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Co-implementation of conservation tillage and herbicides reduces weed and nematode infestation and enhances the productivity of direct-seeded rice in North-western Indo-Gangetic Plains
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Direct-seeded rice (DSR) can be a resource-efficient alternative to puddled transplanted rice (PTR), but weeds and nematodes pose severe challenges. Conservation agriculture (CA)-based DSR may inhibit/influence weeds/nematodes, which can be further intensified by adopting better weed control. Hence, this experiment was undertaken. Five CA-based DSR practices involving zero tillage, residue retention, brown manuring, and superimposed with four weed control/herbicide options were compared with PTR in a split-plot design replicated three times. All DSRs encountered more weeds and plant parasitic nematodes (PPNs) than PTR. Root-knot nematodes (RKN) infested five among 14 weeds present in rice and was first time found in Dinebra retroflexa. A CA-based zero till (ZT)DSR+ mungbean residue – ZT wheat + rice residue – ZT mungbean+wheat residue system reduced weeds significantly. It reduced RKN galls in Echinochloa colona, Echinochloa crusgalli, and rice plants by 72, 58, and 56%, respectively. In soil too, RKN and other PPNs, namely, Tylenchorhynchus brevilineatus and Pratylenchus thornei were reduced by 39%, 32%, and 26%, respectively, which gave a 6.3–22.7% higher yield in this CA practice than other DSRs. Pyrazosulfuron-ethyl, cyhalofop-butyl, and bispyribac-Na applied sequentially reduced weeds and PPNs, increased rice yield by 176.1%, and were at below detectable levels in soil, rice grains, and straw, and were safe for rotational crops. The above ZT-based triple cropping with residue supplemented with herbicides through better weed and nematode control would be an alternative to PTR in the North-wester Indo-Gangetic Plains of India and in similar agroecologies of the tropics/sub-tropics. This study would help farmers and policymakers to design integrated weed and nematode management modules using tillage, crop residue, and herbicides/pesticides for higher DSR yield and income.
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Introduction

Recently, the sustainability of puddled transplanted rice (PTR)–conventional till wheat (CTW) cropping system, the most dominant system practiced in nearly 10.5 million ha in the Indo-Gangetic Plains (IGP) of India (Ladha et al., 2009; Das et al., 2018) is threatened due to a host of problems, mainly associated with PTR. PTR is less labor-, water-, time-, energy-, and carbon-efficient and more cost-intensive (Gupta et al., 2016; Nawaz et al., 2017b; Raj et al., 2017; Das et al., 2020b; Sen et al., 2021). Puddling done in PTR affects soil structures and reduces subsurface permeability by forming hard pans (Mondal et al., 2019). PTR delays wheat sowing and can reduce 8–9% yield of wheat (Kumar and Ladha, 2011; Bhattacharyya et al., 2015). New resource-efficient and climate-smart management approaches are required to ensure food production in Indian IGP and make a substantial contribution to the food security of South-East Asia. Conservation Agriculture (CA) is a viable alternative to tillage-intensive agriculture (Kassam et al., 2018; FAO, 2020), which can improve biodiversity and above- and below-ground biological processes (Ghosh et al., 2019), and leads to higher use efficiencies of water and nutrients and sustainable crop production (FAO, 2020). Direct-seeded rice (DSR) is an alternate rice production technology and can be a potential alternative to PTR (Farooq et al., 2011; Kumar and Ladha, 2011). Under CA, zero till DSR (ZTDSR) is adopted in the rice–wheat system. The ZTDSR – ZT wheat (~ZTW) system with residue has advantages over transplanting: earlier rice maturity, lower water (Nawaz et al., 2017b; Mohammad et al., 2018) and labor requirement, timely/early sowing of wheat, and higher economic returns (Bhattacharyya et al., 2015; Nawaz et al., 2017b; Raj et al., 2017). But DSR is heavily infested with weeds and nematodes, irrespective of climates and soils due to changes in ecology (Rao et al., 2007; Kyndt et al., 2014; Chauhan et al., 2015; Khan, 2015). DSR yield loss due to weeds varies across locations depending on management practices (Chauhan and Opena, 2012; Raj et al., 2016). It could be even 100% in a certain situation (Awan et al., 2015). Globally, the potential yield loss in rice due to various pests has been estimated to be around 77%, of which weeds contributed the highest 37.1% loss (Oerke, 2006). The losses caused by animal pests (insects, mites, nematodes, rodents, slugs/snails, birds, etc), pathogens, and viruses were 24.7, 13.5, and 1.7%, respectively. In India, the actual economic loss in rice due to weeds is 4,420 million US$ annually, the highest among the losses caused by 10 major crops (Gharde et al., 2018). The ZTDSR, residue retention, and brown manuring (Nawaz et al., 2017a; Behera et al., 2018; Behera and Das, 2019; Das et al., 2020a) crop intensification with a legume (Das et al., 2020b) highly influences dominance and diversity of weeds by altering weed seeds recruitment/dispersal across the depth of soil (Chauhan and Opena, 2012; Chauhan et al., 2015). In a long-term experiment, the conventional tilled DSR (~CTDSR) - ZTW system was followed for the first 4 years (from 2010 to 2013), and weed management was studied in CTDSR in 3rd and 4th years (2012 and 2013). The experiment was fully modified to a CA system with three principles (Kassam et al., 2018) by adopting ZTDSR with residue in 2014, which led to a weed shift to annual grassy weeds [Dactyloctenium aegyptium (L.) Willd., Dinebra retroflexa (Vahl) Panz., and Leptochloa chinensis (L.) Nees], and perennial sedges (Cyperus esculentus L., Cyperus rotundus L.). Bispyribac-Na (hereafter referred to as bispyribac) recommended could not control these weeds. This prompted us to design this experiment in 2018 (9th year) and 2019 (10th year) to evaluate afresh weed control practices in ZTDSR and their associated effects on nematodes. Newer herbicides and combinations, such as the sequential applications of pre-emergence pyrazosulfuron-ethyl (hereafter referred to as pyrazosulfuron) as a substitute of pendimethalin, followed by (~fb) post-emergence bispyribac and cyhalofop-butyl (hereafter referred to cyhalofop) as supplementary to bispyribac, were studied to control weed better and prevent/arrest weed dynamics. Pendimethalin, a broad-spectrum, but a grass-killer exclusively pre-emergence herbicide inhibits microtubule assembly in cell division (Das and Das, 2018). Pyrazosulfuron is a pre-emergence, broad-spectrum herbicide and inhibits acetolactate synthase (~ALS). Bispyribac is also a broad-spectrum herbicide, inhibiting ALS, but post-emergence and less effective against certain grassy weeds (Sen et al., 2021). Cyhalofop-butyl is an acetyl coenzyme A carboxylase (ACCase) inhibitor herbicide, post-emergence, and kills exclusively grassy weeds.

