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Efficacy of pre- and post-emergence herbicide
combinations on weed control in no-till
mechanically transplanted rice

Biplab Mitra®, Koushik Patra’, Prateek Madhab Bhattacharya®, Arunava Ghosh?,
Apurba Kumar Chowdhury?, Tapamay Dhar?, Saiful Islam?, Alison M Laing® and
Mahesh K Gathala®*

Abstract: No-till mechanized-transplanted rice was evaluated for different combi-
nations of pre- and post-emergence herbicides to determine feasible, economically
viable weed management options to control complex weed flora in rice fields. All
pre-emergence herbicides significantly reduced the population of grassy weeds; of
these, pendimethalin resulted in the greatest reductions (83%) at 15 days after
transplanting (DAT). Among five post-emergence herbicide treatments, the combi-
nation of bispyribac-sodium (10%SP) + pyrazosulfuron (10%WP) was found to be
the most effective in controlling all weed flora at both 35 and 55 DAT. The
sequential application of pendimethalin (pre-emergence) followed bispyribac-
sodium + pyrazosulfuron (post-emergence) resulted in significantly higher rice grain
yield (4.4 t-ha™) and relative gross-margin (417 USD-ha™) than all other treat-
ments. A strong negative correlation was observed between rice grain yield and
weed biomass, and a strong positive correlation between rice grain yield and weed
control efficiency. Our findings demonstrate the potential to combine pre- and post-
emergence herbicides in no-till mechanized-transplanted rice; these findings have
applications globally in regions where rice is established by no-till or mechanized
transplanting.

Subjects: Agriculture; Agriculture and Food; Agronomy

Keywords: herbicide; no-till or unpuddled; mechanized transplanted rice; weed biomass
and density; weed control efficiency

1. Introduction

Rice (Oryza sativa) is a staple food and key source of calories for billions of people across Asia and
there is a clear need to sustainably increase rice production within the region to increase global
food security. Under traditional rice establishment practices, the soil is intensively tilled and
puddled before the crop is manually transplanted. This puddled, transplanted rice (PTR) method
of crop establishment is energy, water and labor intensive and contributes to the destruction of
soil physical (soil percolation, soil structure, aggregation, compactness, etc.) and biological
(microbes, fungi, carbon dynamics etc.) properties (Choudhary et al,, 2018; M. Gathala et al,
2014; Gathala et al., 2020q, b). Tillage and puddling operations destroy soil aggregates, break
capillary pores, and compact the soil, leading to the increased bulk density of surface layers
(Gathala et al,, 2017, 2011; Gupta et al., 2003) which in turn results in reduced plant root growth
and thus poor nutrient and water absorption by the rice crop.

© 2022 The Author(s). This open access article is distributed under a Creative Commons
Attribution (CC-BY) 4.0 license.
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Alternative crop establishment methods which promote healthier soils are emerging, including
dry direct seeded rice (DSR) and unpuddled transplanted rice (UPTR). In UPTR, seedlings are
mechanically transplanted into untilled, saturated soil: this is a conservation agriculture (CA)-
based technology where rice yields are not compromised and where less energy is used in rice
production than in PTR (Bell et al., 2019; Chaki et al,, 2021; Gathala et al., 2020b; Haque & Bell,
2019; Islam et al., 2019; Mitra et al., 2018). UPTR is well suited to agricultural environments where
the onset of wet-season rains is abrupt and heavy, as occurs across many regions in Asia. In these
regions, DSR may result in poor or even complete crop establishment failure (Haque & Bell, 2019;
Islam et al,, 2019). As an alternative to DSR or PTR, UPTR is a viable option where the soil is
minimally disturbed, tillage costs and water requirements are reduced, and there is greater energy
efficiency and profit without yield penalty (Gathala et al., 2020q; Islam et al., 2019; Mitra et al,,
2018). In key regions where UPTR is an attractive establishment method, jute is a widespread crop
prior to the rice crop. The jute leaf-fall contributes to softening of the soil prior to rice establish-
ment, further reducing tillage requirements and increasing the viability of UPTR.

Under minimum-till UPTR weeds are not suppressed by pre-sowing tillage operations or by
standing water as they are under traditional PTR management, and thus new methods of effective
weed control are required to ensure rice yields are not compromised. While research has been
conducted to understand the rice-based cropping agro-ecologies in which UPTR is a viable crop
establishment option (Chaki et al., 2021; Rajiv et al., 2018; Sahu et al., 2019), there has been little
investigation into weed management under UPTR, particularly in environments where the onset of
the monsoon is sharp and intense.

Considerable weed pressure has been observed under UPTR early in the crop growing season,
leading to significantly reduced rice yields when weeds are not effectively managed (Rahman,
2016). Traditional methods of in-crop weed control in rice (besides suppression with standing
water) are manual removal and hoeing, but due both to the high cost of labor and to labor
shortages which are acute at times critical for weeding, these methods cannot be relied upon
(Chauhan, 2012; Kumar & Ladha, 2011).

Herbicides are an effective alternative weed management strategy as they require less labor
and have the potential to provide useful weed control while reducing labor and production costs.
Non-selective herbicides (e.g., glyphosate) have been used prior to crop establishment to control
annual and biannual weeds, however they are less effective at complete weed removal than
tillage operations (Carretta et al., 2021). The high initial efficacy of glyphosate, as well as the
introduction of genetically modified crops, can both contribute to a decline in the use of other
herbicide options and less investment by industry to discover new active ingredients (Green &
Owen, 2011). Control of complex weed flora through a single pre- or post-emergence herbicide
application is a very challenging task, and it is likely that the use of the same herbicides over
a prolonged period may contribute to herbicide resistance in weeds (Kim, 1996). Applying several
herbicides which have different active ingredients is to be encouraged for broad-spectrum weed
control. The sequential application of pre-followed by post-emergence herbicides in rice has
proved to be effective in controlling weed flora well without yield penalty (Ramesha et al., 2017;
V. Singh et al, 2016; Zahan et al.,, 2018). At the same time, applying different herbicides in
combination may reduce herbicide resistance (Mahajan & Chauhan, 2015). Chemical weed control
has been shown to initially affect soil microbial populations, but this is followed by increased
microbial population density and enzymatic activity as the crop progresses, particularly under
UPTR (Pattanayak et al., 2022). Moreover, it has been observed that many reduced-tillage crop
management practices promote small-seeded weeds (Chauhan, 2012), and we believe that this
may also be true for UPTR.

Across the Eastern Gangetic Plain region of South Asia, farmers generally use only pre-
emergence herbicides followed by limited in-crop hand weeding. Labour shortages are increasing

in this region, and there is a need to identify the correct combination of herbicides which is most

Page 2 of 23



Mitra et al., Cogent Food & Agriculture (2022), 8: 2139794 ﬂ-f Cogent P food & ag ricu |‘tu re

https://doi.org/10.1080/23311932.2022.2139794

Figure 1. Weather parameters
(rainfall, maximum and mini-
mum temperatures) for the
2015 and 2016 experimental
rice growing seasons.

effective, and which can be recommended to smallholder farmers who are seeking to adopt CA-
based crop establishment practices including UPTR.

