropping and the timely establishment of crops
such as maize, wheat, and mungbean. Similar results have been observed
in farmer-participatory agronomic studies in the south-western part of
coastal Bangladesh within polders (Yadav et al., 2020). Nonetheless, large
scale investment for canal dredging and irrigation infrastructure is beyond
the ability of the farmers in the area. Farmers’ access to surface water use
in coastal Bangladesh will require governments’ attention on improving
drainage and canal dredging. Our findings underscore the importance
of providing more emphasis to drainage and dredging as part of the
irrigation water management strategies in the newly formulated
Bangladesh Delta Plan (BDP 2100).

6.3.4. Farmer’s crop preferences for intensification

I addressed the third research objective by studying farmers’ preferences
for alternative crop options. I showed through the choice experimentation
that the sampled farmers both within and outside the polders are less
interested in cultivating staple boro rice during rabi season. The vast
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majority of farmers both within and outside the polder areas preferred to
cultivate mungbean and maize during the rabi season. Despite the
differences in soil and water salinity and water management that exist
between the two study environments, I found that the preferences for
mungbean within the polder area were not remarkably different from
those outside the polders. According to the 2013 master plan, the
government had initiated efforts to expand boro cultivation in coastal
areas during the rabi season. But the results show that coastal farmers’
preferences contrast the government’s policy of expanding boro in south-
central coastal zones. The recent data obtained from the Agriculture
Statistical Yearbook (BBS, 2010-2019) and the Department of Agricultural
Extension (DAE), Bangladesh for the period 2016—2020 were supportive
of my findings on farmers’ preference towards mungbean. During this
period, there has been a substantial increase in both the area (55%) and
production (81%) of mungbean in the Barisal division.

Respondent farmers both within and outside the polder areas had a largely
negative preference on irrigation and fertiliser use due to their high
investment costs and associated production risks in the dry season. Mostly,
investments in irrigation and fertilisers of farmers in coastal Bangladesh
are lower than that under recommended crop management practices
(Schulthess et al., 2019). Farmers both within and outside polders
exhibited strong positive preferences for higher net income, which is
consistent with other studies that reveal preferences for higher net income
yielding technologies (Ortega et al., 2016; Kassie et al., 2017). Although
irrigation can save crops from drought and associated yield loss, farmers
may not be willing to invest in irrigation in risky environments
(Gebregziabher et al., 2009). Farmers in coastal Bangladesh are unwilling
to invest in irrigation and fertilisers and other agricultural inputs, because
of the risk of crop failure from a variety of environmental risks including
cyclones, rather they would go for low input high opportunity crops such
as mungbean.

6.3.5. Willingness to invest in cropping intensification

Despite farmers having negative preferences for inputs while making crop
choices, when it comes to increasing net returns, both farmers within
and outside polders had a positive willingness to invest in fertiliser and
irrigation for select crops (i.e., boro rice, maize and mungbean). Outside
polders, the willingness to invest to potentially increase net returns was
higher than within polders. Outside the polders, the risk of salinity and
floods are relatively less compared to that within polders. Farmers outside
the polders appear to be less sensitive to risk and are more willing to
invest in an input-intensive cropping system with higher expected net
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returns. This is in line with the expectation that farmers will be more
responsive to technologies in environmentally better conditions, despite
the riskier outcomes of new technologies. (Foster and Rosenzweig, 2010).
The risk-taking ability of farmers varies with the biophysical and
socioeconomic environment they operate (Ullah et al., 2016). Compared
to farms outside polders, the threat of tidal floods coupled with drainage
congestion and soil and water salinity is more inside the polders. Within
polders the willingness-to-invest (WTTI for boro rice is almost half of that
within polders, which may be attributed to environmental riskiness within
polders. Although not significant, a negative value of WTI was estimated
for wheat both within and outside polders meaning that it was less
preferred by farmers over the status quo (fallowing). It also indicates
wheat as a secondary crop grown in the dry season that is likely to be
feasible only with external intervention, e.g., through governmental subsidy
programs. Nonetheless, a significant positive effect on their willingness
to intensify cropping was observed where farmers felt it feasible to provide
in-field drainage to limit waterlogging risks. Our research underscores
the importance of policies aimed at improving agronomic investments,
tenure security, market access, credit and extension support, which are
pre-requisites, alongside targeted diffusion of stress-tolerant mungbean
and maize varieties in coastal Bangladesh.

