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Abstract
Mustard (Brassica juncea) & lentil (Lens culinaris) intercropping is an agronomically and nutritionally important rabi-season production system in South Asia, offering advantages in land-use efficiency, resource capture, and farm resilience. However, its productivity is severely constrained by intense weed pressure arising from slow early crop growth, open canopy structure, and asynchronous resource demand between component crops. This review critically synthesizes existing research on weed flora, herbicide efficacy, crop selectivity, phytotoxicity, and agroecological consequences of chemical weed management in mustard–lentil intercropping systems. Dominant winter weeds—including Chenopodium album, Anagallis arvensis, Coronopus didymus, and Phalaris minor—cause substantial yield losses when not effectively managed. Pre-emergence herbicides such as pendimethalin, oxyfluorfen, and oxadiargyl and selective post-emergence herbicides including ALS- and ACCase-inhibitors remain central to weed control, yet their use in intercropping demands exceptional precision due to the high herbicide sensitivity of lentil. Evidence indicates that inappropriate dose, timing, or broadcast application can induce phytotoxicity, suppress nodulation, and compromise system productivity. The review highlights the importance of spatially selective application methods, herbicide rotation, and integration with cultural and mechanical practices to enhance selectivity, delay resistance evolution, and safeguard soil biological health. Emerging challenges—including herbicide resistance, residue carryover, and environmental and human-health risks—underscore the limitations of chemical-only strategies. Consequently, integrated weed management (IWM), combining judicious herbicide use with optimized crop geometry, mechanical weeding, and ecological intensification, is identified as the most resilient pathway for sustainable mustard–lentil intercropping. The review concludes by identifying critical knowledge gaps and research priorities necessary to refine herbicide stewardship and improve system-level productivity, profitability, and environmental sustainability.
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1. Introduction
Mustard (Brassica juncea) and lentil (Lens culinaris) constitute two of the most significant rabi crops in South Asian agriculture, forming a complementary oilseed–pulse pairing that strengthens farm incomes, improves dietary diversity, and enhances system resilience. The increasing adoption of mustard–lentil intercropping reflects farmers’ strategic pursuit of higher land-use efficiency, greater biological stability, and superior resource capture—advantages repeatedly confirmed through the land equivalent ratio (LER) and various productivity indices. In well-managed systems, the temporal and spatial complementarity of these crops allows efficient utilization of sunlight, soil moisture, and nutrients, particularly under rainfed ecologies that dominate mustard-growing regions.
Yet, intercropping does not inherently suppress weeds. On the contrary, mustard–lentil combinations often face intense weed pressure due to the open canopy structure, slow early growth of lentil, and asynchronous nutrient demand between the component crops. Winter annual broadleaf weeds such as Chenopodium album, Anagallis arvensis, and Coronopus didymus, along with grassy weeds like Phalaris minor, routinely cause heavy competition, nutrient depletion, and moisture stress, ultimately reducing the yield potential of both crops. Under such circumstances, weed management becomes the decisive factor determining the agronomic success of the intercropping system.
Chemical herbicides remain the most reliable tool for reducing early-season weed competition, particularly where labour shortages, rising wages, and expanding reduced-tillage practices limit the feasibility of manual and mechanical interventions. Their rapid action, relative cost-effectiveness, and operational simplicity make them indispensable in modern production systems. However, applying herbicides in intercropping scenarios demands exceptional caution. The selectivity window is narrow: a compound that is safe for mustard can impose severe phytotoxicity on lentil, and vice versa. Issues of crop injury, residual carryover, herbicide–crop interactions, and impacts on associated soil microbial communities become substantially more complex when two botanically distinct species share the same field.
Earlier findings such as those by Chandrasekharan et al. (2003) underscore this complexity. Their study at TNAU, Coimbatore revealed that mustard expressed higher crop growth rate (CGR), relative growth rate (RGR), and net assimilation rate (NAR) under sole cropping than when intercropped with lentil under rainfed conditions. While the outcome reflects competition for growth-limiting resources, it also highlights how input-use decisions—including herbicide application, must be optimized differently for intercropped versus mono cropped systems.
