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Coastal Bangladesh experiences significant poverty and hazards today and is highly vulnerable to climate and

environmental change over the coming decades. Coastal stakeholders are demanding information to assist in

the decision making processes, including simulation models to explore how different interventions, under

different plausible future socio-economic and environmental scenarios, could alleviate environmental risks and

promote development. Many existing simulation models neglect the complex interdependencies between the

socio-economic and environmental system of coastal Bangladesh. Here an integrated approach has been

proposed to develop a simulation model to support agriculture and poverty-based analysis and decision-making

in coastal Bangladesh. In particular, we show how a simulation model of farmer's livelihoods at the household

level can be achieved. An extended version of the FAO's CROPWAT agriculture model has been integrated with

a downscaled regional demography model to simulate net agriculture profit. This is used together with a

household income–expenses balance and a loans logical tree to simulate the evolution of food security

indicators and poverty levels. Modelling identifies salinity and temperature stress as limiting factors to crop

productivity and fertilisation due to atmospheric carbon dioxide concentrations as a reinforcing factor. The crop

simulation results compare well with expected outcomes but also reveal some unexpected behaviours. For

example, under current model assumptions, temperature is more important than salinity for crop production.

The agriculture-based livelihood and poverty simulations highlight the critical significance of debt through

informal and formal loans set at such levels as to persistently undermine the well-being of agriculture-dependent

households. Simulations also indicate that progressive approaches to agriculture (i.e. diversification) might not

provide the clear economic benefit from the perspective of pricing due to greater susceptibility to climate

vagaries. The livelihood and poverty results highlight the importance of the holistic consideration of

the human–nature system and the careful selection of poverty indicators. Although the simulation model
Environmental impact
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at this stage contains the minimum elements required to simulate the complexity of farmer livelihood

interactions in coastal Bangladesh, the crop and socio-economic findings compare well with expected

behaviours. The presented integrated model is the first step to develop a holistic, transferable analytic

method and tool for coastal Bangladesh.

Paper Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
M

ay
 2

01
5.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
:1

8:
24

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Introduction
Bangladesh has long been considered to be one of the most
vulnerable countries in the world given human-induced climate
change and subsequent sea-level rise.1 It is estimated to be the
third most vulnerable country in terms of population exposed to
sea level rise.2 Coastal Bangladesh is also a hub of hydro-
meteorological disasters including cyclones, tidal surges,
oods, drought, saline water intrusion, waterlogging, and land
subsidence. This has a direct bearing on livelihoods as agri-
culture provides employment for over 60 percent of the pop-
ulation in Bangladesh3 and it is a key economic activity for the
40 million inhabitants in the coastal zone.4 Rain-fed rice is the
dominant crop grown in the monsoon period, and irrigation is
necessary in the dry season to grow rice, pulses, oil seeds and
vegetables. The agricultural system is heavily dependent on
environmental factors such as the timing, intensity and distri-
bution of the monsoon, soil salinity and the availability of
freshwater for irrigation. Anticipated climate change effects
suggest that total rainfall in the coastal area is unlikely to
decrease in the future.5,6 Higher temperatures, changes in
monsoon timing and predictability,7 sea-level rise and land
subsidence driven by natural and human activities8,9 will make
farming less secure as a livelihood unless there is improved
farm management.

Bangladesh is not only vulnerable to the impacts of climate
change. It also has a growing population (139 million in 2011)
with one of the highest population densities in the world (950
individual km�2), of which a large proportion live in poverty
(�43%), and has real barriers to overcome in terms of
continuing to feed its population. Rural livelihoods in Bangla-
desh are complex, showing migratory interactions with urban
areas10 and livelihood diversication into off-farm incomes.
Indeed only around half of the population has access to land,
and the land is concentrated in the hands of a small proportion
of people. Powerful landlords employ the landless as agriculture
labourers. Thus, to understand the effect of the changing agri-
culture productivity on people, any analysis should investigate
not only the impact of environmental change on productivity,
but also the access to land, the ability of households to turn
different farming practices into income, and the distribution of
prots from the land.

Bangladesh's ambition is to become a middle income
economy, reducing poverty substantially, and promoting and
sustaining health and nutrition for 85 percent of its population
by 2021.11 To achieve this ambitious plan, integrated gover-
nance is required that considers climatic, environmental and
socio-economic changes. This must be underpinned by studies
that include macro- and micro-scale processes and the inter-
linked human–nature system. Numerical models are capable
This journal is © The Royal Society of Chemistry 2015
of representing complex systems and calculating uncertainties
around the most likely results. Many agricultural, economic
and social science models are available in the published
literature with varying complexity. The majority of these
models focus on a single discipline and only a minority of
these numerical models attempt to link natural and social
sciences together. These integrative approaches can be classi-
ed as GIS-based static models,12,13 system dynamics
models,14,15 agent-based models16,17 or Bayesian network
models.18,19 However, according to the knowledge of the
authors, no model in the published literature attempts to
capture both macro- and micro-scale environmental and
climate processes and link these to the welfare of households
or individuals at the local scale.

The aim of this paper is to develop a medium-complexity
model framework and to carry out a preliminary investigation of
(i) the effect of climate and environmental change on crop
productivity, (ii) the cumulative consequences of crop produc-
tivity, demographical changes and market conditions on the
well-being and poverty levels of coastal Bangladesh, and (iii) the
uncertainties associated with the integrated framework. This
approach is accomplished by using an innovative integrated
model framework that couples demographic, agriculture and a
newly-developed household livelihood model. This paper
describes the study area in Section 2, introduces the applied
methodologies in Section 3, and shows some preliminary
results in Section 4. These results are discussed with reference
to the literature, and the advantages and disadvantages of the
integrated model are also deliberated in Section 4. Further
application and development of the integrated model are out-
lined in the conclusion.
Study area overview

This study is based on the south-western coastal zone of
Bangladesh, where there is a tidal inuence. The study area is
18 850 km2 (Fig. 1), having about 14 million inhabitants with
an average population density of 750 people km�2. Adminis-
tratively the area comprises three districts from the Khulna
Division (Satkhira, Khulna and Bagerhat), and all six districts
of the Barisal Division of Bangladesh. The nine districts are
made up from 70 upazilas (i.e. sub-district administrative
units, average size: 264 km2) and 653 unions (i.e. the smallest
planning unit in Bangladesh incorporating a few villages,
average size: 28 km2, average population: 21 800) within the
study area.