6.3.6. Re-design of farming systems for sustainable
intensification

To understand the sustainable intensification (SI) pathways in coastal
Bangladesh, I implemented a re-designing process, which integrated
farmers’ knowledge systems and crop preferences in the design of
alternative farming systems. In this study, three farm types each,
structurally and functionally distinct, were identified inside and outside
the polders. From among the farm types identified, three farms each
representing the farm types from inside and outside the polders (i.e., a
total of six farms) on-farm data was collected for all crop seasons for the
year 2016-2017. The inputs and outputs from sampled farm households’
crop and livestock management practices, results of participatory
agronomic trials with the farmers, and farmers’ preferred crop choices
with system attributes were used to build alternative farm intensification
scenarios. These alternative farm intensification scenarios were optimised
for 6 objectives as demanded by sampled farmers: Maximise operating
profit, soil organic matter (OM) balance and to Minimise soil nitrogen
(N) losses, Greenhouse gas (GHG) emissions and improve labour balance
and self-reliance. A computer-based model: FarmDESIGN (Groot et al.,
2012a), which is a multi-objective Pareto-based optimisation was used to
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simulate alternative intensification pathways based on the inputs
mentioned above. I evaluated (1) the effects of alternative intensification
choices preferred by farmers’ in an iterative manner to understand the
optimum allocation of land, water and fertiliser inputs, and (2) explore
trade-offs between alternatives, to re-design farming systems. Preliminary
quantitative trade-offs assessment provided insight on possible future
agricultural intensification pathways centred on foregoing the fallows by
including maize and mungbean in crop rotations (rice-maize and rice-
mungbean).

6.3.7. Trade-offs between multiple objectives of farm types

Within and outside the polders, the exploration yielded the largest room
for improvement in the case of marginal farms with rice-pulse-aquaculture
systems and off-farm activities present outside the polders and small farms
with rice-aquaculture systems and off-farm activities within the polders
The solution spaces showed a synergy for reductions in GHG emissions
and N losses, but also various trade-offs between objectives: higher profit
would be associated with lower labour balance and lower self-reliance
(except for marginal farms with rice pulse and aquaculture systems,
outside polders), while higher organic matter balance would result from
larger feed imports and would therefore also lead to higher N losses and
lower self-reliance. Therefore, it would be hard for farms to improve all
objectives simultaneously. A clear trade-off existed between labour balance
and soil nitrogen losses, self-reliance, and OM balance for small farms
with rice and aquaculture within the polders. Similarly, for marginal farms
with rice, pulse, aquaculture and off-farm activities, within the polders,
trade-offs between GHG emissions and other objectives such as labour
balance, OM balance increase, self-reliance, and N losses were observed.
Regardless of farm types, I found that the profit, soil organic matter
balance and nitrogen balance could improve after reallocation of current
cropping patterns for the studied farms.

6.3.8. Optimum pathways of change in cropping patterns

The analysis of the solution spaces demonstrated the trade-offs that
farmers in coastal Bangladesh face. The degree of change in both farm
configuration and farm performance expressed in the Euclidian distances
of decision variables (D,) and objectives (D), respectively, allowed us to
assess the effort required to improve farm performance and to identify
the most efficient change pathways for different farm types. In most farm
types the intensified cropping patterns integrating maize or mungbean
could play an important role, although the marginal farms could also
benefit from a more diversified portfolio (outside polders) or farmer-
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practiced rice-mungbean cultivation (within polders). The relative effort
required to improve farm profitability would be lower than for improving
environmental performance by reducing GHG emissions and increasing
soil organic matter balance.

In this study, the decision variables and objectives were not weighed
during the calculation of the Euclidian distance. This implies that no
distinction was made between different types of changes to the farm which
may vary in degree of difficulty (for D,; it would probably be easier to
adjust quantities of imported resources than to adjust cropping areas) or
between objectives that would receive different importance of farmers
(for D). Additional ranking exercises with farmers and advisors could
be conducted to determine the appropriate weights that could be applied
to adjust D, and D calculations. Nonetheless, the degree to which
intensified crop management complemented the multiple objectives
differed across farm types. Toorop et al. (2020b) based on their
FarmDESIGN modelling of rice-wheat systems in rural India observed
that the performance of alternative pathways depends largely on farm
type and current farm features and performance, described by a farm
typology. Similar large differences in endowment and profits after Pareto-
optimisation were noted among farms in Ghana (Michalscheck et al.,
2018) and Mexico (Flores-Sanchez et al., 2014).