Recently, there has been a considerable increase in plant-parasitic nematodes (PPNs) in crops worldwide (Mantelin et al., 2017; Devaraja et al., 2018). The changes in agroecology, tillage, and management practices influenced nematodes' community/species structure and their interactions with hosts (Kyndt et al., 2014; Pankaj et al., 2015; Liu et al., 2019). The PPNs can reduce rice yield by 10–25% (Bridge et al., 2005) or even more based on location and initial inoculum level (Ornat and Sorribas, 2008). Worldwide annual economic losses due to nematodes in crops are estimated to be US$ 173 billion (Elling, 2013). Kumar et al. (2020) reported that PPNs caused 21.3% crop losses amounting to US$ 1.58 billion per year in India. The economic loss in rice crops due to root-knot nematode (Meloidogyne graminicola Golden & Birchfield) alone was INR 23.3 billion (US$ 0.29 billion) annually. Among the top 10 PPNs of the world, root-knot nematode (RKN), cyst nematode (Heterodera oryzae Luc & Berdon), root-lesion nematode (Pratylenchus thornei Sher and Allen), and rice white-tip nematode (Aphelenchoides besseyi Christie) can cause damage to rice (Jones et al., 2013).

Several researchers (Chauhan and Opena, 2012; Chauhan et al., 2015; Abbas et al., 2019; Pandey and Kandel, 2020; Sen et al., 2021) have reported variable effects of the varying combinations of tillage, crop residue, and herbicides on weeds in DSR across locations. Puddling could significantly reduce nematodes in PTR, while nematodes such as RKN, Meloidogyne triticoryzae, and Tylenchorhynchus mashoodi were higher in DSR (Gaur and Singh, 1993; Chandel et al., 2002). Similarly, Suong et al. (2019) found higher root-parasitic nematodes in rice under direct-seeded mulch-based cropping system than in conventional plow-based tillage in Cambodia. The populations of Tylenchorhynchus brevilineatus and Pratylenchus spp were significantly higher in ZT than in CT fields (Pankaj et al., 2006). In contrast, Yadav et al. (2021) reported lesser RKN and PPNs in DSR than in PTR. However, the effect of herbicides on nematodes is less/negligibly studied. Zhang et al. (2010) highlighted that acetochlor and carbofuran reduced total nematodes and PPN in soybean. Weeds act as alternate hosts of these PPNs in the presence/absence of crops and are sources of inoculums for the next crops (Rich et al., 2009; Baghel et al., 2020). All these studies having combinations of tillage, residue, crop rotation, herbicides, etc. were different leading to variable effects on weeds and nematodes. In fact, the CA effect is location-specific, depending on soil type, prevailing climate, weed and nematode species distribution, etc., which suggests that studies need to be carried out to validate its impact on these pests across locations. There are gaps in location-specific comprehensive studies encompassing tillage (ZT and CT), nature/kind and amount of residue (cereal, legume, and brown manure crop residue), cropping (double or triple cropping with legume intervention), herbicides rotation (arresting weed dynamics) on weeds, and PPNs, especially RKN (most devastating to rice). Identifying new emerging weeds as alternate hosts of these nematodes in rice is also lacking. This provides opportunities for multidisciplinary integrated weed and nematode management research in DSR involving CA and weed management/herbicides. We hypothesized that the CA-based DSR supplemented with herbicides may lead to better weed and nematode management. The objectives were: to evaluate CA and weed management/herbicides' effects on weeds, nematodes, and productivity of rice; and to develop an effective weed management strategy for DSR under a CA-based rice–wheat system.



Materials and methods


Experimental sites and treatments

Experiments were conducted in the 9th (~2018) and 10th (~2019) years of a long-term conservation agriculture (CA)-based rice–wheat system (mentioned in Section Introduction) at ICAR-Indian Agricultural Research Institute, New Delhi (28°35′ N; 77°12′ E; 228 m above mean sea level). Six main plot treatments, involving tillage and crop residue, and four sub-plot treatments involving weed control/herbicides (Table 1) were laid out in a split-plot design with three replications. A triple cropping system involving a legume crop mungbean, which is usually not followed by the farmers, was taken as a treatment for comparison with the CA-based double cropping systems and conventional PTR–CTW system. Unweeded control (UWC) was a natural uninhibited weed infestation. The soil (order Inceptisol, Typic Haplustept) was clayey loam on the surface and loam below.


TABLE 1 Treatments adopted in the experiment.
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Crop sowing and agronomic practices

For ZTDSR, rice hybrid (Arize 6129 Gold) was sown by using a happy seeder with 25 kg seed ha−1 in rows 20 cm apart at 2–3 cm depth of soil. For PTR, transplanting was done manually at 20 cm × 10 cm spacing with 25 days old seedlings. For ZTW, wheat was sown by using a happy seeder in rows 20 cm apart at 3–5 cm depths of soil with 100 kg seed ha−1. For triple cropping treatments, mungbean was sown after wheat harvest during summer using a happy seeder at 20 cm × 10 cm spacing. Recommended doses of 150 kg N, 26.2 kg P, and 33.1 kg K ha−1 were applied to rice and wheat. A 30% recommended dose of N and full doses of P and K were applied as basal, and the rest of N was applied in equal halves at active tillering and panicle initiation stages of rice and wheat. Diammonium phosphate at 100 kg ha−1 was applied to mungbean as basal.



