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[bookmark: _Toc205973762]Objective
Development of a NAPPO discussion document to share information about alternative treatments or phytosanitary measures for methyl bromide (MeBr), with a possible goal of establishing an agreed position aligned with international standards. The alternatives described below are not recommendations to replace MeBr, as it is up to each national plant protection organization (NPPO) in the NAPPO region to decide how to implement or modify any phytosanitary treatment.

[bookmark: _Toc205973763]1.0 Introduction 

Methyl bromide has been used commercially as a fumigant since the 1930s (MBTOC, 1994). It is a highly versatile product, employed in various applications to control soilborne pests, such as nematodes, fungi, weeds, and arthropods, among others, in high-value crops. It is also used for managing pests in structures, transportation, and stored commodities. Methyl bromide has features that make it a versatile biocide with a broad range of uses. Notably, it is a gas that penetrates well and is usually effective across a wide temperature range. Its action is typically rapid, and it dissipates quickly from treated systems, causing minimal disruption to crop production or commerce.
However, as an ozone-depleting substance, MeBr has been regulated under the Montreal Protocol since 1992, when it was added to the list of controlled substances. Quarantine and Preshipment (QPS) uses are exempt from reduction and phaseout under the Protocol due to the fumigant's critical role in preventing the spread of invasive species, the lack of feasible alternative methods with similar efficacy to meet the requirements of importing countries, and the lack of other methods with similar effectiveness or commercial viability for treating large volumes of commodities for export.
As the Protocol marks its 35th year, it has successfully reduced and nearly eliminated most ozone-depleting substances, including all MeBr non-QPS uses. This raises the question of whether the continued use of QPS should also be eliminated and if it remains necessary. Several nations have individually phased out their use of MeBr for QPS purposes. In some cases, countries have also banned MeBr as an approved phytosanitary treatment, even when applied outside their borders. Despite these actions, the annual MeBr consumption for QPS purposes, an exempted use, has remained relatively stable for over 25 years at about 10,000 tons. This includes treatments during import and export, as well as treatments conducted within a country to meet the import requirements of trading partners. Notably, during this same period, global agricultural trade increased, and preliminary data suggest that QPS use per unit of international trade may have decreased over time (Hennessey and Waleko, 2019).
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Methyl bromide QPS consumption proportion of 17 main consumers and other Parties of the Montreal Protocol (average 2015-2020) (MBTOC 2022)
Given the international pressure to reduce the use of MeBr, countries should continue to actively search for viable alternatives, especially for QPS uses. While the exemption from phase-out under the Montreal Protocol is unlikely to change anytime soon, actions by individual countries are prompting the consideration of, and in some cases the adoption of, alternatives to QPS MeBr. In addition, some countries question whether the continued use of QPS, especially for some products where other alternatives may not exist, is acceptable, and if further elimination of MeBr is necessary.

Methyl bromide was recommended for inclusion in Annex III of the Rotterdam Convention, enabling 165 countries to influence the potential tracking and importation of the fumigant under the Prior Informed Consent procedure. At the 19th meeting of the Chemical Review Committee held in October 2023, the Committee adopted a draft guidance document for MeBr with a recommendation to list it in Annex III of the Convention.  At the Conference of the Parties in May 2025, some countries expressed concern with this potential listing and agreed to reconsider it again at their next meeting, which has yet to be scheduled.  If adopted there, this could influence and likely limit how MeBr is distributed and used worldwide, and whether it will be easily available.



[bookmark: _Toc205973764]2.0 Overview of MeBr uses in NAPPO-member countries

[bookmark: _Toc205973765]2.1 Canada 
In Canada, permitted uses of MeBr are outlined in the Ozone-depleting Substances and Halocarbon Alternatives Regulations (ODSHAR) under the Canadian Environmental Protection Act, 1999 (CEPA). 
Since January 1, 2005, the manufacture, import, and export of MeBr have been banned in Canada, except for QPS, critical use exemptions (CUE), and emergency uses. These uses are only allowed if the applicant has obtained a permit under the authorities of CEPA.  All other global non-QPS use has ceased.
MeBr is registered for general space fumigation of structures (such as warehouses, grain elevators, etc.) and enclosed space fumigation (including containers, transport vehicles, gas-tight coverings like tarpaulins, etc.). Four MeBr products are approved for use in Canada. Only licensed businesses with valid permits issued under CEPA are allowed to apply MeBr. Permit holders must demonstrate that no other viable treatment options exist. 
The Canadian Food Inspection Agency reports to its Ministry of Environment and Climate Change about the use of MeBr for plant protection. Since 2019, over 95% of Canada’s MeBr use has been for QPS purposes related to exporting logs on behalf of importing countries. However, even in countries that allow MeBr fumigation for wood imports, fumigation with MeBr is generally not possible in Canada.
Currently, no alternative treatment option has proven to be as effective and economical for Canadian exporters. Moving forward, Canada is considering alternative fumigants such as ethandinitrile (EDN), ethyl formate, and, to an extent, sulfuryl fluoride and phosphine, where possible, along with developing system approaches to enable the continued export of these commodities without relying on MeBr. 
[bookmark: _Toc205973766]2.2 United States
The United States uses MeBr to treat imports as a condition of entry or upon the detection of a quarantine pest and to treat exports on behalf of the trading partner to meet their phytosanitary requirements. Treatment of quarantine pests outside the port environment has occurred in the past for cyst nematodes and khapra beetle, but such treatments have not been necessary in several years. The U.S. has consistently interpreted the QPS exemption of the Montreal Protocol to include soil treatments for propagative material, performed to meet the official quarantine requirements of the importing destination. All fifty states have official controls on propagative material, and California’s nematode-free certification program manages intra-state transport. US exports of several commodities, including fresh and dried fruits, nuts, and wood, among others, have been treated with MeBr to fulfill the requirements of importing countries.
For treatments monitored by the USDA-Animal and Plant Health Inspection Service (APHIS), the largest volume treatments have consistently been for grapes imported from Chile, asparagus imported from Peru, and exports of logs. APHIS is actively working with trading partners to both reclassify pest risk to reduce the need for MeBr treatment and approve alternative treatments. The focus is less on priority alternatives than on renegotiating already approved trade conditions to implement alternatives for the highest-volume uses of MeBr. For example, while creating this document, the United States finalized a change in the import requirement for grapes from Chile. Previously, MeBr fumigation was required upon importation. The July 2024 change approved the use of irradiation or a systems approach, although domestic producers are challenging this in court.
[bookmark: _Toc205973767]2.3 Mexico
Methyl bromide is currently used in Mexico for quarantine purposes on imported and exported agricultural products, and for domestic movement. To reduce pest risks, phytosanitary treatments, including MeBr are applied in fumigation chambers, under plastic covers, in containers, hoppers, and vans (Senasica, 2016). The treatments are carried out by companies authorized under the NOM-022-SAG/FITO-2016, “Phytosanitary specifications, criteria, and procedures for natural persons or legal entities providing phytosanitary treatment services”, published in the Official Journal on April 30, 2018 (DOF, 2018).
Details on MeBr applications for imported and exported agricultural commodities, such as dose and exposure time, are outlined in the “Phytosanitary Requirements Consultation Module for Importation of Goods of Plant Origin” and in work plans signed by Mexico with other NPPOs, respectively. At the national level, MeBr is primarily applied to fruit and wheat fly hosts that are transported through areas with different phytosanitary statuses (NOM-075-FITO-1997 and NOM-001-FITO-2001) (DOF 1998, DOF 2018).
In recent years, Mexico has recognized that its main use of MeBr is for imported grains. Alternative methods to MeBr for treating imported grains include specific requirements for wheat field production in certain countries and the use of phosphine.

[bookmark: _Toc205973768]3.0 Methyl bromide advantages and disadvantages 
The characteristics of MeBr as a fumigant, as mentioned by Bond and Monro, 1984 and Senasica, 2016, were compiled, and categorized them into advantages and disadvantages. 
Advantages:
Broad-spectrum mode of action. Controls a variety of agricultural pests, including fungi, weeds, insects, nematodes, and rodents.
Fast-acting biocidal activity (< 24 hours).
Rapid and deep penetration into absorbent materials at normal atmospheric pressure.
At the end of a treatment, the vapors dissipate quickly, allowing for the safe handling of bulk products.
Many living plants are tolerant of this gas in insecticidal treatments.
It is non-flammable and non-explosive under normal conditions and can be used without special fire precautions.
It has a comparatively low boiling point.
It is not significantly absorbed by many materials.
It can be used for low-temperature treatments that are not possible with many other fumigants.
It can be safely used on a wide variety of living plants without producing harmful effects.
After the fumigation of food, most of the MeBr desorbs and diffuses quickly. Under normal conditions, gaseous MeBr does not present residue issues.
Kraft paper and corrugated cardboard: Kraft paper is permeable to MeBr and does not need to be removed before fumigation. Corrugated cardboard is also permeable, and unless coated with materials impermeable to MeBr, ventilation will be satisfactory, albeit slower, in closed boxes.
Does not corrode materials like phosphine and other fumigants do.

