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Abstract

Methyl bromide (MeBr) has been used for several decades for preplant (PRE) soil fumigation in

high-value agricultural and horticultural crops because it can provide broad-spectrum control of

insects, nematodes, pathogens, and weeds. However, MeBr has been identified as an ozone-

depleting chemical and is associated with hazards to human heath, plants, and animals. Therefore, a

global agreement to gradually phase-out ozone depleting chemicals was made with the signing of

the ‘Montreal Protocol’ in 1987 and research for effective and sustainable alternatives to MeBr has

been a priority since 1995. Several alternative fumigants and non-chemical alternatives for weed

control have been tested. In many agricultural systems the phase-out of MeBr presents a critical

challenge because alternative pest control measures are ineffective, costly, or pose hazards to the

environment and human health. In this paper, we review the status of MeBr alternatives with a

focus on weed control in high-value cropping systems. It is concluded that no currently available

alternative chemical or management practice has the same broad-spectrum efficacy and con-

sistency as MeBr. Because the development of a single alternative to MeBr is unlikely, weed

control in many high-value fruit, vegetable, and ornamental crops will become an even greater

challenge in the absence of MeBr. Development of crop- and region-specific integrated pest

management systems that include appropriate fumigants, herbicides and cultural practices will be

necessary to maintain productivity at levels and prices that meet current grower and consumer

expectations.

Keywords: Barrier films, Fumigants, Herbicides, Non-chemical control, Integrated pest management,

Methyl bromide alternatives

Review Methodology: We searched the literature in several electronic data bases including Agricola, BIOSIS and CAB Abstracts,

and derived a great deal of information from the annual proceedings of the ‘International Conference on Methyl Bromide Alternatives

and Emission Reductions’.

Introduction

Methyl bromide (MeBr) is a colourless, odourless gas that

is used as a broad-spectrum pesticide to control insects,

weeds, rodents, and pathogens. Historically, MeBr was

used as an industrial fire extinguishing agent and was in-

troduced to USA from Europe in 1920s [1]. MeBr was

first reported as a soil fumigant in 1940. Since then, it has

been used as a broad-spectrum preplant (PRE) soil fumi-

gant in more than 100 agricultural crops [2]. The global

use of MeBr amounts to 72 000 metric tons each year,

of which 38% is used in North America. In USA, about

21 000 metric tons of MeBr is used annually in agriculture,

primarily for soil fumigation, as well as for commodity

and quarantine treatment, and structural fumigation [3].

Of this amount, about 50% of MeBr is used in California

alone [4].

MeBr is normally applied as a liquid under pressure that

vaporizes upon release at the point of application. The US

Environmental Protection Agency (USEPA) has classified

MeBr as a Toxic Category I (the most deadly category of

substances) compound because of its ability to cause
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poisonings, neurological damage and reproductive harm.

In agricultural cropping systems, traditionally, MeBr is

injected into the soil at a depth of 30–60 cm before a crop

is planted. The soil is covered with plastic tarps immedi-

ately after injection to prevent gas from escaping to the

atmosphere. Depending upon the crop, the tarps can be

removed after 24–72 h, after 5–7 days, or in some cases

left on the crop beds for the entire growing season [3].

Much of the MeBr injected into the soil eventually escapes

into the atmosphere by diffusing through the tarps,

through tears and holes, around tarp edges, or after tarp

removal [5]. Various field studies have indicated that

21–87% of applied MeBr eventually is lost to the atmo-

sphere after soil fumigation [5–7].

Once MeBr escapes into the atmosphere it can cause

major environmental damage because it is an ozone-

depleting chemical [8, 9]. An important function of strato-

spheric ozone is to protect the earth from potentially

damaging doses of ultraviolet (UV) radiation. Increased

exposure to ultraviolet-B (UV-B) radiation is associated

with human health risks including damage to the eyes,

the immune system and the skin [10]. Direct exposure

to MeBr can lead to headaches, blurred vision, nausea

and dizziness. Similarly, UV-B radiation can also have

deleterious effects on plants and animals [11]. Worldwide

concern about the depletion of stratospheric ozone led to

the signing of the 1987 (amended in 1992) ‘Montreal

Protocol on Substances that Deplete the Ozone Layer’.

The Montreal Protocol first addressed important ozone-

depleting chemicals such as chlorofluorocarbons and then

the list of controlled substances was expanded to include

other chemicals with ozone depletion potential [12].

