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Abstract 16 

Pre-monsoon Aus rice has the potential to strengthen Bangladesh's rice-based farming systems, 17 

particularly in drought-prone regions where water scarcity, climate variability, and rising 18 

production costs threaten the sustainability of irrigated Boro rice. Growing improved Aus rice 19 

varieties using dry direct seeding could improve water and input-use efficiency, reduce greenhouse 20 

gas emissions, and increase farm profitability. However, evidence on the agronomic performance, 21 

economic viability, and environmental impacts of recently released Aus rice varieties under dry 22 

direct-seeded conditions remains limited. Therefore, this study evaluated the agronomic, 23 

economic, and environmental performance of five Aus rice genotypes under dry direct-seeded 24 

conditions across two major rice-growing regions of Bangladesh (Rangpur and Rajshahi) during 25 

the 2023–2025 Aus seasons, encompassing six environments (E1–E6). Field experiments were 26 

conducted on farmers' fields using head-to-head adaptive trials arranged in a randomized complete 27 

block design with four replications at each site. The evaluated varieties were BRRI dhan75 28 

(benchmark), BRRI dhan82, BRRI dhan85, BRRI dhan98, and BRRI dhan48 (farmers' check). 29 

Key performance indicators included grain yield, canopy cover, crop duration, yield advantage, 30 

gross return, benefit-cost ratio (BCR), and greenhouse gas intensity (GHGI). Among the tested 31 

varieties, BRRI dhan98 consistently produced superior yields and generated higher gross returns 32 

than the other entries. In Rajshahi, BRRI dhan98 achieved a 20% yield advantage over the farmers' 33 

check (BRRI dhan48) and a 10% advantage over the benchmark variety (BRRI dhan75). In 34 

contrast, BRRI dhan75 showed better performance in Rangpur. Higher benefit-cost ratios were 35 

recorded for BRRI dhan98 (2.3) and BRRI dhan75 (2.6), exceeding that of the farmers' check, 36 

mailto:m.habib@cgiar.org
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BRRI dhan48 (2.0). Environmental assessment showed relatively similar total CO₂ emissions 37 

across varieties, although GHGI varied moderately, with the lowest values observed for BRRI 38 

dhan98 and the highest for BRRI dhan48 and BRRI dhan82. Overall, the results suggest that dry 39 

direct-seeded rice, combined with well-adapted varieties such as BRRI dhan98 and BRRI dhan75, 40 

can improve productivity and profitability without increasing greenhouse gas intensity. These 41 

results highlight the potential of targeted varietal selection and site-specific management to 42 

optimize both economic returns and climate resilience in Bangladesh’s evolving rice systems. 43 

 44 

Keywords: AMMI biplot; benefit-cost ratio; direct-seeded rice; greenhouse gas intensity; 45 

gross return advantage; yield advantage 46 

 47 

1. Introduction 48 

Rice supports the diets of over four billion individuals worldwide. i.e., more than half the world’s 49 

population (FAO, 2025). In Asia, where around 90% of the world’s rice is both produced and 50 

consumed, rice supplies more than half of the daily caloric intake for a majority of the population, 51 

signifying its central role in food security (Bandumula, 2018; Mohidem et al., 2022; Asian 52 

Development Bank, 2010). 53 

In Bangladesh, rice is the staple food crop and comprises around 92% of the total food grain 54 

production. Farmers cultivate rice in three seasons, namely Aus, long-duration rainfed Aman, and 55 

irrigated Boro. The largest segment of rice production is Boro, and the smallest segment is Aus. In 56 

1971, around three million hectares of land were under Aus cultivation, and the average volume of 57 

production harvested was around 0.78 tons/ha. The rice cropping system experienced large-scale 58 

changes in 2022, when land area used for rice production declined by around 1.2 million hectares, 59 

but average production jumped to 2.85 tons/ha (BRRI, 2023), showcasing the impact of new 60 

varieties and technologies enabling sustainable intensification in farming systems in the country. 61 

The production of the Aus season continues to play a significant role in feeding overpopulated 62 

geographies in Bangladesh.     63 

Labour constraints and climate change are major issues in rice-growing systems. Availability of 64 

agricultural labourers is decreasing, and labour wages are increasing. The agricultural labour 65 

shortage, along with rising water scarcity, has resulted in increased cost of production of rice and 66 

impacted food security (Ahmed et al., 2016). Looming water crisis, water-intensive nature of rice 67 

cultivation, and escalating labor costs drive the search for alternative management methods to 68 

increase water productivity in rice cultivation (Ahmed et al., 2025).  69 

A major issue in traditional rice-growing systems is the reliance on flooded water systems. 70 

Pumping groundwater for irrigation in Bangladesh is energy-intensive and predominantly relies 71 

on diesel, contributing significantly to greenhouse gas (GHG) emissions. Irrigation-related GHG 72 
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emissions amount to approximately 2.27 million tons (Mt) CO2e annually, comprising 4% of the 73 

agricultural sector's emissions. Groundwater pumps are the largest contributors to GHG emissions 74 

at 2.04 Mt CO2e annually, and surface water pumps account for only 0.23 Mt CO2e 75 

(Maniruzzaman et al., 2025). Rajshahi, Rangpur, and Mymensingh regions in Bangladesh 76 

experience high emissions due to intensive groundwater use. Current irrigation methods - deep 77 

and shallow tubewells and low lift pumps- cover significant cultivable areas and are responsible 78 

for 49.1%, 40.6%, and 10.3% of GHG emissions, respectively, from irrigated rice 79 

(Maniruzzaman et. al., 2025). Therefore, Aus and Aman rice can play a significant role in 80 

reducing dependence on Boro-season rice, helping to restore water availability and mitigate GHG 81 

emissions.  82 

Direct-seeded rice (DSR) has received much attention in the last decade because of its low-input 83 

demand. DSR is a climate-smart crop establishment method where seeds are sown directly into 84 

the field without transplanting seedlings from a nursery, thereby avoiding continuous flooding  85 

(Ahmed et al., 2021). It can be either dry or wet seeding, depending on field conditions. Dry or 86 

wet seeding rice could serve as an alternative to the traditional puddle-transplanted rice (PTR), 87 

potentially reducing CH4 emissions and water use in rice cultivation (Chaudhary et al., 2022). 88 

