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Climate change affects changes in rice-based systems of coastal Bangladesh. Both
external pressures and system-immanent attributes influence farmers’ adoption of
new production practices, leading to the emergence of new land use patterns.
Field and household surveys quantified recent and emerging change trends in crop
yields and associated intensification-related practices in representative rice-based
systems, using a diachronic approach (comparing the years 2011 and 2021). We
analyzed 240 rice-producing farms, representing three rice-based cropping
systems, namely extensive rice-fallow rotations, intensified irrigated rice double
rotations, and diversified rice-mungbean rotations. The study sites contrasted
favorable biophysical conditions (climate, soil type, water source and quality, soil
fertility) in the Barishal district, and marginal (unfavorable biophysical
environments) conditions at Patuakhali district in coastal Bangladesh. Soil fertility
attributes were assessed at both study sites. The type, the extent, and the pathways
of recent changes differed between locations, systems and seasons. We observed
significant increases in aggregated yield (across crops and seasons), in individual
crop yields, and in economic yields at both the marginal and the favorable sites.
Crop yields varied widely (rice: 3.0-7.8 t ha™!, mungbean: 0.4-1.5 t ha™?), and rice
yield was higher in dry than in the wet season. Farmers’ adoption of intensification
practices started earlier in the marginal study area, but the extent of the changes
was larger at favorable sites. Most prominent was the mechanization of tillage
operations and an increased use of mineral fertilizers, with the largest changes
observed in irrigated rice and in dry season mungbean. Such site-, system-, and
season-specific assessments will permit identifying drivers of change and can
inform the assessment of potential future patterns of land system changes.
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1 Introduction

Crop production in the coastal area is vulnerable to changing
climate. Their unique geographical and economic attributes
exacerbate negative consequences of climate change, where rising
sea water levels can lead to increased saltwater intrusion, land
salinization, and declining crop yields (Clarke et al., 2015). These
processes negatively affect food production and farmers’ income
(Aryal et al., 2020), and increasingly challenge the required
doubling of the food supply by 2050 (Bahar et al., 2020).

Like most of its neighboring countries, Bangladesh relies heavily
on agriculture and is characterized by high population densities.
About 31% of total land area of Bangladesh is located in the coastal
zone, where 27% of the population lives below the poverty line
(Mainuddin et al., 2014). The geographical features of this region
exhibit a greater degree of diversity and dynamism than commonly
acknowledged, encompassing landscapes such as piedmonts, river
valleys, tidal and estuarine floodplains, elevated blocks, and hilly
terrains (Roncoli et al., 2016; Brammer, 2017). Additionally, this
area experiences higher instability compared to other regions of the
country, attributed to the significant discharge of sediment through
the Meghna estuary, resulting in shoreline dynamics and alterations
in land use and land cover (Chowdhury and Sikder, 2024). Crop
production in this area is increasingly constrained by soil salinity,
poor governance of fresh water resources, and by climate
vulnerabilities (Bernier et al., 2016), particularly during the dry
season (Emran et al., 2022). These critical attributes limit the land
use intensification that is required to meeting a growing food
demand, leading to large shares of the available cropland area
being abandoned or left seasonally fallow (Krupnik et al., 2017).
In addition, socio-political changes, the poor resource endowment
of smallholders, improper use of agrochemicals, and declining soil
fertility negatively affect the predominant rice-based production
systems (Alam et al, 2021). Recent spikes in input prices, limited
opportunities to earn off-farm income, and reduced returns from
remittances further constrain farmers’ adaptive capacity, and
increasingly limit on-farm investments (Alam et al., 2013).

Farmers respond to these emerging challenges by modifying
their production systems and associated agronomic practices. The
sustainable intensification of rice-based systems may entail different
approaches and pathways, as a function of the marginality of site
conditions and the on-farm resource endowment, leading to the
emergence of diverse patterns of land systems. Strategies of
intensification comprise not only the intensity of land use (double
or multiple cropping) but concern all steps in the production
process from varietal choice, land preparation, crop establishment
the use of agrochemicals and crop harvest (Krupnik et al., 2017).
This has entailed recent increases in the use of improved crop
varieties and of agrochemicals (Al Mamun et al., 2021), adoption of
laborsaving technologies (Krupnik et al., 2022), nutrient
management options (Islam et al.,, 2024) and irrigation methods
(Schulthess et al., 2019). While rainfed wet season rice is grown on
much of the available cultivable land of rural Bangladesh
(Bhattacharya et al., 2019), cropping intensification by growing
irrigated rice during the dry season (Krupnik et al., 2017) requires
available irrigation water supplies which is limited (Gaydon et al,,
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2021). A shift toward less water-demanding upland crops during
the dry season, such as mungbean, soybean and vegetables, may
offer the possibility for land use intensification by diversifying the
crop portfolio (Assefa et al, 2021; Emran et al, 2022), without
exacerbating the depletion of ground- and surface-water resources
(CIAT and World Bank, 2017). However, such strategies require
cultivation techniques, agronomic practices and nutrients inputs
that are not available as of now, and their applicability may differ
with the marginality or favorability of the site. In addition, most
diversification strategies tend to be more labor- and knowledge-
intensive, and require market access and well-developed value
chains (Aravindakshan et al., 2020). Thus, crop diversification
may be restricted to peri-urban settings and to farms with a
favorable resource endowment.

The recognition of such location-specific differences will permit
identifying measures and targeting interventions for accelerating
system-specific transitions towards sustainable intensification and
diversification in coastal areas of Bangladesh and beyond. However,
little is known about the manifestation of practices and regarding
rates of adoption of new technology options in southern Bangladesh.

We hypothesized that changes in the adoption of agronomic
management practices towards intensifying land systems differ
between favorable and marginal environments reflecting famers’
adaptive capacity to system-specific transitions in coastal
Bangladesh, and emerging intensification of land systems mainly
expands towards dry season crops. The objectives of the study are
i) to quantify change trends in performance attributes of rice-based
production systems and associated agronomic practices in the past
10 years (2011 vs. 2021), and ii) to assess farmers’ perceived
constraints for adopting intensification-related production
strategies at two distinct sites in coastal Bangladesh. We
demonstrate for the first time the on-going trends in land system
changes, applying a diachronic analysis (comparing recent past
and present states) to farms in coastal rice-based systems
of Bangladesh.