I showed that the redesign in all types of farms in coastal Bangladesh
surpassed the performance of existing cropping patterns with fallow. The
majority of farmers in coastal Bangladesh were found to have a preference
for less-irrigated mungbean for replacing rabi: fallows. Many other farmers
also preferred maize under intensified management. However, the
exploration using FarmDESIGN revealed that replacing fallows with
intensified maize rather than mungbean reduced trade-offs and
maximised economic and environmental benefits across farm types.
Bringing mungbean into the crop rotation may not be as beneficial as
maize under intensified management, but mungbean under intensified
management is more beneficial than both boro rice cultivation and land
fallowing for all farm types.

6.4. Study limitations and suggestions for
future work

In Chapter 2 of the thesis, I compiled several sources of information
including records kept by NGOs for developing the panel data required
for trajectory analysis. The information contained in these records was
mainly in the local Bangla language and translated to English for analysis
with the help of village elders and translators. As such our panel data
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might have suffered both information loss and recall bias, which could
have affected our results. A follow-up primary data collection and further
analysis on the same sample of farm households to reveal the future
dynamics and trajectories of the farming system would be beneficial.

Our research tried to embed farmers’ perception of SI, and mental
modelled it to highlight the importance of socially inclusive bottom-up
approaches in Chapter 3 of the thesis. Nonetheless, our research has not
considered the interest of the private/public sector in SI. Conflicting
approaches (e.g., SI and agro-ecological intensification) and diverging
interests (public vs. private) may present farmers with many options,
which in turn can paralyze the decision-making of stakeholders (Schwartz,
2004) including that of farmers in coastal Bangladesh. Future research
should consider how these conflicting approaches of intensification and
diverse interests affect farmer cognitions in coastal Bangladesh and similar
geographies.

In addition, the analysis of farmers’ feedback on the FCMs can help
understand how far this research has captured farmer realities, and it
can be a part of the follow-up research too. While farmers across farm
types both within and outside polders tended to have high centrality
values for irrigated and rainfed crops, our study did not elucidate which
specific crop species would be both agronomically and socially acceptable
in the central coast of Bangladesh. On-farm participatory research that
combines agronomic and water management interventions designed to
respond to the specific needs of the region’s distinct farm types could be
a useful starting point.

Further, the FCM methodology and many of the results of the current
study are likely to be applicable to similar coastal farming systems and
deltaic environments in South Asia; for example, those within Bangladesh
or parts of eastern India with comparable climates, soils and agricultural
practices, demographics, and other socioeconomic factors. In addition,
our developed fuzzy cognitive maps are broadly applicable for many
farmers in our study area, since I used a survey and averaged scores by
farm types. Future research that compares participatory FCM with survey
results and developing community-wide FCM is also warranted.

In Chapter 4 of the thesis, our choice experiment did not measure
preferences of farmers segregated by farm types, instead, I focused on
the preferences of farmers in two diverse environments (i.e., within and
outside the polder areas of coastal Bangladesh). Future choice experiment
studies could focus on gaining a better understanding of farmer
preferences for crops disaggregated by various agroecological systems,
and/or by farm type as system-specific and farm-type tailored entry points

186



may be needed for development initiatives aimed at cropping system
intensification.

In addition, latent class models (LCMs) would be beneficial for identifying
group (farm types) differences within choice experiment estimates
(Magidson and Vermunt, 2004). Instead of LCMs, I employed mixed
logit models partly due to the ease of achieving model convergence and
partly to handle binary variables and singularity issues in the data. Future
choice experiments may address the above.

In Chapter 5 of the thesis, I explored alternative pathways for different
farm types in coastal Bangladesh using a whole farm multi-objective
optimisation model: FarmDESIGN. FarmDESIGN model is advantageous
because it can optimise the inputs and outputs based on several
biophysical and management parameters. But it optimises a single farm
at a time. Similar to FarmDESIGN, there are two approaches: the non-
parametric data envelopment analysis (DEA) and the parametric
stochastic frontier analysis (SFA), popular among economists. These two
approaches can optimise several farms simultaneously and can determine
the sources of efficiency in combination with regression models. They are
also beneficial in identifying the scale, technical, cost and allocative
efficiency of alternative solutions. Nonetheless, their model specifications
have limitations in handling biophysical variables. As demonstrated by
Berre et al. (2013), combining farm simulation models developed by
agronomists with frontier efficiency analysis (DEA and SFA), used by
economists would be beneficial.