Weeds density, rice yield, and economics

Two central rows of rice (~0.40 m) up to a length of 0.5 m were selected randomly from two locations in each plot. Weeds were collected, counted species-wise, and categorized into grassy, broad-leaved, and sedge weeds, which were summed up as total weeds. A net plot area comprising 16 rows of rice up to a length of 2.8 m (~3.2 m × 2.8 m) was harvested for grain yield recorded at 12% moisture. The common cost of all treatments was the sum total of the prevailing costs of inputs/operations such as seed, fertilizer, irrigation, plant protection (excluding herbicide), harvesting, and threshing. The cost of treatment constituted the costs of tillage (ZT/CT/puddling), sowing (DSR/nursery), transplanting, brown manuring, crop residue, and herbicide as applicable to the treatment. The common cost plus treatment cost constituted the total cost of treatment. Minimum support price for rice grains of the Government of India was used for calculating economics. Gross returns (GR), net returns (NR), and net benefit:cost (NB:C) were estimated as per Das and Das (2018). The exchange rates of November 2018 and 2019 were considered for converting Indian Rupees (~INR) to US$ (X-rates, 2017).



Nematodes population

Soil samples were collected from five locations in each plot using a tube auger (5-cm diameter) at 60 DAS. These five cores soils were composited and mixed thoroughly, and a sample core of 200 cc was taken in a polyethylene bag and washed. Then, muddy water suspension was poured on double-folded tissue paper superimposed on wire mesh placed on the top of the Petri dish and placed for incubation at 25°C−29°C for 48 h. In the second-stage juveniles (J2s), adult nematodes passing through the tissue paper to the Petri dishes having clear water suspension were observed under the stereoscopic binocular microscope. Ten J2s and adult nematodes were killed by mild heating and prepared temporary slides to identify nematode species (Pokharel et al., 2007). Standard procedures were followed for determining nematode populations (Southey, 1986), root-knot nematode galls in rice and weed plants (Coyne et al., 2007), and gall index (Pederson and Windham, 1989).



Herbicide residue estimation in rice grains and straw and soil

Residues of bispyribac, cyhalofop, pendimethalin, and pyrazosulfuron in rice grains, straw, and soil were estimated using QuEChERS (Quick, Easy, Cheap, Effective, Rugged, and Safe) method and subsequent analysis by liquid chromatography-mass spectroscopy/mass spectroscopy (LC-MS/MS) (Schenck and Hobbs, 2004).


Extraction and cleanup of herbicides from rice grains and soil

Soil and rice grains at harvest were collected from each treatment and their representative samples (100 g each) were prepared by quartering. Rice grains were homogenized in a mixer grinder, and soil samples were dried, ground by pestle mortar, and sieved through a 2-mm sieve. An aliquot of 5 g each for grains and soil was taken in 50 ml centrifuge tubes separately. Then, 2.5 ml of water was added to it and kept for half an hour. After that, 5 ml of acetonitrile, 2 g of anhydrous magnesium sulfate, and 0.75 g of NaCl were added into the centrifuge tube and were mixed thoroughly with a vortex mixer for 2 min. It was then centrifuged at 5,000 RPM for 5 min at a temperature of 27±1°C. After centrifugation, 1 ml of supernatant was taken in a 1.8 ml microcentrifuge tube and subjected to cleanup by dispersive solid-phase extraction using primary secondary amine (PSA) sorbent (50 mg) and anhydrous magnesium sulfate (150 mg) and vortexed for 1 min. It was then centrifuged for 5 min at 5,000 RPM in a microcentrifuge. After clean-up, the supernatant extract was filtered through a syringe filter (0.22 μm) and analyzed in LC-MS/MS.



Extraction and cleanup of herbicides from rice straw

Representative samples of rice straw (100 g) prepared by quartering were homogenized in a Willy mill straw crusher. An aliquot of 2.5 g was taken in a 50-ml centrifuge tube and 2.5 ml of water was added to it and kept for half an hour. Then, 20 ml of acetonitrile, 1 g of anhydrous magnesium sulfate, and 250 mg of NaCl were added to the centrifuge tube and were mixed thoroughly with a vortex mixer for 2 min. It was centrifuged at 5,000 RPM for 5 min at a temperature of 27±1°C. After centrifugation, 4 ml of supernatant was taken, which was evaporated to dryness by a rotary vacuum evaporator and reconstituted with 1 ml of acetonitrile. The 1-ml reconstituted supernatant was taken in a 1.8-ml microcentrifuge tube and subjected to cleanup by dispersive solid-phase extraction using primary secondary amine (PSA) sorbent (50 mg) and anhydrous magnesium sulfate (150 mg) and vortexed for 1 min. It was then centrifuged for 5 min at 5,000 RPM in a microcentrifuge, and the supernatant extract was filtered through a syringe filter (0.22 μm) and analyzed in LC-MS/MS.



Instrumental analysis of herbicide residue

The LC-MS/MS method for identification and quantification of bispyribac, cyhalofop, pendimethalin, and pyrazosulfuron was developed through optimizing LC and MS instrumental parameters in the Shimadzu LCMS/MS-8030 instrument equipped with Zorbax Eclipse Plus C18 column (Agilent make) of dimension 3 mm i.d., 10 cm length with 3.5 μm column coating. In electrospray ionization (ESI) with positive mode having DL temperature of 250°C, heat block temperature of 400°C, nebulizing gas flow of 3 ml/min, drying gas flow of 15 ml/min, multiple reaction monitoring (MRM) was optimized for selection of the best products for identification and quantification of each herbicide. The MRM optimization parameters, i.e., collision energy (CE), Q1 pre-bias and Q3 pre-bias, dwell time, and pause time for each event, were optimized according to the sensitivity of the compound. The mobile phase 10:90 water (5mM ammonium formate): methanol was used for eluting these four herbicides in the 6-min run and the flow of solvent was maintained at 0.2 ml/min. Herbicide standards in the concentration range of 0.1 to 1.0 ppm were injected to obtain a 5-point linearity curve within the detection range. As per the sensitivity of the analytes, the Limit of Detection [LOD] of the herbicides was found to be 0.01 μg/ml (signal: noise ratio ≥3:1), and the Limit of Quantification [LOQ] was found to be 0.05 μg/ml (signal: noise ratio ≥10:1). From the C18 column in 6 min run time, the retention time (RT) of bispyribac, cyhalofop, pendimethalin, and pyrazosulfuron were found to be 2.27, 3.31, 4.81, and 2.24 min, respectively (Table 2). The most intense MRM transition of each herbicide was designated as quantifier ion transition and used for quantification of the herbicides through Chrome Browser software associated with LC-MS/MS using system generated calibration curve (Figure 1). The quantifier MRM transitions were m/z 430.65>274.90 for bispyribac; m/z 374.75>255.90 for cyhalofop; m/z 281.90>211.80 for pendimethalin; and m/z 415.10>182.10 for pyrazosulfuron, respectively. Other less intense MRM transitions were used as qualifier ion transitions.