2 Materials and methods

2.1 Site attributes and prevailing
cropping systems

To identify transitions in land use and cropping practices in
coastal Bangladesh, we selected two districts in the division of
Barishal, representing the climatic and edaphic conditions typically
encountered in coastal delta regions. They represent priority
research areas or key intervention zones of the national research
program, with data being available regarding biophysical conditions
and socio-economic household attributes. The study regions in
Barishal and Patuakhali districts are located between 90.3 and
90.4°E and between 22.4 and 22.8°N. Both districts belong to
same agro-ecological zone of the “sub-humid tropical lowland”
with similar lengths of growing periods of 180-209 days (https://
gaez-services.fao.org/) and are characterized as Equatorial
Monsoon (Am) or Equatorial Savannah (Aw), according to the
Koppen-Geiger (Kottek et al., 2006).
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The average monthly maximum and minimum temperature
almost similar in both sites. While the maximum temperature
ranges from 24°C (January) to 33°C (April/May) in Barishal site
and 25°C (January) to 34°C (April) in Patuakhali site. The
minimum temperature ranges from 12°C (January) to 26°C
(June) in Barishal site and 13°C (January) to 27°C (June) in
Patuakhali site. The relative humidity is constantly high in both
sites with 74% (March) to 88% (July), and 75% (February/March) to
90% (July) in Barishal and Patuakhali sites, respectively. Annual
rainfall varies between the sites with ~1900 mm in Barishal and
~2500 mm in Patuakhali site. In addition, rainfall varies between
the seasons with ~90% rainfall occurred in wet season in both sites
(Figures 1A, B).

However, the study areas contrast in terms of edaphic attributes.
While both are dominated by clay-textures alluvial Gley- or
Fluvisols (Huq and Shoaib, 2013) and are well endowed with
plant available P (~44 mg kg™') and K (58-101 mg kg "), the
“marginality” of soils in Patuakhali district is informed by salt water
intrusion during high tide and resulting soil salinity in the dry
season of 4.9 dSm™". In addition, organic C (1.0%) and total N
contents (0.1%) are much lower than at the favorable Barishal site

10.3389/fagro.2024.1397474

with 1.4% C and 0.2% N (Table 1). These soil attributes are based on
analyses of composite topsoil (0-20 cm) samples, collected from
seven sampling points along a diagonal of each field. When farmers
had different plots of same crop rotation, soil sampling was
performed from a largest plot of that particular rotation. These
soil sample were collected at the end of dry season (April-May,
2022) followed by air drying. The samples were analyzed in the
laboratory of the Institute of Crop Science and Resource
Conservation at the University of Bonn, Germany.

The prevailing cropping patters are determined by the seasonality
of rainfall, the access to irrigation water from either surface resources
or the shallow aquifer, and by opportunities for commercialization
(market access) and production risks (soil salinity). Farmers at both
sites cultivate transplanted lowland rice during the monsoon (wet)
season, covering 60-67% of the total arable land area. In the dry
season, farmers can opt for leaving the land to fallow (extensive
production system) or for cultivating irrigated crops (intensified or
diversified production systems). The latter may comprise either
lowland rice (irrigated rice double cropping on 33% of the land
area) or high-value and often perishable legumes or
vegetables (Bangladesh Bureau of Statistics—=BBS, 2023). This
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FIGURE 1

Monthly climatic patterns in Barishal (favorable site, A) and Patuakhali (marginal site, B) in coastal Bangladesh. The climate data represent the
monthly average of 15 years (2008-2022) (Source: Bangladesh Bureau of Statistics). Temp, temperature (°C); RH, relative humidity (%); max,
maximum; min, minimum. Annual crop calendar under different cropping systems (C) (Source: Agriculture Information Service, Bangladesh).
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TABLE 1 Selected soil attributes at the favorable (Barishal district) and
marginal sites (Patuakhali district) in coastal Bangladesh.

Sites
Soil attributes el Marginal P value
(n = 30) (n = 30)

pH (H,0) 53402 48+0.1 0.018
Electric conductivity

o 0.9 +0.1 49 +05 0.000
(dS m™)
Corg (%) 14 +0.1 1.0 + 0.0 0.000
Niot (%) 0.2+ 0.0 0.1 +0.0 0.001
C:N ratio 94 +02 8.9+ 0.2 0.029
Polsen (mg kg ') 44.8 +0.9 439+ 0.9 0.503
K (mg kg™)* 57.8 £ 0.4 1012 £ 0.8 0.000

*CAL method (Schiiller, 1969).
Values represent means + standard error of mean. P values denote significance levels between
sites, according to Tukey’s test, sample size (n) = 30.

diversified cropping system is exemplified by the most frequently
encountered rice-mungbean rotation (Figure 1C). Thus, the
predominant cropping patterns at both study sites (districts)
encompass: (1) Rice-Fallow (one single crop rainfed or irrigated
wet season rice — extensive system); (2) Double Rice (irrigated rice
cultivated during both the dry and the wet seasons - intensive
system); and (3) Rice-Mungbean (wet season rice being followed by
an upland crop - diversified system). However, the relative spatial
extent of these systems differs by the marginality of site conditions.
Thus, in Patuakhali (marginal site), the extensive single rice system
with land left to fallow or used as grazing ground during the dry
season covers 16% of the total cultivable land. Due to water-
limitations and high soil salinity during the dry season, the rice
double cropping (intensive system) is restricted to only 2% of the
arable land area. Rice-upland crop rotation (diversified system) cover
36% of the cultivable land, with a predominance of mungbean as the
dry season component crop (Department of Agricultural Extension -
DAE, 2023). In contrast, at the favorable site in Barishal, single rice
occupies 14%, double rice 11%, and mixed cropping 13% of the arable
land area. The remaining 48-52% of the arable land area at both sites
are cultivated to jute, fruit trees or other perennials and
plantation crops.