6.5. Concluding remarks

In this thesis I followed the DEED approach (Giller et al., 2008; Tittonell,
2008). By doing so I have shown that the historical trajectories of change
in farming systems and the impact of socioecological drivers at multiple
levels can be described using typologies and panel data modelling. By
using fuzzy cognitive mapping (FCM) I explained the socio-cognitive
constraints and opportunities for water management interventions, as
perceived by farmers belonging to different farm types. Further, I explored
farmers’ preferences for cropping intensification and willingness to invest
in surface water irrigation by employing choice experimentation (CE).
Finally, by using the whole farm model FarmDESIGN, I designed
alternative farm configurations by integrating farmer preferred crops for
different farm types and suggested optimal desired futures in terms of
alternative cropping patterns.

187



The key lessons learned from this research are:

1.

10.

11.

Farm types of coastal farming systems in Bangladesh show diverse
spatial-temporal dynamics.

Over the last twenty years, once heterogeneous, rice-livestock farms
in coastal Bangladesh shifted to homogenous farms with off-farm
income.

Effects of population pressure on cropping intensity of coastal
Bangladesh are positive but inconsistent across farming systems.

Analysis of mental models of farm types within and outside polder
embankments revealed socio-cognitive opportunities and constraints
for intensification.

Cropping intensification within and outside polders are sensitive to
extension and micro-credit.

Water management in farming systems of coastal Bangladesh is
sensitive to drainage and canal dredging.

Choice experiments can be useful for analysing farmers’ preferences
for alternative crop intensification options.

The majority of coastal farmers showed preferences against rice and
in favour of mungbean (Vigna radiata), and maize (Zea mays) as
alternatives to land fallowing.

Farmers’ preference for non-rice crops in place of dry season land
fallowing conflicts Bangladesh government’s ongoing policy favouring
rice.

FarmDESIGN modelling found that cultivating intensified maize
rather than mungbean reduced trade-offs and maximised economic
and environmental benefits across farm types.

Agronomic investments, tenure, markets, credit, and extension are
prerequisites for sustainable intensification.
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Summary

Agricultural systems in southern coastal regions of Bangladesh are
underdeveloped compared to the rest of the country. Agriculture is mainly
rainfed with lower cropping intensities in these areas. The northern part
of the country on the other hand grows a number of crops including rice,
wheat, potato and maize during the dry winter season by groundwater
irrigation. While the agricultural development in Southern Bangladesh
was dependent on rainfall,the northern Bangladesh exploited
groundwater for irrigation. Both these approaches remain unsustainable
because rainfed agriculture has resulted in lower cropping intensities and
low yields, while the increased withdrawal of groundwater for irrigation
has led to declining groundwater tables, high pumping costs, and
exorbitant energy subsidies. Whereas groundwater irrigation is
unsustainable, agriculture in Bangladesh can make use of surface water
irrigation (SWI) as the country has a dense network of rivers and natural
canals. Especially in the Southern coastal regions, which is part of the
Ganga-Meghna-Brahmaputra River Basin and the associated tidal
ecosystem can be efficiently tapped for surface water irrigation.
Nonetheless, most water resources management projects aimed at
agricultural intensification through SWI have not attained the desired
potential due to poor management and lower capacity of farmers to invest
in irrigation equipment or buying irrigation service provision. In addition
to problems in irrigation water management, the increased use of chemical
pesticides in major rice and wheat producing districts has also posed
serious health risks, as well as considerable ecological damage.With a
projected population increase to 200 million by 2050, ensuring national
food security in the face of these obstacles will require, among others, the
adoption of sustainable agricultural practices, alongside sustainable
management of natural resources including land and water upon which
agricultural production is dependent. In Bangladesh today, old and new
models of intensification are being considered for implementation.

