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Abstract

Effective weed management is critical to sustaining rice productivity and profitability,
particularly under conservation-oriented production systems, where weed dynamics may
differ from conventional puddled cultivation. A two-year field experiment was conducted
to evaluate weed management practices under puddled transplanted rice (PTR) and zero-
till non-puddled transplanted rice (ZT NPTR) production systems during the boro seasons of
2020 and 2021. Six weed management practices, comprising season-long weed-free, season-
long weedy, Pretilachlor, Acetachlor (14%) + Bensulfuron methyl (4%), Pyrazosulfuron-
ethyl, and Penoxsulam treatments, were evaluated. Weed density and dry biomass were
significantly influenced by production system and weed management practice. Compared
with 2020, weed density in 2021 decreased by approximately 74% at both 30 and 60 days
after transplanting (DAT) under PTR and by 91% and 86%, respectively, under ZT NPTR.
Similarly, weed dry biomass decreased by 90% and 86% under PTR and by 81% and 77%
under ZT NPTR at 30 and 60 DAT, respectively. Pyrazosulfuron-ethyl and Penoxsulam
achieved 100% weed control efficiency, comparable to the season-long weed-free treat-
ment, whereas Pretilachlor, and Acetachlor (14%) + Bensulfuron methyl (4%) provided
comparatively lower weed suppression. The ZT NPTR system increased grain yield by
approximately 5% in 2020 and 35% in 2021 relative to the PTR system. Among weed man-
agement practices, Penoxsulam produced the highest or a statistically comparable grain
yield and increased yield by approximately 105% and 80% over the season-long weedy
treatment in 2020 and 2021, respectively. Economic analysis showed that Pyrazosulfuron-
ethyl was the most profitable treatment under PTR in both years and under ZT NPTR
in 2021, whereas Penoxsulam provided the greatest economic return under ZT NPTR in
2020. Overall, effective post-emergence weed management with Pyrazosulfuron-ethyl or
Penoxsulam within the ZT NPTR production system provided effective weed suppression,
high rice productivity, and favourable economic returns. However, because pre-plant
glyphosate application was an integral component of the ZT NPTR system, the differences
between the PTR and ZT NPTR systems should be interpreted as responses to the overall
production systems rather than to tillage alone.
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1. Introduction
Rice (Oryza sativa L.) underpins food supply and rural livelihoods across much of

South Asia. In Bangladesh, crop establishment still relies predominantly on puddled
transplanted rice (PTR), although non-puddled transplanting and dry direct seeding are
increasingly considered where labour, water, and energy are limited. Repeated puddling
requires substantial water, time and energy [1] and disrupts soil aggregates, contributing
to the development of a shallow plough pan and deterioration of topsoil structure [2].
At the same time, movement of agricultural workers to non-farm sectors and overseas
employment have intensified seasonal labour shortages, which can delay transplanting
and reduce grain production [3]. These constraints have encouraged greater interest in
dry direct-seeded rice (DDSR) in several Asian countries [4,5]. DDSR implementation can
facilitate mechanization and timely crop establishment while reducing labour and water
requirements and methane emissions [4]. Its wider adoption, however, is constrained by
severe weed pressure because rice and weeds emerge simultaneously and the absence
of standing water during crop establishment removes an important mechanism of weed
suppression [6]. Land preparation under DDSR can also alter the vertical distribution of
weed seeds and, consequently, the relative abundance of weed species.

Zero-till non-puddled transplanted rice (ZT NPTR) provides another establishment
option that combines transplanting with reduced soil disturbance. In non-puddled sys-
tems, seedlings can be established after limited soil preparation using shallow or strip
tillage, bed formation, or related reduced-tillage operations, with transplanting performed
mechanically or manually [7,8]. Such approaches can lower tillage costs and water use
by avoiding puddling and may improve energy-use efficiency and profitability without
sacrificing yield [2,8–10]. The ZT NPTR system further minimizes preparatory tillage,
thereby reducing the labour and energy required for land preparation. Nevertheless, infor-
mation remains limited on how this establishment system modifies weed communities, the
effectiveness of weed control practices, and crop productivity. Changes in land preparation
and crop establishment are expected to influence weed flora, weed competitiveness, and
susceptibility to control measures. Therefore, reliable weed management strategies are
essential to the sustained use of ZT NPTR. Previous studies indicate that yields under
non-puddled transplanting can equal or exceed those under PTR systems when weeds
are adequately controlled, whereas inadequate weed control can cause substantial yield
loss [8,11]. Conventional puddling suppresses many existing weeds and redistributes weed
seeds within saturated soil [12,13], while reduced tillage can alter weed species composition
and diversity [14,15].

Chemical weed control remains widely used in rice because manual weeding is
increasingly constrained by labour scarcity, despite recognized concerns associated with
herbicide use [3,16–18]. Effective programmes may require herbicides with complementary
modes of action to control a broad spectrum of weeds. In ZT NPTR, existing vegetation
must first be removed before transplanting, and subsequent pre- or post-emergence control
is needed because viable weed seeds remain near the undisturbed soil surface and can
emerge during early crop growth [19–21]. Failure to control these weeds can limit the
agronomic benefits of reduced tillage establishment [6,22]. Despite the potential advantages
of ZT NPTR, comparative evidence on weed suppression, crop performance, and the
economic returns from herbicide-based management under PTR and ZT NPTR remains
limited. Therefore, this study evaluated six weed-management practices under the two
rice production systems during two consecutive boro seasons, with an emphasis on weed
density and biomass, weed control efficiency, rice yield and yield-contributing traits, and
the economic performance.
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2. Materials and Methods
2.1. Experimental Site

This field experiment was conducted at the Agronomy Field Laboratory of Bangladesh
Agricultural University, Mymensingh, from January to May in both 2020 and 2021. The
site is located at 24.719890◦ N and 90.426928◦ E, approximately 18 m above mean sea
level, within the Old Brahmaputra Floodplain (Agroecological zone 9) of Bangladesh.
The experimental soil was nearly neutral (pH 7.2), silty loam on medium highland; its
initial properties are summarized in Table 1. The region has a tropical climate, with
warmer, more humid, and wetter conditions during the kharif season (April–September)
and comparatively cooler and drier conditions during the rabi season (October–March).
Monthly average air temperature (◦C), relative humidity (%), and rainfall (mm) recorded
during the experimental periods are presented in Table 2.