2.2 Field survey and data collection

To address our research objectives, we combined (1) primary data
collection, gathered through a diachronic household survey as outlined
in Becker et al. (2023), and (2) secondary data sources obtained from
the Bangladesh Bureau of Statistics (BBS). The diachronic household
survey was conducted during in March and April 2022 at both
locations using semi-structured survey questionnaires. Farmers were
identified randomly from census-based lists of households. Farmer’s
verbal consent was obtained prior to each interview. Participation in
the study was voluntary, with only farmers expressing interest and
willingness to respond being included.
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From the resulting sub-sample, we selected 40 households each,
applying either extensive rice single cropping, irrigated rice double
cropping, or rice-mungbean rotations at both the marginal and the
favorable sites, resulting in 120 farmers per site and a total of 240
farmers across sites. This selection was done with support of field
officers from the Department of Agricultural Extension. The
questionnaire-based survey assessed changes in agronomic
practices and crop yields during the past decade, comparing 2021
with 2011. The data for 2011 were collected as recall. The structured
interviews were conducted by well-trained enumerators (university
graduates), addressing the household heads. Questions assessed
past and current agronomic practices applied in wet season rice,
and, where applicable, in the cultivation of dry season rice and
mungbean. All data were recorded either at the farmer’s residence
or in the field. In addition, composite topsoil samples (0-20 cm)
were collected from seven sampling points along a diagonal of each
field for subsequent laboratory analyses.

Table 2 provides a detailed breakdown of eleven intensification-
related agronomic practices applied in the three contrasting
cropping systems. We measured current (farmers’ records) and
estimated past (remembered) crop yields. Exact field sizes were
obtained by walking around each plot with a GPS device.
Subsequently, the possibly less reliable past crop yields were
compared with relevant national statistics to confirm accuracy
and consistency. Furthermore, the economic yield, accounting for
both wet and dry season crops, was calculated considering the

TABLE 2 Intensification-related cropping practices in
coastal Bangladesh.

Practices Description

Cropping Wet season rice — fallow
Rice double cropping

Rice-mungbean rotation

system (rotation)

Genotype Traditional vs. modern high-yielding or

hybrid varieties

Soil tillage Animal plow vs. power tiller and/or tractor

Harvest Manual vs. reaper/combine harvester

Organic amendments Application of farm yard manure and return of

rice straw

Mineral N fertilizer Application rates of urea

Recommended mineral = 2011 - WS rice: 45 kg ha™!, DS rice: 120 kg ha™!,

N rates mungbean: 18 kg ha™!
2021 - WS rice: 90 kg ha™!, DS rice: 180 kg ha™,
mungbean: 18 kg ha™

Mineral N Single application vs. split of basal and top-dressed N

fertilizer split

Non-N fertilizer Application of P, K, S, Zn fertilizer (sole or

in combination)

Weed control Manual weeding vs. herbicide use

Pest control Insecticide use

Disease control Fungicide use

Recommended doses of mineral fertilizers are based on the national fertilizer
recommendation guides for the year 2011 and 2021 of the Bangladesh Agriculture
Research Council (BARC). WS, wet season; and DS, dry season.
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market price at the respective year’s harvest time as per reported by
Bangladesh Bureau of Statistics (Bangladesh Bureau of Statistics —
BBS, 2014, 2023). For international comparison, exchange rates
were applied based on the Bangladesh Bank Forex Department,
with 1 Euro = 105.46 BDT (Bangladesh Taka) in 2011 and 1 Euro =
100.96 BDT in 2021.

2.3 Data analysis and visualization

Survey and field data were transferred to digital spreadsheets
and cleaned, following a plausibility check. The aggregate level of
land use intensification was expressed first at the level of the
individual farmer. It was calculated as the cumulative share of
intensification practices been applied, ranging from 0% (no
intensification practice adopted) to 100% (all eleven
intensification-related practices adopted). Subsequently, the
percentage shares of farmers adopting specific agronomic
practices (qualitative or categorical data) were used for change
detection analysis between years (2011 vs. 2021) within each
category, comprising sites (favorable vs. marginal), seasons (dry
vs. wet season) and crops. Quantitative data were analyzed
following a test of normality of data distribution by Shapiro-Wilk
test. For non-normally distributed data, such as the grain yield at
the favorable site, the non-parametric Mann-Whitney U test was
used to detect difference between groups. In the case of normally
distributed data, we applied a homogeneity test (Levene’s test).
While homogenous data were subjected to one-way ANOVA and
mean separation by Tukey’s test, significance levels of
heterogeneous data were compared using Welch’s test. All data
were analyzed using SPSS Statistics Version 27.

10.3389/fagro.2024.1397474

Changes in productivity attributes and the type of adopted
practices were additionally visualized using a cluster heat map
approach (modified after Wilkinson and Friendly, 2009).

3 Results

Farmers in coastal Bangladesh have intensified their crop
management practices in the past ten years. This intensification is
reflected in larger areas used for food crop cultivation, in growing
shares of farmers cultivating during the dry season, but also in
modifying crop agronomic practices, which has been associated
with higher outputs and general increases in various system
performance attributes. However, the type, the extent, and the
speed of the observed changes differ by season and by the
marginality of site conditions as shown in the subsequent sections.

3.1 Land systems and land use intensity

The cropped land in Barishal District of coastal Bangladesh
covers some 270,000 ha and is dominated to 94-98% by rice or rice-
based cropping systems (Supplementary Table S1). The rice area
covers 150,000 ha at the favorable and 203,000 ha at the marginal
sites (Figure 2A). Based on the national statistics from 2014 and
2021 (no data available from 2011), we observe a slight expansion of
the total cropped area from 158,000 to 163,000 ha at the favorable
and a slight decline from 212,000 to 204,000 ha at the marginal sites.

