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Precision herbicide application and the risk to resistance management
HRAC Europe and WRAG joint technical note – issued 29 September 2026.
Important background
Precision application can offer improved future crop protection solutions, including further opportunities to protect users, society and the environment. To ensure that the potential for more efficient herbicide use is delivered to users, this note aims to ensure it does not lead to increased herbicide resistance. 
For context, these technologies do not alone extend the use of pesticides outside the limits set out in current authorisations. For example: 
· Restrictions on application volumes (water rate per treated area) set out in authorisations and manufacturer recommendations still apply to precision applications.
· Application rates (of active substance) indicated (in l/ha) should not be exceeded on the basis that a smaller proportion of the total field area treated. Because only half a field is treated using precision application it does not imply that double the application rate can be applied to the smaller area.
· Precision application cannot be used to apply products to crops for which they are not authorised. Restrictions on crop use may reflect factors other than crop selectivity.
· Restrictions placed on the use of a pesticide, such as crop growth stage limits and buffer zones, still apply unless explicitly stated in an authorisation.
It is likely that the regulation of pesticides will evolve to reflect the adoption of precision application. As that evolves, it is possible that crop uses and product rates may be authorised if applied using specific precision approaches. This cannot be assumed and until specific examples arrive, precision technology cannot be used to extend the use of a pesticide beyond its current authorisation.
Facts about pesticides and application
· Product labels state the crops they can be applied to/on, the maximum rates of use and application volumes per treated area. These must be complied with irrespective of application technology used.
· You must always read and follow product labels and relevant codes of practice for the use of Plant Protection Products.


Summary and key messages
Given the potential opportunities, this technical note aims to inform users of precision application technology of the potential herbicide resistance risks and to provide a framework for assessing risks to enable their effective use.  The efficacy of any herbicide application and the numbers of survivors are key drivers of resistance that need to be considered, particularly when using precision application methods.
1. Precision application can support more efficient herbicide use, but it can also increase resistance risk, especially if weeds are underdosed.
2. The main risks come from underdosing, incomplete coverage, and repeated use of the same herbicides or modes of action. Treated weeds which survive and shed viable seeds create a risk.
3. Risk may increase if application is poorly managed. Methods that vary dose rate within the field present the greatest concern, but patches can also have a risk, especially at their edges or if mixtures or sequences are only applied to some plants or parts of the patch.
4. For growers: the priority is to use precision methods only where they still deliver reliable control and fit within a wider integrated weed management plan.
5. For policy audiences: resistance risk needs clearer consideration in guidance, evidence standards and product use decisions.
6. In all cases, precision application can support, not weaken, long-term resistance management provided equipment and herbicide use pays attention to detail. Precision methods should only be used within a broader integrated weed management approach.
7. Precision technology can help weed monitoring and when accompanied by precision application, monitoring outcomes and investigating survivors remains very important.
This note refers to principles, rather than individual technologies or application systems. The focus is on what precision application technology delivers and not the technology itself. This enables the principles to be considered, irrespective of specific technology which will change and improve.
Principles of herbicide resistance development
Herbicide resistance develops when the same herbicide, or herbicides with the same mode of action, are used repeatedly. Resistant weeds that survive then produce seed. Dose and application technique both influence the risks of this happening. Rates of use to maintain efficacy and minimise resistance risk are justified and assessed as part of the product authorisation. Applying too low a dose can allow partially resistant weeds to survive. Poor application technique can also leave weeds exposed to uneven or inadequate treatment; these can survive. To reduce risk, always use the recommended dose for the target weed and growth stage, ensure good spray coverage and timing, and use mixtures or sequences of herbicides with different modes of action, e.g. residuals, where appropriate. Resistance management should also include non-chemical methods such as crop rotation, cultivation, competitive crops, and preventing resistant weeds from setting seed. 
The key management practices to reduce herbicide resistance risk includes: Prevent survivors, Maximise efficacy, Use alternatives (diverse control measures and modes of action), and Monitor success. Use of precision application technologies does not change this, but might assist, such as by enabling better monitoring.

Principles of good herbicide application practice
Good herbicide application needs to deliver a biologically effective dose to the target weeds while minimising losses through drift. Good and even coverage is important. Effective control depends on selecting the correct product, correct dose, correct water volume, correct nozzle and correct spray quality for the target weeds and crop situation. Post-emergence applications should normally be made to small, actively growing weeds under favourable conditions for uptake when the vast majority of seedlings have emerged. Accurate sprayer calibration and consistent spray coverage are essential to achieve reliable performance across the field under all application techniques. Following label recommendations and best practice application principles maximises efficacy, improves consistency of control, reduces environmental impact, and helps minimise the selection pressure for herbicide resistance. 
Read information on spray application and herbicide efficacy in cereals and oilseed rape
Precision application
Precision herbicide application can bring clear benefits. It can reduce the amount of product applied across the field while still controlling the target weeds. This can benefit growers, consumers and the environment.
Therefore, since 2023, the European Precision Application Task Force (EUPAF) has worked to support recognition of precision crop protection methods by providing evidence for public and private stakeholders. One key issue is field performance, including resistance management. This risk should not be overlooked, especially where precision methods are used without specific label guidance or approval.
Resistance development risks are well documented, such as by WRAG and by HRAC. Herbicide resistant weeds are selected by three main pressures:
1. The repeated use of the same or limited mode(s) of action.
2. Sub-lethal dosing of weeds enabling increased survival.
3. Insufficient coverage allowing the spatial development of resistant weed patches. 

