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ARTICLE INFO ABSTRACT

Keywords: Context: Dry direct-seeded rice (DSR) has been identified as a potential crop establishment method to reduce
Tillage and crop establishment methods labor, water, and energy use, as well as the carbon footprint and is considered as a climate-smart practice for rice
Landscape positions production. However, the economic feasibility and farmers’ adoption of DSR will likely depend on its produc-

Climate-smart agriculture (CSA)
Resource-conservation
Yield-scaled emissions

tivity compared to the dominant practice of puddled transplanted rice (PTR). Tillage and crop management
practices, landscape position, and rice cultivars are also likely to influence DSR productivity, profitability, energy
use, and global warming potential (GWP). While numerous studies have compared the performance of DSR with
PTR, none have evaluated DSR across different landscape positions to identify the most suitable landscape for
expansion of DSR.

Methods: We conducted multilocation and multi-year trials comparing the performance of spring ‘aus’ season rice
establishment methods (machine drilled DSR, broadcasted DSR, and PTR) using three rice varieties (BRRI
dhan83, BRRI dhan85, and Binadhan-19) under three landscape positions (highland, medium highland, and
lowland) in three distinct districts and agroecological zones of Bangladesh. We evaluated productivity, profit-
ability, energy use efficiency (EUE), energy productivity (EP), GWP, and yield-scaled emissions of each of these
tillage and crop establishment systems.

Results: Our results showed that the DSR had a similar or slightly lower yield (2-8 %) than PTR, but with lower
labor use (15-47 %), lower production cost (US$ ~150 ha~?!), and higher net profit. Drill-DSR yielded similar to
PTR under highlands and medium highlands, but as 9-16 % lower when grown on lowlands. EUE and EP were
15-40 % higher in DSR than in PTR due to lower energy requirements. Higher energy use in PTR primarily
resulted from extra energy required for nursery raising, transplanting, puddling, and irrigation. DSR was asso-
ciated with lower GWP and yield-scaled emissions of 56 to 66 % compared to PTR.

Conclusions: This study suggests that DSR can be a more environmentally sound, economically viable, and
climate-smart production system, found more suitable for highland and medium-highland environments. How-
ever, for the widespread adoption of DSR in Bangladesh and South Asia as a whole, the nuiances of landscape
position should be considered and appropriate technological, social, and policy-level interventions will be

necessary.
1. Introduction will be impacted by increasing temperatures, changes in rainfall pat-
terns, and variations in the frequency and intensity of extreme climatic
Climate change is a major threat to agriculture, food security, and events such as floods and droughts (Lobell et al., 2012; Singh et al.,

livelihoods of millions of globally (IPCC, 2019). Agricultural production 2013; Prasanna, 2014). Sustainable food production will require
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reductions in greenhouse gas (GHG) emissions from agriculture and
better resilience to the risks posed by climate change.

Rice is the main staple food crop globally, providing a primary source
of energy for over half of the world’s population (Fukagawa and Ziska,
2019; Mohidem et al., 2022). Worldwide, rice is grown on more than
164 million hectares, of which around 90 % is in Asia alone (FAO, 2022;
Shahbandeh, 2022). The estimated impacts of historical and future
climate change indicate up to 35 % yield loss in rice depending on lo-
cations, future climate scenarios, and the range of climate change pro-
jection (Porter et al., 2014). On the other hand, rice fields emit large
quantities of methane (CHy4) and nitrous oxide (N2O) gases, which have
high global warming potential (GWP) due to their high radiative effects
(Xu et al., 2022b). Paddy rice contributes about 10 % of agricultural
GHG emissions and about 20 % of total methane emissions from agri-
culture (IPCC, 2014; Smartt et al., 2016).

Bangladesh is the fourth largest rice-producing country in the world.
Rice is the first ranked crop grown on 75 % of the total cropped area
covering 15.44 million hectares with a total paddy (rough rice) pro-
duction of 52 million tons (BBS, 2022). In Bangladesh, puddled trans-
planted rice (PTR) is the dominant tillage and crop establishment
method, though it is highly labor and water-intensive, has a high cost of
cultivation, and emits large amounts of GHGs. Around 0.48 million tons
of CHy are emitted from rice cultivation annually (Khan et al., 2015).
Researchers and policymakers in Bangladesh are increasingly concerned
with the potential impacts of climate change on rice yield and the im-
pacts of rice cultivation on GHG emissions. Therefore, alternative
tillage, crop establishment, and management strategies which emit less
CH4 from rice cultivation are increasingly prioritized to mitigate climate
change (Sapkota et al., 2021). Dry or wet direct-seeded rice (DSR) could
be an alternative to the PTR grown under flooded conditions to mini-
mize CH,4 emissions (Li et al., 2019). In contrast to PTR where seedlings
are transplanted into wet-tilled soil, DSR seeds are sown directly into
tilled or non-tilled soil, often by machine-aided drilling. DSR fields
experience alternating wetting and drying conditions without standing
water, particularly in the early season, reducing the development of
reduced soil conditions favoring CH4 emission (Wang et al., 2012; Yang
et al., 2012). A study from China reported that the GWP of dry DSR and
wet DSR is respectively 76.2 % and 60.4 % lower compared to con-
ventional PTR (Tao et al., 2016). Ko and Kang (2000) reported re-
ductions in CH4 emissions by 8 % on a wet and 33 % on a dry soil in
South Korea while Corton et al. (2000) showed 16-54 % reductions in
CH4 in DSR compared to PTR in the Philippines. Wassmann and Aulakh
(2000) reported a 16-92 % reduction from DSR than PTR in several
Asian countries and Susilawati et al. (2019) reported 47 % such reduc-
tion in Indonesia. In India, Joshi et al. (2013) reported 30-38 % re-
ductions under DSR than PTR while in Bangladesh, Borna et al. (2022)
found 15-25 % reductions under wet-DSR with AWD compared with
PTR.

On-going research in Asia also suggests that the labor-intensive PTR
is progressively becoming less profitable as labor costs grow and energy
costs increase. Combined with environmental concerns, research is
increasingly geared towards identifying potential alternative methods of
crop establishment to PTR (Kumar and Ladha, 2011; Yuan et al., 2017b;
Krupnik et al., 2022; Magar et al., 2022; Timsina et al., 2022). Dry or wet
DSR could be a profitable and sustainable option for rice establish-
ment/cultivation, especially under uncertain rainfall and water-scarce
environments, and under high labor costs conditions, therefore it is
considered a climate-smart (CSA) agricultural production practice. CSA
is a comprehensive approach designed to transform and reorient agri-
cultural systems whose goal is to sustainably enhance agricultural pro-
ductivity while also increasing resilience to climate change and
minimizing greenhouse gas emissions (Lipper et al., 2014). The core
principles of CSA include optimizing resource use, enhancing carbon
storage in soils, and promoting biodiversity (Zheng et al., 2024). DSR
demonstrates these principles through its innovative cultivation tech-
niques, which require less water and energy compared to traditional
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PTR. DSR minimizes soil disturbance, thereby enhancing soil health and
carbon sequestration, which contribute to improved resilience against
climate-induced stresses such as drought (Chaudhary et al., 2022). DSR
does not require much irrigation water during its sowing and estab-
lishment allowing its timely planting which can help to reduce the risk of
crop failure during adverse weather conditions (Ahmed et al., 2014).
Additionally, it significantly reduces methane emissions by limiting the
duration of flooded fields, which are common in PTR (Chaudhary et al.,
2022).

Despite such benefits, many studies in Asia have reported lower
yields of DSR than of PTR due to patchy crop stands, poor management,
and higher weed and root-knot nematode infestation (Yadav et al., 2011;
Kumar et al., 2015; Liu et al., 2015). Xu et al. (2019) conducted a
meta-analysis of 53 studies comparing the yield of DSR and PTR from
1980-2017. They showed that DSR yield was 12 % lower than PTR and
yield loss in DSR was highly variable relative to PTR depending on
management practices, soil types, and climate conditions. In India,
Singh et al. (2005) conversely reported similar yields of DSR and PTR
when management practices were optimum for both crops. Alam et al.
(2019) recorded similar yields for aman DSR and PTR in on-station trials,
while Bari and Ahmed (2018) reported no significant differences for
direct-seeded and transplanted aus rice in on-farm research in
Bangladesh. Other studies focus less on yield, and more on DSR’s po-
tential to save labor, water and total cost of production, with respective
measurements ranging from 20-30 %, 10-40 %, and 10-30 %, respec-
tively for these variables (Kumar et al., 2015; Liu et al., 2015; Hussain
et al., 2021).

The scope for DSR in Bangladesh lies mainly for ‘aus rice’ which is
currently grown under both direct seeding and transplanting conditions
in the pre-monsoon aus season (usually sown in April-May and harvested
in July-August). Aus is practiced on about 10 % of the country’s total
rice area, albeit farmers’ yields are low due to the use of local varieties
and poor management. The lack of significant early season rainfall in the
aus season enables farmers to sow by broadcasting and/or establishing
the crop by sowing with a seed drill, after which starter irrigation can be
applied to encourage germination and the established crops can make
better use of early-season rainfall. Due to the dependence of aus rice on
pre-monsoon rains, the start of the aus season is generally late, resulting
in a late start and late harvest of aman rice. However, due to the
development of 2-wheel tractors and seeders (Krupnik et al., 2013), rice
can now be drilled early and rapidly. DSR could also be affected by its
cultivation in different landscapes characterized by variations in
elevation and drainage (Da Silva and Silva, 2008; Hao et al., 2010; Ran
et al.,, 2018). Ly et al. (2012) reported a large variation in rice yield
across regions and villages, as well as within villages due to landscape
differences and management practices. In Bangladesh, most of the aus
rice cultivars are developed for transplanted conditions, and as such may
not perform well under direct-seeded conditions.