TABLE 2 LC-MS/MS quantifier and qualifier MRM transitions with regression equation of the herbicides.
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FIGURE 1
 Base shift chromatogram showing multiple reaction monitoring (MRM) transition of bispyribac sodium, cyhalofop-butyl, pyrazosulfuron-ethyl, and pendimethalin herbicides.




Recovery study

For the recovery of bispyribac, cyhalofop, pendimethalin, and pyrazosulfuron, herbicide-free rice grains, straw, and soil were fortified with 0.05 mg/kg (~0.05 ppm) of the respective herbicide and analyzed following the above-mentioned procedure. The recoveries of bispyribac, cyhalofop, pendimethalin, and pyrazosulfuron were 86.6, 118.3, 72.8, and 87.5% (from soil); 62.5, 81.9, 78.5, and 113.9% (from grains); and 57.6, 114.2, 71.6, and 77.6% (from straw), respectively. All the recoveries of herbicides from the soil, grains, and straw were in the acceptable range of 70–120%, except the recovery of bispyribac, which was relatively lower from rice grains and straw.




Statistical analysis

Data on weed, nematode, and rice were analyzed by the analysis of variance (ANOVA) technique for a split-plot design using PROC GLM in SAS 9.3 (SAS Institute, Cary, NC). Weed and nematode populations were transformed through the square-root method [(x+0.5)½] before ANOVA to reduce higher variation. The species-wise populations of weeds and nematodes and rice grain yield were subjected to Levene's test for homogeneity of variance. The error variances for almost all parameters (i.e., weed and nematode population, rice grain yield) were homogeneous over the years, indicating that the uniformity in error variance was significant. Hence, pooled analysis was done to find out the effects of the year (Y), and interactions between Y × conservation agriculture (C), Y × weed control (W), C × W, and Y × C × W on the studied variables of weed, nematode and rice, and data are presented year-wise. The significance of treatment means was appraised using Tukey's honest significant difference (HSD) test at p ≤ .05.




Results


Effects on weeds diversity, dynamics, and interference

A total of 14 weeds (Table 3), comprising six grassy (Table 4), four broad-leaved (~BLW) (Table 5), and four sedge weeds (Table 6) were observed in rice under UWC. The pooled ANOVA reflected the significant difference between the years in densities of eight weeds, namely, Echinochloa colona (L.) Link., Dactyloctenium aegyptium (L.) Willd., Dinebra retroflexa (Vahl) Panz., Leptochloa chinensis (L.) Nees, Eclipta alba L., Trianthema portulacastrum L., Cyperus esculentus L. and Cyperus difformis L. weeds with higher densities in the second year than in the 1st year. In contrast, there was no significant yearly difference in the densities of the rest of the six weeds, namely, Echinochloa crusgalli (L.) Beauv, Eleusine indica (L.) Gaertn., Phyllanthus niruri L., Alternanthera philoxeroides (Mart.) Griseb, Cyperus rotundus L. and Cyperus iria L. (Table 3). The pooled mean effect of CA and weed control practices and their interactions were significant for all 14 weeds observed in rice (Table 3). The DSRs encountered higher infestations of Echinochloa colona, Dactyloctenium aegyptium, Dinebra retroflexa, Leptochloa chinensis, and Eleusine indica than the PTR, which, on the contrary, had a higher density of Echinochloa crusgalli (Table 4). The triple ZT system with three crops residue (C5) among the DSRs (C1-C5) led to the lowest densities of D. aegyptium, D. retroflexa and L. chinensis. PTR (C6) system was not infested with these weeds but had the highest density of E. crusgalli. Broad-leaved weeds Eclipta alba, Phyllanthus niruri, and Trianthema portulacastrum infested DSRs (C1-C5) but not PTR (C6) except E. alba in 2019 (Table 5). Eclipta alba decreased while T. portulacastrum increased (in C4&C5) in the second year under DSRs. The C5 caused a significant reduction of these weeds compared to C4, having the highest densities. Alternenthera philoxeroides were found in C6 and C1, the former having a significantly higher density than the latter. Perennial sedges Cyperus esculentus L. and Cyperus rotundus L. had larger densities in CA-based DSRs (C1-C5) and were absent in PTR (C6), whereas annual sedges Cyperus difformis L., Cyperus iria L. were observed in PTR and absent in DSRs in both the years (Table 6). Among DSRs, C4 had the highest densities of C. esculentus and C. rotundus. The pyrazosulfuron fb cyhalofop fb bispyribac treatment resulted in significantly lower densities of all grassy weeds except E. indica (Table 4) and all broad-leaved weeds than UWC and pyrazosulfuron fb tank-mix cyhalofop + bispyribac (Table 5). This herbicide treatment also led to lower densities of C. esculentus, C. rotundus, C. difformis, and C. iria than other treatments in both years (Table 6).


TABLE 3 Pooled analysis of variance (ANOVA) of Echinochloa colona, Echinochloa crusgalli, Dactyloctenium aegyptium, Dinebra retroflexa, Leptochloa chinensis, Eleusine indica, Eclipta alba, Phyllanthus niruri, Alternanthera philoxeroides, Trianthema portulacastrum, Cyperus esculentus, Cyperus rotundus, Cyperus difformis, Cyperus iria and grain yield showing the effects of years, CA and weed control practices and their interactions.
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TABLE 4 Species-wise grassy weeds density (no. m−2) in rice as influenced by CA and weed control treatments at 60 DAS/DAT during 2018 and 2019.