However, substantial changes were observed regarding the land
use intensity. Thus, the extensive single rice system with dry season
fallow declined from 29,000 to 22,000 ha at the favorable and from

A Area under rice-based system (1000 ha) B Area share of selected rice cropping sy (%)
240 HTotal ri 120
ofal rice area - i o Area share under ri roations (diversified land use)
Area under ric foaliens (divs d land use) Area share under rice double cropping (intensified land use)
Area under rice double cropping (intensified land use) N " N
. " ) Area share under rice-fallow rotations (extensive land use)
Area under rice-fallow rotations (extensive land use)
200 100
160 80
120 60
80 40
40 20
0 0

Year 2014 Year 2021 Year 2014 Year 2021

Favorable site Marginal site

FIGURE 2

Year 2011 Year 2021 Year 2011 Year 2021

Favorable site Marginal site

Land uses and recent change trends in rice-based cropping systems in Barishal (favorable site) and Patuakhali (marginal site) of coastal Bangladesh.
(A) Data from Bangladesh Bureau of Statistics, Department of Agricultural Extension (2014 and 2021) expressed in 1000 ha; (B) Own survey data
(2011 and 2021) considering the three main rice-based cropping systems extensification, intensification, and diversification of rice-based cropping

systems expressed as percentage share of the total land (n = 120 farmers).
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36,000 to 34,000 ha at the marginal sites between 2014 and 2021. On
the other hand, land use has intensified by replacing the dry season
fallow by either irrigated rice (intensification) or by mungbean and
other upland crops (diversification). Thus, the share of irrigated rice
double cropping has decreased from 31,000 to 27,000 ha at the
favorable, and increased from 2,000 to 2,600 ha at the marginal
sites. Rice mungbean rotations are more prominent at the marginal
(79,000 ha) than the favorable sites (20,000 ha). Their share has
nearly doubled between 2014 and 2021 at both sites, reaching 13
and 38% of the total rice-based land area at the favorable and
marginal sites, respectively. The importance of other rice-based
land uses (wheat, vegetables) has declined and was gradually
replaced by intensification (double rice) or diversification (rice-
mungbean) options.

This shift in land use from extensive single rice to intensive rice
double cropping or diversified rice-mungbean rotations was even
more pronounced in the limited subsample of 120 farmers in the
own survey (Figure 2B). Thus, we observed declines in extensive
single rice cropping from 70 to 50% of the surveyed farmers at the
favorable and from 71 to 52% at the marginal sites between 2011
and 2021. Conversely, the share with intensified land use by
irrigated double cropping of rice has increased from 2011 to 2021
by 22 and 8%, at the favorable and marginal sites, respectively.
Diversification by adopting rice-mungbean rotations has increased
by 13% of all surveyed farmers at the marginal site. However, at the
favorable site, a further expansion of dry season crop growth was
not visible, at least at our survey sites, and the share of crop
diversification remained constant at around 25%.

3.2 Intensification-related
agronomic practices

Crop production practices constantly change, and are an
expression of farmers’ adaptive capacity to respond to external
pressures or changing needs. Agronomic practices may be adopted
(1) in view of increasing yields or partial factor productivity of
purchased inputs, or (2) to reduce labor demand. They may
comprise the use of modern high-yielding genotypes, the use and
efficient management of external inputs, and the mechanization of
diverse operation steps. In the rice-based production systems of
coastal Bangladesh, we observed differential trends in cropping
intensification between sites, seasons and component crops. The
aggregate level of land use intensification was calculated at the
cumulative level of the farmer adopting any number of the eleven
predefined intensification practices within component crops and
among sites and are presented thereafter. Subsequently, we present
changes in farmers adopting individual intensification practices
between 2011 and 2021, differentiating marginal and favorable sites.

3.2.1 Aggregate changes and trends

When aggregating adoption rates across all eleven intensification-
related land use and cropping practices, the mean intensification level
across farmers in the sample was very low in 2011. It reached a mean
of only 4% of adopted intensification practices at the favorable and
about 22% at the marginal site. The level of intensification in 2011
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was generally higher at the marginal than at the favorable sites and it
increased by about 20% in the last decade, irrespective of the site,
reaching aggregate levels of intensification of 42 and 56% at the
favorable and the marginal sites, respectively. The rate of adoption of
intensification-related practices (differences between 2011 and 2021)
was much lower in (rainfed) wet than in (irrigated) dry season rice,
but was generally higher at the marginal that at the favorable site
(Figure 3). The largest recent increases in adopting intensification
practices were observed in mungbean, with 30% increase at the
favorable and with only 18% at the marginal site. Across crops,
intensity of cropping in 2021 was more in the dry than in the wet
season, and generally more at the marginal than at the favorable site.
However, the highest rates of adoption were observed at the favorable
site, reaching aggregate levels of intensification of nearly 50% in
mungbean and in dry season rice.

3.2.2 Intensification-related practices

A separation of these aggregate change trends by individual
agronomic practices (percentage share of farmers adopting a giving
practice) provides a more differentiated pattern of land use
intensification (Figure 4). Among the agronomic practices, largest
levels of recent adoption were observed with mechanizing the land
preparation (>90% of all farmers adopting tractor tillage), followed
by the use of mineral N fertilizers (68%), of insecticides (62%), and
of non-N fertilizers (60%). Largest rates of change occurred at the
favorable site, with increases in the adoption of mineral N fertilizers
by 67%, of tractor tillage by 62%, of non-N fertilizers by 52%, and of
high-yielding genotypes by 36%. While starting at a much higher
level of intensification in 2011, the rates of change never exceeded

Change trend
= Favorable site
Site o Marginal site
A A OA 2011
Crop @A 2021
o-e
WS rice
AN A
o—e
DS rice
I A
o—-=e
Mungbean
I A
0 20 40 60 80 100
Share of farmers’ adopted listed practice (%)
FIGURE 3

Aggregated change across intensification related crop agronomic
practices between 2011 and 2021 at favorable and marginal sites in
coastal Bangladesh, differentiated by component crops (rice and
mungbean). The aggregate level of land use intensification was
calculated as the cumulative share of intensification practices been
applied, ranging from 0% (no intensification practice adopted) to
100% (all eleven intensification-related practices adopted) (WS, wet
season; DS, dry season).
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the 30% increase in any of the practices at the marginal site.
Practices that were not or hardly adopted during the past decade
concern mainly the favorable site and comprise harvest by combine
harvester, the application of organic amendments, and use of
herbicides and fungicides.