In this present study, we hypothesise that it will be possible to examine the performance of
sequential herbicide combinations under UPTR in the Eastern Gangetic Plains and to identify the
most effective combination of pre- and post-emergence herbicides to suppress a range of weeds.
This information will enable smallholder farmers to improve their rice crop productivity and
increase their profitability. Our results will enable the recommendation of a regionally appropriate
pre- and post-emergence herbicide combination for effective weed control under UPTR, which may
also have benefits for other rice production methods in the region (e.g., PTR in rainfed ecologies,
where weed pressure is very high and farmers are unable to manually control weeds). While the
efficacy of these herbicide combinations has been well documented under DSR and in other agro-
ecologies, little information is available on the optimum herbicide management strategy for weed
control under UPTR and in the Eastern Gangetic Plains. The findings reported here have applica-
tions in other tropical rice-based agro-ecologies where UPTR is an appropriate rice establishment
practice.

2. Materials and methods

2.1. Experimental site

The experiment was conducted during 2015 and 2016 in wet (rice growing) seasons at the
research farm of Uttar Banga Krishi Viswavidyalaya (North Bengal Agricultural University), Cooch
Behar, West Bengal, India, 26°24'02.2” N, 89°23'21.7” E, elevation 43 m above mean sea level. The
soil of the experimental site was sandy loam and acidic (pH 5.54), well drained and with an organic
carbon content of 0.89% (Sinha et al., 2019). The site is subtropical and humid with high annual
precipitation of between 2800 and 3000 mm, of which 70-90% occurs during June to October.
Minimum temperatures below 10°C occur in December and January, while maximum temperatures
of around 35°C occur in April and May. Relative humidity is very high (70 to 100%) from May to
December. The meteorological data pertaining to the period of experimentation are depicted in
Figure 1. Prior to commencing the experiment, a uniform application of glyphosate was applied
10 days before rice seedlings were transplanted. There were no weeds present at transplanting in
any plots.

3. Experimental details and management

The experiment was laid out in a two-factor randomized block design. Four pre-emergence weed
management options were treated as factor 1 comprising a control (no pre-emergence herbicide
applied) treatment and treatments with the application of one of three pre-emergence herbicides:
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pendimethalin 30 % EC (1000 g a.i. ha™"), oxadiargyl 80% WP (90 g a.i. ha™) and pretilachlor 50%
EC + safener (500 g a.i. ha™). Five post-emergence weed management options were taken as
factor 2: comprising the control (no post-emergence herbicide applied) treatment and the applica-
tion of one of four post-emergence herbicides: bispyribac-sodium 10% SP (25 g a.i. ha™), bispyr-
ibac-sodium-+pyrazosulfuron 10% WP (20 g a.i. ha™), fenoxaprop-p-ethyl 6.9% EC (56 g a.i. ha-1)
+ethoxysulfuron 15% WDG (18 g a.i. ha™) and fenoxaprop-p-ethyl followed by (fb) halosulfuron
75% WG (67 g a.i. ha™). All of these herbicides are legal and available within the Eastern Gangetic
Plain. Each experimental treatment was replicated thrice. Details of the treatment applications are
shown in Table 1. Each experimental plot was 5 m long and 3.60 m wide (18 m?).

Herbicides may persist in the application area for some time, the duration over which they

persist depends on the chemical nature, molecular stability and environmental factors.

Table 1. Details of the experimental herbicide treatments

Herbicide Group of Herbicide Mode of action Application
applied herbicides application rate description
(g a.i. ha™)!
Pre-emergence herbicides (PH)
No pre-emergence - 0 - No herbicide
herbicide (control) application; while
(PH1) spraying nearby
plots drifting spray
was contained
Pendimethalin 30% | Dinitroaniline 1000 Inhibitor of plant Applied within two
EC (PH2) cell division and cell | days of
elongation transplanting, at
Oxadiargyl 80% WP | Oxadiazole 90 Protoporphyrinogen gﬁgrzr?u;?(msture
(PH3) oxidase (PPO)
inhibitor
Pretilachlor 50% EC | Chloroacetanilide 500 Inhibits
+ Safener (PH4) biosynthesis of fatty
acids, lipids,
proteins, flavonoids,
etc
Post-emergence herbicides (PO)
No post emergence - 0 - No herbicide
herbicide (control) application; while
(PO1) spraying nearby
plots drifting spray
was contained
Bispyribac-sodium Benzoic acid 25 Acetolactate Applied at 15-
10% SP (PO2) synthase (ALS) 25 days after
inhibitor transplanting, at
Bispyribac-sodium + | Benzoic acid + 25+ 20 Pyrazosulfuron-ALS Fe%%rsg(c;meagi%v 2;3
Pyrazosulfuron 10% | Sulfonyl urea inhibitor lant 9
WP (PO3) prants
Fenoxaprop-p-ethyl | Aryloxy phenoxy 56 +18 Fenoxaprop-inhibits
6.9% EC + propionate + the synthesis of
Ethoxysulfuron 15% | Sulfonyl urea fatty acids in
WDG (PO4) meristem
Ethoxysulfuron- ALS
inhibitor
Fenoxaprop-p-ethyl | Aryloxy phenoxy 56 fb? 67 Halosulfuron- ALS
fb?Halosurfuron propionate + inhibitor
75% WG (PO5) Sulfonyl urea

1a.i. = active ingredient.
2fb = followed by.
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The persistency of the pre-emergence herbicides used in this experiment (pendimethalin, pre-
tilachlor and oxadiargyl) is very short under Indian conditions (Kumar & Ladha, 2011), as these
herbicides undergo biotic degradation (by microbes or by plant enzymes) and abiotic degradation
(sunlight or chemical degradation). The post-emergence herbicides used in this experiment are
less toxic to humans and other animals and were applied at relatively low doses. These herbicides
also do not persist long in the environment, particularly under South Asian climates (Choudhury
et al,, 2016). Well-targeted applications of effective herbicides (against which weeds have not
developed resistance) are one of the best ways to minimise chemical applications while recognis-
ing that regional labor shortages mean some chemical use is inevitable in crop production.

The rice variety Naveen was used in the experiment, which has medium-long grains, a cropping-
season duration of 115-120 days and a yield potential of 5.0 t ha™*. Rice seedlings were raised in
a nursery on mats for 18 days prior to machine transplanting. At transplanting, the rice root mat
was separated from its supporting polythene sheet and cut to size (610 mm by 225 mm) to fit the
mechanical rice transplanter. Rice was transplanted on 2 July 2015 and 3 July 2016.