Table 1. Initial soil properties of the experimental field.

Properties Values

pH 7.20
Electrical conductivity EC (dS m−1) 0.045

Bulk density (g cm−3) 1.34
Organic carbon (%) 1.38

Total N (%) 0.15
C: N ratio 9.2

Phosphorus (ppm) 15.2
Potassium (meq 100 g−1) 0.065

Particle sizes (%)

Sand 36
Silt 54

Clay 10

Texture Silt loam

Table 2. Distribution of monthly average air temperature, relative humidity and rainfall of the
experiment site during the experimental periods in 2020 and 2021.

Year/Month

** Air Temperature (◦C) ** Relative Humidity
(%) * Rainfall (mm)

Maximum Minimum

2020 2021 2020 2021 2020 2021 2020 2021

January 23.4 23.7 12.6 12.6 84.1 85.2 0.07 0.00
February 26.1 28.4 14.2 15.2 75.0 75.6 0.04 0.00

March 30.3 31.5 18.8 20.6 71.4 75 0.87 0.6
April 31.4 33.7 21.4 22.7 78.2 75.2 3.5 44.4
May 31.9 33.2 23.9 24.5 84.3 80.7 84.3 0.00

* Monthly total; ** Monthly average. Source: Weather Yard, Department of Irrigation and Water
Management, Bangladesh Agricultural University, Mymensingh.

2.2. Plant Material

BRRI dhan58, a popular high-yielding boro rice variety developed by Bangladesh Rice
Research Institute (BRRI), was used as the test crop. Released in 2012, the variety is resistant
to lodging and shattering, generally matures in 150–155 days, and attains a plant height of
about 100–105 cm. Its reported yield potential is 7.0–7.5 t ha−1, with a 1000-grain weight of
approximately 24 g.
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2.3. Experimental Design and Treatments

The study comprised two rice production systems, (i) puddled transplanted rice (PTR)
(P1) and (ii) zero-till non-puddled transplanted rice (ZT NPTR) (P2); and six different
weed management practices, (i) season-long weed-free (W1) (ii) season-long weedy (W2),
(iii) Pretilachlor applied at 6 days after transplanting (DAT) (W3), (iv) Acetachlor (14%)
+ Bensulfuron methyl (4%) applied at 6 DAT (W4), (v) Pyrazosulfuron-ethyl applied at
14 DAT (W5), and (vi) Penoxsulam applied at 14 DAT (W6). Here, Pretilachlor and Ac-
etachlor (14%) + Bensulfuron methyl (4%) were applied at 6 DAT as pre-emergence treat-
ments relative to weed emergence, whereas Pyrazosulfuron-ethyl and Penoxsulam were
applied at 14 DAT as post-emergence treatments to emerged weeds. Table 3 provides a brief
overview of the herbicides used in the study, together with information on their common
and trade names, application methods, and marketing companies. The experiment was laid
out in a split-plot design with three replications, with a rice production system assigned
to the main plots and weed management practices to the subplots. In season-long weedy
plots, weeds were allowed to grow until harvest, whereas in the season-long weed-free
plots, weeds were removed manually at two-day intervals throughout the growing season.
The unit plot size was 4.0 m × 2.5 m (10 m2).

Table 3. A brief description of the herbicides used in the experiments along with their trade name, com-
mon name, application rate, active ingredient rate, mode of application and their marketing company.

Sl No. Trade Name Common Name Application
Rate

Active
Ingredient Rate

(g a.i. ha−1)

Mode of
Application Marketing Company

1 Commit 500 EC Pretilachlor 1.0 L ha−1 500 Pre-emergence
to weeds

Auto Crop Care Limited,
Dhaka, Bangladesh

2 Clean master 18
WP

Acetachlor (14%)
+ Bensulfuron

methyl (4%)
500 g ha−1 90 Pre-emergence

to weeds

Haychem (Bangladesh)
Limited, Dhaka,

Bangladesh

3 Granite 240 SC Penoxsulam 93.7 mL ha−1 22.5 Post-emergence
to weeds

Auto Crop Care Limited,
Dhaka, Bangladesh

4 Porishkar 10
WP

Pyrazosulfuron-
ethyl 150 g ha−1 15 Post-emergence

to weeds

Macdonald Bangladesh
(PVT.) Limited, Dhaka,

Bangladesh

2.4. Crop Husbandry

The PTR field was initially prepared using a power tiller on 10 January 2020 (Year 1),
and 2021 (Year 2). On 20 January 2020, the land was irrigated. Subsequently, the field was
levelled by ploughing and three cross-ploughings using a tractor-driven plough, followed
by laddering. Two days prior to the transplanting date, final puddling was completed. The
experimental layout was then established according to the treatment specifications. As per
the recommendation by Bangladesh Rice Research Institute, the fertilizers were applied
to the field at rates of 220, 120, 75, 60 and 10 kg urea, triple super phosphate, muriate of
potash, gypsum and zinc sulphate ha−1, respectively [23]. Except for urea, all fertilizers
were applied as basal applications during final land preparation. Urea was top dressed in
three instalments at 15, 30 and 45 DAT.

Roundup® (glyphosate 41% SL-IPA salt, Bayer CropScience Limited, Dhaka, Bangladesh),
a pre-planting non-selective herbicide, was applied at a rate of 75 mL 10 L−1 water
(2.25 L ha−1) two weeks prior to the transplanting in the ZT-NPTR field. Pre-plant
glyphosate application was considered an integral component of the ZT NPTR produc-
tion system for controlling existing vegetation before transplanting, whereas in PTR this
function was achieved through conventional tillage and puddling. Thus, PTR and ZT
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NPTR should be regarded as two complete establishment systems rather than treatments
differing solely in tillage. Two weeks after glyphosate application, the land was submerged
in standing water for 48 h, reaching a depth of 3–5 cm, prior to transplanting. Following the
experimental guidelines, 40-day-old rice seedlings were transplanted after a furrow was
manually made with a metallic rod. Except for these operations, all other crop-management
practices in ZT NPTR were the same as those used in PTR.

On 22 January 2020 (Year 1), and 2021 (Year 2), the seedlings were transplanted into
both the ZT NPTR and well-prepared PTR fields keeping two seedlings hill−1 at a spacing
of 25 cm by 15 cm. Since there were no notable insect or disease infestations during the
trial, no crop protection measures were implemented to prevent insects and diseases.