Precision methods can affect all three pressures. If they are used without care, they may speed up resistance selection. The main risks are over-reliance on a narrow range of herbicides or modes of action, underdosing of individual weeds or patches because of inaccurate application or variable dose rates. Whilst plants which receive no spray will not have any selection pressure, if mixtures or sequences are used and some plants or patches only receive some of the intended active substances risks of resistance developing can increase.
EUPAF describes several broad precision application methods. In this note, the baseline is broadcast application to the whole field at a fixed dose. Table 1 uses expert opinion to compare precision methods against that baseline and indicates their likely effect on resistance risk.
Fully untreated weeds can reduce resistance risks. However, partially sprayed areas, or those only receiving one component of a mixture or sequence can increase it. Therefore, as field coverage falls, resistance risk has the potential to increase if not properly managed. Lower coverage can also increase the chance of sub-optimal dose at the edge of the spray swath, which risks survivors.
Precision application is very likely to be focused on foliar-acting herbicides rather than residuals. There are fewer options available for foliar-acting weed control, and it is generally associated with a higher resistance risk. 
Information on the importance and principles of using buffer zones around patches is on the AHDB website: access a report on developing a weed patch spraying system in winter wheat and access a report on developing a weed patch spraying system for use in arable crops. 
The technology used will strongly influence resistance risk. More accurate systems should reduce the chance of missed weeds, missed patches and underdosed survivors. Any precision method should be placed within a robust integrated weed management programme. That means supplementing precision application with cultural control, crop rotation, cultivation, drilling date, seed rate and a herbicide programme that uses different modes of action, such as residuals.
Precision application methods offer real benefits, but their effect on resistance risk is still not well understood and may not be fully considered in product regulation. In general, if less of the field is treated, the resistance risk rises because more weeds may be underdosed, or only receive part of the full herbicide treatment programme. Precision systems can also encourage over-reliance on a narrow range of herbicides or modes of action. Methods that vary dose rate within the field present the greatest concern and should be avoided where there is any risk of applying less than a fully effective dose. The table highlights some key challenges.
Variable rate application is a particular concern when low dose results in sub-optimal levels of control. Label dose rates are set after thorough field testing and regulatory consideration. They already represent the minimum rate needed to deliver reliable control of the weeds listed on the label. In practice, fields rarely contain one weed species evenly spread across the whole area. Mixed populations are common and often patchy. If dose is reduced according to weed maps, there is a clear risk that some weeds will receive less than the dose needed for effective control. That creates conditions for survivors and increases resistance risk.
Considerations for machinery developers
1. Inaccurate application and dose delivered creates significant risks of herbicide resistance development. We recognise the challenges at early developmental stages and hope this note helps focus areas for improvement, such as either ensuring adequate 'buffer' areas or reducing risks of underdosing, especially around the edges of application zones. Any information that can be supplied to users to demonstrate the accuracy will be valuable.
2. There is great potential for improving quality of weed detection to enhance the value and uptake of precision application technology.
3. There is a great need for post-application monitoring, especially of survivors and if possible early detection of resistant survivors.
4. Management and prevention of herbicide resistance in weeds could be elevated a step further if technology could be used to apply mitigating measures to surviving plants. This might include application of effective authorised herbicides from different modes of action or enabling precision application of non-herbicide techniques.
Table 1.  Potential effect of precision application on possible herbicide resistance risk based on expert opinion
	Application Method
	Method description
	Concern of resistance risk compared to Baseline
	Areas of concern

	Broadcast
	To whole field
	Baseline
	N/A

	Band
	To either crop row or inter-row
	Similar or small increase
	Reduced efficacy on weeds at spray edge.
Alternative control methods, cultural or chemical, are needed for untreated areas that support good Integrated Weed Management (IWM) practice.

	Patch
	To defined weed patches
	Small increase
	Poor weed detection may result in untreated weeds from one product in a sequence. 
Inaccurate application of weed patches may result in reduced efficacy at spray edge.
Alternative control methods, cultural or chemical, are needed for untreated areas that support good IWM practice.

	Spot: regular/irregular
	To discrete weed targets
	Moderate increase
	Poor weed detection may result in untreated weeds from one product in a sequence. 
Inaccurate application / variation in weed growth stage may result in sublethal doses being applied.
IWM practices compromised due to an increased risk of over-reliance on a single active substance or mode of action to control weeds in spots.   