Despite potential benefits of DSR in terms of reducing water re-
quirements and GHG emissions, improving soil health, and increasing
resiliency to climate variability, there are no sufficient studies
comparing GHG emissions and GWP (indicators of climate change) of
DSR as compared with PTR, especially in a large rice producing country
like Bangladesh. Therefore, this study was designed to evaluate the
performance of three rice varieties under three landscape positions and
three establishment methods in terms of yield, labor and water
requirement, economics, energy productivity, and GHG emission and
GWP. We sought to: (i) to identify the appropriate landscape positions
suitable for DSR grown in the aus season, (ii) to quantify the impact of
DSR on yield, profitability, energy use, and yield-scaled GHG emission
and GWP as compared to PTR, and (iii) to identify suitable rice aus
varieties compatible with DSR.
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2. Materials and methods
2.1. On-farm experimental location, soil, and climate

On-farm experiments were conducted in the 2019, 2020, and 2021
aus seasons (mid-April to 1st week of August) in three districts (Jhe-
naidah, Faridpur, Dinajpur) representing three agro-ecological zones
(AEZs 11, 12 and 13) in Bangladesh. AEZs are broad units based on
physiography (Iandforms and parent materials), soil, depth and duration
of seasonal flooding, and agro-climatology (Ahmed et al., 2018). All
three locations cultivated transplanted Aman rice from the last week of
July to the first week of November, following the Aus rice. Before Aus,
onions were grown in Jhenaidah and Faridpur, while wheat was culti-
vated in Dinajpur from November to March. Farmer-managed trials
were conducted in 18 farmers’ fields per district (Fig. 1; Table 1).

Jhenaidah: The trial locations under this district belong to AEZ 11
(High Ganges River Floodplain -HGRF), which has predominantly high to
mediumlands (Ahmed et al., 2018). On-farm trials were conducted in
Ghusaidanga village, Sarutia union, Shailkupa upazila in 2019, 2020
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and 2021. Soils of AEZ 11 are silty loam and silty clay loam on the upper
parts of floodplain ridges and dark grey clay in the basins. The pre-
dominant soil types are Calcareous Dark Grey Floodplain and Calcareous
Brown Floodplain. Organic matter content is low in the brown ridge soils
while it is high in the dark grey soils. In general, topsoils are slightly
acidic to slightly alkaline, but there has been a significant lowering of
soil pH in the highlands and strongly acidic in some places in recent
years. Subsoils are slightly alkaline (Ahmed et al., 2018). Mean annual
rainfall is about 1100 mm and the mean annual temperature is about
26.1 °C.

Faridpur: The trial locations under this district belong to AEZ 12
(Lower Ganges River Floodplain - LGRF) which has predominantly
medium-low to mediumlands. Experiments were conducted in Goal-
kandi village, Koijuri union, Faridpur upazila in 2020 and 2021. Soils of
AEZ 12 are silty clay loam to heavy clay on lower sites and silt loams and
silty clay loams on the ridges. Soil types predominantly include calcar-
eous brown floodplain and calcareous dark grey. Organic matter content
is low in ridges and moderate in the basins. The general fertility level is
medium (Ahmed et al.,, 2018). The mean annual rainfall is about
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Fig. 1. Map of Bangladesh showing trial locations in Jhenaidah, Faridpur, and Dinajpur districts representing three agroecological zones (locations of all farmers’

trials are shown but may overlap due to scale).
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Table 1
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Soil physical and chemical properties at 0-15 and 15-30 cm soil depth in three trial locations (district) and three landscape positions. Values indicate the mean data of
six farmers’ fields with standard errors.

District Land type Soil depth (cm) Sand (%) Silt (%) Clay (%) Textural class pH Organic carbon (%) Total N (%)
Jhenaidah High 0-15 40 + 0.5 44 +1.2 16 £ 0.9 Loam 7.6 £ 0.07 1.08 + 0.07 0.09 + 0.006
15-30 40 + 1.7 43+1.1 17 +£1.3 Loam 7.8 + 0.08 0.62 + 0.02 0.05 + 0.007
Medium 0-15 40 +0.3 47 £ 1.4 13+1.4 Silty Loam 7.8 + 0.05 1.09 + 0.87 0.09 + 0.008
15-30 46 +1.3 40+ 1.6 14 +1.2 Sandy Loam 7.9 +0.03 0.41 + 0.05 0.04 + 0.007
Low 0-15 43 +0.7 43+1.9 16 + 0.5 Loam 7.7 + 0.08 1.03 + 0.08 0.08 + 0.007
15-30 46 + 1.5 40 +£0.9 14 £ 0.9 Sandy Loam 7.8 + 0.06 0.66 + 0.02 0.06 + 0.003
Faridpur High 0-15 35+3.0 43 +£2.0 22+1.0 Loam 7.1 £ 0.05 1.24 £ 0.03 0.11 £ 0.002
15-30 37 +£3.3 43+1.8 20+ 1.6 Loam 7.2 + 0.90 0.87 + 0.03 0.08 + 0.003
Medium 0-15 36 + 4.8 42 + 3.0 22+1.8 Loam 6.7 + 0.13 1.14 + 0.15 0.10 + 0.010
15-30 34 + 3.8 44 +£2.8 22+1.2 Loam 6.9 + 0.16 1.07 + 0.15 0.09 + 0.011
Low 0-15 40 + 4.3 40 + 2.8 21 +1.9 Loam 6.9 £+ 0.09 1.31 £ 0.14 0.12 £ 0.012
15-30 37 +£3.9 40 + 2.4 22 +1.7 Loam 7.0 + 0.07 1.11 + 0.07 0.09 + 0.010
Dinajpur High 0-15 65 + 4.4 20+1.1 15 +1.3 Sandy loam 6.1 + 0.09 0.92 + 0.06 0.09 + 0.005
15-30 68 + 3.7 21 £21 11+1.6 Sandy loam 6.2 +£ 0.06 1.01 £ 0.04 0.06 + 0.004
Medium 0-15 70 + 3.1 20+ 1.4 10 £ 0.9 Sandy loam 6.0 + 0.04 0.96 + 0.09 0.08 + 0.005
16-30 65 + 2.5 20 +£2.5 15+ 1.5 Sandy loam 6.1 + 0.06 1.04 + 0.06 0.07 + 0.004
Low 0-15 40 £+ 2.6 18 +1.3 42 +£ 35 Clay loam 6.1 + 0.05 1.23 +0.03 0.09 + 0.002
15-30 42 + 3.9 19 +£21 39+ 27 Clay loam 5.9 £ 0.03 1.12 £ 0.02 0.08 £+ 0.003

Textural class: hydrometer method based on Stokes’ law; pH: electrochemical method using a pH meter; Organic carbon: Walkley-Black chromic acid wet oxidation
method; Total N: Kjeldahl method; the values after + in columns indicate standard errors of mean.

1300 mm and the mean annual temperature is ~25.3 °C.

Dinajpur: Trials were established in AEZ 3 (Tista Meander Floodplain -
TMF) which has predominantly medium highlands. Experiments were
conducted in Fatehjongpur village, Fatehjongpur union, Chrirbandor
upazila in 2020 and 2021. Soils of AEZ 3 are loamy on floodplain ridges,
silty clay loam in mediumland, and heavy silt loam on the lower land-
scape positions. Most areas have broad floodplain ridges and almost
level basins. The overall soil fertility level is low to medium with
adequate moisture holding capacity (Ahmed et al., 2018).

Prior to experimentation, soil samples at 0-15 and 16-30 cm depths
were collected from each field from five spots (four from four corners
and one from the middle) and bulked for each depth. Soil texture with
sand (%), silt (%) and clay (%), pH, organic carbon and total nitrogen
were determined (Table 1).

2.2. Experimental design and treatments

Experiments were conducted at farmers’ fields in a split-plot design
with crop establishment methods in main plots (drill-seeded DSR,
broadcast seeding DSR, and PTR), and rice varieties in sub-plots (BRRI
dhan83, BRRI dhan85, and Binadhan-19). Within each AEZ, these
treatments were evaluated in three landscape positions characterized by
the Government of Bangladesh (Uddin et al., 2019) for their differences
in water accumulation after heavy rain during the aus season in each
AEZ: (i) Highland (i.e., no water accumulation), (ii) Medium highland (i.
e., water accumulates and remains flooded for less than a month) and
(iii) Lowland (i.e., water accumulates and for more than a month). Main
plot sizes ranged from 360 to 450 m? and sub-plots from 120-150 m?.

The varieties included in the study were newly released with yield
potential from 4.0- 5.5 t ha~! and a duration of 105 to 115 days. BRRI
dhan83 was released for dry DSR with bold grain, BRRI dhan85 for
transplanting with medium bold grain, and Binadhan-19 for both dry
DSR and PTR with slender and thin grain (BRRI, 2020; Anonymous,
2022). Each year, the study was conducted on the same 18 farmers’
fields (six farmers’ fields with each landscape position) within each
district representing different AEZs and thus resulting in a total of 54
farmers’ fields in 2020 and 2021. In 2019, experiments were conducted
only in one district/AEZ 11, so the total on-farm sites were 18 only. Each
farmer’s field was considered as a single dispersed replication.

2.3. Crop establishment and management

Immediately after harvesting the previous crop by early April,

farmers participating in the trials either tilled their land using a rota-
vator or left it undisturbed until the trials started. At all sites, rice sowing
(either in the main or nursery field) was completed between 15 to 25
April. the land preparation, fields were divided into three equal parts for
the main plot treatments (establishment methods. During the sowing/
transplanting, sub-plots were prepared. The buffer distance between
main plots was 1 m; between subplots 0.75 m was maintained. In all
fields, rice seeds were either sown for drill seeding and broadcasting
(DSR) or soaked up on the same day for nursery raising. PTR plots were
established with 21 days old rice seedlings.

2.3.1. Drill seeding

A Dongfeng two-wheel power tiller operated seeder (PTOS) was used
in non-tilled soil to sow rice seeds continuously by performing the three
operations (tillage, seeding, and seed coverage) in a single pass. Seeds
were sown in six rows per pass at 45 kg ha! maintaining a row-to-row
distance of 20 cm.

2.3.2. Broadcast seeding

Prior to rice seeding, plots were dry cultivated with two to three
passes of Dongfeng two-wheel tractor drawn rotavator followed by
manual levelling. Seeds were then manually broadcasted at 80 kg ha™!
and covered by a hand pulled leveller.

2.3.3. Manual transplanting

Seedlings established in nurseries at 30 kg ha™! equivalent. The
treatment plots were prepared with three Dongfeng two-wheel tractor
drawn rotavator passes in flooded soil followed by levelling. 2-4 irri-
gations were required for puddling and transplanting operations,
depending on the sites, LP, and locations. Twenty-day-old seedlings
were uprooted and immediately transplanted into puddled soil using
2-3 seedlings hill ™! and at 20 by 20 cm hill-to-hill spacing.