The experiment was conducted on the same experimental plots during 2020 and
2021, with the treatment layout and treatment allocation maintained across both years.
Consequently, the effects of the preceding year’s management practices, including potential
changes in the weed seedbank, may have carried over into the subsequent season and
contributed to the observed year-to-year differences.

2.5. Herbicide Application

The herbicides were applied using a hand-operated plastic knapsack sprayer fitted
with a flat-fan nozzle. The sprayer was calibrated to deliver a spray volume of 300 L
ha−1 at a constant operating pressure of 0.3 MPa. No adjuvant was used with any of
the herbicide treatments. During spraying, the operator maintained a uniform walking
speed of approximately 8 km h−1 to ensure consistent herbicide application. The nozzle
was held approximately 50 cm above the weed canopy to provide adequate spray overlap
and uniform coverage of the target weeds. For the pre-emergence herbicide treatments,
a standing water depth of around 5 cm was maintained during application, and the
plots were not drained for 3 days after application. For the post-emergence herbicide
treatments, standing water was drained before spraying to adequately expose the emerged
weed foliage, while the soil was maintained under moist-to-saturated conditions. The
plots were re-flooded with a shallow water layer of approximately 5 cm at 3 days after
herbicide application.

2.6. Data Recording Procedure

Weed density and dry biomass: Weed samples were collected from two randomly
positioned 0.5 m × 0.5 m quadrats in each plot. All weeds within each quadrat were clipped
at ground level, identified by species, counted, and placed in separate bags. Samples were
oven-dried at 80 ◦C for 72–96 h until constant weight. The weed density (no. m−2) and
dry biomass (g m−2) were recorded. Relative weed density (RD) and relative weed dry
biomass (RDW) of the weedy plots were calculated using the following equations:

RD(%) =
Density of a given weed species

Total weed density
× 100

RDW(%) =
Dry weight of a given weed species

Total weed dry weight
× 100

Summed dominance ratio: Weed species dominance was assessed using the summed
dominance ratio (SDR), which was calculated using the following equations:

SDR of a weed species =
RD + RDW

2

Weed control efficiency: Weed control efficiency (WCE) of different herbicide treat-
ments was calculated as follows:

https://doi.org/10.3390/agrochemicals5030036
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WCE(%) =
Dry biomass of weeds in weedy plots − Dry biomass of weeds in treated plots

Dry biomass of weeds in treated plots
× 100

Yield attributes and yield: The crop was harvested at physiological maturity, when
approximately 90% of the grains had turned golden yellow. Five non-border hills were
selected randomly from each plot for measurement of plant and yield attributes. The
remaining crop from each plot was harvested separately, labelled, and taken to the threshing
floor. Grain was threshed mechanically, cleaned, weighed, and adjusted to 14% moisture
content before grain yield was calculated. Straw was cleaned, sun-dried, and weighed.
Plot-level grain and straw yields were subsequently converted to t ha−1.

Yield increase over control: The percentage increase in yield over the control (YOC)
was calculated based on the following equations:

YOC(%) =
Grain yield of the treated plots − Grain yield of the weedy plots

Grain yield of the weedy plots
× 100

The costs of all production inputs and field operations were recorded for the partial
budget analysis. For the ZT NPTR system, the cost of pre-plant glyphosate and its ap-
plication was included in the total production cost. Gross income and net income were
calculated, and the benefit–cost ratio (BCR) was subsequently determined.

2.7. Statistical Analysis

Data from each experimental year (2020 and 2021) were analyzed separately using
Statistix version 10 (Analytical Software, Tallahassee, FL, USA). Analysis of variance
(ANOVA) was performed according to a split-plot design with production system (P)
assigned to the main plots and weed management practices (W) to the subplots. Production
system effects were tested against the main-plot error, whereas weed-management and
P × W interaction effects were tested against the sub-plot error. No data transformation
was required. When significant effects were detected, means were compared using Tukey’s
honestly significant difference (HSD) test at p ≤ 0.05. The corresponding p-values, standard
errors of the mean [(SEm(±)], and coefficients of variation for the main-plot (CVa) and
subplot (CVb) errors were reported.

3. Results
3.1. Floristic Composition of the Weeds

Five weed species belonging to three families, comprising two grasses, two sedges,
and one broadleaf species, were found under both PTR and ZT NPTR systems during
the two study years (Table 4). Weed dominance varied between production systems and
years. Under PTR, Monochoria vaginalis was the dominant species in 2020, whereas Paspalum
scrobiculatum became dominant in 2021. Under ZT NPTR, Echinochloa crus-galli, Scirpus
juncoides, and P. scorbiculatum were major weeds in 2020, while P. scrobiculatum became the
dominant species in 2021. Overall, the results indicate a temporal shift in weed species
dominance under both production systems, with P. scrobiculatum becoming increasingly
dominant in the second year (Table 4).
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Table 4. Weed composition along with their summed dominance ratio (SDR) values recorded in the
season-long weedy plots in puddled transplanted (PTR) and zero-till non-puddled transplanted Rice
(ZT NPTR) production systems during 2020 and 2021.

Scientific Name Family Morphology Life Cycle
PTR ZT NPTR

2020 2021 2020 2021

Echinochloa crus-galli (L.) P. Beauv. Gramineae Grass Annual 2.49 27.16 32.90 34.12
Paspalum scrobiculatum L. Gramineae Grass Perennial 28.83 41.11 30.68 47.81

Scirpus juncoides Willd. ex Kunth Cyperaceae Sedge Annual 12.22 15.62 31.89 -
Monochoria vaginalis (Burm.f.)

C.Presl ex Kunth Pontederiaceae Broadleaf Perennial 51.36 9.23 2.64 3.81

Cyperus difformis L. Cyperaceae Sedge Annual 5.10 6.88 1.90 14.26

3.2. Weed Density

Rice production system significantly affected weed density at both sampling dates
within each sampling year (Table 5). Descriptively, weed density declined markedly from
2020 to 2021 under both production systems. Under PTR, weed density decreased by
approximately 74% at both 30 and 60 DAT, whereas under ZT NPTR, the corresponding
reductions were approximately 91% and 86%, respectively. Within each year, ZT NPTR
supported significantly lower weed density than PTR, with the relative difference between
the production systems being greater in 2021 (Table 5).

