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While numerous studies have documented the benefits of conservation agriculture (CA) in
South Asia, most focus on favorable environments where farmers have reliable access to
energy supporting irrigation and inputs. The performance of CA in South Asia’s under-
developed coastal environments is comparatively understudied. In these environments,
farmers are increasingly interested in growing a second crop to meet food security and
income generation objectives in rotation following the predominant monsoon season rice
crop, though labor, energy costs, and investment constraints limit their ability to do so. We
hypothesized that rotating rice (Oryza sativa) with maize (Zea mays) using conservation
agriculture, or CA (i.e., strip-tilled maize followed by unpuddled transplanted rice), or
seasonally alternating tillage (SAT, i.e., strip-tilled maize followed by fully-tilled, puddled
rice with residues retained across rotations) would reduce costs and energy use, increase
energy-use efficiency, and reduce yield-scaled CO2-eq emissions (YSE) and total global
warming potential (GWP), compared to farmers’ own practices (FP) and conventional full-
tillage (CT) under the same rotation in Bangladesh’s coastal region. Starting with winter
maize followed by summer rice, we evaluated four tillage and crop establishment
treatments in farmer-managed experiments in partially irrigated and rainfed
environments over three years in 35 farmer’s fields across Bangladesh’s coastal
districts. Treatments included FP, CT, complete CA, and SAT under a rice-maize
rotation. Across years, the full suite of CA practices and SAT were significantly more
energy-efficient and energy-productive than FP or CT. The order of YSE in rice was CA<
CT or FP < SAT while in maize, it was CA or SAT < FP < CT. Across environments, CA and
SAT resulted in 15-18% higher yield at the cropping systems level (maize and rice yields
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combined) and 26-40% less manual labor than CT or FP. CA and SAT also reduced by 1-
12% and 33-35% total production costs respective to CT and FP. This was associated
with 13-17% greater grain energy output in CA and SAT, and 2-18% lower YSE,
compared to CT or FP. While our data suggest that both CA and SAT can result in a
range of positive agronomic, economic, and environmental outcomes compared to FP or
CT, post-trial surveys and discussions with farmers revealed a strong practical aversion to
use of the full suite of CA practices and preference for adapted practices due to logistical
constraints in negotiating the hire of laborers for unpuddled manual transplanting.
Keywords: energy productivity, energy-use efficiency, global warming potential, yield-scaled emissions, multi-
criteria assessment, on-farm experiment
HIGHLIGHTS

1. We facilitated farmer-managed rice-maize trials of
conservation agriculture (CA) and alternative tillage and
crop management techniques.

2. CA or seasonally alternating tillage (SAT) increased energy
productivity and use efficiency, reducing yield-scaled
greenhouse gas emissions (YSE).

3. Rice YSE was lowest in CA and highest in SAT. Maize YSE was
lowest in CA and SAT and highest in full-till.

4. CA or SAT had grain energy output 13-17% greater and YSE
2-18% lower compared to full-till or farmers’ practices.

5. While both CA and SAT can increase systems yield and energy
productivity and reduce YSE, farmers prefer SAT
INTRODUCTION

Efficient use of resources and mitigation of greenhouse gas
(GHG) emissions are key milestones towards the goal of
sustainability in intensive cropping systems. Achieving these
outcomes may however clash with the increased use of
agrochemicals, water, and energy associated with high-yielding
double cropping systems. Intensive rice (Oryza sativa)-based
cropping systems such as the rice-wheat (Triticum aestivum) or
rice-maize (Zea mays) rotational crop sequences that are
common in South Asia are crucial for food and income
security in this densely populated region (Ali et al., 2009;
Timsina et al., 2010; 2018). In these systems, while over-use of
inputs can lower production efficiency, under-use can also
compromise farmers’ food production and economic objectives
(FAO, 2011a; FAO, 2011a; FAO, 2011b). Of the resources used in
crop production in South Asia, non-renewable energy sources
such as diesel are widely used in pumping from aquifers or
canals. Diesel is also used for land preparation, with tillage
usually requiring high amounts of energy (Pimentel, 2009;
Woods et al., 2010). Agriculture accounts for approximately
20% of all energy use in South Asia (Rasul, 2014), and while
energy inputs can aid in increasing yield, their inefficient use can
also be associated with GHG emissions (Woods et al., 2010). This
g 2
can compromise the dual objectives of economic development
and environmental stewardship in agriculture (Pathak et al.,
2011; Alam et al., 2016; Alam et al., 2019b). More appropriate
crop production practices are therefore needed to address trade-
offs with actions that support improved environmental quality.

Alternative tillage and crop establishment practices, which
require no or reduced tillage operations for land preparation, are
likely to result in lower energy use and reduced GHG emissions
(Gathala et al., 2013; Laik et al., 2014; Alam et al., 2015; Gathala
et al., 2015; Gathala et al., 2016; Hossen et al., 2018; Islam et al.,
2019; Gathala et al., 2020). One such practice is conservation
agriculture (CA), which is based on the principles of reduced or
zero-tillage, full or partial residue retention, and profitable crop
rotations (Hobbs et al., 2008; Derpsch et al., 2014; FAO, 2018). A
range of studies in South Asia have reported that CA can accrue
improved production efficiencies and result in environmental
gains (Hobbs et al., 2008; Jat et al., 2014; Dixon et al., 2020;
Gathala et al., 2020). Studies have also demonstrated that
reductions of GHG emissions from CA compared to
conventional tillage (CT) (Govaerts et al., 2009; Aryal et al.,
2016; Alam et al., 2019a; Alam et al., 2019b). Haque et al. (2016);
Bell et al. (2019), and Islam et al. (2013) reported that compared
to conventional repetitive tillage, fuel consumption could be
reduced 2-3 fold where farmers use strip tillage as a CA practice
in northwestern Bangladesh. Haque et al. (2016); Bell et al.
(2019), and Hossen et al. (2018) also suggested that unpuddled
transplanted rice, in which fields are not wet tilled prior to crop
establishment, can also decrease time and fuel consumption by
50-70%, while also boosting energy productivity (EP) by 8-12%,
relative to CT. Gathala et al. (2016; 2020) demonstrated that
energy use was significantly lower and energy-use efficiency
(EUE) higher for maize planted with strip tillage compared to
CT in a range of rice-based cropping sequences across India,
Nepal, and in northwestern Bangladesh. In addition, Alam et al.
(2015) and Laik et al. (2014) reported that intensive tillage
practices in central Bangladesh and northeastern India,
respectively, used greater amounts of total energy compared to
production under unpuddled rice transplanting in which fields
were not wet tilled.

As a result of these and numerous other studies, CA is
increasingly popularized as a strategy for efficient energy use in
agriculture, as well as a means to adapt to and mitigate climate
July 2022 | Volume 4 | Article 829737
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change (Harvey et al., Harvey et al., 2013; Pretty and Bharucha,
2014). Yet while CA has performed well in terms of increasing or
maintaining yields, increasing profits, and reducing systems-level
energy use and GHG emissions (Gathala et al., 2016; Gathala
et al., 2020), farmers’ adoption of the full suite of CA practices
has tended to be very low (Pannell et al., 2014; Ward et al., 2017).
This comes despite considerable investment in agricultural
development projects that have worked to popularize CA (Jat
et al., 2013; Pannell et al., 2014). In South Asia, while there is
some adoption of zero tillage and residue retention that has been
enabled by specialized planting machinery, the adoption of the
full suite of CA practices is rare, and farmers routinely till at least
one crop – most commonly prior to rice establishment – during
rotations (Keil et al., 2017; Akter et al., 2021).

Conservation agriculture and zero-tillage practices have also
been most widely adopted in relatively favorable and irrigated
environments in South Asia’s western Indo-Gangetic Plains (Keil
et al., 2017). In these locations, farmers tend to be somewhat
better-off from an economic standpoint and tend to have
relatively good access to irrigation and other inputs (Erenstein
and Thorpe, 2011). Conversely, comparatively little work in
South Asia has addressed CA under rainfed production
practices, or in environments where freshwater resources are
scarce, and where farmers may have significant constraints to
their economic resources, as is the case in the region’s coastal
areas (Krupnik et al., 2017). In Bangladesh, both government and
international donors have increased focus on agricultural
development in these environmentally-risk prone coastal
regions, with emphasis on profitable crop diversification
(Aravindakshan et al., 2021). Although rice-rice or rice-fallow
sequences are common (Krupnik et al., 2017), a range of
organizations have placed emphasis on the cultivation of
alternative crops such as maize (Katalyst and Swiss Contact,
2017). Primarily grown in sequence after monsoon season rice,
the winter season maize is cultivated to produce feed for a rapidly
expanding poultry industry as an income-generating cash crop
among smallholder farmers (Rahman, 2012; Katalyst and Swiss
Contact, 2017). Systematic, multi-locational and multi-year
efforts to study CA and adaptations of CA practices are
however scarce in these environments.

To date, there has been no integrated evaluation of the
agronomic, economic, energetic, and GHG mitigation potential
of CA in the context of rice-maize rotations in coastal
environments compared to systems in which farmers may
apply tillage seasonally to the rice crop. Such studies are
crucial, given that most of the area under which zero-tillage
has been adopted in South Asia includes tillage prior to the
monsoon season rice crop, while the subsequent crop is
established without tillage (Aryal et al., 2014; Keil et al., 2020).
As such, farmers engaged in adapting CA to rice-maize systems
in coastal environments may also prefer to make use of similar
practices given the long history of wet tillage applied to rice in
Asia (Timsina and Connor, 2001). Moreover, there is a lack of
knowledge on the performance of CA under rainfed conditions
and/or with limited application of irrigation, both of which are
likely to be logical adaptations to these practices given the slow
Frontiers in Agronomy | www.frontiersin.org 3
pace of reliable irrigation development in Bangladesh’s coastal
zones (Krupnik et al., 2017).

In response to these knowledge gaps, we test the hypothesis
that seasonally alternating tillage (SAT) practices that alternate
between strip-tillage in the winter season for maize and CT prior
to rice can reduce energy use, increase energy productivity, and
reduce yield-scaled emissions while increasing or maintaining
yield and profit, even under these challenging conditions. We
consequently compared the full suite of CA to SAT practices
against CT and farmers’ own practices in 35 fields in experiments
managed by farmers across partially irrigated and rainfed
environments in southern coastal Bangladesh over a period of
three consecutive years. Multiple indicators were examined to
quantify the agronomic, environmental, and economic impacts
of these systems in these relatively under-studied environments,
with the implications of SAT considered in the context of
regional agricultural development efforts.
MATERIALS AND METHODS

Site Description
Researcher-designed but farmer-managed field trials were
conducted in rainfed and partially irrigated environments for
three years from the 2011-2012 winter ‘rabi’ crop season to the
2014 monsoon ‘aman’ season across Bangladesh’s central and
western coastal areas. In the latter, constraints to the availability
of quality freshwater meant that farmers could apply at most two
irrigations in the beginning of the season before surface water
supplies became unavailable due to a lack of surface water
recharge in canals, or before irrigation with shallow
groundwater extraction became unviable due to seasonally
increasing salinity and/or farmers’ inability to afford additional
irrigation. The rainfed sites included farms in Bhatia Ghata (89°
31’38.617”E 22°40’51.422”N), Babuganj (90°19’52.828”E 22°
47’37.573”N), and Kalapara (90°10’40.552”E 21°56’18.812”N)
upazilas (sub-districts), while the partially irrigated sites
included locations in Kaliganj (89°1’26.064”E 22°28’29.126”N),
Babuganj, and Kalapara upazilas (Figure 1). In Babuganj, while
rotations began with rabi maize in the winter 2011-12 season,
prolonged tidal flooding during the late grain-filling stage
resulted in rot and near total crop losses. As such, rainfed
maize data from the first year were not included from this
location, although rice data are presented for the purposes of
examining tillage and varietal performance. Year 1 analyses at
the rice-maize cropping systems level in rainfed locations
however do not include this location due to the reasons
described above.

Weather data were collected from automatic weather stations
and the Bangladesh Meteorological Department within 30 km of
experimental sites. The mean monthly daily minimum
temperature during the maize-growing seasons ranged from
6.5 to 22.4°C, while maximum temperature ranged from 27.2
to 40.7°C. Temperature across years and environments followed
similar trends, with highest maximum and minimum
temperatures in March-June and lowest in December-January.
July 2022 | Volume 4 | Article 829737
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Precipitation during winter was unevenly distributed, ranging
from 1 to 325 mm across three years. Rainfall during the
monsoon season was also variable, with cumulative rainfall
ranging from 514 to 1,587 mm across three years (data not
shown). During the rice phase of their rotation, the days in which
plots had standing floodwater or lacked floodwater were noted.
Soil qualities are shown in Table 1.

Participant Farmer Selection and
Treatment Description
Prior to experiments, researchers engaged with farmers in
community meetings to introduce the research questions
associated with CA and to engage with farmers in experimental
design. During these meetings many farmers expressed an
Frontiers in Agronomy | www.frontiersin.org 4
aversion to implementation of the full suite of CA principles,
instead indicating their preference to till their fields prior to the
rice phase of the rotation. As a result of these interactions, four
tillage and crop establishment (TCE) treatments identified by
researchers and farmers that were applied to main plots in all
locations: (1) CA in both crops (CA), (2) seasonally alternating
tillage (SAT) in which maize was grown without tillage and with
rice residues from the previous season retained as mulch, but rice
was fully tilled and wet puddled with maize residues retained, (3)
conventional tillage (CT) in which soils were fully tilled prior to
crop establishment in both crops with all residues exported, and
(4) farmers’ practices (FP) in which each farmer was requested to
grow each crop using their own management practices and input
rates as they would typically manage these crops in the absence of
A B

FIGURE 1 | (A) Four districts in southern coastal Bangladesh with (B) detail of trial locations in each district.
TABLE 1 | Description of the environments and soils [soil C (%), total N (%), available P (mg kg–1), exchangeable K (meq 100 g–1), pH and ECa (dS m–1)] for each study
location in coastal Bangladesha.

