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Introduction: Weed management is a major challenge in dry direct-seeded rice 
(DDSR) systems due to severe weed infestation and limited selectivity of post-emer-
gence herbicides in basmati rice. The development of imidazolinone (IMI)-tolerant 
rice genotypes offers an opportunity for effective herbicide-based weed manage-
ment in DDSR systems. This study evaluated the performance of IMI-tolerant basmati 
rice genotypes under different herbicide regimes and assessed their effects on weed 
dynamics, productivity and residual toxicity to succeeding crops.
Methods: A two-year field experiment was conducted at Punjab Agricultural 
University, Ludhiana using a randomized complete block design. The study 
included IMI-tolerant genotypes, viz., Pusa Basmati (PB) 1979 and PB 1985 along 
with their recurrent parents, PB 1121 and PB 1509 under different weed manage-
ment treatments involving pendimethalin, imazethapyr, bispyribac-Na and hand 
weeding. Weed flora composition, weed control efficiency, yield attributes, grain 
yield and residual effects on succeeding crops were evaluated.
Results: Weed flora assessments revealed grasses as the dominant group (Eleusine 
indica > Echinochloa colona > Eragrostis tanella), followed by broadleaves (Sphenoclea 
zeylanica > Ammania baccifera) and sedge (Cyperus rotundus). IMI-tolerant genotypes 
performed significantly better under imazethapyr-based treatments and recorded 
grain yields ranging from 4.43 to 5.63 t ha-1, whereas recurrent parents exhibited 
complete mortality under imazethapyr application. Sequential herbicide applications 
proved superior to single herbicide applications. Pendimethalin @ 0.75 kg a.i. ha-1 fol-
lowed by imazethapyr @ 100 g a.i. ha-1 or bispyribac-Na @ 25 g a.i. ha-1 achieved weed 
control efficiency (~80%) comparable to hand weeding. Multivariate analyses revealed 
strong negative associations of weed density and weed biomass with crop productivity. 
Bioassay studies indicated no adverse residual effects on succeeding crops.
Discussion: The study demonstrated that integration of IMI-tolerant basmati rice 
genotypes with sequential imazethapyr-based herbicide regimes provides effective 
weed control, improved crop productivity and environmental safety under DDSR 
systems. These findings highlight the potential of IMI-tolerant technology as a sus-
tainable weed management approach for direct-seeded basmati rice cultivation.
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1 Introduction

Basmati rice (Oryza sativa L.) commands a premium price in the 
international specialty food market for its unique aroma, extra-long 
slender grain, and superior cooking quality (Siddiq et al., 2012). This 
distinguished rice variety plays a significant role in the agricultural 
economies of India and Pakistan, which are the exclusive geographical 
regions and producers of authentic Basmati. India is the foremost 
global producer and exporter of Basmati rice (Mahajan et al., 2018). 
The country’s Basmati production is concentrated within the specific 
Geographical Indication (GI) region of the Western Indo–Gangetic 
Plains, primarily in Northwest India. This region is critical to national 
food security and international trade, with Basmati rice being one of 
India’s most valuable agricultural export commodities (Villalba et al., 
2024; Vijayakumar et al., 2024). Annual production contributes sub-
stantially to global trade, making the Basmati rice–wheat cropping 
system not only central to the livelihoods of millions of farmers but 
also a major driver of national export earnings (Mahajan et al., 2018). 
The sustainability of this high-value system is therefore of strategic 
importance (Bhatt et al., 2016; Dhanda et al., 2022).

The dominant rice cultivation practice in this region, i.e., 
Puddled Transplanted Rice (PTR), is increasingly recognized as 
environmentally and economically unsustainable (Bhatt et al., 
2016). PTR is characterized by intensive requirements for water, 
labor, and energy, and critically, it contributes to elevated methane 
(CH4) emissions, a potent greenhouse gas (GHG) exacerbating 
global warming and climate change (Vijayakumar and Padma, 
2023). In contrast, Direct Seeded Rice (DSR) offers a compelling 
resource-conserving alternative. DSR eliminates costly field oper-
ations such as nursery raising and transplanting, leading to sub-
stantial reductions (18–50%) in irrigation water use and a decrease 
of up to 70% in methane emissions (Kumar and Ladha, 2011; 
Dhillon et al., 2021a; Ahmed et al., 2025). This translates to sig-
nificant economic benefits, including lower production costs and 
reduced irrigation expenses (USD 74–91 ha−1). Consequently, 
DSR adoption is rapidly expanding in Northwest India, incentiv-
ized by supportive central and state policies (Kaur et al., 2024).

Despite its clear advantages, the widespread adoption of DSR is 
severely constrained by several agronomic challenges, including 
nutrient deficiencies (N: nitrogen, P: phosphorus, S: sulphur, Fe: 
iron), soil crusting, and, most critically, intense weed infestation 
(Devi, 2023; Dhillon et al., 2021b; Jat et al., 2019). The absence of 
standing water during crop establishment allows weeds to emerge 
simultaneously with rice seedlings, creating severe competition for 
light, moisture, and nutrients (Singh et al., 2016; Ramesh et al., 
2021). Weed flora in DSR is diverse, encompassing difficult-to-
manage grasses (Echinochloa spp., Eleusine spp.), sedges (Cyperus 
spp.), and broadleaf weeds (Ammania spp., Ludwigia spp.). 
Unchecked weed competition can result in devastating yield losses, 
reaching 50–100% in DSR, significantly higher than losses typically 
observed in PTR (Matloob et al., 2015; Rathod et al., 2025). Current 
reliance on conventional herbicides (e.g., butachlor, pretilachlor, 
pendimethalin, bispyribac-Na) provides only partial control, and 

the documented shift in weed flora and the emergence of herbicide 
resistance necessitate the urgent development of new, effective weed 
management strategies (Choudhary et al., 2022; Merotto Jr et al., 
2016; Rodenburg and Demont, 2009).

A significant technological advancement for addressing this 
challenge is the development and deployment of imidazolinone-
tolerant (IMI) rice varieties. These herbicide-tolerant (HT) geno-
types carry a mutation in the acetolactate synthase (ALS) enzyme 
(Shoba et al., 2017), which confers resistance to imidazolinone-
group herbicides. This resistance enables the safe application of 
imazethapyr, a broad-spectrum herbicide effective against a wide 
range of grasses, sedges, and broadleaf weeds (Heap, 2023; Kumar 
et al., 2025). International experience in countries like the USA, 
Brazil, and Malaysia confirms the efficacy of IMI-rice technology 
in controlling problematic weeds, including weedy rice and 
enhancing productivity (Burgos et al., 2014; Kumar et al., 2025). 
Recently, the Indian Council of Agricultural Research (ICAR) 
released two non-genetically modified (non-GM) imazethapyr-
tolerant Basmati rice cultivars, also known as RobiNOweed geno-
types: Pusa Basmati 1979 (PB 1979) and Pusa Basmati 1985 (PB 
1985). The RobiNOweed genotypes are near-isogenic lines of PB 
1121 and PB 1509 (recurrent parents) that are tolerant to the 
broad-spectrum herbicide, imazethapyr 10% SL. These lines were 
created at the ICAR-Indian Agricultural Research Institute 
(ICAR-IARI), New Delhi, through marker-assisted backcross 
breeding using Robin (earlier named HTM-N22, identified under 
the N22 Functional Genomics Project) as the donor parent (Kar 
et al., 2024).

This development opens a crucial, sustainable pathway for 
effective weed management in the Basmati-growing tracts of 
North India, a region that contributes over 80% to India’s Basmati 
production and export (Dhillon and Gill, 2024). However, a criti-
cal knowledge gap remains. There is a pronounced lack of data on 
optimizing imazethapyr herbicide for these new IMI Basmati cul-
tivars under the dry direct-seeded conditions of the Western 
Indo–Gangetic Plains. Specifically, systematic information is 
needed regarding (i) dose refinement for single and sequential 
applications of imazethapyr, (ii) integration strategies with widely 
used pre-emergence herbicides, such as pendimethalin, to provide 
season-long control of multiple weed flushes and (iii) the potential 
impact of different herbicide regimes on crop phytotoxicity and 
the succeeding crops in the Basmati rice-based system.

Optimizing herbicide regimes is essential for effective weed 
control, reducing crop phytotoxicity and minimizing dependence 
on labor-intensive hand weeding in dry DSR (Kumar et al., 2025). 
Sequential applications or tank-mixes with pre-emergence herbi-
cides may prolong weed suppression during the critical crop-weed 
competition period. Therefore, the study was undertaken to eval-
uate the effectiveness of imazethapyr-based herbicide programmes 
in dry direct-seeded IMI-tolerant basmati rice under 
Northwestern Indian conditions. The study aimed to (i) compare 
single and sequential applications of imazethapyr at different 
doses, applied alone and in combination with pendimethalin, 
against conventional weed management practices, (ii) assess the 
response of herbicide-tolerant basmati genotypes (PB 1979 and 
PB 1985) and their recurrent parent (PB 1121 and PB 1509) to 
these optimized herbicide regimes and (iii) evaluate the residual 
effects of herbicide treatments on the establishment and growth 
of succeeding crops in the basmati rice based systems.

Abbreviations: A.I., Active ingredient; CAGR, Compound annual growth rate; 

DAHA, Days after herbicide application; DBHA, Days before herbicide application; 

DAS, Days after sowing; DSR, Direct seeded rice; IMI rice, Imidazolinone tolerant 

rice; PE, Pre-Emergence; PoE, Post-Emergence; PTR, Puddled transplanted rice.
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2 Materials and methods

2.1 Site of the study

The experiment was conducted during two consecutive wet (kharif) 
seasons in 2020 and 2021 at the Research Farm, Department of Plant 
Breeding and Genetics, Punjab Agricultural University (PAU), Ludhiana, 
India, as part of the All India Coordinated Research Project on Rice 
(AICRPR). The site is located in the Western Indo–Gangetic Plains Region 
(30°56’ N; 75°52′ E; 247 m A.S.L.) and is characterized by a subtropical and 
semi-arid climate. The average annual rainfall is 733 mm, with ~80% 
occurring during July–September. Daily weather data on effective rainfall, 
sunshine hours, and maximum and minimum air temperatures during the 
study period for both wet seasons were gathered at the agro–meteorologi-
cal observatory situated 200 m from the experimental site, PAU, Ludhiana, 
and are presented in the Supplementary Figures 1A,B.