PTR relies on continuous flooding that creates anaerobic conditions, promoting methanogenic 89 

bacteria responsible for CH4 emissions (Islam et al., 2020; Gaihre et al., 2025). Conversely, DSR 90 

is often cultivated under non-flooded or intermittently irrigated conditions that foster aerobic 91 

environments (Bari and Ahmed, 2018). These aerobic conditions inhibit methanogenic bacteria 92 

and support methanotrophs, which convert CH4 into CO2 before it is released into the atmosphere 93 

(Liu, 2022; Ahmed et al., 2025). However, according to Gaihre et al. (2015) and Islam et al. 94 

(2018), aerobic conditions may enhance N2O emission due to nitrification, with a global warming 95 

potential (GWP). Also, this method may increase weed infestation. Additionally, the impact of 96 

DSR on rice yields remains inconsistent, necessitating long-term studies across different agro-97 

ecological zones of Bangladesh to determine its true effect on rice production (Ahmed et al., 98 

2025). 99 

Traditionally, Aus rice in Bangladesh was established by broadcasting local varieties, resulting in 100 

low yields, poor input-use efficiency, and limited economic returns. Advances in mechanized 101 

seeding, improved Aus cultivars, and refined crop management practices have increased the 102 

feasibility of dry direct-seeded Aus rice. In suitable rainfed environments, this production system 103 

could replace part of the input-intensive Boro rice area by reducing irrigation requirements, labor 104 

demand, and production costs while improving resource-use efficiency and enhancing the 105 

resilience of rice-based farming systems. 106 

Head-to-head adaptive trials (HHATs) are an advanced and widespread method and a relatively 107 

simple approach for evaluating and comparing the performance of alternative technologies under 108 

farmers' field conditions with participatory approaches (Akter et al., 2025). The participatory 109 

approach increases the acceptance and adoption of new technologies (e.g., varieties) by 110 
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encouraging greater involvement and knowledge sharing as well as building farmers' confidence 111 

in the efficacy of the new technologies (Debsharma et al., 2024).  112 

Although BRRI has released rice varieties for dry direct seeding, such as BRRI dhan65 and BRRI 113 

dhan83, their adoption during the Aus season has remained limited because of variable yield 114 

performance, and inconsistent crop establishment. In contrast, several improved Aus rice varieties 115 

were developed specifically for the Aus season under transplanted conditions, but their suitability 116 

for dry direct seeding has received little attention. Most previous studies have focused primarily 117 

on grain yield, with limited information available on yield stability across environments, economic 118 

performance, and GHG footprint under DSR conditions. Therefore, this study evaluated the 119 

agronomic performance, yield stability, economic viability, and GHG emissions of selected 120 

improved Aus rice varieties under DSR conditions across multiple years and locations in northern 121 

Bangladesh. The results provide evidence to identify varieties that combine stable productivity, 122 

profitability, and lower environmental impacts for dry DSR Aus rice systems. 123 

 124 

2. Materials and Methods  125 

2.1 Study Area 126 

This study was conducted in the northern region of Bangladesh, specifically in two districts: 127 

Godagari in the Rajshahi district of Rajshahi division and Rangpur Sadar in the Rangpur district 128 

of Rangpur division. The experimental on-farm trials (OFTs) were implemented in the farmers’ 129 

fields using the HHAT method following the triadic comparison of technologies (TRICOT) model 130 

(van Etten et al., 2019). In this method, different agricultural technologies, especially improved 131 

crop varieties and germplasms, are easily compared and evaluated on the basis of certain 132 

characteristics. The main purpose of varietal HHATs is to compare the yield and performance of 133 

new experimental varieties with farmers’ check and popular benchmark varieties in the farmers’ 134 

fields under farmers’ management conditions. As a result, the performance of new varieties in the 135 

DSR method of cultivation can be studied and findings witnessed by the farmer, including 136 

identification of key traits, varietal performance, and the impact of new varieties (Akter et al., 137 

2025). The experiments were carried out from the last week of May to the first week of August, 138 

i.e., the Aus (pre-monsoon) season, over two consecutive years (2023, 2014 and 2025) (Rad et al., 139 

2013). These two geographic locations represent distinct agro-ecological zones (AEZs) of 140 

Bangladesh and capture variations in land type, temperature, rainfall, and overall agro-climatic 141 

conditions.    142 

Rangpur: The study site in this district was Maheshpur village, located in Rangpur Sadar Upazila 143 

(Lat – 25°47´37.04´´ N and Lon – 89°6´29.94´´ E). This area lies within AEZ 3 of the 30 AEZs 144 

(BARC, 2012) delineated by the Department of Agricultural Extension (DAE). The land type in 145 

the region is also high to medium highland, dominated by the Tista Meander Floodplain (TMF) 146 
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(Table 1). The average annual rainfall in 2024 was approximately 142 mm, and the average 147 

minimum and maximum temperatures were 24.25°C and 30.66°C, respectively (Figure 1). 148 

Rajshahi: The study site in this district was Bijoynagar village, located in Godagari Upazila (Lat 149 

– 24°24´16.2´´ N and Lon – 88°26´12.8´´ E). This area falls within AEZ 11 of the 30 AEZs 150 

(BARC, 2012) defined by the DAE. The land type in this region is predominantly high to medium 151 

highland, characterized by the High Ganges River Floodplain (HGRF) (Table 1). The average 152 

annual rainfall in 2024 was approximately 103 mm, while the average minimum and maximum 153 

temperatures were 26.64°C and 31.9°C, respectively (Figure 1). 154 

 155 

 Rangpur Rajshahi 

Environmental 

Code 

E1 (ENV1, ENV2, and ENV3 -

representing the years 2023,2024, 

and 2025, respectively) 

E2 (ENV4, ENV5, and ENV6 -

representing the years 2023,2024, and 

2025, respectively) 

AEZs Tista Meander Floodplain  High Ganges River Floodplain  

Soil Type Olive brown, rapidly permeable, 

loamy soils on the upper land and 

grey or dark grey, slowly 

permeable, heavy silt or clay 

loam on lower land 

Olive brown, silt & clay loams on the 

upper floodplain and dark grey, mottled 

brown, clay soils on lower floodplains. 