Seedlings were transplanted into untilled soil using an 8-row transplanter with 225 mm line-to-
line spacing and 140 mm hill-to hill-distance. Two passes of the rice transplanter were required
to fully plant out each experimental plot. The long-term historical annual precipitation has
received more than 3200 mm, which is received mainly 90% during pre- and monsoon season
(May to October), therefore farmers grow their monsoon season rice as a rainfed crop in the
region. The crop received a good quantity of rainfall with the onset of south-west monsoon
during June (622 mm in 2015 and 886 mm in 2016; Figure 1), this rainfall before and during the
rice-seedling transplanting period was effective for crop establishment as the soil was very soft
and the residue of previous (wheat) crop had partially decomposed. Nutrients were applied at
80 kg ha*nitrogen (as urea), 40 kg ha *phosphorus (as P,0s), 40 kg ha™* potassium (as K,0) and
25 kg ha™ zinc (as ZnSO,). The nitrogen fertiliser was applied in three splits (i.e. 50% at
transplanting, 25% at 21 days after transplanting and 25% at 42 days after transplanting),
while the complete applications of the remaining fertilizers were applied immediately prior to
rice transplanting.

Herbicides were applied with the use of a knapsack sprayer fitted with a flat-fan multi-nozzle
boom (1-m width, configured with three flat-fan nozzles at 50-cm spacing, which covers a 1.5 m
swath of spraying in one pass), using water as a carrier, and at rates of 500 L ha™* for pre-
emergence sprays and at 375 L ha™! for post-emergence sprays. All herbicides were completely
mixed with water prior to placement in the knapsack spray tank. Sprayer operators were provided
with personal-protective equipment during spraying operations. No phytotoxicity was observed in
this study.

Pre-emergence herbicides were sprayed onto treatment plots within two days of transplanting
to impede weed-seed germination and post-emergence herbicides were applied at 15-25 days
after transplanting (DAT), at the 3-5 leaf stage of weed plants. In each individual (sub-plot)
treatment plot, four quadrats (0.5 m X 0.5 m; 0.25 m?) were established at 2 DAT. Weeds were
measured three times during the crop season: at 15 DAT (i.e. just before post-emergence herbicide
application), at 35 DAT (20 days after post-emergence herbicide application) and at 55 DAT. At
each count, weed species were sorted into grass, broadleaf and sedge species. At 35 DAT weed
biomass samples were taken from two randomly chosen quadrats in each plot, and at 55 DAT
weed biomass was sampled from the remaining two quadrats. For biomass sampling, weeds were
cut at ground level, washed with tap water, sun-dried, oven-dried at 70°C for 48 hours and then
weighed.

Rice grain yield was measured at rice harvest over an area 3.6 m by 4 m, discarding 0.5 m area
from all sides (14.40 m? net area) and reported at 14% moisture. Rice grain yield is reported as the

average yield over the two experimental seasons. The relative rice grain yield was the yield
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difference in each treatment plot compared to the complete control (i.e. no pre- or post-
emergence herbicide applied) plot.

Weed control efficiency (WCE) was calculated based on weed biomass reduction using the
equation:

weed biomass in non treated plots — weed biomass in treated plots
= *

WCE . -
weed biomass in non treated plots

100

3.1. Economic analysis

All management practices except herbicide application followed the same protocols in all treat-
ments and so we did not calculate the total cost of crop production but assumed all other costs as
fixed. Instead, we examined only the expense incurred in buying and applying herbicides, as well
as any revenue earned or lost due to changes in rice grain yields resulting from herbicide use; the
latter minus the former was the relative gross margin. Individual year data were used when
calculating the relative herbicide cost and relative gross margin, which were calculated as the
difference between the experimental and the control treatments.

3.2. Statistical analysis

Mean separations for different treatments under different parameters were performed using
Tukey’s HSD (honest significant difference) test (P < 0.05). Statistical analyses were conducted
using JMP 16.0 software. The weed number and biomass data were transformed tologyoto satisfy
the assumptions of analysis of variance to achieve a best fit normality distribution. As the experi-
mental aim was to determine the most appropriate herbicide combination under no till UPTR, a full
factorial ANOVA was run. The factors used in the ANOVA were year (Y), pre-emergence (PH), Y X PH,
post-emergence (PO), Y X PO, PH x PO, Y x PH x PO and replication (i.e. year). However, for analysis
of weed data on 15 DAT, only one factor (PH) was considered as post-emergence herbicides were
applied after 15 DAT. We observed relationships between grain yield and weed biomass and
between grain yield and WCE and fitted linear equations to them to describe their trends.

4. Results

4.1. Weed flora

The weed flora observed were the grasses Cynodon dactylon L., Echinochloa colona L., Digitaria ciliaris
L., Dactyloctenium aegyptium L., Eleusine indica L. and Leptochlova chinensis L.; the sedges Cyperus
rotundus L., Cyperus iria L., Cyperus difformis L., and Fimbristylis miliacea L.; and the broad-leaf weeds
Ludwigia octovalvis, Ageratum conyzoides L., Eclipta alba L. and Enhydra fluctuans. During the initial
period (1-20 DAT), grassy weeds were predominant, with some sedges present, while broad-leaf
weeds, especially L. parviflora, emerged at 20-25 DAT and were present in control plots throughout
the remainder of both rice growing seasons (individual weed species data not collected).

4.2. Weed density

4.2.1. Grasses

The density of grassy weeds was significantly affected at 35 and 55 DAT by both pre- and post-
emergence herbicide applications (Table 2). At 15 DAT when post-emergence herbicides were not
applied, the weed density also varied significantly under different pre-emergence treatment. The
grass weed population was lowest with the pre-emergence herbicide pendimethalin; in this treat-
ment, grass weeds were 83, 80 and 68% lower at 15, 35 and 55 DAT, respectively, than in the control
treatment. Other pre-emergence herbicides (oxadiargyl and pretilachlor) were also effective in redu-
cing grassy weed populations compared to the no-pre-emergence herbicide treatment, but these had
39% to 47% higher grassy weed populations than the pendimethalin treatment at 55 DAT.
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Figure 2. Effects of pre- and
post-emergence herbicides on
weed density in mechanized
unpuddled transplanted rice for
grassy weeds at 55 days after
transplanting (DAT).
Treatments with the same let-
ter are not significantly differ-
ent (p = 0.05) from each other.
PH1 = no pre-emergence,

PH2 = pendimethalin,

PH3 = oxadiargyl,

PH4 = pretilachlor; PO1 = no
post-emergence,

PO2 = bispyribac,

PO3 = bispyribac+pyrazosul-
furon, PO4 = fenoxaprop
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All post-emergence herbicide applications significantly reduced the number of grassy weeds
compared to the no-post-emergence herbicide treatment (Table 2) at both 35 and 55 DAT. Among
the post-emergence herbicides, bispyribac + pyrazosulfuron was 39% more effective in reducing
grassy weeds at 35 DAT than all other post-emergence options; it was also more effective than
bispyribac alone at 55 DAT when fenoxaprop + ethoxysulfuron was equally effective.