[image: Table 4]


TABLE 5 Species-wise broad-leaved weeds density (no. m−2) in rice as influenced by CA and weed control treatments at 60 DAS/DAT during 2018 and 2019.
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TABLE 6 Species-wise sedge weeds density (no. m−2) in rice as influenced by CA and weed control treatments at 60 DAS/DAT during 2018 and 2019.
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Effects on species-wise and total nematodes

RKN galls were found in four grassy weeds (E. colona, E. crusgalli, D. retroflexa, E. indica) and one broad-leaved weed (E. alba) among 14 weeds present in this study. CA significantly influenced RKN galls in weeds and rice. RKN galls were significantly higher in E. colona, E. crusgalli, and rice in CA-based DSRs than PTR-CTW (Table 7). Among DSRs, the brown manuring (C3) had the highest, whereas the triple ZT with three crops residue (C5) had the lowest RKN galls and gall index (GI) of E. colona, E. crusgalli, and rice. The C5 led to reduction in RKN galls by 72, 60, 68, and 58% in E. colona; 58, 57, 52, and 34% in E. crusgalli; and 56, 50, 48, and 27% in rice compared to C3, C1, C2, and C4, respectively. CA practices also significantly influenced plant parasitic nematodes (PPNs) (Table 9). DSRs had higher densities of RKN, T. brevilineatus and P. thornei than PTR, which, on the contrary, had higher H. oryzeae. The C5 led to a reduction in RKN by 30% and T. brevilineatus by 27% compared to C3 and had the lowest total PPNs (mean of 2 years). Contrarily, C1 had significantly higher total PPNs (Table 9) than other treatments. The application of pyrazosulfuron fb cyhalofop fb bispyribac led to a reduction in RKN galls by 73.7% in rice plants by reducing weed density by 82.6% and had significantly lower RKN galls in rice than in other treatments (Table 8). Also, this had the lowest total PPNs (Table 9). It could reduce RKN, T. brevilineatus, P. thornei, and H. oryzeae by 27%, 71%, 82%, and 53% during 2018 and 19%, 65, 81, and 47% during 2019, respectively, compared to UWC. The RKN galls of weeds (~E. colona, E. crusgalli) and rice plants (Figures 2A,B) were significantly (p ≤ .01) positively correlated (r = 0.88**, 0.89**; R2 = 0.78, 0.79, respectively; n = 18), but the relationship was inverse (Figures 3A,B) between PPNs and rice grain yield [r = −0.745** (2018); r = −0.827**(2019), n = 72].


TABLE 7 Root-knot nematode (RKN) galls (no. plant−1) and gall index (GI) in weeds Echinochloa colona, Echinochloa crusgalli, and rice crop under unweeded control at 60 DAS/DAT across the conservation agriculture practices (mean of 2 years).
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TABLE 8 Reduction in weed population (no. m−2) and root-knot nematode (RKN) galls in rice plants (no. plant−1) across the weed control/herbicides treatments at 60 DAS/DAT (Pooled mean of 2 years).
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TABLE 9 Plant parasitic nematodes (PPN) population (no. 200 cc soil−1) across CA and weed control treatments in rice at 60 DAS/DAT during 2018 and 2019.
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FIGURE 2
 Relationship between root-knot nematode (RKN) galls in (A) Echinochloa colona and (B) Echinochloa crusgalli with RKN galls in rice (mean of 2 years).
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FIGURE 3
 Relationship between plant parasitic nematodes (PPNs) populations and rice grain yield (A) during 2018 and (B) during 2019. ‡PPNs data were transformed through square-root (x + 0.5)½ method before correlation analysis.




Effects on rice grain yield and economics

Pooled ANOVA revealed that the mean effects of year, CA, and weed control practices, and their interactions (namely, Y × W; C × W) on rice grain yield were significant (Table 3). Rice grain yield was significantly higher in the 1st year (2018) than in the 2nd year (2019) (Table 10). Conventional PTR (C6) resulted in significantly higher rice yield than any DSRs (C1-C5) (Table 10). Among DSRs, the triple ZT system with three crops residue (C5) was most superior with 6.3, 22.4, 22.0, and 21.0% higher yield in 2018, and 13.1, 17.8, 22.1, and 22.7% higher yield in 2019 than C1, C2, C3, and C4, respectively. Among the weed control practices, the application of pyrazosulfuron fb cyhalofop fb bispyribac led to a significant increase in the yield than W1, W2, and W3 during both years (Table 10). This treatment increased 2 years' mean grain yield by 176.1, 19.6, and 7.7% than UWC, pyrazosulfuron fb tank-mix cyhalofop+bispyribac, and pendimethalin fb bispyribac, respectively. This herbicide treatment had significant interaction with CA, leading to comparable rice yields in C5 and C6, which were significantly higher than in other DSRs combined with these herbicides treatment (Table 10). The conventional farmers' practice (PTR-CTW; C6) incurred a higher cost of production (Figure 4) than all DSRs (C1–C5). The C1, C2, C3, C4, and C5 led to a reduction in the cost of production by US$ 235, 201, 174, 235, and 229 ha−1, respectively, compared to C6. The triple ZT system with three crops residue (C5) fetched comparable net returns with that of PTR-CTW and resulted in significantly higher net returns than those in the rest of the DSRs. The net benefit:cost (NB:C) was significantly higher due to C5 (1.80) than C6 (1.31) and other DSRs. Among herbicides/weed control treatments, the pyrazosulfuron fb cyhalofop fb bispyribac (W4) resulted in significantly higher net returns and NB:C than UWC and other herbicide treatments (Figure 4). This treatment (W4) obtained 10.2% higher net returns compared to pendimethalin fb bispyribac (W2), which is the farmers' herbicides/weed control practice adopted for rice in India.


TABLE 10 Interaction between CA and weed control/herbicides treatments on grain yield of rice (t ha−1) in 2018 and 2019.
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FIGURE 4
 Benefit–cost economics of rice cultivation as influenced by CA and weed control practices (mean of two years). Mean having different lowercase letters on the vertical bars are significantly different at p ≤ 0.05 as per Tukey's HSD test. Vertical bars represent mean ± standard error. C1–C6 and W1–W4 are treatments mentioned in Table 1.