This area is extremely low-lying: the land elevation above sea
level ranges from one to threemetres, but most of the study area
is enclosed by embankments to reclaim land (i.e. poldered). The
tidal range in this part of Bangladesh varies between 0.5 and
Environ. Sci.: Processes Impacts, 2015, 17, 1018–1031 | 1019
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Fig. 2 Seasonality of soil salinity (district average) and total rainfall
(study area). Data shown for 2009 as an illustration (see Section 3a for
more details).

Fig. 1 Study area.
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4.5 metres. The land cover in 2010 was dominated by agricul-
ture (45%), followed by natural vegetation (12%), aquaculture
(11%), water (8%) and wetland (8%). This deltaic region
provides a range of important ecosystem services which make it
highly suitable for agriculture which provides livelihoods for
the majority of the coastal population. The delta plain of the
Ganges–Brahmaputra–Meghna river system supports
numerous ecosystem services and livelihoods. About 85 percent
of the people of the coastal zone depend on agriculture. As a
result of the high population density, over 50 percent of the
households are practically landless having less than 0.2 hect-
ares of land. Fishing, crop agriculture, shrimp farming, salt
farming, and tourism are the area's main economic activities.20

Bangladesh attained self-sufficiency in food production in
1999–2000 with a gross production of rice and wheat of 24.9
million metric tons which marginally met the country's
requirement of 21.4 million metric tons for the population.21

Currently annual rice production alone is 34 millionmetric tons
against a total food grain (rice, wheat andmaize) requirement of
30 million metric tons.22 In the case of wheat, the current
annual production is sufficient for 33 percent of the population
and the rest is imported.

There are three distinct seasons in agriculture: Rabi season
(November–March; cool, dry winter), Kharif-1 season (March–
June; hot humid summer) and Kharif-2 season (June–
November; monsoon). In the 1990s, farms practiced mono
cropping (i.e. having only one season crop), but more recently
crops have been cultivated in two and three cycles per year.
Multi-cropping has become more common because of a higher
awareness of alternative crops due to agricultural extension
services and non-governmental organisation (NGO) interven-
tions. Additionally, a higher availability of irrigation water,
through the installation of diesel-driven tube-wells funded by
NGO loans has enabled the capital investment required for high
yielding varieties (HYVs).23 The traditional crop is rice (Boro,
Aus, Aman), but cash-crop production is increasing and
includes crops such as wheat, chilli, potato, mustard, tomato
and grass pea. Furthermore, as a result of agricultural research
and development projects, the traditional local varieties of
crops are almost completely replaced by more resilient hybrid
and HYVs.
1020 | Environ. Sci.: Processes Impacts, 2015, 17, 1018–1031
The highest average maximum temperature in the study area
is 33 �C and above during March and May, and the lowest
average minimum temperature is about 15 �C in December and
January. The south-western region of Bangladesh receives an
average rainfall of about 1730 mm per annum, of which about
78 percent falls within the 4 months of monsoon.24 Monsoon
rains are important for both providing soil moisture and irri-
gation water, and ushing the salinity from the soils (Fig. 2).
However, soil salinity is more spatially variable due to localised
environmental processes and management practices (e.g. irri-
gation, polderisation, etc.).

Bangladesh has undergone a considerable demographic
change over the last 30 years: rapid fertility decline has been
coupled with considerable decrease in mortality. For example,
the total fertility rate (TFR) declined (1993–2011) from 3.1 to
1.9 and from 3.5 to 2.3 in the Khulna and Barisal division,
respectively.25,26 These changes have been initiated by the
comprehensive family planning program and improved access
to sexual and reproductive health services. There has also been
a considerable increase in out-migration from the study area
which has contributed to an overall population decline in some
districts. These demographic changes have been coupled by
uneven urban growth. While in some districts, including Bar-
isal, the proportion of urban population continues to increase,
in other districts, such as Khulna, there is a reverse trend. As a
result of the economic improvements and other governance
interventions, there has been a signicant reduction in the
national poverty level (from 70 to 43 percent in between 1992
and 2010, US$1.25 per day poverty indicator).27 However,
despite this decreasing trend and fertile land, poverty levels are
still high in the coastal region and it is difficult to anticipate
that the same poverty reduction trends can be sustained under
climate and environmental change.28

Food insecurity closely mirrors the poverty levels: food
expenditure is nearly 60 percent of the total expenditure of an
average rural household. Rice is themost important staple food,
providing 71 percent of the caloric intake.29 Thus, food inse-
curity forces people to diversify their livelihoods and possibly to
migrate internally or internationally.30 Finally, frequent
This journal is © The Royal Society of Chemistry 2015
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environmental disasters (river ooding and cyclones) with three
to ve years return periods endanger lives and cause large (crop
and asset) losses and can produce degraded land (due to
inundation and salinization) that makes the poverty reduction
efforts more difficult.
The proposed integrated methodology

A model has been developed to simulate the livelihood and
poverty changes of farmers in coastal Bangladesh under climate
and environmental change. To do this, crop productivity is
linked with demographic changes, market price changes and
other socio-economic indicators (e.g. household expenditure) as
illustrated in Fig. 3. Elements of this coupled model work at
different spatial and temporal scales as shown in Fig. 3 are
described in detail below. This was needed to balance out the
spatial and temporal scale of observations, meaningful scien-
tic methods, computational requirement and yet useful results
for decision making.

Crop productivity is estimated using the extended CROPWAT
model calculated separately for all 70 upazilas (sub-districts).
This spatial scale is a compromise between data limitation
(observed yields, cropping patterns and soil characteristics),
computational time and the ability to show spatial variation in
results. The net prot of the produce obtained from agriculture
is estimated from market price time series. Demographic
projections are carried out at the district level and at a ve-year
calculation time step. The annual population size is obtained
from a combination of the annual (linear) interpolation of the
Fig. 3 The proposed integrated model structure. The spatial and
temporal scales of the model elements are shown in the grey boxes.