2.3.4. Fertilizer application

Site-specific recommended amounts of fertilizers for higher yield
goal were applied (FRG, 2018). Rates for Jhenaidah and Faridpur were
similar (triple super phosphate or TSP 75 kg ha™!, muriate of potash or
MoP 75 kg ha™!, Gypsum 50 kg ha™!, ZnSO4 3.3kgha™! and Urea
245 kg ha™1) but that for Dinajpur was different (TSP 75 kg ha~!, MoP
90 kgha™!, Gypsum 50kgha™!, ZnSO4 3.3kgha™! and Urea
260 kg ha™1). All fertilizers except urea were applied basally before
sowing; urea was topdressed in three splits at 20 %, 40 %, and 40 %,
respectively, at 15 days after emergence (DAE), 25-30 DAE, and 45-50
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DAE. For PTR, all fertilizers were applied during puddling except urea
which was top-dressed in three splits: 30 %, 35 %, and 35 %, respec-
tively at 10-12 days after transplanting (DAT), 25-30 DAT, and 40-45
DAT.

2.3.5. Water management

In DSR, light irrigation was given immediately after sowing to
enhance germination and emergence, followed by irrigation applied
regularly to avoid hairline soil cracking. In PTR, standing water was
maintained from 10-15 DAT followed by alternate wetting and drying.

2.3.6. Weed and other pest management

In DSR, the pre-emergence herbicide pendimethalin was applied at
1000 g a.i. ha™! at 1-2 days after the first irrigation/seeding followed by
a tank mixture of bispyribac-sodium (25 gm a.i. ha ) and ethox-
ysulfuron (20 gm a.i. ha’l) at 15-25 DAE. In PTR, the pre-emergence
herbicide acetachlor+bensulfurnmethyl was applied at 1100 g a.i.
ha~! at 2-3 DAT. In DSR, 2-3 manual weedings were done as required to
mitigate weed competition at 25-30 DAE, 40-45 DAE, and 55-60. In
PTR, 1-2 manual weeding was done at 20-25 DAT and 35-40 DAT.
Some fields had sheath rot (Sarocladium oryzae) and rice bugs (Lep-
tocorisa acuta) and were managed by the application of hexaconazole
5 % and malathion 57 EC respectively.

2.4. Data collection

2.4.1. Irrigation

Water pumped from shallow tube wells was estimated by recording
the time required to fill a 125 L bucket. For more accurate measure-
ments at each location, we performed three estimations and then
calculated the average time and water amount. The volume of water
applied in each irrigation application was calculated by multiplying the
duration of irrigation at the same pump rate with water discharge after
which all irrigations were summed. To measure the fuel consumption of
the pump, we tested the amount burnt per hour.

2.4.2. Crop data

For DSR, plant number m™“ was recorded from randomly placed 50-
cm by 60-cm quadrat from three locations within each treatment plot at
10 DAE. Plants were not counted for PTR because the hill numbers were
fixed. The date to 50 % flowering was determined by the daily count of
the number of panicles in which anthesis had commenced from three
fixed 50-cm by 60-cm quadrats for DSR and three permanent locations of
six hills for PTR.

The date to physiological maturity (PM) was recorded when about
80 % of the grains had turned to yellow-golden color. The crop was
harvested when most of the leaves had senesced. Immediately prior to
harvest, yield components were recorded from randomly placed three
50-cm by 60-cm quadrats outside the yield measurement areas. For DSR,
all rice plants from the sampling area were cut at the base of the plants
and for PTR eighth hills were selected randomly from each sampling
area. All three samples for DSR were mixed and all eight hills for PTR
were mixed composite them after which panicle numbers were counted.
They were then threshed manually and only stubbles, but not unfilled
grains, were cleaned.

Grain weight was recorded using a digital balance. Fifty gramm
samples were taken from each plot for counting filled and unfilled
grains, filled and unfilled grains panicle ™!, and floret fertility (%). For
rice grain and straw yield measurements, samples were taken from two
3mby2m (6 m?) fixed areas from the center of the plots. Grains were
threshed using a mechanical thresher, cleaned, and grain weight was
recorded. Immediately after weighing, grain moisture (was determined
using a digital moisture meter as the average of three random mea-
surements and yield at 14 % moisture content was computed. For straw
yield, first, the fresh weight was measured after threshing. Then a
100 gm subsample was oven-dried at 70 °C for three days and converted
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to t ha™! on an oven dry basis.

2.5. Economic analysis

All variable costs (except harvesting and threshing which was similar
for all treatments) were considered for the economic analysis. These
consisted of tillage for land preparation, seed, fertilizer, herbicide,
insecticide, fungicide, irrigation, etc., and labor cost (based on measured
person-days ha™! through direct measurement by farmers and
confirmed in focus group discussions) for land preparation, seeding/
transplanting, irrigation, fertilizer and pesticide application, and
weeding. The hours (h) required to complete each operation was
recorded for each treatment and 8 h was considered equivalent to 1
person-day. Labor costs were calculated using the local wage rate For
irrigation costs, charges were calculated using the local rate (cost/hour)
plus the cost of labor used for irrigation application. For drill seeding,
costs were calculated based on the machinery service providerss rental
fees for 33 decimals of land (0.13 ha). Farmgate grain sale prices and
local straw sale prices were collected from a minimum of three local
markets, averaged, and used to calculate gross income. Additional gross
returns for DSR (drill seeding and broadcasting) was calculated by
multiplying the additional yield (yield of DSR - yield of PTR) by the
market price of rough rice. Any and all additional costs were estimated
by subtracting the total management cost (inputs + labor) for DSR from
the total management cost for PTR (total management cost for PTR-
total management cost for DSR). Net returns for DSR was calculated by
the difference between added gross return and added cost for a treat-
ment contrasted with PTR.

2.6. Energy analysis

To estimate the total energy used in each crop establishment method
under the different landscape positions and varieties, the energy
equivalent (MJ unit™!) for each input was used from the published
conversion coefficients (Table 2). The total energy input (TEI: MJ ha™?)
to produce a crop was calculated with Eq. 1:

TEI =EL+EE+ EI+ EW+ EO (€D)]
Table 2
Inputs and outputs, and energy equivalent used for various treatments.
Variables Unit Energy equivalent Ref.
(MJ unit ™)
Inputs
Human labor Person- 1.96 Singh, (2002); Yadav et al.,
hr (2013)
Fuel (diesel) Litre 56.30 Singh, (2002); Kumar et al.,
(2013)
Farm Hr 158.30 Barut et al., (2011)
machinery
Chemical fertilizers
N Kg 66.14 Lal, (2004); Shahin et al.,
(2008)
P,0s Kg 12.40 Esengun et al., (2007), Shahin
et al., (2008)
K>,0 Kg 11.20 Esengun et al., (2007); Shahin
et al., (2008)
Gypsum Kg 10.00 Nassiri and Singh, (2009)
Zn sulphate Kg 20.90 Nassiri and Singh, (2009)
Seed Kg 15.20 Rahman and Rahman, (2013);
Wang et al., (2015)
Irrigation m® ha™! 1020.00 Acaroglu and Aksoy (2005)
Herbicide Kg 238.00 Turhan et al., (2008)
Pesticide Kg 199.00 Gundogmus, (2006)
Fungicide Kg 92.00 Turhan et al., (2008)
Outputs
Grain yield Kg 14.70 Shahin et al., (2008); Kumar
etal., (2013)
Straw yield Kg 13.10 Singh and Mittal, (1992)
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where, EL is the energy (labor + machine) for land preparation; EE is the
energy (labor) for crop establishment (sowing/transplanting), EI is the
energy (fuel + labor) from irrigation; EW is the energy (herbici-
de+labor) from weed management and EO is the energy (inputs) from
all other crop production-related inputs. Total energy output (TEO: MJ
ha™!) produced from grain and straw was computed with Eq. 2:

TEO = [(  Grain yield x energy factor) + (  Straw Yyield x energy factor) |

(2)

Here, the energy factor is the specific conversion factor for grain or
straw yield. Additional parameters were computed with Eqgs. 3-6.

1

Net energy(NE : MJ ha ™ = Total energy output — total energy input  (3)

Energy use efficiency(EUE) = Energy output/energy input 4)
Specific energy(SE) = Energy input/grain + straw Yyield 5)
Energy productivity(EP) = Yield of rice/energy input (6)

2.7. Global warming potential and yield-scaled emissions

To assess of global warming potential (GWP) and yield-scaled
emissions, we employed the CCAFS’ Mitigation Options Tool (CCAFS-
MOT) combined with data collected as described in Sections 2.3, 2.4,
2.5. This tool simulates GHG emissions associated until the farm-gate
using empirical models (Feliciano et al., 2017). We applied measured
plot-level data on inputs and crop management with associated soil and
climate data to generate simulations in a scripted R version of the
CCAFS-MOT (R Core Team, 2020).

The emissions of CH4, N2O, and CO, were estimated from Yan et al.
(2005), which calculates CH4 emissions under floodwater and irrigation
conditions as a function of soil pH, climate variables, and the application
of organic amendments or residue. NoO from fertilizer was calculated
based on Stehfest and Bouwman (2006). CO2 emissions from nutrients
and irrigation are estimated from the [PCC (2019) in the CCAFS-MOT,
while the production and transportation of fertilizers are estimated
with the Ecoinvent Center’s (2007) database. Using Ogle et al. (2005)
and Smith et al. (1997), the tool also models soil C from residue man-
agement. Based on Powlson et al. (2016), soil C responses from tillage
management were calculated. All GHGs were converted into CO-equi-
valent (COqeq) using 100-year GWPs of 34 and 298 for CH4 and N»O,
respectively (IPCC, 2013). Following Pittelkow et al. (2014) yield-scaled
emissions were calculated for each treatment as:

Total GWP(kgCO, ha™)
Grain yield(kgha™)

Yield — scaled emissions =

)

2.8. Statistical analysis

Data were analyzed with JMP Pro 13 (SAS Institute Inc., Cary, NC)
using the Fit Model Function to complete ANOVAs determining the
significance of fixed effects, with farmer replicate treated as a random
factor and each year assessed independently. Tukey’s honestly signifi-
cant difference test was applied to compare the mean values at the 5 %
probability level. Each treatment combination was subsequently
compared within and across landscape positions and tillage and estab-
lishment methods. To understand the trade-offs among grain yield, labor
used, costs and profits, and energy and environmental parameters
derived in this study, radial diagrams were constructed (after stan-
dardizing the data on a 0-1 scale). Box plots for plant stand establish-
ment and added net return were used to show visually describe
variability in the data.
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3. Results
3.1. Plant stand establishment

Plant stand establishment in DSR was affected by location, landscape
position, establishment method and variety (Fig. 2). DSR broadcasting
had always had higher establishment success than drilling. Across lo-
cations and landscape positions, initial plant density ranged from 45 to
225 seedlings m—2 (mean 127) and from 75 to 320 seedlings m~2 (mean
175) under drilling and broadcasting, respectively. Across locations,
DSR establishment methods and varieties, mean initial plant density was
165, 172, and 131 seedlings m 2on high, medium and lowlands. Across
locations, establishment methods, and landscape positions, plant density
was greatest under BRRI dhan85 (172 m_z) followed by Binadhan-19
(156 m~2) and BRRI dhan83 (140 m~2). Under transplanted rice, seed-
ling numbers ranged from 60-70 m~2 in 25 hills m~2 (data not
presented).