On the other hand, the use of pesticides reached 32, 37, and 76%
of all farmers applying herbicides, fungicides and insecticides,
respectively in 2021 at the marginal site, where farmers reported
pests and disease being the main production constraints. It was also
only at the marginal site that pests and diseases were perceived to be
associated with land use intensification, affecting mainly the dry
season crops of rice and mungbean (data not presented). A further
differentiation of adoption levels and rates of change for individual
component crops is presented in the Supplementary Materials
(Supplementary Table S2).

3.3 Crop performance attributes

The main reason for adopting intensification-related agronomic
practices is an increase in performance attributes, including grain

10.3389/fagro.2024.1397474

and economic yields and the partial factor productivity (input use
efficiency) of fertilizers and labor. The grain yields of all crops (wet
season rice, dry season rice and dry season mungbean) have
increased in the past 10 years, irrespective of the site. This
implied increases in the yield of wet season rice from 2.2 in 2011
t0 2.9 t ha ' in 2022 (+30%). During the same time, the yield of dry
season rice increased from 2.9 to 4.8 t ha™' (+60%) und that of
mungbean from 0.6 to 0.9 t ha™" (+40%).

The resulting aggregate changes (cumulative yield of all
component crops) were similar between marginal and favorable
sites, and the increase from 2011 to 2022 was highly significant
(P<0.001). Thus, cumulative yields increased from 1.9 to 2.8 t ha™'

! at the favorable site

at the marginal and from 2.0 to 2.9 t ha”
(Figures 5A, B). However, yields tended to be more variable at the
marginal (coefficients of variation - CV of >55%) than at the
favorable site (CV of 45-49%). With a grain yield of 5.5 t ha™',
irrigated dry season rice was not only the highest-yielding
component crop but also to one showing the largest yield
increase in the past 10 years (+64% at the marginal and +93% at
the favorable site) and the lowest between-field yield variability

(CV~15%). Location-specific differences in yield increases and yield

- Favorable site
Marginal site
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Modern genotype
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FIGURE 4

Change trends in in intensification related crop agronomic practices, comparing between favorable and marginal sites in both past (year 2011) and

present (year 2021) in coastal Bangladesh
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variabilities of wet season rice and mungbean were less pronounced
(Figures 5C, D). The national statistics of these particular sites
showed diverse change trends (Supplementary Table S3). The yield
of dry season rice increased in both site i.e., 3.9 to 4.1 t ha™! (+2.9%)
in favorable site and 2.5 to 3 t ha™! (+19%) in marginal site.
However, while mungbean yield increased 23% (0.8-1.1 t ha™') in
favorable site but decreased 28% (0.7-0.5 t ha ') in marginal site.
Counter wise, wet season rice increased 20% (1.7-2.1 t ha™) in
marginal site while favorable site showed decreased trend (—8%,
2.1-19 tha™).

Aggregated yield (t ha-')

Rice yield (t ha-')

WS rice DS rice

3000

2500

2000

1500 NS

1000 -

500 1

Economic yield (Euro year-')

Double
rice

Single Rice-

rice

Favorable site

FIGURE 5

Mungbean

mungbean

10.3389/fagro.2024.1397474

The monetary revenue generated by farmers from the three
production systems highlights the benefits of system diversification,
particularly of land use intensification by rice double cropping
(Figures 5E, F). Thus, double rice provided ~2,200 € ha™! year_l, while
rice-mungbean yielded ~1,300 € and single wet season rice only ~750 €
ha ! year . The substantial increase in revenues from 2011 to 2022 from
both diversified (rice-mungbean) and intensified cropping (double rice)
was partially an effect of modest yield increases, but particularly the result
of more farmers shifting from single rice to multiple cropping (increase
from 5-50% adopters in 2011 to >80% adopters in 2022).

B *kk
02011
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8
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-]
b 1.8
ekk 16
o
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e 2 12 &
5
° 10 8
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° 02 =2
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Single Double Rice-
rice rice mungbean
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Grain yields (1) aggregated across component crops (A, B), (2) of individual crops (C, D), and (3) expressed as monetary revenue (economic yield) of
the production systems (E, F), differentiated by site attributes (marginal vs. favorable site) and between past and present (2011 vs. 2021)

**% * significance level at 0.001, 0.05. Primary and secondary Y-axes (C, D) denote grain yields of rice and of mungbean, respectively. The
economic yield was calculated as the cumulative revenue from component crops based on harvested amounts and the produce values at the
respective year's market prices by Bangladesh Bureau of Statistics (BBS) and currency exchange rates as per Foreign exchange of Bangladesh Bank.
Inflation was adjusted using respective year consumer price index as indicated by BBS. WS, wet season; DS, dry season; NS, non-significant.

Frontiers in Agronomy

08

frontiersin.org


https://doi.org/10.3389/fagro.2024.1397474
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org

Islam et al.

3.4 Patterns of change

The above-reported observed changes in intensification-related
agronomic practices and in crop yields between 2011 and 2021 are
summarized and visually illustrated by a cluster heat map
(Figure 6). While most practices and performance attributes
showed increasing trends in the past 10 years (red color), some
labor-intensive operations such as tillage, harvest, and the
application of organic amendments either showed decreasing
trends (blue color) or remained largely unchanged. The intensity
of change (as illustrated by the darker colors) was higher at the
favorable than at the marginal sites, and was more pronounced
during the dry than the wet season, and the associated
component crops.