Table 5. Effect of different weed management practices on the weed density (no. m−2) under puddled
transplanted rice (PTR) and zero-till non-puddled transplanted rice (ZT NPTR) production systems
during 2020 and 2021.

Treatments

Weed Density (no. m−2)

30 DAT 60 DAT

2020 2021 2020 2021

Production system (P)

PTR 40.42 a 10.68 a 63.72 a 16.72 a
ZT NPTR 25.33 b 2.24 b 46.83 b 6.59 b

SEm (±), P 1.33 × 10−15 0.02 0.03 0.06
p-value, P <0.0001 <0.0001 <0.0001 <0.0001

Weed management practice (W)

W1 0.00 c 0.00 c 0.00 c 0.00 d
W2 115.50 a 34.33 a 204.83 a 60.83 a
W3 41.33 b 2.49 b 62.17 b 5.22 b
W4 40.43 b 1.95 b 64.66 b 3.88 c
W5 0.00 c 0.00 c 0.00 c 0.00 d
W6 0.00 c 0.00 c 0.00 c 0.00 d

SEm (±), W 0.88 0.26 0.85 0.28
p-value, W <0.0001 <0.0001 <0.0001 <0.0001

P × W interaction

PTR × W1 0.00 e 0.00 e 0.00 f 0.00 e
PTR × W2 152.33 a 57.00 a 211.33 a 83.33 a
PTR × W3 44.66 c 4.22 c 82.33 d 10.00 c
PTR × W4 45.52 c 2.85 d 88.66 c 7.00 d
PTR × W5 0.00 e 0.00 e 0.00 f 0.00 e
PTR × W6 0.00 e 0.00 e 0.00 f 0.00 e

ZT NPTR × W1 0.00 e 0.00 e 0.00 f 0.00 e
ZT NPTR × W2 78.66 b 11.66 b 198.33 b 38.33 b
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Table 5. Cont.

Treatments

Weed Density (no. m−2)

30 DAT 60 DAT

2020 2021 2020 2021

ZT NPTR × W3 38.00 d 0.75 e 42.00 e 0.44 e
ZT NPTR × W4 35.33 d 1.05 e 40.66 e 0.75 e
ZT NPTR × W5 0.00 e 0.00 e 0.00 f 0.00 e
ZT NPTR × W6 0.00 e 0.00 e 0.00 f 0.00 e

SEm (±), P × W 1.14 0.34 1.10 0.37
p-value, P × W <0.0001 <0.0001 <0.0001 <0.0001

CVa (%) 0.00 0.80 0.15 1.57
CVb (%) 4.66 7.05 2.68 4.15

Means followed by different letters within a column are significantly different according to Tukey’s
HSD. All-Pairwise Comparisons Test at the 5% probability level. P = production system; W = weed-
management practice; W1 = season-long weed-free, W2 = season-long weedy, W3 = Pretilachlor,
W4 = Acetachlor (14%) + Bensulfuron-methyl (4%), W5 = Pyrazosulfuron-ethyl, and W6 = Penoxsulam;
P × W = interaction between production system and weed-management practice; SEm (±) = standard
error of the mean; CVa = coefficient of variation for the main plot; CVb = coefficient of variation for
the subplot.

Weed management practices also significantly influenced weed density (Table 5).
The season-long weed-free treatment, Pyrazosulfuron-ethyl, and Penoxsulam achieved
complete weed suppression (100% reduction relative to the season-long weedy treatment)
at both sampling dates in both years. Pretilachlor and Acetachlor (14%) + Bensulfuron
methyl (4%) significantly reduced weed density compared with the season-long weedy
treatment, although some weeds remained. Across production systems, their suppressive
effects were generally greater in 2021 than in 2020 (Table 5).

The production system × weed management interaction was also significant within
each experimental year (Table 5). Under PTR in 2020, Pretilachlor and Acetachlor (14%) +
Bensulfuron methyl (4%) reduced weed density at 30 DAT by approximately 71% and 70%,
respectively, relative to the season-long weedy treatment; the corresponding reductions
at 60 DAT were approximately 61% and 58%. Under ZT NPTR, these herbicides reduced
weed density by approximately 52–55% at 30 DAT and 79–80% at 60 DAT in 2020. Their
effectiveness increased markedly in 2021, while Pyrazosulfuron-ethyl and Penoxsulam
maintained complete weed suppression under both production systems (Table 5).

3.3. Weed Dry Biomass and Weed Control Efficiency

Within each experimental year, weed dry biomass differed significantly between the
two production systems (Table 6). Descriptively, weed dry biomass declined substantially
from 2020 to 2021. Under PTR, weed dry biomass decreased by approximately 90% at
30 DAT and 86% at 60 DAT, whereas under ZT NPTR the corresponding reductions
were approximately 81% and 77%, respectively. Within each year, ZT NPTR resulted
in significantly lower weed dry biomass than PTR at both sampling dates (Table 6).

Weed management practices significantly affected weed dry biomass. Pyrazosulfuron-
ethyl and Penoxsulam, similar to the season-long weed-free treatment, achieved complete
suppression of weed biomass at both sampling dates in both years. In contrast, the season-
long weedy treatment produced the greatest weed biomass. Pretilachlor and Acetachlor
(14%) + Bensulfuron methyl (4%) significantly reduced weed biomass compared with
the season-long weedy treatment, although their effectiveness varied between years and
production systems. For example, averaged across production systems, these treatments
reduced weed biomass at 30 DAT in 2020 by approximately 56% and 57%, respectively,
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relative to the season-long weedy treatment. Their relative effectiveness was substantially
greater in 2021 (Table 6).

Table 6. Effect of different weed management practices on the weed dry biomass (g m−2) under
puddled transplanted rice (PTR) and zero-till non-puddled transplanted rice (ZT NPTR) production
systems during 2020 and 2021.