3.2. Grain and straw yield

In 2019, rice grain and straw yields were significantly affected by
landscape position and variety, but not by establishment method nor by
interactions (Table 3). Grain and straw yield were 4-7 % and 13-14 %
higher on high and mediumlands compared to lowlands. The highest
grain and straw yields were recorded for BRRI dhan83 which had 8-9 %
greater grain yield than BRRI dhan85 and Binadhan-19 Similarly, BRRI
dhan83 produced 11 to 18 % higher straw yield compared to BRRI
dhan85 and Binadhan-19, though BRRI dhan85 and Binadhan-19 did
not differ in grain or straw yield.

In 2020 and 2021, rice grain and straw yields were significantly
affected by location (L), landscape position (LP), establishment method
(EM), and variety (V) (Table 3). There was a significant interaction ef-
fect of four-factor and L x V interaction suggesting the influence of
landscape position, establishment method and variety varied by loca-
tion. Additionally, the effect of the establishment method varied by
landscape position and varietal effect by establishment method as
demonstrated by significant interactions effect of LP x EM and EM x V.

In 2020, grain yield was 14 % higher in Jhenaidah and Faridpur as
compared to Dinajpur. In 2021, grain yield in different locations
decreased in the following order: Faridpur (5.12 t ha™1) > Jhenaidah
(4.82tha ) > Dinajpur (4.12 tha™1) (Table 3). Considering landscape
position, the highest grain and straw yields were consistently recorded
on mediumland. During 2020 and 2021, rice yields were on average
4-5 % higher under mediumlands than in high and lowlands (Table 3).
Straw yield was also highest under mediumland.

Within crop establishment methods, on average rice grain yield was
3-5 % higher in 2020 and 5-6 % higher in 2021 under PTR than under
drill or broadcast DSR (Table 3). Straw yield has the same trend. Grain
yields under drilled and broadcast DSR however did not differ. BRRI
dhan83 yielded the highest followed by BRRI dhan85 and Binadhan-19.
BRRI dhan83 yielded 16-18 % higher than Binadhan-19. BRRI dhan85
produced 9-12 % higher yield than Binadhan-19.

The interaction effect of location, landscape position and establish-
ment method on grain yield showed that on high and mediumlands, drill
DSR yielded similar to PTR in all locations and in both years except in
Faridpur in 2021 where PTR yield was higher (Table 4). Broadcast DSR
yielded similarly on highlands in all years and locations except in Jhe-
naidah in 2020, where drilled DSR yielded more. In all locations, drill
DSR had a higher yield than broadcast DSR, but only by a small margin
of 4 % in 2020. Yields were similar in 2021, though in lowlands, PTR
outperformed both DSR methods in both years.

3.3. Yield components and growth duration

In 2019, panicle density differed significantly by LP, EM, and V but
not by their interactions (Table 5). Across EM and V, the highest panicle
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Fig. 2. Plant stand establishment (numbers m~2) at 10 days after emergence as influenced by landscape position, rice establishment method (EM) and variety in
2019, 2020 and 2021. The horizontal dash and solid lines in the boxes represent the mean and median respectively; the boundaries of the boxes closest to and farthest
from zero indicate the 25th 75th percentiles respectively. ‘Whiskers’ below and above the boxes indicate the 10th and 90th percentiles, while bullets are outliers.

Table 3
Grain and straw yields of aus rice as influenced by location, landscape position, establishment method, and variety.

Grain yield (t ha 1) Straw yield (t ha 1)

2019 2020 2021 2019° 2020 2021
Location (L)
Jhenaidah 5.23a 4.82b 5.30 a 4.89b
Faridpur 5.21a 5.12a 5.48 a 5.81 a
Dinajpur 4.58 b 4.14c 5.07 b 4.89b
Landscape position (LP)
Highland 4.56 a 4.95b 4.61b 5.71a 5.55a 497 b
Medium highland 470 a 5.14a 4.83a 5.76 a 5.64a 5.39a
Lowland 4.38b 4.93b 4.64 b 5.05b 5.32b 5.22 ab
Establishment method (EM)
Drill seeding 4.55 4.97 b 4.62 b 5.44 5.36 b 5.04 b
Broadcasting 4.47 4.90b 4.58b 5.41 5.38b 5.03b
Transplanting 4.62 5.14a 4.88 a 5.67 5.78 a 5.51a
Variety (V)
BRRI dhan83 4.80 a 5.36a 5.02 a 6.02 a 6.06 a 5.58 a
BRRI dhan85 4.43b 5.10b 4.72b 5.41b 5.63 b 5.25a
Binadhan—19 441b 4.56¢ 4.34c 5.10 b 4.82c 4.75b
F-values
L 282.2 * ** 577.7 * ** 205.5 * ** 18.8 * **
LP 3.49 * * 26.2 * ** 20.7 * ** 7.84 * ** 13.6 * ** 4.9 * *
EM ns 4.9 * ** 66.3 * ** ns 29.5 * ** 5.1 * **
\Y% 6.09 * ** 338.7 * ** 119.3 * ** 10.8 * ** 207.8 * ** 11.8 * **
L xLP 22,1 * ** 15.2 * ** o 3.3**
L x EM 2.4* 20.8 * ** 6.1 * **
LxV 17.1 * == 16.9 * ** 12.2 * **
LP x EM 6.09 * ** 16.7 * ** 20.5 * ** ns 2.8*
EM x V ns ns ns ns ns ns
LP xV ns ns ns ns ns ns
L x LP x EM 1.9* 1.8* 4.6 * ** 2.3 %
LxLP xV ns ns ns ns
LxEM xV ns ns ns ns
LP x EM x V ns ns ns ns ns ns
L xLP xEM x V ns ns ns ns

NS refers to non-significance; * ** ** | and * indicate significance levels at 0.1, 1, and 5 %, respectively.
@ This trial was conducted only at Jhenaidah. Different lowercase letters in the column indicate significant differences.
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Table 4
Effect of landscape position and establishment method on grain yield (t ha™') of aus rice across varieties by location in 2020 and 2021.
2020 2021
Landscape position Establishment method Jhenaidah Faridpur Dinajpur Jhenaidah Faridpur Dinajpur
Highland Drill seeding 5.01a 5.22 4.75 4.62 4.89b 3.29
Broadcasting 4.74 b 5.26 4.68 4.57 4.75b 3.26
Transplanting 5.10a 5.30 4.58 4.44 5.40 a 3.45
Medium highland Drill seeding 549 a 5.45a 4.67 a 4.85 5.15b 3.86 ab
Broadcasting 5.26 b 5.43b 4.49b 4.71 4.92b 3.70 b
Transplanting 5.58 a 5.24 a 4.65 ab 4.67 5.59a 3.98a
Lowland Drill seeding 51b 4.79b 4.31b 4.57 b 4.11c 3.67 b
Broadcasting 52b 4.87b 4.36 b 4.66 b 4.72b 3.72b
Transplanting 5.6a 5.45a 4.70 a 5.01a 5.72 a 4.37 a

Different lowercase letters in the column indicate significant differences.

Table 5

Panicle density, grains panicle ™, percent sterility, and growth duration of aus rice as influenced by location, landscape position, establishment method, and variety in

2019, 2020 and 2021.

1

Panicle density (numbers m~2) Grain panicle”

% sterility Growth duration (days)

2019° 2020 2021 2019° 2020 2021 2019° 2020 2021 2019° 2020 2021
Location (L)
Jhenaidah 467 a 399b 77 b 73c 17 b 27 b 107 a 109 a
Faridpur 378 b 436 a 73c 77 b 20 a 26¢ 105b 107 b
Dinajpur 295¢ 243c 85a 87 a 15b 29a 107 a 108 a
Landscape position (LP)
Highland 422 ab 385a 367 a 63c 76 b 77 b 23 17 27 111 ab 105 b 106 b
Medium 447 a 385a 366 a 66 b 79 a 77 b 22 19 26 109 b 106 b 109 a
highland
Lowland 403 b 371b 344 b 69 a 79 a 83a 22 16 28 113 a 109 a 109 a
Establishment method (EM)
Drill seeding 417 b 389 a 359c 65 b 77 b 78 b 22 17 a 26 b 109 b 105b 107 b
Broadcasting 442 a 392a 373a 63c 76¢ 76¢ 23 19a 28 a 109 b 104c 106 b
Transplanting 414 b 359b 347 b 69 a 82a 83a 22 16 b 27 ab 115a 111a 111a
Variety (V)
BRRI dhan83 418 b 375b 353b 74 a 83a 87 a 24 a 19a 30a 114 a 109 a 111 a
BRRI dhan85 432 a 391a 368 a 65 b 81b 79b 21b 17 b 25¢ 111b 107 b 108 b
BINA dhan—19 422 b 376 b 357b 59¢ 71c 71c 22b 16c 26 b 108c 103c 105¢
F-values
L 1351.4 * 266.8 * ** 33.9 24.3 * ** 9.3 * **
LP 7.5 % %% 125 % ** 14.5 * ** 18.7 * ns ns ns 10.8 * ** 4,6 ** 73.7 * **
EM 3.7 ** 60.6 * ** 19.5 * ** 74.1 * ** 36.5 * ** ns 249 *** 6.6 ** 96.1 * **  291.1 * **  161.9 * **
\% 22%* 15.1 g 108.9 * ** 2941 * **  236.4* ** 81 ***  514*** 707 ** 93.1 ***  158.1 * **  153.6 * **
L xLP 33.6 * ** ns ns ns ns 17.9 * ** 10.9 * *
L x EM 10.7 * ** A 8.5 * ** 5.3 ** 7.4 * 9.3 * ** 9.1 * ** 45.4 * **
LxV 7.53 * ** ns 63.1 * ** 3.7 ** 17.9 * ** 13.2 * ** 9.1 * ** ns
LP x EM ns ns ns ns 4.9 * * 2.2* ns ns ns ns ns
EM x V ns ns ns ns ns ns ns ns ns 3.4%* ns ns
LP xV ns ns ns ns ns ns ns ns ns ns ns ns
L x LP x EM 5.9 * ** ns 4.2 % * 2.6* ns ns ns ns 8.2%*
LxLPxV ns ns ns ns ns ns ns ns
L xEM x V ns ns ns ns ns ns ns ns
LP x EM x V ns ns ns ns ns ns ns ns ns ns ns ns
L x LP x EM ns ns ns ns ns ns ns ns
x V

NS refers to non-significance;

, and * indicate significance levels at 0.1, 1, and 5 %, respectively.