Table 1. Site characteristics of Rangpur and Rajshahi  156 

Source: Agro-Ecological Zones Maps, (n.d.) 157 

 158 

2.2 Climatic Conditions of the Study Area 159 

In both areas, rainfall is highest during the monsoon season (June, July, and August), when rainfall 160 

increases significantly. Both E1 and E2 received the highest rainfall in July, indicating a full 161 

monsoon season, and it continued to be high in August (Figure 1). Under normal conditions, with 162 

the onset of the monsoon in June, rainfall increases rapidly, which is crucial for the early growth 163 

stage of Aus rice. Rainfall then slowly begins to decrease in September, which is helpful in 164 

harvesting Aus rice and preparing for the next season. 165 
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 166 

Figure 1. Seasonal weather patterns of E1 and E2 during the experimental years 2023-25 167 

(Bangladesh Meteorological Department, 2026). The figure illustrates the alignment of the Aus 168 

rice season with regional rainfall and temperature trends in both districts. The Aus crop is typically 169 

planted in the last week of April, coinciding with the onset of the rainy season, and harvested 170 

between the last week of August and the first week of September, allowing timely establishment 171 

of the subsequent early Boro crop. 172 
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 173 

2.3.  Selected Rice Varieties and Their Descriptions 174 

The selected rice varieties used in this experiment were drawn from the DELS-R (direct seeded, 175 

early duration, long slender, soft grain rice for upland shallow areas) market segment as nominated 176 

by National Agricultural Research and Education System (NARES) scientists. The varieties 177 

included BRRI dhan98, BRRI dhan85, BRRI dhan82, BRRI dhan75, and BRRI dhan48. Among 178 

these, BRRI dhan75 served as the benchmark variety, and BRRI dhan48 was designated as the 179 

farmers’ check variety, while the remaining varieties were used as test entries (Table 2). The 180 

HHAT variety selection strategy involves the systematic inclusion of both newly developed and 181 

established varieties through processes such as market segmentation, product nomination, and the 182 

identification of benchmark and farmers’ check varieties (Nayak et al., 2022).  183 

 184 

# 

Genotype  

name 

Varietal 

Code 

Genotype 

Code 

Variety Description 

Total Seed 

quantity 

used for 

the 

experiment  

Number 

of trial 

plots 

Total area 

for the 

experiment 

1 

BRRI 

dhan48 

Farmers’ 
Check 

G1 

Pedigree: BR1543-9-2-

1/IR13249-49-3-2-2, Grain 

type: Medium bold, Potential 

yield: 5.5 t ha-1, Duration: 110 

days, Rainfed 

72 kg 72 

9.63 ha 

2 

BRRI 

dhan75 
Benchmark G2 

Pedigree: Yuefengzhan/E-

Zhong 5, Grain type: Medium 

slender, Potential yield: 4.5-5.5 

t ha-1, Duration: 110-115 days, 

Rainfed 

72 kg 72 

3 

BRRI 

dhan82 

Test 

Variety 
G3 

Pedigree: Pure line selection of 

NERICA10, Grain type: 

Medium bold, Potential yield: 

4.5-5.5 t ha-1, Duration: 100-

105 days, Rainfed 

72 kg 72 

4 

BRRI 

dhan85 

Test 

Variety 
G4 

Pedigree:BR4828-54-1-4-

9/IR50//BR4828-54-1-4-

9/LUHONG ZAO1, Grain type: 

Medium long slender, Potential 

yield: 4.5-5.5 t ha-1, Duration: 

108-110 days, Rainfed 

72 kg 72 

5 

BRRI 

dhan98 

Test 

Variety 
G5 

Pedigree: MLT-145-

2/HR17512-11-2-3-1-4-2-3, 

Grain type: Long slender, 

Potential yield: 5.09-5.87 t ha-1, 

Duration: 112 days, Rainfed 

72 kg 72 
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Table 2. Rice genotypes used in the HHAT experiments 185 

 186 

2.4.  Experimental Design  187 

HHATs were conducted in both locations during the Aus seasons of 2023, 2024, and 2025, using 188 

DSR as the crop establishment method. The experimental plots were laid out following a 189 

randomized complete block design (RCBD) to ensure the best possible comparison between 190 

varieties. The positions of the varieties within each block were randomized before planting. Three 191 

categories of treatments were included in the layout: test varieties, farmers’ check variety, and 192 

benchmark variety. In this experimental design, RCBD ensures that each variety has an equal 193 

number of replications, improving the reliability and accuracy of comparative analyses. The 194 

RCBD approach ensured optimal data collection, evaluation, and comparison of crop performance 195 

and agronomic traits under uniform field conditions (Paswan et al., 2014). 196 

2.5 Crop Management 197 

Seeds of each variety were dry direct-seeded at a rate of 40 kg ha⁻¹ using a power tiller-operated 198 

seeder (PTOS). Before sowing, all fertilizers except urea were applied according to BRRI 199 

recommendations, whereas urea was applied in three equal splits. A pre-emergence herbicide, 200 

pendimethalin (1.0 kg a.i. ha⁻¹), was applied within two days after sowing, followed by the post-201 

emergence herbicide bispyribac-sodium (25 g a.i. ha⁻¹) at 20-25 days after sowing. One or two 202 

hand weedings were carried out as needed. Supplemental irrigation was applied only when hairline 203 

cracks appeared in the soil. Pests and diseases were managed following standard recommended 204 

practices. 205 

2.6.  Data Collection and Statistical Analysis 206 

Rice Grain Yield and Crop Duration   207 

Grain yield (t ha⁻¹) was recorded at harvest by collecting samples (3 m by 2 m) from the central 208 

rows of each plot to minimize border effects. The harvested grains were cleaned and sun-dried to 209 

approximately 14% moisture content and then weighed and converted to yield per hectare. 210 

Crop duration (days) was calculated as the number of days from sowing to 85% physiological 211 

maturity, defined as the stage when the majority of panicles in each plot had turned golden yellow. 212 

Canopy Coverage  213 

Canopy coverage (%) was measured at the maximum vegetative growth stage using a digital 214 

canopy analyzer. Observations were recorded from the central portion of each plot to minimize 215 

border effects and ensure accurate representation of plant canopy development. 216 

 217 
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Economic analysis 218 

All variable costs, including land preparation, seed, fertilizers, herbicides, insecticides, fungicides, 219 

irrigation, and labor for field operations (land preparation, seeding/transplanting, irrigation, 220 

fertilizer and pesticide application, and weeding), were included in the economic analysis. Labor 221 

use was recorded as person-days ha⁻¹, with the time required for each operation measured in hours 222 

and converted to person-days assuming 8 h = 1 person-day, following the Bangladesh Labour Act. 223 