The experimental field had a sandy loam soil texture, classified as 
Typic Ustipsamment under USDA Soil Taxonomy. The soil analysis 
(0–15 cm depth) indicated that the field was low in available nitrogen 
(264 kg/ha), medium in available phosphorus (23.4 kg/ha), and high in 
available potassium (248 kg/ha), with an organic matter of 0.71%. The 
soil was adequate in available zinc (1.1 mg/kg) and exhibited a pH of 7.5 
and an electrical conductivity of 0.24 dS/m (recorded at 25 °C). These 
values fell within normal ranges, indicating non-saline conditions that 
were suitable for rice cultivation. Available nitrogen, phosphorus, and 
potassium were determined using standard methods described by 
Subbiah and Asija (1956), Olsen et al. (1954), and Jackson (1973), respec-
tively, while soil pH and electrical conductivity were measured following 
standard procedures (Jackson, 1973). The available zinc was determined 
using the DTPA extraction method (Lindsay and Norvell, 1978).

2.2 Plant material and experimental design

The experiment tested four Basmati rice genotypes which 
included two RobiNOweed Basmati rice genotypes Pusa Basmati 1979 
(IET 28812) and Pusa Basmati 1985 (IET 28814) and their recurrent 
parental Basmati genotypes Pusa Basmati 1121 and Pusa Basmati 
1509, respectively. For brevity, Pusa Basmati is hereafter referred to as 
‘PB’ throughout the manuscript. These parental lines are the two most 
popular cultivars in Basmati GI region. The experiment was laid out 
in Randomised Complete Block Design (RCBD) with three replica-
tions. The study comprised two factors: Factor A consisted of four 
Basmati rice genotypes, including IMI-tolerant genotypes (PB 1979 
and PB 1985) and their recurrent parents (PB 1121 and PB 1509), 
while Factor B consisted of ten weed management treatments (T1-T10) 
(Table 1). Thus, a total of 40 treatment combinations (4 genotypes × 
10 weed management practices) were evaluated in the study.

These treatments included seven imazethapyr-based weed man-
agement regimes, one PAU recommended treatment (pendimethalin 
followed by bispyribac-Na), hand weeding, and weedy check. All treat-
ments were randomly allocated within each replication. These treat-
ments are hereafter referred to by their codes (T1-T10) in tables, figures 
and text. The net plot area for each treatment was 7.95 m2, from which 
all observations and data were recorded.

2.3 Field preparation and crop raising

The field was made into a fine tilth using a plough, harrows, and 
rotavators for sowing dry DSR. Sowing was performed on June 23, 

2020, and on June 11, 2021, for the first and second year of the experi-
ment, respectively. Seed sowing was carried out using the kera 
method, where seeds were placed in an open furrow and then covered 
by light planking to ensure proper seed-soil contact. Seeds were sown 
at a row spacing of 20 cm with a seed rate of 20 kg/ha in plots measur-
ing a net area of 7.95 m2. The crop was fertilized by applying N at 
60 kg/ha and ZnSO4 (21%) at 25 kg/ha. Nitrogen was applied in three 
equal splits at 21, 42 and 63 DAS and zinc was applied as a basal dose 
as per the PAU recommendation (Anonymous, 2020a). As soil P and 
K levels were adequate, these nutrients were not applied. One light 
irrigation was given immediately after sowing, followed by irrigations 
at 5 and 19 DAS, and thereafter soil moisture was maintained at -15 
kPa until 10 days before harvest.

2.4 Recording of crop growth and yield 
parameters

Plant height was measured using a meter scale on five randomly 
selected plants per plot at the panicle initiation stage, while, days to 
50% flowering was recorded as the period from sowing until 50% of 
plants in a plot exhibited fully emerged panicles. Panicle density (pro-
ductive tillers per m2) was recorded at physiological maturity by 
counting tillers in two 1-meter row lengths per plot. Panicle weight 
was determined by harvesting, threshing, and weighing the grain and 
chaff from five randomly selected panicles per plot, which were also 
used to calculate panicle sterility (%) as the ratio of unfilled to total 
grains per panicle. 1000-grain weight was measured from 1000 grain 
sample taken from each plot. Finally, grain yield (t/ha) was obtained 
after harvesting and processing, with grain moisture standardized to 
14% using a digital grain moisture meter (Kett’s RICETER J). Straw 
yield (t/ha) was measured after three days of sun-drying and harvest 
index (%) was subsequently calculated based on the methodology 
described by Donald and Hamblin (1976).

2.5 Recording of weed parameters

Weed population and biomass were recorded using 0.25 m2 quad-
rat at two key stages: 1 day before (DBHA) and 60 days after post-
emergence herbicide (imazethapyr) application (DAHA), enabling 
evaluation of the impact of herbicide treatments on weed dynamics 
and crop competition. Weeds were categorized into three groups: 
grassy (Eleusine indica; Eragrostis tanella; Echinochloa colona), broad-
leaf (Ammania baccifera; Sphenoclea zeylanica) and sedge (Cyperus 
rotundus). Weed biomass was measured by harvesting the weeds from 
each quadrat, oven-drying them at 65 ± 5 °C until a constant weight, 
and expressing the data in g/m2. Weed control efficiency (WCE) was 
calculated as the percentage reduction in weed density relative to the 
weedy check (Equation 1), and the weed index (WI) was determined 
to quantify yield losses due to weed competition (Equation 2) (Mani 
et al., 1973).

	
( ) −

= ×c t

c

W WWeed control efficiency WCE,% 100
W 	

(1)

	
( ) −

= ×wf t

wf

Y YWeed index WI,% 100
Y 	

(2)
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Where, Wc is the weed density in control plot, Wt is the weed den-
sity in the treated plot, Ywf is the crop yield in the weed-free plot, Yt is 
the crop yield in the treatment plot for which WI is to be calculated.

2.6 Crop bioassay for herbicide carryover

Bioassay studies were conducted to assess the potential carryover 
effects of imazethapyr and other herbicide regimes on succeeding 
winter (rabi) crops. The experiment utilized a RCBD with three repli-
cations. The succeeding crops namely wheat (var. Unnat PBW 343), 
potato (var. Kufri Sindhuri), mustard (var. GSC 7), gram (var. PBG 
7), and pea (var. Matar Ageta–7), were sown following the completion 
of the basmati rice experiments, using the recommended seed rates 
and maintaining standard row-to-row spacing as per PAU package of 
practices for Rabi crops and vegetables (Anonymous, 2020b, 2020c). 
All crops were grown during both years (2020 and 2021), except pea, 
which was included only in rabi (winter) 2021. To evaluate herbicide 
carryover effects, plant height, plant population per m2 and fresh bio-
mass (g/m2) were recorded at 45 DAS following standard germination 
and growth assessment protocols. All plots were maintained under 
optimal agronomic management, with manual weed removal to elimi-
nate potential confounding effects.

2.7 Statistical analysis

Data were subjected to analysis of variance (ANOVA) following a 
factorial randomized complete block design (FRCBD) using genotype 
and weed management treatment as fixed factors and replication as a 
random factor. Due to complete mortality of recurrent parent geno-
types under imazethapyr-based treatments (T1-T7), data correspond-
ing to these genotype–treatment combinations were structurally 
absent. Therefore, statistical analysis was performed in two parts: (i) 
Analysis for IMI-tolerant genotypes across all treatments (T1-T10) and 
(ii) analysis of recurrent parents restricted to non-imazethapyr treat-
ments (T8-T10). Mixed-model approaches for incomplete datasets were 
not employed as the absence of the data for the recurrent parents 
under imazethapyr treatments was due to uniform biological response 
(complete mortality) rather than random observations. This approach 
ensured biologically meaningful comparisons while avoiding distor-
tion of treatment effects due to non-survival under specific herbicide 
regimes.

Treatment means were compared using the least significant differ-
ence (LSD) test and Tukey’s Honestly Significant Difference (HSD) 
test at 5% probability level. Correlation analysis between weed density 
at 1 DBHA and final crop growth and yield attributes was performed 
using RStudio (version 4.3.1). Data visualization included correlation 
matrix heatmaps, hierarchically clustered Z-score heatmaps and prin-
cipal component analysis (PCA) biplots to explore trait and treatment 
associations at 60 DAHA.

3 Results

3.1 Crop growth and yield performance

The HT genotypes PB 1979 and PB 1985, demonstrated consis-
tently superior growth and yield attributes under herbicide treatments 
in both years of the study. Crucially, their non-HT recurrent 

counterparts (PB 1121 and PB 1509) exhibited complete growth fail-
ure under all imazethapyr based weed management regimes in both 
years (Tables 2–4).

3.1.1 Comparison of HT genotypes

Across both the years of study, PB 1979 recorded significantly 
greater plant height and days to 50% flowering, while grain yield 
remained statistically comparable between the two genotypes 
(Tables 2–4). Although, panicle density (384.8/m2) and straw yield 
(10.49 t/ha) of PB 1979 was significantly higher than PB 1985 during 
2020 but the effect could not translate into grain yield in any of the 
years. Despite the non-significant difference in grain yield, PB 1979 
documented significant variations in other yield attributes and a 
higher straw yield (10.49 t/ha), whereas PB 1985 consistently exhib-
ited a significantly higher harvest index (Table 4).

3.1.2 Performance of the recurrent parent

The recurrent parents (PB 1121 and PB 1509) were severely 
injured (nil growth) by imazethapyr-based treatments. Consequently, 
their performance was only evaluated under the three non-imazetha-
pyr based weed management treatments (T8–T10). Across these treat-
ments, both genotypes exhibited broadly comparable grain yield, with 
no significant differences; however, PB 1121 tended to produce higher 
straw yield, whereas PB 1509 exhibited a relatively higher harvest 
index. PB 1121 also recorded greater plant height and longer duration 
to 50% flowering compared to PB 1509 (Table 2).

3.2 Efficacy of weed management regimes

Large contrasts in crop performance were observed across the 
weed management treatments compared to the weedy check (T10). 
Across both years, all herbicide treatments (T1–T8) significantly 
improved growth, panicle density, and grain yield over the weedy 
check (Tables 3, 4). Grain yield under herbicide treatments ranged 

TABLE 1  Details of weed management treatments.