The broader environmental context further elevates this challenge. Rainfed regions across the Indian subcontinent already experience precariously low soil fertility due to nutrient leaching, limited organic matter application, and erratic rainfall patterns. Climate change will intensify water scarcity by altering precipitation regimes and amplifying evapotranspiration, thereby escalating competition for water across agricultural, industrial, and domestic sectors (Mall et al., 2007). Under these pressures, the mustard–lentil system must deliver high productivity while ensuring minimal ecological footprint. This is especially important given the economic and nutritional importance of mustard oil, prized for its balanced omega-3 and omega-6 fatty acid composition (Rai, 2006), and the crop’s status as India’s second-most important oilseed after groundnut. With mustard area and production reaching 5.96 million hectares and 8.32 million tonnes respectively in 2018–19 (Anonymous, 2018), refining weed-management strategies for such systems is not merely desirable, it is imperative.
Despite the availability of several pre- and post-emergence herbicides for mustard, the literature reveals significant variability in their compatibility with lentil when the crops are grown together. Many herbicides demonstrate strong efficacy on dominant winter weeds but require precise dose adjustment, spray timing, and row configuration to avoid collateral damage to the lentil component. Moreover, concerns regarding environmental residues, soil health deterioration, herbicide resistance evolution, and non-target effects on beneficial flora and fauna necessitate a more critical and holistic evaluation.
Therefore, this review systematically examines the influence of chemical herbicides on weed dynamics, crop performance, and agroecosystem health specifically within mustard–lentil intercropping systems. It synthesizes evidence on herbicide selectivity, weed suppression efficiency, crop safety, and ecological consequences, while also evaluating opportunities for integrating chemical weed control with cultural, mechanical, and biological approaches. By consolidating current scientific understanding, this review aims to offer a nuanced, practice-oriented, and sustainability-driven perspective on optimizing herbicide use for the mustard–lentil intercropping system.

2. Weed flora in mustard and lentil systems
Weed communities in rabi-season mustard and lentil systems are typically dominated by winter annual broadleaf species such as Chenopodium album, Anagallis arvensis, and Coronopus didymus, along with winter grasses—most notably Phalaris minor and occasional perennial escapes like Cyperus rotundus, depending on tillage and landscape context. Earlier floristic surveys across mustard and lentil fields in India repeatedly identified C. album and A. arvensis as among the most problematic species (Chauhan 2001; Gill & Kumar 1969; Brand et al. 2007). Their temporal emergence is largely dictated by soil seedbank dynamics, sowing date, and early canopy development, a pattern consistent with classic ecological explanations of crop–weed competition (Nichiporovich 1967).
Intercropping systems that ensure faster canopy closure—such as mustard–lentil row configurations—often suppress early-season weeds by enhancing light interception and niche pre-emption. Multiple studies confirm that intercropping reduces weed biomass compared with sole crops, though the magnitude varies with crop geometry, row ratios and planting techniques (Manjunath et al. 2010; Kumar et al. 2016; Singh G. et al. 2014). These findings align with global meta-analyses advocating diversified cropping as a foundational weed suppression strategy (Parven et al. 2024; Paul 2024).
Chemical control remains essential in mustard and lentil, but performance varies sharply by species composition, herbicide timing and resistance ecology. In mustard, strong efficacy of pendimethalin and atrazine has been persistent across decades of trials (Chauhan 2001; Gill et al. 1984; Singh S.J. et al. 1989; Singh S.S. 1992). In lentil, field studies consistently document the effectiveness of imazethapyr, quizalofop, and post-emergence graminicides against dominant winter grasses (Ramesh Nath Gupta 2023; Elkoca et al. 2005; Singh G. et al. 2014; Baldev et al. 2011). However, herbicide resistance particularly in P. minor has fundamentally reshaped weed management strategies in the Indo-Gangetic Plains. The emergence of resistant biotypes is no longer a theoretical concern but a global reality, underscored by surveillance reports such as the first glyphosate-resistant weed case in the UK (The Guardian 2025). This global trajectory reinforces the urgent need for resistance stewardship, herbicide rotation, and diversified approaches (Paul 2024; Parven et al. 2024).