Labor costs were estimated using the prevailing local wage rate. Irrigation costs were calculated 224 

based on the local hourly irrigation charge plus the associated labor cost. Gross income was 225 

estimated using the farmgate price of grain and the local market price of straw, calculated by 226 

multiplying grain yield by the grain price and adding the value of straw. 227 

Descriptive statistics were computed for each genotype and trait, including the mean (𝑥̅), standard 228 

deviation (SD), minimum, maximum, and coefficient of variation (CV, %). 229 

Best Linear Unbiased Estimators (BLUEs): BLUEs are used when genotypes are treated as fixed 230 

effects, meaning the focus is on estimating the specific performance of the genotypes included in 231 

the trial (Henderson, 1975). The BLUEs represent the estimated mean yield for each genotype, 232 

adjusted for environmental effects and other factors. Best Linear Unbiased Predictors (BLUPs): 233 

BLUPs are used when genotypes are treated as random effects, meaning the goal is to predict the 234 

genetic potential of these genotypes for future use or across a wider range of environments (Piepho 235 

et al., 2008). BLUPs account for the genetic relationships between genotypes and adjust for 236 

environmental variation, providing a more accurate estimate of a genotype's true breeding value. 237 

Predicted Mean Grain Yield: The predicted mean grain yield for each genotype is a crucial output 238 

of the mixed-model analysis. It combines the overall population mean with the genotype's specific 239 

BLUP value. This predicted value provides a more reliable estimate of a genotype's performance 240 

than a simple arithmetic mean, as it is "shrunken" towards the overall mean to account for the 241 

reliability of the genotype's data. 242 

The predicted mean (Piepho et al., 2008) is calculated as  243 

Predicted Mean = Overall Mean + BLUP value     244 

Data Visualization and Plotting: The comparison of BLUEs and BLUPs was visualized using a 245 

scatter plot. This plot was generated to graphically represent the relationship between the fixed-246 

effect estimates (BLUEs) and the random-effect predictions (BLUPs) for each genotype. 247 

Generating this plot involved the following steps: 248 

1. Axis Assignment: The calculated BLUE values for each genotype were assigned to the 249 

horizontal (x) axis, representing the estimated genotypic performance. The calculated BLUP 250 
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values were assigned to the vertical (y) axis, representing the predicted breeding value (genetic 251 

potential) of each genotype. 252 

 253 

2. Plot Point Mapping: Each test variety was plotted as a discrete point on the graph. The 254 

coordinates of each point were determined by its corresponding BLUE and BLUP pair. 255 

Analysis of Variance (ANOVA): ANOVA was conducted to partition the total variation in the data 256 

into components attributable to the main effects of environment (ENV) and genotype (GEN), and 257 

their interaction (GEN x ENV) (Gomez & Gomez, 1984; Yan & Kang, 2002).  258 

Cluster Analysis: The dissimilarity matrix was then subjected to hierarchical cluster analysis using 259 

Ward's minimum variance method (Ward, J. H. 1963). This algorithm works by iteratively 260 

merging the pair of clusters that results in the smallest increase in the total within-cluster sum of 261 

squares. This process continues until all genotypes are grouped into a single cluster. 262 

All statistical analyses were performed using R software (version 4.5.1) with the appropriate 263 

packages. 264 

For comparative performance analysis, data on grain yield, selling price, total returns, and 265 

production cost were used to calculate yield advantage (YA), gross return advantage (GRA), and 266 

benefit-cost ratio (BCR). Greenhouse gas parameters, including total greenhouse gas intensity 267 

(GHGI), were also included in the analysis. These indicators collectively quantified the economic 268 

and environmental efficiency of each genotype under DSR management. 269 

Yield advantage (%) of the genotypes through the DSR trial experiment is calculated as  270 

(%) ܣܻ =  ீ௒೎ೌ೙೏೔೏ೌ೟೐ − ீ௒ೝ೐೑೐ೝ೐೙೎೐ீ௒ೝ೐೑೐ೝ೐೙೎೐  × 100       271 

Where candidate is the test variety (G3, G4, G5); reference is the farmer’s check (G1) or benchmark 272 

(G2) 273 ܻ̅̅ܩ ̅̅  is the mean grain yield of the genotype 274 

Gross return advantage (%) of the genotypes is calculated as  275 

(%) ܣܴܩ = (௒೎ೌ೙೏೔೏ೌ೟೐ × ௌ௉೎ೌ೙೏೔೏ೌ೟೐)−(௒ೝ೐೑೐ೝ೐೙೎೐× ௌ௉ೝ೐೑೐ೝ೐೙೎೐)௒ೝ೐೑೐ೝ೐೙೎೐× ௌ௉ೝ೐೑೐ೝ೐೙೎೐  × 100   276 

Where Y is the yield. 277 

SP is the selling price. 278 

Candidate and reference are as explained above. 279 

 280 
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The benefit-cost ratio is used to assess economic performance, where higher BCR values indicate 281 

greater profitability and improved economic feasibility of the evaluated cultivars under direct-282 

seeded rice conditions. The  BCR for a genotype was then derived from the ratio of total returns 283 

from its cultivation to total costs of production as  284 

ܴܥܤ = Total Return (TR)Total Cost of Cultivation (TC)       285 

Where TR (Tk ha-¹) is computed by multiplying yield by the corresponding selling price. 286 

 287 

TC (Tk ha⁻¹) is the sum of the expenses for land preparation, seed, fertilizers, irrigation, labor, 288 

weed management, harvesting, and other management practices. 289 

Total Greenhouse Gas Intensity was estimated using the IRRI-developed source-selective and 290 

emission-adjusted GHG calculator (SECTOR). SECTOR is a GHG calculator based on the IPCC 291 

Tier 2 approach for rice and other crops. The tool is an MS Excel file and requires data on crop 292 

area, yield, and management. GHGI was computed as the emission per unit of yield, expressed as 293 

kg CO₂e per kg of paddy, to allow direct comparison among genotypes and sites (SECTOR Tool, 294 

n.d.). 295 

3. Results 296 

Grain yield differed significantly among genotypes and locations (Supplementary Table 1). In 297 