This journal is © The Royal Society of Chemistry 2015
district level results and from Census data that describes the
population distribution within each district. Population change
and the total agricultural land are important determinants of
the available land for each household of the simulated farmer
agent types (large land owners, small land owners, sharecrop-
pers and landless labourers) within each union, because pop-
ulation increase can lead to land fragmentation through
inheritance. The household economy is modelled by comparing
the totals of farmers' revenue and savings (cash or assets) with
observed monthly expenditure levels and estimates the afford-
able expenditure level of the simulated agent type for each
month. If a household cannot meet its minimum requirement,
they are assumed to obtain a loan to cover shortfalls. Household
economic calculations are done at the union-level each month
and for each farmer type. Total expenditure is an indicator of
wealth and here it is also used as indication for the typical diet
of the household. This link is used to calculate food security
indicators such as the calorie intake and hunger periods. The
individual model elements are described in the following
sections in more detail.

The union scale (28 km2 on average) was decided to be the
most appropriate spatial scale for decision makers and thus for
presenting the results, because (i) unions are the smallest
planning units in Bangladesh, (ii) unions allow ne spatial
variations of environmental factors and land use changes to be
captured, and (iii) well-being results are still useful without
becoming computationally very expensive. The results are pre-
sented at a monthly timestep to capture the seasonality of the
environment-based livelihoods.

(a) Climate data and soil salinity data

Long term records of rainfall and potential evapotranspiration
were used to determine the timing of themonsoon rains and the
volumes of water needed for irrigation. Average climate data
were derived for the recent past (1990 to present) and compared
with the FAO CLIMWAT database.24 Future climate projections
(rainfall, temperature) for 2015–2050 were obtained by down-
scaling a regional climatemodel (RCM) developed by the UKMet
Office.31 This is an atmosphere-only model, driven by boundary
conditions from the HadCM3 model with a resolution of 25 km.
The SRES A1B annual atmospheric CO2 concentration32 was
used to estimate the atmospheric fertilisation of the crops.

Due to the sparse soil salinity observations, homogeneous
soil salinity time series were generated for the 1990–2009 period
by combining the seasonality of observed river salinity33 with
observed peak soil salinity.34 For the 2010–2050 period, the
observed historical trend in soil salinity simply continued.

(b) Extended CROPWAT model

This paper uses an extended version of the FAO's CROPWAT
4.3 model.35 The equations were re-coded in Matlab based on
the original code of Clarke et al.35 to create a fully-coupled
integrated model. In addition, the model was extended to
include water and salinity stress36 (pp. 176–177), atmospheric
fertilisation by carbon dioxide37 (pp. 86–87) and temperature
stress. The temperature stress calculation assumes an optimum
Environ. Sci.: Processes Impacts, 2015, 17, 1018–1031 | 1021
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Fig. 4 Generic limitation curves: (a) water stress, (b) salinity stress and
(c) temperature stress.
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temperature range (Topt1–Topt2), where growth is not limited by
temperature, and beyond this range, growth limitation linearly
increases until growth stops at the absolute limits (Tmin, Tmax)
(Fig. 4). The calculation of the actual yield is followed by the
FAO56 methodology36 by assuming an equal weight of water,
salinity, temperature and atmospheric fertilisation limitations
in the actual evaporation calculation. For further details, please
read ESI document S1.†

A local sensitivity analysis was conducted on the extended
CROPWAT model to identify the most important model
parameters (ESI document S2†). The aim of the sensitivity
analysis was to build an automated uncertainty analysis into the
integrated model: varying the most important CROPWAT
parameters (�1 std. dev. of the calibrated parameter value) and
calculating uncertainty bands of the crop simulations that can
be passed on to the subsequent calculations of the integrated
model. The calibration of the extended CROPWATmodel used a
parameter optimisation routine. The optimiser was searching
the parameter space to nd the local minima of Root Mean
Square Error goodness-of-t coefficient (ESI document S3†).
(c) Cropping patterns

Two important cropping patterns were selected for investiga-
tion of the model: a ‘traditional’, and a ‘progressive’ cropping
pattern, both of which were observed in the study area in both
1990 and 2010. In the 1990s, mainly local crop varieties were
grown, whereas in 2010, the crop production shied towards
Table 1 Crop varieties and cropping patterns used in the simulationsa

Type Time period Rabi season

Traditional cropping pattern 1990–2000 Boro rice (HYV)
2000–2050 Boro rice (HYV)

Progressive cropping pattern 1990–2000 Potato (HYV), grass pe
(HYV), chilli (local)

2000–2050 Potato (HYV), wheat
(HYV), chilli (hybrid)

a Note: HYV – high yielding variety.

1022 | Environ. Sci.: Processes Impacts, 2015, 17, 1018–1031
high yielding and more resilient varieties as well as an increase
in diversity of crop types (Table 1). This is suggested to be due to
the dissemination of modern technologies and knowledge
through various stakeholders' viz. governmental organization,
NGOs and donor agencies. In this study, it is assumed that 50
percent of the farmers continue traditional practice and 50
percent of the farmers adopt a cash-crop cultivation practice.
The baseline simulation uses 2010 cropping patterns and the
present crop properties.

(d) Demographic projections and assumptions

The integrated model uses the observed population changes for
the historical period, and uses the Cohort Component pop-
ulation projectionmethod to estimate the population changes in
the future. This method uses observed data, trends and expert
judgments of future changes. A constant scenario for population
projections is assumed, where the population change is expected
to occur based on a continuation of the current rates of fertility,
mortality and migration into the future. Whenever available,
district level data are used, primarily from the most recent and
historical censuses, Demographic and Health Surveys, the 2010
report on the Sample Vital Registration System38 and statistics
developed by the UN Population Division.39

In our study area total fertility rates (TFRs) vary between 1.56
and 2.16. For the purpose of the integrated model these district
level TFRs are assumed to remain constant over the simulation
time period (2011 to 2050). Based on the mortality data from the
most recent population census,40 the estimated current life
expectancy of males in the study area varies from 71 years for
the Khulna division to 68 years in the Barisal division. For
females, life expectancy at birth is 73 years in the Khulna divi-
sion and 70 years in the Barisal division. The model assumes
that current levels of life expectancy remain the same until 2050
for both sexes in all districts. Finally, migration, which is oen
the most difficult population component to model due to its
unpredictability, is based on the past trends. Since in 2011 out-
migration was considerably higher than in 2001, the future
trend is based on the intercensal average.