Integrated weed management (IWM) approaches—combining pre- and post-emergence herbicides, mechanical options, cultural interventions, and intercropping—consistently outperform single-method strategies. Strong evidence from mustard, soybean, pulses and lentil systems demonstrates that IWM improves yield, reduces weed pressure, and enhances crop quality (Singh Akanksha et al. 2025; Meena & Jadon 2009; Sharma et al. 2012; Punia et al. 2015; Rajib et al. 2014). Studies in pigeon pea, chickpea, and blackgram further show that integrated or sequential herbicide applications deliver superior control and better economics under varied agro-ecologies (Padmaja 2015; Pandey 2015; Khope et al. 2011; Mani et al. 1976).
From a methodological standpoint, weed survey research must report both species presence and relative abundance, frequency, density, and biomass—because management prioritization depends on competitive impact, not mere occurrence. This principle has been emphasized since foundational work on weed indices by Gill and Kumar (1969) and remains critical in modern weed science. Recent studies in wheat, lentil, and mustard–legume systems confirm that abundance-based metrics better predict yield losses and guide herbicide or IWM recommendations (Verma et al. 2017; Chandrakar et al. 2016).
Under conservation or reduced tillage systems, weed flora often shifts toward perennial or tuberous weeds (e.g., Cyperus rotundus), demanding modified surveillance and management strategies. Evidence from Mediterranean no-till systems supports the need for dose-optimized graminicides and diversified tactics (Barros et al. 2018), mirroring trends in South Asian pulse-based systems (Ahlawat et al. 1981; Sarker & Erskine 2006).
Collectively, the literature demonstrates a clear consensus: sustainable mustard–lentil production in the rabi season requires a dual strategy—robust herbicide stewardship and strategic ecological intensification through intercropping, competitive planting geometry, and integrated weed management. The evidence base is strong, multilayered, and globally aligned.

3. Common Chemical Herbicides Used and Their Modes of Action
3.1 Pre-emergence (PRE) Herbicides
Pre-emergence herbicides play a foundational role in mustard-based systems because the crop exhibits relatively slow early vigour, allowing winter annual weeds—particularly Chenopodium album, Anagallis arvensis, Coronopus didymus, and Phalaris minor—to establish aggressively. Frequently used PRE herbicides include pendimethalin (microtubule assembly inhibitor, HRAC Group 3), oxadiargyl (HPPD inhibitor, Group 27), oxadiazon (PPO inhibitor, Group 14), atrazine in some regions (PS II inhibitor, Group 5), and oxyfluorfen (PPO inhibitor, Group 14).
Pendimethalin remains the most widely adopted PRE herbicide in mustard due to its broad-spectrum control and good crop tolerance. Decades of field experiments—starting from Gill et al. (1984), Singh S.J. et al. (1989), and extending to Singh Akanksha et al. (2025)—show significant reductions in early weed emergence and substantial yield gains with pendimethalin at recommended rates. Chauhan (2001) reported enhanced weed suppression and yield improvement in mustard using treatments such as: pendimethalin @ 0.75 kg a.i. ha⁻¹, oxyfluorfen @ 0.25 kg a.i. ha⁻¹, oxadiazon applied as pre-plant incorporation, isoproturon @ 1.0 kg a.i. ha⁻¹ (PRE), single or double hand-weeding (25–40 DAS), single or double hoeing (20–30 DAS)& weed-free check. The superiority of pendimethalin and PPO-inhibiting PRE herbicides has been widely confirmed in pulse and oilseed crops across India (Ahlawat et al. 1981; Chandrakar et al. 2016; Punia et al. 2015; Padmaja 2015; Elkoca et al. 2005). Under reduced tillage, their importance increases because PRE herbicide efficacy becomes central to maintaining weed control where mechanical interventions are limited.
In lentil systems, PRE use is more restricted due to greater crop sensitivity. However, pendimethalin, oxyfluorfen, and low-dose imazethapyr PRE/early POST have shown acceptable tolerance and good efficacy in multiple trials (Ramesh Nath Gupta 2023; Singh G. et al. 2014; Kumar et al. 2016).