Environment and location Winter season irrigation
details

Soil characteristics (0 – 20 cm depth)c

Typeb Ec range(dS m–1)c Monsoon season water details Texture Soil C Total N Avail. P Exc. K pH ECae

Rainfed
Bhatia Ghata – – Rainfed only Silty clay 1.47 0.15 3.75 0.37 6.52 3.79 (0.12)
Kalapara – – Rain + tidal fresh water Silty clay loam 1.13 0.11 3.60 0.32 6.82 1.49 (0.05)
Partially irrigatedf

Babuganj STW 0.24–0.33 Rain + tidal fresh water Sandy clay 1.28 0.12 3.65 0.31 5.63 0.86 (0.03)
Kaliganj STW 0.40–4.61 Rainfed only Silty clay 1.59 0.15 7.09 0.33 7.49 4.86 (0.03)
Kalapara Canal 2.87–5.68 Rainfed only Clay 1.28 0.12 3.05 0.37 5.24 1.62 (0.03)
Ju
ly 2022 |
 Volume 4
 | Arti
aMean values for continuous variables except irrigation salinity. bSTW indicates shallow tube well. cFive composited samples sub-plot across treatments for each farmer before trials.
Exchangeable K was analyzed by atomic absorption spectroscopy after extraction in 1 M NH4OAc, pH 7. Other soil parameters were measured following SRDI (2014). eMean seasonal
ECa (values in parentheses are SD) measured at 0-5 cm depth every two weeks from sowing to harvest in the rabi season only using WET Sensors (Delta-T Devices Ltd., Cambridge, UK).
f Farmers irrigated with low-lift pumps from natural canals in which surface water was available.
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researcher or experimental intervention. Supplementary Table 1
provides additional treatment details, including information on
how tillage and residue management was implemented.

Farmers were chosen to participate who (a) had land tenure
to maintain trials over multiple years, (b) who had attended
Department of Agricultural Extension led trainings on CA and
maize crop management, (c) were able and willing to use their
own labor and/or hire their own labor to manage treatments,
thereby simulating real farm conditions as much as possible.
Finally, (d) in case of partially irrigated locations, farmers were
selected who were able to supply at least one irrigation. Fifteen
farmers in rainfed environments (five in Kalapara and 10 in
Bhatia Ghata) and 20 farmers in partially irrigated environments
(five each in Babuganj and Kalapara and 10 in Kaliganj) were
subsequently selected.

Experiments in all locations were laid out in a split-plot
design during the winter season in 2011-2012 with maize
hybrid NK40 planted to 28.1 m2 sub-plots and a 50 cm alley
provided between each sub-plot and 30 cm wide bunds
surrounding main plots. During the 2012 monsoon season,
sub-sub-plots were established with two high-yielding and
stress-tolerant rice genotypes (salinity-tolerant BRRI Dhan 41,
or BRRI-41, and submergence-tolerant BRRI Dhan 52, or BRRI-
52; Ismail et al., 2013) in a split-split plot design. NK40 was
planted subsequently to all sub-plots in the ensuing winter
season. Farmers were considered as dispersed replicates.

Crop Management
The planting date of winter maize across years and trials ranged
from 10 December to 12 February, with maize in CA and SAT
sown into residue of the preceding non-experimental rice crop in
2011, while rice seedbed establishment took place from 20 June
to 30 July, with transplanting from 22 July to 6 September. In all
locations and across treatments, farmers were encouraged to
establish their plots as early as possible. During the winter rabi
season, variability in the sowing dates of maize was a result of the
different times at which farmers were able to traffic their fields
with two-wheeled tractors following rice harvest and the
recession of monsoon season floodwater and subsequent soil
drying within experimental plots. Sowing dates varied between
years, although they tended to be latest in Babuganj and Kalapara
under partially irrigated conditions, and in Babuganj which also
had rainfed trial locations. Plot drainage challenges and heavy
soils in these sites contributed to this delay.

Maize was directly drilled using a power tiller operated seeder
(PTOS) for strip tillage by skilled machinery service providers.
The PTOS is a 1200 mm wide single-pass shallow tillage
implement with a seed and fertilizer drill. It is compatible with
two-wheeled tractors made by Dongfeng company, Wuhan,
China. Fluted rollers were used for seed and fertilizer metering.
The PTOS can be modified for strip tillage by removing selected
rotary blades (Krupnik et al., 2013). Strip tilled furrows are
usually < 5 cm width, and therefore disturb < 10% of the soil
surface and conform to CA recommendations (cf. Derpsch et al.,
2014). Seeds were sown at 6-7 cm depth by the same operator in
each site. 35-40 cm standing rice residue height was retained on
the soil surface. Because the CA and SAT treatments eliminated
Frontiers in Agronomy | www.frontiersin.org 5
repetitive tillage for maize, farmers were able to establish these
treatments 2-9 and 3-9 (average of 4 and 6) days earlier,
respectively, compared to the CT and FP treatments.

Fertilizers to both crops were applied at recommended rates
provided by government agricultural institutes. In all treatments,
fertilizer rates for rabi maize were held constant, though they
differed for partially irrigated and rainfed locations. In rainfed
environments, N, P and K were applied at 150, 25 and 85 kg ha-1,
respectively, while in partially irrigated environments, 200, 35
and 130 kg N, P and K ha-1 were applied. In rainfed
environments, half of N was applied basally and the remaining
when eight to ten fully developed leaf collars were visible (V8-
V10 stage), coinciding with precipitation. In partially irrigated
environments, 30% of N was applied basally, with the remaining
applied equally at V6 (when six leaf collars visible) and V10, with
a light irrigation (~5 cm depth) to incorporate fertilizer into the
soil. All P fertilizer was applied basally. In rainfed environments,
all K was applied basally while in partially irrigated
environments, 50% was applied basally and 50% at V8-V10
stage. In CA and SAT maize, all basal fertilizers were drilled
using a PTOS, with splits broadcast. Rice in all locations was
rainfed. In Babuganj and Kalapara, fields also experienced
freshwater tidal inflow and outflow movement in the monsoon
season. Nitrogen, P, K and S to rice was applied at 90, 24, 41 and
60 kg ha-1, respectively, with same rates in all treatments. One-
third N to rice was applied basally, with the remaining two-thirds
applied equally by broadcasting at 20-25 days after transplanting
and at panicle initiation, at times farmers deemed appropriate to
minimize losses due to water movement. All P, K and S were
applied basally in all locations. Rates were the same across
locations, exempting Babuganj and Kalapara, where Zn (5 kg
ha-1) was also applied basally to overcome known soil Zn
deficiency in these sites. For both crops, N, P, K, S, and Zn
were applied through urea, TSP, MOP, gypsum, and ZnSO4

heptahydrate, respectively.
Water is a scarce resource during the winter season in coastal

areas. In both environments, maize was therefore established
with residual soil moisture following rice. In the partially
irrigated locations, a light irrigation (approx. 50 mm) was
applied after urea applications at V6 and V10. Rainfed trials
did not receive any irrigation. During the monsoon, rice was
entirely rainfed and/or received water from tidally mediated
land inundation.

Input Use, Yield, and Profitability
Input costs and labor use data (e.g., tillage, transplanting,
irrigation, fertilizer and pesticide applications, hand weeding,
harvesting, and threshing) were collected from farmers through
surveys 3-4 times season–1 and after harvest per each treatment.
Prices for inputs and outputs for each season were monitored
from local markets. Fuel use for land preparation and seeding, as
well as irrigation, were measured as described by Gathala
et al. (2016).

Maize was harvested from 10.08 m2 in the center of each plot
to determine grain yield (15.5% moisture content) after air
drying to a constant weight. Stover yields were obtained by
drying 20 plants the same way, with ~350 g fresh sub-samples
July 2022 | Volume 4 | Article 829737
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used to determine moisture content gravimetrically after oven
drying (70° C for 72 h). Rice grain yield (14% moisture content)
was measured from 10 m2 after the same drying process. Straw
yield was recorded similarly from a 1.8 m2 surface in each harvest
plot. In CA and SAT, residues retained as mulch or incorporated
were measured separately from those exported. Cropping
systems level yields were accounted for as the sum of rice and
maize yield (kg ha–1) grown in rotation within a single year.

Economic and Energy Analysis
An inventory of all inputs (fertilizers, crop seeds, irrigation water,
herbicides and insecticides, diesel, and human labor) and outputs
(grain and straw/stover) from maize, rice and rice-maize cropping
systems was prepared, from which the energy inputs to each TCE
treatment was calculated. Following these measurements, farmers’
profits from each treatment was calculated by dividing all variable
costs from gross returns from grain and exported stover or straw.
Crop inputs and outputs were also converted to energy equivalents
using published conversion coefficients (Table 2). Direct
measurements of diesel use were taken in each treatment for
tillage and irrigation operations following Gathala et al. (2016).
We assumed the same energy conversion for human labor for both
men and women. Total energy use through all energy sources (EU;
Mj ha-1) was calculated as:

EU = El + Ed + Ei½ � (1)

where El is manual labor (in person-hours) converted to energy
use, Ed is the energy used for diesel, and Ei is the energy derived
from all other inputs or outputs. The total energy produced in
grain and straw/stover yields (Kg ha-1), or total output energy
(EO, Mj ha-1), was subsequently calculated as:

EO  = GY   x   Energy   coefficientð Þ + SY     x   Energy   coefficientð Þ½
(2)
Frontiers in Agronomy | www.frontiersin.org 6
where the energy coefficient is the specific conversion factor for
grain or straw yield (Mj kg-1). Energy-use efficiency (EUE) is a
dimensionless term; it considers returns on investment in energy
inputs with the objective of maximizing energy returns (Woods
et al., 2010). It was calculated following Equation 3:

EUE =
EO  
EU

(3)

Finally, energy productivity (EP; Kg ha-1 grain yield/Mj ha-1

energy input) measures the level of economic crop production
relative to energy used and was computed according to
Equation 4.

EP =
Grain   yield

EU
(4)

Global Warming Potential and
Yield-Scaled GHG Emissions
We applied the CCAFS’ Mitigation Options Tool (CCAFS-
MOT) (Feliciano et al., 2017) which includes set of empirical
models to estimate GHG emissions associated with crop
production system until the farm-gate level. This tool uses
plot-level information on input and crop management from
the trails and corresponding soil and climatic information to
estimate GHG emissions. We used a version of the CCAFS-MOT
scripted in R software (R Core Team, 2020). Emissions from rice
included N2O, CO2 and CH4. These were estimated from Yan
et al. (2005), which calculates CH4 emissions from under
different floodwater and irrigation conditions as a function of
soil pH, climate, and the use of organic amendments or residue.
N2O emissions from fertilizer were based on Stehfest and
Bouwman (2006). The Ecoinvent Center (2007) database was
used to quantify emission fertilizer production and transport.
Modeled soil C from residue management were based on Ogle
TABLE 2 | Production system energy conversion units used to calculate the inputs and outputs for maize, rice and rice-maize systems treatments in southern
coastal Bangladesh.

Variable Unit Energy equivalent (Mj unit−1) Citation

Human labor Person-hoursa 1.96 Shahin et al. (2008); Kumar et al. (2013); Yadav et al. (2013)
Dieselb Liter 56.31 Shahin et al. (2008); Kumar et al. (2013); Yadav et al. (2013)
Nitrogenc kg 66.14 Shahin et al. (2008); Kumar et al. (2013); Rahman and Rahman (2013)
Phosphorusc kg 12.44 Shahin et al. (2008); Kumar et al. (2013)
Potassiumc kg 11.15 Shahin et al. (2008); Kumar et al. (2013)
Zinc sulphated Kg 20.90 Nassiri and Singh (2009)
Gypsume kg 10.00 Nassiri and Singh (2009)
Herbicide kg 102.0 Shahin et al. (2008); Kumar et al. (2013)
Irrigation m3 ha−1 1.020 Acaroglu and Aksoy (2005)
Maize seed (input) kg 15.20 Rahman and Rahman (2013); Yadav et al. (2013)
Maize grain (output) kg 14.70 Shahin et al. (2008); Kumar et al. (2013); Rahman and Rahman (2013); Yadav et al. (2013)
Maize stover (output) kg 18.00 Kumar et al. (2013); Rahman and Rahman (2013); Yadav et al. (2013)
Rice seed (input) kg 15.20 Rahman and Rahman (2013) and Yadav et al. (2013)
Rice grain (output) kg 14.75 Shahin et al. (2008) and Kumar et al. (2013)
Rice straw (output) kg 13.10 Singh and Mittal (1992)
aIncluding manual land preparation (recorded when farmers decided that additional manual preparation was required to level portions of fields and/or repair bunds, seedbed construction
and/or maintenance, uprooting and transporting seedlings, sowing and transplanting, fertilizer and herbicide application, manual weeding, earthing-up (performed only in the SAT and FP
treatments for maize), irrigation application, harvesting, and carrying crops from the field to farmer’s home for drying. See supplementary materials Table 1 for details. bFuel consumed by
two-wheel tractors and irrigation pumps. cConverted from fertilizer equivalent applied. d Used only in Babuganj rainfed locations in year 2013 in monsoon rice in all treatments. e. Used only
in Bhatia Ghata rainfed locations in year 2013-14 in FP in winter maize.
July 2022 | Volume 4 | Article 829737

https://www.frontiersin.org/journals/agronomy
http://www.frontiersin.org/
https://www.frontiersin.org/journals/agronomy#articles


Krupnik et al. Adapted Conservation Agriculture Improves Environmental Outcomes
et al. (2005) and Smith et al. (1997). Soil C responses from tillage
management were based on Powlson et al. (2016). CO2 emissions
from nutrient and irrigation were estimated from the IPCC
(2006). For maize, the model produced estimates of N2O and
CO2 only, as there was no prolonged flooding of maize plots
observed, and no manures were applied nor were crop residues
burned. All GHGs were converted into CO2-equivalent (CO2eq)
using 100-year global warming potentials (GWPs) of 34 and 298
for CH4 and N2O, respectively (IPCC, 2013). Yield-scaled
emissions (YSE) for each treatment was determined as in
Equation 5:

Yield − scaled   emissions =
Total  GWP   Kg  CO2   ha

−1
� �

 

Grain   yield   Kg   ha−1ð Þ   (5)

Farmer Surveys
At the conclusion of experiments, each participating farmer was
surveyed and asked to rank their preferences among treatments
and interest in adopting complete CA, SAT, or CT relative to
their own practices. This was followed by open discussion
regarding the reasons for farmers’ preferences.