Disadvantages

Methyl bromide is labelled as an ozone-depleting substance, added in 1992 to a list of controlled substances in the Montreal Protocol, so its use has a very uncertain future.
Methyl bromide is less toxic to most insect species than other commonly used fumigants like Hydrogen Cyanide (HCN), acrylonitrile, and ethylene dibromide.
For the treatment to be effective, the commodity should occupy no more than 80% of the capacity of the fumigation chamber, container, hopper, trailer, or other space where the treatment is applied.
Methyl bromide is three times heavier than air, which should be considered when designing product application systems.
It is odorless; this disadvantage is sometimes mitigated by mixing it at the time of packaging with a warning gas like chloropicrin.
Since chloropicrin is phytotoxic, MeBr containing this gas as a warning agent should not be used on nursery plants or other living plants.
Germination may be delayed, or the vitality of young plants may be affected.
It is not permeable to plastic wraps and films such as cellophane, polyethylene, or polystyrene, nor to waxed, laminated, or waterproof paper. When using these materials, they must be punctured, removed, or opened before fumigation. If punctured, the holes should be larger than ½ cm in diameter, with 10 cm spacing between them (Senasica, 2016).
Slow ventilation when used with wooden boxes, especially if they contain absorbent products or packing materials.
Requires airtight conditions in fumigation chambers.
Requires protective equipment for approved and knowledgeable operational personnel and safety protocols for its application.

 
[bookmark: _Toc205973769]4.0 Alternative treatments to MeBr

Fumigation remains important in today’s interconnected world and expanding markets. It is the most economical and efficient method for quarantine treatments because it is easy to apply, works quickly against the target pest, offers flexibility, generally doesn't require complex technology, and usually does not affect the quality of the treated commodity. Ideally, international trade needs a good fumigant or combination of fumigants to replace the use of MeBr. Three main categories of alternatives to MeBr can be considered. 
1) Fumigant alternatives, which involve replacing MeBr with another fumigant that has similar or comparable effects (or a combination of fumigants). 
2) Non-fumigant alternatives. 
3) Combinations of alternatives such as system approaches. This may involve less efficient fumigants combined with other methods for specific targeted pests, various treatments including thermal treatments, cold treatments, irradiation, removal of bark, drying cultivation in substrates, airtight storage, and controlled atmosphere (elevated CO2, nitrogen, etc.), along with other similar options (IPPC, 2017).

[bookmark: _Toc205973770]4.1 Fumigant alternatives – Replacing MeBr with other fumigants