2 This trial was conducted only at Jhenaidah. Different lowercase letters in the column indicate significant differences.

density (447 m~2) was recorded in mediumland followed by high and
lowlands. Among the EM, the highest panicle density (442 m~2) was
recorded from broadcast DSR, and the lowest (414 panicles m~2) from
PTR. Across LP and EM, BRRI dhan85 produced the highest panicle
density while the other two varieties produced similar panicle density
(Table 5). Grains per panicle were also affected by LP, EM, and V but not
their interactions (Table 5). Considering the EM, the order for the
number of grains per panicle was PTR > drill seeding > broadcasting,
and considering the variety it was BRRI dhan83 > BRRI
dhan85 > Binadhan-19. Grain sterility was not affected by LP and EM
but was affected by V (Table 5). Across LP and EM, the highest sterility
(24 %) was found for BRRI dhan83 while the other two varieties had
similar sterility percentages.

Growth duration differed significantly by LP, EM, V, and the inter-
action of LP x EM. but not by the interaction of others (Table 5). Across
EM and V, crop growth duration was slightly longer (2-4 days) in the
lowland than in the high or the mediumland. Both direct drilling and
broadcasting DSR had similar growth duration but significantly lower (6
days less) than PTR.

Panicle density was affected by L, LP, EM, V in In 2020 and 2021 and
the interactions of L. x LP and L. x EM, and by L x Vand L x LP x EM in
2020 only (Table 5). Across LP, EM, and V, the highest panicle density
was recorded in Jhenaidah in 2020 (467 panicles m2) and Faridpur in
2021 (436 panicles m~2), while it was lowest in Dinajpur. Low and
mediumlands had similar but significantly higher panicle density than
highlands. In 2020, both DSR methods had similar but significantly
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higher panicle density than PTR but in 2021, the order was broadcasting
> drill seeding > transplanting. The panicle density of all varieties
didn’t differ significantly in all years.

Grains per panicle in 2020 and 2021 were affected by L, LP, EM, V
and the interactions of L x EM, L x V, LP x EM, and L x LP x EM
(Table 5). In both years, the highest number of grains per panicle was
recorded in Dinajpur. For LP, EM, and V, the number of grains per
panicle in both years maintained a similar trend to 2019. Grain sterility
was affected by L, EM, V, and the interaction of L x EM and L x V, but
not by LP or other interactions (Table 5). Considering EM, the highest
sterility was found for broadcasting, and considering variety, the highest
sterility was recorded for BRRI dhan83. Growth duration in both years
was affected by L, LP, EM, V, and L x LP and L. x EM, and by L x V (only
in 2020) and L x LP x EM (only in 2021) (Table 5).

3.4. Labor requirement, production cost, and economics

In 2019, the labor use differed significantly by LP and EM but not by
V or other interactions (Table 6). In 2020 and 2021, it differed signifi-
cantly by L, LP, EM, L. x LP, L. x EM, and LP x EM (only in 2020)
(Table 6). Across LP, EM and V, labor use was highest in Dinajpur fol-
lowed by Jhenaidah and Faridpur. It was highest for highland and
similar for medium and lowland. Labor used was always significantly
higher (15-47 %) for PTR than DSR. Drill seeding required significantly
fewer person-days (10-15 %) than broadcast seeding.

Production costs followed a similar trend to labor use (Table 6).
Production cost was 10-20 % higher for highland than for the medium
or lowland. Across L, LP and V, production costs ranked PTR > drill
seeding DSR > broadcast DSR. Production cost in DSR was 5-35 %
lower than in PTR and was significantly lower (8-15 %) in drill DSR
compared to broadcast DSR.

Table 6
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In 2019, gross income was affected only by LP and not by EM, V, or
any of the interactions; however, in 2020 and 2021, it was affected by L,
LP,EM, V,and L x LP, L x EM, L x V,LP x EM, and L x LP x EM (only
in 2021) (Table 6). Gross income in 2020 was highest for Jhenaidah
while in 2021, it was highest for Faridpur. In both years, it was lowest in
Dinajpur. Among LP, the gross income followed the following trend in
2019 and 2020: mediumland > highland > lowland, while in 2021, it
followed the following order: mediumland > lowland > highland. The
gross income was not affected by EM in 2019 but was affected in 2020
and 2021. In both years, gross income was highest for PTR and was
5-9 % higher than for DSR methods. Both drill DSR and broadcast DSR
had similar gross income.

The added net return differed significantly among years, districts and
LP; therefore, data were plotted on box plots by year, district and LP.
Except for a few cases, the added net return between drill seeding and
broadcast seeding differed significantly, with the former mostly higher
than the latter. The exceptions were for lowlands in Jhenaidah and
Faridpur in 2020 and 2021 and for lowlands in Dinajpur in 2021 where
the added net return of drill seeding and broadcast seeding was similar.
Across L, LP and EM, the ANR in most cases greatly varied among the
varieties (Fig. 3).

In high and mediumlands, except for Faridpur and Jhenaidah in
2021, the mean ANR values for DSR were positive, implying that DSR
was more profitable than PTR. However, in lowlands, except for Jhe-
naidah in 2019 and 2021, and for drill seeding in Dinajpur in 2020, DSR
had negative mean ANR values implying that it was less profitable than
PTR. Overall, in high and mediumlands the DSR had positive mean ANR
values over PTR, but in lowlands, the ANR values were in the opposite
order.

Labor, production cost, and gross income of aus rice influenced by location, landscape position, establishment method, and variety.

Total labor used (person-day ha ')

Total production cost (USD ha 1)

Gross income (USD ha™1) Added net return (USD ha 1)

2019° 2020 2021 2019% 2020 2021 2019° 2020 2021 2019" 2020 2021
Location (L)
Jhenaidah 47 b 79a 399a 640 a 2077 a 1857 b —11.4b 127.5a
Faridpur 38¢ 67 b 379 b 583 b 2013 b 2032 a 14.1b —218.4c
Dinajpur 50a 80 a 387 ab 557¢ 1788c 1540c 108.7 a —165.5b
Landscape position (LP)
Highland 83a 50 a 83a 696 a 413a 652 a 1744 ab 1947 b 1738¢ 118 ab 93.8a —44.1a
Medium highland 63b 43b 73b 566 b 380 b 578 b 1791 a 2008 a 1868 a 170 a 67.9 a —21.2a
Lowland 64 b 42b 70b 587 b 372b 550c 1643 b 1922 b 1823 b 48 b -50.5b —-190.9b
Establishment method (EM)
Drill seeding 62c 34c 64c 511c 312¢ 541c 1743 1939 b 1756 b 169 a 73.3a —55.9a
Broadcasting 69 b 39b 71b 620 b 374b 604 b 1727 1917 b 1754 b 54 b 0.95b —1449b
Transplanting 8la 64 a 9la 717 a 479 a 635 a 1708 2021 a 1919 a
Variety (V)
BRRI dhan83 71 46 76 619 390 598 1744 1987 b 1848 a 151 a 32.4b -97.6
BRRI dhan85 71 45 75 618 387 592 1730 2061 a 1861 a 117 ab —-4.3b —85.2
BINA dhan—19 70 45 75 612 387 591 1703 1829c¢ 1720 b 68¢ 83.2a -73.3
F-values
L 116.7 * ** 5.8 ** 99.4 390.4
LP 72.1 * ** 113.6 * ** 81.3 * ** 28.2 * ** 155.8 5.9 ** 33.3 % ** 3.5%*
EM 54.1 * ** 671.9 * ** 446.1 * ** 178.6 * ** 424.3 * ** 20.1 ns 50.6 * ** 54.9 * ** 9.2 % * 25.9 * ** 10.4 * **
\% ns ns ns ns ns ns ns 239.6 * ** L ox R 8.5 ** 12,7 * ** ns
L xLP 22.8 * ** 14.9 = ** 14.1 * ** ns ¢ 9.7 ns 3.6%*
L x EM 35.3 * ** 4.5 ** 7.6 * ** 89.9 4.3 * 23.7 * ns ns
LxV ns ns ns ns 24.11 11.9° ns ns
LP x EM ns 3.3** ns ns 25%** ns ns 16.7 ° ns 3.9%** ns
EM x V ns ns ns ns ns ns ns ns ns ns ns ns
LP xV ns ns ns ns ns ns 4.7 * * ns ns ns ns ns
L x LP x EM ns ns ns ns ns 29** ns ns
LxLPxV ns ns ns ns ns ns ns ns
LxEM xV ns ns ns ns ns ns ns ns
LP x EM x V ns ns ns ns ns ns ns ns ns ns ns ns
LxLP xEM xV ns ns ns ns ns ns ns ns ns

NS refers to non-significance; * *

**  and * indicate significance levels at 0.1, 1, and 5 %, respectively.

# This trial was conducted only at Jhenaidah. Different lowercase letters in the column indicate significant differences.
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Fig. 3. Added net return in direct-seeded rice (drill seeding and broadcasting) as compared with the transplanted rice. The horizontal dash and solid lines in the
boxes represent mean and median respectively; the boundaries of the boxes closest to and farthest from zero indicate the 25th 75th percentiles respectively.
‘Whiskers’ below and above the boxes indicate the 10th and 90th percentiles, while bullets are outliers. EM: establishment method. NS refers to non-significance;

p < 0.01 refers significance at a 1 % probability level.