(e) Household livelihood model

The household livelihood model is based on an income–
expenditure balance calculation. It considers (i) the income
generated from the crop yield based on the harvest time market
prices, (ii) the generalised costs required to run households and
(iii) the net prot calculated as the difference between income
Kharif-1 season Kharif-2 season

Fallow Transplanted Aman rice (local)
Fallow Transplanted Aman rice (HYV)

a Transplanted Aus rice (local) Transplanted Aman rice (local)

Transplanted Aus rice (HYV) Transplanted Aman rice (HYV)

This journal is © The Royal Society of Chemistry 2015
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and costs. Several household-level economic indicators are
computed during the model run including revenue, net earn-
ings, loan need and prot margin. For the purposes of this
paper, the model only addresses income gained from agricul-
ture. Based on the ESPA Deltas (Summer 2014) Household
Survey dataset, only 24 percent of households rely exclusively on
agriculture or agriculture labour, and the majority of house-
holds have multiple income sources. Therefore, the model does
not represent the full household income, but the processes
surrounding generating the wellbeing from agriculture.

Market prices (harvest time crop and agriculture input pri-
ces) were collated from the Bangladesh Bureau of Statistics
yearbooks.3,41 Market prices were kept constant in the future at
the 2013 level because of the extreme difficulty to predict how
Bangladeshi market conditions would change under climate
change, macro-economic changes, changes in demand trig-
gered by population growth and technological advancement.
This permits us to keep the model assumptions simple, and
permits the examination of future livelihood changes against
the present economic situation.42

The total household costs (excluding agriculture expenses) in
Bangladeshi Taka (BDT) and calorie intake used in this paper are
calculated for the study area from the Household Income and
Expenditure Survey datasets (Table 2). It is assumed that
wealthier households have a different expenditure-level and diet
from poorer households. These ‘wealth’ quintiles were approx-
imated by normalising the total household expenditure by the
household size. When the wealth-quintiles were assigned to
each household, the mean of the quintiles was calculated for
total household expenditure and calorie intake per capita per
day. These values were inter- and extrapolated to populate the
model with monthly cost estimates for the 1981–2013 period. As
with the other economic input variables, the 2013 total expen-
diture and calorie intake levels are used in consecutive years
(2014–2050). During themodel run, for eachmonth and for each
agent-type, the most appropriate (i.e. affordable) household
expenditure level is selected by comparing their actual revenue,
assumed savings (i.e. cash savings or assets) and expected costs.

There are numerous (official and informal) loan types in
Bangladesh. This paper considers two types of loan. One is an
official loan from the Bangladesh Rural Development Board
Table 2 Mean monthly expenditure of an average family in costal
Bangladesh (based on the Household Income and Expenditure Survey
dataset of Bangladesh)

‘Wealth-level’ 1991 1995 2010

Total expenditure
(BDT per household per month)

1 (poorest) 1617 2021 4315
2 (poor) 2176 2592 6240
3 (medium) 2519 3447 7654
4 (rich) 3290 4558 9860
5 (richest) 5359 8194 17 281

Calorie intake
(kcal per capita per day)

1 (poorest) 1588 1621 1599
2 (poor) 2008 2028 2035
3 (medium) 2369 2323 2313
4 (rich) 2712 2523 2643
5 (richest) 3031 2935 3205

This journal is © The Royal Society of Chemistry 2015
(BRDB). This loan type is available for agriculture production
and to diversify agriculture. The amount of loan is generally
10–35 thousand BDT (22500 BDT in the model, or approxi-
mately US$300) with an annual service charge of 11 percent. The
return period is 12 months with a weekly re-payment. The
annual interest rate of the BRDB loan (i.e. service charge) is one
of the lowest currently available on the market, thus providing a
‘best-world’ scenario in the business as usual model runs. The
other loan type is an informal (high interest) loan from a private
money lender with a 120 percent annual interest rate and a
12 month return period.

The model assumes that if the household expenditure is
higher than the revenues plus savings in a particular month, the
household automatically applies for the BRDB loan. If this is
still not sufficient, the household also gets the informal loan
from the private money lender. The number of loans is
continuously updated in the model for each union and agent
type. The model simplies reality by assuming that the house-
hold meets all requirements (certain amount of collateral, a
certain level of income, etc.) and the loan for agriculture is
granted instantly (i.e. no waiting time). Conditions for loans can
be easily incorporated into future versions of the model, when
the details become available. In reality, the BRDB loan can only
be used for agriculture, but the model assumes that similar
loans exist for other non-production purposes in Bangladesh
(wedding, medical treatment) and considers the BRDB loan to
be available for any purposes.