Treatment Description

T1 Imazethapyr @ 100 g a.i. ha−1 at 16–18 DAS

T2 Imazethapyr @ 125 g a.i. ha−1 at 16–18 DAS

T3 Imazethapyr @ 200 g a.i. ha−1 at 16–18 DAS

T4 Imazethapyr @ 100 g a.i. ha−1 at 16–18 DAS + 100 g a.i. ha−1 at 

35–37 DAS

T5 Imazethapyr @ 125 g a.i. ha−1 at 16–18 DAS + 125 g a.i. ha−1 at 

35–37 DAS

T6 Imazethapyr @ 200 g a.i. ha−1 at 16–18 DAS + 200 g a.i. ha−1 at 

35–37 DAS

T7 Pendimethalin @ 0.75 kg a.i. ha−1 (pre-emergence, within 2 

DAS) f.b. Imazethapyr @ 100 g a.i. ha−1 at 16–18 DAS

T8 Pendimethalin @ 0.75 kg a.i. ha−1 (pre-emergence, within 2 

DAS) f.b. Bispyribac-Na @ 25 g a.i. ha−1

T9 Hand weeding at 20 and 35 DAS

T10 Weedy check (Unweeded)

DAS – Days after sowing, a.i. – active ingredient, @ - at the rate.
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from 4.43 to 5.63 t/ha and remained statistically comparable to the 
hand weeded treatment (T9). These yields represented an impressive 
16 to 17 folds increase over the weedy check. Among treatments, 
sequential herbicidal regime of pendimethalin (0.75 kg a.i. ha−1) 
with either imazethapyr (T7: 100 g a.i. ha−1) or bispyribac-Na (T8: 
25 g a.i. ha−1) consistently delivered the higher yields, remaining 
statistically at par with the twice hand weeding treatment (T9). 
Conversely, high-dose imazethapyr sprays, both singular (T3) and 
sequential (T6), failed to confer any additional yield benefits 
(Table 4).

3.2.1 Weed flora dynamics before PoE herbicide 
application

Weed density and biomass prior to PoE herbicide application (15 
DAS) were statistically comparable across different treatments (T1 to 
T6 and T9-T10) in both years (Table 5), confirming a uniform initial 
weed infestation in the field. However, T7 and T8, allocated for 

pendimethalin followed by PoE herbicidal application, showed 
reduced initial weed densities due to the immediate PE impact of pen-
dimethalin on emerging weed seedlings (Figures 1A,B). All other 
treatments (T1–T6), the hand-weeded treatment, and the weedy check, 
recorded comparable initial weed establishment, ensuring an unbiased 
baseline for evaluating post-treatment efficacy. Across all plots, mean 
total weed densities ranged from 30 to 40 plants/m2 in both years. The 
grasses constituted the dominant component of the weed flora, com-
prising approximately 40–45% of the total weed population, followed 
by sedges (~ 30–32%) and broadleaf species (~ 25–28%).

3.2.2 Weed flora dynamics 60 DAHA

Significant differences in weed populations were observed 60 
DAHA across treatments (Table 6; Figure 2; 
Supplementary Figures 4–9). Weed flora was dominated by grasses 
(~65–70%), followed by broadleaf weeds (~17–24%), with sedges con-
tributing only marginally (~9–13%), with similar composition across 

TABLE 2  Effect of imazethapyr-based weed management regimes on the growth attributes of the IMI-rice and their recurrent parent genotypes in the kharif (wet) seasons of 2020 and 2021.

Parameter Plant height (cm) at panicle 
emergence stage

Days to 50% flowering

Year 2020 2021 2020 2021

HT genotypes (A)

PB 1979 108.3a 112.4a 90.9a 99.8a

PB 1985 102.0b 91.3b 76.2b 77.7b

L.S.D. (p ≤ 0.05) 1.86 1.73 0.50 0.72

Weed control treatments (B)

T1 109.5a 106.5ab 83.2a 88.3ab

T2 108.5a 103.7ab 84.3a 88.5ab

T3 109.9a 97.9b 84.0a 89.7ab

T4 109.4a 105.3ab 84.2a 88.8ab

T5 109.9a 103.8ab 84.8a 88.5ab

T6 107.5a 98.0b 84.7a 90.3a

T7 109.9a 107.3a 84.0a 88.7ab

T8 110.5a 107.7a 83.7a 88.8ab

T9 105.0a 105.7ab 84.0a 89.5ab

T10 71.7b 82.5c 78.7b 86.2b

L.S.D. (p ≤ 0.05) 4.15 3.87 1.11 1.61

Interaction (A × B)

L.S.D. (p ≤ 0.05) NS NS NS NS

Non-HT genotypes (A)

PB 1121 97.5a 108.4a 98.3a 108.8a

PB 1509 89.2a 82.0b 76.1b 76.3b

L.S.D. (p ≤ 0.05) 5.79 5.19 0.60 1.06

Weed control treatments (B)

T8 106.6a 105.1a 89.3a 92.7ab

T9 99.6a 104.2a 89.2a 93.7a

T10 73.9b 76.3b 83.2b 91.3b

L.S.D. (p ≤ 0.05) 7.09 6.35 0.74 1.30

Interaction (A × B)

L.S.D. (p ≤ 0.05) NS NS NS NS

Different letters indicate significant differences among treatments at p ≤ 0.05. *T1-T10 refers to the weed management treatments specified in materials and methods.
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both years. The weedy check (T10) recorded the highest mean weed 
density and biomass, indicating severe weed pressure. The single and 
sequential application of imazethapyr (T1–T6) and PE herbicide inte-
grated treatments (T7 and T8) suppressed the weed populations by 
~50 to 80%.

Pendimethalin–integrated with either imazethapyr @ 100 g a.i. 
ha−1 (T7) or bispyribac-Na @ 25 g a.i. ha−1 (T8), effectively reduced the 
weed density of grasses and broadleaf weeds by 5 to 8 folds and two-
fold, respectively over control. All weed management treatments 
achieved 100% successful elimination or near complete elimination of 
sedges in both the years, recording a density range of 0–1.3 sedges/m2 
(statistically similar across treatments) and significantly lower than the 
weedy check (9.6–10.7 sedges/m2) (Table 6). The twice hand-weeded 
plots (T9) consistently maintained the lowest weed density, serving as 

the effective weed-free baseline. In 2020, sequential imazethapyr-based 
treatments (T3 and T6) and the pendimethalin-integrated combination 
treatments (T7 and T8) exhibited the lowest total weed density, record-
ing substantial reductions of 84–88% relative to the weedy check. 
Furthermore, PAU recommendation of pendimethalin followed by 
bispyribac-Na (T8) consistently performed better with a weed control 
efficiency exceeding 80%.

Total weed population and total weed biomass recorded at 60 
DAHA clearly reflected the effectiveness of different weed manage-
ment treatments, singular, sequential and integrated, across both 
years. The weedy check (T10) consistently recorded the highest weed 
population and biomass, indicating severe weed pressure under 
untreated conditions (Figures 2A,B). Among the herbicide treatments, 
integrated approaches involving pre-emergence followed by 

TABLE 3  Effect of imazethapyr-based weed management regimes on the growth and yield attributes of the IMI-rice and their recurrent parent genotypes in the kharif (wet) seasons of 2020 and 

2021.

Parameter Panicle density/m2 Panicle weight (g) Test weight (g) Sterility (%)

Year 2020 2021 2020 2021 2020 2021 2020 2021

HT genotypes (A)

PB 1979 384.8a 369.3a 1.77a 1.64a 27.0a 27.5a 20.0a 24.1a

PB 1985 368.3a 330.7a 1.80a 1.77a 27.0a 27.2a 20.7a 24.4a

L.S.D. (p ≤ 0.05) NS 15.59 NS 0.05 NS NS NS NS

Weed control treatments (B)

T1 434.2a 379.6a 1.91a 1.84a 27.5a 27.4a 11.4b 21.1b

T2 428.3a 380.4a 1.91a 1.83a 27.6a 27.2a 17.4b 24.9ab

T3 425.0a 360.8a 1.92a 1.72a 27.6a 27.1a 14.0b 22.3b

T4 396.7a 379.6a 1.93a 1.83a 27.5a 27.4a 20.0b 23.4b

T5 385.0a 378.3a 1.94a 1.84a 27.5a 27.3a 16.0b 22.1b

T6 392.5a 362.5a 1.88a 1.70a 27.3a 27.4a 13.2b 25.4ab

T7 396.3a 380.3a 1.97a 1.85a 27.3a 27.4a 13.9b 23.7b

T8 402.5a 378.8a 1.97a 1.83a 27.5a 27.5a 14.2b 23.8b

T9 407.5a 364.6a 1.96a 1.85a 27.6a 27.5a 15.8b 18.4b

T10 97.5b 135.0b 0.50b 0.75b 22.2b 27.5a 67.7a 37.0a

L.S.D. (p ≤ 0.05) 45.00 34.86 0.17 0.11 0.76 NS 4.48 5.43

Interaction (A × B)

L.S.D. (p ≤ 0.05) NS NS NS NS NS NS NS NS

Non-HT genotypes (A)

PB 1121 266.7a 354.7a 1.40b 1.32b 26.2a 27.9a 41.2a 34.3a

PB 1509 251.1a 270.8b 1.61a 1.49a 26.0a 27.8a 32.8b 36.0a

L.S.D. (p ≤ 0.05) 14.23 36.59 0.13 0.07 NS NS 3.65 NS

Weed control treatments (B)

T8 346.7a 399.2a 1.96a 1.76a 27.7a 27.8a 18.8b 30.3b

T9 361.7a 404.2a 1.97a 1.76a 27.7a 27.9a 19.6b 26.5b

T10 68.3b 135.0b 0.58b 0.69b 23.0b 27.8a 72.6a 48.6a

L.S.D. (p ≤ 0.05) 17.43 44.81 0.16 0.08 1.43 NS 4.47 8.76

Interaction (A × B)

L.S.D. (p ≤ 0.05) NS NS NS NS NS NS NS NS

Different letters indicate significant differences among treatments at p ≤ 0.05. *T1-T10 refers to the weed management treatments specified in materials and methods.
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post-emergence herbicides (T7 and T8) significantly reduced both 
weed population and biomass, performing comparably to hand weed-
ing (T9). Overall, lower weed population was associated with reduced 
biomass accumulation, demonstrating effective control of weed emer-
gence as well as subsequent growth under integrated and sequential 
herbicide regimes.

Species-wise assessment at 60 DAHA is critical because this stage 
represents the peak period of crop–weed competition and strongly influ-
ences final yield. The weed flora was dominated by Echinochloa colona 
and Eleusine indica, followed by Eragrostis tanella, Cyperus rotundus, 
Ammania baccifera, and Sphenoclea zeylanica. In both years, the weedy 
check (T10) recorded the highest densities across all species, with 
Echinochloa colona exceeding 20–25 plants/m2 and Eleusine indica reach-
ing ~33–37 plants/m2 in 2020. while Eragrostis tanella ranged from 13 to 
15 plants/m2. Cyperus rotundus also persisted strongly (9–12 plants/m2). 
This multi-species dominance led to the drastic yield suppression in T10 

(Supplementary Figures 4–9). The weed density observed at 60 DAHA 
largely represents late-emerging weed cohorts and partially suppressed 
individuals rather than early-season weed growth, as aerobic conditions 
under DSR favour staggered emergence. Significant genotypic differ-
ences were documented, with lower broadleaved weed density observed 
in HT genotypes, particularly in conjunction with higher imazethapyr 
doses. Additionally, the complete mortality of the non-HT recurrent 
parents created open niches, facilitating the proliferation and rapid accu-
mulation of biomass by certain broadleaf species, notably Ammania bac-
cifera and Sphenoclea zeylanica.