Table 7
Energy parameters of aus rice influenced by location, landscape position, establishment method, and variety.

Net energy (Mj ha™1) Specific energy (Mj kg’l) Energy productivity (kg grain MJ 1)

2019% 2020 2021 2019° 2020 2021 2019° 2020 2021
Location (L)
Jhenaidah 146473 a 111747 b 1.24c 1.94b 0.38 a 0.22 b
Faridpur 133410 b 129556 a 141 a 1.90 b 0.34b 0.24a
Dinajpur 119217c 94580c 1.36 b 2.18a 0.31c 0.15¢
Landscape position (LP)
Highland 117098 ab 132858 b 104947 b 2.41a 1.42a 2.26 a 0.18b 0.33b 0.18c
Medium highland 124545 a 136732 a 117270 a 1.76¢ 1.26¢ 1.80c 0.23 a 0.35a 0.22a
Lowland 108392 b 129509¢ 113266 a 2.01b 1.33b 1.95b 0.20 b 0.33b 0.20 b
Establishment method (EM)
Drill seeding 140254 133914 a 111251 b 1.69¢ 1.07c 1.75b 0.25a 0.41 a 0.23a
Broadcasting 138284 129112 b 106667 b 1.92b 1.42b 213a 0.22b 0.31b 0.19b
Transplanting 141747 136074 a 117955 a 2.57 a 1.51a 214 a 0.15¢ 0.29¢ 0.19b
Variety (V)
BRRI dhan83 126965 a 145482 a 121582 a 1.88b 1.22¢ 1.84c 0.22 0.36 a 0.22 a
BRRI dhan85 113629 b 136230 b 112790 b 2.00b 1.29b 1.95b 0.20 0.34b 0.20 b
Binadhan—19 109441 b 117388c 101511c 2.30a 1.50 a 2.25a 0.20 0.31c 0.19¢
F-values
L 393.6 * ** 106.9 * ** 44.6 * ** 100.2 * ** 159.4 * ** 701.0 * **
LP 8.9 * ** 27.7 * ** 15.3 * ** 74.8 * ** 41.4 * ** 219.1 * ** 22.2 % ** 18.7 * ** 90.9 * **
EM 3.3* 26.4 * ** 14.5 * ** 144.6 * ** 336.9 * ** 194.1 * ** 93.5 * ** 649.5 * ** 205.6 * **
\4 11.4 * ** 434.5 * ** 35.4 * ** 32.2 % ** 129.6 * ** 181.8 * ** ns 98.6 * ** 69.8 * **
L x LP 35.1 * ** 3.9%** 2.4 ** 44.1 * ** 4.5 ** 48.2 * **
L x EM 8.4 * ** 11.43 * ** 16.9 * ** 3.8** 38.6 * ** 19.6 * **
LxV 20.3 * ** 53** ns ns 6.5 % * 9.5 * **
LP x EM ns 10.4 * ** 5.6** 3.4** ns ns 35* 5.3** 9.6 * **
EM x V ns ns ns ns ns ns ns ns ns
LP xV ns ns ns ns ns ns ns ns ns
L x LP x EM ns 3.1** ns 5.5 * ** ns 11.8 * **
LxLPxV ns ns ns ns ns
LxEM xV ns ns ns ns ns ns
LP x EM x V ns ns ns ns ns ns ns ns ns
LxLP xEM xV ns ns ns ns ns ns

NS refers to non-significance; * ** ** | and * indicate significance levels at 0.1, 1, and 5 %, respectively.

# This trial was conducted only at Jhenaldah. Different lowercase letters in the column indicate significant differences.
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3.5. Energy inputs and outputs, energy use efficiency and energy
productivity

In 2019, energy input differed significantly by LP and EM but not by
variety and any of the interactions (Table S1). Within LP, energy input
declined in the following order: highland > lowland > mediumland,
whereas within EM, it declined in this order: transplanting
> broadcasting > drill seeding.

In 2020 and 2021, energy input varied across L, LP (only in 2021),
EM, L xLP, L x EM, LP x EM, and L x LP x EM (only in 2021)
(Table S1). Within EM, transplanting required significantly higher en-
ergy input than drill seeding and broadcasting. In 2021, energy input
was highest in highlands and was significantly higher than in both the
medium and lowlands. The energy output was influenced by LP and EM
in 2019 (Table S1); by L, LP, EM and V in 2020 and 2021; and by L x LP,
L x EM, LP x EM in 2020, and by L. x EM and LP x EM in 2021.

In 2019, energy output was similar for medium and highlands and
was significantly higher than for lowlands (Table S1). It was the highest
for BRRI dhan83 in all years. In 2020, the energy output was higher for
Jhenaidah, in 2021 higher for Faridpur, and in both years, it was lowest
for Dinajpur (Table S1). In both 2020 and 2021, energy output was
highest for mediumland followed by lowland and highland. In both
years, PTR produced the highest energy output. Both direct drilling and
broadcasting DSR had similar but significantly lower energy output than
PTR.

In 2019, net energy was influenced by EM but not the energy output.
In 2020 and 2021, however, net energy had a similar trend to energy
output (Table 7). Energy use efficiency (EUE) was affected by LP x EM
in 2019, L x LP, L. x EM, L x V (only in 2020), and by LP x EM and L
x LP x EM in 2020 and 2021 (Table S1). In 2020, EUE was highest for
Jhenaidah but in 2021 it was highest for Faridpur. In both years, EUE

Table 8
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was the lowest for Dinajpur. EUE was highest for mediumland and was
highest for drill seeding DSR. The EUE order was BRRI dhan83 > BRRI
dhan85 > Binadhan-19.

The specific energy (SE) was highest for highland followed by low-
land and then mediumland, and was highest for transplanting and
lowest for drill seeding (Table 7). The SE of growing Binadhan-19 was
higher than both BRRI dhan83 and BRRI dhan85. However, the SE of
BRRI dhan83 and 85 were either similar (in 2019) or BRRI dhan85 had
higher SE than BRRI dhan83 in 2020 and 2021.

Energy productivity (EP) was not affected by variety but was affected
by LP and EM in 2019 and by all factors in 2020 and 2021 (Table 7). The
EP was always lowest for Dinajpur. EP was highest for mediumland
compared to other land types. EP for EM followed the order of drill
seeding > broadcasting > transplanting and for variety: of BRRI
dhan83 > BRRI dhan85 > Binadhan-19.

3.6. Global warming potential (GWP) and yield-scaled emissions (YSE)

GWP greatly varied across locations, with highest GWP for Dinajpur
and lowest for Jhenaidah (Table 8). In all years, it was lowest for
mediumland and highest for lowland. It was consistently higher by
58-66 % for PTR than DSR though there was no difference in GWP
between drill DSR and broadcast DSR. GWP was highest for BRRI
dhan83 and lowest for Binadhan-19.

Yield-scaled emission was similar for both high and lowlands in 2019
and 2020 but in 2021, it was significantly higher for highlands than the
other two land types (Table 8). Similar to GWP, the yield-scaled emis-
sion of PTR was higher (55-64 %) than both DSR methods and was
highest for BINA dhan-19 and lowest for BRRI dhan83.

Global warming potential and yield scaled emissions of aus rice influenced by location, landscape position, establishment method, and variety.

Global warming potential (Mt COeq ha™"

Yield-scaled emissions (Kg CO,eq Mt ! grain)

2019" 2020 2021 2019° 2020 2021
Location (L)
Jhenaidah 2550c 2872c 0.48c 0.62 b
Faridpur 2866 b 3103 b 0.55b 0.61b
Dinajpur 2904 a 3355a 0.63 a 0.90 a
Landscape position (LP)
Highland 2936 b 2760 b 3123 a 0.71a 0.56 a 0.76 a
Medium highland 2876¢ 2748 b 3069 b 0.63 b 0.54 b 0.68 b
Lowland 3088 a 2811 a 3137 a 0.67 ab 0.57 a 0.69 b
Establishment method (EM)
Drill seeding 1940 b 1680 b 2071 b 0.43b 0.35b 0.50 b
Broadcasting 2028 b 1759 b 2112b 0.45b 0.36 b 0.51b
Transplanting 4982 a 4881 a 5147 a 1.14a 0.96 a 1.13a
Variety (V)
BRRI dhan83 3064 a 2853 a 3192 a 0.65b 0.53b 0.68¢
BRRI dhan85 2974 b 2771 b 3097 b 0.68 a 0.54 b 0.70 b
Binadhan—19 2913c 2696¢ 3041 ¢ 0.69 a 0.59 a 0.74 a
F-values
L 1120.2 * ** 1112.7 * ** 5.3 ** 778.1 * ** 1010.7 * **
LP 60.4 * ** 33.4 * 24.6 * ** 598.9 * ** 20,2 * ** 72.8 * **
EM 15433.3 * ** 98848.3 * ** 59310.9 * ** 9.3 * * 17295.5 * ** 4634.1 * **
A 29.8 * ** 183.4 * ** 111.1 * ** o 33.2 %
L xLP 59.8 * ** 50.5 * **
L x EM 285.8 * ** 79.1 * **
LxV ns ns
LP x EM ns 18.9 * ** ns 8.9 * **
EM x V ns 20.8 * ** ns E 6.2 * **
LP xV ns ns ns ns ns ns
L x LP x EM 16.7 * ** 23.2 3.6 ns
LxLPxV ns ns ns ns
LxEM xV ns 6.2 * ** ns ns
LP x EM x V ns ns ns ns ns ns

LxLP xEM xV ns

ns

5 >

NS refers to non-significance; *

and * indicate significance levels at 0.1, 1, and 5 %, respectively.

# This trial was conducted only at Jhenaida. Different lowercase letters in the column indicate significant differences.
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3.7. Multi-criteria assessment of crop establishment methods

The holistic multi-criteria assessment of grain yield, crop duration,
labor use, production cost, energetics, GWP, and YSE comparing the
three establishment methods in all three landscape positions using the
radial or spider diagrams showed both drill DSR and broadcast DSR
methods better than PTR. This was reflected by lower production cost,
lower labor use, lower crop duration, lower SE, and lower GWP and
yield-scaled emissions and higher EUE in DSR compared to PTR. (Fig. 4).
On the other hand, PTR performed better than DSR in terms of grain
yield in lowlands and slightly higher or similar yield in medium and
highlands.