The interaction effects of pre- and post-emergence treatments were only significant at 55 DAT in
grassy weeds. In general, the pre-emergence herbicide pendimethalin in combination with any
post-emergence herbicide option was effective at reducing grassy weed populations (Figure 2). The
most effective combination was pendimethalin in combination with fenoxaprop fb halosulfuron
and bispyribac + pyrazosulfuron and the least effective combination was Oxadiargyl fb bispyribac
and pretilachlor fb fenoxaprop + halosulfuron.

4.2.2. Sedges

The prevalence of sedges was influenced by pre- and post-emergence herbicide applications at 35
and 55 DAT (Table 2). At 15 DAT both pendimethalin and pretilachlor were equally more effective in
reducing sedges than oxadiargyl or the control treatment without pre-emergence herbicide; the
former treatments reduced sedges by 22% over the latter. At 35 DAT, all pre-emergence herbicide
treatments performed equally in controlling sedge density over the no-pre-emergence-herbicide
control. The performance of the pre-emergence herbicides in controlling the density of sedges at 55
DAT was highest in pendimethalin, followed by oxadiargyl, then pretilachlor and finally the treatment
with no pre-emergence herbicide. The most effective post-emergence herbicide treatment to reduce
the density of sedges was fenoxaprop fb halosulfuron at both 35 and 55 DAT over the remainder of
the post-emergence herbicide treatments. At 55 DAT, the bispyribac + pyrazosulfuron was also highly
effective in reducing the sedge population relative to bispyribac alone and fenoxaprop + ethoxysul-
furon. The sedge density at both 35 and 55 DAT was significantly lower in all post-emergence
herbicide treatments compared to that observed in the treatment with no post-emergence herbicide.

Interactions between pre- and post-emergence herbicide treatments significantly affected the
prevalence of sedges at both 35 DAT and 55 DAT (Figure 3). Effective sedge reduction was
observed when any pre-emergence herbicide was followed by the post-emergence herbicide
fenoxaprop fb halosulfuron at both crop stages (Figure 3). In general, the combination of pretila-
chlor as a pre-emergence herbicide with any of the post-emergence herbicide treatments resulted
in poor control of sedges.
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Figure 3. Effects of pre- and
post-emergence herbicides on
weed density in mechanized
unpuddled transplanted rice for
sedges weeds at 35 (top) and
55 (bottom) days after trans-
planting (DAT). For each graph
treatments with the same let-
ter are not significantly differ-
ent (p = 0.05) from each other.
PH1 = no pre-emergence,

PH2 = pendimethalin,

PH3 = oxadiargyl,

PH4 = pretilachlor; PO1 = no
post-emergence,

PO2 = bispyribac,

PO3 = bispyribac+pyrazosul-
furon, PO4 = fenoxaprop
+ethoxysulfuron,

PO5 = fenoxaprop fb
halosulfuron.
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4.2.3. Broadleaf weeds

Pre-emergence herbicide applications reduced the population of broadleaf weeds at 15 DAT, 35 DAT
and 55 DAT (Table 2). For all crop growth stages, the three pre-emergence herbicide treatments
reduced the broadleaf weed populations as compared to control (i.e. no pre-emergence herbicide)
treatment by 26%, 35% and 29% at 15, 35 and 35 DAT, respectively. At 55 DAT, the application of
pendimethalin resulted in lower broadleaf weed density than the application of pretilachlor. The
maximum reduction in broadleaf weeds by post-emergence herbicides alone occurred with the
bispyribac + pyrazosulfuron treatment compared to the rest of the post-emergence herbicide treat-
ment sat both 35 and 55 DAT. The fenoxaprop fb halosulfuron treatment was the least effective in
reducing the density of broadleaf weeds compared to all other post-emergence herbicide treatments,
but it was more effective than the no-post-emergence herbicide treatment.

At both 35 and 55 DAT interactions between pre- and post-emergence herbicides were found
significant with regard to the density of broadleaf weeds. Figure 4 shows that the most effective
control of broadleaf weeds was achieved by applying any of the three pre-emergence herbicides
followed by bispyribac + pyrazosulfuron or bispyribac alone. Post-emergence herbicide application
alone was not particularly effective in reducing broadleaf weeds as compared to combination with
a pre-emergence herbicide.
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Figure 4. Effects of pre- and
post-emergence herbicides on
weed density in mechanized
unpuddled transplanted rice for
broadleaf weeds at 35 (top) and
55 (bottom) days after trans-
planting (DAT). For each graph
treatments with the same let-
ter are not significantly differ-
ent (p = 0.05) from each other.
PH1 = no pre-emergence,

PH2 = pendimethalin,

PH3 = oxadiargyl,

PH4 = pretilachlor; PO1 = no
post-emergence,

PO2 = bispyribac,

PO3 = bispyribac+pyrazosul-
furon, PO4 = fenoxaprop
+ethoxysulfuron,

PO5 = fenoxaprop fb
halosulfuron.
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4.2.4. Weed and rice crop biomass

The weed biomass at 35 and 55 DAT followed the same trends as weed density: maximum weed
biomass was recorded under the no-pre-emergence herbicide treatment (64.4 g m 2averaged
across the two sampling dates) and minimum under the pendimethalin treatment (38.3 g m™2):
i.e. the latter treatment produced 40% lower weed biomass (Table 2). Pendimethalin also resulted
in 12% lower weed biomass than either other pre-emergence herbicide, oxadiargy! or pretilachlor.
In contrast, net rice crop biomass (Table 3) was highest in the pendimethalin treatment (8.94 t
ha™) and lowest in the no-pre-emergence herbicide treatment (7.46 t ha™).

The no-post-emergence herbicide treatment produced higher weed biomass than any of the
post-emergence herbicide treatments at both 35 and 55 DAT (Table 2). Weed biomass under
bispyribac + pyrazosulfuron treatment was significantly lower than under all other post-
emergence herbicide treatments at both crop stages (35 and 55 DAT). The fenoxaprop fb halo-
sulfuron treatment was less effective in reducing weed biomass than either bispyribac alone or
fenoxaprop + ethoxysulfuron, at both 35 and 55 DAT. In sequential application, pendimethalin(pre-
emergence) followed by bispyribac + pyrazosulfuron (post-emergence) had significantly produced
the lowest weed biomass (33.6 g m~?) than rest of the herbicide combinations (Figure 5). The rice
crop biomass at harvest was 12% higher in the bispyribac + pyrazosulfuron treatment (Table 3);
this treatment achieved the highest rice yield (4395 kg ha™) among all post-emergence herbicide
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treatments (Table 4). The lowest rice crop biomass was observed in the no-post-emergence
herbicide treatment. The harvest index (HI) varied significantly among all pre- and post-
emergence herbicide treatments. Among the pre-emergence herbicide treatments, HI was highest
in the pendimethalin treatment and lowest in the no-pre-emergence herbicide treatment (Table 3).
The application of bispyribac alone as a post-emergence achieved the highest HI. The interaction
effect of pre-emergence and post-emergence on crop biomass was highest in the combination of
pendimethalin with bispyribac + pyrazosulfuron (10.55 t ha™*) followed by pretilachlor with bispyr-
ibac + pyrazosulfuron (9.2 t ha™).