Treatments

Weed Dry Biomass (g m−2)

30 DAT 60 DAT

2020 2021 2020 2021

Production system (P)

PTR 24.19 a 2.47 a 55.33 a 7.71 a
ZT NPTR 9.60 b 1.84 b 19.03 b 4.47 b

SEm (±), P 1.29 × 10−15 9.62 × 10−4 5.92 × 10−15 0.04
p-value, P <0.0001 <0.0001 <0.0001 <0.0001

Weed management practice (W)

W1 0.00 c 0.00 d 0.00 c 0.00 d
W2 54.13 a 11.20 a 125.20 a 31.22 a
W3 23.76 b 1.09 b 49.01 b 3.18 b
W4 23.49 b 0.63 c 48.86 b 2.14 c
W5 0.00 c 0.00 d 0.00 c 0.00 d
W6 0.00 c 0.00 d 0.00 c 0.00 d

SEm (±), W 0.74 6.01 × 10−3 0.74 0.28
p-value, W <0.0001 <0.0001 <0.0001 <0.0001

P × W interaction

PTR × W1 0.00 d 0.00 g 0.00 e 0.00 e
PTR × W2 75.73 a 11.73 a 184.11 a 35.92 a
PTR × W3 33.94 b 2.05 c 72.49 b 6.30 c
PTR × W4 35.46 b 1.01 d 75.35 b 4.04 d
PTR × W5 0.00 d 0.00 g 0.00 e 0.00 e
PTR × W6 0.00 d 0.00 g 0.00 e 0.00 e

ZT NPTR × W1 0.00 d 0.00 g 0.00 e 0.00 e
ZT NPTR × W2 32.53 b 10.66 b 66.29 c 26.51 b
ZT NPTR × W3 13.57 c 0.12 f 25.53 d 0.06 e
ZT NPTR × W4 11.52 c 0.25 e 22.36 d 0.23 e
ZT NPTR × W5 0.00 d 0.00 g 0.00 e 0.00 e
ZT NPTR × W6 0.00 d 0.00 g 0.00 e 0.00 e

SEm (±), P × W 0.95 7.82 × 10−3 0.96 0.36
p-value, P × W <0.0001 <0.0001 <0.0001 <0.0001

CVa (%) 0.00 0.13 0.00 2.10
CVb (%) 7.58 0.48 3.45 7.96

Means followed by different letters within a column are significantly different according to Tukey’s
HSD All-Pairwise Comparisons Test at the 5% probability level. P = production system; W = weed-
management practice; W1 = season-long weed-free, W2 = season-long weedy, W3 = Pretilachlor,
W4 = Acetachlor (14%) + Bensulfuron-methyl (4%), W5 = Pyrazosulfuron-ethyl, and W6 = Penoxsulam;
P × W = interaction between production system and weed-management practice; SEm (±) = standard
error of the mean; CVa = coefficient of variation for the main plot; CVb = coefficient of variation for
the subplot.

The production system × weed management interaction showed a similar pattern.
Under both PTR and ZT NPTR, Pyrazosulfuron-ethyl and Penoxsulam maintained com-
plete weed biomass suppression. Pretilachlor and Acetachlor (14%) + Bensulfuron methyl
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(4%) were also effective, particularly under ZT NPTR and during the second year, but did
not consistently achieve complete suppression (Table 6).

Consistent with the weed density and biomass responses, Pyrazosulfuron-ethyl and
Penoxsulam achieved 100% weed control efficiency (WCE), comparable to the season-long
weed-free treatment, whereas the season-long weedy treatment had zero WCE. Pretilachlor
and Acetachlor (14%) + Bensulfuron methyl (4%) showed lower WCE in 2020 but substan-
tially improved performance in 2021 (Figure 1). The WCE values presented in Figure 1
represent averages across the two sampling dates (30 and 60 DAT).

Figure 1. Effect of different herbicides on the percent yield increase over season-long weedy treatment
(control) and weed control efficiency during 2020 and 2021. WCE values represent the average weed
control efficiency across the two sampling dates (30 and 60 DAT). Here, W1 = season-long weed-free,
W2 = season-long weedy, W3 = Pretilachlor, W4 = Acetachlor (14%) + Bensulfuron- methyl (4%),
W5 = Pyrazosulfuron-ethyl, and W6 = Penoxsulam.

When the two production systems were considered separately, the superior perfor-
mance of Pyrazosulfuron-ethyl and Penoxsulam was consistent across both sampling dates
and years. Under ZT NPTR, the WCE of Pretilachlor or Acetachlor (14%) + Bensulfuron
methyl (4%) increased markedly in 2021 compared with 2020 and approached complete
weed control (Figure 2).

Figure 2. Effect of different weed management practices on the percent yield increase over season-
long weedy treatment (control) and weed control efficiency under puddled transplanted rice (PTR)
and zero-till non-puddled transplanted rice (ZT NPTR) rice production systems during 2020 and 2021.
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Here, W1 = season-long weed-free, W2 = season-long weedy, W3 = Pretilachlor, W4 = Acetachlor
(14%) + Bensulfuron- methyl (4%), W5 = Pyrazosulfuron-ethyl, and W6 = Penoxsulam.

3.4. Yield-Contributing Characters and Yield

Within each experimental year, production system significantly influenced the mea-
sured yield-contributing characters and yield parameters (Tables 7 and 8). Compared with
PTR, ZT NPTR increased grain yield by approximately 5% in 2020 and 35% in 2021. ZT
NPTR also increased straw yield by approximately 5% and 10%, respectively, and harvest
index by approximately 4% and 9%. Similar improvements under ZT NPTR were observed
for effective tillers, grains panicle−1, and 1000-grain weight, with the relative advantage
generally being greater in 2021.

Table 7. Effect of different herbicides on the yield-contributing characters of rice under puddled
transplanted rice (PTR) and zero-till non-puddled transplanted rice (ZT NPTR) production systems
during 2020 and 2021.