Data Analysis
Following confirmation of the normality assumptions necessary
for ANOVA, data were analyzed separately for each year for
partially irrigated and rainfed environments employing a split-
split plot design. Location, tillage, and rice genotype plots were
considered the main, sub-, and sub-sub sources of variation.
Farmer replicates were considered as a random effect. The
fundamentals of split-split plot design and its use in on-farm
experimentation with sources of variation as observed in these
experiments are widely cited and have been provided by Gomez
and Gomez (1984). Analyses were performed using the restricted
maximum likelihood (REML) option in JMP 14 (SAS Institute
Inc., San Francisco). Multi-indicator performance was examined
conducted using radar diagrams to visually examine the relative
trade-offs among productivity, profitability, energetics, and GWP
and YSE parameters for the four TCE treatments under both
environments and across years, although due to failure of the
maize crop in Babuganj under rainfed conditions, radar
diagrams do not consider the first year rainfed rice-maize
rotation in this location. Use of radar diagrams considering
trade-offs among various indicators in analysis of CA and
alternative management practices are common in the literature
(Gathala et al., 2015; Gathala et al., 2016; Magar et al., 2022a;
Magar et al., 2022b). Farmer survey and subsequent discussion
information were analyzed descriptively and qualitatively.
RESULTS AND DISCUSSION

Crop and Cropping Systems Energy
Analysis
Variability in external and recycled energetic inputs to maize, the
latter largely in residue recycling in the CA and SAT treatments,
Frontiers in Agronomy | www.frontiersin.org 7
was observed (Tables 3, 4). In both rainfed and partially irrigated
environments, differences in energy inputs to maize were primarily
due to differences in human labor and tillage number (under CT
and FP and across years, the ranges of tillage events for maize in
partially irrigated and rainfed environments, were 2-3 and 3,
respectively). Significant differences (P<0.001) were observed in
maize in both environments, with CA and SAT utilizing 1-5% and
1-4% fewer energy inputs than CT across years. While significant,
these small differences were due to the relatively limited number of
tillage passes in CT, and the energy embodied in herbicides (on
average 803 Mj ha–1) used in strip tilled maize.

In rice, CA required significantly (P<0.001) lower energy than
SAT and CT (10-12% less energy for both treatments) in rainfed
environments across years, but FP entailed the least energy
inputs (7,978 Mj ha–1 on average) followed by CA (8,606 Mj
ha–1 on average) in partially irrigated environments across years.
Variability in energy input was small (Tables 2, 3), a
consequence of a trade-off in herbicide use in CA relative to
lower fuel consumption, and lower fertilizer use (25% less than
the other treatments) in FP relative to greater fuel consumption.
Differences observed resulted mainly from reduced tillage in SAT
and FP (2-3 and 3-4 tillage events across years, respectively)
relative to CT (2-4 tillage events across years). These results are
broadly consistent with research in northwestern Bangladesh
including Islam et al. (2013); Hossen et al. (2018), and Gathala
et al. (2020) which reported that unpuddled transplanted rice
reduced the time and fuel required for tillage by two- to three-
fold and by 50-70%, respectively, compared to CT. Alam et al.
(2015); Gathala et al. (2016); Gathala et al. (2020), and Laik et al.
(2014) also reported that full tillage in Bihar in northeastern
India and in central and northwestern Bangladesh used more
energy than unpuddled transplanting. Conversely, interest in rice
transplanters in Bangladesh is growing, a consequence of
governmental subsidies offsetting 50-70% of their cost
(Rahman et al., 2021). While efforts are underway to assess the
use of mechanical transplanters under unpuddled conditions cf.
Ashik-E-Rabbani et al, (2018); Basir et al, (2019), most research
has considered rice in isolation rather than part of an integrated
crop rotation, therefore representing an important research gap.

Our analysis of EUE and EP highlighted significant effects of
location, tillage and crop establishment, and location × tillage and
crop establishment interactions, but no differences were observed
for the other two-way and three-way interactions, regardless of
environment (Tables 3, 4). In rainfed environments, crop and
systems-level EUE was highest (P<0.001) in FP followed by CA,
while EP was similar in CA and FP. Observed differences resulted
from comparatively lower fertilizer-based energetic input rates
(25% less than the other treatments) in FP (Table 2). At the
cropping systems level, and across locations and rice varieties, CA
was on average 6% and 11% more energy-efficient than SAT and
CT (both P<0.001) and 5% and 13%more energy-productive than
these treatments, respectively (both P<0.001). In partially irrigated
environments, across three years, systems-level EUE ranged 8.9-
11.1 and 7.3-9.3, while systems-level EP ranged 0.25-0.30 and
0.21-0.23 under FP and CT, respectively (Table 5). In rainfed
environments, though systems-level energy parameters were
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TABLE 3 | Details for mean energy inputs and outputs (Mj ha-1) for dry winter season maize and monsoon season rice over three years of rotation in partially-irrigated environments in coastal Bangladesh (numbers in

Babuganj

CA SAT CT FP

111
(4.1)

112
(4.3)

193
(4.8)

222
(3.2)

335
(0)

335
(0)

1,663
(0)

1,663
(0)

3,108
(0)

33,108
(0)

33,108
(0)

19,980 (153)

217
(0)

217
(0)

0
(0)

0
(0)

360
(0)

360
(0)

366
(0)

406
(3.66)

01 (3.2) 1,106 (4.1) 1121
(3.6)

1,120
(3.9)

232 (7.1) 35,238 (7.8) 36,451 (7.7) 23,391 (153)

75,580
9,581)

488,882
(29,857)

420,626
(40,378)

329,994
(13,251)

135
(0.3)

135
(0.49)

210
(0.62)

207
(0.53)

335
(0)

335
(0)

1,663
(0)

1,663
(0)

2,985
(0)

32,985
(0)

32,985
(0)

18,421 (363)

1,162
(0)

1,162
(0)

0
(0)

0
(0)

360
(0)

360
(0)

360
(0)

365
(0.64)

910
(4.19)

912
(3.97)

1,262 (3.93) 910
(1.45)

887 (4.2) 35,889 (4.3) 36,480 (4.3) 21,566 (363)

61,040
6,294)

245,818
(6,706)

233,685
(9,521)

200,233
(5,078)

113
(0.35)

113
(0.63)

205
(0.89)

204
(0.79)

335
(0)

335
(0)

1,663
(0)

1,663
(0)

2,985
(0)

32,985
(0)

32,985
(0)

19,530 (318)

1,162
(0)

1,162
(0)

0
(0)

0
(0)
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parentheses are the standard error of the mean).

Kalapara Kaliganj

CA SAT CT FP CA SAT CT FP

Maize

First year rotation
Human labor energy
equivalent

118
(2.6)

119
(2.0)

112
(2.0)

109
(0.9)

130
(3.6)

130
(4.1)

165
(4.2)

151
(3.5)

Diesel energy equivalent 425
(0)

425
(0)

1,685
(0)

1,685
(0)

395
(0)

395
(0)

1,692
(0)

1,692
(0)

Total fertilizer energy
equivalent

32,996
(0)

32,996
(0)

32,996
(0)

26,263 (90.9) 33,053
(0)

33,053
(0)

33,053
(0)

28,030
(44.9)

Herbicides equivalent energy 217
(0)

217
(0)

217
(0)

0
(0)

217
(0)

217
(0)

0
(0)

0
(0)

Input maize seed energy
equivalent

360
(0)

360
(0)

361
(0)

469
(1.03)

360
(0)

360
(0)

366
(0)

489
(3.42)

Irrigation (m3 ha-1) energy
equivalent

1,910 (7.7) 1,916 (8.4) 1,879
(13)

1,871 (7.2) 811
(1.7)

813
(1.1)

1,620 (3.4) 1,619 (2.3) 1,

Total inputs energy 36,026 (7.6) 36,033 (8.4) 37,250 (12) 30,397 (9.2) 34,966 (3.2) 34,968 (4.1) 36,896 (4.4) 31,981
(43.2)

35

Total outputs energy 273,649
(14,942)

250,963
(16,842)

244,938
(15,124)

222,451
(12,678)

194,175
(2,086)

194,287
(1,865)

194,867
(2,360)

177,270
(2,017)

4
(

Second year rotation
Human labor energy
equivalent

120
(0.66)

129
(9.35)

198
(9.35)

205
(0.91)

125
(0.83)

124
(0.79)

231
(1.09)

223
(1.79)

Diesel energy equivalent 425
(0)

425
(0)

1,685
(0)

1,685
(0)

395
(0)

395
(0)

1,692
(0)

1,692
(0)

Total fertilizer energy
equivalent

32,985
(0)

32,985
(0)

32,985
(0)

18,748 (187) 32,986
(0)

32,985
(0)

32,985
(68.5)

27,837 (154)

Herbicides equivalent energy 1,162
(0)

1,162
(0)

232
(0)

0
(0)

584
(0)

584
(0)

0
(0)

0
(0)

Input maize seed energy
equivalent

360
(0)

360
(0)

365
(3.13)

378
(3.04)

360
(0)

360
(0)

376
(1.24)

385
(1.03)

Irrigation (m3 ha-1) energy
equivalent

1,213 (14.5) 1,208 (15.9) 1,448 (2.49) 1,452 (3.45) 2,463 (4.6) 2,463 (4.66) 2,702 (36.6) 2,636 (10.1)

Total inputs energy 36,265 (14.9) 36,269 (20.3) 36,913 (149) 22,468 (187) 36,913
(4.79)

36,911 (4.7) 37,986
(76.8)

32,773 (159) 35

Total outputs energy 204,011
(3,856)

200,747
(5,187)

186,634
(7,256)

160,471
(4,705)

270,591
(3,254)

263,837
(2,497)

270,494
(2,174)

242,711
(2,635)

2

Third year rotation
Human labor energy
equivalent

122
(1.23)

120
(1.3)

215
(1.96)

214
(1.36)

129
(0.63)

128
(0.61)

230
(0.87)

233
(1.93)

Diesel energy equivalent 425
(0)

425
(0)

1,685
(0)

1,685
(0)

395
(0)

395
(0)

1,692
(0)

1,692
(0)

Total fertilizer energy
equivalent

32,985
(0)

32,985
(0)

32,985
(0)

22,543 (931) 32,985
(0)

32,985
(0)

32,985
(0)

31,114 (115)

Herbicides equivalent energy 1,162
(0)

1,162
(0)

0
(0)

0
(0)

584
(0)

584
(0)

0
(0)

0
(0)
3

1

,

2

3

,

(

3
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TABLE 3 | Continued

Babuganj

CA SAT CT FP

360
(0)

360
(0)

360
(0)

360
(0)

64 (14.4) 1,765 (9.9) 1,808 (13.9) 1,825
(14.7)

19 (14.3) 36,720 (10.4) 37,021 (14.1) 23,582 (317)

5,820
,817)

219,472
(2,604)

229,127
(3,288)

225,552
(2,016)

116
(8.04)

169
(9.06)

171
(9.17)

174
(8.56)

0
(0)

1,423
(0)

1,423
(0)

1,423
(0)

,785
(0)

7,785
(0)

7,785
(0)

4,283
(32.2)

143
(0)

0
(0)

0
(0)

0
(0)

357
(0)

357
(0)

357
(0)

473
(1.88)

01 (8.0) 9,734 (9.0) 9,736 (9.1) 6,353
(32.7)

7,703
1,720)

128,618
(21,424)

130,309
(22,047)

13,440
(23,093)

129
(1.03)

186 (0.589) 183 (0.626) 185
(0.761)

0
(0)

1,423
(0)

1,423
(0)

1,423
(0)

,894
(0)

7,894
(0)

7,894
(0)

4,439 (64.9)

414
(0)

0
(0)

0
(0)

0
(0)

354
(0)

354
(0)

354
(0)

425
(0)

,792
(0)

9,857
(0)

9,854
(0)

6,471
(64.7)

4,269
,770)

130,533
(4,260)

129,205
(3,423)

129,444
(4116)

130
(0.15)

168
(0.31)

169
(0.44)

168
(0.65)

0
(0)

1,423
(0)

1,423
(0)

1,423
(0)

(Continued)

K
rupnik

et
al.