Rangpur (E1), BRRI dhan75 and BRRI dhan98 produced the highest yields, whereas BRRI dhan98 298 

was superior in Rajshahi (E2). Across environments, BRRI dhan98 recorded the highest overall 299 

mean yield, while BRRI dhan85 showed the greatest yield stability. BLUE, BLUP, and predicted 300 

mean yield estimates confirmed these trends (Table 3), with positive BLUP values for BRRI 301 

dhan98 indicating broad adaptation and negative values for BRRI dhan48 and BRRI dhan82 302 

indicating below-average performance. Canopy cover and harvest duration also varied among 303 

genotypes. BRRI dhan48 had the greatest canopy cover, whereas BRRI dhan82 had the lowest. 304 

BRRI dhan48 and BRRI dhan75 matured later than BRRI dhan82, BRRI dhan85, and BRRI 305 

dhan98. Environment, genotype, and GEN x ENV interaction significantly affected grain yield, 306 

canopy cover, and harvest duration (Supplementary Table 2). 307 

 308 

# ID 
Location Genotyp

e 
BLUE BLUP 

Predicted Mean 

Grain Yield 

1 

BRRI dhan48  

(farmers’ 
check) 

E1 G1 

 

3.92 -0.46 3.45 

E2 3.73 -0.23 3.50 

Combined (E1 & 

E2) 
3.82 -0.35 3.48 

2 BRRI dhan75  E1 G2 4.74 0.34 5.08 
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(benchmark) E2 3.91 -0.05 3.86 

Combined (E1 & 

E2) 
4.33 0.15 4.47 

3 
BRRI dhan82 

(test variety) 

E1 G3 4.11 -0.28 3.83 

E2 3.56 -0.40 3.16 

Combined (E1 & 

E2) 
3.83 -0.34 3.50 

4 
BRRI dhan85 

(test variety) 

E1 G4 4.48 0.09 4.58 

E2 4.05 0.09 4.14 

Combined (E1 & 

E2) 
4.27 0.09 4.36 

5 
BRRI dhan98 

(test variety) 

E1 G5 4.70 0.30 5.01 

E2 4.56 0.59 5.16 

Combined (E1 & 

E2) 
4.63 0.45 5.08 

Table 3. Estimated BLUEs, BLUPs, and predicted mean grain yield of rice genotypes at E1 and 309 

E2 310 

 311 

Canopy Coverage 312 

Figure 2 illustrates the AMMI1 biplot for canopy coverage across locations and years. BRRI 313 

dhan75 showed the greatest stability for canopy cover in both locations. Across environments, 314 

BRRI dhan48 and BRRI dhan75 combined relatively high canopy cover with greater stability, 315 

whereas BRRI dhan85 and BRRI dhan98 displayed stronger environmental responses. BRRI 316 

dhan82 consistently had the lowest canopy coverage. 317 

 318 
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Fig. 2(A). Rangpur (E1) Fig. 2(B). Rajshahi (E2) 

 

Fig. 2(C). Combined (E1 & E2) 

Figure 2. AMMI1 biplot for canopy coverage illustrating genotype-by-environment interaction 319 

effects across environments E1, E2, and Combined (E1 & E2) over the years. E1= Rangpur, E2= 320 

Rajshahi; AMMI = Additive Main Effects and Multiplicative Interaction; PC=Principal 321 

Component 322 

 323 

Crop Duration  324 

The AMMI1 biplot in Figure 3 illustrates the GEI for crop duration across years. Crop duration 325 

varied among genotypes and environments. BRRI dhan48 and BRRI dhan75 were relatively late 326 
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maturing, whereas BRRI dhan82, BRRI dhan85, and BRRI dhan98 matured earlier. Across 327 

environments, BRRI dhan82 exhibited the greatest stability for crop duration, while Rangpur 328 

showed greater environmental variation than Rajshahi. 329 

  

Fig. 3(A) Rangpur (E1) Fig. 3(B) Rajshahi (E2) 

 

Fig. 3(C). Combined (E1 & E2) 

Figure 3. AMMI1 biplot for crop duration illustrating genotype-by-environment interaction 330 

effects across environments E1, E2, and Combined (E1 & E2) over the years. E1= Rangpur, E2= 331 

Rajshahi; AMMI = Additive Main Effects and Multiplicative Interaction; PC=Principal 332 

Component  333 

 334 



 15 

Grain Yield 335 

Figure 4 illustrates the AMMI biplot for GEI for grain yield across locations and years. AMMI 336 

analysis showed that BRRI dhan75 combined high yield with good stability in Rangpur, whereas 337 

BRRI dhan98 was the highest-yielding genotype in Rajshahi. Across environments, BRRI dhan98 338 

achieved the highest mean yield, while BRRI dhan85 showed comparatively greater stability. 339 

BRRI dhan48 and BRRI dhan82 consistently ranked among the lowest-yielding genotypes. 340 

 341 

  

Fig. 4(A). Rangpur (E1) Fig. 4(B). Rajshahi (E2) 

 

 

Fig. 4(C). Combined (E1 & E2) 
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Figure 4. AMMI1 biplot for grain yield illustrating genotype-by-environment interaction effects 342 

across environments E1, E2, and Combined (E1 & E2) over the years. E1= Rangpur, E2= Rajshahi; 343 

AMMI = Additive Main Effects and Multiplicative Interaction; PC=Principal Component  344 

3.1 Performance Ranking 345 

The AMMI biplot in Figure 5 ranks genotypes based on the average performance and stability. 346 

Genotype ranking confirmed BRRI dhan75 as the best performer in Rangpur and BRRI dhan98 in 347 

Rajshahi. Across all environments, BRRI dhan98 ranked highest overall, whereas BRRI dhan48 348 

consistently ranked lowest. 349 

 350 

  

Fig. 5(A). Rangpur (E1) Fig. 5(B). Rajshahi (E2) 
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Fig. 5(C). Combined (E1 & E2) 

Figure 5. AMMI biplot for ranking genotypes based on their yield and stability in different years 351 

across E1, E2, and Combined (E1 & E2). E1= Rangpur, E2= Rajshahi; AMMI = Additive Main 352 

Effects and Multiplicative Interaction; PC=Principal Component 353 

In the scatter plot (Figure 6) BLUEs and BLUPs are strongly associated across environments, 354 

indicating reliable prediction of genetic performance. BRRI dhan98 consistently recorded the 355 

highest BLUE and BLUP values, followed by BRRI dhan75 and BRRI dhan85, whereas BRRI 356 

dhan48 and BRRI dhan82 remained the poorest performers. 357 

 358 

  