4.3. Weed control efficiency and rice grain yield

Significant interactions at both later sampling dates (35 and 55 DAT) between pre- and post-
emergence herbicides on weed control efficiency (WCE; Table 3) were recorded. In general, a sole
application of either pre- or post-emergence herbicide did not control weeds effectively as the
sequential application of both pre- and post-emergence herbicides. Maximum WCE (e.g. 78.85 %
and 74.62% at 35 and 55 DAT, respectively) was achieved with the sequential application of any of
the three pre-emergence herbicides followed by bispyribac + pyrazosulfuron as a post-emergence
herbicide, for both sampling dates. The highest WCE in pre-emergence herbicides alone was
recorded with pendimethalin application (average across the two sampling dates of 66%), while
the lowest WCE was in the treatment with no pre-emergence herbicide applied (42% averaged
across the two sampling dates). Among the post-emergence herbicides, bispyribac + pyrazosul-
furon achieved the maximum WCE of 72.6% and 68.7% at 35 and 55 DAT, respectively, while the
remaining post-emergence herbicides had lower WCE than bispyribac + pyrazosulfuron but were
more effective than the treatment without any post-emergence herbicide.

Rice grain yields differed significantly between the pre- and post-emergence herbicide treat-
ments along with their interactions. Among the pre-emergence herbicide treatments, those with
pendimethalin recorded a significantly higher grain yield (3.64 t ha™ averaged across two sea-
sons): this was 18% and 23% higher than the rice grain yields achieved under oxadiargyl or
pretilachlor, respectively (Table 4). The treatment with no pre-emergence herbicide produced the
lowest rice grain yield over the two seasons (2.68 t ha™). Rice grain yields differed under all post-
emergence herbicide treatments over the two seasons: yields were highest under bispyribac +
pyrazosulfuron (3.64 t ha™?), then under bispyribac, fenoxaprop fb halosulfuron, fenoxaprop +
ethoxysulfuron, with rice under the no post-emergence herbicide treatment achieving the lowest
yield (2.13 t ha™).

In terms of interactions between pre- and post-emergence herbicides, the treatment with
pendimethalin followed by bispyribac + pyrazosulfuron achieved the highest rice grain yield (4.40
t ha™); this was significantly higher than all other treatment combinations except pendimethalin
with bispyribac. In general, pendimethalin as a pre-emergence herbicide followed by any of the
post-emergence herbicides achieved a higher rice grain yield than treatments with any other pre-
emergence herbicides: this treatment combination achieved 18%, 24% and 36% higher rice yields
than the treatments with oxadiargyl, pretilachlor or no-pre-emergence herbicide, respectively. Rice
yield increased 174% under the sequential application of pendimethalin followed by bispyribac +
pyrazosulfuron compared to yields from the absolute control treatment (no pre- or post-
emergence herbicide). This also produced 10% higher rice grain yield than the next highest yielding
treatment, pendimethalin followed bispyribac alone (Table 4).

At both 35 and 55 DAT and across all herbicide treatment combinations, strong relationships
(~R? = 0.63) were observed between rice grain yield and both weed biomass and weed control
efficiency (Figure 6). Most weed biomass observations were between 20 and 60 g m™2 at 35 DAT
and between 30 and 100 g m™2 at 55 DAT. Rice yield was expressed as a function of weed biomass
at 55 DAT using the equation: y = -20.344x+4278.8, where y is rice yield and x is weed biomass at
55 DAT. To interpret this equation, when weed biomass production was 20 g m™2, rice grain yield
decreased by 0.7 t ha™*, which was a loss of 14% in rice yield compared to when weeds were well

Page 12 of 23



Mitra et al., Cogent Food & Agriculture (2022), 8: 2139794
https://doi.org/10.1080/23311932.2022.2139794

- cogent--food & agriculture

Table 3. Individual and interaction effects of pre- and post-emergence herbicides on crop

biomass and weed control efficiency (mean of two years’ data) under unpuddled mechanicall

transplanted rice

Pre- Post Crop biomass | Harvest index | Weed control efficiency (%)
Emergence -Emergence (kg ha™) (HI)
DAT DAT
(PH) (PO) 35 55
No herbicidet | No herbicide 5220% 031 0.00f 0.009
(control)t
Bispyribac 707290 0.43¢b¢ 46,23 50.05¢
Bispyribac 867654 0.37%f 59.03° 63.80°<
+Pyrazosulfuron
Fenoxaprop 8232¢def 0.34" 51.535¢ 57.454
+Ethoxysulfuron
Fenoxaprop fb 81259%f 0.359" 46.95¢ 44,38°
Halosulfuron
Pendimethalin | No herbicide 6923M 0.39% 41.72¢ 33.18f
(control)
Bispyribac 9118 0.44%° 76.20° 73.72°
Bispyribac 10547° 04200 78.85° 74.62°
+Pyrazosulfuron
Fenoxaprop 904004 0.40b<¢ 74.42° 69.37°°
+Ethoxysulfuron
Fenoxaprop fb 905704 0.41b¢d 72.38° 65.62°¢
Halosulfuron
Oxadiargyl No herbicide 61275 0.36%M 30.13¢ 27.57°
Bispyribac 7901 0.45° 73.18° 64.235<d
Bispyribac 8g95bede 0.40°<4 75.90° 68.45%
+Pyrazosulfuron
Fenoxaprop 84,0454 0.3679" 72.60° 63.50°<
+Ethoxysulfuron
Fenoxaprop fb 82419 0.39%% 71.53¢° 60.73%
Halosulfuron
Pretilachlor No herbicide 65521 0.34" 34,579 30.58f
Bispyribac 7964°% 0.439¢ 71.33¢ 66.05°¢
Bispyribac 9203° 0.37¢f9 76.67° 68.139°
+Pyrazosulfuron
Fenoxaprop 81324ef 0.33M 74.00° 63.05°¢
+Ethoxysulfuron
Fenoxaprop fb 7826f" 0.39°<d 71.55¢ 63.88°
Halosulfuron
Year 1 78578 0.39% 57.678 57.46"
Year 2 8268" 0.38° 62.30" 53.478
No herbicide - 7465C 0.36C 40.95C 43.34C
Pendimethalin - 8937A 0.41A 68.71A 63.30A
Oxadiargyl - 79148 0.398 64.678 56.90B
Pretilachlor - 79358 0.37c 65.62AB 58.34B
- No herbicide 6205d 0.35c 26.85¢c 23.08d
- Bispyribac 8014c 0.44a 66.74b 63.51b
- Bispyribac 9330a 0.39b 72.61a 68.75a
+Pyrazosulfuron
- Fenoxaprop 8452b 0.36¢ 68.14b 63.34b
+Ethoxysulfuron
(Continued)
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Pre- Post Crop biomlass Harvest index | Weed control efficiency (%)
Emergence -Emergence kg ha™ HI