Treatments
Effective Tillers (no.) Grains Panicle−1 (no.) 1000-Grain Weight (g)

2020 2021 2020 2021 2020 2021

Production system (P)

PTR 13.14 b 11.74 b 112.75 b 99.04 b 21.89 b 19.23 b
ZT NPTR 13.59 a 13.01 a 117.39 a 110.45 a 22.50 a 20.72 a

SEm (±), P 0.02 0.03 0.23 0.44 0.02 0.11
p-value, P <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Weed management practice (W)

W1 14.76 a 13.84 b 127.09 b 122.70 a 22.62 a 21.14 a
W2 7.94 e 7.39 f 66.01 e 65.83 e 20.54 b 16.66 c
W3 14.16 c 12.83 d 122.04 d 99.82 d 22.45 a 19.99 b
W4 13.96 d 12.62 e 121.20 d 104.98 c 22.45 a 20.27 b
W5 14.60 b 13.39 c 125.50 c 110.26 b 22.49 a 20.45 b
W6 14.77 a 14.19 a 128.61 a 124.88 a 22.63 a 21.35 a

SEm (±), W 0.05 0.02 0.31 0.79 0.07 0.17
p-value, W <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

P × W interaction

PTR × W1 14.56 c 13.32 e 125.45 c 119.06 c 22.53 a 20.75 ab
PTR × W2 7.84 g 6.37 j 65.02 g 66.03 h 19.04 c 15.27 f
PTR × W3 13.91 ef 12.05 h 120.63 f 86.86 g 22.43 a 18.80 de
PTR × W4 13.80 f 12.24 g 120.63 f 104.22 e 22.40 ab 20.03 bc
PTR × W5 14.33 cd 12.81 f 122.67 de 97.54 f 22.41 ab 19.50 cd
PTR × W6 14.40 cd 13.66 d 122.12 def 120.50 c 22.55 a 21.04 ab

ZT NPTR × W1 14.96 ab 14.35 b 128.72 b 126.34 ab 22.70 a 21.53 a
ZT NPTR × W2 8.04 g 8.41 i 67.00 g 65.63 h 22.03 b 18.05 e
ZT NPTR × W3 14.40 cd 13.61 d 123.44 cd 112.78 d 22.46 a 21.18 ab
ZT NPTR × W4 14.12 de 13.00 f 121.76 ef 105.74 e 22.50 a 20.50 bc
ZT NPTR × W5 14.86 b 13.96 c 128.32 b 122.98 bc 22.56 a 21.40 a
ZT NPTR × W6 15.13 a 14.72 a 135.10 a 129.25 a 22.72 a 21.66 a

SEm (±), P × W 0.07 0.04 0.47 1.11 0.10 0.24
p-value, P × W <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

CVa (%) 0.41 0.63 0.60 1.25 0.29 1.61
CVb (%) 0.67 0.33 0.47 1.31 0.57 1.47

Means followed by different letters within a column are significantly different according to Tukey’s
HSD All-Pairwise Comparisons Test at the 5% probability level. P = production system; W = weed-
management practice; W1 = season-long weed free, W2 = season-long weedy, W3 = Pretilachlor,
W4 = Acetachlor (14%) + Bensulfuron-methyl (4%), W5 = Pyrazosulfuron-ethyl, and W6 = Penoxsulam;
P × W = interaction between production system and weed-management practice; SEm (±) = standard
error of the mean; CVa = coefficient of variation for the main plot; CVb = coefficient of variation for
the subplot.
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Table 8. Effect of different herbicides on the yield and harvest index of rice under puddled trans-
planted rice (PTR) and zero-till non-puddled transplanted rice (ZT NPTR) production systems during
2020 and 2021.

Treatments
Grain Yield (t ha−1) Straw Yield (t ha−1) Harvest Index (%)

2020 2021 2020 2021 2020 2021

Production system (P)

PTR 4.20 b 3.10 b 5.21 b 4.14 b 43.36 b 42.97 b
ZT NPTR 4.42 a 4.17 a 5.46 a 4.56 a 45.07 a 46.93 a

SEm (±), P 0.02 0.01 0.02 0.01 0.05 0.01
p-value, P <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Weed management practice (W)

W1 4.85 a 4.16 a 5.71 ab 4.88 b 45.56 a 46.73 b
W2 2.37 c 2.34 c 3.59 c 3.19 e 39.69 c 42.40 e
W3 4.57 b 3.61 b 5.64 b 4.24 d 44.77 b 44.50 d
W4 4.59 b 3.70 b 5.64 b 4.28 d 44.40 b 40.71 f
W5 4.63 ab 3.79 b 5.68 ab 4.51 c 44.86 b 45.89 c
W6 4.86 a 4.22 a 5.75 a 5.01 a 46.02 a 49.50 a

SEm (±), W 0.08 0.07 0.03 0.04 0.15 0.14
p-value, W <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

P × W interaction

PTR × W1 4.76 ab 3.42 d 5.52 d 4.75 bc 44.76 c 43.68 d
PTR × W2 2.25 c 2.24 f 3.66 e 2.96 g 38.99 f 41.71 f
PTR × W3 4.49 b 3.30 de 5.49 d 3.83 e 43.68 d 40.24 g
PTR × W4 4.45 b 3.18 de 5.50 d 4.25 d 43.55 d 40.62 g
PTR × W5 4.46 b 2.97 e 5.57 cd 4.12 d 43.54 d 42.46 e
PTR × W6 4.78 ab 3.50 d 5.51 d 4.94 ab 45.62 ab 49.12 bc

ZT NPTR × W1 4.93 a 4.90 a 5.90 ab 5.00 a 46.35 a 49.78 ab
ZT NPTR × W2 2.48 c 2.44 f 3.52 e 3.41 f 40.39 e 43.08 de
ZT NPTR × W3 4.65 ab 3.92 c 5.79 b 4.65 c 45.86 ab 48.76 c
ZT NPTR × W4 4.72 ab 4.22 bc 5.77 bc 4.31 d 45.24 bc 40.79 g
ZT NPTR × W5 4.79 ab 4.60 ab 5.78 b 4.90 ab 46.18 a 49.31 abc
ZT NPTR × W6 4.95 a 4.93 a 5.98 a 5.08 a 46.41 a 49.88 a

SEm (±), P × W 0.11 0.10 0.05 0.05 0.20 0.18
p-value, P × W <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

CVa (%) 1.65 0.48 0.87 0.88 0.31 0.07
CVb (%) 3.30 3.53 1.08 1.53 0.59 0.55

Means followed by different letters within a column are significantly different according to Tukey’s
HSD All-Pairwise Comparisons Test at the 5% probability level. P = production system; W = weed-
management practice; W1 = season-long weed-free, W2 = season-long weedy, W3 = Pretilachlor,
W4 = Acetachlor (14%) + Bensulfuron-methyl (4%), W5 = Pyrazosulfuron-ethyl, and W6 = Penoxsulam;
P × W = interaction between production system and weed-management practice; SEm (±) = standard
error of the mean; CVa = coefficient of variation for the main plot; CVb = coefficient of variation for
the subplot.