The adoption of modern genotype has increased at both sites,
but was higher in dry than in wet season crops. Largest changes
were apparent for the adoption of labor saving strategies, with a
pronounced shift from animal to tractor tillage, and from manual to
machine harvesting, particularly at the favorable site. Practices such
as the use and the split application of mineral N fertilizers increased
at all sites and in all component crops, but tended to be highest in
irrigated dry season rice and mungbean. Pesticide use increased
most at the marginal site, particularly in dry season crops. Overall,
grain yields increased during the past 10 years, and the extent of
yield increases reflect the rates of adopting intensification-related
agronomic practices.

4 Discussion

4.1 Determinants of land system change

Land use and crop production systems continuously change.
The general trend is a move towards system intensification, which
concerns the application of practices to meet changing human

10.3389/fagro.2024.1397474

needs, while contributing to resilience and sustainability of
landscapes (Rockstrom et al., 2017). Intensification can comprise
conversions among land use categories but also intensity changes
within these categories (Levers et al., 2018). The extent of
intensification can refer to land expansion, the intensification of
agronomic practices, the substitution of land and labor by capital
investments (mechanization and agrochemical uses), or production
strategies that increase the use efficiency of inputs or production
factors (mechanization, multiple split application of mineral N).
Besides intensification, further strategies e.g., crop rotation,
agroecology, agroforestry, livestock integration, community based
approach etc., may concern the diversification of the crop portfolio
or the adoption of conservation practices.

Land systems are subject to exogenous pressure from global
incidence such as demographic growth, climate change, the
globalization of value chains, and transnational policy changes,
which are generally considered drivers of change (Foley et al., 2005).
However, such exogenous pressures do not solely determine
changes of social-ecological systems, and the availability of
technological innovations and system-inherent determinants may
additionally influence system transformation dynamics (Peel et al.,
2016). Innovations such as modern genotypes, mechanization, and
the provision of IT services have been shown to boost crop
production or to modify land systems, and to shape the intensity,
the trajectories, and the types of emerging patterns of land use
(Becker and Angulo, 2019). In addition, the biophysical site
conditions (marginality) and the households’ resource
endowment (wealth status) determine farmers’ adaptive capacity
and hence the extent and direction of expected changes (Struik and
Kuyper, 2017). Thus, location factors and farm/farmer
characteristics interact differentially with economic, technological,
demographic, institutional, and sociocultural processes, and shape
the transformation of production systems (Becker et al., 2023). In
the present study, we illustrated the differential transformation
(pathways of change) and emerging land systems (patterns of
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change) at both favorable and marginal rice production sites of
coastal Bangladesh.

4.2 Change trends in cropping systems
of Bangladesh

In recent years, Bangladesh has experienced notable changes in
its cropping systems and land use trends, partially driven by
population pressure, climate change, and government initiatives
(Timsina et al., 2018; Islam et al, 2021). One of the prominent
features of Bangladesh’s agriculture is its diversity in cropping
systems (Nasim et al., 2018). The majority of the cultivated land
in Bangladesh is dedicated to rice-based cropping systems, serving
as the primary contributor to the country’s food security
(Bangladesh Bureau of Statistics — BBS, 2023). Our study reveals
that rice-based systems occupy >90% of the net (actual) cropped
area at both the favorable and the marginal sites (Figure 2,
Supplementary Table SI). A key driving force of the observed
land use trends is related to policy intervention by the
government, emphasizing the aim of achieving food security
through intensification and diversification, particularly in the
coastal zone of Bangladesh (Assefa et al., 2021). We can
differentiate three rice-growing seasons namely the wet season
(rainfed rice), the dry season (irrigated rice) and the spring
season (partially irrigated rice). Particularly wet and dry season
rice (and to a much lesser extent the spring season rice) contributors
to total production. The main cropping system in coastal
Bangladesh is the single rice system, where wet season rice is
followed by an extended, partially grazed fallow period during the
dry season. The area of this extensive single rice cropping system is
decreasing, and the fallow vegetation is being replaced by either
low-input crops such mungbean and lathyrus (Schulthess et al,
2019) at rural sites, and by high-input and high-value vegetable
crops at peri-urban sites (Manickam et al., 2023). However, the
dominant government strategy to increase cropping intensity in
coastal Bangladesh has been the promotion and development
support of irrigated dry-season rice (Al Mamun et al., 2021). This
included policies that enhance the access to loans, the promotion of
technologies to efficiently manage mineral N fertilizers, improved
access to superior-grade seeds from both the public and the private
sectors, and technological advancements by breeding research for
site-adapted high-yielding genotypes (Emran et al, 2022). The
implications of such interventions were also noticeable in the
present study, where we observed a substantial increase in dry
season crop production, irrespective of site conditions. Similar
results were also reported from other studies in Southeast Asia
(Becker et al., 2023). The observed system diversification by
inclusion of mungbean in the rotations will require similar efforts
and the development of new salinity- and drought-tolerant
genotypes, particularly for the marginal sites (Schulthess
et al., 2019).

However, these intensification strategies may frequently be
constrained by water shortage and by soil and water salinity,
increasing the risk of crop losses for smallholder farmers. This
risk of failing returns to their investments, prevent or reduce
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farmers’ willingness to adopt intensification practices (Roth et al.,
2023). Reducing production risks and achieving sustainable
intensification can only be achieved by developing irrigation
infrastructure and improving water management approaches
(Krupnik et al,, 2017). These may be combined with no-till soil
cultivation, green manure application, and the adoption of high-
value crop-based rotations (Mandal et al., 2022). Finally, a further
intensification may be possible by including additional short-cycled
crops in either the pre- or the post-rice cropping niches that may
further increase farm productivity and farmers’ income (Malik
et al, 2017). Such strategies, may involve the inclusion of pre-rice
green manure legumes (Becker et al., 2007), of pre-rice mungbean
(Ro et al,, 2016), or of post-rice vegetables (Shrestha et al., 2020), as
reported from other areas in South and Southeast Asia.