3.2 Post-emergence (POST) Herbicides
Post-emergence herbicides are deployed based on in-season weed composition and crop tolerance. In mustard, selective POST options are somewhat limited, but metsulfuron-methyl, chlorsulfuron, and tribenuron-methyl (all ALS inhibitors, Group 2) provide excellent control of broadleaf weeds at low doses. These herbicides are particularly effective against Chenopodium album, Fumaria parviflora, Anagallis arvensis, and similar species.
In lentil, POST herbicide choice is more constrained due to high susceptibility to many broadleaf-killing chemistries. Nevertheless, extensive research confirms that imazethapyr, quizalofop-p-ethyl, haloxyfop, and clodinafop (ACCase-inhibiting graminicides, Group 1) show strong selectivity and effectively control winter grasses including Phalaris minor and Avena spp. (Singh G. et al. 2014; Baldev et al. 2011; Elkoca et al. 2005). This trend is consistent with Mediterranean and no-till wheat studies showing strong grass control with Group 1 graminicides at reduced doses (Barros et al. 2018).
In pulses and legumes more broadly, POST ALS and ACCase inhibitors have repeatedly demonstrated robust performance, as indicated by results in soybean (Meena & Jadon 2009; Sharma et al. 2012), chickpea (Khope et al. 2011), pigeon pea (Pandey 2015), blackgram (Rajib et al. 2014), and field pea (Baldev et al. 2011). These results reinforce the suitability of POST graminicides and low-dose ALS inhibitors for legume systems, provided crop tolerance thresholds are not exceeded.
However, reliance on ALS and ACCase inhibitors has led to the evolution of resistant Phalaris minor biotypes in the Indo-Gangetic Plains—a trend broadly documented in global surveillance reports, including the 2025 glyphosate-resistant weed case in the UK. Resistance evolution demands herbicide rotation, mixture strategies, and stronger IWM implementation (Paul 2024; Parven et al. 2024; Punia et al. 2015).

4. Herbicide Efficacy, Crop Selectivity and Phytotoxicity in Intercropping Systems
4.1 Efficacy Under Mustard
Across diverse agroecological conditions, mustard responds strongly to integrated herbicide strategies that combine pre-emergence (PRE) control with strategic in-season interventions. PRE pendimethalin, oxyfluorfen, oxadiargyl, and PPO-inhibiting combinations consistently reduce early-season weed density and contribute to substantial yield gains relative to weedy checks. Classic and contemporary studies alike—including Chauhan (2001), Gill et al. (1984), Singh S.J. et al. (1989), and Singh Akanksha et al. (2025)—demonstrate that pendimethalin-based programmes outperform sole manual weeding by suppressing early flushes of Chenopodium album, Anagallis arvensis, Fumaria parviflora and mixed Poaceae.
Comparative trials also show that integrated programmes, such as PRE herbicide + a single hand weeding at 25–30 DAS, or PRE followed by a low-dose POST ALS inhibitor, often provide the highest weed control efficiency and yield stability. Such combinations exploit early-season suppression from PREs and mid-season refinement from POST interventions. This approach mirrors results from field pea, chickpea, soybean, and other pulses (Baldev et al. 2011; Khope et al. 2011; Meena & Jadon 2009; Sharma et al. 2012), which show enhanced efficacy from integrated herbicide–cultural strategies over single-mode programmes. Given the increasing incidence of Phalaris minor resistance to ACCase and ALS-inhibitors in the Indo-Gangetic Plains, integrated weed management (IWM) remains essential to delay resistance selection pressures (Paul 2024; Parven et al. 2024).
4.2 Effects on Lentil When Intercropped
Lentil (Lens culinaris) is far more herbicide-sensitive than mustard, making selectivity the central constraint in mustard–lentil intercropping systems. Sulfonylurea (SU) herbicides such as metsulfuron-methyl, chlorsulfuron, and tribenuron-methyl, and imidazolinones such as imazethapyr, can cause varying degrees of phytotoxicity depending on dose, spray drift, soil pH, and timing. Numerous trials in lentil monoculture. Elkoca et al. (2005), Singh G. et al. (2014), Kumar et al. (2016), Ramesh Nath Gupta (2023) show that even slight overdosing or late POST applications can suppress nodulation, reduce vigour, and depress yield.