This paper focuses on agriculture related livelihoods and
more specically on four different actors: Large Land Owners
(LLO, >2 ha land), Small Land Owners (SLO, �1 ha land),
Sharecroppers (SC – who rent �1 ha land to cultivate) and
Landless Labourers (LL,�0.01 ha land). The proportion of these
simulated agents was kept constant in the current version of the
model and their ratios were calculated from the ESPA Deltas
(Summer 2014) Household Survey dataset (LLO: 3.7%, SLO:
20%, SC: 12.7%, LL: 16.1% of all households). Although the
proportion of these agents is xed during all the simulation
years, the associated land size of these agents changes in
accordance with the population change. This is because as
population increases, the land ownership of the land is split
and thus land fragmentation occurs and vice versa. An increase
in population also means that the labour force increases thus
the surplus labour force has to do off-farm work in the locality
or outside the area. An increase in labour force would mean that
the wages of the labourers drop, but this socio-economic effect
is not simulated in this integrated model. However, the model
does include intra-household dynamics, where households
send more members out to work, as income falls and their daily
expenses are needed to be met. Thus, the integrated model
allows the simulated SLO, LL and SC agents to decide howmany
of their household members have to do labour work to support
their living. The number of household members in the simu-
lation doing labour work cannot be larger than the dependency
ratio of the household (i.e. young children and elderly cannot
work, but others might if necessary to meet the household
expenses). Large Land Owners are assumed that they do not do
labour work. Rather, they hire labourers to cultivate their elds.
Environ. Sci.: Processes Impacts, 2015, 17, 1018–1031 | 1023
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Although the model may not represent the rural dynamics in its
full complexity, the basic household dynamics are aimed to be
captured with this relatively simple livelihood model.
Fig. 5 Seasonal sensitivity of CROPWAT parameters.
(f) Poverty indicators

Poverty can be measured in different ways. The most widely
used indicators relate to the monetary dimensions of well-being
(i.e. income and consumption), but other indicators also exist
covering the non-monetary dimensions of poverty (health,
education, assets, etc.). This paper uses two indicators, one
measuring monetary poverty, and the other is a health related,
food security indicator. The US$1.25 per person per day poverty
indicator is a widely used measure of poverty based on incomes
or consumption levels. It compares the per capita per day
income or consumption with the country-specic, purchase
power parity adjusted US$1.25 threshold value. If the value is
below the threshold, the person in question is in monetary
poverty. In our paper, income-based poverty is calculated by
only considering the farm-related incomes. As a result, the
model provides a functional indicator of whether farming by
itself is a viable livelihood in coastal Bangladesh.

The food insecurity indicator is the calorie intake-based (kcal
per capita per day) hunger period length (i.e. the number of
months in a year, when the calorie intake is less than 1805 kcal
per capita per day). The 2122 kcal per capita per day had been
used as a food poverty threshold for Bangladesh.43 The average
calorie intake for each wealth quintile was calculated from the
HIES datasets (Table 2). By using the affordable expenditure as a
proxy, the model is capable of approximating an assumed
monthly average calorie intake for each household type
(spatially, temporally and for each agent-type separately). If the
calorie intake is known, the hunger periods of the households
can be easily calculated.
Fig. 6 An example for the CROPWAT yield result ensemble members.
Results and discussion
(a) Crop model sensitivity and uncertainty

Crop simulations are most sensitive to 5 out of 23 parameters.
Fig. 5 shows a tornado plot with the sensitivity of the most
important parameters. The sensitivity of the parameters
changes with crops and season. Overall, the model outputs are
the most sensitive to ve crop parameters: Ky (yield response
factor), the optimum temperatures (Topt1 and Topt2), Kc,mid
(crop coefficient – middle growth period) and Ece,b (yield
reduction per increase of salinity). During the integrated model
runs, these ve crop parameters are varied automatically 21
times to estimate the parameter uncertainties of calculated crop
yield results. The yield results of these multiple model runs are
summarised by calculating the mean, minimum and maximum
values, and these are passed on to the livelihood calculation
sub-routine.

Two examples for the 21 ensemble members of the CROP-
WAT uncertainty analysis are shown in Fig. 6. All crops have
similar results to Fig. 6a. As a result of the uncertainty calcu-
lation method (�1 std. dev.), the ensemble members are clus-
tered around the calibrated value and upper and lower lines,
1024 | Environ. Sci.: Processes Impacts, 2015, 17, 1018–1031
primarily dened by the Ky (yield response factor) value. The
distance between the three clusters is different for each crop,
and in each time period (1990s, 2000s, future). However, this is
not always the case. In the case of Boro rice, the ensemble
member clusters lose their coherence and spread out to show a
more homogenous pattern in the case of 26 percent of the
upazilas indicating that other crop parameters gained greater
importance. The mean value of the 21 ensemble members is
always very close to the calibrated parameter set. The width of
the uncertainty band roughly remains the same over time,
because only the soil moisture decit model variable is depen-
dent on previous years, and it does not accumulate over time.
The soil dries up during each Rabi season, and thus the annual
model runs are almost independent from each other. However,
due to climatic changes, this is not a uniform behaviour:
uncertainty of Boro rice increases with time in some upazilas,
potato has larger uncertainties in certain years, uncertainty
continuously decreases with time for wheat, and uncertainty
slightly decreases for Aus and Aman rice. Based on these plots,
the future suitability and associated risks of each crop can be
assessed, if needed.
(b) Causes of and changes in crop productivity

The integrated model considers the factors affecting crop yield:
climate (rainfall, temperature, potential evaporation), environ-
mental (salinity, water availability) and management (irriga-
tion). Crop productivity (i.e. simulated farmers' yield) is found
to gently increase over time in the simulations. This is partially
due to the fact that local crop varieties have been replaced by
hybrid and high yielding varieties, partially due to climatic
changes. The relative importance of the climatic factors (i.e. the
This journal is © The Royal Society of Chemistry 2015
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Table 3 Average Ks coefficients. The Ks value of one means an
optimum condition, whereas zero means that growth has stopped
completely. The values in the table are spatial and temporal average
values of all the crops in the cropping patterns

Traditional farming Progressive farming

1990s 2000s Future 1990s 2000s Future

KsWater 0.86 0.89 0.86 0.88 0.89 0.89
KsSalinity 0.91 0.91 0.90 0.93 0.93 0.93
KsTemperature 0.59 0.48 0.50 0.52 0.51 0.51
KsCO2

0.92 0.98 1.11 0.92 0.98 1.11
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‘Ks’ CROPWAT coefficients) is shown in Table 3. Water avail-
ability does not signicantly affect crop productivity; it only
reduces the potential yield by only about 10%. The high water
availability coefficient (Kswater) is not surprising, because the
Rabi crops are irrigated and the Kharif-2 crops are supported by
monsoon.