4.3 Change trends in agronomic practices

4.3.1 Modern genotypes

Several crop management practices in the rice-based systems of
coastal Bangladesh have changed, leading to their intensification.
Thus, the adoption of modern genotypes has increased, but it was
higher at the favorable than at the marginal site, and it concerned
primarily dry season crops (Figure 4; Supplementary Table S2). This
observed trend is confirmed by historical data from the Bangladesh
Bureau of Statistics (2011-2023), indicating recent adoption rates of
modern genotypes increasing during for both seasons, but reaching
>54% in dry season rice. Comparable trends were reported in
Cambodia, Myanmar and the Philippines, where large-scale
adoption of modern genotypes benefitted mainly the dry season
crop in intensive double rice system (Becker et al., 2023). Farmers
residing in marginal sites have embraced modern crop varieties,
possibly in reaction to the difficulties presented by salinity intrusion,
prompting a shift towards tolerant crop types (Billah et al.,, 2017).
Conversely, farmers in non-saline regions adopt such varieties as a
component of diversification and adaptation tactics aimed at
mitigating risks in crop cultivation (Sarker et al., 2022).
Nevertheless, the pace of adopting modern genotypes fluctuates
due to a multifaceted interaction among environmental factors,
socioeconomic circumstances, and governmental policies (Lassoued
et al,, 2018).

4.3.2 Mechanization

Emerging labor shortages and increasing labor costs are key
determinants of farmers’ investing in the mechanization of tillage,
weeding and harvest operations (Becker et al., 2023). Also in
Bangladesh, like in most other rice-based systems of South and
Southeast Asia (Hossen et al., 2020; Becker et al., 2023), we observed
an increased use of machinery. Our results revealed that all interviewed
farmers have recently adopted the use of machine tillage at both study
sites (Figure 4). However, the rate of increase was higher at the
favorable than at the marginal site, where the use of tractors was
already four times higher in 2011 (Bangladesh Bureau of Statistics —
BBS, 2014, 2023). In addition, even at the marginal site only 4% of
farming households own tillers or tractors, while the vast majority of
farmers (89%) opt to rent machinery for soil tillage (Diao et al., 2020).
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In contrast to tillage operations, and also in contrast to favorable sites in
coastal Cambodia (Becker et al., 2023), the mechanization of the rice
harvest is much lower in coastal Bangladesh, where it was largely
restricted to the marginal site, while harvesters were mostly absent and
rice is still being harvested manually at the favorable site (Figure 4;
Supplementary Table S2). Apart from the high price of combine
harvesters, machine harvesting of mungbean is additionally
constrained by its uneven maturation and pod-shattering. Similarly,
the use of drilling machines for direct seeding of rice or for the
mechanical establishment of mungbean is low, despite notable benefits
for the evenness of crop establishment and for labor savings (https://
csisa.org/accelerating-adoption-of-direct-seeded-rice-in-bangladesh-
and-nepal/). On the other hand, the potential for mechanizing crop
establishment and harvest as high, also at the favorable site, as indicated
by large numbers of government-supported and internationally-
funded agricultural mechanization projects across the country
(Rahman et al., 2021).

4.3.3 Fertility management

A significant number of farmers recently opted for applying
increasing quantities of inorganic fertilizers, particularly at sites
with poor availability of organic amendments. On the other hand,
the overall application of farmyard manure has increased at both
sites, with higher application rates at the marginal than at the
favorable site (Figure 4). This difference between sites is informed
by larger numbers of livestock owned, and hence by large amounts
of manure being available at the marginal site. Such relationships
between livestock ownership and herd sizes (in addition to the
availability of labor for manual manure application) on the decision
to apply manure have also been shown for rice-based systems in
Cambodia and Myanmar (Becker et al., 2023). In addition, recent
increases in fertilizer prices and the untimely availability of mineral
fertilizers induce farmers to look for alternatives, and further
stimulate the use of organic amendments (compost, farm-yard
manure, and rice straw) for soil fertility management. However,
even for adopters, the use of farmyard manure is no stand-alone
strategy, and it is in most cases combined with using mineral (both
N and non-N sources). Application rates of mineral N need to
increase (Bijay-Singh et al, 2022), while also non-N fertilizers
(mainly P, K and Zn) must be increasingly applied in the coming
decade (Penuelas et al., 2023) to meet the growing food demand.
Given recent price spikes, partially related to the Russia-Ukraine
war, and potentially undesired environmental side-effects (Snapp
et al., 2023), particularly the mineral N fertilizers need to be used
more efficiently. Measures to increase the efficiency of applied
mineral N comprise not exceeding the recommended rates and
the multiple splitting of the N application in view of improving the
supply-demand synchrony (Hegde et al., 2007). They may also
involve integrated fertility management strategies, combining
organic and inorganic sources to optimize fertilizer use (Snapp
et al,, 2023). In the present study, the number of farmers that apply
mineral N at recommended rate and in serval split doses was low in
the past and has recently increased to around 20%. However, >60%
of the farmers in Bangladesh still apply less than the recommended
rate and do so only by one single basal application, irrespective of
the site (Figure 4). This result is similar to the study by Islam et al.
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(2022) where they reported that small holder farmers practicing
single or double rice applied less than the recommended dose of
mineral N, K and other micro nutrients. However, this observation
contrasts with other regions in Southeast Asia, where high N rates
and multiple split applications predominate the fertilizer
management in rice-based systems (Becker et al., 2023).
Moreover, the introduction of modern genotype, unbalanced use
of fertilizer, and challenges in water supply led to an increase in
fertilization over time (Bell et al., 2015).