Fig. 6(A). Rangpur (E1) Fig. 6(B). Rajshahi (E2) 
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Fig. 6(C). Combined (E1 & E2) 

Figure 6. Comparison of BLUEs and BLUPs for grain yield of the five genotypes across E1, E2, 359 

and Combined (E1 & E2). BLUEs = Best Linear Unbiased Estimators; BLUPs=Best Linear 360 

Unbiased Predictors; E1= Rangpur; E2= Rajshahi. 361 

3.2 Yield Advantage 362 

Analysis of the yield advantage (percent) (Figure 7) showed that although the production 363 

performance of the five varieties varied year and location-wise, BRRI dhan98 consistently showed 364 

the greatest advantage, reaching about 20% over the farmers’ check and 10% over the benchmark 365 

in Rajshahi. In Rangpur, BRRI dhan75 remained competitive, whereas BRRI dhan82 generally 366 

showed negative yield advantages. 367 

 368 
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 369 

Figure 7. Comparison of the Yield Advantage (%) of the genotypes in E1 and E2. G1=BRRI 370 

dhan48; G2=BRRI dhan75; BRRI dhan82; G4=BRRI dhan85; G5=BRRI dhan98; E1=Rangpur; 371 

E2=Rajshahi. 372 

3.3. Gross return Advantage  373 

Figure 8 presents the GRA (percent) of the five rice genotypes for each of the trial 374 

years (2023 to 2025) compared to the farmers’ check G1 and benchmark G2. Gross return followed 375 

a pattern similar to grain yield. BRRI dhan75 generated the highest returns in Rangpur, whereas 376 

BRRI dhan98 was the most profitable genotype in Rajshahi. BRRI dhan48 and BRRI dhan82 377 

consistently produced the lowest returns. 378 

 379 
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 380 

Figure 8. Comparison of the GRA (%) of the genotypes in E1 and E2. G1=BRRI dhan48; 381 

G2=BRRI dhan75; BRRI dhan82; G4=BRRI dhan85; G5=BRRI dhan98; E1=Rangpur; 382 

E2=Rajshahi.  383 

3.4. Benefit-Cost Ratio 384 

This heat map on BCR in Figure 9 depicts a comparative picture of E1 (Rangpur) and E2 385 

(Rajshahi) locations for 2023-2025 for the five genotypes. The darker the color, the higher the 386 

BCR (economically more profitable), and a lighter color indicates a lower BCR. In Rangpur, BRRI 387 

dhan75 and BRRI dhan98 consistently achieved the highest BCR, whereas profitability in Rajshahi 388 

declined after 2023 for all genotypes. Nevertheless, BRRI dhan98 maintained the highest overall 389 

BCR. 390 
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Figure 9. Benefit-Cost Ratio of the five rice genotypes evaluated under DSR systems in Aus 2023, 391 

2024, and 2025 across E1 and E2. G1=BRRI dhan48; G2=BRRI dhan75; BRRI dhan82; G4=BRRI 392 

dhan85; G5=BRRI dhan98; E1=Rangpur; E2=Rajshahi.  393 

3.5. Greenhouse Gas Intensity  394 

A comparative analysis of GHGI for the five rice varieties across E1 and E2 locations is illustrated 395 

in Figure 10, including the overall GHGI results for the three experimental years.  BRRI dhan98 396 

consistently recorded the lowest GHGI, whereas BRRI dhan48 and BRRI dhan82 had the highest 397 

values. GHGI was generally higher in Rangpur than in Rajshahi, indicating a stronger location 398 

effect (climate, soil, and crop management conditions) on emission intensity. 399 

 400 

 401 
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 402 

Figure 10. GHGI of the five rice genotypes evaluated under DSR systems in Aus 2023, 2024, and 403 

2025 across E1 and E2. G1=BRRI dhan48; G2=BRRI dhan75; BRRI dhan82; G4=BRRI dhan85; 404 

G5=BRRI dhan98; E1=Rangpur; E2=Rajshahi. 405 

 406 

4. Discussion 407 

The study explains and illustrates the genotypic differences in grain yield, canopy coverage, and 408 

harvest duration of Aus rice under DSR across different environments in northern Bangladesh. 409 

BRRI dhan98 outperformed other candidates and checks, with the highest mean and predicted 410 

yields in both E1 and E2 locations. The BLUEs and BLUP analyses confirm its superiority, which 411 

indicates strong adaptability and positive genetic potential that align with high-yielding genotypes 412 

often combined with favorable agronomic traits and broad adaptability across environments, as 413 

reported earlier by Gauch (2006) and Bocianowski et al. (2024). In contrast, BRRI dhan48 and 414 

BRRI dhan82 were consistently low yielding, with negative BLUP values confirming their limited 415 

suitability for DSR. Genotypes such as the benchmark variety BRRI dhan75 and candidate BRRI 416 

dhan85 showed relatively stable performance. BRRI dhan85 exhibited the lowest coefficient of 417 

variation, suggesting more consistent performance across environments despite not achieving the 418 

highest mean grain yield. However, the AMMI analysis confirmed significant GEI for grain yield 419 

and canopy coverage. This emphasizes the importance of considering both mean performance and 420 

stability when recommending varieties for diverse agro-ecologies (Yan & Kang, 2002; Samonte 421 

et al., 2005; Tena et al., 2019). The findings confirm that selection of varieties under DSR is 422 
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critical for farmers’ success, and genetics continues to play a vital role for advantages in yield and 423 

gross returns.  424 

Canopy coverage and harvest duration exhibit a significant variation among genotypes and across 425 

environments. Rapid canopy coverage helps farmers to reduce the cost of production by 426 

suppressing weed growth through its allelopathic effect, and early harvest helps to capture the 427 

early market segment for higher profit. Agricultural productivity increases due to this enhanced 428 

ground cover's ability to improve soil moisture retention and nutrient use efficiency. Additionally, 429 

ground cover increases soil moisture retention and decreases the frequency with which herbicides 430 

must be applied, which decreases input costs and herbicide use. Greater variability was observed 431 

in the E1 location compared to E2 for canopy coverage, suggesting environmental influence in E1. 432 

Stability analysis for canopy coverage found BRRI dhan75 as the most stable genotype, while 433 