4. Discussion
4.1. Tradeoffs on productivity and resource use efficiency

Across years, locations, landscape positions, and varieties the grain
and straw yields of DSR (both drill seeding and broadcasting) in the
current study were slightly lower (2-8 % for grain and 4-10 % for straw)
than PTR. Our results agree with those of Xu et al. (2019) who reported
that the overall yield of DSR was 12 % lower than PTR and the yield
reduction of DSR relative to PTR was highly variable, ranging from
—2 % to —42 %, and yield varying on climatic conditions, soil type, and
management practices.

Our results also agree with Alam et al. (2018) who reported a 5 %
lower yield in aman season DSR compared to PTR in a well-managed
on-station field trial in Bangladesh. In their study, they used all rec-
ommended and need-based inputs for both establishment methods and
although the DSR yield was slightly lower than of PTR, net profit and
other benefits were higher for DSR. DSR required 30-50 % less irrigation
water and 9 % lower production cost compared to PTR, with also the

(a) Highland
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yield advantage in the subsequent crop following DSR due to the
improvement of soil chemical and physical properties. In contrast to
Alam et al.’s study, our study was conducted across several locations in
farmers’ fields with different landscape positions in the aus season. In
our study, similar grain yield of drill seeding DSR and PTR in both high
and mediumlands and lower yield of DSR in lowlands indicates no yield
advantage from DSR compared to PTR in the given soil and landscape
situations. In line with our results, a yield decrease in DSR compared to
PTR was recorded in many previous studies (Farooq et al., 2006; Jat
et al., 2009; Saharawat et al., 2010; Gathala et al., 2011; Kumar et al.,
2015) and similar yields in DSR and PTR in other studies (Bhushan et al.,
2007; Singh et al., 2009; Yadav et al., 2011; Liu et al., 2015; Devkota
et al., 2019;) in South Asia. However, in contrast to our studies, some
studies from Japan (Harada et al., 2007; Kato et al., 2009) and China (Xu
et al., 2022a) recorded higher yields in DSR than PTR.

Most of the previous studies reported high weed incidence as the
major yield-limiting factor of DSR. Weed competition against the crop
during seedling establishment and critical crop growth periods is often
responsible for lower yield (Kumar and Ladha, 2011; Ahmed et al., 2014,
2021b; Awan et al., 2015; Chauhan et al., 2015). In our study, we
controlled weeds well in DSR by the application of pre-emergence her-
bicide fb post-emergence herbicide, and need-based manual hand
weeding. Even then, there was some weed competition between the time
of pre-emergence and post-emergence herbicide application. Such weed
competition was comparatively lower for PTR. Along with weeds, other
yield-limiting factors in DSR, as reported in the previous studies,
include: lack of uniform seeding to maintain optimum plant population,
seed and seedling damage by birds and rats, and poor crop establishment
at the early stage due to poor seed germination and emergence, micro-
nutrient deficiency, root nematodes, and blast disease (Gao et al., 2006;
Choudhary et al., 2007; Pal et al., 2008; Kumar and Ladha, 2011; Yadav
et al., 2011; Ahmed et al., 2014, 2016; Chaudhary et al., 2022).

(b) Mediumland
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Fig. 4. Radar diagrams representing multi-criteria assessment showing relative values (percent change relative to transplanting) for grain yield (t ha~'), manual
labor requirements (person-days ha 1), total production cost (USD ha™!), energy use efficiency, specific energy (Mj kg 1), energy productivity (Kg ha~! grain yield/
Mj ha~! input energy), global warming potential (Mt CO2eq ha™'), yield-scaled emissions (Kg CO,eq Mt ! grain), and growth duration for drill seeded, broadcasted
and transplanted rice in (A) highland, (B) mediumland, (C) lowland. Data presented show the average of years, locations and varieties.
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While we did not observe any nematodes and blast disease but we
noted reduced seed germination and emergence, and seed and seedling
damage by birds. The higher variability in plant density at 10 days after
emergence indicates that seeds were not always uniformly distributed in
DSR plots which might be due to different soil moisture conditions
during or after sowing, soil type, planting machinery, depth of seeding
and seedling damage by birds and rats. The initial plant density was
always higher (average 30 %) for broadcasting DSR than drill seeding
DSR, mainly due to the use of a 44 % higher seed rate in broadcasting
DSR (Fig. 2). The seed rate for drill seeding DSR was determined based
on the previous study by Ahmed et al. (2014). For broadcast seeding,
however, the average seed rate used by local farmers as their common
practice was considered because currently there is no recommended
seed rate for broadcasting DSR in Bangladesh. The results of our study
show that across years, locations, and varieties, the initial plant density
was similar for high and mediumlands but the lowland had around 20 %
lower plant density than the other two land types. The lower plant
density in the lowland was probably due to the compactness of the upper
soil layer resulting from soil drying after sowing or irrigation. In addi-
tion, the soil of the lowland was a little harder than the other two land
types. Plant density differed among varieties due to different grain sizes.
The seed weight of different varieties was different due to the differences
in seed size, with the order of 1000 seed weight as Binadhan-19 < BRRI
dhan85 < BRRI dhan83.

The initial plant population is crucial for achieving optimum yield in
DSR because the final yield depends on panicle numbers per unit area
which are mostly achieved by the optimum plant stand. Ahmed et al.
(2014) reported that a plant density of 106 to 170 plants m~2 for inbreds
was good enough for the optimum yield of DSR. In our study, in high and
mediumlands, the average initial plant density was within the range
reported by Ahmed et al. but was lower in some cases in lowlands,
especially for the drill seeding DSR. In dry seeding, dry seeds are sown
into dry soil, and seed germination and early seedling growth are
sometimes limited by soil moisture conditions (Guan et al., 2009; Ismail
et al., 2009).

The initial higher plant density in broadcasting DSR resulted in a
higher number of panicles though the number of grains panicle™! with
this establishment method was lower than the other two methods. The
PTR had always lower panicle density but higher grains panicle ™! than
the other two establishment methods. These results are in agreement
with Ahmed et al. (2016), (2021a) and Gravois and Helms (1996), who
reported that as the rice seeding rate increases, panicle density also in-
creases but grains per panicle decreases.

The results of the current study indicate that the lower yield in DSR
compared to PTR was mainly due to fewer grains per panicle (Table 5).
Although there was a compensation mechanism between the panicle
density and grains panicle ! (Li et al., 2019), the increase in panicle
density was not large enough to compensate for the decrease in the
number of grains per panicle in DSR (Ahmed et al., 2014, 2021a; Liu
et al., 2015).

Although higher panicle density was recorded in the broadcasting
DSR, a similar or lower yield to drill seeding DSR was mainly due to the
lower number of grains panicle ! and higher grain sterility percentage
(Table 5). The gross income was always higher in PTR than in DSR,
which was mainly due to the grain and straw yield advantage over DSR.
Although the gross income was higher from PTR than DSR, the added net
return (net profit) was not always higher because of the higher pro-
duction cost of PTR than DSR (Fig. 3; Table 6). We used the added net
return instead of net profit because, for the economic analysis, we
considered only those costs that were variable among the treatments.
Since the fertilizers and harvesting costs were similar across all treat-
ments, we didn’t consider them in the economic analysis.

Positive added net return in DSR from 60 %, 65 %, and 35 % of
farmers’ fields in the highland, mediumland, and lowland, respectively,
indicate that DSR was more profitable in the highland and mediumland
and comparatively less profitable in the lowland. In high and
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mediumlands, the mean ANR was positive due to the positive ANR ob-
tained from a higher number of farmers’ fields. On the other hand, the
mean ANR was negative for the lowland due to negative ANR from the
higher number of farmers’ fields. In the lowland, the negative ANR in
DSR was mainly due to a 7-28 % lower yield than PTR but compara-
tively lower production cost differences (16 % lower cost). On the other
hand, the yield difference between DSR and PTR was —3 to 7 % and —4
to 11 %, and the average production cost difference was 18 % and 20 %
in highland and mediumland, respectively.

The higher labor requirement and higher production cost in PTR
than DSR were mainly due to extra operations such as seed bed and
seedling preparation, land preparation by repeated puddling followed
by leveling, and seedling transplanting required for PTR. These opera-
tions in PTR required a cost of around USD 200-300 ha~! but for the
DSR the cost required for up to seeding was only USD 60-80 ha™! (data
not presented). The irrigation cost was up to 35 % lower for DSR than
PTR. On the other hand, due to higher weed pressure, the weeding cost
was always higher in DSR (around USD 220 ha’l) than in PTR (around
USD 120 ha™!). Similar to our findings, lower production costs for DSR
compared to PTR have also been reported in many previous studies (Liu
etal., 2015; Tao et al., 2016; Chakraborty et al., 2017; Alam et al., 2018;
Devkota et al., 2020).

4.2. Tradeoffs on energy use, global warming potential, and GHG
emissions

Agriculture and energy have a very close relationship and they can
both produce and consume energy (Alam et al., 2005). Analysis of en-
ergy in agricultural production systems is a promising approach to
studying and investigating trends in energy inputs, outputs, and EUE
(Khan et al., 2007; Pokhrel and Soni, 2017; Wu et al., 2017; Yuan and
Peng, 2017a; Krupnik et al., 2022; Magar et al., 2022; Timsina et al.,
2022). The efficient use of energy in agriculture helps to reduce pro-
duction costs, protect natural resources, minimize negative environ-
mental impacts, and promote sustainable production systems
(Pervanchon et al., 2002; Timsina et al., 2022). In addition, GWP and
GHG emissions in agriculture greatly depend on the energy inputs
(Pittelkow et al., 2014). In our study, the energy input in drill-seeded
DSR was 20-35 % lower than in PTR which was mainly due to the
transplanting operation requiring more diesel fuel for land preparation
in the nursery bed and main field and irrigation. Baruah and Dutta
(2007) reported that more than 50 % of energy consumption in puddled
rice production was related to tillage and land preparation operations. In
the current study, the energy input for land preparation in PTR was
50-75 % higher than in drill-seeded DSR. In addition, due to the higher
total labor requirement in PTR than in DSR, the energy input from the
labor was also higher in PTR. In agreement with our results, many
previous studies also reported lower total energy input in DSR compared
to PTR (Islam et al., 2013; Eskandari and Attar, 2015; Kumar et al.,
2018; Liu et al., 2015; Devkota et al., 2020).