(P?_I) (Pg) (kg ha™) (HI) 35 DAT 55 DAT

- Fenoxaprop fb 8312bc 0.38b 65.60b 58.65¢
Halosulfuron

Year (Y) <.0001* 0.004* <0.001* <0.001*
Pre-emergence (PH) <.0001* <0.001* <0.001* <0.001*
Y*PH <.0001* <0.001* 0.113 <0.001*
Post-emergence (PO) <.0001* <0.001* <0.001* <0.001*
Y*PO <.0001* <0.001* 0.003* <0.001*
PH*PO 0.0003* 0.006* 0.005* <0.001*
Y*PH*PO <.0001* 0.011* 0.004* <0.001*
Replication [Y] 0.0297* 0.005* <0.001* <0.001*

Within a column means followed by the common letter are not significantly different (p = 0.05) using Tukey’s HSD
(honest significant difference) test, where all values within a column are not differentiated by letters they are also not
significantly different; trepresents the absolute control; the superscript, uppercase and lowercase letters represent
different ANOVA analyses considering interaction effects between PH*PO, PH and PO treatments.

controlled (i.e. when weed biomass was found to be nil). Further, when weed biomass increased to
40 or 80 g m?, rice yields decreased by 1.3 and 2.2 t ha™%, and was 27% and 47% lower,
respectively, than when weeds were ideally controlled. Similarly, a linear equation describing the
relationship between rice grain yield and weed control efficiency (WCE) showed that when WCE
was lower than 62% the rice grain yield was significantly reduced. To achieve high rice grain yields,
weeds should be well controlled until at least maximum tillering and panicle initiation, i.e. between
transplanting and 40-55 DAT.

4.4. Relative rice grain yields and relative gross margins

Both relative rice grain yield and relative gross margins (i.e. relative to the absolute control where
no herbicides were applied) were significantly influenced by pre- and post-emergence herbicide
application treatments and their interactions. The relative rice grain yields followed the same
trends as the rice grain yields described in Section 3.3. A mean maximum rice grain yield (mean of
2.79 t ha lover two seasons) was achieved relative to the absolute control in the treatment with
pendimethalin followed by bispyribac + pyrazosulfuron (Table 4). Pendimethalin alone as a weed
control treatment produced an additional 0.95 t ha™* rice grain over the absolute control; this was
62.5% higher than that achieved under either the oxadiargyl or pretilachlor sole pre-emergence
treatments. The application of bispyribac + pyrazosulfuron as a post-emergence treatment
increased relative rice grain yields by 2.03 t ha2over the absolute control; this was 9.2%, 45.4%,
27.8% and 285% higher than rice yields achieved in the bispyribac, fenoxaprop + ethoxysulfuron,
fenoxaprop fb halosulfuron and no-post-emergence herbicide treatments, respectively.

After the two-year experiment, the additional cost incurred due to the application of only pre-
emergence herbicides varied between 5.27 and 17.57 USD ha™?; this was lowest in the pretilachlor
treatment and the highest in the pendimethalin treatment. Similarly, for the post-emergence
herbicides, the additional cost incurred varied between 10.41 and 75.14 USD ha *and was lowest
under fenoxaprop + ethoxysulfuron and highest under fenoxaprop fb halosulfuron. In the sequen-
tial herbicide treatments, the additional cost varied between 15.68 and 92.70 USD ha *and was
lowest under the pretilachlor followed by fenoxaprop + ethoxysulfuron treatment and highest
under the pendimethalin followed by fenoxaprop fb halosulfuron treatment (Table &).

The relative mean gross margins across two crop seasons varied from 88.86 to 148.75 USD ha™!
in the pre-emergence only herbicide treatments, with the pendimethalin treatment having the
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Figure 5. Effects of pre- and
post-emergence herbicides on
weed biomass in mechanized
unpuddled transplanted rice for
broadleaf weeds at 55 days
after transplanting (DAT).
Treatments with the same let-
ter are not significantly differ-
ent (p = 0.05) from each other.
PH1 = no pre-emergence,

PH2 = pendimethalin,

PH3 = oxadiargyl,

PH4 = pretilachlor; PO1 = no
post-emergence,

PO2 = bispyribac,

PO3 = bispyribac+pyrazosul-
furon, PO4 = fenoxaprop
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highest gross margin and oxadiargyl having the lowest. In the post-emergence only herbicide
treatments relative gross margins varied between 145 and 230 USD ha™l, with maximum gross
margins under bispyribac + pyrazosulfuron treatment.

Relative gross margins increased considerably when pre- and post-emergence herbicides were
used in combination. When pendimethalin was combined with bispyribac + pyrazosulfuron, the
relative gross margin increased to 417 USD ha™', which was significantly higher than the gross
margin achieved under any other sequential herbicide combination examined except pendimetha-
lin with bispyribac.

5. Discussion

5.1. Weed flora

In a similar sub-Himalayan plain environment, Maity and Mukherjee (2009) also observed a greater
presence of C. dactylon, C. rotundus and Ludwigia spp. under no-till UPTR. The increase in weed
species observed here under UPTR relative to PTR has also been observed under untilled mechan-
ized rice establishment (commonly direct seeded rice) in many other studies in South Asia, where
new weed species such as C. dactylon, L. chinensis, D. cillaris, C. rotondus, and Ludwigia spp. have
been observed (Kumar & Ladha, 2011; Gathala et al., 2013; Chhokar et al., 2014; Hossain et al.,
2020). This shift in weed dynamics may be a result of a more plant-favourable environment arising
out of improved soil health in the absence of tilling, puddling and soil compaction, which con-
tributes to increasing weed seed density and prevalence (Kumar & Ladha, 2011; Chhokar et al.,
2014; Hossain et al., 2020).