3.3 Persistent weeds and yield implication

Imazethapyr-based treatments (T1-T3) effectively suppressed sedges 
(Cyperus rotundus) and broadleaf weeds (Ammania baccifera), across 
both the years. However, grassy weeds, particularly Eleusine indica and 

TABLE 4  Effect of imazethapyr-based weed management regimes on the yield performance of the IMI-rice and their recurrent parent genotypes in the kharif (wet) seasons of 2020 and 2021.

Parameter Grain yield (t/ha) Straw yield (t/ha) Harvest index (%)

Year 2020 2021 2020 2021 2020 2021

HT genotypes (A)

PB 1979 4.93a 4.36a 10.49a 9.09a 31.6b 31.0a

PB 1985 4.79a 4.31a 7.57b 8.57a 37.8a 31.6a

L. S. D. (p ≤ 0.05) NS NS 0.85 0.26 2.17 NS

Weed control treatments (B)

T1 5.63a 4.90a 9.78a 9.69a 36.9a 33.6a

T2 5.54a 4.81a 9.97a 9.68a 36.3a 33.3a

T3 5.57a 4.48a 11.43a 9.24a 33.1ab 32.7a

T4 5.09a 4.90a 9.50a 9.67a 35.8ab 33.6a

T5 5.15a 4.80a 9.94a 9.66a 34.5ab 33.2a

T6 5.23a 4.43a 9.24a 9.18a 37.0a 32.6a

T7 5.32a 4.90a 9.90a 9.67a 35.7ab 33.6a

T8 5.44a 4.95a 9.84a 9.81a 36.4a 33.6a

T9 5.31a 4.90a 9.78a 9.89a 36.4a 33.1a

T10 0.32b 0.29b 0.92b 1.82b 24.8b 13.3b

L.S.D. (p ≤ 0.05) 0.41 0.29 1.89 0.57 4.85 2.04

Interaction (A × B)

L.S.D. (p ≤ 0.05) NS NS NS NS NS NS

Non-HT genotypes (A)

PB 1121 3.04a 3.40a 7.48a 7.52a 28.2b 28.0a

PB 1509 3.33a 3.15a 5.68b 6.58b 33.5a 27.0a

L.S.D. (p ≤ 0.05) 0.26 NS 1.56 0.40 2.94 NS

Weed control treatments (B)

T8 4.66a 4.76a 9.62a 9.95a 33.3a 32.4a

T9 4.65a 4.79a 9.40a 9.87a 33.8a 32.7a

T10 0.24b 0.28b 0.71b 1.34b 25.4b 17.4b

L.S.D. (p ≤ 0.05) 0.32 0.31 1.91 0.49 3.60 3.25

Interaction (A × B)

L.S.D. (p ≤ 0.05) NS NS NS NS NS NS

Different letters indicate significant differences among treatments at p ≤ 0.05. *T1-T10 refers to the weed management treatments specified in materials and methods.
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TABLE 5  Effect of imazethapyr-based weed management regimes on category-wise weed density dynamics (no./m2) 1 day before post-emergence herbicide application (DBHA) in the IMI-rice and their recurrent parent genotypes in the kharif (wet) seasons of 2020 and 2021.

Years Weed 
control 

treatments

Grasses Broadleaf Weeds Sedges

PB
1979

PB
1121

PB
1985

PB
1509

Mean PB
1979

PB
1121

PB
1985

PB
1509

Mean PB
1979

PB
1121

PB
1985

PB
1509

Mean

2020

T1 17.6a 17.6a 18.2a 18.1a 17.9A 9.5ab 10.4a 9.5ab 8.6ab 9.5AB 11.5ab 10.9a-e 12.1a 11.1a-e 11.4A

T2 18.5a 18.7a 18.7a 17.3a 18.3A 9.6ab 9.9ab 9.5ab 9.5ab 9.6AB 12.1a 11.6ab 11.2a-e 11.4abc 11.6A

T3 17.6a 18.5a 17.9a 17.8a 18.0A 9.5ab 9.2ab 9.8ab 9.2ab 9.4AB 11.1a-e 11.2a-e 11.5ab 10.5a-h 11.1A

T4 18.5a 17.2a 18.0a 18.4a 18.0A 9.8ab 9.7ab 9.8ab 9.5ab 9.7AB 11.2a-e 10.3a-h 11.8a 10.6a-g 11.0A

T5 17.6a 16.7a 19.0a 18.7a 18.0A 9.1ab 9.5ab 9.2ab 9.7ab 9.4AB 11.4abc 11.4abc 10.9a-e 10.6a-g 11.1A

T6 17.9a 18.7a 18.4a 18.1a 18.3A 9.7ab 9.2ab 9.2ab 9.2ab 9.4AB 10.8a-f 11.2a-e 11.2a-e 10.6a-g 11.0A

T7 2.0b 1.8b 2.2b 2.2b 2.4B 4.0ab 3.4ab 4.0ab 3.5ab 3.7 BC 2.9gh 2.7 h 3.0fgh 3.4e-h 3.0B

T8 2.0b 2.0b 2.2b 1.9b 2.0B 3.0ab 3.6ab 3.6ab 2.8b 3.3C 3.5d-h 3.6c-h 3.8b-h 3.8b-h 3.7B

T9 16.3a 17.5a 17.5a 19.0a 17.6A 9.1ab 9.4ab 8.6ab 9.2ab 9.1ABC 11.1a-e 10.8a-f 11.4abc 10.9a-e 11.1A

T10 17.6a 18.7a 16.6a 18.4a 17.8A 9.8ab 9.6ab 10.5a 10.3ab 10.0A 11.5ab 11.3a-d 11a-e 10.8a-f 11.2A

Mean 14.6A 14.8A 14.9A 15.0A 8.3A 8.4A 8.4A 8.2A 9.7A 9.5A 9.8A 9.4A

L.S.D. (p ≤ 0.05) A = NS, B = 2.91, A × B = NS A = NS, B = 1.85, A × B = NS A = NS, B = 1.94, A × B = NS

2021

T1 19.0abc 16.7abc 18.0abc 18.7abc 18.1A 11.7a 12.3a 9.7a 11.0a 11.2A 17.0a 10.7abc 14.7abc 13.3abc 13.9A

T2 18.7abc 18.3abc 20.7a 17.3abc 18.8A 11.7a 11.3a 10.0a 11.0a 11.0A 12.0abc 11.0abc 11.7abc 11.0abc 11.4AB

T3 22.3a 18.3abc 21.0a 17.7abc 19.8A 12.0a 12.0a 10.7a 11.3a 11.5A 11.0abc 10.7abc 9.3abc 11.7abc 10.7AB

T4 15.7abc 18.3abc 19.7ab 23.3a 19.3A 11.7a 11.0a 11.7a 12.7a 11.8A 11.3abc 14.0abc 14.3abc 15.3abc 13.8AB

T5 21.7a 20.0a 19.7ab 22.0a 20.8A 11.3a 9.7a 13.0a 11.3a 11.3A 11.0abc 11.3abc 15.3abc 12.3abc 12.5AB

T6 20.0a 22.7a 22.3a 18.0abc 20.8A 12.7a 12.7a 11.7a 11.0a 12.0A 13.0abc 12.0abc 13.0abc 12.7abc 12.7AB

T7 2.3c 3.0bc 2.3c 2.7c 2.6B 5.7a 5.0a 5.7a 4.3a 5.2B 4.3bc 4.7bc 5.3abc 3.7c 4.5B

T8 2.7c 3.0bc 2.7c 2.7c 2.8B 5.3a 4.7a 5.3a 4.0a 4.8B 10.0abc 10.7abc 8.7abc 12.3abc 10.4AB

T9 17.3abc 20.7a 19.7ab 18.3abc 19.0A 11.0a 16.0a 10.7a 14.3a 13.0A 14.3abc 12.3abc 13.0abc 13.7abc 13.3AB

T10 20.7a 20.3a 17.7abc 19.7ab 19.6A 16.3a 12.3a 13.0a 9.3a 12.8A 16.0ab 12.3abc 10.7abc 14.7abc 13.4AB

Mean 16.0A 16.1A 16.4A 16.0A 10.9A 10.7A 10.1A 10.0A 12.0A 11.0A 11.6A 12.1A

L. S. D.

(p ≤ 0.05)

A = NS, B = 4.12, A × B = NS A = NS, B = 3.21, A × B = NS A = NS, B = 3.02, A × B = NS

Different letters indicate significant differences among treatments at p ≤ 0.05. *T1-T10 refers to the weed management treatments specified in materials and methods; A refers to the genotypes; B refers to the weed control treatments and A × B refers to their interaction.
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Eragrostis tanella, still persisted at moderate densities (8–16 plants/m2) 
(Supplementary Figures 4, 5). Between 2020 and 2021, overall weed den-
sity in the weedy check declined by ~25–30%, reflecting lower natural 
weed pressure in the second year. Echinochloa colona and Eleusine indica 
consistently dominated the weed spectrum, collectively contributing 
>60% of the total flora. Cyperus rotundus showed slight persistence in 
untreated plots but was almost fully suppressed in treated ones.

The pendimethalin-integrated herbicide treatments (T7 and T8) 
achieved 6 to 8 fold reductions in total weed density, relative to the weedy 
check across both years (Supplementary Figures 4, 5, 8). This result con-
firms their broad-spectrum, and sustained efficacy, which was compa-
rable to the labor-intensive hand weeding treatment (T9). Species-wise 
patterns further clarify treatment outcomes, where Eleusine indica 
remained partially unchecked (T1–T3). In contrast, T7 and T8 effectively 
minimized the density of Eleusine indica and other weeds.

3.4 Yield penalty and competitive dynamics 
across treatments

The WI provided quantitative metrics to assess the relationship 
between weed interference and crop performance across the treat-
ments (Figure 3). WI which quantifies yield penalties due to weed 
interference, was minimal (< 5%) under the integrated herbicide 
regimes (T7 and T8), placing yields statistically at par with the manual 
weeding standard (T9). Conversely, the unchecked weed pressure in 
weedy check (T10) resulted in devastating yield penalties (>90%), 
reflecting the severe suppression of crop growth and a complete shift 
in the crop-weed balance in favor of weeds uncontrolled conditions.