Although total energy output was slightly higher in PTR due to
slightly higher grain and straw yields, net energy was not always higher
in PTR due to higher energy input. EUE and EP were 15-40 % higher in
DSR compared to PTR due to lower energy input in the former compared
to the latter. Higher EUE and higher EP in DSR compared to PTR were
also reported in previous studies (Barut et al., 2011; Quilty et al., 2014;
Eskandari and Attar, 2015; Kazemi et al., 2015; Pratibha et al., 2015).
The SE was always higher in PTR than in DSR indicating that the energy
used to produce one kg of rice grain was higher in the former than in the
latter.

Intensive energy inputs from machinery, diesel oil, fertilizer, and
pesticides in agriculture are responsible for GHG emissions (Yuan et al.,
2019), which in turn threaten the sustainability of agriculture by
contributing to global warming (Maraseni et al., 2015; Chen, 2016).
Therefore, reducing energy inputs in agricultural production systems
and enhancing EUE is crucial to minimizing environmental impact
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(Mohammadi et al., 2014). Flooded rice fields are a major anthropogenic
source of CHy in the atmosphere and contribute approximately 10-20 %
to global CH4 emissions (Reiner and Milkha, 2000; Carlson et al., 2017;
Zhang et al., 2019; Chen et al., 2020;).

A recent assessment from the United Nations Environment Pro-
gramme (UNEP) and the Climate and Clean Air Coalition found that
cutting farming-related CH4 emissions would be key to battling against
climate change (IPCC, 2022). Therefore, in Asia, rice is an essential
target for mitigating GHG emissions. Many previous studies reported
lower CH4 emissions from DSR fields compared to PTR resulting in lower
GWP (Padre et al., 2016; Tao et al., 2016; Chaudhary et al., 2017;
Susilawati et al., 2019; Liu et al., 2022). In our multilocation and
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multiyear study, we found 58-66 % lower GWP from DSR fields than
from the PTR fields, implying that if flooded puddled rice could be
replaced by DSR, mitigation of a significant amount of CH4 would be
possible. Thus, our results suggest that DSR is a potential climate-smart
alternative to PTR production.

4.3. Effect of location, landscape position, and variety on rice
establishment methods

Inour study, yield, resource use efficiency, profitability, energy
productivity, and GWP greatly varied across the locations mainly due to
climate, soil, and operation cost differences. Yield, added net return, and
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energy productivity in 2020 were relatively higher than in the other two
seasons mainly due to the crop receiving relatively more rainfall (Fig. 5).
With frequent and higher rainfall during the season, the nutrient
availability was probably higher, and weed infestation and irrigation
water requirements were lower resulting in lower total production costs
and labor requirements (Table 6). Variations in rainfall across different
locations and seasons had a significant impact on irrigation costs, weed
management expenses, crop growth, and crop yield; all of which ulti-
mately affect production and economic outcomes. Dou et al. (2016)
reported that the soil texture has an important role in affecting both
water productivity and nutrient supply resulting in the growth and yield
differences of rice. In the lowland, we found always lower yield in DSR
than in PTR, which was mainly due to high moisture holding capacity. In
addition, the initial plant stand was also lower in the lowland for DSR
compared to the highland and medium highland. The total labor
requirement was higher in Dinajpur which was mainly due to high weed
infestation and higher labor used for manual weeding. The labor wage
rate was however lower in Dinajpur compared to the other two loca-
tions, resulting in comparatively lower production costs. The higher
production cost in the highland was mainly due to higher irrigation and
weed management costs. The higher gross income from the medium
highland was due to slightly lower production costs but slightly higher
yield and income than the other two landscape positions. The negative
added net return in the lowland in DSR was due to the high yield dif-
ference between DSR and PTR.

4.4. Effect of line seeding DSR vs broadcasting DSR and multi-criteria
assessment

Although the yield of both DSR establishment methods was almost
similar, the labor requirement and production cost were higher for
broadcasting DSR than PTR, the latter mainly due to higher land prep-
aration cost and higher labor requirement required for the manual hand
weeding. Manual weeding was challenging for broadcasting and
required more time than line seeding. Higher labor and higher energy
requirements for the land preparation are responsible for the higher SE
and lower EP in broadcasting DSR than the line seeding DSR (Table 7).
In addition, in broadcast DSR we found some sheath rot disease in some
cases which was absent in line seeding.

The multi-criteria assessment revealed that DSR results in improved
energetic performance while entailing reductions in labor use, and
production costs. DSR also tended to lower yield-scaled GHG emissions
compared to PTR. Nevertheless, there is an increasing interest in DSR in
many countries as it has the potential to reduce production costs by
saving labor, tillage intensity, and irrigation water (Alam et al., 2018;
Ahmed et al., 2021a) and reduce GHG emissions, particularly the CH4
emission. Despite the potential advantages of DSR and as a potential
climate-smart technology and an alternative to PTR, it has not yet been
adopted on a large scale in Bangladesh or any other rice-growing
countries in Asia due to the absence of systematic technology assess-
ment across production ecology gradients and lack of awareness at the
policy level as well as due to important risks associated with it (Bhatt
and Singh, 2021; CSISA, 2016; Zhang and Hu, 2022). In addition, issues
with weed management, low availability of appropriate seed drills, and
basic awareness of benefits are also the constraints of DSR adoption. To
change this scenario, more efforts are required to coordinate the efforts
of the public and private sectors to systematically address these factors.

4.5. Implementation of DSR on environment and production systems

Implementing DSR as a shift from traditional PTR presents signifi-
cant environmental benefits and enhances production systems. DSR re-
duces water usage -by eliminating the need for flooded fields during the
early growth stages, thus conserving invaluable water resources,
particularly in regions where water scarcity is a pressing issue. This
approach not only enhances efficient water management but also
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reduces methane emissions by limiting anaerobic conditions linked to
PTR. Additionally, DSR fosters improved soil health through reduced
soil disturbance, leading to enhanced soil structure and increased
organic matter over time. This practice allows beneficial microorgan-
isms to flourish, promoting nutrient cycling and facilitating better crop
growth (Chaudhary et al., 2022). The shift towards DSR also encourages
the adoption of conservation agriculture principles, such as minimum
tillage, which further enhances soil carbon sequestration (Devkota et al.,
2019). Tater and Vashisht (2024) reported from a long-term study
conducted between 2010 and 2020. They found that compared to the
traditional PTR method, DSR demonstrated a significant decrease in
physical parameters such as bulk density and soil penetration resistance.
Conversely, DSR exhibited a notable increase in plant available water
content, soil infiltration, and hydraulic conductivity. Additionally, the
amount of organic carbon in the soil increased by 5-13 % in DSR
compared to PTR. While many Southeast Asian countries, such as Sri
Lanka, Vietnam, Malaysia, and Cambodia, have successfully adopted
DSR methods, South Asia’s adoption rate remains very limited (Kaur
et al., 2024).

As we mentioned earlier, the PTR is the dominant rice establishment
method in Bangladesh, and considering the growing season and planting
windows aus is the best fit for DSR but current areas of aus production
are around 10 % of the country’s rice production areas. Aman and boro
are the major rice growing seasons and if it is possible to shift certain
portions to DSR in both seasons it would be a great contribution to
resource use efficiency and climate change mitigation. The current
planting windows of aman and boro are not suitable for the DSR (Ahmed
etal., 2014, 2016) but changing the current windows might be fit for the
DSR but other associated challenges are to fit them in the cropping
systems. Therefore, Bangladesh needs more research on the best fit of
aman and boro DSR in the cropping systems.

Weedy rice in DSR is a significant production issue reported in
countries that have relied on this method for an extended period
(Juliano et al., 2020). In Bangladesh, where the predominant method is
PTR, the introduction of DSR could lead to the emergence of weedy rice
problems, as observed in other countries with a long history of DSR.
Weedy rice, which competes directly with cultivated rice for resources,
can severely reduce yields and complicate weed management strategies
(Ziska et al., 2014). Therefore, it is crucial to implement integrated weed
management practices for DSR adoption.

DSR can help reduce methane emissions, but aerobic soil conditions
in DSR, especially in dry-DSR, contribute to increased nitrous oxide NoO
emissions. In the prevailing anaerobic conditions of PTR, denitrification
is the main mechanism for emissions, while DSR nitrification serves as
the primary mechanism. Pathak et al. (2013) quantified the N2O emis-
sions from the DSR and PTR fields in Punjab, India. They reported that
emissions from DSR fields were slightly higher than those from PTR
fields. However, the contribution of N2O to GHG emission was much
lower than that of methane (CHy).

5. Conclusion

Our study aimed to identify the landscape positions and varieties
suitable for DSR and compare the performance of DSR with dominant
practice PTR in terms of yield, labor use, energy, GWP, and YSE. The
results of this study revealed that the DSR had a similar or slightly lower
yield than PTR but EUE and EP were higher in DSR due to lower energy
input. The lower SE, GWP and yield-scaled emissions in DSR than in PTR
demonstrated that DSR is a clean production technology and, if adopted,
it could be an effective way to mitigate GHG emissions from agriculture
in Asia. Moreover, lower production costs and higher net returns ob-
tained from the predominant farmers’ fields indicate that DSR is more
economically viable than PTR. DSR promotes sustainability, enhances
resource use efficiency, and contributes to reducing the environmental
impacts associated with traditional rice production systems; therefore, it
can be considered a climate-smart production system. Cultivars
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currently used in PTR plots performed similarly in DSR plots under well
management but cultivars with early vigor trait and weed competi-
tiveness would be required to reduce both weed management cost and
agrochemical use. This study demonstrated that the medium highland
was more suitable than the lowland or highland in terms of good crop
establishment, lowering weed pressure, and obtaining higher input use
efficiency and higher added net return, suggesting that the selection of
appropriate landscape position should be an important consideration for
the success of DSR. However, for the widespread adoption of DSR in
Bangladesh and South Asia as a whole, appropriate technological, social,
and policy-level interventions would be necessary. Our current research
is based on a three-year multi-location study that primarily focuses on
the comparison of DSR and PTR based on some immediate outcomes.
While these results offer valuable insights into the current growing
season’s performance, a major challenge for DSR in Bangladesh is to fit
them into the existing cropping systems, therefore we recommend
conducting long-term studies and analyses to gain a more comprehen-
sive understanding of the long-term impacts of DSR on cropping systems
and ecosystem balances.
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