BRRI dhan85 and BRRI dhan98, though high in coverage, reflected environment-specific 434 

adaptation (Yan et al., 2000). 435 

From an economic perspective, BRRI dhan98 provided the highest yield advantage, gross returns 436 

advantage, and benefit-cost ratio in Rajshahi (E2). However, benchmark BRRI dhan75 scored 437 

better in Rangpur (E1). BRRI dhan75 has the advantage of consumers’ preference in the E1 438 

location because of its slender grain quality and mild aroma as compared to the coarse-grained 439 

BRRI Dhan 98. The preference for these traits fetched better prices for the farmers, which reflected 440 

in the GRA and BCR. In E2, grain yield is a priority, and BRRI Dhan 98 is a clear choice because 441 

of its consistently high yield and good economic returns. Region-specific recommendations and 442 

adaptive management strategies are a critical issue, and performance, stability, and economic 443 

benefit can be given special consideration. The adoption of DSR is complicated by the genotype- 444 

environment interaction, and scaling of DSR should focus on large-scale multi-environment trials 445 

to further dissect the physiological basis of the stability.  446 

In addition to reducing performance variability within specific agro-ecological zones, it is 447 

important to determine site-specific suitable varieties and management practices. Increased 448 

reliance on data-based decision systems and farmer participatory trials will contribute to the 449 

increased reliability and wider adoption of DSR technologies. The yield advantage and economic 450 

benefit of BRRI dhan98 and BRRI dhan75 are favorably better than those of other genotypes, 451 

which aligns with previous studies showing that high-yielding, stable genotypes maximize farmer 452 

returns under direct-seeded rice systems (Yang et al., 2024).     453 

The study has provided comparative evidence of GHG emissions mitigation through the choice of 454 

an appropriate cultivar. Direct seeding in rice cultivation requires less time and less water, and 455 

BRRI dhan98 combines high yield with relatively low greenhouse gas intensity, an added benefit 456 

to growers and the environment. By contrast, BRRI dhan48 and BRRI dhan82 exhibited higher 457 

emission intensities, reducing climatic sustainability and exacerbating climate change. The wide 458 

range of yield advantage across test years and locations, particularly in 2023 in E1 and in 2024 459 
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and 2025 in E2, should also be considered when recommending varieties to growers. Analyses like 460 

these provide clear evidence of what farmers may expect, highlighting the impact of genetics and 461 

environment and the requirements for testing them in farmers’ fields. 462 

The comparison of economic benefit and gas emissions in this study reinforces the importance of 463 

integrating climate-smart practices with genotype selection (Maniruzzaman et al., 2025). Direct-464 

seeded rice farming system in Bangladesh provides opportunities to reduce labor and water inputs, 465 

and with proper varietal choice can boost productivity, profitability, and environmental 466 

sustainability. Studies like this one provide the necessary evidence to continue to pursue scaling 467 

the DSR system. Overall, the study figured out BRRI dhan98 as the most promising genotype, 468 

considering high yield, economic advantage, and relatively favorable GHG footprint. BRRI 469 

dhan85 is a stable alternative with moderate yield and profitability, while BRRI dhan75 has strong 470 

site-specific adaptation to the E1 location. Conversely, BRRI dhan48 and BRRI dhan82 471 

underperformed, suggesting limited suitability for direct-seeded Aus systems.  472 

The comparison of economic benefit and gas emissions in this study reinforces the importance of 473 

integrating climate-smart practices with genotype selection (Maniruzzaman et al., 2025). 474 

Overall, the study figured out BRRI dhan98 as the most promising genotype, considering high 475 

yield, economic advantage, and relatively favorable GHG footprint. BRRI dhan85 is a stable 476 

alternative with moderate yield and profitability, while BRRI dhan75 has strong site-specific 477 

adaptation to the E1 location. Conversely, BRRI dhan48 and BRRI dhan82 underperformed, 478 

suggesting limited suitability for direct-seeded Aus systems. 479 

5. Limitations 480 

Although the present study details the benefits of direct-seeded rice systems - improving 481 

productivity, profitability, and environmental sustainability- there are limitations to the 482 

experiments. First, the findings are based on limited-location and short-term evaluations, which 483 

may not fully capture the variability in climatic conditions, soil characteristics, pest and disease 484 

dynamics, and management practices across the diverse agro-ecological regions of Bangladesh. 485 

Long-term and multi-location trials are therefore essential to evaluate yield stability, adaptability, 486 

weed competitiveness, and resilience of DSR-compatible rice varieties under changing climatic 487 

conditions. 488 

Second, weed infestation remains one of the major constraints to successful DSR adoption. While 489 

the study considered overall system performance, more detailed investigation is required to 490 

develop effective, economically viable, and environmentally sustainable weed management 491 

approaches, particularly integrated weed management strategies suitable for different production 492 

environments. 493 
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Third, the study did not comprehensively address several operational challenges associated with 494 

DSR, including uneven crop establishment, limitations in mechanization, and variability in farmer-495 

level management practices. These factors can significantly influence field performance and 496 

adoption outcomes under real farming conditions. 497 

6. Conclusions 498 

Direct-seeded rice cultivation offers a promising pathway for improving the sustainability of rice 499 

production systems reducing labor and water requirements while enhancing productivity, 500 

profitability, and environmental performance. The present study provides evidence supporting the 501 

potential of DSR-based cultivation systems for sustainable agricultural intensification in 502 

Bangladesh. 503 

Among the evaluated genotypes, BRRI dhan98 emerged as the most suitable candidate for 504 

sustainable DSR cultivation due to its superior yield performance, higher gross return, favorable 505 

benefit-cost ratio, and lower greenhouse gas emission intensity. These attributes make the variety 506 

well aligned with the goals of low-carbon and resource-efficient rice production systems in 507 

Bangladesh. BRRI dhan75 also demonstrated stable economic and environmental performance, 508 

particularly under the agro-ecological conditions of the Rangpur region. In contrast, the 509 

comparatively poor performance of BRRI dhan48 indicates the necessity of replacing older, input-510 

inefficient varieties with modern cultivars better adapted to sustainable DSR systems. 511 

To ensure successful scaling of DSR technology, region-specific varietal selection and validation 512 

should be prioritized considering the diverse soil, rainfall, and temperature conditions across 513 

Bangladesh. In parallel, strengthening integrated weed management practices, improving access 514 

to DSR-compatible machinery, promoting farmer skill development, and implementing supportive 515 

policy incentives will be critical for achieving sustainable and widespread adoption of DSR 516 

systems in the future. 517 
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 674 