In mustard–lentil intercropping, this sensitivity becomes more pronounced because lentil may be inadvertently exposed to herbicides intended for mustard rows. Residual carryover from PRE applications (e.g., pendimethalin or oxyfluorfen applied across the entire field) can suppress lentil emergence if soil conditions promote persistence, particularly in low-organic-matter or cooler soils. While direct field trials on mustard–lentil carryover are limited, strong evidence from lentil rotation and residual-effect studies (Chandrakar et al. 2016; Punia et al. 2015; ) indicates that persistence of Group 3, 14, and 27 herbicides can impair lentil establishment when exposure occurs within the sensitive window of germination and early vegetative growth. This makes dose calibration, spatial targeting, and timing absolutely critical in intercropped systems.
4.3 Spatial Considerations and Selective Application
Spatial manipulation is one of the most effective and least-researched strategies for improving selectivity in mustard–lentil intercropping. Several practical techniques reduce lentil exposure without compromising mustard weed control:
· Herbicide banding directly over mustard rows limits lateral soil incorporation and protects lentil rows from residual herbicide pools.
· Shielded or hooded sprayers drastically reduce drift of POST ALS inhibitors onto lentil foliage, a method validated in chickpea, pigeon pea, and soybean studies (Padmaja 2015; Pandey 2015; Sharma et al. 2012).
· Lower label-end rates of PRE herbicides can be used in wide-row arrangements or under enhanced early canopy closure, though such adjustments must remain within safety margins to prevent resistance selection.
· Optimised spatial geometry such as 6:1, 6:2 mustard:lentil row arrangements reduces drift onto lentil while maintaining competitiveness in mustard. This aligns with broader findings on spatial arrangement effects in pulses and cereals (Brand et al. 2007; Manjunath et al. 2010).
These measures, though promising, require on-farm validation because efficacy varies with microclimate, sprayer type, and operator skill. The overarching principle is clear: precision application and spatial crop design are indispensable for protecting lentil from phytotoxicity while ensuring mustard receives adequate herbicidal support.

5. Herbicide Carryover, Soil Interactions and Impacts on Soil Biology
Herbicide persistence in soil is governed by the intrinsic properties of the active ingredient—such as adsorption affinity, water solubility, and biochemical half-life—as well as environmental and edaphic factors including temperature, moisture regime, soil texture, organic carbon content, and pH. Residual herbicides with extended persistence pose risks in mustard–lentil intercropping systems: they may suppress germination, root elongation, nodulation, or early vegetative vigor of lentil, a crop especially sensitive to chemical residues. Such injury has downstream consequences for biological nitrogen fixation, potentially reducing the productivity and ecological benefits of pulse components in the system.
Beyond direct crop effects, herbicides can modulate soil biological functioning. Several studies demonstrate alterations in microbial community structure, suppression or stimulation of key functional groups (e.g., nitrogen-fixing bacteria, decomposers), and measurable changes in soil enzyme activities such as dehydrogenase, phosphatase, and urease. These biochemical shifts may influence nutrient cycling, organic matter turnover, and overall soil health. Although many effects are transient and herbicide-specific, others may persist depending on compound chemistry and environmental conditions.
Recent reviews—particularly those synthesizing evidence on herbicide environmental fate and ecological risks—underscore the need for judicious stewardship, highlighting concerns related to accumulation in soils, sub-lethal impacts on non-target biota, and long-term soil ecosystem functioning. In the context of mustard–lentil intercropping, careful selection of herbicides, adherence to recommended doses, and rotation of chemistries with shorter persistence profiles are essential strategies to mitigate the risk of harmful carryover and to preserve soil biological integrity.
6. Agronomic Outcomes: Yield, Quality and Economics 
Across diverse agro-ecological trials, correct herbicide selection—particularly when applied at the recommended rate and timing—consistently reduces early-season weed pressure and enhances mustard productivity. Numerous studies in mustard-based systems confirm that PRE herbicides such as pendimethalin, oxyfluorfen, fluchloralin, and oxadiargyl significantly lower weed biomass and improve seed yield and oil content compared with untreated weedy checks (Chauhan, 2001; Gill et al., 1984; Singh et al., 1989; Singh, 1992). Economic evaluations similarly show that herbicide-based programs outperform manual weeding under high labour-cost conditions (Ahlawat et al., 1981; Singh et al., 1992), although integrated strategies combining PRE herbicides with one or two manual operations often produce the most favourable cost: benefit ratios (Singh et al., 2025; Chandrakar et al., 2016). Such integrated approaches align well with broader IWM research emphasizing chemical–mechanical complementarities across pulses and oilseeds (Manjunath et al., 2010; Kumar et al., 2016; Pandey, 2015).