In Southern coastal Bangladesh, farmers often fallow their land or grow
low-input 'opportunity' crops during the dry rabi season, following
monsoon season rice. In 2018, the Government of Bangladesh (GoB) has
launched the Bangladesh Delta Plan 2100 (BDP 2100) with an investment
plan of USD 37 billion to address water resource management, climate
change and environmental challenges. A major share of which is intended
to facilitate sustainable agricultural transformation of coastal districts.
At the farm level, approaches are loosely based on sustainable
intensification (SI), which aims to conserve natural resources while
sustainably boosting productivity and improving social equity.
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Many agricultural interventions in coastal Bangladesh however focus on
agronomic management packages and irrigated dry season rice to replace
fallows and rainfed agriculture, with less attention to other cereals and
legumes, or other components of farmers' whole farm production systems.
The degree to which these development interventions are successful is
ultimately conditioned by individual farmers' preferences and decisions
and farmers' participation but these are not well understood. Farmers'
intensification decisions can depend on many factors, which shape their
multiple objectives that usually differ among farm and household types.
Typically, farmers' intensification and irrigation decisions are driven by
(1) farming system characteristics (farm types, crop choices, and
productivity), (2) farmer characteristics (preferences, resource
endowment, education, etc.), and (3) resource governance systems and
market (institutions, property rights, access to credit and markets).
Changes in crop and farm management also require farmers to invest
time, money, and labour, which can be risky, especially in socially and
environmentally vulnerable agro-ecosystems. Taking coastal Bangladesh
as a case study, the research presented in this thesis addresses knowledge
gaps with respect to (1) understanding the evolutionary "past" of farming
systems trajectories and changing cropland use (e.g., directionality,
drivers, and impacts) from a sustainable intensification perspective, (2)
understanding farmers "present" knowledge of their farming system with
respect to drivers of food security and cropping intensification, and (3)
explore farmers' decision-making processes, crop preferences, risk
attitude, and investment choices in irrigation as an SI pathway, that is
intended to (4) design farming systems incorporating "future" preferences.

Research followed the interdisciplinary DEED approach: (1. Describe)
Existing longitudinal data compilation and farm surveys were
implemented to collect relevant agronomic, socio-economic, and natural
resources management data from farmers. This information was used to
identify farm typologies and analyse trajectories of historical land use
intensity change. (2. Explain) an in-depth analysis and mental mapping
of farmers' cognition of their farming systems and opportunities associated
with intensification were conducted for sub-sets of identified farm types,
using fuzzy cognitive mapping (FCM). (3. Explore) Choice experiments
(CEs) were implemented to explore farmers preference for cropping
intensification and their willingness to invest in irrigation and fertilisers.
(4. Design) Results from CEs were used to design alternative systems
using farm modelling and trade-off analysis, thereby providing insights
for plausible intensification pathways for different farm types.
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While the Chapter 1 provides a general introduction and overall outline
of the thesis. Chapter 2 characterises the coastal farming systems and
the social-ecological change through a comprehensive driver-response
reconstruction in the study area. Multi-level socioecological drivers of
agrarian change that occurred in the study area is presented using panel
data modelling of twenty years data. Multi-level socioecological factors,
i.e., micro-level (fragmentation of landholdings, mechanisation, farmers
experience, salinity, soil condition); meso-level (market status, tenure,
labour availability, access to extension) and macro-level (density of
population and cyclone incidence) were found to influence the farm type
changes in the study area. These results formed the basis for chapters 3
and 4. Chapter 3 describes the FCM methodology to understand how
farmers in coastal Bangladesh cognize constraints, and opportunities
associated with crop intensification options. The perceived differences in
understanding of farming systems from farmer to farmer or among
different types of farms possibly due to the heterogeneity of socio-economic
characteristics or behaviour of the farmers were investigated and presented
in this chapter.

In Chapter 4 farmers' preferences of alternative cropping options for
fallow land replacement with alternative irrigated and non-irrigated crops
during the dry season was investigated through choice experiment (CE).
This CE was designed using input data from (1) a simple agronomic trial
of maize, wheat, mungbean and boro rice, and (2) study results of
Chapters 2 and 3. This chapter also presents the results of the analysis on
whether farmers' preferences are conditioned by investment requirements
on input use (with emphasis on irrigation and fertiliser) and/or expected
net revenues. Chapter 5 presents the outcome of a more integrated
computer simulation approach where multiple production objectives of
the farmers both within and outside polders of coastal Bangladesh were
optimised to generate sustainably intensified virtual farms. The different
trade-offs among multiple objectives in respect to profits, organic matter
balance, labour and GHG emissions, while simulating sustainable
intensification solutions are presented in this chapter.