Soil salinity, for the assumed cropping patterns, has only a
minor inuence on the simulated crop yields (10 percent
reductions on average). This unexpected low inuence of
salinity on crop productivity can be explained by overlaying a
schematic of the crop calendar with the average annual soil
salinity pattern (Fig. 7). It is clear that the highest salinity levels
mainly affect the Boro rice development, and only affect the last
few weeks of the vegetable growing period. The initial stage of
the Aus rice is also affected by salinity. Mondal et al.,44 found
that rice is more susceptible to high salinity levels during its
initial stages and if salinity increases gradually over its growth
period, the yield can be similar to non-saline conditions. Thus,
salinity, especially when good quality irrigation water is applied
during the dry season, only affects a limited number of crops.

Temperature has an important effect on the simulated crop
yield (KsTemperature), by reducing the simulated yield by about 50
percent on average. Temperature limitation is not observed at
present on these crops, but it might occur under future climate
change, especially for potato and chilli that have narrower
ranges of temperature tolerance. It was concluded that the
Fig. 7 Salinity (red line) only affects the growth period (black hori-
zontal lines) of a few crops.

This journal is © The Royal Society of Chemistry 2015
model parameter optimisation may have compensated for the
known uncertainties (e.g. the observed farmers' yield, soil
salinity timeseries, etc. – see ESI document S3†) by increasing
the temperature limitation of certain crops. This is clearly a
limitation of the current version of the integrated model, but
this will be amended when both a river and a groundwater
salinity model will be fully coupled with a soil salinity model
and with the CROPWAT model.

Finally, the atmospheric carbon dioxide (KsCO2
) has an

important effect on the simulated crop productivities. In the
near future, the atmospheric CO2 concentration will reach a
level, when the productivity will be enhanced by more than 10
percent. Therefore, if nothing else changes, the same crop can
produce more. However, this does not mean that food security
can be provided by higher yields. A reanalysis study of existing
literature data45 shows that elevated CO2 concentrations boost
crop productivity, but the nutrition content of the same crop
might be decreased by 10–20 percent. Thus, poorer households
might experience negative health effects even though the
amount of consumed food is satisfactory.
(c) Environmental and ecological implications of farming

This paper does not aim to assess the environmental conse-
quences of agriculture management, but it is worth briey
mentioning two issues. Increasing atmospheric CO2 concen-
trations have a positive impact on crop productivity through
enhanced atmospheric fertilisation. At the same time, agricul-
ture (mainly fertiliser use and livestock production) is the third
largest emission source of greenhouse gases in the world aer
power/heat generation and transport, and Bangladesh is the
14th largest agriculture-related CO2 emitter (CO2 equivalent of
total agriculture emission, 1990–2012 average).46 Based on the
current practice in coastal Bangladesh, grass pea requires the
least amount of various fertilisers (37 kg ha�1), followed by rice
(550 kg ha�1 on average), wheat (726 kg ha�1), chilli (934 kg
ha�1) and potato (1925 kg ha�1). Thus, roots, spices and vege-
tables of the progressive farming contribute more to global CO2

emissions than rice in the traditional farming practice.
Crop management has an important effect on soil salinity in

coastal Bangladesh. Clarke et al.,47 demonstrated that irrigation
water can enhance environmental degradation through the
build-up of salinity in soil if the monsoon leaching capacity is
exceeded. Only the Rabi crops are irrigated in Bangladesh. Rice
clearly the most demanding from irrigation point of view,
requires 9 irrigation occasions on average during its develop-
ment phases that includes ponding at the beginning of its
growth period. This is in contrast to grass pea, wheat, potato
and chilli that require 1, 2, 3 and 6 irrigation occurrences,
respectively. Thus, rice production in the Rabi season can have
clearly a signicant impact on the salinity build-up in soil, if the
quality of irrigation water is low. This provides a negative
feedback loop on crop yield that can be detrimental to
farming48,49 and to its associated livelihoods. Furthermore,
salinity build-up can also be detrimental to biodiversity. In
summary, agriculture in Bangladesh can play an important role
in both local (i.e. soil degradation, ecology) and global (CO2
Environ. Sci.: Processes Impacts, 2015, 17, 1018–1031 | 1025
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emissions) environmental changes, but quantifying its impact
on the environment is not the scope of this paper.
(d) Spatial variability of simulated crop yields

The extended CROPWAT model is capable of calculating crop
yields at the upazila level. Fig. 8 shows the spatial and temporal
change of simulated crop yield for three typical crops. The
results indicate a general increase in crop yield over time.
Hybrid and high yielding crop varieties always provide
signicantly better yields compared to local crop varieties (see
Chilli T. Aus as an example in Fig. 8).

Three crop behaviours were observed in the results. The rst
type of crop behaviour is illustrated with the Boro rice. The Boro
rice is sensitive to salinization because the growth period is
under the highest soil salinity period. This is reected on the
productivity maps: higher yields in low salinity areas and lower
yields at high salinity areas (see 2050 in Fig. 8). The second crop
response type is illustrated with chilli, but also true for grass
Fig. 8 Spatial variation of simulated yield (tons ha�1) only partially influe

1026 | Environ. Sci.: Processes Impacts, 2015, 17, 1018–1031
pea, potato and wheat. The spatial variation of yield depends on
the used climate timeseries. The three blocks on the 2050 maps
actually refer to the spatial coverage of the input climate time
series (North-West, North-East, South-East). This is an artefact
of the model setup and can be resolved if climate data are
inputted with a ner spatial scale. Nevertheless, this indicates
that these crops are sensitive to the temperature variations (i.e.
they are irrigated, thus rainfall and evaporation has little effect
on them). The third crop response type includes transplanted
Aman rice. This is a well-suited crop in the study area, having
uniform yield values that are quite close to potential. It is grown
in the low salinity period and is not sensitive to temperature
changes, thus potentially having present and future signicance
in coastal Bangladesh. Beside these three basic crop types, Aus
rice sits somewhere in between Boro and T. Aman: it has
generally high yields everywhere in the study area, where the
salinity levels are low. However, when the salinity levels become
too high, Aus yields immediately become lower.
nced by peak soil salinity (dS m�1).