Empirical field evidence reinforces these conclusions. The highest mustard seed yield (q ha⁻¹) is repeatedly recorded under weed-free conditions, followed closely by two hand-weedings at 25 and 40 DAS—results consistently reproduced across classical and contemporary trials (Singh et al., 1989; Yadav et al., 1999; Singh, 1992). Among chemical options, oxyfluorfen at 0.25 kg ha⁻¹ (PRE), fluchloralin at 1.0 kg ha⁻¹ (pre-plant incorporation), and pendimethalin at 0.75 kg ha⁻¹ (PRE) exhibit strong performance, often producing yields statistically comparable to rigorous manual control (Chauhan, 2001; Gill et al., 1984; Chandrakar et al., 2016). Conversely, the lowest yields consistently occur under weedy check plots (Singh et al., 1989; Gill & Kumar, 1969), underscoring the severe competitive impact of uncontrolled winter annual weeds—including Chenopodium album, Anagallis arvensis, and Phalaris minor—which dominate mustard–lentil regions (Brand et al., 2007; Elkoca et al., 2005).
In intercropping systems, yield interpretations must shift to system-level metrics. Because mustard–lentil combinations distribute resource benefits across both crops, performance is more accurately evaluated using Land Equivalent Ratio (LER), Monetary Advantage Index (MAI), or combined system productivity rather than single-crop yield alone (Brand et al., 2007; Sarker & Erskine, 2006). Well-managed mustard–lentil systems frequently achieve LER > 1, reflecting complementary canopy structure and differential rooting patterns (Nichiporovich, 1967). However, rigorously quantified evidence isolating the impact of specific herbicide regimes on system-level outputs remains limited (Ramesh Nath Gupta, 2023; Punia et al., 2015). Preliminary studies suggest that PRE herbicides and integrated chemical–manual strategies—already shown to improve individual crop performance—translate into enhanced overall system productivity (Manjunath et al., 2010; Kumar et al., 2016). Yet, the scarcity of targeted intercropping trials highlights a critical research gap requiring systematic evaluation across varying row arrangements, herbicide placements, and temporal sequences.

7. Environmental and Human-Health Concerns
A growing body of contemporary literature underlines that herbicide use, while agronomically beneficial, is not without environmental and human-health implications. The principal ecological concerns involve off-site transport of residues through runoff and leaching, which increases the risk of contamination in adjacent water bodies and shallow aquifers. Persistent PRE herbicides such as pendimethalin and oxyfluorfen have been reported to exhibit moderate to high soil persistence, enhancing their potential for mobility under high rainfall or coarse-textured soils (Kumar et al., 2018; Sharma & Singh, 2020).
Non-target toxicity remains another critical issue. Herbicides can adversely influence beneficial arthropods, mycorrhizal fungi, nitrogen-fixing bacteria, and general soil microbial biomass, thereby impairing ecosystem services essential for sustainable crop production. For example, studies note reduced microbial enzymatic activity and altered microbial community structure following repeated applications of dinitroaniline and diphenyl-ether herbicides (Yadav et al., 2017). Such shifts may compromise nutrient cycling, soil aggregation, and long-term soil health.
Human-health concerns, though often debated, are particularly associated with chronic exposure, improper handling, and lack of protective equipment. Reports from public-health agencies emphasize that certain herbicides pose risks ranging from dermatological irritation to endocrine-disrupting potential and long-term carcinogenicity under unsafe exposure regimes (WHO, 2016; IARC, 2019). These risks are heightened in smallholder contexts where awareness, training, and personal protective gear are limited.