Chapter 6 presents the general discussion on the main findings of the
PhD project in relation to the overall objective of the thesis. By analysing
the farm trajectories over the past twenty years, the thesis showed the
trend in coastal Bangladesh of a shift of heterogeneous, rice-livestock
farms to more homogenous farms with off-farm income.The findings in
this thesis also emphasises the importance of farmer roles in agricultural
policy towards the intensification of agriculture in coastal Bangladesh,
and the need to address farmers' cropping preferences, alongside their
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sensitivities to institutional interventions, i.e.,ensuring access and
availability of extension and micro-credit. The contribution of this thesis
to policy recommendations on sustainable intensification of farming
systems in coastal Bangladesh is discussed, future research opportunities
are proposed and conclusions are drawn. This thesis presented the
alternative intensification scenarios and trade-offs of the impact of
different land use options and management techniques on water
productivity of local water resources. I expect the findings from this thesis
will inform policymakers on optimal intensification pathways for
productive use of surface water irrigation resources. Moreover, it will
inform key decision makers and change agents on the tremendous
potential for improving soil and water resources management including
irrigation, nutrient use and drainage for which community driven
collective action may be required. Finally, through this thesis I wish to
provide an enhanced understanding of the trajectories of change and
sustainable intensification pathways of agricultural productivity in
smallholder farming.
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Samenvatting

Landbouwsystemen in de zuidelijke kustregio's van Bangladesh zijn
minder ontwikkeld dan in de rest van het land. De intensiteit van
gewasrotaties is lager in de kustgebieden die van regenval afhankelijk
zijn, terwijl in het noorden van het land gewassen zoals rijst, tarwe,
aardappel en mais in het droge winterseizoen geirrigeerd geteeld kunnen
worden.De landbouw in het zuiden van Bangladesh afhankelijk van
neerslag, terwijl in het noorden grondwater wordt gebruikt voor irrigatie.
Beide benaderingen zijn niet duurzaam, omdat omdat regenathankelijke
landbouw heeft geleid tot lagere teeltintensiteiten en lage opbrengsten,
terwijl de toegenomen onttrekking van grondwater voor irrigatie heeft
geleid tot dalende grondwaterstanden, hoge pompkosten en exorbitante
energiesubsidies.Terwijl grondwaterirrigatie niet duurzaam is, kan de
landbouw in Bangladesh gebruik maken van oppervlaktewaterirrigatie
(SWI), aangezien het land een dicht netwerk van rivieren en natuurlijke
kanalen heeft. Vooral in de zuidelijke kustgebieden, die deel uitmaken
van het stroomgebied van de Ganga-Meghna-Brahmaputra en het
bijbehorende getijdenecosysteem, kan efficiént worden aangeboord voor
irrigatie van oppervlaktewater. Desalniettemin hebben de meeste
waterbeheerprojecten die gericht zijn op landbouwintensivering via SWI
niet het gewenste potentieel bereikt als gevolg van slecht management en
een lagere capaciteit van boeren om te investeren in irrigatieapparatuur
of het kopen van irrigatiediensten. Naast problemen bij het beheer van
het irrigatiewater, heeft het toegenomen gebruik van chemische
bestrijdingsmiddelen in belangrijke rijst- en tarweproducerende districten
ook ernstige gezondheidsrisico's en aanzienlijke ecologische schade met
zich meegebracht.Met een verwachte bevolkingsgroei tot 200 miljoen in
2050, zal het waarborgen van de nationale voedselzekerheid in het licht
van deze obstakels onder meer de invoering van duurzame
landbouwpraktijken vereisen, naast duurzaam beheer van natuurlijke
hulpbronnen zoals land en water, waarvan de landbouwproductie
afhankelijk is. In Bangladesh worden tegenwoordig oude en nieuwe
modellen van intensivering overwogen en geimplementeerd.

In het zuidelijke kustgebied van Bangladesh laten boeren hun percelen
vaak braak liggen of cultiveren lage-input gelegenheidsgewassen
gedurende het droge rabi seizoen na de moesson. In 2018 heeft de overheid
van Bangladesh het Delta Plan 2100 (BDP 2100) gelanceerd met een
investering van 37 miljard dollar voor de aanpak van waterbeheer,
klimaatverandering en milieuproblemen. Een groot deel daarvan is
bestemd voor het ondersteunen van een transitie naar duurzame
landbouw in de kustgebieden. Op het niveau van landbouwbedrijven
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worden veranderingen gebaseerd op duurzame intensivering (DI),
hetgeen tot doel heeft om natuurlijk hulpbronnen te behouden terwijl de
productiviteit wordt verbeterd en maatschappelijke gelijkheid wordt
versterkt.