Several reviews have analyzed fumigant alternatives to MeBr, with the most comprehensive one conducted by Armstrong et al., 2014. This review examined fumigants suitable for use on New Zealand logs destined for export up to 2014, evaluating both minor (fumigants used in past but are no longer used or available) and major fumigants (those manufactured in enough quantity and used for a wide range of quarantine treatments), their history, current status, and those with the greatest potential to replace MeBr for logs. Some key summaries are also helpful when considering these alternatives for other commodities. The review includes tables highlighting potential alternative gases, along with their strengths and weaknesses. Ethanedinitrile (EDN) was recommended for further study as the top option, followed closely by sulfuryl fluoride (SF) as the second choice. Since that report, New Zealand has conducted extensive evaluations focusing on EDN and the recapture of MeBr technology. It took six years to register EDN for export of logs and timber only (April 2022), but it has yet to be used because it faces significant and heightened scrutiny linked to stricter environmental laws, public pressure, and chemophobia regarding its environmental impact and efficacy. Sulfuryl fluoride was a distant second, also recognized as a gas with serious environmental concerns (greenhouse gas) and reduced effectiveness against insect eggs.  
This paper will discuss, where possible, some key data gaps, research needs, and the regulatory and commercial viability steps that may be necessary to advance at least the most promising alternative fumigants. 
[bookmark: _Toc205973771][bookmark: _gjdgxs]4.1.1 Ethanedinitrile (EDN) 
Supported by numerous recent efficacy studies, with at least 26 reports covering 52 separate studies providing efficacy data for many pest species (Lee-Steere, 2020). It is shown to be a broad-spectrum treatment that is highly effective against insects, pathogens, and nematodes, as well as weed seeds, and is supported by extensive efficacy data from both laboratory and field studies. It is environmentally friendly (not ozone-depleting, not a greenhouse gas), breaks down rapidly, and allows for quick fumigation in 12 hours or less (up to 24 hours for some commodities). It serves as a drop-in replacement for MeBr for wood products, offering good penetration and sorption, and supports advanced application and monitoring methods under tarp, container, or ship holds. It also requires smaller buffer zones and no scrubbing, and can be successfully used at lower temperatures than any other fumigant due to its boiling point of -21°C and mode of action. EDN is currently used in Korea during the winter to treat logs when the ambient temperature is too low for MeBr.
The physical and chemical characteristics of EDN that could play a significant role in the efficacy, safety, and management when using EDN in comparison to MeBr are shown in Table 1 (Hall et al., 2022).
In the Lee-Steere, 2020 review, the eight reports provided results for comparative testing of MeBr, including various life stages of several priority pests. Where less than 100% control was achieved, EDN outperformed MeBr in every study. Based on the weight of evidence and available comparative data, it is concluded that EDN should be considered at least equivalent to MeBr for pest control. In one detailed study, EDN demonstrated greater toxicity than MeBr across all pest life stages under controlled laboratory conditions. Regarding penetration, EDN can reach a depth of 15 cm in hard timber after 24 hours of fumigation. However, this depends on timber thickness; at a size of 20x20x30 cm, EDN penetration is limited to 10 cm. Methyl bromide did not penetrate as effectively as EDN. Additionally, in tests measuring toxicity at depth in timber, EDN provided complete control at 15 cm, whereas MeBr only achieved complete control at 5 cm and less than 10% control at 15 cm. Overall, EDN outperformed MeBr as a quarantine fumigant for controlling all five tested insect species in timber under laboratory conditions (Ren et al., 2014).
[bookmark: _30j0zll]Although not a new substance, EDN was discovered in 1815 but was not manufactured on a large scale until the late nineteenth century. For it to be used more widely as a treatment for phytosanitary purposes, it needs to be adopted under the International Standard for Phytosanitary Measures ISPM 28 (Phytosanitary treatments for regulated pests) or ISPM 15 (Regulation of wood packaging material in international trade). Consideration or adoption under ISPM 28 or ISPM 15 may aid the approval of EDN by agencies responsible for the registration of pesticides in the various signatory countries. In 2025, the draft ISPM 28 application was updated (last updated in 2022) and is currently being reviewed to submit it to the Technical Panel on Phytosanitary Treatments (TPPT) by the end of 2025 for consideration as a treatment for wood products under ISPM 28.
The parallel process involves registering in different countries through the Environmental Agencies, which may require different sets of data. EDN is currently registered in Australia (2013), the Republic of Korea (2019), Malaysia (2020), Russia (2021), New Zealand (2022), Turkey (2022), Uruguay (2023), and South Africa (2024). South Africa approved EDN as a phytosanitary treatment for all wood products imported from Australia, Malaysia, New Zealand, Turkey, and Uruguay; and Uruguay approved EDN as a phytosanitary treatment for all wood products imported from all countries.
Some of the environmental and efficacy data can be possibly shared and harmonized but may need understanding and support from the larger community. Some agencies may recognize a new knowledge gap that may need to be addressed: e.g., Canadian Pest Management Regulatory Agency (PMRA) wants data on the dislodgable cyanide residue after treatment for timber and logs application, which is an important knowledge gap that needs to be addressed to develop proper safety schedules. Some countries may request further work on developing life-stage mortality tables for pest species of their particular interest. In the absence of treatment criteria for general treatments, this research may need to follow the test criteria in ISPM 28 against individual pests and commodities. Additional studies may be requested for scaled-up confirmation studies. These research needs may perpetually continue unless a judgment on the efficacy and acceptance of the efficacy of EDN as a general treatment is agreed upon and based on existing and extensive, high-quality research data on representative key pests. Such data are more thorough and extensive compared to data used to support previous general treatments adoption (e.g., HT 56/30, DH 60/1, or fumigation with SF for wood packaging).  
Its primary use is envisaged for treating wood products and soil fumigation. It may also have potential as a treatment for durable stored commodities. However, due to phytotoxicity issues, it cannot be used to treat perishable commodities. 
[bookmark: _1fob9te][bookmark: _Toc205973772]4.1.2 Sulfuryl Fluoride (SF) (SO2F2)
Armstrong et al., 2014, summarized SF as one of the most promising replacement fumigants for MeBr. Sulfuryl Fluoride is an effective fumigant because it is easy to use, diffuses quickly, and has good penetration, better than MeBr. It leaves the fumigated substrate readily and is easily dispersed during aeration, leaving little to no residue in non-food items. Fumigating with SF is nearly identical to fumigating with MeBr. SF's main advantage is that it is already approved as a treatment under ISPM 28, and more importantly, it is also listed as a universal treatment for wood packaging under ISPM 15. This makes it a potentially quickly accessible alternative fumigant that could be used in real-world situations, including for non-compliant shipments of imported goods at borders and ports. Sulfuryl fluoride is effective against many wood pests but is not registered for use in plant products; it has good penetration into wood and is not corrosive to metals (Hennessey et al., 2013). Sulfuryl fluoride requires a higher dose and warmer temperatures than MeBr for the treatment of insect eggs (ISPM 15). However, it is recognized as a greenhouse gas with a global warming potential (GWP) over a 100-year period of approximately 4,780 (Papadimitriou et al., 2008) and could be subject to a carbon tax by the EU in 2030. It is not a Volatile Organic Compound, so it is hard to detect and requires specialized equipment. In Canada and the U.S., SF cannot be used to fumigate ship holds while at sea, limiting its economic viability for certain commodities (i.e., woodchips). In the U.S., SF is registered for post-harvest use in stored grain, dried fruits, and nuts. However, it is not registered for use in fresh fruits.
If the use of SF increases to replace MeBr and phosphine, SF may quickly come under intense scrutiny due to rising measurable atmospheric factors indicating this issue. The European Union may ban (or already has banned, as of January 1, 2025) its use due to concerns about human health effects and its potential to contribute to global warming. In a world where environmental impacts are a key factor in regulatory decisions, pursuing SF should be considered carefully before seeking approval. The cost of fumigating with SF could be 2-3 times higher than using MeBr. SF also has limitations regarding its effectiveness against insect eggs; it requires 48 hours at certain higher temperatures to eradicate pine wood nematodes—posing practical challenges—and it has not demonstrated efficacy against plant pathogens. 
[bookmark: _Toc205973773]4.1.3 Phosphine (Ph3) 
Phosphine gas has been used as a fumigant in stored grains and other products to control insect pests. Due to restrictions on MeBr, the use of phosphine as a safe fumigant for stored products has become increasingly important. The available formulations of phosphine are solid (aluminum phosphide or magnesium phosphide tablets or pellets that release phosphine gas when they come into contact with moisture from the grain) and gaseous (supplied in cylinders promoted by private companies in different parts of the world) (Saini et al., 2022). Phosphine is an affordable and easy-to-apply fumigant. It is primarily used on grain and seeds and is registered for use worldwide. It has been used as a substitute for MeBr whenever possible. In New Zealand, it is also used on logs in transit in ship holds, but it is slow-acting and requires 10 to 15 days of exposure during transit, with one top-up application. Recent reviews and studies in the past have shown that phosphine can be ineffective against certain pests, such as nematodes and plant pathogens, and some that show efficacy lack the quality required to meet contemporary standards (Hall et al., 2025). Some grain pests have developed resistance due to inadequate fumigation. Additionally, phosphine can cause explosions at high concentrations and fires from residues if exposed to water. It also induces corrosion of copper and other metals, making it unsuitable for use where corrosion could be a problem. A recent detailed review indicates that scientific evidence supporting its effectiveness as a broad-spectrum quarantine treatment for wood pests is lacking (Hall et al., 2025). Due to its slow biocidal action (days), using phosphine to treat large volumes of US sweet cherries for export is impractical. The product is not registered in the US for use on fresh tree fruit, is explosive, may require costly equipment, is not widely available commercially, and is not accepted in most export markets.
[bookmark: _Toc205973774]4.1.4 Methyl Iodide (MI)
[bookmark: _Hlk194324829]Methyl iodide, or iodomethane, has been found to be effective against a wide range of organisms and was once considered a potential replacement for MeBr. Armstrong et al., 2014, in their review, removed methyl iodide from the list of fumigants that could potentially replace MeBr for fumigating New Zealand logs for export. The main reasons discussed included issues such as the withdrawal of Methyl iodide registration in the U.S., which are likely due to serious concerns, including toxicity, increased sorption—especially in wood products—and residues or desorption after treatment, as well as limited penetration. There is still little updated research on methyl iodide, and a significant amount of work is needed to develop efficacy data for key forest pests associated with New Zealand exports to determine appropriate dosage rates; most research so far has been limited to small-scale laboratory trials. However, carcinogenic concerns led the manufacturer to withdraw registrations in most countries (Armstrong et al., 2014).
[bookmark: _Toc205973775]4.1.5 Nitric Oxide (NO)
Nitric oxide is environmentally friendly, naturally produced, and effective against certain stages of postharvest pests. Liu, 2013, explored the potential of using nitric oxide to replace MeBr and reported success in controlling life stages of aphids, thrips, and other stored product beetles, especially on lettuce or fruit flies under ultralow oxygen conditions (Liu, 2013; Yang and Liu, 2019). However, research and application of this potential alternative are limited for forest pests. Ultra-low oxygen conditions may be practical for high-value fresh produce such as lettuce and fruit but would not be feasible for wood products (Armstrong et al., 2014).
[bookmark: _Toc205973776]4.1.6 Ethyl Formate (EF) (C₃H₆O₂)
Considering the efficacy of ethyl formate, its apparent lack of phytotoxicity, and its low toxicity to humans, the treatment has potential as an alternative to MeBr for phytosanitary use (Park et al., 2021). 
[bookmark: _3znysh7]This fumigant is highly flammable and explosive at concentrations required for insect control (pyrophoric), so it must be pre-mixed with another gas, either CO2 or N2. Mixing it with CO2 results in a more effective formulation than with N2, but CO2 is a greenhouse gas and more expensive. It has high sorption rates (it had to be forced to move and is not suitable for static air systems), but poor penetration, as it can only treat surface-dwelling insects. Through insect metabolism, it is transformed into formic acid, which causes death (Ryan and De Lima, 2014). Similar to SF, it is not effective against insect eggs and requires longer exposures (up to 72 hours), with a higher dosage needed for effective control. Mixing it with CO2 and using a vacuum increases efficacy and reduces flammability. It can damage fruit. There is no data on its effectiveness against nematodes, pathogens, and other forest pests.  
Ethyl formate is effective for dried fruits and various other preserved products. A cylindrical formulation of 16.7% (w/w) EF in liquid carbon dioxide has been developed to reduce flammability (Saini et al., 2022). Ethyl formate is successfully used on some fresh fruit (grapes) for surface pest treatment. It is also applied on cereal grains, oilseeds (with moisture content ≤ 12%), flours (with moisture content ≤ 14.5%), and dates in sealed storage, as well as on grain storage premises and equipment. It works well against the Brown Marmorated Stink Bug adults (Halyomorpha halys) and ants. 
It is generally regarded as a safe (GRAS) compound with a 100 ppm workplace exposure standard (WES) and has a rum-like smell. Ethyl formate has low penetration, so it has not been tested on wood products. It continues to show good potential as a MeBr alternative for stored product pests, but not for wood products. However, it has recently shown efficacy and potential to be used against important surface contaminant pests such as Brown Marmorated Sting Bug and ants, potentially helping some markets, and thus could be applied to wood products or other innate objects or conveyances that could harbor these pests. It is registered in Australia, New Zealand, Jamaica, South Africa, and South Korea, with research use in the U.S. It is not yet registered in the U.S. for post-harvest or fumigant use. Its effectiveness across a broad range of commodities (both durable and perishable) remains unknown.
[bookmark: _Toc205973777]4.1.7 Hydrogen Cyanide (HCN) 