9. Integrated Weed Management (IWM) Strategies for Mustard–Lentil Systems
Integrated Weed Management (IWM) forms the cornerstone of sustainable weed control in mustard–lentil intercropping systems, providing a balanced framework that minimizes chemical dependence while maintaining agronomic profitability. A well-designed IWM program integrates cultural, mechanical, chemical, and ecological tactics, each reinforcing the other to suppress weed populations and delay resistance development.
Optimizing crop geometry plays a decisive role in enhancing crop competitiveness. Intercropping arrangements that promote rapid canopy closure, such as reported lentil: mustard row ratios of 6:1 or 6:2 can effectively suppress early weed flushes while maintaining strong system productivity (Rana et al., 2019). However, these ratios require localised validation, as the competitive balance between mustard and lentil is influenced by soil moisture, variety choice, and nutrient availability.
Given the differential tolerance of mustard and lentil to pre-emergence herbicides, stewardship is essential. Selective PRE herbicides may be applied only where label recommendations ensure lentil safety, or alternatively, through banded spraying or shielded applicators that restrict herbicide deposition to the mustard rows (Kumar & Yadav, 2020). Rotating herbicides across distinct modes of action (MOA) is critical, as repeated use of a single MOA accelerates resistance evolution in key weeds such as Phalaris minor.
Cultural interventions substantially reduce weed emergence pressure. The stale seedbed technique, where the field is irrigated to stimulate weed germination followed by shallow pre-sowing control, is particularly effective in winter annual weed complexes. Timely sowing ensures that mustard and lentil gain an early competitive advantage, while organic mulches or residue retention further limit light penetration to weed seedlings (Sharma et al., 2018).
Strategic hand weeding and inter-row mechanical cultivation remain vital, especially under resource-constrained conditions. Evidence consistently shows that PRE herbicide application followed by a single hand weeding produces superior weed suppression and yield performance compared with either approach alone (Singh et al., 2021). Mechanical operations also help deplete the soil seedbank, reducing weed pressure in subsequent cropping seasons.
Calendar-based spraying is inefficient and ecologically wasteful. Effective IWM emphasizes regular field scouting, weed-flush monitoring, and performance checks to evaluate herbicide efficacy. Whenever possible, interventions should be guided by economic threshold levels (ETLs) rather than arbitrary timings, ensuring that control actions are both economically justified and environmentally responsible (FAO, 2020).
With confirmed herbicide-resistant biotypes emerging in multiple cropping systems, resistance prevention must be integrated into all management plans. MOA rotation, tank-mixing compatible herbicides with different action sites, and combining chemical tools with cultural and mechanical measures collectively reduce selection pressure and prolong herbicide usefulness (Heap & Duke, 2019). Such strategies are particularly relevant for mustard–lentil systems where herbicide choices are already limited due to lentil sensitivity.
Overall, an IWM framework—anchored in diversification, stewardship, and adaptive decision-making, provides the most resilient pathway for weed control in mustard–lentil intercropping. Beyond improving weed suppression, an integrated strategy enhances system productivity, soil health, and long-term sustainability.

10. Knowledge Gaps and Research Priorities
While numerous studies have evaluated herbicide efficacy individually in mustard or lentil, robust, replicated research specifically targeting mustard–lentil intercropping systems remains scarce. This paucity limits evidence-based recommendations for integrated weed management in these systems, particularly across diverse agroecologies. To strengthen both scientific understanding and practical guidance, the following research priorities are proposed:
1. Herbicide selectivity and carryover
Direct, controlled experiments are required to quantify PRE and POST herbicide impacts on lentil when intercropped with mustard, including effects on germination, early vegetative growth, nodulation, and final yield (Chauhan, 2001; Ramesh Nath Gupta, 2023). Such studies will clarify safe application rates and timing for intercropped systems.
2. Soil microbial and nodulation responses
Longitudinal investigations should assess microbial community dynamics, soil enzyme activities, and biological nitrogen fixation under repeated herbicide regimes. These studies are critical for understanding how herbicide persistence and cumulative applications influence soil health and legume productivity (Parven et al., 2024; Singh et al., 2025).
3. Application technology optimization
Operational research should evaluate shielded sprayers, row-band application, droplet-size modulation, and precision placement to minimize off-target herbicide exposure to lentil. Such applied engineering studies are necessary to translate IWM principles into field-ready solutions (Paul, 2024; ScienceDirect, 2024).