A
dapted

C
onservation

A
griculture

Im
proves

Environm
entalO

utcom
es

Frontiers
in

A
gronom

y
|
w
w
w
.frontiersin.org

July
2022

|
Volum

e
4

|
A
rticle

829737
9

Kalapara Kaliganj

CA SAT CT FP CA SAT CT FP

Input maize seed energy
equivalent

360
(0)

360
(0)

378
(0)

378
(0)

360
(0)

360
(0)

378
(0)

378
(0)

Irrigation (m3/ha) energy
equivalent

1,917 (7.22) 1,919 (7.08) 1,925 (7.16) 1,921 (5.34) 2,426 (9.03) 2,436 (9.49) 2,447 (12.8) 2,458 (14.1) 1,7

Total inputs energy 369,71 (7.6) 36,971 (6.6) 37,188 (8.5) 26,741 (943) 36,879 (8.6) 36,888 (9.2) 37,732
(12.8)

35,875 (119) 36,

Total outputs energy 189,438
(5,052)

175,207
(7,147)

143,078
(4,235)

119,624
(2,179)

253,323
(1,863)

242,672
(1,403)

243,202
(2,064)

237,623
(1,396)

2

Rice
First year rotation
Human labor energy
equivalent

127
(0.30)

179
(1.32)

177
(1.18)

184
(0.79)

140
(1.12)

187 (0.936) 187
(0.97)

202
(0.92)

Diesel energy equivalent 0
(0)

1,423
(0)

1,423
(0)

1,423
(0)

0
(0)

1,639
(0)

1,639
(0)

1,639
(0)

Total fertilizer energy
equivalent

7,785
(0)

7,785
(0)

7,785
(0)

3,913 (80.3) 7,785
(0)

7,785
(0)

7,785
(0)

8,300
(19)

Herbicides equivalent energy 143
(0)

0
(0)

0
(0)

0
(0)

283
(0)

7.61
(0)

7.61
(0)

7.61
(0)

Input rice seed energy
equivalent

357
(0)

357
(0)

357
(0)

471
(2.8)

365
(0)

365
(0)

365
(0)

477
(1.3)

Total inputs energy 8,412 (0.3) 9,744 (1.3) 9,743 (1.1) 5,991 (78.9) 8,573 (1.1) 9,984 (0.9) 9,984 (0.9) 10,627
(18.1)

8,

Total outputs energy 155,111
(4,649)

152,105
(5,113)

148,347
(4,242)

143,087
(4,465)

161,057
(1,372)

159,738
(2,209)

160,912
(2,644)

153,273
(2,495)

1
(2

Second year rotation
Human labor energy
equivalent

130
(0.59)

196
(0.80)

196
(0.72)

190
(0.77)

162
(0.67)

204
(0.68)

204
(0.74)

206
(0.97)

Diesel energy equivalent 0
(0)

1,423
(0)

1,423
(0)

1,423
(0)

0
(0)

1,639
(0)

1,639
(0)

1,639
(0)

Total fertilizer energy
equivalent

7,785
(0)

7,785
(0)

7,785
(0)

5,135 (173) 7,785
(0)

7,785
(0)

7,785
(0)

7,915 (159)

Herbicides equivalent energy 414
(0)

0
(0)

0
(0)

0
(0)

267
(0)

0
(0)

0
(0)

0
(0)

Input rice seed energy
equivalent

354
(0)

354
(0)

354
(0)

425
(0)

462
(0)

462
(0)

462
(0)

500
(0)

Total inputs energy 8,683
(0)

9,759
(0)

9,759
(0)

7,173 (173) 8,676
(0)

10,090
(0)

10,090
(0)

10,260 (159)

Total outputs energy 151,018
(1,992)

148,450
(2,755)

145,168
(2,354)

128,747
(2,687)

147,604
(1078)

146,753
(1,214)

146,332
(1,378)

141,517
(1,484)

1

Third year rotation
Human labor energy
equivalent

107
(1.01)

136
(2.67)

131
(2.22)

112
(2.06)

145
(3.31)

171
(3.7)

172
(3.71)

171
(3.9)

Diesel energy equivalent 0
(0)

1,423
(0)

1,423
(0)

1,423
(0)

0
(0)

1,639
(0)

1,639
(0)

1,639
(0)
7

5
(1

7

4

2

7

8

3
(3

https://www.frontiersin.org/journals/agronomy
http://www.frontiersin.org/
https://www.frontiersin.org/journals/agronomy#articles


Krupnik et al. Adapted Conservation Agriculture Improves Environmental Outcomes

Frontiers in Agronomy | www.frontiersin.org
 10
comparable, the lack of energy consumed for irrigation rendered
them lower (Table 6). Across environments, use of the
submergent tolerant BRRI-52 resulted in significantly higher
(P<0.001) systems-level EUE (8.0-18.2) and EP (0.25-0.35)
compared to BRRI-41 (EUE, 7.8-10.0; EP, 0.23-0.30). These
differences likely resulted from this cultivar’s ability to
withstand prolonged inundation (Kamruzzaman and Shaw,
2018), particularly in Babuganj and Kalapara where monsoon
season tidal water movement and inundation was observed,
whereas a marginal loss (6% on average across treatments) of
rice hills was observed following transplanting during
extended flooding in the first and third year of rotation,
respectively, when BRRI-41 was cultivated (data not shown).
Our observations support Hossen et al. (2018) who reported
increases in EP by 8-12% and energy output-input ratios by
22-24% for unpuddled rice transplanting on raised beds or
with strip tillage in Bangladesh.

Global Warming Potential
Though the soil carbon sequestration potential of CA has been
debated (Powlson et al., 2016), reduced tillage can lower GHG
emissions through reductions in fuel use (Alam et al., 2015;
Govaerts et al., 2009; Alam et al., 2019a). We observed significant
(P<0.001) locational differences in total GWP within partially
irrigated and rainfed environments for both crops and cropping
systems across years (Tables 7, 8). Comparing tillage treatments
separately in those environments, but across locations and rice
varieties within them, significant differences (P<0.001) were
found for rice and maize individually, and at the cropping
systems level. Use of BRRI-52 or BRRI-41 however had no
observable carry-over effect on total GWP (Kg CO2eq ha–1) in
maize, although rice varieties influenced GWP at the cropping
systems-level. This resulted from greater productivity with BRRI-
52, particularly in rainfed locations prone to flooding in the
monsoon. For rice in partially irrigated environments, FP had the
lowest total GWP across years (averaging 4,176 kg CO2eq ha–1)
due to lower input use, followed by CT (mean of 4,319 kg CO2eq
ha–1), CA (mean of 4,586, kg CO2eq ha–1) and SAT (mean of
5,195, kg CO2eq ha

–1) (Table 7). These perhaps counter-intuitive
results come from higher reactive CH4 emissions when maize
residue was retained or incorporated in CA and SAT as
computed using the CCAFS-MOT. This highlights the trade-
offs associated with residue retention and yield, profitability, and
energetics with total GWP as described in Section 3.3. It should
however be noted that emissions arising from farmers’ post-
harvest use of residues taken off the field and stored for later use
as feed (in rice) or fuel (in maize) are not accounted for in the
crop field-based CCAFS-MOT; as such, these results should be
taken conservatively. Conversely, compared to partially irrigated
environments, GWP from rice was comparatively lower in CA
(with a mean of 3,022 kg CO2eq ha–1 across years) compared to
FP or CT (means of 3,041 and 3,192 kg CO2eq ha

–1, respectively)
in rainfed environments (Table 8).

Considering maize across three years in partially irrigated
environments (Table 7), CA and SAT had an average GWP of
902 and 907 kg CO2eq ha–1 less than FP, and 1,442 and 1,447 kg
CO2eq ha–1 less than CT, respectively. Trends in maize were
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TABLE 4 | Details for mean nergy inputs and outputs (Mj ha-1) for dry winter season maize and monsoon season rice over three years of rotation in rainfed environments in coastal Bangladesh (numbers in parentheses

Babuganj

CA SAT CT FP

– – – –

– – – –

– – – –

– – – –

– – – –

– – – –

– – – –

117
(0.61)

116
(0.52)

195
(0.40)

193
(0.40)

335
(0)

335
(0)

1,663
(0)

1,663
(0)

24,567
(0)

2,4567
(0)

24,567
(0)

19,958
(346)

1,162
(0)

1,162
(0)

0
(0)

0
(0)

360
(0)

360
(0)

360
(0)

365
(0.55)

26,541
(0)

26,540
(0)

26,785
(0)

22,179
(346)

29,927
(3,740)

13,0279
(2,273)

121,115
(2,421)

119,411
(3,526)

96.7
(0.68)

96.2 (0.27) 192
(0.60)

189
(0.69)

425
(0)

425
(0)

1,685
(0)

1,685
(0)

24,567
(0)

2,4567
(0)

24,567
(0)

19,315
(417)

1,162
(0)

1,162
(0)

0
(0)

0
(0)

360
(0)

360
(0)

360
(0)

360
(0)

26,610
(0)

26,610
(0)

26,804
(0)

21,548
(417)
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are the standard error of the mean).

Batia ghata Kalapara

CA SAT CT FP CA SAT CT FP

Maize

First year rotation
Human labor energy
equivalent

111
(0.98)

111
(1.04)

104
(0.91)

175
(1.83)

96.3 (0.44) 94
(1.39)

184
(0.73)

174
(1.2)

Diesel energy equivalent 395
(0)

395
(0)

1,693
(0)

1,693
(0)

425
(0)

425
(0)

1,685
(0)

1,685
(0)

Total fertilizer energy
equivalent

24,584
(0)

24,592
(0)

24,592
(0)

14,671
(77.8)

24,577
(0)

24,577
(0)

24,577
(0)

19,269 (160)

Herbicides equivalent
energy

217
(0)

217
(0)

108
(24.9)

0
(0)

1,162
(0)

1,162
(0)

0
(0)

0
(0)

Input maize seed energy
equivalent

360
(0)

360
(0)

372
(7.95)

370
(8.84)

360
(0)

360
(0)

360
(0)

382
(0.87)

Total inputs energy 25,667 (2.0) 25,674 (1.0) 26,869
(26.3)

16,909
(77.7)

26,620 (0.4) 26,618 (1.3) 26,806 (0.7) 21,510 (161)

Total outputs (grain+straw)
energy

210,467
(4,238)

205,880
(3,805)

182,078
(3,002)

161,055
(2637)

179,191
(12,700)

159,396
(8,468)

135,926
(4,289)

122,437
(2,120)

Second year rotation
Human labor energy
equivalent

114
(0.24)

113
(0.30)

179
(0.54)

182
(0.54)

102
(0.90)

101
(0.98)

194
(0.80)

184
(0.59)

Diesel energy equivalent 395
(0)

395
(0)

1,693
(0)

1,693
(0)

425
(0)

425
(0)

1,685
(0)

1,685
(0)

Total fertilizer energy
equivalent

24,577
(0)

24,577
(0)

24,577
(0)

22,816
(94.5)

24,577
(0)

24,577
(0)

24,577
(0)

19,227 (133)

Herbicides equivalent
energy

584
(0)

584
(0)

0
(0)

0
(0)

1,162
(0)

1,162
(0)

0
(0)

0
(0)

Input maize seed energy
equivalent

360
(0)

360
(0)

360
(0)

392
(2.99)

360
(0)

360
(0)

360
(0)

382
(0.87)

Total inputs energy 26,029
(0)

26,029
(0)

26,809
(0)

25,083
(94.9)

26,626
(0)

26,625
(0)

26,816
(0)

21,478 (132)

Total outputs (grain+straw)
energy

145,955
(1,258)

144,926
(1,472)

142,960
(1,331)

140,912
(1,623)

128,771
(2,954)

121,882
(4,316)

111,922
(4,067)

10,3438
(3,649)

Third year rotation
Human labor energy
equivalent

117
(0.27)

116
(0.27)

233
(1.92)

230
(2.57)

98.7 (1.12) 98.1 (0.92) 193
(0.92)

192 (1.36)

Diesel energy equivalent 395
(0)

395
(0)

1,693
(0)

1,693
(0)

425
(0)

425
(0)

1,685
(0)

1,685
(0)

Total fertilizer energy
equivalent

24,567
(0)

24,567
(0)

24,567
(0)

22,035 (336) 24,567
(0)

24,567
(0)

24,567 (784) 17,457
(0)

Herbicides equivalent
energy

584
(0)

584
(0)

0
(0)

0
(0)

1,162
(0)

1,162
(0)

0
(0)

0
(0)

Input maize seed energy
equivalent

360
(0)

360
(0)

378
(0)

378
(0)

360
(0)

360
(0)

378
(0)

378
(0)

Total inputs energy 26,022
(0)

26,022
(0)

26,871
(0)

24,336 (337) 26,612
(0)

26,612
(0)

26,823
(0)

19,712 (784)
1
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TABLE 4 | Continued

Babuganj

SAT CT FP

11,3172
(2,010)

115,657
(2,385)

111,309
(2,451)

171
(8.08)

171
(7.77)

173
(7.82)

1,423
(0)

1,423
(0)

1,423
(0)

7,785
(0)

7785
(0)

8,528
(59.8)

0
(0)

0
(0)

0
(0)

357
(0)

357
(0)

471
(0.64)

8) 9,736 (8.0) 9,735
(7.7)

10,595
(56.3)

)
11,7210
(20,023)

136,519
(22,925)

127,607
(21,508)

190
(1.17)

188
(1.45)

187
(1.76)

1,423
(0)

1,423
(0)

1,423
(0)

7,785
(0)

7,785
(0)

4,823
(43)

0
(0)

0
(0)

0
(0)

354
(0)

354
(0)

425
(0)

9,862
(0)

9,844
(11.5)

6,487
(74.2)

13,1303
(2,194)

126,851
(3,999)

127,742
(2,189)

169 (0.322) 170
(0.39)

169
(0.57)

1,423
(0)

1,423
(0)

1,423
(0)

7,785
(0)

7,785
(0)

4,628
(46.8)

0
(0)

0
(0)

0
(0)

354
(0)

354
(0)

354
(0)

9,731
(0)

9,732
(0)

6,574
(46.7)

11,7289
(4,908)

112,945
(4,136)

108,721
(4,810)
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Batia ghata Kalapara

CA SAT CT FP CA SAT CT FP CA

Total outputs (grain+straw)
energy

165,614
(1,502)

162,182
(1,803)

147,528
(1,526)

137,492
(820)

120,237
(5,506)

111,612
(3,800)

117,536
(3,967)

10,2677
(2,648)

121,74
(2,488

Rice
First year rotation
Human labor energy
equivalent

135
(0.68)

183
(0.64)

183
(0.49)

185
(0.37)

129
(0.31)

183
(0.99)

182
(1.07)

186
(1.32)

116
(7.81)

Diesel energy equivalent 0
(0)

1,310
(0)

1,310
(0)

1,310
(0)

0
(0)

1,423
(0)

1,423
(0)

1,423
(0)

0
(0)

Total fertilizer energy
equivalent

7,785
(0)

7,785
(0)

7,785
(0)

7,511 (8.35) 7,785
(0)

7,785
(0)

7,785
(0)

3,908 (31.6) 7,785
(0)

Herbicides equivalent
energy

479
(0)

0
(0)

0
(0)

0
(0)

143
(0)

0
(0)

0
(0)

0
(0)

143
(0)

Input rice seed energy
equivalent

454
(0)

454
(0)

454
(0)

454
(0)

357
(0)

357
(0)

357
(0)

474
(2.13)

357
(0)

Total inputs energy 8,852
(0)

9,732
(0)

9,732
(0)

9,460 (8.4) 8,414
(0)

9,749
(0)

9,747
(0)

5,992 (30.8) 8,401 (7.