This journal is © The Royal Society of Chemistry 2015
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(e) Changing demography and agriculture livelihoods

The observed 1991–2011 population numbers and the projected
population change (2012–2050) of the coastal zone are shown in
Fig. 9. While the population is still large, the population is
relatively stable and expected to fall. The rapid increase in
population during the 1990–2001 period is followed by a gentle
population increase until 2011. Generally a low fertility rate in
the study area contributes to the population decrease in most
districts through a fall in the number of children. This
decreased population is further intensied by outmigration
from the North-East part of the study area. Therefore, the
population projections show Bangladesh continuing on the
demographic transition from a rural economy towards a more
urban and service-based economy over the next 50 years.

A decreasing population has various implications in agri-
culture. There will be less pressure on the land available,
although the ability of the poor to purchase land, even if it does
become available, is low. If there is a higher urban population,
this means that more food will have to be produced for trans-
port and trade, rather than for subsistence or local consump-
tion. A lower population, however, may also mean a shortage of
labour for agricultural production, but in reality there are more
unemployed people than agricultural labour available, so it may
just mean an increase in the wage of those employed in agri-
culture. Finally, the low number of children and high out-
migration rates will mean that less support is available for the
elderly, thus a structural change can be expected for the whole
society.
Fig. 9 Overall population is stable (a), but internal migration does
occur (b). Note, the Sunderbans is assumed to have no population.

This journal is © The Royal Society of Chemistry 2015
The model aims to incorporate future population projection
methods and a simplied representation of land availability for
farming agents. Modelling societal changes are extremely
difficult and are outside the aims of the paper. Although the
population projection method is not linked to the livelihood
changes in the current version, it allows the testing of different
scenario assumptions, and thus facilitates mapping the uncer-
tainties of the simulations.
(f) Livelihoods from traditional and progressive farming

Crop productivity denes the revenue of farmers, but farmers'
livelihoods are also affected by the associated costs. Depending
on the cropping pattern chosen by the farmer, their income
level and thus their quality of life are affected. The progressive
farming uses short duration vegetables instead of Boro rice,
thus these vegetables are less affected by salinity (Fig. 7) and
they also have a higher market price (in 2013, rice: 17 BDT per
kg, chilli: 33 BDT per kg). Thus they can be lucrative if the
climate conditions are favourable and sufficient and good
quality irrigation water is available. Furthermore, vegetables
generally require fewer seeds and have a higher potential yield.
Thus, they have the potential to signicantly increase the
revenues of the both land owners and labourers (through higher
labour demand). The simulations show that although progres-
sive farming can be very lucrative, traditional farming provides
a more predictable livelihood (Fig. 10). The year-to-year vari-
ability of the net earnings from the progressive farming is
striking. The variation shown in Fig. 10 is not caused by model
instability but indicates higher risks for the land owner in some
years. The Aus and Aman rice mitigate the net earning losses in
the simulations, but the higher associated costs of vegetables
quickly eliminate the prot in a bad year. The model results
indicate the sensitivity of vegetables to climatic changes,
predominantly to air temperature (see Table 3). This might not
be the case in the study area and could be caused by the
sensitivity of the CROPWAT model to temperature changes.
This requires further validation by eld data, but currently no
other data are available for additional tests. The traditional,
rice-based farming demonstrates less inter-annual variability in
Fig. 10 Progressive farming is often more profitable, but traditional
farming is more predictable.

Environ. Sci.: Processes Impacts, 2015, 17, 1018–1031 | 1027
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Fig. 11 Although income-based poverty indicator (b) shows reduced
poverty levels, the food-security indicator (a) highlights hardship.
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the simulations, and thus can be considered more risk tolerant.
This might be another reason why the poorest households
practice staple-food-based farming: lower net prot, but less
upfront costs and lower risk. The poorest populations are oen
risk averse, choosing survival over the opportunity to increase
income.50

(g) Agriculture and informal loans

Fig. 10 shows that the market conditions were not ideal for the
land owners during the 1990–2005 period (i.e. negligible prot).
In this period, agriculture costs were higher than farm-related
income, thus all simulated agents required both official and
informal loans during the simulation period. The prot from
agriculture was not sufficient during the 60 year-long simula-
tion to pay back the loans completely, thus all agents were
caught in the cycle of debt. However, while loan related
expenses were around 70 percent of the total household
expenses for large land owners, the loan expense was roughly 95
percent for the other agents (small land owners, sharecroppers,
landless labourers) on average.

The household livelihood model used is simple, yet it is
capable of showing the impact of economic, climate and envi-
ronmental changes on people's livelihoods. The model uses a
number of assumptions such as the unconditional availability
of loans. This does not represent reality and yet, the simulated
agents do end in a poverty trap. Such simulations can inform
decision makers about the importance of sensible economic
(e.g. better loan availability/conditions and subsidies), research
(e.g. new resilient crop varieties) and educational incentives (e.g.
new cropping patterns) that can support the rural poor in the
face of climate and environmental changes.

(h) Farming and poverty

The current integrated model only considers farm-related
revenues. Fig. 11 shows that only doing farming does not make
people richer even if climate change naturally improves crop
productivity through CO2 fertilisation. Rather, farmers are
forced to do other, off-farm jobs to support their families.
Fig. 11a indicates a counter-intuitive relative wealth (i.e. smaller
number of months with sub-optimal food consumption) for the
initial 10–15 years of the low protability period. During this
period, the agents quickly consumed any savings and took
official and informal loans and their simulated diet changed
from normal to suboptimal as indicated by the increasing
number of months per year when the calorie intake was lower
than 2122 kcal per capita per day. Traditional farming mitigated
the situation to some extent for the large land owners, but
eventually, all simulated agents became poor due to the cycle of
debt. The model shows that if economic conditions do not
change (including loan types), all simulated farmers are
expected to be squeezed by falling prices for their produce
(compared to total household expenses), and a lack of exibility
to take up alternative income sources because they have to look
aer their own land. Interestingly, the progressive cropping
pattern scenario offers a way out of the situation by slowly
reducing the length of the hunger period aer 2035. Landless
1028 | Environ. Sci.: Processes Impacts, 2015, 17, 1018–1031
agents are better-off than small land owners and sharecroppers
in this simulation, because they do not have to make an
investment and their labour wage is ‘guaranteed’. Therefore,
while land ownership provides income security to rural pop-
ulations, especially by meeting subsistence needs and providing
some food security, its impact is limited in the face of
increasing variability in crop productivity under climate and
market changes.