4. Economic and life-cycle assessment of IWM packages
Comparative analyses of integrated (chemical + cultural + mechanical) vs. purely chemical or manual weed control strategies are needed under region-specific labor and input cost scenarios. Evaluating cost-effectiveness, labor efficiency, and system-level yield advantages will help farmers and policymakers prioritize interventions (Singh et al., 2025; Ahlawat et al., 1981).
5. Resistance surveillance in intercropped systems
Weed populations in mustard–lentil intercrops must be monitored for herbicide resistance evolution, particularly when selective herbicides are applied predominantly to one component crop. Understanding selection dynamics and potential cross-resistance will guide sustainable herbicide rotation and IWM strategies (The Guardian, 2025; Heap & Duke, 2019).
Addressing these knowledge gaps will enable evidence-based, ecologically sound, and economically viable weed management in mustard–lentil intercropping, providing actionable guidance for farmers, extension personnel, and policymakers.
11. Practical Recommendations for Extension and Farmers
Based on cumulative evidence from field trials, reviews, and integrated weed management studies, the following recommendations aim to optimize weed control, crop safety, and economic returns in mustard–lentil intercropping systems:
· Pre-emergence herbicide selection
Select PRE herbicides with documented efficacy in mustard and minimal residual effects on lentil (Chauhan, 2001; Singh et al., 2025). Where label guidance is ambiguous, maintain safe sowing intervals between crops or prefer non-residual herbicide options to prevent lentil injury.
· Targeted application techniques
Employ banded applications over mustard rows or shielded sprayers to minimize off-target exposure to lentil. Avoid full-field broadcast of chemistries known to be harmful to pulses, particularly sulfonylurea or imidazolinone compounds (Kumar & Yadav, 2020; Paul, 2024).
· Integrated chemical–mechanical interventions
Combining a single PRE herbicide application with one tactical hand weeding or inter-row mechanical weeding provides superior weed suppression and economic returns compared with multiple chemical passes or hand weeding alone (Singh et al., 2021; Manjunath et al., 2010). Such integration also helps reduce the soil seedbank and maintains system resilience.
· Resistance and ecological stewardship
Rotate herbicide modes of action (MOA) and integrate non-chemical measures—cultural, mechanical, and biological—to reduce selection pressure and delay resistance evolution (The Guardian, 2025; Heap & Duke, 2019). Monitor fields for control failures, emerging resistant populations, and shifts in weed composition, and adjust management strategies accordingly.
Implementing these practices can enhance yield, maintain crop safety, optimize labor and input costs, and contribute to long-term sustainability of mustard–lentil intercropping systems.

12. Conclusions
Chemical herbicides remain potent and efficient tools for managing weeds in mustard–lentil intercropping systems, provided their selection and application are guided by scientific principles. When applied judiciously—at recommended rates, timing, and with appropriate application techniques—they reduce early-season weed pressure, enhance mustard productivity, and decrease labor requirements. Integration with cultural practices (optimized sowing, stale seedbed), mechanical control (hand weeding, inter-row cultivation), and ecological approaches further strengthens weed suppression, improves system-level yields, and supports sustainable crop production.
However, several cautionary considerations are critical. Herbicide selection must account for crop selectivity, avoiding adverse residual effects on lentil, while minimizing soil and microbial disruption. Continuous monitoring and rotation of modes of action (MOA) are essential to prevent the emergence of herbicide-resistant weed populations. Environmental and human-health risks also underscore the importance of precision application, safe handling, and reduced reliance on persistent chemistries.
Future research priorities include:
· Crop-specific residue trials in intercropping arrangements to quantify lentil safety and mustard efficacy;
· Long-term monitoring of soil biological activity and nodulation under repeated herbicide regimes;
· Development and testing of application technologies (banded, shielded, droplet-size optimized) to minimize off-target exposure;
· Comprehensive economic and life-cycle assessments of integrated weed management (IWM) packages to inform site-specific recommendations.
Ultimately, the translation of these insights through applied extension and farmer education is essential to ensure that herbicide-based strategies in mustard–lentil systems are both productive and sustainable, balancing agronomic performance with environmental stewardship and socio-economic feasibility.
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