Total outputs (grain+straw)
energy

179,889
(4,305)

179,849
(6,694)

184,196
(5,049)

187,882
(6,043)

150,148
(3,663)

143,784
(4,480)

133,280
(2,945)

14,1783
(5,277)

115,88
(19,737

Second year rotation
Human labor energy
equivalent

135
(0.68)

183
(0.64)

183
(0.49)

185
(0.37)

130
(0.47)

197
(0.53)

194
(0.26)

191
(0.36)

130
(0.89)

Diesel energy equivalent 0
(0)

1,310
(0)

1,310
(0)

1,310
(0)

0
(0)

1,423
(0)

1,423
(0)

1,423
(0)

0
(0)

Total fertilizer energy
equivalent

7,894
(0)

7,894
(0)

7,894 (10.7) 4,452 (72.9) 7,785
(0)

7,785
(0)

7,785
(0)

7,516 (8.84) 7,785
(0)

Herbicides equivalent
energy

479
(0)

0
(0)

0
(0)

0
(0)

414
(0)

0
(0)

0
(0)

0
(0)

414
(0)

Input rice seed energy
equivalent

454
(0)

454
(0)

454
(0)

454
(0)

354
(0)

354
(0)

354
(0)

425
(0)

354
(0)

Total inputs energy 8,852
(0)

9,732
(0)

9,732
(0)

9,464
(9)

8,683
(0)

9,759
(0)

9,757
(0)

6,862 (43.1) 8,792
(0)

Total outputs (grain+straw)
energy

149,062
(996)

146,603
(1,084)

145,406
(827)

142,625
(543)

154,412
(1,765)

143,560
(2,240)

144,924
(2,600)

13,6406
(4,027)

130,50
(2,687

Third year rotation
Human labor energy
equivalent

137
(0.47)

174
(0.38)

174
(0.41)

175
(0.40)

113
(1.21)

152
(1.55)

146
(1.51)

118
(2.7)

130
(0.34)

Diesel energy equivalent 0
(0)

1,310
(0)

1,310
(0)

1,310
(0)

0
(0)

1,423
(0)

1,423
(0)

1,423
(0)

0
(0)

Total fertilizer energy
equivalent

7,785
(0)

7,785
(0)

7,785
(0)

7,139 (53.6) 7,785
(0)

7,785
(0)

7,785
(0)

3,760 (174) 7,785
(0)

Herbicides equivalent
energy

479
(0)

0
(0)

0
(0)

0
(0)

275
(0)

0
(0)

0
(0)

0
(0)

275
(0)

Input rice seed energy
equivalent

456
(0)

456
(0)

456
(0)

456
(0)

425
(0)

425
(0)

425
(0)

425
(0)

354
(0)

Total inputs energy 8,857
(0)

9,725
(0)

9,725
(0)

9,078 (53.8) 8,598
(0)

9,785
(0)

9,779
(0)

5,726 (176) 8,544
(0)

Total outputs energy 146,993
(1,777)

137,829
(1,872)

138,490
(1,351)

131,776
(1,480)

158,141
(1,588)

160,596
(3,531)

155,586
(3,144)

148,340
(2,279)

121,02
(3,278

CA, (Complete) conservation agriculture; SAT, adapted CA; CT, conventional tillage; FP, farmer’s practice.
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Krupnik et al. Adapted Conservation Agriculture Improves Environmental Outcomes
similar in rainfed environments, although the lack of energy
consumed for irrigation and minimization of tractor fuel
requirements under strip tillage resulted in more emissions
under CA (27 kg more CO2eq ha–1) and SAT (17 kg more
CO2eq ha–1), respectively, relative to CT (Table 8). Conversely,
although all rice residues were exported prior to maize
Frontiers in Agronomy | www.frontiersin.org 13
establishment under FP and CT in rainfed environments,
much higher GWP (means of 1114 and 1,403 Kg CO2eq ha–1,
respectively) was observed, representative of increasing fuel use
for tillage. At the cropping systems level, GWP varied
considerably (P<0.001) in both environments. Considering
both maize and rice in rotation, GWP followed the trend CA <
TABLE 5 | Energy-use efficiency (EUE; Mj ha-1 output/Mj ha-1 input) and energy productivity (EP; Kg ha-1 grain yield/Mj ha-1 input) for dry winter season maize,
monsoon season rice, and systems (maize + rice) over three years of rotation in partially irrigated environments in southern coastal Bangladesh.

Source First year rotation Second year rotation Third year rotation

Maize Rice Rice-maize
system

Maize Rice Rice-maize
system

Maize Rice Rice-maize
system

EUE EP EUE EP EUE EP EUE EP EUE EP EUE EP EUE EP EUE EP EUE EP

Upazila (U)
Kalapara 7.1b 0.24a 18.2a 0.54a 9.2b 0.29a 5.8c 0.22a 16.3a 0.49a 8.1c 0.25b 4.5c 0.20b 17.5a 0.54a 7.2c 0.23c

Kaliganj 5.4c 0.19b 16.3b 0.44b 7.8c 0.24b 7.2b 0.21a 14.9b 0.47a 8.8b 0.26a 6.6b 0.21a 15.7b 0.49b 8.5a 0.27a

Babuganj 13.2a 0.12c 15.6b 0.39c 13.7a 0.18c 7.5a 0.17b 15.3b 0.42b 9.1a 0.25b 6.9a 0.17c 12.7c 0.39c 8.1b 0.25b

Tillage and crop establishment (TCE)
CA 8.8a 0.19a 17.4b 0.50a 10.5ab 0.25a 6.7b 0.20b 16.5b 0.50a 8.6b 0.26b 6.0b 0.20ab 16.4a 0.53a 7.9b 0.25b

SAT 8.8a 0.19a 14.8c 0.41b 10.1bc 0.24a 6.5b 0.20b 14.3c 0.42b 8.2c 0.24c 5.7c 0.19b 14.1b 0.43b 7.5c 0.24c

CT 7.8b 0.16b 14.9c 0.40b 9.3c 0.21b 6.2c 0.18c 14.1c 0.41b 7.8d 0.23 d 5.4d 0.17c 14.2b 0.43b 7.3c 0.22d

FP 8.9a 0.19a 19.8a 0.52a 11.1a 0.25a 7.9a 0.22a 17.2a 0.50a 10.1a 0.30a 6.8a 0.21a 16.4a 0.51a 8.9a 0.28a

Rice variety (V)
BRRI-41 8.6 0.18 15.4b 0.40b 9.9b 0.23b 6.9 0.20 15.3b 0.42b 8.7 0.25b 6.0 0.19 14.7b 0.43b 7.8b 0.24b

BRRI-52 8.6 0.18 18.1a 0.51a 10.5a 0.25a 6.8 0.20 15.8a 0.50a 8.7 0.26a 6.0 0.19 15.8a 0.52a 8.0a 0.25a

U × TCE
Kalapara, CA 7.6c 0.26a 18.4bcd 0.59ab 9.6de 0.32a 5.6d 0.23ab 17.3b 0.55ab 7.9fg 0.25def 5.0f 0.21ab 18.3ab 0.60 7.5de 0.24def

Kalapara, SAT 6.9cde 0.26a 15.6cde 0.46bcde 8.8def 0.30a 5.5d 0.23abc 15.1c 0.44def 7.6gh 0.24g 4.6fg 0.20ab 16.4bc 0.49b 7.1de 0.22fgh

Kalapara, CT 6.5cde 0.21bcd 15.2cde 0.44cde 8.3def 0.25bcd 5.1d 0.19cd 14.8cd 0.42ef 7.1h 0.21h 3.7h 0.17bc 16.1bcd 0.47b 6.3f 0.21h

Kalapara, FP 7.3cd 0.24ab 23.8a 0.66a 10.0cd 0.31a 7.1b 0.25a 17.9b 0.56a 9.7b 0.30b 4.4g 0.20ab 19.1a 0.61a 7.7d 0.25de

Kaliganj, CA 5.5de 0.20cd 18.7bc 0.50bc 8.15def 0.26b 7.3b 0.22abc 17.0b 0.55abc 9.1c 0.28c 6.8b 0.22a 18.0ab 0.57a 9.0b 0.29b

Kaliganj, SAT 5.5de 0.21c 15.9cde 0.44cde 7.8ef 0.25bc 7.1b 0.22abc 14.5cd 0.46bcde 8.7cde 0.26d 6.5bc 0.22a 15.2cd 0.48b 8.4c 0.27c

Kaliganj, CT 5.2e 0.17ef 16.1cde 0.43cde 7.5f 0.22d 7.1b 0.21bc 14.5cd 0.46cde 8.6de 0.25ef 6.4cd 0.20ab 15.3cd 0.48b 8.3c 0.26cd

Kaliganj, FP 5.5de 0.18de 14.4de 0.39de 7.7ef 0.23cd 7.4b 0.22abc 13.8de 0.43ef 8.9cd 0.26de 6.6bc 0.21a 14.3de 0.44b 8.3c 0.26cd

Babuganj, CA 13.5ab 0.12gh 15.1cde 0.40cde 13.8ab 0.17e 7.3b 0.16de 15.2c 0.42ef 8.8cde 0.24 fg 6.1de 0.16c 12.9ef 0.41bc 7.3de 0.23efg

Babuganj,
SAT

13.8a 0.12gh 13.0e 0.34e 13.6ab 0.16e 6.8bc 0.16 de 13.2e 0.36f 8.2ef 0.23g 5.9e 0.15c 10.9f 0.34c 6.9ef 0.22fgh

Babuganj, CT 11.5b 0.11h 13.3de 0.34e 11.9bc 0.15e 6.4c 0.14e 13.0e 0.36f 7.8fg 0.21h 6.1de 0.15c 11.2f 0.33c 7.2de 0.21gh

Babuganj, FP 14.1a 0.15fg 21.1ab 0.50bcd 15.6a 0.22d 9.3a 0.21abc 20.0a 0.52abcd 11.8a 0.33a 9.5a 0.22a 15.9cd 0.49b 10.8a 0.32a

U × V
Kalapara,
BRRI-52

7.1b 0.24a 17.8ab 0.55a 9.1cd 0.30a 5.9c 0.22a 16.1a 0.50a 8.1c 0.25c 4.4c 0.20a 17.9a 0.55a 7.2d 0.23 d

Kalapara,
BRRI-41

7.1b 0.24a 18.7ab 0.52a 9.2c 0.29a 5.8c 0.22a 16.5a 0.48ab 8.1c 0.25c 4.5c 0.20a 17.1ab 0.53a 7.1d 0.23d

Kaliganj,
BRRI-52

5.4c 0.19b 16.8ab 0.49a 7.9de 0.25b 7.2b 0.21a 15.3bc 0.51a 8.9ab 0.27a 6.6b 0.21a 16.3b 0.54a 8.6a 0.28a

Kaliganj,
BRRI-41

5.4c 0.19b 15.8b 0.39b 7.7e 0.23c 7.2ab 0.21a 14.6d 0.43b 8.8b 0.26bc 6.6b 0.21a 15.1c 0.44b 8.4ab 0.26b

Babuganj,
BRRI-52

13.2a 0.12c 19.6a 0.49a 14.6a 0.20d 7.3ab 0.17b 16.0ab 0.48ab 9.2a 0.26b 6.9a 0.17b 13.3d 0.46 8.2bc 0.25bc

Babuganj,
BRRI-41

13.2a 0.12c 11.6c 0.29c 12.9b 0.15e 7.6a 0.17b 14.7cd 0.35c 9.1ab 0.25c 6.9a 0.17b 12.1d 0.33c 7.9c 0.24cd

F-values
U 329*** 265*** 6** 25*** 184*** 203*** 141*** 52*** 29*** 17*** 70*** 26*** 751*** 36*** 96*** 65*** 108*** 73***
TCE 4** 14*** 16*** 15*** 10*** 19*** 98*** 16*** 126*** 21*** 206*** 355*** 143*** 11*** 24*** 28*** 107*** 70***
V ns ns 20*** 49*** 6** 27*** ns ns 13*** 45*** ns 35*** ns ns 17*** 68*** 8** 21***
U × TCE ns 4*** 10*** 7*** 3** 7*** 24*** 3*** 71*** 9*** 61*** 120*** 131*** 6*** 15*** 12*** 71*** 48***
U × V ns ns 18*** 9*** 4** 4** ns ns 11*** 8** ns 7** ns ns ns 8*** ns 3**
TCE × V ns ns ns ns ns ns ns ns 3*** ns ns ns ns ns ns ns ns ns
U × TCE × V ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
July 20
22 | Volume 4 |
 Article 8
Upazila means subdistrict; CA, (Complete) conservation agriculture; SAT, seasonally alternating tillage; CT, conventional tillage; FP, farmer’s practice; As TCE × V and U × TCE × V
interactions were not significant, mean treatment values have not been shown; *, **, and *** indicates P < 0.05. 0.01, and 0.001, respectively. Values in columns not separated by sources
of variation sharing the same letter are significantly different according to Tukey’s HSD at a = 0.5 and ns, not significant. According to Tukey’s HSD (for TCE and V) or the Student’s t test (for
V) at a = 0.05; Trials were placed in five farmers each in Babuganj and Kalapara, and 10 in Kaliganj. In Babujanj, while rotations began with rabi maize in the winter 2011-12 season,
prolonged tidal flooding during the late grain filling stage resulted in rot and near total crop losses. As such, rainfed maize data were not included from this location in the first year. Data for V
and TCE × V factor effects consider the effect of the succeeding rice variety on system EUE and EP following NK40 maize. Any discrepancies between the system EUE and EP and
component maize and rice EUE and EP are due to rounding.
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TABLE 6 | Energy use efficiency (EUE; Mj ha-1 output/Mj ha-1 input) and energy productivity (EP; Kg ha-1 grain yield/Mj ha-1 input) for dry winter season maize, monsoon season rice, and systems (maize + rice) over

Third year rotation

Maize Rice Rice-maize system

EP EUE EP EUE EP

0.18a 14.8b 0.50b 8a 0.26a

0.14b 19.2a 0.60a 8a 0.25b

0.13c 13.5c 0.42c 7b 0.20c

0.16a 16.3b 0.56b 8b 0.25a

0.15b 14.2c 0.46c 7c 0.23b

0.14c 13.9c 0.44d 7c 0.21c

0.16ab 19.0a 0.58a 9a 0.25a

0.15 15.4b 0.48b 8b 0.23b

0.15 16.3a 0.53a 8a 0.24a

0.20a 16.5c 0.58b 9b 0.29a

0.20a 14.1e 0.49c 8c 0.27b

0.17bc 14.2e 0.47c 8de 0.24cd

0.17b 14.5de 0.47c 8cd 0.25cd

0.14de 18.4b 0.62b 8cde 0.26bc

0.14def 16.4c 0.51c 7ef 0.23de

0.13f 15.9cd 0.49c 7ef 0.22e

0.15cd 26.1a 0.78a 10a 0.29a

0.14ef 14.1e 0.47c 7fg 0.21e

0.12f 12.0f 0.38d 6g 0.19f

0.12f 11.6f 0.35d 6g 0.18f

0.15de 16.5c 0.49c 8cde 0.22e

0.18a 15.1b 0.53c 8a 0.27
0.18a 14.5b 0.47d 8a 0.26
0.14b 19.6a 0.62a 8a 0.26
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three years of rotation in rainfed environments in southern coastal Bangladesh.