3.5 Weed control efficiency (WCE)

The pendimethalin (PE) integrated with PoE treatments (T7 and T8) 
consistently recorded high WCE (~73–83%) among all herbicidal 
regimes, comparable to the hand weeding treatment (T9) which consis-
tently exhibited the highest WCE (~80–82%) across genotypes (Figure 4). 
This highlights the critical role of PE herbicide component in conjunc-
tion with PoE application, providing season-long suppression and effec-
tively curbing weed pressure throughout the critical competition period. 
Sequential imazethapyr regimes (T6) also achieved a moderate to high 
WCE (~59–67%), but were slightly less effective against later-emerging 
weed flushes.

3.6 Comparison of yield gains

The percent variation in grain yield relative to the weedy check 
vividly demonstrated the superiority of effective interventions. Grain 
yield losses under T10 exceeded 90% compared with the best-perform-
ing treatments. In contrast, twice hand weeding treatment (T9) 
improved yields by over 1,500% relative to T10, while pendimethalin-
based integrated strategies (T7 and T8) provided the highest gains, 
ranging from 1,600–1700%. Sequential imazethapyr at moderate 
doses (T4 and T5) performed well, but high-dose regimes (T3 and T6) 
did not yield proportionately higher gains, and in fact, were associated 
with elevated sterility (Tables 2, 3). The WI (Figure 3) was lowest 
under T7 and T8, indicating minimal yield loss due to weeds, whereas 
the WCE was high under these treatments, reflecting superior crop 
competitiveness. (Figure 4).

FIGURE 1

Total weed density (no./m2) and biomass (g/m2) in IMI-rice and their recurrent parent genotypes at 15 DAS (1 DBHA) during the kharif (wet) seasons of 
(A) 2020 and (B) 2021. Bars represents mean values ± standard error (SE) indicating total weed density and lines indicate biomass. T1–T10 refers to the 
weed management treatments specified in materials and methods.
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TABLE 6  Effect of imazethapyr-based weed management regimes on category-wise weed density dynamics (no./m2) 60 days after post-emergence herbicide application (DAHA) in the IMI-rice and their recurrent parent genotypes in the kharif (wet) seasons of 2020 and 2021.

Years Weed 
control 

treatments

Grasses Broadleaf Weeds Sedges

PB
1979

PB
1121

PB
1985

PB
1509

Mean PB
1979

PB
1121

PB
1985

PB
1509

Mean PB
1979

PB
1121

PB
1985

PB
1,509

Mean

2020

T1 28.3b 29.7b 29.0b 29.3b 29.1B 20.0b-i 26.3a 21.0a-h 26.7a 23.5A 0.7b 1.0b 0.7b 0.7b 0.8B

T2 27.0b 29.0b 28.0b 26.7b 27.7B 18.7e-j 26.3a 19.7c-i 26.0ab 22.7A 0.3b 0.3b 0.3b 0.3b 0.3B

T3 25.0b 28.0b 27.0b 27.0b 26.8B 18.0 g-k 25.0a-d 19.3c-j 25.0a-d 21.3AB 0.0b 0.0b 0.0b 0.0b 0.0B

T4 26.0b 27.3b 26.7b 26.7b 26.7B 18.3f-j 26.3a 20.0b-i 26.7a 22.8A 0.0b 0.0b 0.0b 0.0b 0.0B

T5 25.7b 25.0b 25.0b 25.7b 25.3B 18.7e-j 24.7a-e 19.0d-j 25.0a-d 21.8AB 0.0b 0.0b 0.0b 0.0b 0.0B

T6 22.7bc 22.0bcd 21.7b-e 21.0b-f 21.8B 14.3i-m 20.0b-i 15.0 h-l 21.0a-h 17.6B 0.0b 0.0b 0.0b 0.0b 0.0B

T7 8.7 fg 11.3c-g 7.3 g 11.0c-g 9.6C 7.7no 12.0 k-o 8.7mno 13.3 L-o 10.4C 0.7b 1.0b 0.0b 1.3b 0.8B

T8 9.0efg 9.0efg 9.3d-g 8.7 fg 9.0C 8.3mno 9.7 L-o 8.7mno 10.3 l-o 9.3C 0.3b 0.3b 0.7b 0.3b 0.4B

T9 10.0c-g 9.3d-g 11.7c-g 12.0c-g 10.8C 8.0no 7.3no 6.7o 7.0no 7.3C 1.3b 1.7b 1.0b 1.3b 1.3B

T10 69.7a 71.0a 67.7a 73.3a 70.4A 23.3a-g 25.3abc 24.7a-e 24.3a-f 24.4A 9.0a 9.7a 11.0a 8.7a 9.6A

Mean 25.2A 26.2A 25.3A 26.1A 15.5C 20.3AB 16.3 BC 20.5A 1.2A 1.4A 1.4A 1.3A

L.S.D. (p ≤ 0.05) A = NS, B = 3.16, A × B = NS A = 0.97, B = 1.53, A × B = 3.06 A = NS, B = 0.582, A × B = NS

2021

T1 26.0bcd 27.3bcd 25.3b-e 26.3bcd 26.3B 11.0c-j 16.0abc 10.7d-j 16.0abc 13.4A 0.0c 0.0c 0.0c 0.0c 0.0B

T2 23.3b-g 30.3b 23.7b-f 28.3bc 26.4B 10.0f-j 15.0a-f 9.3 g-k 16.7ab 12.8A 0.0c 0.0c 0.0c 0.0c 0.0B

T3 20.0c-i 25.7bcd 21.3b-h 24.3b-f 22.8 BC 8.0j-n 14.3a-g 7.7j-n 16.3ab 11.6A 0.0c 0.0c 0.0c 0.0c 0.0B

T4 18.0d-j 21.3b-h 18.0d-j 21.3b-h 19.7 BCD 9.7 g-j 15.7a-d 10.3e-j 17.0a 13.2A 0.0c 0.0c 0.0c 0.0c 0.0B

T5 15.7f-j 20.0c-i 16.0e-j 21.3b-h 18.3CDE 9.7 g-j 15.3a-e 9.0 h-l 15.7a-d 12.4A 0.0c 0.0c 0.0c 0.0c 0.0B

T6 16.0e-j 19.3c-j 16.3e-j 18.7d-j 17.6CDE 8.3i-m 15.7a-d 7.7j-n 15.0a-f 11.7A 0.0c 0.0c 0.0c 0.0c 0.0B

T7 11.0ij 13.0hij 10.0j 12.3hij 11.6E 4.3 k-o 9.7 g-j 4.2 L-o 11.7b-j 7.5B 0.3c 0.0c 0.0c 0.0c 0.1B

T8 13.3hij 15.0f-j 12.3hij 14.0 g-j 13.7DE 3.0no 3.3mno 3.7mno 3.3mno 3.3C 0.0c 0.0c 0.0c 0.0c 0.0B

T9 11.0ij 11.3ij 10.7ij 10.0j 10.8E 2.3o 2.3o 2.3o 2.3o 2.3C 1.3c 1.7c 1.0c 1.3c 1.3B

T10 53.7a 57.3a 53.3a 57.0a 55.3A 13.3a-i 13.3a-i 14.0a-h 15.0a-f 13.9A 9.0b 12.0a 9.8b 12.0a 10.7A

Mean 20.8A 24.1A 20.7A 23.4A 8.0B 12.1A 7.9B 12.9A 1.1A 1.4A 1.1A 1.3A

L.S.D. (p ≤ 0.05) A = 1.46, B = 2.31, A × B = NS A = 0.78, B = 1.24, A × B = 2.47 A = NS, B = 0.52, A × B = 1.04

Different letters indicate significant differences among treatments at p ≤ 0.05. *T1-T10 refers to the weed management treatments specified in materials and methods; A refers to the genotypes; B refers to the weed control treatments and A × B refers to their interaction.
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3.6.1 Performance in recurrent parents

The WI was significantly lower, whereas, WCE was the highest for 
both pendimethalin fb bispyribac-Na (T8) and hand-weeded control 
(T9), demonstrating comparable efficacy (Supplementary Figures 2, 3). 
These results highlight the imperative role of PE herbicide in establish-
ing an efficient, multi-tactic weed management regime across all 
tested genotypes.

3.7 Correlation with weed density and 
biomass at 1 DBHA

Correlation analysis provided further insights into the strong 
interdependence of weed pressure, crop growth, and yield formation 
(Figure 5). Weed biomass exhibited strong and statistically significant 
negative associations with key productivity traits, notably panicle den-
sity (r = −0.78), grain yield (r = −0.82), and harvest index (r = −0.75), 

FIGURE 2

Total weed density (no./m2) and biomass (g/m2) in IMI-rice and their recurrent parent genotypes at 60 DAHA during the kharif (wet) seasons of (A) 2020 
and (B) 2021. Bars represents mean values ± standard error (SE) indicating total weed density and lines indicate biomass. T1T10 refers to the weed 
management treatments specified in materials and methods.

FIGURE 3

Weed index (%) of IMI-rice genotypes pooled over the kharif (wet) seasons of 2020 and 2021 under different herbicide treatments. Bars represent mean 
values ± standard error (SE). Different letters indicate significant differences among treatments at p ≤ 0.05.
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confirming that unchecked weed competition severely restricts both 
tiller survival and reproductive efficiency, consistent with the minimal 
panicle density and reduced yields observed in the weedy check (T10). 
The significant negative correlation with harvest index is particularly 
crucial, as it indicates that resource competition under weedy condi-
tions disproportionately restricts the partitioning of assimilates into 
grain rather than straw.

Conversely, grain yield showed strong positive associations with 
panicle density (r = 0.84) and straw yield (r = 0.71), suggesting that 
tiller survival into fertile panicles is the most reliable predictor of 
yield in DSR, while higher total biomass under effective weed control 
indirectly contributes to greater grain output. Thousand-grain weight 
did not differ significantly among treatments and, along with panicle 
weight, showed weak and inconsistent associations with grain yield, 

indicating that yield variation under different weed pressures was 
primarily governed by differences in panicle density rather than grain 
size. Overall, the patterns underline that effective early and sustained 
weed control is the single most important factor safeguarding yield 
potential in DSR, primarily through enhancing tiller survival, reduc-
ing sterility, and improving assimilate partitioning to grain.