Control schedules leading to a phase-out of MeBr in

developed and developing countries, by 2005 and 2015,

respectively, were agreed upon in 1995 [4, 12]. The

phase-out of MeBr has serious short-term consequences

to agriculture as it has been a very effective pesticide

against plant pathogens, nematodes, insects, rodents

and weeds for several decades. Therefore, efforts have

been directed worldwide to find ‘effective, economically

feasible, and environmentally acceptable’ alternatives to

MeBr for pest control in PRE and postharvest situations

[13]. Several chemical and non-chemical methods have

been identified as potential candidates for MeBr replace-

ment. Although there have been recent reviews of MeBr

alternatives [13, 14], the objective of this paper is to

review the status of MeBr alternatives with a focus on

weed control.

Chemical Alternatives to MeBr

Fumigants

PRE soil fumigation decisions are often driven primarily by

soil-borne disease and nematode pressure rather than

weed control. However, the broad-spectrum biological

activity of MeBr has allowed producers to effectively

control many pests in several agricultural systems with

one fumigation treatment and has given users in devel-

oped countries high expectations for efficacy and relia-

bility of chemical alternatives. Effective pest control with

soil fumigation requires that the target (embryos or

vegetative propagules in the case of weeds) be exposed

to high enough doses of the chemical for a sufficient

amount of time for mortality. Efficacy can be affected

by environmental conditions such as soil moisture and

temperature (fumigant dispersion and concentration),

weed seed condition (unimbibed or hard seed coats),

weed seed presence (wind-blown seed invasion after

fumigation), soil sealing technique (persistence of toxic

condition) as well as the toxicity of the fumigant itself.

Short- and intermediate-term MeBr alternatives

research has focused on more effective use of existing

fumigants or obtaining new labels for fumigants registered

in different crops [15]. To meet these objectives, already

registered products such as 1,3-dichloropropene (1,3-D),

chloropicrin, combinations of 1,3-D and chloropicrin

(TeloneTM products) and methyl isothiocyanate (MITC)

generators such as dazomet and metam sodium have been

tested alone and in various combinations. Longer term

research objectives have primarily targeted unregistered

products that are known to have some biocidal activity

with the hope of finding a ‘drop in’ replacement for MeBr.

One of the most promising unregistered chemicals at this

time is iodomethane (or methyl iodide), although several

other products have been tested in greenhouse and

field tests including propargyl bromide, sodium azide,

propylene oxide, acrolein, dimethyl disulfide (DMDS),

furfural, fosthiazate and various combinations of alter-

native fumigants or alternative fumigants and herbicides.

Other promising areas of research on chemical alter-

natives to MeBr include fumigant application techniques

and equipment and barrier film systems to reduce

fumigant emissions, increase efficacy, and allow use of

lower application rates.

1,3-D

The fumigant 1,3-D has been used for many years on

numerous crops in USA and can be applied alone or

in various combinations with chloropicrin (Telone EC,

Telone II, Telone-C17, Telone-C35, InLine). Fumigants

containing 1,3-D generally are effective nematicides in

lighter soils but properties of the molecule limit distri-

bution in heavy, fine textured soils, particularly at greater

depths in the soil profile. Reported weed control with

1,3-D in the literature suggests that this compound can be

as effective as MeBr in some cases but is more variable

and sensitive to soil conditions. For example, 81–100%

control of purple nutsedge (Cyperus rotundus) was re-

ported with 1,3-D plus chloropicrin (Telone-C17 and

-C35) [16]; Telone-C35 was found to be as effective as
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MeBr in tomato (Lycopersicon esculentum) [17]; and it was

suggested that a combination of 1,3-D and chloropicrin

is a suitable replacement for MeBr in Florida eggplant

(Solanum melongena) and tomato production [18]. In

strawberry (Fragaria ananassa) production, good control

of annual bluegrass (Poa annua), common purslane

(Portulaca oleracea), pigweed (Amaranthus spp.) and

barnyardgrass (Echlinochloa crus-galli) but poor control of

horseweed (Conyza canadensis) was reported with Tel-

one-C35 [19]. Other reports demonstrate the variability

by suggesting that nutsedge (Cyperus sp.) control with

1,3-D plus chloropicrin is acceptable with drip applica-

tions but not broadcast [20]; acceptable with shank

applications but not drip [21]; or not acceptable with

either drip or shank applications [22]. Reports on control

of other weed species are less numerous than on nuts-

edges but also show some variability ranging from less

effective than MeBr [23] to equally effective in field trials

[24]. Even when pest control efficacy is adequate, the

adoption of 1,3-D as a replacement for MeBr may be

limited in some regions by regulatory issues related to

worker, bystander and environmental safety concerns

[14]. Buffer zone requirements and limitations on the

amount of 1,3-D used annually in local areas (township

caps) limit the use of 1,3-D in California (USA), especially

in high-value, small-acreage crops grown at the urban/

agricultural interface [25].