Weed management practice significantly affected yield-contributing characters and
yield within each experimental year (Tables 7 and 8). Penoxsulam consistently produced the
greatest or statistically comparable values for effective tillers, grains panicle−1, 1000-grain
weight, grain and straw yield, and harvest index. Compared with the season-long weedy
treatment, Penoxsulam increased grain yield by approximately 105% in 2020 and 80% in
2021. The corresponding increases were approximately 95% and 62% with Pyrazosulfuron-
ethyl, 94% and 58% with Acetachlor (14%) + Bensulfuron methyl (4%), and 93% and 54%
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with Pretilachlor, respectively. The season-long weed-free treatment increased grain yield
by approximately 105% and 78% in 2020 and 2021, respectively (Table 8, Figure 1).

Significant production system × weed management interactions were observed for
most yield-contributing and yield parameters, although the magnitude and significance
of the interaction varied among traits and years (Tables 7 and 8). Penoxsulam under ZT
NPTR consistently produced the highest or statistically comparable yield contributing
traits and grain yield in both years and performed similarly to the season-long weed-free
treatment for several yield parameters. Conversely, the season-long weedy treatment
under PTR generally produced the poorest yield-contributing traits and grain yield. The
advantage of effective weed management was particularly evident under ZT NPTR in 2021
(Tables 7 and 8).

Yield increase over the season-long weedy control further demonstrated the effective-
ness of the post-emergence treatments. Penoxsulam consistently produced the greatest
yield advantage under both production systems, with performance generally comparable
to the season-long weed-free treatment. Under PTR, the yield advantage of Penoxsulam
was greater in 2020 than in 2021, whereas under ZT NPTR it remained consistently high
across both years. Pyrazosulfuron-ethyl also produced substantial yield improvements,
supporting the superior performance of the post-emergence treatments relative to the
pre-emergence treatments (Figures 1 and 2).

3.5. Economic Analysis

Partial budget analysis revealed substantial differences in economic performance
among weed management practices under both rice production systems (Table 9). All
herbicide-based treatments generated considerably higher net income than the season-long
weedy treatment. Under PTR in 2020, net income from Pretilachlor, Acetachlor (14%) +
Bensulfuron methyl (4%), Pyrazosulfuron-ethyl, and Penoxsulam was approximately 16.9-,
18.3-, 20.6-, and 17.7-fold, respectively, that of the season long-weedy treatment. Therefore,
Pyrazosulfuron-ethyl provided the greatest economic advantage, with the highest BCR.
In 2021, Pyrazosulfuron-ethyl remained the most profitable herbicide treatment under
PTR, generating approximately 14.7-fold greater net income than the season-long weedy
treatment (Table 9).

Under ZT NPTR, herbicide-based weed management also markedly improved prof-
itability. In 2020, Penoxsulam produced the greatest net income, approximately 7.25-fold
that of the season-long weedy treatment, and also recorded the highest BCR. In 2021,
Pyrazosulfuron-ethyl was the most economically advantageous treatment, generating ap-
proximately 5.82-fold greater net income than the season-long weedy treatment and the
highest BCR. Overall, post-emergence herbicide treatments, particularly Pyrazosulfuron-
ethyl and Penoxsulam, provided the greatest economic benefits, whereas the season-long
weedy treatment consistently produced the lowest net income and BCR under both pro-
duction systems.
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Table 9. Cost analysis of different weed management practices in puddled transplanted rice (PTR) and zero-till non-puddled transplanted rice (ZT NPTR) production
systems during 2020 and 2021 (BDT = Bangladeshi Taka, 1 BDT = 0.0082 US$).

Treatments

PTR ZT NPTR

2020 2021 2020 2021

Total
Cost

Gross
Income

Net
Income BCR Total

Cost
Gross

Income
Net

Income BCR Total
Cost

Gross
Income

Net
Income BCR Total

Cost
Gross

Income
Net

Income BCR

BDT BDT

Season-long
weed-free 124,525 185,100 60,575 1.49 127,525 154,940 27,415 1.21 123,525 180,370 56,845 1.46 122,975 189,860 66,885 1.54

Season-long
weedy 103,075 107,190 4115 1.03 106,625 109,890 3265 1.03 102,625 113,640 11,015 1.10 102,075 117,410 15,335 1.15

Pretilachlor
applied at 6 DAT 105,175 174,790 69,615 1.66 108,175 146,290 38,115 1.35 104,175 173,450 69,275 1.66 103,625 158,890 55,265 1.53

Acetachlor (14%) +
Bensulfuron

methyl 4% at 6
DAT

104,675 179,870 75,195 1.72 107,675 142,720 35,045 1.33 103,675 172,040 68,365 1.66 103,125 168,580 65,455 1.63

Pyrazosulfuron-
ethyl at 14 DAT 104,475 189,220 84,745 1.81 107,475 155,470 47,995 1.45 103,385 167,080 63,695 1.62 103,119 192,430 89,311 1.87

Penoxsulam at 14
DAT 106,817 179,970 73,153 1.68 109,817 133,140 23,323 1.21 105,817 185,650 79,833 1.75 105,267 180,950 75,683 1.72
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4. Discussion
The present study demonstrated substantial differences in weed infestation, crop

productivity, and economic performance between PTR and ZT NPTR production systems
under different weed management practices (Tables 5–9). Weed density and dry biomass
were consistently lower under ZT NPTR than PTR and declined markedly in the second
year (Tables 5 and 6). However, because pre-plant glyphosate application was an integral
component of ZT NPTR but was not used in PTR, these differences should be interpreted
as responses to the complete production systems rather than as effects of tillage alone.

Tillage operations in PTR can redistribute weed seeds within the soil profile, either
burying them deeper or bringing them closer to the surface [24]. Seed burial can increase
seed persistence and survival [25,26], whereas seeds remaining on or near the soil sur-
face are more exposed to desiccation and other adverse environmental conditions that
may reduce their viability [26,27]. Consequently, the persistence and viability of weed
seeds in the seedbank may differ substantially between tilled and non-tilled soils depend-
ing on environmental conditions. In tilled soils, weed seedlings can also emerge from
greater soil depths, whereas tillage-induced changes in soil conditions may stimulate the
germination of dormant seeds through exposure to light, soil disturbance, temperature
fluctuations, CO2 conditions, and increased nitrate availability [26,28–30]. Conversely,
under zero tillage, weed seeds are concentrated near the soil surface, where a greater pro-
portion may germinate and subsequently be controlled by weed management practices [31].
Surface-positioned seeds may also be more accessible to seed predators and environmental
stresses, increasing seed removal and mortality. Effective weed control further reduces
seed rain, thereby limiting replenishment of the soil seedbank and potentially reducing
weed emergence in subsequent seasons.