3.8 Correlation with weed density at 60 
DAHA

A second correlation analysis performed on a pooled dataset 
(across both years) of IMI-rice genotypes PB 1979 and PB 1985 across 
ten weed management regimes, revealed distinct and powerful inter-
trait associations between the weed densities at 60 DAHA and crop 
performance (Figure 6A). Weed densities of grasses, broadleaf weeds, 
and sedges all exhibited strong and consistent negative correlations 
(r = −0.84 to −0.99) with all major growth and yield parameters. 
Conversely, plant height (PH), panicle density (NP), 1000-grain 
weight (TW), straw yield (SY) and grain yield (GY) were highly and 
positively correlated, ranging from r = 0.91 to 0.99, reflecting their 
direct and synchronized contribution to crop productivity and further 
indicating the inverse relationship between the reductions in weed 
pressure and improved overall crop performance (Figure 6A). When 
all four genotypes (two IMI-rice genotypes and their recurrent paren-
tal lines) were analyzed together for treatments T8–T10, a similar, yet 
more pronounced correlation pattern emerged (Figure 6B).

3.9 Principal component analysis of weed 
density at 60 DAHA and crop performance

Biplot analysis using PCA effectively visualized the complex 
interdependence of traits and treatment performance. A highly con-
sistent PCA structure was observed across both years, demonstrating 
stable trait–treatment interactions. For PB 1979, the first two princi-
pal components (PC1 and PC2) explained 97.3% of the total vari-
ability, indicating that most of the variation in the dataset could be 
effectively captured in the biplot. PC1 was strongly and positively 
associated with weed densities (grasses, broadleaf weeds, and sedges) 
but negatively correlated with major yield-related traits, such as grain 

FIGURE 4

Weed control efficiency (%) of IMI-rice genotypes pooled over the kharif (wet) seasons of 2020 and 2021 under different herbicide treatments. Bars 
represent mean values ± standard error (SE). Different letters indicate significant differences among treatments at p ≤ 0.05.

FIGURE 5

Correlation analysis of weed dynamics in IMI-rice genotypes along 
with growth and yield attributes 1 DBHA. PH – Plant height at panicle 
emergence; DTF – Days to 50% flowering; NP – Panicle density; 
TW – Test weight; STR – Sterility; GY – Grain yield; SY – Straw yield; 
WP – Total weed density (no./m2) at 1 DBHA; and WB – Total weed 
biomass (g/m2) at 1 DBHA.
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yield (GY), straw yield (SY), and panicle density (NP), clearly indi-
cated that increased weed pressure severely reduced yield attributes 
and overall productivity. The highly effective PE integrated herbicide 
treatments (T7 and T8) and two-times hand weeded treatment (T9), 
clustered closely with high-yield parameters, and were located oppo-
site to the high weed-density vectors, confirming their strong sup-
pressive effect on weed flora and their positive influence on yield. 
Conversely, T10 (weedy check) plotted distinctly along the weed den-
sity vectors, reflecting poor crop performance under unchecked weed 
competition.

The separation of treatments along PC1 clearly represented a 
weed-pressure gradient, with lower-dose imazethapyr treatments (T1–
T3) and sequential applications (T4–T6) occupying intermediate posi-
tions between the effective integrated treatments and the weedy check, 
indicating moderate weed suppression relative to T10, but inferior 
performance compared with pendimethalin 0.75 kg a.i. ha−1 f.b. ima-
zethapyr 100 g a.i. ha−1 (T7) and the twice hand-weeded treatment (T9) 
(Figure 7A). For PB 1985, PC1 and PC2 accounted for 96.8% of the 
total variation, with patterns largely consistent with PB 1979, where 
T7, T8 and T9 were closely associated with positive yield parameters 

FIGURE 6

Correlation heatmap showing associations among weed density categories at 60 days after herbicide application (60 DAHA) and various growth and 
yield characteristics of (A) IMI-rice genotypes – PB 1979 and PB 1985 and (B) all IMI-rice and their recurrent parent genotypes for treatments T8–T10. 
PH – Plant height at panicle emergence; DTF – Days to 50% flowering; NP – Panicle density; TW – Test weight; STR – Spikelet sterility; GY – Grain 
yield; SY – Straw yield; WP_GR – Weed density of grasses at 60 DAHA; WP_BL – Weed density of broadleaf weeds at 60 DAHA; and WP_SD – Weed 
density of sedges at 60 DAHA.
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FIGURE 7

Principal component analysis (PCA) biplot showing associations among weed density categories at 60 DAHA and various growth and yield 
characteristics of (A) IMI-rice genotype PB 1979, (B) IMI-rice genotype PB 1985, and (C) all IMI-rice and their recurrent parents’ genotypes for 
treatments T8–T10. V1 – PB 1979, V2 – PB 1985; V3 – PB 1121; V4 – PB 1509 and T1 to T10 represent all the various weed management regimes stated in 
materials and methods section. PH – Plant height at panicle emergence; DTF – Days to 50% flowering; NP – Panicle density; TW – Test weight; STR – 
Spikelet sterility; GY – Grain yield; SY – Straw yield; WP_GR – Weed density of grasses at 60 DAHA; WP_BL – Weed density of broadleaf weeds at 60 
DAHA; and WP_SD – Weed density of sedges at 60 DAHA. Trait vectors indicate the contribution of each variable to total variance, and treatment 
scores represent their relative positions along the principal components.
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(GY, SY, NP) and positioned opposite to the weed density vectors, 
while the weedy check (T10) again occupied a distinct quadrant 
defined by high weed densities, sterility (STR) and extremely low grain 
and straw yields (Figure 7B).

Finally, when PCA was performed using data from four genotypes 
(PB 1979, PB 1985, PB 1121, and PB 1509) across the three common 
treatments (T8, T9, and T10), the first two components (PC1 and PC2) 
together explained 98.5% of the total variation, starkly revealing geno-
typic and treatment variations. The two-hand weeding treatment (T9) 
and pendimethalin @ 0.75 kg a.i. ha−1 f.b. bispyribac-Na @ 25 g a.i. 
ha−1 (T8) treatments for both tolerant lines and recurrent parents clus-
tered in quadrants associated with higher yield (GY, SY), panicle den-
sity (NP), and optimal plant height, clearly segregating them from the 
weedy check (T10) across all genotypes. The T10 points grouped near 
the vectors for weed densities and sterility, reflecting the strong nega-
tive association between weed load and productivity, while the toler-
ant lines (PB 1979 and PB 1985) maintained a superior growth and 
yield advantage compared to their recurrent parents, which clustered 
close to moderate-yield and higher-weed-load regions, effectively dis-
tinguishing varietal tolerance and herbicide efficacy (Figure 7C).

3.10 Z-score clustering heatmap analysis

The z-score heatmap visualized relative treatment performance 
across all traits, confirming the efficacy hierarchies observed in the 
previous analyses. Treatments T7, T8, and T9 formed a close cluster, 
demonstrating low weed density and high yield and associated attri-
butes, achieving efficacy comparable to manual weeding. Within this 
cluster, Positive z-scores (red cells) were strongly concentrated for 
high-value traits like grain yield (GY), straw yields (SY), plant height, 
panicle density (NP), and test weight (TW), confirming their above-
average performance. Conversely, T10 exhibited strong negative 
z-scores for all yield attributes and pronounced positive z-scores for 
weed densities, consistent with severe weed competition and poor 
growth, and its distinctly separate positioning confirmed its poor 
agronomic performance (Figure 8). A second group of close clusters 
was formed by the singular or sequential application of imazethapyr 
regimes (T1–T6), indicating higher weed densities, where, low-dose 
imazethapyr applications (T1–T3) proved insufficient, and while 
sequential sprays (T4–T6) improved weed control, they still consider-
ably lagged behind pendimethalin-integrated regimes (Figure 8).

This robust pattern was further validated when a similar z-score 
clustering heatmap was arranged for four genotypes across treatments 
T8, T9, and T10, showing consistent patterns (Figure 9). T8 and T9 
across all four varietal sets maintained positive z-score for yield traits 
and negative z-scores for weed density, verifying their stable, superior 
performance, while T10 consistently displayed high weed density and 
extremely low yield regardless of variety. Hierarchical clustering 
grouped T8 and T9 closely across genotypes, while T10 formed a dis-
tinct outlier branch, indicating consistent treatment-wise divergence 
in weed suppression and yield response across the tested genotypes.

The combined multivariate evidence thus emphasizes that inte-
grated and sequential herbicide strategies are superior to single-appli-
cation imazethapyr, with T7 and T8 achieving weed control and yield 
responses statistically equivalent to the hand weeded treatment (T9), 
thereby offering a practical robust, and high-yielding alternative under 
labor-limited conditions. The strong inverse correlation between weed 
density and yield attributes further confirms that lower weed pressure 

is closely associated with improved crop performance under the pres-
ent experimental conditions.

3.11 Assessment of soil residue and crop 
bioassay for herbicide carryover

The assessment of soil residue through crop bioassay indicated 
that the residual effect of imazethapyr-based weed management treat-
ments on succeeding rabi (winter) crops at 45 DAS was minimal. The 
growth of succeeding crops (potato, gram, mustard, pea and wheat) 
did not vary significantly across plots previously treated with different 
imazethapyr regimes, suggesting no residual phytotoxicity or adverse 
effect on crop establishment. This absence of carryover effect may be 
attributed to the degradation and dissipation of imazethapyr in soil 
before the establishment of succeeding crops, resulting in residue 
levels below phytotoxic thresholds. Growth parameters, including 
plant population (m−2), plant height, and plant dry biomass (g m−2) of 
IMI treatments (T1-T7)remained statistically comparable with hand-
weeded treatment (T9), weedy check (T10) and the recommended 
treatment (T8) (Tables 7–9). However, during the 2020 rabi (winter) 
season, potato dry biomass was significantly reduced under the high-
est sequential dose of imazethapyr (200 + 200 g a.i. ha−1), indicating a 
possible dose-dependent and weather related effects. This effect was 
not observed in the subsequent 2021 season (Table 9). The treatment 
comprising pendimethalin (0.75 kg a.i. ha−1) followed by imazethapyr 
(100 g a.i. ha−1) showed no adverse effects on any succeeding crop, 
indicating its safety and compatibility. Considering its effective weed 
control, yield performance and lack of residual toxicity, T7 appears to 
be a suitable alternative to the existing recommendation.

4 Discussion

Effective weed management is critical for maximizing productiv-
ity in dry DSR, where simultaneous crop–weed emergence under 
aerobic conditions intensifies competition during early growth stages, 
severely limiting tiller survival, panicle formation, and grain yield 
(Chauhan, 2012; Rao et al., 2007). The study demonstrated strong evi-
dence that the deployment of IMI-tolerant basmati rice genotypes, 
Pusa Basmati 1979 and Pusa Basmati 1985, is essential for enabling 
effective chemical weed control. These HT genotypes consistently out-
performed their recurrent parents (PB 1121 and PB 1509) across all 
imazethapyr-based regimes. The recurrent parents, lacking the neces-
sary tolerance, were severely penalized under imazethapyr application. 
This confirms that the successful deployment of ALS-inhibiting her-
bicides intrinsically depends on the availability of the corresponding 
HT genetic backgrounds that prevent herbicide binding, allowing 
selective weed control without crop injury (Kar et al., 2024; Tan et al., 
2005; Chiapinotto et al., 2024).