Supplementary Tables  675 

Trai

t 

Statisti

c 

Location BRRI 

dhan48 

(farmers

’ check) 

BRRI 

dhan75 

(benchma

rk) 

BRRI 

dhan82 

(test 

variety

) 

BRRI 

dhan85 

(test 

variety

) 

BRRI 

dhan98 

(test 

variety) 

GY Mean E1 3.92 4.74 4.11 4.48 4.70 

E2 3.73 3.91 3.56 4.05 4.56 

Combined (E1 

& E2) 

3.82 4.33 3.83 4.27 4.63 

SD E1 0.41 0.27 0.31 0.17 0.43 

E2 0.20 0.37 0.25 0.35 0.29 

Combined (E1 

& E2) 

0.33 0.53 0.39 0.35 0.37 

Min E1 3.39 4.42 3.64 4.18 3.77 

E2 3.36 3.40 3.19 3.46 4.07 

Combined (E1 

& E2) 

3.36 3.40 3.19 3.46 3.77 

Max E1 4.69 5.26 4.69 4.83 5.34 

E2 4.21 4.81 4.28 4.99 5.05 

https://doi.org/10.1017/S0014479716000739
https://doi.org/10.1080/01621459.1963.10500845
https://doi.org/10.2135/cropsci2000.403597x
https://doi.org/10.1038/s41467-023-44464-9
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Combined (E1 

& E2) 

4.69 5.26 4.69 4.99 5.34 

CV E1 10.40 5.63 7.52 3.83 9.10 

E2 5.39 9.43 7.04 8.66 6.27 

Combined (E1 

& E2) 

8.72 12.10 10.2 8.19 7.94 

CC Mean E1 91.5 90.6 90.8 89.8 90.6 

E2 86.6 86.2 78.6 87.4 87.3 

Combined (E1 

& E2) 

89 88.4 84.7 88.6 89 

SD E1 2.75 3.37 3.57 3.93 3.56 

E2 4.24 4.29 4.59 4.67 4.25 

Combined (E1 

& E2) 

4.33 4.41 7.36 4.45 4.24 

Min E1 86 83 83 81 85 

E2 78 81 71 81 81 

Combined (E1 

& E2) 

78 81 71 81 81 

Max E1 97 97 96 97 98 

E2 96 95 89 97 98 

Combined (E1 

& E2) 

97 97 96 97 98 

CV E1 3.01 3.72 3.94 4.38 3.93 

E2 4.9 4.98 5.84 5.35 4.87 

Combined (E1 

& E2) 

4.87 4.99 8.7 5.02 4.76 

HD Mean E1 108 109 105 104 104 

E2 106 105 105 106 105 

Combined (E1 

& E2) 

107 107 105 105 104 

SD E1 7.79 5.5 6.49 5.31 5.31 

E2 1.95 2.29 1.99 2.87 2.56 

Combined (E1 

& E2) 

5.73 4.65 4.76 4.32 4.18 

Min E1 97 102 97 97 97 

E2 101   101 101 99 98 

Combined (E1 

& E2) 

97 101 97 97 97 

Max E1 116 116 116 111 111 
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E2 109 109 108 110 110 

Combined (E1 

& E2) 

116 116 116 111 111 

CV E1 7.24 5.03 6.18 5.11 5.11 

E2 1.85 2.18 1.89 2.72 2.43 

Combined (E1 

& E2) 

5.38 4.34 4.53 4.13 4 

Table 1. Descriptive statistics for grain yield, canopy coverage, and harvest duration of rice 676 

genotypes at E1 & E2 677 

 678 

Source Location df Grain Yield Canopy 

Coverage 

Harvest 

Duration 

ENV E1 2 1.15** 580.96** 3056.36** 

E2 2 1.68** 15.14 44.29* 

Combined (E1 & 

E2) 

5 4.39** 767.65** 1246.50** 

REP (ENV) E1 33 0.04 11.60** 6.09** 

E2 33 0.07 19.35 9.59** 

Combined (E1 & 

E2) 

66 0.06 15.48* 7.84** 

GEN E1 4 4.78** 13.49** 204.09** 

E2 4 5.28** 505.18** 1.58 

Combined (E1 & 

E2) 

4 8.64** 244.79** 102.76** 

GEN x ENV E1 8 0.19 3.98 21.52** 

E2 8 0.28** 32.45 12.59** 

Combined (E1 & 

E2) 

20 0.47** 69.35** 34.23** 

PC1 E1 5 0.31* 6.32 34.44** 

E2 5 0.45** 49.06* 19.65** 

Combined (E1 & 

E2) 

8 0.79** 139.25** 57.20** 

PC2 E1 3 0.00 0.08 0.00 

E2 3 0.00 4.77 0.83 

Combined (E1 & 

E2) 

6 0.40** 42.43** 25.49** 

PC3 Combined (E1 & 

E2) 

4 0.19 2.78 18.15** 
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PC4 Combined (E1 & 

E2) 

2 0.00 3.68 0.69 

Residuals E1 132 0.11 3.91 1.09 

E2 132 0.06 18.79 3.54 

Combined (E1 & 

E2) 

264 0.08 11.35 2.32 

Total E1 187 0.21 11.65 40.74 

E2 187 0.21 30.42 5.78 

Combined (E1 & 

E2) 

379 0.27 30.63 24.12 

Table 2. ANOVA and AMMI Components for grain yield, canopy coverage, and harvest 679 

duration of rice genotypes  680 

***= Significant at 0.1%; **= Significant at 1%; *=Significant at 5% probability level; df= 681 

Degrees of freedom; REP = Replication, PC = Principal Component 682 

 683 



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

Tables.docx

https://assets-eu.researchsquare.com/files/rs-9781216/v1/4fca217114692161c868a0b1.docx


    x -


  Y A   ( % ) =         G Y ¯  c a n d i d a t e   −       G Y ¯  r e f e r e n c e      G Y ¯  r e f e r e n c e


    G Y -


  G R A   ( % ) =     ( Y  c a n d i d a t e   ×   S   P  c a n d i d a t e ) − (   Y  r e f e r e n c e ×   S   P  r e f e r e n c e )    Y  r e f e r e n c e ×   S   P  r e f e r e n c e


  B C R =   Total   Return   ( TR )  Total   Cost   of   Cultivation   ( TC )