The marked reduction in weed density and dry biomass observed in 2021 compared
with 2020 (Tables 5 and 6) may partly reflect carry-over effects of weed management
imposed during the preceding season. Because the same experimental plots and treatment
allocations were maintained across both years, effective weed suppression in 2020 may
have reduced weed seed return to the soil and subsequently limited weed emergence in the
subsequent season. Nevertheless, seasonal environmental variation and other uncontrolled
factors may also have contributed to the observed year-to-year differences. Supporting this
interpretation, previous studies have shown that weed seed persistence and emergence are
strongly influenced by seed position within the soil profile and the prevailing management
practices. For example, more than 50% of Setaria viridis (L.) P. Beauv. seeds reportedly
remained viable after two years when buried at a depth of 10 cm, compared with less than
10% when retained on the soil surface [32,33].

Among the herbicide treatments, the post-emergence herbicides Pyrazosulfuron-ethyl
and Penoxsulam provided the most consistent weed suppression under both production
systems, achieving WCE comparable to the season-long weed-free treatment (Tables 5 and 6;
Figures 1 and 2). Their superior performance likely reflects effective control of emerged
weeds and suppression of later weed flushes, as previously reported for Pyrazosulfuron-
based weed management in transplanted rice [34]. Pyrazosulfuron-ethyl has been reported
to be particularly effective against sedges and broadleaf weeds [35,36], which were im-
portant components of the weed flora recorded in the present study (Table 4). Kogan
et al. [37] also reported high efficacy of Penoxsulam, although its performance may vary
across successive years. Repeated use of Penoxsulam may also impose selection pressure
for herbicide resistance in weed populations [38]. Effective weed suppression translated
into substantial improvement in rice productivity (Tables 7 and 8). Across years, herbicide
treatments increased grain yield by approximately 54–105% relative to the season-long
weedy treatment, with Penoxsulam generally producing the greatest yield response (Table 8;
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Figures 1 and 2). This improvement can be attributed to reduced crop-weed competition
for resources, which favoured tiller production, grain formation, and ultimately grain
yield [39]. Similar improvements in rice productivity following effective herbicide-based
weed management have been reported previously [40–43]. Differences in crop performance
between production systems may also be associated with tillage-induced changes in soil
structure and the resulting crop growing environment [44]. The superior yield perfor-
mance observed under ZT NPTR with Penoxsulam (Tables 7 and 8) should, however, be
interpreted within the context of the complete ZT NPTR production system, including its
pre-plant glyphosate treatment.

The economic analysis further demonstrated the advantage of the effective herbicide-
based weed management over the season-long weedy treatment (Table 9). Under PTR,
Pyrazosulfuron-ethyl provided the greatest economic return in both years, whereas under
ZT NPTR, Penoxsulam was the most profitable treatment in 2020 and Pyrazosulfuron-ethyl
in 2021 (Table 9). The greater profitability of herbicide-based treatments compared with
manual season-long weed-free management was primarily associated with effective weed
suppression and lower weed management costs. Similar economic advantages of herbicide-
based weed management in rice have been reported previously [40,45,46]. These findings
indicate the Pyrazosulfuron-ethyl and Penoxsulam are promising options for economically
viable weed management within the respective rice production systems.

From a conservation-agriculture perspective, ZT NPTR may offer advantages by
avoiding intensive puddling and reducing soil disturbance; however, the present study
primarily evaluated weed management, crop productivity, and economic performance
rather than the broader environmental impacts of the production systems. It has been
reported that tillage affects the physical and chemical properties of soils by destroying
soil aggregates, disrupting capillary pores, and dispersing soil particles [47]. Moreover,
PTR consumes about 20–40% of the total water required for raising crops, and it also
promotes the formation of the hard plough pan [48]. It may also accelerate the loss of
soil organic carbon, reduce soil fertility, increase irrigation-water losses, and adversely
affect the environment [49]. To overcome these detrimental issues, adopting ZT NPTR
may be a potential alternative to PTR in terms of better rice productivity under sustainable
agriculture [8,47,50,51]. In addition, Chauhan and Opeña [52] suggested that zero-till
systems can achieve yields comparable to those of conventionally tilled systems if weeds
are effectively controlled, and in the absence of effective weed control, zero-till systems
may result in poor grain yield.

5. Conclusions
The findings of the study demonstrated that post-emergence herbicides Penoxsulam

and Pyrazosulfuron-ethyl were the most effective treatments in terms of weed control
efficiency and yield increase over the season-long weedy treatment under both rice produc-
tion systems. Among the treatment combinations, Penoxsulam under ZT NPTR generally
produced superior yield performance, whereas Pyrazosulfuron-ethyl provided the highest
economic returns in both years under PTR and in the second year of ZT NPTR; Penoxsulam
was the most profitable treatment under ZT NPTR in the first year. Overall, integrating
ZT NPTR with either Penoxsulam or Pyrazosulfuron-ethyl showed considerable potential
for effective weed suppression, high rice productivity, and favourable economic returns
while avoiding intensive puddling. However, because pre-plant glyphosate application
was an integral component of the ZT NPTR system in the present study, the observed
differences between PTR and ZT NPTR should be interpreted as the combined effects of
the complete production systems rather than as the isolated effect of zero tillage. Further
multi-year studies are warranted to evaluate the long-term productivity, economic viability,
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weed dynamics, and sustainability of integrating post-emergence herbicide-based weed
management with ZT NPTR.
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The following abbreviations are used in this manuscript:

PTR Puddled Transplanted Rice
ZT NPTR Zero-till Non-puddled Transplanted Rice
DDSR Dry Direct-seeded Rice
NPTR Non-puddled Transplanted Rice
AEZ Agroecological zone
DAT Days After Transplanting
RD Relative Weed Density
RDW Relative Weed Dry Biomass
SDR Summed Dominance Ratio
WCE Weed Control Efficiency
YOC Yield Increase Over Control
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