Source First year rotation Second year rotation

Maize Rice Rice-maize system Maize Rice Rice-maize system

EUE EP EUE EP EUE EP EUE EP EUE EP EUE EP EUE

Upazila (U)
B-Ghata 8.1a 0.30a 19.3a 0.50a 11a 0.36a 5.5a 0.20a 15.4b 0.50a 8a 0.28a 5.9a

Kalapara 6.0b 0.18b 17.5b 0.49a 9b 0.26b 4.6c 0.15b 16.8a 0.45b 8b 0.23b 4.5b

Babuganj – – 13.0c 0.32b – – 4.9b 0.14c 15.1b 0.45b 7c 0.22c 4.5b

Tillage and crop establishment (TCE)
CA 7.5a 0.25b 17.3ab 0.48a 10b 0.32b 5.1ab 0.17a 16.4b 0.50a 8b 0.25a 5.1a

SAT 7.0a 0.25b 15.5c 0.41b 10c 0.31c 5.0b 0.17a 14.3c 0.43b 7c 0.24b 4.8b

CT 6.0c 0.20c 15.1bc 0.39b 9d 0.27d 4.7c 0.16b 14.2c 0.42b 7d 0.23c 4.7b

FP 7.6a 0.27a 18.5a 0.47a 11a 0.35a 5.3a 0.17a 18.2a 0.51a 8a 0.25a 5.3a

Rice variety (V)
BRRI-41 7.0 0.24 15.1b 0.39b 10b 0.30b 5.0 0.17a 15.6b 0.44b 8b 0.23b 5.0
BRRI-52 7.0 0.24 18.2a 0.49a 10a 0.32a 5.0 0.16a 16.0a 0.49a 8a 0.24a 4.9
U × TCE
B-Ghata,
CA

8.1b 0.31b 20.3ab 0.53ab 11b 0.37b 5.6a 0.21a 16.8b 0.55a 8ab 0.29a 6.3a

B-Ghata,
SAT

8.0b 0.30b 18.4bcd 0.49bc 11b 0.36b 5.5a 0.21a 15.0c 0.49b 8bc 0.28b 6.2a

B-Ghata,
CT

6.7c 0.24c 20.0bc 0.49bc 10c 0.31c 5.3abc 0.19b 14.9c 0.47bc 8c 0.26c 5.4b

B-Ghata,
FP

9.5a 0.35a 20.0ab 0.50bc 13a 0.41a 5.6a 0.21a 15.0c 0.48bc 8bc 0.28b 5.6b

Kalapara,
CA

6.8c 0.19d 18.0bcde 0.53abc 9c 0.28d 4.8cd 0.15cd 17.7b 0.50b 8bc 0.23d 4.4d

Kalapara,
SAT

6.0cd 0.19de 15.0cdef 0.42cd 8d 0.25e 4.6de 0.15cd 14.7c 0.42de 7d 0.22e 4.1d

Kalapara,
CT

5.1e 0.16e 14.0ef 0.38 de 7e 0.22f 4.2e 0.14d 14.8c 0.40e 7de 0.21ef 4.3d

Kalapara,
FP

5.7de 0.20d 24.0a 0.63a 10c 0.29cd 4.8d 0.16c 19.8a 0.49b 8ab 0.24d 5.2b

Babuganj,
CA

– – 14.0ef 0.37de – – 4.9bcd 0.15d 14.8c 0.45cd 7d 0.22ef 4.5d

Babuganj,
SAT

– – 12.0f 0.31de – – 4.9bcd 0.14d 13.3d 0.39e 7de 0.21f 4.2d

Babuganj,
CT

– – 14.0def 0.31de – – 4.5de 0.13e 12.8d 0.39e 7e 0.20g 4.2d

Babuganj,
FP

– – 12.1f 0.27e – – 5.4ab 0.15d 19.7a 0.56a 9a 0.24d 5.1c

U × V
B-Ghata, BRRI-52 8.1a 0.30a 21.0a 0.56a 12a 0.38a 5.5a 0.21a 15.3b 0.52a 8a 0.29a 5.9a

B-Ghata, BRRI-41 8.1a 0.30a 18.0b 0.45bc 11b 0.35b 5.5a 0.21a 15.5b 0.47b 8a 0.27b 5.9a

Kalapara, BRRI-52 6.0b 0.18b 17.2b 0.50ab 9c 0.26c 4.6bc 0.15b 16.9a 0.46bc 8b 0.23c 4.5b
c

c
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SAT < FP < CT in rainfed and CA < FP < SAT < CT in partially
irrigated environments.

Yield-Scaled Emissions
Yield-scaled emissions provide a measure of agronomic
performance by integrating production with mitigation goals
(Mosier et al., 2006; Pittelkow et al., 2014; Sainju, 2016). In both
partially irrigated (Table 9) and rainfed (Table 10)
environments, we observed significant effects (P<0.001) of
location, tillage and crop establishment, and location × tillage
and crop establishment interaction on YSE by both rice and
maize and at the cropping systems level. In all years, there were
also significant effects (P<0.001) of rice variety and location ×
variety interaction on YSE by rice and at the cropping systems
level, but not by maize (Tables 7, 8). In partially irrigated
environments, the 3-year average YSE at the systems-level was
lowest in CA (1,085 kg CO2eq Mt-1 grain), followed by SAT
(1,285 kg CO2eqMt-1 grain), FP (1,316 kg CO2eqMt-1 grain) and
CT (CT 1,338 kg CO2eq Mt-1 grain), respectively (Table 9).
Similar patterns were observed in rainfed environments, though
YSE tended to be higher than in partially irrigated environments
(Table 10), due to lower yields (data not shown). In both
environments, the order of YSE by rice was CA < CT or FP <
SAT, by maize CA or SAT < FP < CT, and at the cropping
systems level was CA < SAT < FP < CT. The decreases in YSE
under CA and SAT compared to FP and CT consequently also
tended to be larger in rainfed than the partially irrigated
environments. These results are consistent with Zeroes et al.
(2017) for maize and Islam et al. (2020) for rice, and with other
studies reporting reduced GHG emissions from CA or ZT
compared to CT globally (Govaerts et al., 2009; Alam et al.,
2019a; Alam et al., 2019b), although comparatively less research
has considered adaptation of these practices, as included in
this study.

We do however suggest that these results should be considered
conservatively. While our modeled results are indicative of the
likely pattern of GWP and YSE across environments and
treatments observed, in-situ measurements may to some extent
differ (Richards et al., 2016). Such measurements are challenging,
if not logistically infeasible in dispersed on-farm trials such as
those described in this paper. The CCAFS-MOT also considers
only the period within the cropping season (Feliciano et al., 2016);
as such, we were also unable to model the GWP of fallow periods
between the end of monsoon and start of the winter season, nor
were we able to assess the transition from winter into monsoon
season. Yet where researchers are unable to secure sufficient
funding equipment and logistics to conduct repetitive in-situ
measurements from many dispersed farmer-managed trials over
multiple environments and years, modeling approaches such as
those afforded by the CCAFS-MOT can be a secondary and
useful indicator.

Additionally, Mei et al. (2018) concluded that N2O emission
from conservation tillage is influenced by increased N rates,
frequent wetting and drying cycles from irrigation, and the
retention of residues, especially in warm tropical climates. In
our study, however, N rates were not different between CA,
SAT and CT for rice or maize in either rainfed or partially
T
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irrigated environments, though they were lower than FP.
Farmers were also only able to apply a maximum of two
irrigations in the partially irrigated locations, limiting wetting
and drying cycles that couple nitrification with denitrification.
Retention of residue conversely provides a substrate for nitrifier
and denitrifier microbial populations that could accelerate
emissions under lower soil O2 conditions that can also result
from residue decomposition (Chen et al., 2013), and this was
accounted for in the CCAFS-MOT. Yet while the model does
account for N2O in rice, its ability to model N2O emissions that
Frontiers in Agronomy | www.frontiersin.org 16
result from different tillage operations for non-rice crops is
limited. Further research should therefore be conducted to
improve tools such as the CCAFS-MOT for N2O under non-
flooded conditions.

Integrated Analysis of Cropping Systems
Performance
As evidenced from our results, complex changes in crop and
cropping systems management can result in multi-dimensional
trade-offs among agronomic, socio-economic, energetic, and
TABLE 7 | Components of global warming potential (Mt CO2eq ha-1) by dry winter season maize and monsoon season rice over three years of rotation in partially
irrigated environments in southern coastal Bangladesh.

Partially irrigated First year rotation Second year rotation Third year rotation

Maize Rice Rice-maize
system

Maize Rice Rice-maize
system

Maize Rice Rice-maize
system

Upazila (U)
Kalapara 1,276a 6,179a 7,455a 1,140a 6,118a 7,254a 1,191a 5,905a 7,097a

Kaliganj 443c 3,942b 4,386c 468b 3,915b 4,384c 577c 3,944b 4,521b

Babuganj 1,155b 3,980b 5,136b 1,139a 3,830 c 4,964b 1,105b 3,305c 4,411b

Tillage and crop establishment (TCE)
CA 339c 4,804b 5,144d 367c 4,657b 5,022d 370c 4,298b 4,668c

SAT 336c 5,418a 5,755b 359c 5,226a 5,583b 367c 4,940a 5,307b

CT 1,802a 4,371c 6,174a 1,800a 4,375c 6,173a 1,801a 4,208bc 6,011a

FP 1,354b 4,208d 5,563c 1,136b 4,225d 5,359c 1,293b 4,092c 5,385b

Rice variety (V)
BRRI-41 958 4,522b 5,480b 927 4,779b 5,706 962 4,257b 5,222b

BRRI-52 958 4,879a 5,838a 904 4,462a 5,366 954 4,512a 5,466a

U × TCE
Kalapara, CA 767f 6,645b 7,412c 720e 6,454b 7,175b 729e 6,076b 6,806b

Kalapara, SAT 765f 7,083a 7,848a 766e 6,794a 7,560a 703ef 6,578a 7,282a

Kalapara, CT 1,983a 5,609c 7,592b 1,982a 5,692c 7,675a 1,984a 5,515c 7,500a

Kalapara, FP 1,588b 5,381d 6,969d 1,093cd 5,532d 6,625c 1,348c 5,452c 6,800b

Kaliganj, CA -469h 3,655j 3,185l -418f 3,646h 3,227j -261g 3,658e 3,396f

Kaliganj, SAT -474h 4,467f 3,993k -385f 4,450e 4,064i -263g 4,476d 4,212d

Kaliganj, CT 1,439c 3,809hi 5,249g 1,437b 3,768g 5,206e 1,437b 3,803e 5,241c

Kaliganj, FP 1,280d 3,836h 5,117h 1,240c 3,797g 5,038f 1,396bc 3,837e 5,234c

Babuganj, CA 721g 4,113g 4,835i 800e 3,872f 4,668g 643f 3,160f 3,803e

Babuganj, SAT 719g 4,705e 5,425f 699e 4,435e 5,129ef 662ef 3,766e 4,429d

Babuganj, CT 1,984a 3,696ij 5,680e 1,981a 3,665h 5,642d 1,983a 3,306f 5,290c

Babuganj, FP 1,195e 3,408k 4,603j 1,076d 3,346i 4,418h 1,134d 2,988f 4,122de

U × V
Kalapara, BRRI-52 1,275a 5,902b 7,178b 1,163ab 5,764b 6,928b 1,194a 5,703b 6,897b

Kalapara, BRRI-41 1,276a 6,457a 7,733a 1,117ab 6,472a 7,589a 1,188a 6,108a 7,297a

Kaliganj, BRRI-52 443c 3,726f 4,170f 470c 3,795d 4,266e 589c 3,786d 4,375d

Kaliganj, BRRI-41 443c 4,158c 4,602e 466c 4,036c 4,502d 565c 4,101c 4,666c

Babuganj, BRRI-52 1,155b 3,938e 5,093d 1,079b 3,829d 4,909c 1,103b 3,283e 4,387d

Babuganj, BRRI-41 1,155b 4,023d 5,178c 1,199a 3,830d 5,029c 1,108b 3,327e 4,435d

F-values
U 267.86*** 8470.81*** 13566.14*** 597.74*** 28100.48*** 5379.01*** 1762.06*** 1282.99*** 1640.99***
TCE 290.38*** 1303.64*** 807.17*** 1136.93*** 2839.57*** 424.57*** 5751.90*** 90.42*** 190.83***
V ns 570.64*** 564.85*** ns 1456.70*** 208.88*** ns 40.68*** 38.45***
U × TCE 15.68*** 204.06*** 722.06*** 127.55*** 338.09*** 245.97*** 433.14*** 9.56*** 53.33***
U × V ns 76.47*** 75.70*** 5.07*** 531.14*** 42.92*** ns 6.38*** 5.82***
TCE × V ns 6.45*** 6.38*** ns 58.93*** 11.34*** ns ns ns
U × TCE × V ns ns ns ns 40.92*** 3.34*** ns ns ns
July 2022
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Upazila means subdistrict; CA, (Complete) conservation agriculture; SAT, seasonally alternating tillage; CT, conventional tillage; FP, farmer’s practice; B-Ghata indicates Bhatia Ghata. As
TCE × V and U × TCE × V interactions were not significant, mean treatment values have not been shown. *, **, and *** indicates P < 0.05. 0.01, and 0.001, respectively. Values in columns
not separated by sources of variation sharing the same letter are significantly different according to Tukey’s HSD at a = 0.5 and ns, not significant. according to Tukey’s HSD (for TCE and V)
or the Student’s t test (for V) at a = 0.05; Trials were placed in five farmers each in Babuganj and Kalapara, and 10 in Bhatia Ghata. In Babujanj, while rotations began with rabi maize in the
winter 2011-12 season, prolonged tidal flooding during the late grain filling stage resulted in rot and near total crop losses. As such, rainfed maize data were not included from this location
in the first year. Data for V and T × V factor effects consider the effect of the succeeding rice variety on system EUE and EP following NK40 maize. Any discrepancies between the system
EUE and EP and component maize and rice EUE and EP are due to rounding.
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environmental objectives. Complexity increases when additional
objectives – for example reductions in labor and/or total input
costs, and/or increased profitability, which may be a key
objective for many farmers – are included. Careful assessment
therefore needed to quantify trade-offs and offer solutions to
resolve conflict among various criteria.