Herbicides residue in soil and rice grains and straw

Residues of all four herbicides (i.e., bispyribac, cyhalofop, pendimethalin, pyrazosulfuron) in rice grains and straw, and at 0–15 cm and 15–30 cm depth of soil were below the detectable level (BDL), except the negligible residue of pendimethalin varying from 0.013 to 0.018 mg kg−1 observed in upper 0–15 cm soil (Table 11). Pendimethalin residue was slightly higher in ZT residue-retained DSRs than PTR.


TABLE 11 Herbicides residue (mg kg−1) in soil (0–15 and 15–30 cm depths), and in rice grains and straw across the CA and weed control practices at harvest of rice crop.
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Discussion


Weed dynamics and interference

Contrasting tillage and crop establishment practices followed for 8 years led to weed dynamics/diversity in rice. Under PTR, intensive tillage/puddling resulting in the deeper placement of weed seeds, and continuous standing water preventing weed germination, particularly of photoblastic weeds could reduce almost all weeds except E. crusgalli, which was higher in PTR due to its ecological preference for growing under stagnant water. On the contrary, ZTDSR (mean of five DSRs) had 83 and 56% higher weed density in 2018 and 2019, respectively, and higher densities of grassy weeds E. colona, D. aegyptium, D. retroflexa, and L. chinensis than PTR. Under negligible or no soil disturbance, the ZT plots had more weed seeds on the soil surface, particularly of small-seeded grassy weeds. Ample sunlight on the soil surface led to higher weed emergence (Chauhan and Opena, 2012), and their seed bank build-up (Mishra and Singh, 2012). A similar thing happened under the triple ZT system without residue (C4). Besides ZT, mungbean crop grown during summer provided a favorable microclimate through adequate moisture and lower/buffered soil temperature, promoting germination of annual broad-leaved weeds E. alba, P. niruri, and T. portulacastrum (Table 5), and sedges C. esculentus and C. rotundus (Table 6).

During summer (May and June), the C4 plot had a lower temperature at 0–5 and 5–15 cm soils (~30–34°C & 29–32°C, resp.) due to mungbean crop than the C1–C3 and C6 plots (44–52°C and 38–42°C, resp.) (Field experience). Higher 44–52°C temperature at 0–5 cm soil in latter plots (kept fallow during summer) led to little solarization and might prove lethal to many annual weed seeds and tubers of C. esculentus and C. rotundus. Webster (2003) reported that soil temperature of more than 45°C considerably reduced tuber viability of C. esculentus and C. rotundus, and C. esculentus tubers were more sensitive to heat than C. rotundus tubers. Crops residue also reduced weeds. Three crops (rice, wheat, and mungbean) residues under the mungbean-inclusive triple ZT system (C5) led to a considerable reduction in C. esculentus and C. rotundus (which were highly dominant in C4). The residue acts as a physical barrier to sunlight reducing weed germination and releasing allelo-chemicals into the soil (Jabran and Chauhan, 2015). Kumar et al. (2013) found that wheat residue suppressed E. crusgalli, E. colona, D. aegyptium, and E. alba in ZTDSR. Residue can also encourage weed seed foraging and predation actions by ants, insects, and birds and reduce surface seed bank.

Repeated weed flushes, crop stage-specific emergence of certain weeds, and new weed insurgence call for sound weed management in DSR (Jabran and Chauhan, 2015). In this study, ZT, residues (rice, wheat, mungbean, and brown manure crop Sesbania), and herbicides were adopted to pursue integrated weed management in DSR. The application of pyrazosulfuron fb cyhalofop fb bispyribac was most effective causing a significant reduction in densities of grassy, broad-leaved, and sedge weeds by 72, 60, and 43%, respectively (2-year mean). Pyrazosulfuron led to balanced control of early-emerging grassy, broad-leaved, and sedge weeds right from germination. Bispyribac controlled E. colona, E. crusgalli (grassy weeds); E. alba, P. niruri, A. philoxeroides, T. portulacastrum (broad-leaved weeds) effectively; and had little effect on C. esculentus, C. rotundus, C. difformis, and C. iria (sedges). It was not effective against newly emerged grassy weeds D. aegyptium, D. retroflexa, and L. chinensis. Cyhalofop applied in a sequence-controlled E. colona, E. crusgalli, D. retroflexa, L. chinensis, and E. indica effectively and D. aegyptium moderately. Thus, the sequential application of pyrazosulfuron fb cyhalofop fb bispyribac led to better weed control in DSR. The tank-mix of cyhalofop+bispyribac was inferior in controlling grassy weeds than their sequential application, probably, due to antagonism. Ottis et al. (2005) also reported antagonistic effects of cyhalofop with halosulfuron, triclopyr, and propanil in rice.