5.2. Weed density and biomass

This study demonstrated the potential of pendimethalin in particular as a pre-emergence herbicide
under no-till UPTR to effectively control grass and some broadleaf weeds. All three pre-emergence
herbicides, pendimethalin, oxadiargyl and pretilachlor, were more effective at reducing the density
of grass weeds than of sedges or broadleaf weeds in the first 15 DAT. Combining these herbicides
with post-emergence herbicides has not been trialled before in this region, and this approach is an
innovative one to test new management options for farmers. Pendimethalin reduced grassy weeds
population by 83%, 80% and 68% during 15, 35 and 55 DAT as compared to no herbicides
treatment. Pre-emergence herbicides restrict the germination of weed seeds lying within 2-3 cm
of the soil surface as they inhibit cell division during germination (Rao et al., 2007; Hossain et al,,
2020). Pendimethalin had a greater effect on grasses and higher overall efficacy and longer
residual effects in fields, which were wet but without standing water than either oxadiargyl or
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Table 4. Individual and interaction effects of pre- and post-emergence herbicides on rice grain

yield and gross margins (mean of two years’ data) under unpuddled mechanically transplanted

rice
Pre- Post- Grain yield | Relative grain Relative Relative
emergence emergence (kg ha™) yield herbicide gross margin
(PH) (PO) (kg ha™) cost (USD ha™)
(USD ha™)*
No herbicidet No herbicide 1602 0.00 0.00 0.00
(control)t
Bispyribac 3008¢% 1407¢% 4561 201.52¢9¢%9
Bispyribac 32289%f 1627°¢f 55.88 229.884¢f9
+Pyrazosulfuron
Fenoxaprop 2708%" 11079" 10.41 184.01¢fh
+Ethoxysulfuron
Fenoxaprop fb 2855fh 1253f9n 75.14 145.06"
Halosulfuron
Pendimethalin | No herbicide 2548 947h 17.57 148.75"
(control)
Bispyribac 3963% 2362 63.18 351.79°
Bispyribac 4395° 2793¢ 73.31 417.41°
+Pyrazosulfuron
Fenoxaprop 36025 2000b< 27.97 323.39%¢
+Ethoxysulfuron
Fenoxaprop fb 3685°¢ 2083b¢ 92.70 273.2<¢
Halosulfuron
Oxadiargyl No herbicide 21821 580' 13.04 88.867
Bispyribac 3508 @ 1907 @ 58.65 276.30°<
Bispyribac 35420 1940°cd 68.92 271.87 «
+Pyrazosulfuron
Fenoxaprop 2987¢f9 13857 23.45 219.859¢f9
+Ethoxysulfuron
Fenoxaprop fb 31959%f 1593¢¢f 88.18 191.74¢fh
Halosulfuron
Pretilachlor No herbicide 2187’ 585! 5.27 97.497
Bispyribac 3370%e 1768%4¢ 50.88 259,77¢4e
Bispyribac 3377¢de 1775¢%e 61.15 250.67°4¢f
+Pyrazosulfuron
Fenoxaprop 27039" 11029" 15.68 177.86™"
+Ethoxysulfuron
Fenoxaprop fb 3037¢°f 143579 80.41 171.699"
Halosulfuron
Year 1 3065 14218 48.81 203.38°
Year 2 3103 1544* 48.81 224.84%
No herbicide - 2680D 1079D 37.41 152.29C
Pendimethalin - 3639A 2037A 54,95 302.91A
Oxadiargyl - 30838 14818 50.45 209.73B
Pretilachlor - 2935C 1333C 42.68 191.50B
(Continued)
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Pre- Post- Grain yield | Relative grain Relative Relative

emergence emergence (kg ha™) yield herbicide gross margin

(PH) (PO) (kg ha™) cost (USD ha™)

(USD ha™)*

- No herbicide 2130e 528e 8.97 84.03d

- Bispyribac 3462b 1861b 54.58 272.33a

- Bispyribac 3635a 2034a 64.81 292.46a
+Pyrazosulfuron

- Fenoxaprop 3000d 1398d 19.38 226.28b
+Ethoxysulfuron

- Fenoxaprop fb 3193c 1591c 84.10 195.44¢c
Halosulfuron

Year (Y) 0.3053 0.017* 0.007*

Pre-emergence (PH) <.0001* <0.001* <0.001*

Y*PH 0.8263 0.826 0.826

Post-emergence (PO) <.0001* <0.001* <0.001*

Y*PO 0.0055* 0.005* 0.005*

PH*PO 0.0135* 0.014* 0.014*

Y*PH*PO 0.1353 0.135 0.135

Replication [Y] 0.5949 0.005* 0.009*

Within a column means followed by the common letter are not significantly different (p = 0.05) using Tukey’s HSD
(honest significant difference) test, where all values within a column are not differentiated by letters they are also not
significantly different; trepresents the absolute control; the superscript, uppercase and lowercase letters represent
different ANOVA analyses considering interaction effects between PH*PO, PH and PO treatments* 1 USD = 74 INR.

pretilachlor, both of which require highly saturated soils or even standing water for optimum weed
control (Chhokar et al., 2007; Mahajan & Chauhan, 2015; V. Singh et al., 2016). Reductions in the
density of grasses like Echinochloa have also been previously observed with the application of
a group of pre-emergence herbicides including pendimethalin (Khaliq & Matloob, 2012; Hossain
et al, 2021; Chatterjee et al, 2021). The effectiveness of pendimethalin as a pre-emergence
herbicide in reducing the density of grass weeds has further been observed more widely across
South Asia (Rao et al,, 2007; M. Singh et al.,, 2015). Most pre-emergence herbicides lack efficacy
against sedge weeds, in particularly those which multiply through rhizomes and stolon rather than
by cell division; thus, the pre-emergence herbicides tested here were less effective against sedges
(Rao et al., 2007; M. Singh et al.,, 2015; Hossain et al., 2020; Chatterjee et al., 2021).

No pre-emergence herbicide alone was effective at preventing the establishment of weeds at
later sampling dates due to the relatively short-lived persistence of pre-emergence herbicides
under hot and moist conditions (Saha et al., 2021). Post-emergence herbicides were also able to
reduce weed density: in particular, the bispyribac alone or bispyribac + pyrazosulfuron treatments
not only controlled both grassy and broadleaf weeds well but also effectively controlled sedges,
particularly Cyperus iria which is a major sedge weed in the region (Jat et al,, 2021; Saha et al,,
2021). In our experiment, bispyribac + pyrazosulfuron and bispyribac alone reduced the grass
weed density by 66-67%; while the broadleaf weed density was reduced by 79 and 66% during 35
and 55 DAT, respectively. This ability of bispyribac-based treatments to suppress many different
weed types is attributed to the wide spectrum range of weed flora targeted: bispyribac alone
controls grass weeds well, and also to some extent sedges and broadleaf weeds; when combined
with a sulfonylurea compound such as pyrazosulfuron it also effectively control sedges and
broadleaf weeds in their early growth stages (Gill et al.,, 2013; Saha et al,, 2021; V. Singh et al,
2016). The post-emergence herbicide fenoxaprop + ethoxysulfuron failed to control sedges; how-
ever, this herbicide was reasonably effective at controlling broadleaf weeds. Another sulfonylurea
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Figure 6. Relationship between
rice grain yield and weed bio-
mass (top) and weed control
efficiency (bottom) under
mechanized unpuddled trans-
planted. DAT = days after
transplanting.
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compound, halosulfuron, was very effective at controlling all sedge weeds, including rhizome-
propagated plants: consequently, the treatment fenoxaprop fb halosulfuron resulted in
a significant reduction in sedge density which has been previously observed in South Asia (Saha
et al,, 2021).