Veel landbouwkundige interventies in de kustgebieden van Bangladesh
focussen echter op agronomische managementpakketten en irrigatie van
rijstteelt in het droge seizoen om braakperiodes en neerslagathankelijke
landbouw te vervangen, met minder aandacht voor andere granen en
vlinderbloemigen, of andere componenten van landbouwbedrijven. De
mate waarin de interventies succesvol zijn is uiteindelijk afhankelijk van
de voorkeuren en beslissingen van boeren en hun deelname, maar deze
zijn nog niet onderzocht. De besluitvorming rond intensivering door boeren
wordt beinvloed door veel factoren die hun doelstellingen bepalen. Deze
verschillen meestal tussen verschillende types van boerderijen en
huishoudens. Beslissingen tot intensivering wordt meestal bepaald door
(1) eigenschappen van het landbouwbedrijf (type, gewassen,
productiviteit), (2) eigenschappen van de boer (voorkeuren,
beschikbaarheid van hulpbronnen, onderwijsniveau, etc.) en (3) beheer
en bestuur rondom natuurlijke hulpbronnen en markten (organisaties,
eigendomsrechten, toegang tot krediet en markten). Veranderingen in
het management van gewassen en landbouwbedrijven vereisen van boeren
tijd, geld en arbeid investeren. Dat kan riskant zijn, vooral in sociaal en
milieukundig kwetsbare agro-ecosystemen. Met de kustgebieden van
Bangladesh als case studie heeft het onderzoek in dit proefschrift
kennisleemtes geadresseerd met betrekking tot (1) begrijpen van het
evolutionaire "verleden" van de ontwikkeling van landbouwsystemen en
veranderingen in grondgebruik voor gewassenteelt (bijvoorbeeld
veranderingsrichting, drijvende krachten, effecten) vanuit een duurzame
intensiveringsperspectief (2) begrijpen van "huidige" kennis van boeren
over hun landbouwsysteem met betrekking tot voedselzekerheid en
gewasintensivering en (3) verkenning van de besluitvormingsprocessen
van boeren, omgaan met risico's en investeringskeuzes betreffende irrigatie
als een DI aanpak. Dit is bedoeld ter ondersteuning van (4) verkenning
van herontwerp van landbouwsystemen die "toekomstige" voorkeuren
bedienen.

Het onderzoek volgde de interdisciplinaire BVVO-benadering: (1)
Beschrijven: op basis van een compilatie van bestaande longitudinale
data en bedrijfsenquétes werden gegevens over relevante agronomische,
sociaaleconomische en milieukundige prestaties van boeren geanalyseerd.
Deze informatie werd gebruikt om een typologie van landbouwbedrijven
te maken en het historische verloop van intensivering van landgebruik te
beschrijven. (2) Verklaren: een diepgaande analyse en in kaart brengen
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van de denkwijze (‘'mentalmapping') van boeren over hun bedrijven en
de mogelijkheden voor intensivering werd uitgevoerd voor selecties uit
de typologie, gebruik makend van 'fuzzycognitivemapping' (FCM). (3)
Verkennen: keuze-experimenten werden gedaan om de voorkeuren van
boeren voor intensivering en hun bereidheid tot investeren in irrigatie en
bemesting te bepalen. (4) Ontwerpen: de resultaten van de keuze-
experimenten werden gebruikt om alternatieve landbouwsystemen te
ontwerpen op basis van modellering en trade-off analyse, resulterend in
inzicht in plausibele paden voor intensivering van verschillende typen
landbouwbedrijven.