Hydrogen cyanide (HCN) is a fumigant used to treat a wide range of dry foods, grains, and seeds. In some European countries, it is used to fumigate mill flour, but it is only registered in India and New Zealand (Navarro, 2006). It exhibits a high level of sorption at atmospheric pressure, which hampers its rapid penetration (Saini et al., 2022). 
[bookmark: _Hlk213239539][bookmark: _Hlk213239555][bookmark: _Hlk213239675]Hydrogen cyanide has gained renewed interest due to research conducted in the Czech Republic (Stejska et al., 2012, 2014; Capoun and Krykorkova, 2008). It is highly toxic to insects and pine wood nematodes after 40 and 18 hours of exposure, respectively (Stejska, 2014; Douda et al., 2015). It is also highly flammable and very soluble in water with high sorption rates. Armstrong et al., 2014, do not recommend it as an alternative to MeBr for export logs. There are also no established maximum residue levels, which makes it difficult to extend labels for different products. New reviews and regulations are likely to impose more restrictions on its use. Additionally, the penetration rate remains controversial due to its high sorption rate. Stejska et al., 2014, examined wood penetration ability and the effectiveness of hydrogen cyanide against the Asian long-horned beetle (Anoplophora glabripennis), pine wood nematode (Bursaphelenchus xylophilus), and the house long-horned beetles (Hylotrupes bajulus), yielding promising results that indicate good penetration abilities. The type of substrate probably influences penetration capacity. Data on penetration in wood above fiber saturation, and especially in green wood, are limited. Some studies on combining hydrogen cyanide with other fumigants are promising, such as with SF (Reichmuth and Klementz, 2008) or with carbon dioxide, and could be explored further as alternatives to MeBr and for controlling pests of wood products.
[bookmark: _Toc205973778]4.1.8 Ethylene oxide (EO)
This is a well-known fumigant used in the healthcare industry to sterilize sensitive instruments that cannot tolerate heat. However, EO is a highly flammable, carcinogenic, and mutagenic gas with a pleasing, enticing aroma and very slow degradation in the air, with a potential lifetime of 333 days. Armstrong et al., 2014, dismiss it as a possible alternative fumigant for wood products. It is a very dangerous substance. It dissolves easily in water but may not be effective in moist materials, such as green wood. It can be used in advanced vacuum systems; however, there is a significant cost associated with producing it, and limitations in size must be considered for commercially treating large volumes of wood.
[bookmark: _Toc205973779]4.1.9 Propylene oxide 
Health Canada's PMRA does not list it as a fumigant. Propylene oxide is registered with the EPA for treating commodities, and ethylene oxide is listed as ‘under development (EPA, 2007). Along with ethylene oxide, it has been used for years to sterilize wood samples for research purposes (AWPA, 2007).
[bookmark: _Toc205973780]4.1.10 Methyl isothiocyanate (metam sodium)
Methyl isothiocyanate is a highly flammable and toxic gas affecting many organisms, including fish and aquatic invertebrates, and also has tear gas properties. It has been used as an agricultural soil fumigant for various applications such as treating all food, golf course turf, root control in drains, and addressing microbial issues like sewer sludge, animal waste, cooling towers, water treatment facilities, weed control, and preventing or stopping internal decay or termites in utility poles, sleepers, and construction wood (Stirling and Uzunovic, 2007; Armstrong et al., 2014; Morrell, 2012). The treatment process involves inserting it into drilled holes in the wood, which are then sealed to enable long-term diffusion of the fumigant through the wood; it does not involve an actual fumigation process. Recent research has confirmed earlier studies showing that methyl isothiocyanate is very effective against Bacillus xylophilus (Liu et al., 2010). However, concerns remain about its residual effects. Armstrong et al., 2014, do not recommend considering it for future research as an alternative fumigant for treating export logs.
[bookmark: _Toc205973781]4.1.11 Chloropicrin
Chloropicrin is a broad-spectrum fumigant effective against insects, nematodes, fungi, and invasive plants because of its high phytotoxicity. It is used in various countries, including Canada, either alone or with other fumigants (Stirling and Uzunovic, 2007; Armstrong et. al., 2014). Most applications involve soil sterilization in agriculture (pre-plant soil fumigation), where it can successfully replace MeBr. Armstrong et al., 2014, reported that, by 2010, there were 54 registered products containing chloropicrin in California alone. However, there are several drawbacks, including application challenges, corrosiveness to metals, high water solubility, and the need for large buffer zones due to its tear-gas properties (Starkey, 2012). Treated materials may need several days of aeration to reduce chloropicrin levels below detectable limits. Currently, there are no registrations for chloropicrin use on wood products, nor are there recent studies testing its effectiveness against wood pests. The current Canadian registration is limited to preventing internal decay in utility poles and wood, without supporting data for quarantine treatments. If safety and handling issues can be addressed, significant research will be needed to evaluate chloropicrin’s effectiveness against various wood quarantine pests and species before it can be considered a viable alternative to MeBr.
[bookmark: _Toc205973782]4.1.12 Carbonyl sulphide (CS)
It is not registered as a fumigant by PMRA. Stirling and Uzunovic (2007) reported carbonyl sulfide as a fumigant developed by the Commonwealth Scientific and Industrial Research Organization (CSIRO). It is also a naturally occurring gas with a rotten-egg-like odor (emitted from volcanoes, oceans, and some foods such as cruciferous vegetables). It has good efficacy against a wide range of pests, including insects and nematodes, and has been used against many stored product pests (Armstrong et al., 2014). It penetrates and diffuses through wood better than MeBr. 
Carbonyl sulphide does not affect many different metals and other materials, such as paper and plastic; however, higher humidity can affect its acidity and compatibility with these materials. It does not sorb much and desorbs quickly. When combined with hydrogen sulfide, it has a more severe impact on metals. Similar to phosphine, it may require longer exposure times to achieve effectiveness. Additional tests are needed to confirm its efficacy against wood pests of quarantine significance, as there is no available literature.
Concerns have also been raised regarding its sorption in commodities with high moisture content, which questions its successful use on wood commodities with higher moisture levels (Armstrong et al., 2014).
[bookmark: _Toc205973783]4.1.13 Dichlorvos
This fumigant is considered a broad-spectrum organophosphate insecticide, reviewed and used in the U.S., Canada, Australia, New Zealand, and Europe as a space fumigant or ground spray against numerous insects (flies, aphids, mosquitoes, cockroaches, grasshoppers, spiders, ticks, etc.). It is approved for use in horticultural crops, glasshouses, the food industry, and mushroom farms (NZEPA 2013; Hosoda 2013). It is a liquid that readily dissolves in water, has a high boiling point, and low vapor pressure, requiring specific methods such as heating from pressurized cylinders with carrier gases or slow evaporation for fumigation. Earlier studies suggested that it lacks penetrative ability, making it ineffective for commodity and phytosanitary treatments of wood products (Armstrong et al., 2014). However, more recent research by Park et al., 2009, describes it as a gas with good penetration, cost-effective, and with short residual activity. The use of dichlorvos has been restricted, prohibited, or removed from the market. It is highly toxic to non-target organisms such as birds, fish, and other aquatic species, often requiring special precautions and large buffer zones. Additionally, there are no registered uses for wood products, nor is there evidence that it works against nematodes or fungi. According to Armstrong et al., 2014, dichlorvos combined with carbon dioxide (Card-O-VapTM) has a high vapor pressure, enabling short applications at lower doses, and may be suitable for treating timber in enclosed areas. However, this application is still in development, and efficacy data from laboratory and field studies need to be gathered.  
[bookmark: _Toc205973784]4.1.14 Dimethyl disulphide
This fumigant occurs naturally in some foods and dead horse arum. It is highly volatile and has a pungent odor. It has been registered in the U.S. as a soil fumigant Paladin® for pre-plant soil fumigation before growing food crops. It has been found to be 600 times more potent than phosphine against the nematode Caenorhabditis elegans. Therefore, there is potential to add it to mixtures with other gases. Limited data is available on its penetration ability and efficacy against wood pests. Since it is not registered in New Zealand and is highly explosive as a vapor above 24°C, Armstrong et al., 2014, recommend dropping it from consideration as an alternative to MeBr for export logs.
[bookmark: _Toc205973785]4.1.15 Controlled atmospheres (CA)
Processes of altering the air in a refrigerated room to suffocate insects by removing or displacing oxygen, usually with nitrogen or carbon dioxide (Aegerter and Folwell, 2000). They are slow to act, can impact the quality of perishable goods, require potentially costly equipment installation, and can be difficult to reach or maintain the desired temperature or temperature adjustments (Jamieson et al., 2018).
[bookmark: _Toc205973786]4.1.16 Cyclohexanone [(CH₂)₅CO]
Cyclohexanone was evaluated as a fumigant and found to be effective against all five insect pests tested, including rice weevil, flour beetle, spotted-wing drosophila, thrips, and termites (Liu, 2024). It is typically used as an industrial solvent, and there is limited research on it as a fumigant.
[bookmark: _Toc205973787]4.1.17 Sulfur dioxide (SO2) 
Fumigation with sulfur dioxide (SO2) or combined with carbon dioxide (CO2) is an effective treatment option. A SO2/CO2 fumigant mixture is frequently used in Mexico to control black widow spiders on table grapes exported to New Zealand (DAFF, 2023). Generally, SO2 is known for its phytotoxicity to plants. Treatments can cause severe darkened lenticels (small openings on apple skin) and discoloration on broccoli (Liu, 2024). Sulfur dioxide is only registered in the U.S. for post-harvest fumigation use in table grapes and blueberries. The status of research or potential for label expansion for post-harvest fumigation for other fresh commodities is not well known.
[bookmark: _Toc205973788][bookmark: _Hlk213245420]4.1.18 Ozone (O3)
Ozone is recognized as a powerful antimicrobial agent with a wide range of uses in the food industry, aquaculture, aquariums, swimming pools, laboratories, heating and cooling systems, water treatments, groundwater, and more. It is a strong oxidizing agent that reacts with many materials, so fumigation should be performed in stainless steel or coated metal chambers, often requiring a vacuum, which may not be cost-effective. Ozone does not easily permeate and mainly works on surfaces. It dissolves quickly in water and is less effective in moist wood, requiring constant maintenance of ozone levels to reach target concentrations under such conditions. 
Ozone has been studied for controlling stored product pests with some success. The egg stage appears to be the most tolerant (Abd El-Ghaffar et al., 2017). Ozone also has well-documented antifungal properties and can extend the shelf life of perishable items. Experiments using ozone to kill insect pests on perishables must carefully balance O2 levels with the commodity's tolerance. In many cases, the O2 concentrations required to kill pests can damage perishables.
Some key restrictions for its wider use include:
It is a powerful oxidizing agent and reacts with a range of materials. Fumigation, thus, must be done in a stainless-steel chamber or a metal chamber with special coatings. 
It does not penetrate through barriers, including some skins of fruits and especially bark or wood in general. 
It dissolves rapidly in water and degrades to oxygen that will significantly affect its efficacy, so it could only possibly be used for very dry goods (Armstrong et al., 2014) 