Nematodes dynamics and management

In this study, besides rice, five weeds (E. colona, E. crusgalli, D. retroflexa, E. indica, and E. alba) had RKN galls and were alternate hosts. These weeds are present in the global list of 24 weed hosts of RKN (Rich et al., 2009) except D. retroflexa, which might be a new host not reported earlier. Higher the weed density, the higher the population of RKN and total PPNs and vice-versa. The associations of these nematodes with weeds led to a reduction in rice yield. There was a direct relationship between RKN galls of these weeds and RKN galls in rice. Puddling and continuous submergence leading to the absence of some weeds or poor weed growth were responsible for the absence or negligible infestation of RKN, T. brevilineatus, and P. thornei in PTR (Table 9). In contrast, non-flooded aerobic soil conditions and intermittent irrigations were responsible for the higher infestation of PPNs under DSR (Jain et al., 2012; Kyndt et al., 2014). However, the triple ZT cropping system with residue (C5) led to reductions in RKN by 27, 15, 43, and 12% and T. brevilineatus by 66, 31, 38, and 60%, respectively, in soil compared to C1, C2, C3, and C4 (mean of 2 years) (Table 9). This CA practice also led to reducing RKN galls significantly in E. colona, E. crusgalli, and rice (Section 3.2). Rotation with non-host crop mungbean could be more useful to control RKN in this treatment. Besides, higher organic matter accumulation through rice, wheat, and mungbean residues and improved soil conditions led to the suppression of soil pathogens including PPNs (Kandel et al., 2017; Liu et al., 2019). Widmer et al. (2002) reported that adding organic matter through cover/rotational crop residue, green manure, compost, or organic amendment could influence PPNs and free-living nematodes. Rotating non-host crops such as mustard, sesame, and millet can also reduce RKN. Sesbania brown manuring was useful in maize (Das et al., 2020a), but Sesbania brown manuring (C3) invited more PPNs in DSR. Sesbania is a host of rice RKN and its decomposition releases some biocides in the rhizosphere stimulating nematodes might be the reason. The application of pyrazosulfuron fb cyhalofop fb bispyribac through better weed control led to 23, 66, 81, and 49% reduction in RKN, T. brevilineatus, P. thornei, and H. oryzeae, respectively, compared to UWC (mean of 2 years). Herbicides affect nematodes indirectly by altering the composition and density of weeds (Yeates et al., 1999), albeit sometimes they may have direct toxicity to nematodes. Das et al. (2010) reported the effect of atrazine and pendimethalin on PPNs. Herbicides causing mortality of weeds/host plants lead to non-availability of weeds/alternate host plants, which can bring down PPNs. Our results showed significant positive correlations between RKNs galls of weeds and rice (Figures 2A,B) and indicated the indirect effect of herbicides on RKNs. This conforms with Noling and Gilreath (2002) and Kutywayo and Been (2006).



Rice yield, economics, and herbicides residue

The variation over the years in rice yield was due to prevailing weather conditions, mainly rainfall, temperature, and sunshine (Supplementary Figures 1A,B). In 2018, higher rainfall (922.6 mm against 546.7 mm in 2019) from June to November (Supplementary Figure 1B), lower fluctuation in maximum and minimum temperatures (Supplementary Figure 1A) during the growth period, and greater availability of bright sunshine hours during the reproductive phase of rice led to better partitioning of photosynthates to grains and gave higher yield in both DSR and TPR. The DSRs, experiencing more biotic (weed and nematode) and abiotic (Fe deficiency and moisture) stresses had lower rice yield than PTR (Table 10). However, the triple ZTDSR with three crops residue (C5) gave a 9.4–22.0% higher yield than other ZTDSRs and was closer to PTR. This CA-based DSR, besides having better weed/nematode control, had better soil physical (aggregation, porosity, water content, soil strength) (Mondal et al., 2019) chemical (C and N accumulation) (Bhattacharyya et al., 2015) and biological (microbial biomass carbon, phosphatase, dehydrogenase, and β-glucosidase activities) conditions (Jat et al., 2020), which could help to achieve higher yield. Similarly, better weed control and consequently, a lower infestation of PPNs led to higher rice yield in the pyrazosulfuron fb cyhalofop fb bispyribac treatment. Relatively higher yield and lower cost of production made the triple ZT system with three crops residue (C5) superior to other DSRs (Figure 4), and comparable with PTR in terms of net returns, despite PTR having higher grain yield than C5. This amply highlighted that the CA-based DSR (C5) could be an equally remunerative alternative to PTR (Gathala et al., 2013; Baghel et al., 2020) and a more climate-resilient practice through a considerable reduction in methane emission (not reported here). The pyrazosulfuron fb cyhalofop fb bispyribac treatment required a slightly higher cost (Figure 4), mainly, due to the extra cost incurred on herbicides but a higher yield (176.1% higher than UWC) obtained in this treatment through better weed and nematode control led to higher net returns than other weed control treatments.

Our study indicates how weed control using herbicides indispensable for harnessing higher yield and income in DSR. Injudicious use of herbicides may have adverse effects on the environment and human health. We studied the herbicides at their recommended doses, which could hardly inflict any observable effect. For example, the residues of pendimethalin, pyrazosulfuron, bispyribac, and cyhalofop in rice grains and straw obtained from this study were below detectable levels, and rice grains and straw were safe for consumption by humans and animals, respectively. The FSSAI (2017) has already fixed the maximum residue limit (MRL) of pendimethalin, pyrazosulfuron, and bispyribac in rice grains as 0.05, 0.01, and 0.05 mg kg−1, respectively. In soil, a negligible amount of pendimethalin was detected at harvest but was safe for rotational crops like wheat (data not shown). All four herbicides were applied within 25 DAS, and rice was harvested after 115–120 DAS. A long time (~90–95 days) had elapsed, and herbicides were degraded in rice plants and soil through physical, chemical, and microbiological means, leading to below detectable levels of residues. Of course, a lower dose of application of these herbicides (< 100 g ha−1) except pendimethalin also played a role.




Conclusion

This study revealed that a CA-based triple ZT system, involving ZT direct-seeded rice (DSR) with mungbean residue - ZT wheat with rice residue - ZT mungbean with wheat residue combined with the application of pyrazosulfuron fb cyhalofop fb bispyribac could provide comparable rice yield through better weed and nematode control and would be an alternative to puddled transplanted rice (PTR). Among 14 weeds observed in rice, 5 (Echinochloa colona, Echinochloa crusgalli, Dinebra retroflexa, Eleusine indica, and Eclipta alba) were alternate hosts of root-knot nematodes (RKNs). Herbicides pyrazosulfuron fb cyhalofop fb bispyribac led to effective weed control in DSR. But, weed dynamics takes place over time in crop field ecosystem, and, therefore, dynamic herbicide recommendations through herbicide rotation may be resorted for better weed control in DSR in the future. Herbicide, crop residue, ZT, and non-host summer crops/mungbean would break the cycle of RKNs and reduce the infestations of RKNs and other plant parasitic nematodes (PPNs) in DSR. The direct effect of herbicides (pendimethalin, pyrazosulfuron, cyhalofop, or bispyribac) on these nematodes should be studied, which could not be studied in this study. Greater yield variability in ZTDSR should be addressed through focussed future research on developing newer varieties tolerant to various biotic (weeds, nematodes) and abiotic stresses (Fe and Zn deficiency and moisture shortage). This study would help to design integrated pest management modules involving interactions among weeds, nematodes, insect pests, and diseases, which might lead to a more productive and profitable CA-based DSR across diverse rice ecologies.
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Pyraz. fb cyhal. fb bisp.(W4) BDL BDL BDL
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2018 2019 2018 2019 2018 2019 2018 2019
CA practices (C)
ZTDSR-ZTW (C1) 5.6 5.8° 3.00¢ 340 07° o7 07
ZTDSR + WR -ZTW + RR (C2) 5.0¢ 5.6¢ 29° 29° 07® o7 o7
ZTDSR + WR+BM - ZTW+RR (C3) 47° 424 3.0° 300 07® o7 [
ZTDSR-ZTW-ZTMB (C4) 10.1° 11.8" 42 50 07° o7® [
ZTDSR+MR-ZTW+ RR-ZTMB +WR (C5)  7.0° 350 39 07 o7 07
PTR-CTW (C6) 074 o 07 48" 24" 28
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UwWe (w1) 70 75 36 39 14 19 L 13
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“Transformed data through square-root (x-+0.5)"* method before analysis of variance (\NOVA); T Within a column, the means followed by different lowercase ltters are significantly
HSD test.
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ZTDSR + WR -+ brown manuring (BM)- ZTW-+RR
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Puddled transplanted rice (PTR)- conventional till wheat (CTW)