	Single plant
	To target individual plants
	Small increase
	Poor weed detection may result in untreated weeds from one product in a sequence. 
Inaccurate application / variation in weed growth stage may result in sublethal doses being applied.
IWM practices compromised due to an increased risk of over-reliance on a single active substance or mode of action to control individual weeds.   

	Variable Rate Application (VRA)
	Using above methods, however, dose rate varies spatially
	Large increase
	Weed detection and application accuracy must ensure that the required effective dose is applied to give effective control of the weed population.
IWM practices compromised due to increased risk of over-reliance on a single active substance or mode of action for weed control. 
Alternative control methods, cultural or chemical, are needed for underdosed areas.







Example situations and uncertainties
Drones/UAVs
Potential benefits: Ability to spray in remote areas, replace handheld equipment, travel in difficult ground conditions.
Potential challenges or concerns: Current technology relies on low volumes and loads. This is very likely to lead to reduced application rates. Use of inappropriate or unsuitable water volumes which can compromise efficacy especially if coverage is not optimised. There can be increased drift and/or variable application leading to reduced coverage. Both are likely to lead to increased resistance risks. Formulation & adjuvants, weather at application, spray quality, application height are all critical aspects for ensuring success. Specific authorisation of both products used and spray operator is often required.
Real-time weed ID and application 
Potential benefits: Targets specific weeds and patches, reduces overall product use.
Potential challenges or concerns: Resistance management strategies typically include mixtures and sequences of products and techniques. It is vital that any patch or individual plant application also retains mitigation measures when they are required.
Map-based applications 
Potential benefits: Targets specific weeds and patches, reduces overall product use. Use of the map, allows strategic approach to applications and assessing resistance risks.
Potential challenges or concerns: Allows resistance management strategies, typically include mixtures and sequences of products and techniques, to be pre-planned. It could be used to correct earlier errors. Future maps can provide early indications of patches in need of investigation for resistance status. Like real-time ID, above, it is vital that any patch or individual plant application also retains mitigation measures when they are required and appropriate ‘buffer’ areas at the edges. Ensure there is no weed germination after mapping.
Actions for advisers and farmers
1. Challenge the rationale for precision use. Ask what problem it is solving and whether it improves control without increasing survivor risk.
2. Check that the chosen method will deliver the full effective dose to every target weed that needs to be controlled.
3. Product labels must be respected independently from the application method. Do not overdose.
4. Avoid recommending variable dose reductions where weed species, density or growth stage are uncertain or mixed.
5. Plan how missed weeds, missed patches and survivors will be controlled using non-herbicide methods or a follow-up treatment. 
6. Make sure precision spraying sits within an integrated weed management plan that includes rotation, cultivation, drilling timing, seed rate and herbicide diversity.
7. Reviewing results after application has even greater relevance. Look for survivors, expanding patches and repeated missed patches in the same parts of the field.
8. Understand causes of surviving weeds. Resistance is only one possible cause, also consider if they are due to missed plants, poor application or poor detection.
9. Escalate concern where the same herbicide or mode of action is being used repeatedly through precision application systems (as for broadcast approaches now). (WRAG and HRAC websites have guidance on sampling and testing). 
From a resistance management perspective, sustainable use of precision application remains possible if growers and advisers follow four core principles:
1. Maintain efficacy by applying the full effective dose to target weeds. Application quality and spray coverage are vitally important in achieving good control.
2. Avoid survivors, planning to follow up any missed weeds through alternative control methods.
3. Implement as part of an integrated weed management programme using cultural control and residual/contact herbicides with different modes of action. 
4. Monitor outcomes, focusing on patch development and treated survivors including use of genetic analysis where appropriate. 

There is still a clear need for more evidence on how precision application affects herbicide resistance. Further research should be encouraged so guidance can be strengthened and risk can be judged more consistently.
This note is specific to issues around use of herbicides throughout Europe. The balance of benefit and risk will be different for use of fungicides and insecticides. 
Further information and contacts
Issued by the UK Weed Resistance Action Group (WRAG) in partnership with HRAC Europe.
Visit the WRAG homepage
Visit the HRAC Europe website
Join the LinkedIn group for up-to-date information and news
ADAS/WRAG: James Clarke, Chair WRAG, and John Cussans, Principal Weed Scientist, ADAS: weeds@adas.co.uk
HRAC Europe: Matt Cordingley, HRAC Chair matt.cordingley@syngenta.com and co-author gareth.martin@basf.com
Use the EPPO database of resistance cases
Use International herbicide-resistant weed database
This technical note was produced by James Clarke, John Cussans (ADAS) on behalf of the UK Weed Resistance Action Group (WRAG) and Gareth Martin (BASF), Matt Cordingley (Syngenta) on behalf of HRAC Europe. 
Information in this document may be reproduced freely, provided the source is acknowledged.
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