[bookmark: _Toc205973789]4.2 Non-fumigant alternatives 

4.2.1 Thermic treatments
Hot water. Hot water treatments (>40°C) are the simplest of the thermal treatments. Due to the thermal stress experienced by the product, this treatment seems more applicable to tropical and subtropical fruits than to other products (Hansen et al., 2011).
Hot air. Various hot air treatments, including hot steam, dry hot air, forced hot air, and radio frequency, have been used and studied. These treatments employ air to heat the fruit to temperatures that are lethal to target phytosanitary pests, especially fruit flies (Hansen et al., 2011; Heather and Hallman 2008; Hennessey et al., 2013).
Hot Steam. Hot steam treatment, including forced hot air, uses water vapor to heat the product over a predetermined period. The high heat energy of hot, humid air enables the steam to raise the product's temperature faster than dry air (ISPM 42: Requirements for the use of temperature treatments as phytosanitary measures).
The absence of the moisture component in hot steam treatment results in forced hot air (Hennessey et al., 2013).
Heat treatment, as defined in ISPM 15 (targeting 56°C for a minimum of 30 seconds throughout the treated commodity), is commonly used as a general treatment for numerous pests of concern in wood packaging. It is also considered for and used on other wood products, such as logs, lumber, or wood chips. The heat treatment for wood products can be achieved through hot air or hot steam in kilns, or even using dielectric heating or any other heat source capable of reaching the target temperature and duration throughout the wood. Where possible, 56/30 can be applied to other commodities, provided it is approved by the importing NPPO and does not affect the treated commodity. Other heat and time targets are negotiated bilaterally for different commodities and pests, based on existing efficacy data and pest risk analyses. 
Dry air. Dry heat treatment employs hot air (with low relative humidity <100°C) to raise the surface or the entire product to a required temperature for a specific period. This method is mainly used for products with low moisture content, such as seeds, cereals, and wood, which must not be exposed to moisture (Davrieux et al.; Hennessey et al., 2013; ISPM 42).
Electromagnetic heat treatment. Products can be heated through electromagnetic processes that generate heat within the product.
Dielectric heat treatment (DH) (Radio Frequency). Dielectric heating (through the application of electromagnetic radiation) increases the temperature of the product by exposing it to high-frequency electromagnetic waves that heat it through molecular dipole rotation of polar molecules, especially water (ISPM 42).
Unlike traditional heating methods, dielectric heating produces heat throughout the entire material, including the inside, and the heat spreads outward through convection and conduction, which reduces treatment time. The interior of the product generally becomes hotter than the surface due to thermal radiation (ISPM 42). There is also a question or hypothesis about how DH effectively affects and treats pests, especially those with high water content (e.g., larvae deep inside the wood). Dielectric heating targeting 60°C for 1 minute of exposure throughout the treated commodity is adopted for wood packaging under ISPM 15 as a general treatment for numerous pests using microwave or radio frequency heating. Although specified for use with wood packaging, it can also be applied to other commodities (e.g., logs, lumber, wood chips, etc.) as long as there is a methodology to deliver the target temperature throughout the treated item, it is approved by the importing NPPO, and it does not adversely affect the treated commodity.
Joule heating (ohmic heating). The process by which electric current flows through a conductor with electrical resistance that causes power dissipation and heat generation (Heffernan, 2017).
Feasibility studies are currently underway to support the development of Joule heating as a potential commercial process for phytosanitary treatment of pine logs (Heffernan 2017). Ohmic heating could provide more uniform heating of fruits than radiofrequency heating (Mangan and Hallman, 2019).
Cold Treatment. Cold treatment involves using refrigerated air to lower the temperature of a product to or below a specific level for a set period. Cold treatment is mainly applied to perishable products that may contain phytosanitary pests (ISPM 42). It can also affect the quality of some perishable commodities.
One advantage of thermic treatments is that they do not leave chemical residues. However, they can affect the quality of perishable goods, have slow biocidal activity, installation can be costly, and it is challenging to reach and adjust the proper temperatures.
4.2.2 Other treatments
Irradiation. Phytosanitary irradiation is a post-harvest treatment that uses ionizing radiation produced by sources like Cobalt 60 or electron accelerators (Liou, 2022). Some disadvantages include that it is slow acting, does not kill the pest but only sterilizes it (pests may still appear alive and viable upon import inspection), can damage perishable commodities, can be costly, is not commercially available, and is not accepted by many export markets.
[bookmark: _Toc205973790]
4.3 Combination of phytosanitary measures, including system approaches

Systems approach. Systemic approaches are typically used when a single measure, such as a specific phytosanitary treatment, is unavailable or unlikely to provide the necessary level of phytosanitary protection. A systems approach is generally designed as an alternative that is less restrictive than other measures. (ISPM 14: The use of integrated measures in a systems approach for pest risk management). They are mainly employed when the only other option is to ban imports. The combined and often synergistic effect of integrating independent measures can achieve the required level of phytosanitary protection when no other options are available (ISPM 14).  
Systems approaches are often negotiated between two NPPOs based on an agreement following a phytosanitary risk analysis of a commodity. Exporting and importing countries usually cooperate in developing and implementing a systems approach. The decision about the acceptability of a systems approach rests with the importing country. Measures used in a systems approach can be applied pre- and/or post-harvest wherever NPPOs have the ability to oversee and ensure compliance with phytosanitary procedures. Therefore, a systems approach may include measures applied at the place of production, during the post-harvest period, at the packing house, or during shipment and distribution of the commodity. Cultural practices, crop treatment, post-harvest disinfestation, inspection, and other procedures can be integrated into a systems approach. Risk management measures designed to prevent contamination or reinfestation are typically part of a systems approach (e.g., maintaining the integrity of lots, requiring pest-proof packaging, screening packing areas, etc.). 
Similarly, procedures such as pest surveillance, trapping, and sampling can be parts of a systems approach. Measures that do not eliminate pests or reduce their numbers but instead limit their chance of entry or establishment (safeguards) can be included in a systems approach. Examples include designated harvest or shipping times, restrictions on the maturity, color, hardness, or other conditions of the commodity, the use of resistant hosts, and limited distribution or restricted use at the destination (ISPM 14).
Generally, acceptance of systems approaches depends on importing countries. It is not established for critical export markets, needs to be developed for new products, scenarios, and pests, and may take years or even decades for NPPOs to negotiate.