When the monetary poverty is calculated (US$1.25, PPP
adjusted, poverty threshold that only considers farm-related
incomes), the picture is very different (Fig. 11b). On average,
simulated poverty levels are reduced from 90 percent to
60 percent but the reduction trend stopped around 2003. The
uncertainty band is relatively narrow due to the fact that only
the CROPWAT model parameter uncertainties are considered
on this gure. Economic data and the uncertainties of the
household livelihood model are currently not included in the
model. The narrow band of uncertainty indicates that even
though the large variability can be expected in future crop
productivities and farm related prots; it is probable that the
coastal population will be poor if only faming is practiced. The
uncertainties do not increase over time because the annual crop
calculations can be considered independent (see Section 4a).

Rural poverty levels areoenhigher than thenational average.
By considering that the simulations only use farm-related
This journal is © The Royal Society of Chemistry 2015
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revenues and the fact that the study site is primarily a remote
rural area, the simulation results are comparable with theWorld
Bank data (Fig. 11b). The observed national level poverty levels
were 70 percent and 43 percent in 1992 and 2010, respectively,
whereas the corresponding poverty levels obtained from our
model were 90 percent and 64 percent. However, this monetary
indicatoronlyuses thehousehold incomesanddoesnot consider
the total expenses, thuspainting a too rosy picture about thewell-
being of the population. Therefore, such monetary poverty indi-
cators are only recommended for policy decision making, if they
are accompanied by poverty indicators that capture other sides of
well-being (nutrition, health, education, etc.)

Conclusions

An integrated framework and model is being developed within
the ESPA Deltas (Assessing Health, Livelihoods, Ecosystem
Services and Poverty Alleviation in Populous Deltas) project to
investigate the effect of climatic and environmental change on
poverty and health of the rural population of coastal Bangla-
desh. Four essential modelling blocks were identied to capture
farm-related livelihood dynamics: (1) crop simulation, (2)
demographic projections at the local scale, (3) household live-
lihood model and (4) carefully selected poverty indicators. Scale
is a critical element in the integration. Different elements of the
system require the simulation at different spatial (from union to
division) and temporal (from daily to 10-yearly) scales, but these
are harmonised to enable the communication of model
elements. The nal outputs of the model are represented at
union (28 km2 on average) and monthly scales. These are the
most appropriate scales for decision makers, because (i) unions
are the smallest planning units in Bangladesh, (ii) unions
capture the ne spatial variations of environmental factors and
land use changes, (iii) monthly analysis highlights seasonality
issues, and (iii) the well-being results are meaningful without
becoming computationally very expensive.

This paper focused on agriculture and agriculture-related
livelihoods using a novel setup for the extended CROPWAT
model. A thorough sensitivity analysis was carried out that
highlighted the importance of the seasonality in parameter
sensitivity. Furthermore, the integrated model was developed to
automatically carry out the uncertainty analysis during the
normal model runs, based on the most sensitive crop parame-
ters, and their statistical summary was propagated through the
livelihood and poverty calculations. The ensemble members of
this uncertainty analysis were also analysed to learn about the
behaviour of the extended CROPWAT model. Such an inte-
grated assessment across bio-physical and social science
domains is uncommon, but makes the scenario results relevant
to stakeholders.

The model presented here is capable of providing important
insights into the complex relationship of nature, livelihood,
poverty and health. It was demonstrated that the relationship
between increases in productivity and increases in rural well-
being is complex and non-linear. However, some key prelimi-
nary outcomes should be highlighted. Firstly, an increase in
productivity translates into only a slight increase in income for
This journal is © The Royal Society of Chemistry 2015
farmers and even a large increase in income cannot guarantee
reduced poverty levels due to accrued debt. This highlights a
potential issue of rural economics that needs to be addressed in
Bangladesh relating to access to affordable and official credit
and demonstrates that credit itself, oen cited as a way to help
the rural poverty, can actually drive households further into
poverty. Secondly, the majority of rural households are landless,
and based on the simulations, the number of landless is
expected to increase. These households are involved in agri-
cultural labour, but may receive the majority of their income
from off farm sources. Thirdly, crop diversication does not
guarantee a solution to a changing climate unless it is guided
with research and development activities and knowledge
transfer. Finally, to assess this complex behaviour of people and
to understand the lives of rural households, integrated models
are necessary that look beyond national economic indicators.
Traditional economy-based indicators are useful to measure
national progress, but to understand the well-being of people a
more disaggregated approach is needed together with targeted
indicators measuring important non-monetary aspects of life
such as health and education.

This paper has provided insights into the livelihood changes
of farmers that may occur as a result of climate and environ-
mental change using an innovative prototype model. In addi-
tion, by exploring plausible scenarios, the model development
and the analysis of results promote multi-disciplinary co-oper-
ation and discussions within the research community and
stakeholders. Even though the model elements presented in
this paper are simplied representations of both agricultural
and population changes, the model produces realistic
portrayals and provides a unique platform to explore the links
between demographical, climate and environmental changes
and their cumulative effect on farming livelihoods and poverty
levels in coastal Bangladesh. The model is going to be further
developed and extended as more modelled and eld data
become available from the ESPA Deltas project. This will
include incorporating a soil salinity model (based on river and
groundwater salinity and farmmanagement), including shing,
livestock and resource collection livelihoods, and further
development of the household livelihood model with feedback
on land cover/land use and migration. Despite its limitations,
the model provides a unique platform to explore the links
between demographical and climate changes on agriculture
and their cumulative effect on farming livelihoods and poverty
levels in not only coastal Bangladesh, but also in other coastal
deltas.
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