From the three years of researcher-designed but farmer-
managed rice-maize rotational trials comparing different tillage
and crop establishment methods, we observed that CA and SAT
resulted in higher cropping (rice-maize) systems-level yields (by 15-
18%), lower manual labor requirements (by 26-40%), and lower
Frontiers in Agronomy | www.frontiersin.org 17
total production and tillage and crop establishment costs (by 1-12
and 33-55% respectively). As a consequence, these treatments also
tended towards greater labor productivity (by 71-152%), produced
greater grain energy output (by 13-17%), had higher total benefits
and value-cost ratio (by 26-51% and 27-72% respectively), and had
lower GWP (up to 9% lower) and YSE (2-18% less) compared to CT
and FP in partially irrigated environments and with almost similar
advantages in rainfed environments of southern coastal Bangladesh
(Figure 2). CA also tended to perform slightly better across these
criteria compared to SAT. Numerous studies have also reported
multiple benefits of CA over CT in one or more of these indicators
TABLE 8 | Components of global warming potential (Mt CO2eq ha-1) by dry winter season maize and monsoon season rice over three years of rotation in rainfed
environments in southern coastal Bangladesh.

Rainfed First year rotation Second year rotation Third year rotation

Maize Rice Rice-maize
system

Maize Rice Rice-maize
system

Maize Rice Rice-maize
system

Upazila (U)
Batia ghata 417b 3,743a 4,160 512b 3,746a 4,258a 547b 3,691a 4,239a

Kalapara 770a 3,370b 4,140 738a 3,274b 4,001b 723a 3,308b 4,031b

Babuganj – 2,373c – 743a 2,217c 2,950c 718a 2,056c 2,775c

Tillage and crop establishment (TCE)
CA -15c 3,431b 3,416d 46c 2,828d 2,867d 51c 2,807d 2,858d

SAT -18c 4,028a 4,010c 7c 3,420a 3,419c 63c 3,401a 3,465c

CT 1,405a 3,443b 4,848a 1,401a 3,109b 4,502a 1,403a 3,025b 4,428a

FP 1,003b 3,322c 4,325b 1,204b 2,960c 4,157b 1,135b 2,840c 3,975b

Rice variety (V)
BRRI-41 593 3,662a 4,255a 684a 3,138a 3,814a 655 3,072a 3,727a

BRRI-52 594 3,450b 4,044b 645b 3,020b 3,658b 671 2,965b 3,636b

U × TCE
Batia ghata, CA -311e 3,499d 3,188g -334d 3,451e 3,116f -218e 3,435d 3,217h

Batia ghata, SAT -315e 4,226a 3,911e -386d 4,189a 3,803d -220e 4,176a 3,956e

Batia ghata, CT 1405a 3,628c 5,033a 1,404a 3,658c 5,063a 1,404a 3,586c 4,990a

Batia ghata, FP 893c 3,615c 4,508c 1,364a 3,686b 5,050a 1,223b 3,568c 4,791b

Kalapara, CA 281d 3,363e 3,644f 238c 3,053h 3,280e 191d 3,192f 3,383g

Kalapara, SAT 279d 3,829b 4,118d 210c 3,556d 3,756d 234d 3,697b 3,932e

Kalapara, CT 1,405a 3,257f 4,662b 1,399a 3,319f 4,708b 1,403a 3,283e 4,686c

Kalapara, FP 1,114b 3,030g 4,144d 1,106b 3,166g 4,260c 1,064c 3,059g 4,123d

Babuganj, CA – 2,003j – 236c 1,978l 2,204h 180d 1,793k 1,974k

Babuganj, SAT – 2,586h – 197c 2,513i 2,699g 174d 2,331h 2,506j

Babuganj, CT – 2,359i – 1,398a 2,348j 3,735d 1,402a 2,206i 3,608f

Babuganj, FP – 2,542h – 1,142b 2,030k 3,161ef 1,117c 1,894j 3,012i

U × V
Bhatia ghata,BRRI-52 418b 3,668b 4,087c 481b 3,686b 4,167b 561b 3,618b 4,180b

Bhatia ghata, BRRI-41 417b 3,816a 4,235b 542b 3,807a 4,349a 533b 3,765a 4,298a

Kalapara, BRRI-52 770a 3,232d 4,012d 756a 3,156d 3,901c 724a 3,230d 3,954d

Kalapara, BRRI-41 770a 3,508c 4,288a 721a 3,391c 4,101b 722a 3,385c 4,108c

Babuganj, BRRI-52 – 2,349f – 699a 2,218e 2,907d 727a 2,046e 2,773e

Babuganj, BRRI-41 – 2,396e – 788a 2,216e 2,993d 710a 2,066e 2,777e

F-values
U 45985.09*** 752.89*** ns 73.17*** 42106.92*** 1780.57*** 152.00*** 37221.02*** 6112.37***
TCE 244076.8*** 873.77*** 3753.71** 1653.26*** 3945.42*** 1634.67*** 5302.75*** 3194.77*** 3746.65***
V ns 386.81*** 469.80*** 4.38*** 848.72*** 73.80*** ns 497.65*** 69.24***
U × TCE 10011.62*** 72.39*** 449.14*** 72.96*** 207.97*** 74.00*** 119.33*** 196.51*** 114.58***
U × V ns 34.99*** 42.93*** 3.69*** 238.45*** 3.33*** ns 74.50*** 14.50***
TCE × V ns 3.07*** 3.74*** ns 3.20*** ns ns ns ns
U × TCE × V ns ns ns ns ns ns ns ns ns
July 2
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Upazila means subdistrict; CA, Conservation agriculture; SAT, seasonally alternating tillage; CT, conventional tillage; FP, farmer’s practice; As TCE × V and U × TCE × V interactions were
not significant, mean treatment values have not been shown. *, **, and *** indicates P < 0.05. 0.01, and 0.001, respectively. Values in columns not separated by sources of variation sharing
the same letter are significantly different according to Tukey’s HSD at a = 0.5 and ns, not significant. according to Tukey’s HSD (for TCE and V) or the Student’s t test (for V) at a = 0.05;
Trials were placed in five farmers each in Babuganj and Kalapara, and 10 in Bhatia Ghata. In Babujanj, while rotations began with rabi maize in the winter 2011-12 season, prolonged tidal
flooding during the late grain filling stage resulted in rot and near total crop losses. As such, rainfed maize data were not included from this location in the first year. Data for V and T × V
factor effects consider the effect of the succeeding rice variety on system performance following NK40 maize. Any discrepancies between the system and component maize and rice
performance are due to rounding.
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(Hobbs et al., 2008; Govaerts et al., 2009; Jat et al., 2014; Sapkota
et al., 2015; Aryal et al., 2016; Alam et al., 2019a; Alam et al., 2019b;
Dixon et al., 2020; Gathala et al., 2020). We are however unaware of
studies reporting the benefits of adapted CA in the form of
rotational tillage in rice-maize cropping systems, nor are we
aware of studies on these topics in coastal environments.

Both CA and SAT involved considerable changes in the ways in
which farmers typically grow rice and maize in rotation. Weed
management under reduced tillage can be challenging
(Somasundaram et al., 2020), and as such both the CA and SAT
Frontiers in Agronomy | www.frontiersin.org 18
treatments used in this study relied on herbicides for weed control
under strip-till conditions. This contrasts with the use of human
labor for weed control in CT and FP, contributing to the 26-39%
and 28-41% reduction in the person-days ha–1 required to grow
these crops under CA and SAT, respectively. However, given the
general low-degree of understanding among farmers of the
potentially detrimental ecotoxicological effects of pesticide use
(Shammi et al., 2018; Ahmed et al., 2021), as well as the
potential for shifts in the community composition of weed
species under reduced tillage and rice-maize rotations in
TABLE 9 | Yield-scaled emissions (Kg CO2eq Mt-1 grain) by dry winter season maize, monsoon season rice, and systems (maize + rice) over three years of rotation in
partially irrigated environments in southern coastal Bangladesh.

Source First year rotation Second year rotation Third year rotation

Maize Rice Rice-maize
system

Maize Rice Rice-maize
system

Maize Rice Rice-maize
system

Upazila (U)
Kalapara 161b 1,404a 1,565a 179a 1,571a 1,754a 237a 1,220a 1,458a

Kaliganj 79c 936c 1,015c 65b 863c 928c 79c 800c 879c

Babuganj 315a 987b 1,288b 178a 1,035b 1,213b 159b 1,047b 1,207b

Tillage and crop establishment (TCE)
CA 65c 1,071b 1,136b 54c 1,083c 1,137c 61c 922d 983c

SAT 63c 1,265a 1,328a 67c 1,276a 1,330b 62c 1,136a 1,198b

CT 344a 1,042b 1,368a 261a 1,092c 1,368a 290a 987c 1,277a

FP 268b 1,058b 1,325a 181b 1,174b 1,358ab 220b 1,045b 1,265a

Rice variety (V)
BRRI-41 185 1,198a 1,374a 142 1,244a 1,387a 158 1,105a 1,263a

BRRI-52 185 1,020b 1,205b 139 1,069b 1,209b 159 940b 1,099b

U × TCE
Kalapara, CA 85e 1,349b 1,434b 100c 1,454b 1,555c 124e 1,162bc 1,287c

Kalapara, SAT 84e 1,585a 1,668a 149bc 1,671a 1,780b 125e 1,326a 1,451ab

Kalapara, CT 259c 1,311b 1,569a 281a 1,476b 1,802ab 391a 1,141bc 1,533a

Kalapara, FP 218cd 1,371b 1,588a 187b 1,684a 1,878a 307b 1,253ab 1,560a

Kaliganj, CA -66f 871f 805f -51d 778f 726i -31g 715f 684f

Kaliganj, SAT -66f 1,034d 968e -48d 967d 919h -33g 903d 871e

Kaliganj, CT 226cd 908ef 1,134d 184b 825f 1,009g 191c 762ef 953de

Kaliganj, FP 220cd 931ef 1,152d 175b 882e 1,057fg 188c 819de 1,007d

Babuganj, CA 176d 992de 1,167d 112c 1,016d 1,129ef 90f 889d 979de

Babuganj, SAT 172d 1,175c 1,347bc 101c 1,191c 1,292d 95f 1,178bc 1,274c

Babuganj, CT 547a 909ef 1,402bc 318a 976d 1,294d 287b 1,058c 1,346bc

Babuganj, FP 365b 871f 1,235cd 182b 957d 1,139e 165d 1,063c 1,229c

U × V
Kalapara, BRRI-52 161b 1,310b 1,471b 182a 1,474b 1,659b 238a 1,151b 1,389b

Kalapara, BRRI-41 161b 1,498a 1,659a 176a 1,669a 1,848a 235a 1,290a 1,526a

Kaliganj, BRRI- 52 79c 779e 858e 65b 759e 824f 80c 689d 770f

Kaliganj, BRRI-41 79c 1,093c 1,172d 65b 967d 1,032e 78c 910c 988e

Babuganj, BRRI-52 315a 970d 1,285c 170a 975d 1,145d 158b 980c 1,139d

Babuganj, BRRI-41 315a 1,003d 1,292c 186a 1,095c 1,282c 160b 1,114b 1,275c

F-values
U 268*** 607*** 516*** 172*** 2,393*** 2,076*** 1547*** 276*** 498***
TCE 290*** 75*** 48*** 264*** 125*** 123*** 2,047*** 40*** 88***
V ns 214*** 123*** ns 472*** 327*** ns 133*** 126***
U × TCE 16*** 7*** 13*** 21*** 20*** 22*** 81*** 2*** 4***
U × V ns 47*** 35*** ns 11*** 5*** ns 5*** 4***
TCE × V ns ns 3** ns 3*** 3*** ns ns ns
U × TCE × V ns ns ns ns 4*** 2*** ns ns ns
July 2022
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Upazila means subdistrict; CA, (Complete) conservation agriculture; SAT, seasonally alternating tillage; CT, conventional tillage; FP, farmer’s practice; As TCE × V and U × TCE × V
interactions were not significant, mean treatment values have not been shown; *, **, and *** indicates P < 0.05. 0.01, and 0.001, respectively. Values in columns not separated by sources
of variation sharing the same letter are significantly different according to Tukey’s HSD at a = 0.5 and ns, not significant. according to Tukey’s HSD (for TCE and V) or the Student’s t test (for
V) at a = 0.05; Trials were placed in five farmers each in Babuganj and Kalapara, and 10 in Kaliganj. In Babujanj, while rotations began with rabi maize in the winter 2011-12 season,
prolonged tidal flooding during the late grain filling stage resulted in rot and near total crop losses. As such, rainfed maize data were not included from this location in the first year. Data for V
and TCE × V factor effects consider the effect of the succeeding rice variety on yield-scaled emissions following NK40 maize. Any discrepancies between the yield-scaled emissions and
component maize and rice yield-scaled emissions are due to rounding.
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Bangladesh (Hossain et al., 2020), caution should be applied when
considering the introduction of herbicides.