Understandably, weed infestation in the weedy check plots 
resulted in severe yield reductions, emphasizing the magnitude of 
losses that can occur in the absence of effective control measures. This 
is primarily due to intense competition for light, nutrients, and mois-
ture during early crop establishment, which restricts tiller develop-
ment and panicle formation, ultimately reducing yield potential. These 
findings are consistent with earlier reports that weeds can cause yield 
losses up to 60% in rice when left uncontrolled (Chauhan, 2012; Rao 
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et al., 2007). Sequential application of imazethapyr provided better 
weed suppression than single sprays in reducing weed biomass at 60 
DAHA, as it enables the control of both early- and late-emerging weed 
flushes, which are common under aerobic conditions. Similar obser-
vations have been reported in soybean and maize systems where 
sequential imidazolinone applications extended weed control into the 
later crop growth stages (Shaner, 2014). Importantly, the pendimeth-
alin (0.75 kg a.i. ha−1) followed by imazethapyr (100 g a.i. ha−1) offered 
the optimal weed suppression as PE pendimethalin helped by control-
ling non-target weeds of imazethapyr and maximized crop perfor-
mance. This may be attributed to the complementary action of 
pre-emergence and post-emergence herbicides, where pendimethalin 
suppresses initial weed flushes while imazethapyr controls later-
emerging weeds. Conversely, higher spray doses, particularly the 
sequential post-application of imazethapyr at 125 + 125 g a.i. ha−1 and 
200 + 200 g a.i. ha−1 did not result in proportional yield benefits, likely 
due to diminishing returns beyond optimal dose thresholds. This sup-
ports the concept of herbicide dose optimization to avoid unnecessary 
chemical load, mitigate environmental risk and minimize produc-
tion costs.

Weed flora assessments revealed grasses as the predominant weed 
group (~40–45% of total density at 1 DBHA escalating to ~70% of 

total density at 60 DAHA), followed by broadleaves and sedges. Both 
early-season and later weed flushes strongly influenced yield forma-
tion. Single-dose imazethapyr applications provided effective suppres-
sion of sedges and broadleaves but were insufficient against 
later-emerging and more competitive grasses, such as Eleusine indica, 
This is due to the relatively lower sensitivity of certain grassy weeds to 
ALS-inhibiting herbicides, coupled with their rapid growth rate and 
competitive ability under aerobic soil conditions.

While sequential imazethapyr applications improved the control 
of these late-emerging grasses, the highest efficacy and most sustained 
suppression were achieved with the pre-emergence pendimethalin fol-
lowed by a post-emergence imazethapyr or bispyribac-Na. These 
regimes reduced total weed densities by ~80% and successfully 
achieved grain yields comparable to the hand weeded plots (Chauhan 
et al., 2015). These findings emphasize that integration of pre- and 
post-emergence herbicides is a superior management strategy to rely-
ing solely on single post-emergence applications in DSR systems 
because pre-emergence herbicides suppress initial weed cohorts, while 
post-emergence applications target later-emerging individuals, ensur-
ing season-long control (Choudhary and Dixit, 2021).

The present study, in accordance with recent literature (Sharma et 
al., 2024; Kumar et al., 2015), demonstrated that imazethapyr-based 

FIGURE 8

Hierarchically clustered z-score heatmap showing similarity patterns among weed density categories at 60 DAHA and growth and yield characteristics 
of IMI-rice genotypes – PB 1979 and PB 1985. T1 to T10 represent all the various weed management regimes stated in materials and methods section. 
PH – Plant height at panicle emergence; DTF – Days to 50% flowering; NP – Panicle density; TW – Test weight; STR – Spikelet sterility; GY – Grain 
yield; SY – Straw yield; WP_GR – Weed density of grasses at 60 DAHA; WP_BL – Weed density of broadleaf weeds at 60 DAHA; and WP_SD – Weed 
density of sedges at 60 DAHA.
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FIGURE 9

Hierarchically clustered z-score heatmap showing similarity patterns among weed density categories at 60 DAHA and growth and yield characteristics 
of all IMI-rice and their recurrent parent genotypes. T8 to T10 represent all the various weed management regimes stated in materials and methods 
section. PH – Plant height at panicle emergence; DTF – Days to 50% flowering; NP – Panicle density; TW – Test weight; STR – Spikelet sterility; GY – 
Grain yield; SY – Straw yield; WP_GR – Weed density of grasses at 60 DAHA; WP_BL – Weed density of broadleaf weeds at 60 DAHA; and WP_SD – 
Weed density of sedges at 60 DAHA.

TABLE 7  Plant height (cm) at 45 DAS recorded during bioassay studies assessing the residual effect of imazethapyr herbicidal treatments on the following crop in 2020 and 2021 at PAU, Ludhiana 

(sandy loam soil).

Weed 
control 
treatments

Plant height (cm) at 45 DAS

2020 2021

Potato Gram Mustard Wheat Potato Gram Peas Mustard Wheat

T1 16.3 a 13.8 a 8.9 a 16.6 a 14.3 a 11.6 a 20.6 a 10.6 a 26.3 a

T2 16.3 a 13.7 a 8.8 a 16.8 a 14.2 a 11.7 a 20.9 a 11.1 a 25.9 a

T3 16.5 a 13.7 a 8.8 a 16.5 a 14.3 a 11.5 a 20.5 a 10.6 a 26.3 a

T4 16.2 a 13.8 a 8.9 a 16.8 a 14.4 a 11.6 a 20.6 a 10.5 a 26.2 a

T5 16.3 a 13.9 a 8.8 a 16.9 a 14.2 a 11.8 a 20.4 a 11.1 a 26.1 a

T6 15.7 a 13.7 a 8.5 a 16.7 a 13.9 a 11.4 a 20.7 a 10.1 a 26.3 a

T7 16.4 a 13.8 a 9.0 a 16.6 a 14.4 a 11.6 a 20.9 a 10.3 a 26.3 a

T8 16.3 a 13.9 a 9.1 a 16.5 a 14.3 a 11.6 a 20.8 a 10.4 a 26.3 a

T9 16.4 a 13.7 a 8.9 a 16.6 a 14.5 a 11.5 a 20.6 a 10.4 a 26.3 a

T10 16.5 a 13.6 a 8.9 a 16.8 a 14.4 a 11.6 a 20.9 a 10.5 a 26.4 a

L.S.D. (p ≤ 0.05) NS NS NS NS NS NS NS NS NS

Different letters indicate significant differences among treatments at p ≤ 0.05. *T1-T10 refers to the weed management treatments specified in materials and methods.
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weed management, particularly when integrated with pre-emergence 
herbicides such as pendimethalin, provided highly effective control of 
complex weed flora in direct-seeded basmati rice, while also ensuring 
safety for succeeding crops. The relative suppression effect of ima-
zethapyr, showed the greatest suppression of grasses and sedges fol-
lowed by broadleaf weeds (Kumar et al., 2015), is consistent with 
global findings. However, the partial survival of grassy weeds under 
single-dose applications underscores the selectivity and efficacy limi-
tations of this herbicide when used alone, a challenge repeatedly 
observed in the Indo-Gangetic plains (Kumar and Ladha, 2011; 
Chauhan, 2012). This corroborates the global call for optimized her-
bicidal regimes and integrated weed management systems in 

conjunction with the utilization of the imidazolinone-herbicide toler-
ant rice genotypes, owing to the moderate effectiveness of IMI herbi-
cide on an array of grassy weeds (Ulguim et al., 2021).

Furthermore, correlation and multivariate analysis (PCA and 
clustering analyses) also provided clear evidence that integrated 
and sequential herbicide applications significantly improved the 
growth and yield performance compared to single PoE applica-
tions of imazethapyr. The PE herbicide integrative regimes pendi-
methalin 0.75 kg a.i. ha−1 f.b. imazethapyr @ 100 g a.i. ha−1 (T7) or 
bispyribac-Na @ 25 g a.i. ha−1 (T8) achieved superior weed sup-
pression, reflected by minimal weed densities and maximized 
grain and straw yields. Their proximity to the hand weeded 

TABLE 8  Plant population/ m2 at 45 DAS recorded during bioassay studies assessing the residual effect of imazethapyr herbicidal treatments on the following crop in 2020 and 2021 at PAU, 

Ludhiana (sandy loam soil).

Weed 
control 
treatments

Plant population/m2 at 45 das

2020 2021

Potato Gram Mustard Wheat Potato Gram Peas Mustard Wheat

T1 7.2 a 17.2 a 52.5 a 40.4 a 8.6 a 18.6 a 11.7 a 36.4 a 57.5 a

T2 7.2 a 17.4 a 52.1 a 42.1 a 8.7 a 19.1 a 11.8 a 35.8 a 55.9 a

T3 7.5 a 17.5 a 51.6 a 40.8 a 8.3 a 18.9 a 11.9 a 32.2 a 57.5 a

T4 7.1 a 17.3 a 52.6 a 41.2 a 8.5 a 18.6 a 12.0 a 33.9 a 57.5 a

T5 7.3 a 17.5 a 51.2 a 41.5 a 8.7 a 18.5 a 12.1 a 35.7 a 56.9 a

T6 7.2 a 17.6 a 52.1 a 40.8 a 8.5 a 18.7 a 11.8 a 33.2 a 55.8 a

T7 7.6 a 17.5 a 52.2 a 40.9 a 8.6 a 18.6 a 11.9 a 36.7 a 57.1 a

T8 7.6 a 17.7 a 52.1 a 41.0 a 8.5 a 18.5 a 12.0 a 36.6 a 56.9 a

T9 7.5 a 17.5 a 52.3 a 40.9 a 8.6 a 18.7 a 11.9 a 36.4 a 57.2 a

T10 7.4 a 17.4 a 52.1 a 40.5 a 8.7 a 18.5 a 11.9 a 36.1 a 57.1 a

L.S.D. (p ≤ 0.05) NS NS NS NS NS NS NS NS NS

Different letters indicate significant differences among treatments at p ≤ 0.05. *T1-T10 refers to the weed management treatments specified in materials and methods.

TABLE 9  Fresh weight (g/m2) at 45 DAS recorded during bioassay studies assessing the residual effect of imazethapyr herbicidal treatments on the following crop in 2020 and 2021 at PAU, Ludhiana 

(sandy loam soil).