Hoofdstuk 1 geeft een algemene inleiding en overzicht van het proefschrift.
Hoofdstuk 2 karakteriseert de landbouwsystemen in de kustgebieden en
het verloop van sociaalecologische veranderingen door een grondige
reconstructie van drijvende krachten en effecten in het studiegebied. De
sturende krachten voor landbouwverandering gedurende een periode van
20 jaar die opereren op verschillende niveaus zijn gepresenteerd. Sociaal-
ecologische factoren op meerdere niveaus, d.w.z. microniveau
(fragmentatie van grondbezit, mechanisatie, ervaring van boeren,
zoutgehalte, bodemgesteldheid); mesoniveau (marktstatus, ambtstermijn,
arbeidsbeschikbaarheid, toegang tot uitbreiding) en macroniveau
(bevolkingsdichtheid en cycloonincidentie) bleken de veranderingen in
het bedrijfstype in het studiegebied te beinvloeden. Deze resultaten
vormden de basis voor hoofdstukken 3 en 4.Hoofdstuk 3 beschrijft de
FCM-methode die wordt gebruikt voor het begrijpen van beperkingen en
mogelijkheden voor intensivering van gewassenteelt in de kustgebieden
van Bangladesh. De waargenomen verschillen in kennis van
landbouwsystemen tussen boeren en tussen verschillende typen
landbouwsystemen werden onderzocht en gerelateerd aan heterogeniteit
in sociaaleconomische eigenschappen en gedrag van boeren.

In hoofdstuk 4 worden voorkeuren van boeren met betrekking tot
alternatieve teelten ter vervanging van braakperiodes met geirrigeerde
en niet-geirrigeerde gewassen in het droge seizoen onderzocht met een
keuze-experiment. Dit experiment werd ontwikkeld met gegevens uit een
eenvoudige agronomische proef met mais, tarwe, mungboon en boro rijst,
en de resultaten uit hoofdstukken 2 en 3. Hoofdstuk 4 presenteert ook de
resultaten van een analyse of voorkeuren van boeren worden beinvloed
door investeringsbehoeften voor inputs zoals irrigatie en meststoffen en
door de verwachte financi€le resultaten. Hoofdstuk 5 beschrijft de
uitkomsten van een geintegreerde computersimulatie waarin meerdere
productiedoelstellingenvan boeren binnen en buiten polders werden
geoptimaliseerd om duurzaam geintensiveerde virtuele
landbouwbedrijven te genereren. De verschillende trade-offs tussen
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doelstellingen betreffende winst, organische stof balans arbeid en
broeikasgasemissies bij het verkennen van oplossingen voor duurzame
intensivering zijn gepresenteerd in dit hoofdstuk.

Hoofdstuk 6 bevat de algemene discussie van de belangrijkste bevindingen
van het promotieonderzoek in relatie tot de doelstellingen van het
proefschrift. Door de landbouwtrajecten van de afgelopen twintig jaar te
analyseren, toonde het proefschrift de trend in de kustgebeiden van
Bangladesh van verschuiving van heterogene rijstveebedrijven naar meer
homogene boerderijen met een inkomen buiten het landbouwbedrijf. De
bevindingen in dit proefschrift benadrukken ook het belang van de rol
van boeren in het landbouwbeleid voor de intensivering van de landbouw
in de kustgebieden van Bangladesh, en de noodzaak om aandacht te
besteden aan de teeltvoorkeuren van boeren, naast hun gevoeligheden
voor institutionele interventies, door het zorgen voor toegang en
beschikbaarheid van uitbreidings- en micro-credit.De bijdrage van dit
proefschrift aan beleidsaanbevelingen over duurzame intensivering van
landbouwsystemen in de kustgebieden van Bangladesh wordt besproken,
toekomstige onderzoeksmogelijkheden worden voorgesteld en conclusies
worden getrokken. Dit proefschrift presenteerde alternatieve scenario's
voor intensivering en trade-offs gerelateerd aan de effecten van
verschillende landgebruikskeuzes en cultiveringstechnieken op water
productiviteit van lokaal beschikbare waterbronnen. Ik verwacht dat de
bevindingen van dit proefschrift beleidsmakers zullen informeren over
optimale intensiveringsroutes voor productief gebruik van bronnen van
oppervlaktewater voor irrigatie. Bovendien zal het belangrijke
besluitvormers en personen en organisaties die veranderingen kunnen
katalyseren informeren over het enorme potentieel voor het verbeteren
van het gebruik van waterbronnen door het ontzilten en uitgraven van
rivieren en kanalen waarvoor collectieve actie vereist kan zijn. Ten slotte
wil ik met dit proefschrift een beter begrip verschaffen van de trajecten
van verandering en duurzame intensiveringstrajecten van
landbouwproductiviteit in kleinschalige landbouw.
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