Weed control treatments (W)

Unweeded control

Pendimethalin at 1.5 kg ha~" applied at 1 day after sowing (DAS) or 3 days after
transplanting (DAT) as pre-emergence (PE) followed by (fb) post-emergence (PoE)
bispyribac-Na at 0.025 kg ha~! applied at 25 DAS/DAT

Pyrazosulfuron-ethyl at 0.025 kg ha™" as PE fb tank-mixture of cyhalofop-butyl at 0.100 kg
ha™" + bispyribac-Na at 0.025 kg ha™" at 25 DAS (PoE)
Pyrazosulfuron-ethyl at 0.025 kg ha™" as PE fb cyhalofop-butyl at 0.100kg ha~" at 20 DAS

/b bispyribac-Na at 0,025 kg ha~" at 25 DAS (PoE)

Treatment short forms

ZTDSR-ZTW

ZTDSR + WR - ZTW+RR

ZTDSR + WR+BM - ZTW+RR
ZTDSR-ZTW-ZTMB.
ZTDSR4MR-ZTW+RR-ZTMB+WR
PTR-CTW

uwc
Pendi. b bisp.

Pyraz. fb cyhal. + bisp.

Pyraz. fb cyhal. b bisp.

Treatment code
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]
c3
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(g/mol) m/z (min) transition transition transition equation coefficient (r)
@y Q) (Q3)
Bispyribac-so 4523 430,65 (M - Na + H) * 227 43065 > 274.90 43065 > 118.90 43065 > 41295 Y = 1.8400% + 006x + +0.9987
447778
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Eclipta alba  Phyllanthus niruri  Alternanthera philoxeroides Trianthema portulacastrum

2018 2019 2018 2019 2018 2019 2018 2019

CA practices (C)

ZTDSR-ZTW (C1) [ PR K 17 12" 14" 07¢ 07¢
ZTDSR + WR -ZTW + RR (C2) 260 1S 1 19* o7* 07¢ 07¢ 07¢
ZTDSR + WR+BM - ZTW+RR (C3) 220 1.0° 0.7¢ 0.7¢ o7b 0.7 0.7¢ 0.7¢
ZTDSR-ZTW-ZTMB (C4) 400 25 27 32 [ 07 13 L6
ZTDSR+MR-ZTW+ RR-ZTMB +WR (C5) 24" 18* 17 LI¢ o7 0.7 L1* 14%
PTR-CTW (C6) 07 19% 07 07 21 17 0.7¢ 07
Weed control treatments (W)

Uwe (wi) 36t 25 EA L 16" o7b o7
Pendi. fb bisp. (W2) LiF 0.9° 0.9% 0.7¢ 0.7° 0.7
Pyraz. fb cyhal. + bisp. (W3) 18" 1.5 L4 0.9° 1.4 1.8
Pyraz. fb cyhal. b bisp. (W4) 12¢ 0.8° 07° 07¢ 0.7¢ 07° 07*

of variance (ANOVA); W

rmed data through square-root (x+0.5)" method before analys column, the means followed by different lowercase letters are sigs

different at p <.05 HSD test.
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Treatment Grassy weeds density (no. m'z)1

Echinochloa colona  Echinochloa crusgalli  Dactyloctenium aegyptium  Dinebra retroflexa  Leptochloa chinensis  Eleusine indica

2018 2019 2018 2019 2018 2019 2018 2019 2018 2019 2018 2019
CA practices (C)
ZTDSR-ZTW (C1) 45 52 18" 18" 33 38 43 44 24 33 09b L2
ZTDSR 4+ WR -ZTW 4 RR (C2) 34 4.5% 20" 2.0 2.7 35 38> 42 28 2 0.8" 1.3*
ZTDSR + WR+BM - ZTW+RR (C3) 30 44% 18" 14% 2.6 3 370 4.0% 24° o7 o7® Lo
ZTDSR-ZTW-ZTMB (C4) 28 34t 13¢ 07¢ 27 3 26° -5 L 1.8 [ 09b 0.8b¢
ZTDSR+MR-ZTW+ RR-ZTMB +WR (C5) 174 26° 1.3¢ 1.3% 21 24b 214 27¢ 15" [ 17 o
PTR-CTW (C6) 224 26 23 28 07¢ 0.7 [ [ 07¢ [ o7 07¢
Weed control treatments (W)
UWC (W1) 54" 7.2* 4.4 34 3.0 36" 42° 47 24 17 Lt 200
Pendi. fb bisp. (W2) 1.9° 27 118 20 28° 24° 2.8° 17 0.8 07°
Pyraz. fb cyhal. + bisp. (W3) 30 120 15> 28" 320 320 36" 210 L 07®
Pyraz. fb cyhal. fb bisp. (W4) 13¢ 124 0.7¢ 16> 1.6° 174 164 140 0.8 0.8®

T

oot (x+0.5)% method before an:

rmed data through square- is of variance (ANOVA); T Within a column, the me

ns followed by differ
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