When establishing maize, participating farmers in this study
made use of pre-plant glyphosate followed by a post-emergence
application of pendimethaline under CA for both rice and maize
and for SAT. In rice, glyphosate was used followed by pretilachlor.
The implications of glyphosate for human and environmental
health remain a subject of intense debate and are reviewed by
Van Bruggen et al. (2018) and Meftaul et al. (2020). Vighi et al.
(2017) conversely discuss the human and ecological toxicity risks of
Frontiers in Agronomy | www.frontiersin.org 19
pendimethaline, while Kaur et al. (2017) address pretilachlor.
Although these molecules are commercially available in
Bangladesh, extension services an organizations advising farmers
shouldbeawareof the evidence and implicationsof eachproduct on
human and environmental health, as well as of research on
alternative weed management techniques for conservation
agriculture (Sims et al., 2018; Somasundaram et al., 2020). In
particular, the evolution of glyphosate resistance has become a
challenge in a number of cropping systemswhere active ingredients
are insufficiently rotated (Heap and Duke, 2018; Meftaul et al.,
TABLE 10 | Yield-scaled emissions (Kg CO2eq Mt-1 grain) by dry winter season maize, monsoon season rice, and systems (maize + rice) over three years of rotation in
rainfed environments in coastal Bangladesh.

Source First year rotation Second year rotation Third year rotation

Maize Rice Rice-maize
system

Maize Rice Rice-maize
system

Maize Rice Rice-maize
system

Upazila (U)
B-Ghata 71b 794b 865b 100c 806b 906b 131b 798a 930a

Kalapara 167a 844a 1,020a 201b 841a 1,041a 221a 682b 902b

Babuganj – 636c – 219a 581c 799c 219a 584c 803c

Tillage and crop establishment (TCE)
CA 7c 673c 761d 20c 638c 657c 19c 574c 593d

SAT 7c 837a 922c 11c 806a 816b 24c 756a 780c

CT 260a 765b 1,095a 348a 754 b 1,102a 383a 712b 1,095a

FP 202b 757b 991b 314b 773b 1086a 334b 710b 1,044b

Rice variety (V)
BRRI-41 119 814a 1018a 178a 792a 969a 192a 734a 923a

BRRI-52 119 702b 866b 169b 694b 862b 189a 642b 834b

U × TCE
B-Ghata, CA -39 752cd 713f -61f 712e 651g -41e 677e 636e

B-Ghata, SAT -40 890ab 850e -70f 890ab 820e -43e 885a 842d

B-Ghata, CT 214 772cd 986c 268d 799d 1,067bc 315c 792c 1,107ab

B-Ghata, FP 150 760cd 910d 263d 821cd 1,084b 295c 840b 1,135a

Kalapara,CA 53 748cd 809e 59e 702ef 760f 50 d 595f 644e

Kalapara, SAT 54 932a 994c 52e 872bc 924d 64d 750cd 813d

Kalapara, CT 308 888ab 1,204a 365b 851bc 1,216a 416a 690de 1,105ab

Kalapara, FP 254 809bc 1,072b 327c 940a 1,266a 353b 693de 1,046b

Babuganj, CA – 519f – 61e 499i 560h 50d 449g 499f

Babuganj, SAT – 690de – 52e 654fg 705fg 53d 634ef 686e

Babuganj, CT – 635ef – 409a 613gh 1,022c 420a 654ef 1,074ab

Babuganj, FP – 701cde – 353bc 557hi 909d 355b 597f 952c

U × V
B-Ghata, BRRI-52 71 694c 964b 95c 747c 842c 134b 737b 871b

B-Ghata, BRRI-41 71 893a 765c 105c 864a 969b 128b 860a 989a

Kalapara, BRRI-52 167 792b 1,072a 204b 791b 994b 219a 637c 856b

Kalapara, BRRI-41 167 896a 968b 198 892a 1,089a 222a 727b 949a

Babuganj, BRRI-52 – 619d – 208ab 542e 749d 223a 552d 775c

Babuganj, BRRI-41 – 653cd – 229 a 620d 848c 216a 615c 831b

F-values
U 1,083*** 79*** 177*** 300*** 530*** 305*** 257*** 276*** 78***
TCE 2,549*** 30*** 188*** 1,801*** 124*** 871*** 2,646*** 128*** 839***
V ns 82*** 219*** 4*** 224*** 212*** ns 175*** 121***
U × TCE ns 5*** 6*** 5*** 14*** 9*** 4*** 6*** 7***
U × V ns 17*** 22*** ns 3** ns ns ns 5**
TCE × V ns ns ns ns ns ns ns ns ns
U × TCE × V ns ns ns ns ns ns ns ns ns
July 2022 |
 Volume 4 | A
Upazaila means subdistrict; CA, (Complete) conservation agriculture; SAT, seasonally alternating tillage; CT, conventional tillage; FP, farmer’s practice; B-Ghata indicates Bhatia Ghata. As
TCE × V and U × TCE × V interactions were not significant, mean treatment values have not been shown. *, **, and *** indicates P < 0.05. 0.01, and 0.001, respectively. Values in columns
not separated by sources of variation sharing the same letter are significantly different according to Tukey’s HSD at a = 0.5 and ns, not significant. according to Tukey’s HSD (for TCE and V)
or the Student’s t test (for V) at a = 0.05; Trials were placed in five farmers each in Babuganj and Kalapara, and 10 in Bhatia Ghata. In Babujanj, while rotations began with rabi maize in the
winter 2011-12 season, prolonged tidal flooding during the late grain filling stage resulted in rot and near total crop losses. As such, rainfed maize data were not included from this location
in the first year. Data for V and T × V factor effects consider the effect of the succeeding rice variety on yield-scaled emissions following NK40 maize. Any discrepancies between the yield-
scaled emissions and component maize and rice yield-scaled emissions are due to rounding.
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2020). Considering these issues, additional research should assess
the viability of alternative and integrated management techniques
for weed control under strip-tillage in Bangladesh.

Relative toFP, andcomparing themulti-yearmeanperformance
of yield of rice and maize and at the cropping systems level to net
profit, EP and yield-scaledCO2eq emissions across all treatments in
both environments showed that all three performance indicators
tended to be lower with YSE at the cropping systems level
(Figures 2A, B). Relative differences were however smaller in
rainfed locations, likely to lower maize yields and greater yield
variability than inpartially irrigated locations. These results–which
are consistent across environments – suggest that high cereal
cropping systems yields, high net profits, and high EP are possible
with reduced YSE and investment costs where farmers apply
complete CA. This backs Gathala et al. (2020) and Kumar et al.
(2013), who demonstrated that CA can produce higher crop yields
and profits with lower GWP than CT. Conversely, sustained
adoption of the full suite of CA practices by farmers is
exceedingly rare in South Asia, with most farmers modifying at
least one component during rotations (Jat et al., 2020). Major
challenges to CA adoption in South Asia include small land
holdings (<1 ha), farmers’ low-risk bearing and investment
capacity, a low level of technological reach to farmers, issues with
weed management, low availability of appropriate seed drills, and
the perception that well-tilled fields are an indicator of good
agricultural practices (Somasundaram et al., 2020).

Farmers’ Preferences for Alternative
Treatments
At the cropping systems level, although the full application of CA
tended to exhibit the most favorable multi-indicator
Frontiers in Agronomy | www.frontiersin.org 20
performance outcomes, farmers’ own preferences for
treatments conversely indicated an aversion to CA. Many
manual tasks performed on farms in Bangladesh are completed
by hired laborers (Depenbusch et al., 2021). In our experiments,
participant farmers bore the costs for all land preparation and
crop establishment operations. While direct seeding machinery
service providers were available and could be afforded to
establish the maize crop under CA and SAT, farmers faced
significant difficulties convincing hired laborers to manually
transplant unpuddled rice plots under the CA treatment.
Laborers were averse to this practice, which they complained
increased drudgery and could injure their fingers.

While interest in mechanical and even unpuddled mechanical
transplanting in response to increasing labor costs is growing in
Bangladesh (Ashik-E-Rabbani et al., 2018; Basir et al., 2019),
efforts are needed to assess these practices under on-farm
conditions with farmers’ involvement in technology evaluation,
as well as in the context of rotational cropping systems. In
Bangladesh’s coastal region, in which control of floodwater
prior to, during, and after the rice season can be p (Krupnik
et al., 2017), use of mechanical transplanting – which requires
shallow water during machine operation – may be challenging
because of a lack of control over floodwater depth in the early
monsoon season. Conversely, our study did demonstrate the
superior performance of the submergent tolerant BRRI-52,
which appears to be a reasonable option to manage rice in
these coastal, monsoon season flood-prone environments.

As a consequence of these challenges, 72% of the farmers
participating in experiments in partially irrigated locations
indicated that they would not consider application of the full
suite of CA practices as something they would be willing to apply
A B

FIGURE 2 | Radar diagrams representing multi-indicator assessment showing relative values (percent change relative to farmer’s practice) for grain yield (Mt ha-1),
manual labor requirements (person-days ha-1), tillage and crop establishment cost (USD ha-1), value-cost ratio, energy-use efficiency (Mj ha-1 output/Mj ha-1 input),
energy productivity (Kg ha-1 grain yield/Mj ha-1 input energy), economic labor productivity (net profits/labor use), global warming potential ((Mt CO2eq ha-1) and yield-
scaled emissions (Kg CO2eq Mt-1 grain), for CA (open circle), adapted CA, i.e., SAT (open triangle), conventional tillage, i.e., CT (filled square), and farmer’s practice,
i.e., FP (filled circle) treatments. Data presented show the average rice-maize rotational systems performance across all farmers within (A) partially irrigated or (B)
rainfed environments. Note that in Babuganj, while rotations began with rabi maize in the winter 2011-12 season, prolonged tidal flooding during the late grain-filling
stage resulted in rot and near total crop losses. As such, radar diagrams for rainfed locations do not consider the first year rice-maize rotation in this location.
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in their own fields. In comparison, 94% indicated their dislike for
the CT treatment, as they felt that tillage could be eliminated so
long as power-tiller operated seeders were available that could be
used to establish maize with strip-tillage in the winter season. Only
28% of participating farmers found the SAT treatment infeasible
and suggested their preference for it over other treatments. A
similar pattern was observed in the rainfed locations, in which 10
and 22% more farmers, respectively, preferred the CA and SAT
treatments compared to CT. Importantly, however, farmers did
clearly stress that their interest in approaches aligned with the SAT
treatment were contingent on the continued affordability and
availability of machinery service providers who could reliably
offer quality strip till seeding services for maize on an affordable
fee-for-services basis.

Additionally, while we were unable to quantify the transactions
costs that farmers may have accrued when negotiating with
laborers to establish rice in the CA treatment, many farmers
discussed the time and effort it took to mobilize labor to be willing
to manually transplant into unpuddled fields. Although costs may
have been limited due to the relatively small size of our
experimental plots, farmers expressed concern that convincing
laborers to manually transplant larger, non-experimental fields
that are not puddled may present significant challenges. The
importance of considering farmer-workforce relations and
laborers’ agreement to support technology changes and adoption
are discussed by Cofre-Bravo et al. (2018). After three years of
participation in the management of experimental treatments,
feedback provided by farmers during the post-trial discussions
provide support for this observation, emphasizing the need to
consider measurements of farmers’ preferences for and satisfaction
with experimental treatments, as well as quantification of
transaction costs and logistical challenges associated with
alternative management practices.

These observations are important, as they provide some
inference as to why the adoption of the full suite of CA practices
has remained low in South Asia (cf. Somasundaram et al., 2020;
Akter et al., 2021). In particular, the practice of wet-tillage of
rice fields, which in part is conducted to aid in making
transplanting easier, is a thousands of years old practice
(Greenland, 1997). Discussions with farmers both prior to
and after three years of experiments confirmed a strong
aversion to the elimination of tillage for rice, although
farmers found strip tillage for maize more to be a viable
management practice.
CONCLUSIONS

Through multi-year and multi-location farmer-managed trials, we
studied the multi-indicator performance of tillage and crop
establishment performance of rice-maize systems in terms of
energy use, energy-use efficiency and energy productivity, GWP
and yield-scaled CO2-eq emissions, in addition to farmers’
preferences. This was accomplished using multiple agronomic,
energetic, environmental, and economic criteria in relatively
under-studied partially irrigated and rainfed environments in
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southern coastal Bangladesh. At the cropping systems level, CA
followed by SAT, tended to have significantly lower energy use and
higher energy productivity, and reduced GWP and yield-scaled
CO2-eq emissions, compared to CT and FP. Multi-indicator
assessment revealed that CA and SAT practices result in
improved energetic performance and higher rice-maize cropping
systems yields, while entailing reductions in manual labor, and crop
establishment and total production costs. This resulted in higher
profitability levels than alternative treatments. CA and SAT also
tended to produce greater grain energy output and resulted in lower
yield-scaled GHG emissions compared to CT and FP
across environments.

While numerous agricultural development programs have
worked to popularize CA in South Asia, our data suggest that
adapted CA still results in many of the benefits of complete CA.We
conclude that in these coastal environments, both CA and SAT
practices have the potential to increase cereal yields and energy
productivity while reducing yield-scaled emissions, thereby enabling
farmers even in challenging coastal environments to produce more
while reducing energy use and mitigating GHG emissions.
However, in consideration of farmers’ aversion to the elimination
of tillage in rice, our study suggests that adaptations in CA practices
and seasonal tillage prior to rice may be a more practical fit for rice-
maize systems managed by smallholders reluctant to eliminate
tillage for rice in coastal Bangladesh. Future research and
development efforts should consequently concentrate on raising
awareness of the advantages of these practices – not only among
farmers, but also among agricultural development organizations
that have focused more strongly on popularizing the full suite of CA
practices without adequately considering farmers’ preferences or the
trade-offs that may result from the significant change to CA
management in otherwise fully tilled systems. Lastly, although our
data provide support for the adaptation of CA or SAT practices, the
establishment of maize under strip-tillage outside of experimental
settings will require integrated development efforts that focus not
only on agronomic management, but also on building supportive
value chains to improve availability and affordability of the inputs
and farm machinery required to successfully establish crops with
such practices.
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