4.3.4 Pest and disease management

The number and intensity of biotic stress events (weed, insects and
pests) have increased at both the favorable and the marginal sites,
inducing farmers to increasingly adopted control measures (Figure 4).
While not being considered to be a main production constraint in
2011, weeds today are causing significant yield losses in Bangladesh
(Ahmed et al,, 2021) and are perceived key constraints throughout the
coastal region. Control strategies involve manual weeding and
application of herbicides. Particularly in labor-scarce environments,
herbicide-based weed control has more than doubled in the past decade
(Bangladesh Bureau of Statistics — BBS, 2023). Similarly, the perceived
importance of insect pests has significantly increased, with most
prominent problems being the yellow stem borer, the green
leathopper, the case worm, and field crickets (Morshed et al., 2023).
We observed largest shares of farmers applying insecticides at the
marginal (saline) site, and more so in the wet than in the dry seasons
(Figure 4, Supplementary Table S2). Salinity is a universal threat for
crop plants and will have negative impact on their yield. To recover the
yield loss, farmers apply more fertilizers, particularly nitrogen, which
can indeed cause more insect abundance in rice production (Rashid
etal, 2017). Farmers may overestimate losses caused by insects, leading
to the application of more insecticides despite poor productivity gains
(Heong et al, 2015). Additionally, it has been reported that the
abundance of insects in rice fields in Bangladesh was higher in wet
season (July-December) (Morshed et al, 2023). In addition to
intensified (near permanent) land use, particularly shifts in climate
patterns and more frequent of extreme weather events have
contributed to the increased prevalence of various rice diseases
(Mousumi et al,, 2023), with the rice double cropping system at the
marginal site being most vulnerable to disease outbreaks (mainly rice
blast — Magnaporte griseae and bacterial blight). In consequence, the
use of all pesticides combined has increased 5-fold during the past 25
years (Bangladesh Bureau of Statistics — BBS, 2023), with increasing
associated risks for biodiversity and human health (Sarker et al., 2021).
However, in the absence of effective alternative solutions, a substantial
reduction in pesticide use in rice-based systems appears unrealistic
at present.

4.4 Past, present (and future)
system performance

System performance is crucial for agricultural sustainability,
food security and the well-being of farming communities, and crop
yields are one of the main indicators of the overall performance of
cropping systems. In the present study, yields of both rice and non-
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rice crops have significantly increased in the past decade, with
largest yields but also largest income gains in dry season rice
(Figure 5) as also reported elsewhere (Raghu et al, 2016; Al
Mamun et al, 2021). Thus, the intensive irrigated double rice
system provided the largest economic yield as reported earlier in
other regions in Bangladesh (Assefa et al., 2021; Emran et al., 2022).
However, particularly dry season rice has highest demands for
applied nutrients and particularly for water. With emerging water
limitations for dry season cultivation, modified sowing dates and
innovations for more efficient irrigation water management are
urgently required (Gaydon et al., 2021).

Low productivity of rice and non-rice crops in the past were
associated with the predominating subsistence orientation, high labor
inputs in the absence of mechanization options, and the widespread use
of traditional (non-input-responsive) crop cultivars (Becker et al,
2023). At present, rice-based systems in Bangladesh have started to
intensify, involving double or multiple cropping (near permanent land
use) and the widespread and increasing adoption of laborsaving
technologies (mainly mechanization), and to a lesser extent
improved plant nutrient and soil fertility management practices
(Shew et al., 2019; Becker et al., 2023). Such interventions combined
with the introduction of high-yielding and hybrid rice varieties have the
potential to increase overall crop production in the coastal zone, with
particularly dry season crop cultivation being expected to become the
main contributor towards meeting the growing food demand
(Mainuddin et al., 2021).

Improved soil fertility management and nutrient supply (both from
organic and mineral sources) are essential for increasing crop
production as shown before and from several other areas in South
and Southeast Asia (Becker et al., 2023). However, in the absence of
timely-available mineral fertilizers (also non-N sources) and poor
agronomic management of such inputs (e.g., N splitting) there is
only poor synchrony of nutrient supply and crop nutrient demand
and input use efficiencies remain low (Panwar et al., 2019). Thus, future
performance of rice-based systems in coastal Bangladesh must increase
and substantial transformations (beyond those reported here for the
past decade) will be needed. Despite an uncertainty on past data used in
this study, where past data were collected based on recalling individual
memory and perceived information, the diachronic approach was
already used as an alternative to panel data collected in different time
series for data scarce regions (Becker et al,, 2023). The limitation of the
study is that the temporal scope of this study is relatively short (a
decade) and further studies on the long-term data collection might be
needed to reveal longer-term trends and patterns in farmers’ adaptation
strategies to changing climate and production practices. Besides that,
our study reveals that the adoption of modern genotypes, advanced
technologies and proper fertility management strategies might play
pivotal roles for achieving the required sustainable intensification of
rice-based systems in both Barishal and Patuakhali districts, and
potentially to other adjacent coastal regions in Bangladesh.

4.5 Conclusion and future perspectives

Rice-based agriculture in Bangladesh has undergone significant
transformations in the last decade. The coastal regions were
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predominantly dedicated to extensive subsistence-oriented rice
production during the wet season in the past, but they are potential
prime intervention areas for future sustainable intensification.

We observed recent land use intensity changes, mainly by dry
season cropping of irrigated rice or mungbean. In addition, we see
emerging changes in the adoption of agronomic management
practices towards intensifying land systems in both favorable and
marginal environments. Major emerging practices concern the
adoption of modern high-yielding genotypes, the mechanization of
tillage and harvest operations, and an increased use of mineral
fertilizers. Intensification-associated production constraints gaining
importance concern biotic stressors such as weeds, pests and diseases,
and soil fertility decline in both areas. Intensification of land systems
appears possible mainly by further expanding dry season crop uses.
This requires investments in irrigation infrastructure for dry season
rice in the marginal, salt-effected areas, and a more efficient use of
available green and blue water resources for diversified upland
cropping, particularly in favorable areas.

With emerging labor and water shortages and imbalanced
fertilizer use, research and development must provide stress-
adapted genotypes and management practices increasing the use
efficiency of applied mineral fertilizers by improving nutrient
supply-demand synchronies. In the policy arena, interventions
that improve farmers’ linkages to input and output markets and
fostering the adoption of mechanization will pave the way for
agricultural transformation and the large-scale intensification of
land systems.

The present study also showed that diachronic surveys are suitable
for identifying recent processes and likely drivers of change, while heat
maps of change are a simple tool contributing to elaborate and visualize
emerging patterns of change in coastal Bangladesh.
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https://gaez-services.fao.org/, accessed Nov 2023. https://csisa.
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