[bookmark: _Toc205973791]5.0 Discussion
 
The purpose of this paper is to summarize potential alternatives to MeBr and highlight those that NAPPO-member countries may adopt. Harmonizing phytosanitary treatments and systems approaches will lead to safer options and remove trade barriers. It will also improve data collection, particularly for fumigants, provide an agreed-upon efficacy assessment, and expedite the registration and commercial availability of certain products. Depending on the commodity and the pests involved, some options may be closer than others to replacing MeBr. The final decision rests with the importing NPPO. In the following paragraphs, we will attempt to highlight key points that characterize each category, such as direct fumigant replacements for MeBr, temperature-based methods, and systems approaches.
Thermal treatments have advantages over fumigants due to the absence of chemical residues, which generally satisfies producers, including organic producers. In some cases, the treatment exposure time is short and inexpensive, as with water immersion. Disadvantages of using hot treatments include the need to apply the treatment immediately after harvest; otherwise, re-heating and re-cooling will be necessary. The equipment is costly, although less complex compared to irradiation (Heather and Hallman, 2008; Mangan and Hallman, 1998). These treatments are vulnerable to large-scale problems because the temperature can be influenced by several factors, such as the initial temperature of the commodity, volume, rate of heat applied, and heat loss during processing. The challenge is even greater with hot air treatments compared to hydrothermal treatments due to the compressibility of air and the variability of humidity inside (Hallman, G. J. 2007). They can also damage perishable commodities. Heat treatment of wood products requires specific facilities and controlled and regulated processes. 
Alternative treatment methods may result in MeBr-like scenarios that are not socially desirable solutions. Additionally, importing countries must be willing to accept that alternative treatments comply with quarantine approval established by the NPPOs (Aegerter and Folwell, 2000).
Numerous assessments and studies have been conducted in the past, and according to Fields and White, 2002, there seems to be no one-size-fits-all replacement for MeBr, suggesting that each pest and commodity combination may require its own solution, primarily centered around integrated pest management (Fields and White, 2002). However, a significant amount of research has been carried out since 2002, and these notable developments suggest that potential substitutes, like EDN or EF, might replace MeBr for certain commodities traded in large volumes, especially where MeBr is mainly used for QPS purposes (e.g., wood products, soil, and hay). 
MeBr is a broad-spectrum product that acts quickly (<24 hours), is non-corrosive, non-phytotoxic, leaves no residues, and penetrates rapidly and deeply into products. Apart from EDN, which matches or is even better than MeBr in some parameters, no other single product offers all these desirable features, especially for commodities where EDN cannot be used. Moreover, most export markets for certain commodities still require fumigation with MeBr. Other methods can replace MeBr in most cases, but currently, there are no alternatives for quarantine treatments that demand all these qualities, and to some extent, for disinfecting buildings as well. 

The most promising alternative fumigants currently are EDN, EF for surface applications, phosphine for specific pests and scenarios, and SF. Meanwhile, the most promising non-chemical alternatives are specific hot or cold temperatures and some system approaches. 
 
Phosphine gas has been seen as the main alternative to MeBr because, like MeBr, it is a fumigant and has the same mode of application, is registered in every country, and is cheaper and easier to handle than any other available fumigant, including MeBr. Phosphine was already widely used decades before MeBr was phased out for non-QPS applications, and whenever possible, it was used instead of MeBr. During that period, MeBr was mainly employed when phosphine was impractical, such as when fumigation needed to be done quickly (MeBr treatment only takes one day compared to several days for phosphine), at low temperatures, or inside buildings because MeBr does not corrode copper and other metals. Phosphine is not registered for several commodities, acts slowly, is not commercially available for large volumes of fruit, is explosive, and its use requires costly equipment and setup. Sulfuryl fluoride is another fumigant currently used as a substitute for MeBr. It is registered for use in buildings, construction materials, furnishings, vehicles, dwellings, and food commodities in North American countries. As of 2024, it is the only fumigant approved for use in residential buildings. Due to the higher competitiveness of phosphine, SF is seldom used when phosphine can serve the purpose. The main drawback of SF is that it is a very potent greenhouse gas, which may lead to its deregulation in the near future or at least limit its broad-scale usage. It is only registered for certain commodities, including stored grains, nuts, and some fruits. Additionally, it is not accepted in most export markets.

A standardized evaluation process for existing alternative gases like phosphine and SF used to replace MeBr is essential, especially in the context of what is required during the assessment of new treatments to adequately replace MeBr (appendix to ISPM 15 on evaluation process for new treatments for wood packaging; IPPC, 2022-2023 Procedure Manual Standard Setting: particularly section 7.6.1 on TPPT working procedure for treatment evaluation). Currently, much more information is required to approve new treatments, with constantly changing and ongoing requests for more data. Meanwhile treatments used historically, such as phosphine, SF, and even MeBr, are grandfathered based on data from the past that may not meet current evaluation and environmental data standards. A proper assessment process for these grandfathered treatments, like those required for new quarantine treatments for various new commodities and scenarios, has not been done or updated. 

Using systems approaches provides a promising alternative and can include various treatment options. These strategies are typically based on integrated pest management practices already used by the industry. The main benefit of systems approaches is that they combine multiple overlapping practices to reduce pest loads that might be carried with a commodity, thus decreasing or even eliminating the need for chemical treatments. However, they are not employed for critical export markets, it can be difficult to standardize and enforce for some commodities and may be too costly or complex to implement. Furthermore, even performing all of these integrated pest management practices may not be sufficient to meet requirements for markets with zero tolerance for a pest or its damage. System approaches developed for one commodity for one region may not be applicable to manage pests for the same commodity in another region because of differences in types of pests present, pest’s thresholds, and other factors. 


Treatment options, policy issues, and more are discussed annually at the Methyl Bromide Alternatives Outreach conference (mbao.org). Since 1994, researchers in agriculture and forestry from government, academia, and private sectors, along with extension agents and users, have gathered at this forum to share information on various laboratory, field, and on-farm research and technology transfer topics. Their website also provides summary information for nearly all past presentations. Decades of efforts to find and apply alternatives highlight the challenge of successfully replacing MeBr as a phytosanitary treatment but also provide some hope in accepting and adopting new solutions and new alternatives.

Using alternatives to MeBr isn't an option for some industries, like exporting apples and sweet cherries in the U.S., because these substitutes can easily impact fruit quality, aren't quick enough to kill pests (within 3 hours or less), aren't cost-effective, can't treat large volumes of fruit for export, aren't registered or accepted by the importing country, and/or aren't commercially available. Additionally, some importing countries require the use of MeBr for these commodities. Without MeBr or a viable alternative that can do at least as well as MeBr, growers risk losing not only existing markets but also potential markets that need MeBr fumigation. Some countries argue that this critical use of MeBr shouldn't significantly affect the ozone layer, since more than 99.8% of the baseline MeBr consumption has been phased out by January 1, 2023, following the Montreal Protocol, bringing levels close to historic natural levels. Meanwhile, MeBr QPS use can be further reduced for commodities with large volumes that consume most of the MeBr QPS (wood products, soil, hay), where alternatives like EDN seem to be viable.

If not properly managed and without viable alternatives, the phaseout of MeBr could become a trade barrier for these and other key export commodities and significantly impact producers. In Mexico, many companies that use MeBr are very resistant to adopting alternative MeBr methods. In some cases, using other methods has led to lawsuits and confusion regarding changing phytosanitary requirements.

Several products are treated with MeBr and phosphine at Mexico's entry points, such as hoppers and vans (Senasica, 2024). Therefore, a fumigant that is similarly priced and has a comparable exposure time to the mentioned chemicals, and whose application method can be adjusted to the processing time needed by trains entering Mexico, is necessary.

The process of obtaining market access for agricultural commodities between countries typically takes several years, usually at least two or more. Due to the time and resources required and the numerous bilateral negotiations involved, countries have limited capacity to review previously approved market access requests. Once MeBr is included as an option for treatments in a market access request, it is generally not reconsidered unless the pest control measures for the commodity prove ineffective. Significant political will and resource commitment are necessary to renegotiate commodity treatments that are otherwise effective.


[bookmark: _Toc205973792]6.0 Conclusions, recommendations, and next steps

As noted above, there are many alternatives to MeBr, but only a few shows great promise. Clearly, there appears to be no single replacement treatment that works for all commodities, pests, and uses. However, some alternatives can be easily and successfully used for certain commodities. The high effectiveness of MeBr, the numerous treatment facilities, extensive familiarity and experience with the fumigant, and established trade policies create significant resistance to adopting alternatives. It will take time for trading partners to develop and agree on effective treatment schedules for each pest/commodity combination, approve them through re-negotiated bilateral agreements, and find ways to implement them, especially considering the likely increased costs. However, if NAPPO member countries adopt a harmonized approach, leveraging existing and extensive efficacy data to support the use of already developed schedules as a general treatment for numerous pests of concern and commodities, it would save time by avoiding endless pursuit of more data. This could also facilitate faster and more cost-effective renegotiations of existing bilateral agreements, hopefully. Additionally, the inertia to retain MeBr must be weighed against the possibility that trading partners may no longer permit MeBr on their imports (which has already happened in limited cases), the potential for changes to the Montreal Protocol that could restrict the QPS exemption, and possible impacts from amendments to the Rotterdam Convention.
Currently, MeBr remains and continues to be a vital phytosanitary treatment, especially for some commodities like perishable foods. Parties have extensive experience using it safely and effectively. While exploring alternatives is beneficial and may at some stage become critical, pushing for replacing MeBr totally, there could be those few critical commodities where total replacement of MeBr offers limited environmental gains. The remaining human-made contributions of MeBr to ozone depletion are small, while the use of MeBr supports economic security for those through agricultural trade, food security via agricultural production, and environmental security by managing quarantine pests. On the other hand, moving to adopt and use successful alternatives that are feasible and economical will maintain those benefits to global security and current trade, increase and open new markets, which is critical for the economy of any of the NAPPO member countries.
[bookmark: _3dy6vkm]There is a need for initiatives to replace MeBr where a good replacement exists. The initiatives are the most important within national and international assessment and registration. They may include agreement on the evaluation process and the amount of efficacy and environmental data needed to support the general use of promising alternatives without getting into never-ending requests for more data. It may also include sharing data and harmonizing and jointly putting efforts to address the key remaining knowledge gaps that are deemed critical to allow alternatives to replace MeBr. 
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Direct alternatives 
	Type
	Treatment 
	Commodity 
	Advantages
	Disadvantages
	Reference

	Fumigant
	Cyanogen (Ethanedinitrile, EDN) (C2N2)
	Wood products, hay, food items, soil, and possibly other commodities.
	Broad-spectrum fumigant that is fast-acting, penetrates well, and desorbs quickly. It is highly effective against timber insects, nematodes, and pathogens, and works on weed seeds and nematodes in soil. It can be used at low temperatures (5°C) because of its -21°C boiling point. Environmentally friendly, it does not deplete the ozone, or act as a greenhouse gas, requires no scrubbing, has smaller buffer zones than MeBr, and recapture is not necessary. 