Weed 
control 
treatments

Fresh weight (g/m2) at 45 DAS

2020 2021

Potato Gram Mustard Wheat Potato Gram Peas Mustard Wheat

T1 1100.0 a 160.0 a 101.0 a 767.0 a 1332.0 a 193.0 a 288.0 a 87.0 a 973.0 a

T2 1105.0 a 165.0 a 100.0 a 779.0 a 1375.0 a 205.0 a 278.0 a 87.0 a 969.0 a

T3 1074.0 ab 171.0 a 99.0 a 775.0 a 1333.0 a 201.0 a 288.0 a 86.0 a 972.0 a

T4 1089.0 a 172.0 a 101.0 a 785.0 a 1359.0 a 209.0 a 290.0 a 86.0 a 975.0 a

T5 1079.0 ab 168.0 a 98.5 a 769.0 a 1328.0 a 204.0 a 275.0 a 83.0 a 964.0 a

T6 985.0 b 169.0 a 97.9 a 772.0 a 1299.0 a 214.0 a 289.0 a 79.0 a 960.0 a

T7 1096.0 a 170.0 a 102.0 a 770.0 a 1346.0 a 204.0 a 286.0 a 87.0 a 972.0 a

T8 1099.0 a 169.0 a 100.0 a 773.0 a 1340.0 a 203.0 a 281.0 a 88.0 a 981.0 a

T9 1101.0 a 168.0 a 99.0 a 771.0 a 1339.0 a 202.0 a 287.0 a 87.0 a 976.0 a

T10 1105.0 a 170.0 a 101.0 a 771.0 a 1365.0 a 205.0 a 279.0 a 87.0 a 979.0 a

L.S.D. (p ≤ 0.05) 57 NS NS NS NS NS NS NS NS

Different letters indicate significant differences among treatments at p ≤ 0.05.*T1-T10 refers to the weed management treatments specified in materials and methods.
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treatment (T9) in the multivariate space explicitly demonstrates 
that these combinations mimic the efficacy of manual weeding 
(Figures 5–8). These multivariate patterns confirm that weed sup-
pression is the primary determinant of yield variability across 
treatments. The superiority reflects the necessary complementar-
ity of pre- and post-emergence herbicides, which target both 
early-emerging and later weed flushes. Several authors have 
stressed that season-long weed control in DSR requires such inte-
gration, as PE herbicides provide the first line of suppression 
while PoE products manage later flushes resulting in improved 
WCE and yield advantages compared to single-application strate-
gies (Mahajan and Chauhan, 2011; Mahajan and Chauhan, 2013). 
These integrated programs not only matched but often equaled 
hand-weeding in efficiency, highlighting their potential to reduce 
labor reliance in regions facing escalating rural wages.

The comprehensive multivariate analyses (PCA and Z-score 
heatmaps) strongly supported the field evaluation data, with the 
weedy check (T10) consistently positioned opposite to yield vectors 
in PCA space and displayed deep-blue (negative) z-scores for pro-
ductivity traits, representing the lowest agronomic performance. 
Conversely, the moderate-performing treatments (T1–T6) reflect 
the partial control achieved by varying imazethapyr regimes, with 
T5 (imazethapyr @ 125 + 125 g a.i. ha−1) performing optimally 
within this group and clustering near the highly effective inte-
grated treatments (T7 and T8). This suggests that sequential appli-
cations enhance weed control duration and reduce regrowth 
between spray intervals, though they remain inferior to integrated 
pre-emergence approaches. The molecular basis of imidazolinone 
herbicide tolerance in these lines (mutations in the acetohydroxy 
acid synthase (AHAS) gene) allows them to withstand otherwise 
injurious doses, providing a necessary genetic platform for chemi-
cal weed control (Kar et al., 2024; Tan et al., 2005).

Performance differences between the HT and recurrent parent 
genotypes were stark, as the recurrent parents (PB 1121 and PB 1509) 
showed negligible survival under imazethapyr treatments, reaffirming 
that the deployment of imazethapyr is only feasible in tolerant geno-
types. In contrast, HT lines not only resisted imazethapyr but also dem-
onstrated improved growth and yield attributes under reduced weed 
pressure, validating the genetic advantage conferred by altered ALS 
alleles in HT backgrounds, as reported in Clearfield® rice and wheat 
systems globally (Kar et al., 2024; Sudianto et al., 2013; Tan et al., 2005).

However, the drastic penalties observed in the weedy check, which 
confirmed that unchecked weed pressure can reduce DSR yields by 
>80%, concurs with global estimates ranging from 40–90% depending 
on species composition and crop establishment (Rao et al., 2007; 
Chauhan and Johnson, 2011). The correlation analysis further empha-
sizes that weed biomass exerts its greatest impact on tiller survival and 
harvest index. The strong negative associations between weed biomass 
and yield components mirror reports from IRRI indicating that weed 
competition reduces assimilate availability for reproductive develop-
ment, thereby lowering harvest index and grain yield (Chauhan and 
Johnson, 2011; Chauhan and Opena, 2013). These insights highlight that 
effective weed suppression not only prevents direct resource competition 
but also safeguards reproductive efficiency.

The bioassay studies confirm that imazethapyr residues in sandy 
loam soils of Punjab did not show carryover risks to succeeding rabi 
(winter) crops such as wheat, gram, mustard, peas or potato under 
present conditions. A similar non-significant effect was observed in 
succeeding pearl millet and sorghum and black gram treated with 

various doses of imazethapyr (Sharma et al., 2024). This can be attrib-
uted to rapid microbial degradation of imazethapyr under aerobic soil 
conditions, resulting in residue levels below phytotoxic thresholds 
before establishment of succeeding crops. Although several studies 
report no significant residual impact of imazethapyr on succeeding 
crops, others have documented its potential leaching to greater soil 
depths and adverse effects on soil microbial health and successive crop 
growth under prolonged or high-dose usage (Kundu et al., 2011; Lyon 
and Wilson, 2005; Sondhia, 2013; Zhang et al., 2010). The significant 
reduction in potato biomass observed in 2020 under the highest 
sequential imazethapyr dose, but not in 2021, may be attributed to 
year-to-year variation in environmental conditions influencing herbi-
cide persistence and degradation (Table 9).

Differences in rainfall and temperature between seasons may 
have accelerated herbicide degradation in 2021, thereby reducing 
residual effects. Higher soil moisture under increased rainfall con-
ditions (+358.6 mm; ~89% higher rainfall in kharif 2021) and 
more humid conditions is known to accelerate herbicide leaching 
to lower soil layers (Sondhia, 2013) and dissipation through 
microbial activity. Imazethapyr exhibits weak and reversible sorp-
tion in soils, with degradation occurring primarily through 
microbial metabolism under aerobic conditions with a half-life of 
~60–90 days, indicating moderate persistence with minimal 
leaching or volatilization (Shaner, 2014). Hence, the lower dose of 
imazethapyr in combination with a PE herbicide such as pendi-
methalin (T7 – pendimethalin @ 0.75 kg a.i. ha−1 + imazethapyr 
@100 g a.i. ha−1) proved most effective, achieving the best balance 
between strong weed suppression while minimizing chemical resi-
due in soil, preserving soil microbial health and still significantly 
obtaining higher grain and straw yields. These findings are crucial 
for crop rotations in the Indo-Gangetic plains, where rabi (winter) 
crops follow rice without significant fallow, and residual toxicity 
could otherwise threaten system sustainability.

Despite the apparent benefits, we must not disregard the potential 
challenges associated with the complete adoption of HT rice on soil 
and crop health. Indeed, evidence of imazethapyr-tolerant populations 
has already emerged in Asia (Chander et al., 2023; Hu et al., 2025) and 
Latin America (Bonow et al., 2018; Matzenbacher et al., 2015). 
Strategic diversification of herbicide modes of action, i.e., integration 
of PE pendimethalin, along with cultural measures such as stale seed-
bed techniques and competitive cultivars, is therefore essential to pro-
long the useful life of this chemistry (Abraham and Jose, 2015; Kaur 
and Singh, 2017; Singh et al., 2018). Long-term cultivation of HT rice 
can lead to evolutionary consequences, as population genetic studies 
have shown that herbicide-tolerant weedy rice often arises through 
gene flow from tolerant cultivars and subsequent seed dispersal 
(Merotto Jr et al., 2016).

From a systems perspective, the present results highlight both 
opportunity and caution. HT rice combined with imazethapyr-based 
regimes can deliver reliable, labor-saving weed control, making DSR 
more attractive under water and labor scarcity (Kumar et al., 2025; 
Mahajan and Chauhan, 2013; Singh et al., 2011). On the other hand, 
the ecological risks of herbicide overuse (weed flora shifts, resistance 
evolution and soil microbial perturbations) are real and documented 
(Chiapinotto et al., 2024; Norsworthy et al., 2012; Ulguim et al., 2021). 
The most sustainable path forward is therefore an integrated approach: 
rotation of herbicides with different sites of action, combination of 
pre- and post-emergence herbicides, and incorporation of cultural 
practices that reduce weed seedbank pressure.
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The combination of HT rice with pendimethalin followed by ima-
zethapyr at lower dose 100 g a.i. ha−1, as in the present study (T7), 
offers combines efficacy with notable advantages and multiple merits. 
It reduces reliance on labor-intensive manual weeding, ensures broad-
spectrum weed suppression and potentially delays the onset of herbi-
cide resistance by integrating two modes of action. However, 
continuous and indiscriminate use of imazethapyr alone could still 
exert selection pressure on weed populations, necessitating careful 
stewardship and rotation with other herbicides and cultural practices.

5 Conclusion

The superior field performance of the integrated weed manage-
ment strategy is directly attributable to the complementary temporal 
and biochemical activities of pendimethalin followed by imazethapyr. 
Pendimethalin forms a critical pre-emergence barrier that effectively 
inhibits the germination of the early flush of grasses and broadleaf 
weeds, whereas the subsequent application of imazethapyr, which is 
systemic and selective through ALS enzyme inhibition characterized 
by shoot and root activity, efficiently targets later-emerging and resid-
ual weeds. This temporal sequencing and biochemical complementar-
ity significantly mitigate interspecific competition during the critical 
early growth phase of DSR, thereby stabilizing tiller survival, improv-
ing canopy development, and enhancing grain formation. 
Consequently, the combination of HT rice genotypes with the pendi-
methalin (0.75 kg a.i. ha−1 at 1–2 DAS) followed by post-emergence 
imazethapyr (100 g a.i. ha−1 at 16–18 DAS) provides sustained, broad-
spectrum weed suppression, resulting in improved crop growth and 
enhanced yield potential. The adoption of this integrated herbicide 
strategy serves as an effective alternative to manual weeding under 
labor-scarce conditions, capable of improving crop productivity.
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