Our results demonstrate that either pre-emergence or post-emergence herbicides alone was not
able to control weed flora effectively: weed control efficiency was less than 60% in these treat-
ments relative to combinations of pre- and post-emergence herbicides (Table 3). The effectiveness
of sequential application of herbicides in managing weed flora under mechanized rice establish-
ment in both no-till and tilled experiments was reported by various studies (Jat et al., 2021; Kaur &
Singh, 2015; Kumar & Ladha, 2011; Mahajan & Chauhan, 2015; Rao et al., 2007; Saha et al., 2021;
M. Singh et al., 2015; V. Singh et al., 2016).

The combined application of appropriate pre- and post-emergence herbicides, applied at
correct weed growth stages, is key to effectively control weeds under no-till mechanized
UPTR. We observed maximum weed biomass reduction across all weed flora at both 35 and
55 DAT with the sequential application of pendimethalin as a pre-emergence herbicide followed
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by bispyribac + pyrazosulfuron as a post-emergence herbicide. Lower weed density at all
sampling times was the primary reason for this reduced weed biomass. Mahajan et al. (2009)
observed that the sequential application of pendimethalin followed by bispyribac effectively
controlled weeds in mechanized dry direct-seeded rice, while other studies observed the lowest
weed biomass in treatments with the sequential application of pendimethalin followed by
bispyribac + azimsulfuron, i.e. bispyribac combined with another sulfonylurea compound
(Mahajan & Chauhan, 2013; R.G. Singh et al., 2010; Saha et al., 2021). The combination of
pendimethalin followed by fenoxaprop + ethoxysulfuron also provided good control of mixed
weed flora as the addition of pendimethalin broadened both the duration of weed control and
the spectrum of weeds targeted, while the sulfonylurea compound effectively controlled both
sedges and broadleaf weeds. The suppression of late weed flushes increased the effectiveness
of sulfonylurea compounds such as pyrazosulfuron to reduce weed density and increase weed
control efficiency in transplanted rice, as has been previously reported by Pal et al. (2012) and
Saha et al. (2021).

5.3. Weed control efficiency and rice crop yields

All sequential herbicide combination treatments resulted in better rice yield performance than was
achieved under the application of a pre-emergence or post-emergence herbicide alone. This is
a result of weed control over both a longer period of time and a diverse weed flora leading to
higher weed control efficiency (WCE) and lower weed biomass in each of the sequential treatment
combinations than in the single-herbicide treatments. Sequential application of herbicides has
helped to reduce crop-weed competition at critical rice crop growth periods (i.e. initial 6 weeks
during active plant tillering) by keeping weeds below a critical level; this process enables the rice
crop to utilize all resources and promotes effective rice growth (Ahmed et al., 2021; Mahajan et al,,
2014; Mukherjee et al., 2008). The most critical growth stage of rice-weed crop competition is two
to six weeks after transplanting: this is the active tillering period for the rice crop, which deter-
mines the rice yield. The highest rice grain yield, achieved under the pendimethalin followed by
bispyribac + pyrazosulfuron treatment, was achieved due to 78% higher WCE in this treatment
than in the absolute control treatment, which reduced weed density and biomass by 64% and 45%
during 35 and 55 DAS, respectively, and facilitated higher relative rice grain yield gain (2.8 t ha™).
Effective weed control was achieved at initial plant growth stages under pendimethalin, while
weed control around tillering resulted from the bispyribac + pyrazosulfuron, which reduced weed-
crop competition and promoted rice biomass and grain productivity. Higher rice grain yields with
increased WCE have been reported elsewhere with sequential applications of pendimethalin
followed by bispyribac alone or mixed with pyrazosulfuron (Kaur & Singh, 2015; Khaliq et al.,
2012; Saha et al,, 2021; V. Singh et al,, 2016; Walia et al., 2012). While conducting research on
alternate crop establishment techniques of rice, Patra et al. (2018) showed higher yields under PTR
during initial years, while UPTR recorded maximum grain yields (4616 kg ha™?) in later years, being
at par with PTR (4606 kg ha™?). However, the yield was significantly reduced under DSR (2750 kg
ha™!) due to poor crop establishment following high rainfall early in the cropping season. In our
experiment, we also observed similar yields under UPTR with appropriate pre- and post-emergence
herbicides in combination and under PTR.

The sequential herbicide application combinations showed strong correlations (~R?* = 0.63)
between rice grain yield and both weed biomass and WCE (Figure 6). Equations relating rice
grain yield and WCE indicate that when WCE was less than 62% the rice grain yield was signifi-
cantly reduced thus to achieve high rice grain yields it is critical that rice fields should be weed-free
up to maximum tillering and panicle initiation, i.e. between transplanting and 40-55DAT, as these
are the growth stages of rice critical to determining the ultimate yield. Strong positive relationships
between rice grain yield and WCE and strong inverse relationships between rice grain yield and
weed biomass have also been reported in many studies previously (Walia et al., 2012; Kaur &
Singh, 2015; Mahajan & Chauhan, 2015; Hossain et al., 2020; Saha et al., 2021).
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5.4. Gross margins

Relative rice gross margins were a function of rice grain yield and herbicide costs. While the
sequential application of pendimethalin followed by bispyribac + pyrazosulfuron increased herbi-
cide costs, this treatment also achieved maximum relative gross margins, 18% and 29% higher
over next best treatment combinations viz., pendimethalin followed by bispyribac alone and
pendimethalin followed by fenoxaprop + ethoxysulfuron due to better weed control efficiency,
which facilitated rice plant growth and ultimately resulted in higher grain yield. The application of
pre- or post-emergence herbicides alone was cheaper but ultimately resulted in lower relative
gross margins than the sequential treatments, indicating that low weed control efficiencies
depressed net rice grain yields. Higher gross margins in rice cultivation were mostly associated
with higher weed control efficiencies as observed in various studies (Kumar & Ladha, 2011,
Mahajan & Chauhan, 2015; Saha et al., 2021; V. Singh et al., 2016).

6. Conclusions

While UPTR has been previously shown to be a sustainable, energy-efficient crop establishment
practice under which similar yields to those under PTR can be achieved, there remain challenges of
increased weed pressure, diversity, and prevalence. In research, we have demonstrated that
effective weed control across a range of weed flora is achievable under no-till UPTR using
innovative combinations of pre- and post-emergence herbicides. Weeds were most effectively
managed with the sequential combination of pendimethalin (pre-emergence) followed by bispyr-
ibac + pyrazosulfuron (post-emergence). There was an increase in production costs associated with
herbicide use; however, using herbicides also increased rice grain yields and gross margins, which
were highest in the treatments where weeds were well controlled relative to control treatments.
Our findings are relevant and applicable in other rice-producing agro-ecologies where no-till UPTR
is a promising alternative to traditional PTR. Future research could include integrating herbicide
use with mechanized weed management strategies, weed control efficiency on the individual
weed flora and herbicide efficiency at different moisture regimes; this may reduce dependency
on herbicides alone.
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