Colorless, half as heavy as MeBr, and a small molecule, it produces tears at 16 ppm, though its smell remains uncertain. It is a drop-in replacement for MeBr on wood, with a rapid fumigation period of up to 24 hours, and can be applied using advanced methods under tarp, in containers, or ship holds.

It penetrates well and quickly sorbs into logs, reducing ppm levels significantly ending at around 700 ppm after 24 hours at 100 g/m³. It remains effective at low temperatures with the same dose, and shorter exposure times (less than 24 hours) can also be efficient. It is registered in Australia, South Korea, Malaysia, Russia, New Zealand, and Turkey for timber and logs, with pending registrations in Uruguay, Panama, the U.S., South Africa, Canada, India, and China.
	Not registered in many countries. Has not been adopted under ISPM 28. It is subject to complex and significantly heightened evaluation criteria due to chemophobia, consumer resistance, or a lack of standardized evaluation processes. It cannot follow established ways of evaluating successful fumigation and monitoring, e.g., using CT (concentration/time) since often, after 12 hours, there is no EDN fumigant to detect. It needs different thinking and evaluation.

Flammable and explosive at high concentrations.
It leaves cyanide residues, so it should not be used with food products.

It is phytotoxic and affects seed germination. 

It corrodes noble metals (such as copper), albeit not as severely as phosphine.

Makes plastics turn yellow. 

It is pyrophoric (lower explosive limit: 6.6%).
	Navarro, 2006. ISPM 28; Thalavalasundaram et al., 2023; 
Hall et al., 2018
Hall and Adlan, 2023


	Fumigant
	Phosphine (PH3)
	Stored grains
	It is registered worldwide for the disinfestation of durable products and is widely used mainly on cereals, legumes, dried fruits, nuts, herbs, and spices.
Phosphine penetrates products well and can be removed quickly by aeration after treatment.
Its availability in different formats—such as solid pills and tablets or as a gas pre-mixed with CO2 or N2—makes it very easy and inexpensive to use.

Most used fumigant as an alternative to MeBr for some products like grains.

It is cheap.
	Its action against pests is generally slower (3-15 days) than that of MeBr, requiring longer exposure periods, especially at low temperatures, so different treatment logistics may be necessary. It is usually ineffective below 15°C.

It corrodes noble metals, including copper, which can sometimes limit its use, particularly in electrical equipment.

Phosphine has been widely used in Europe and North America since the 1950s, and extensively worldwide since the 1970s. As a result, many insect pest species have developed resistance to it, and resistance is ongoing, reducing phosphine’s effectiveness over time.

A recent detailed review indicates that scientific evidence supporting its effectiveness as a broad-spectrum quarantine treatment for wood pests is lacking.
It is pyrophoric (lower explosive limit: 1.6%).

It is highly toxic to humans (TLV of 0.3 ppm).

	Fields and White, 2002; Saini et al., 2022).
Hall et al., 2025

	Fumigant 
	Sulfuryl Fluoride (SO2)

	Wood
	Because of its low boiling point and high vapor pressure, it vaporizes easily during normal fumigation, spreading quickly throughout the room and the stored products.

Effective against wood pests.

Provides good penetration into wood.

Non-corrosive.

Non-flammable.

It was approved by IPPC for compliance with ISPM15 under specific conditions.
	It is highly toxic to postembryonic stages of insects, but the eggs of many moths and beetles are difficult or impossible to fully control at permitted doses, especially at low temperatures. Usually, it is possible to achieve doses effective for all life stages by adjusting the concentration and length of exposure, but generally, higher temperatures (above 27°C) are required to reach a satisfactory level of control at practical doses. The registration of this product is not yet widespread in developing countries. It is registered in Canada only for stored product pests in cereal grain mills, related storage facilities, and food processing plants. The product is not certified for use on vegetable products. Sulfuryl fluoride is a potent greenhouse gas with a high global warming potential (100-year GWP = 4630). It is moderately toxic to humans, with a TLV of 5 ppm.
	Hennessey et al., 2013
MBTOC. 2018
IPPC, 2021b
Shine and Kang 2023

	Fumigant
	Ethyl Formate (C3H6O2)
	Fruit, dry fruits, and grains
Dry fruits and canned food

	Unlike other fumigants listed in this table, ethyl formate has very low toxicity to humans (TLV of 100 ppm). In this regard, it is much safer for humans than MeBr as well as all other chemical fumigants listed here.

It acts quickly, achieving control within 3 to 24 hours.

It has no withholding period, meaning there is no need to vent it at the end of fumigation.

It degrades into non-toxic products—ethanol and formic acid. In fact, it naturally occurs in many food products and is used as a food additive.

It is effective at low temperatures.

It has high diffusivity.

It is an FDA-approved food flavoring agent that naturally occurs in soil, water, vegetation, and many food products, yet it is a potent insecticidal and antimicrobial agent.
	High volumes are required (70 g / m3, which is two times that of phosphine). 

It is phytotoxic. It may not affect grains, but it affects vegetables and cut flowers. 

It has low penetration abilities into products (it degrades very soon after penetrating a product). 

It requires an aeration fan to circulate rapidly around the product. Because it has rapid sorption, it needs to be vaporized/dispensed rapidly. 

It is a greenhouse gas. 

It is pyrophoric (lower explosive limit: 2.8%).

	Ryan and De Lima, 2014
Saini et. al., 2022
Desmarchelier, 1999

	Fumigant
	Hydrogen Cyanide (HCN)
	Dry food, grains, and seeds.
	Widely used in Europe for many dry foods, grains, and seeds.

Requires careful handling in its pure form.
Very effective for dry fruits and many other canned products.

	High dermal toxicity makes it dangerous for applicators.

Soluble in water.

Many materials absorb HCN, regardless of how the fumigant is applied.

There is a release of HCN from fumigated materials after fumigation.

Because of the high sorption capacity at atmospheric pressure, HCN does not penetrate well through the bulk of some commodities.
	Navarro, 2006

	Fumigant
	Methyl iodide (CH3I)
	Soil, infrastructures, wood
	Fast acting (24 h or less)
	Possible carcinogenic
	Navarro, 2006


	Fumigant
	Propylene oxide (C3H6O)
	Dry and shelled walnuts, cocoa powder, and spices
	No negative environmental effects. 
	Little is known about this product in other commodities. More research is necessary. 

It is pyrophoric (lower explosive limit: 2.8%).
	Navarro, 2006
Navarro et al., 2004

	Fumigant
	Cyclohexanone (C6H10O)
	Grains (laboratory tests)
	Fast-acting fumigant (time range between 1-24 hr.)
	Not enough information to determine its phytosanitary use.
	Liu, 2024

	Fumigant
	Sulphur Dioxide (SO2)
	Grapes (laboratory tests)
	Laboratory tests have indicated its potential for post-harvest treatment of table grapes.
	More information is needed for its commercial use.
	Liu, 2019

	Fumigant
	Ozone (O3)
	Various 
	Easily produced from atmospheric air.

Environmentally safe. 
	Quickly breaks down into O2.

In the presence of water, ozone is very reactive. It is corrosive to most metals (including steel and copper), rubber, plastics, fabrics, paint, and many other materials.
	Navarro, 2006
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	Type
	Treatment 
	Goods
	Advantages
	Disadvantages
	References

	
	Integrated Pest Management (IPM)
	
	In practical use, it has demonstrated excellent results worldwide, not only because it achieves effective control but also because it boosts business efficiency and often reduces pest control costs compared to using only chemical products. The IPM concept is equally suitable for managing soil diseases and pests, as well as post-harvest and structural pests.
	IPM requires that producers and individuals responsible for pest and disease management recognize the symptoms caused by pests, understand their life cycle, epidemiology, dissemination, and survival, and identify their alternate hosts and others. They must act promptly. It can be resource-intensive in terms of personnel.
	ISPM 14

	
	Steam (for soil)
	
	If applied correctly, steam is arguably the best technical alternative to MeBr in agriculture, often producing results that are just as effective or even better.
	Heating the soil above 30 cm requires significantly longer boiler use, more labor, and larger amounts of fuel, which could make steam an economically unviable option. Additionally, after pasteurization, high levels of ammonia may be released in soil or substrates rich in organic matter, which is toxic to some plants.
	

	
	Hot Steam 
	Fruits and vegetables
	Simple compared to other thermal treatments
	Expensive installations

Slow heating of the surface area
	Hansen et al., 2011; Heather and Hallman, 2008


	
	Hot water
	Fruits, bulbs, horticultural crops, ornamentals, and seeds
	Simple and efficient compared to other thermal treatments
	The surface of the products heats.

High fuel cost
	Hansen et al., 2011

	
	Hot air
	Fruits and vegetables
	Safe and efficient

Effective tool for organic and non-organic producers

Viable alternative to MeBr
	Efficiency depends on several factors (temperature, time, humidity, wind direction, space between chambers, oxygen concentration in the chambers, and the chamber’s design
	Hulasare et al., 2010; Mangan and Hallman, 1998.

	
	Forced hot air
	Fruits and vegetables
	Feasibility in the final packaging of commodities

Does not generate waste

Tolerance to a wide variety of products to treat

Product quality is not affected
	Expensive installations

Slow heating of the surface area
	Hansen et al., 2011

	
	Dry air
	Structures, grains, fibers, books, and museum artifacts
	Simple and versatile.

Technology is widely recognized.
	Surface will heat first

Slow
	Hansen et al., 2011

	
	Biofumigation and solarization (for soil)
	
	Solarization is a process where solar heat is trapped beneath a clear plastic film spread over moist soil, increasing soil temperatures to levels that kill pests.
	The process typically takes about four weeks, so schedule your harvests accordingly.
	

	
	Cold
	
	Applying cold after a disinfestation method, like fumigation, can provide long-term protection against pest damage. Typically, pest reproduction in stored grains stops at around 14°C.
	Some pests, such as mites, can reproduce slowly at lower temperatures when humidity is sufficient.
	

	
	Dielectric heat (Radio frequency)
	Grains, seeds, and nuts
	Non-chemical alternative

More uniform heating with reduced damage to the fruit

Quick and directed at the target pest without overheating the commodity

The interior of the product is heated first and quickly 
	Expensive installations

Variable results
	Davrieux et al., 2010; Hansen et al., 2011; Heather and Hallman 2008

	
	Ohmic heat
	Forestry products
	Used in forestry

Provides more uniform treatment than using radio frequency.
	More research is needed on treatments for vegetable products.
	Mangan and Hallman, 2019

	
	Irradiation
	Fruits
	High capacity for penetration

No special packaging needed

Whole pallets can be treated in a single application

Treatment has minimal effect on fruits

Extends storage life
	Cost is 2 to 14 times higher compared to MeBr treatments.

Treatment is inconsistent.
It doesn’t kill the pest; it sterilizes it.
	Aegerter and Folwell, 2000; Hallman 2011.

	
	Modified environments
	
	The oxygen-deficient environment inhibits the growth of many pests of grains, fruits, and other products. It is generally an affordable and easy-to-implement technology that has proven effective. The method involves creating a low oxygen setting where insects die. It is reported to be highly successful, with complete eradication of all insects at every stage of development when the exposure duration is sufficient.
	The infrastructure is necessary to achieve proper treatment conditions, exposure times, and to conduct studies on pest-product effectiveness.
	

	
	Contact insecticides
	
	They can provide residual insect protection for grains stored in bulk, lumber and wood products, museum artifacts, and in storage warehouses and transportation vehicles. They are also used to treat surfaces, cracks, and grooves in the floors and walls of grain storage bins, flour mills, and food warehouses, as well as special treatment in storage areas.
	Insects that attack stored products vary widely in their susceptibility to insecticides, and different instars of an insect may also respond differently.
	

	
	Pheromones
	
	Pheromones have been effectively used to detect pests in stored products. They are a key tool for identifying infestations.
	The use of pheromones can significantly reduce pest populations in certain insect species, such as moths, through mating disruption, but for most species, pheromone use only allows monitoring of the population.
	

	
	Diatomaceous earth mixed with silica
	Grain, buildings
	Environmentally friendly and easily accessible for anyone to use.
	It is more of a preventative than a control method. It reduces infestations but does not eradicate them. It is slow acting, taking several weeks to months. The abrasive nature means extensive use can wear down machinery.
	

	Phytosanitary measures
	Systems approaches
	
	Addresses variability and uncertainty by adjusting the number and strength of measures to reach the appropriate level of phytosanitary protection and confidence.
	Needs to be developed for new products, situations, and pests. Requirements for each scenario may vary and require effort from personnel representing both the importer, exporter, and the NPPOs of both countries.
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	Fumigant alternative to MeBr use
	Non-fumigant alternatives, including combination of measures and system approach
	Key targeted quarantine pests/pest groups (e.g. insects, pathogens, nematodes…
	Key targeted, markets, pros and cons and other notes

	Wood product
-logs
-lumber
-Fractioned wood (chips)
-Wood packaging
	Phosphine and SF are being considered for broader use; however, concerns about effectiveness, penetration, and environmental safety still exist and need to be addressed.
	Debarking, heat treatment, and system approaches (inspection prior to export)
	Wood-boring insects primarily
	Most of Canada’s use of MeBr is for exporting logs. Creating an effective alternative acceptable to partners would greatly reduce Canada’s need to use MeBr domestically. When importing non-processed wood products from outside of Canada, treatment with heat or MeBr is required. The Canadian Food Inspection Agency does not endorse the use of MeBr for the production of wood packaging and instead depends on heat treatment.

	Grain and similar foodstuffs
	Phosphine
	- Property registration
- Weed management during the production process
- Phytosanitary treatments
- Phytosanitary inspection prior to loading grains
- Industrialization use
	- Weeds
- insects
	Importation to the U.S.

	Fresh Fruit and vegetables
	Cold treatment
Phosphine
	- Property registration
- Weed management during the production process
- Phytosanitary treatments
- Phytosanitary inspection prior to loading the commodity
- Industrialization use
	- mites
- insects
	

	Cut flowers
	Not applicable
	Imports of these commodities are subject to inspection to ensure the material is clean and free of pests and soil.
	
	

	Soil
	Not applicable
	Canada enforces a strict 'no tolerance” policy for foreign soil. Any amount of soil beyond a fine dust film—such as visible patches, clumps, or organic matter like manure or blood—on or within goods or their conveyance makes them non-compliant. Goods contaminated with soil are inadmissible and will be removed from Canada. In rare cases, these items may be washed at a CFIA-approved cleaning facility.
	
	

	Bamboo, cane, grasses
	Sulfuryl fluoride is permitted to be used on decorative items made of wood or bamboo less than 20cm in thickness.
	Heat treatment: Wood must reach a minimum temperature of 56°C throughout its entire profile, including the core, for at least 30 minutes, or, in the case of bamboo and bamboo products, throughout the profile of the bamboo.
	Wood-boring insects primarily
	Heat treatment is the preferred method, along with system approaches such as a phytosanitary certificate and debarking.





image1.jpeg
NAPPO

North American Plant Protection Organization
Organizacién Norteamericana de Proteccién a las Plantas
MEXICO - USA - CANADA





image2.png
New Zealand
United States of America
China

El Salvador

Indonesia




image3.png
Properties Methyl bromide Advantages of EDN™

Boiling point

Vapour pressure

Density in air

Specific volume (@ 25°C and

1 atm)
Molecular weight

End point concentration

21°C
515 kPa (21°C)

2.2kg/m?

462 1/kg

52.04 g/mol

<1%

3.6°C
214kPa (21°C)

3.27 kg/m?

256 I/kg

94.94 g/mol

50%

EDN™ can be applied as a gas without a vaporiser

EDN™ has a higher vapour pressure, hence, it will
penetrate and distribute better than MeBr

Both fumigants are heavier than air, but EDN™ is lighter
than MeBr which means ventilation is quicker for EDN™

EDN™ creates much more gas per kg

EDN™ has a low molecular weight which means it can
move quickly from areas of high concentration to low
concentration and achieve equilibrium faster

Less EDN™ is released info the environment at the end of
the fumigation compared with MeBr.

Hence, EDN™ ventilation is much quicker with small buffer
zone than MeBr (NZ EDN and MeBr treatment
requirements)