Chloropicrin

Chloropicrin has been used alone as an effective fungicide

since the early 1950s and is commonly applied in combi-

nation with 1,3-D and other fumigants including MeBr.

The addition of chloropicrin to other fumigants can

increase pest control spectrum, especially of fungal pests,

and can be applied at low rates to serve as a warning agent

for other toxic, but odourless, gases (i.e. MeBr : chloro-

picrin often is applied in a 98 : 2 ratio) [26]. At high enough

rates, chloropicrin has some weed control efficacy. For

example, it was reported that chloropicrin reduced the

viability of common purslane, common chickweed (Stell-

aria media L.), and knotweed (Polygonum spp.), but not

mallow (Malva spp.) or redstem filaree (Erodium cicutarium

L.), but was not consistently effective [27]. One report

found that at 400 kg/ha chloropicrin controlled purple

nutsedge with over 90% effectiveness [16]; however, at

low rates, chloropicrin appears to stimulate nutsedge

sprouting [28]. More commonly, reports in the literature

suggest that chloropicrin is better as a weed control

synergist rather than a stand-alone treatment [20, 27, 29].

MITC

MITC generators, such as Vapam, Kpam, and dazomet

among others, have long been used in agriculture for

control of soil pests. These products can be formulated as

either granular or liquid materials and, upon introduction

into a moist soil environment, undergo hydrolytic pro-

cesses that result in release of MITC. MITC generators

are not fumigants in the strictest sense because they tend

to move in the soil water rather than in the gas phase and

often do not require tarps to keep the material in the soil

[30]. One advantage of MITC generators over gaseous

fumigants is that less specialized application and safety

equipment is required and many growers are able to apply

the material on their own farms. Weed control with

MITC generators varies depending on cropping system

and weed populations. Muckenfuss [31] reported effective

control of weeds at 448 kg/ha in a forest tree nursery and

Haar et al. [27] reported acceptable control of purslane,

chickweed, and knotweed with either metam alone or

following chloropicrin. In strawberry, weed control with

MITC has been variable with reports of both accept-

able [24, 32] and poor [33] weed control compared

to MeBr or other alternative fumigants. For example,

acceptable and unacceptable control of nutsedges [16, 34]

and unacceptable nutsedge control with MITC generators

have been reported [35, 36]. In cut flower production,

metam combinations did not provide commercially

acceptable control of knotweed, annual bluegrass, or

Malva spp. [37], although sequential applications of metam

appear promising for broad spectrum pest control where

drip fumigation is feasible [24, 38]. MITC generators may

best be used as a component in a weed management

system rather than as a stand-alone MeBr replacement

because of both efficacy issues and potential for rapid

degradation of MITC after repeated use as a stand alone

product [39].

Iodomethane

Iodomethane (methyl iodide) is structurally similar to

MeBr and has very similar behaviour as a soil fumigant

[40]. This compound is not registered but has been tested

in many cropping systems and appears to be as effective as

MeBr on a molar basis across a range of soil conditions

and exposure times [26, 29, 41, 42]. Field and pot

trials generally demonstrate iodomethane efficacy similar

to MeBr on many weeds including: pigweed, purslane,

ryegrass (Lolium spp.), annual bluegrass, London rocket

(Sisymbrium irio L.), field bindweed (Convolvulus arvensis),

and lambsquarters (Chenopodium spp.) [40, 41, 43].

Nutsedges are problem weeds with most alternative

fumigants and iodomethane is no exception; both

acceptable yellow (Cyperus esculentus) and purple nutsedge

control [41] and intermediate purple nutsedge control

[21] has been reported. Iodomethane often has been

tested in combination with chloropicrin (Midas 50 : 50) in

drip applied situations and has shown good weed control

in strawberry production [44]. However, some studies

suggest inconsistent weed control with drip applied
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combinations of iodomethane and chloropicrin resulting

in acceptable and unacceptable weed control in two cut

flower trials [37, 45].

Propargyl Bromide

Propargyl bromide (3-bromopropyne) was used in the

1960s as a soil fumigant (in combination with MeBr and

chloropicrin), but was discontinued due to unstable

handling characteristics [46]. This material currently is

used in the synthesis of industrial and agrochemical

organic compounds [47]. Recent laboratory tests have

suggested that more stable formulations of propargyl

bromide may have potential as a MeBr alternative [48]

with dose-dependent effects on nematodes, fungi,

and some weeds; including barnyardgrass [49, 50]. The

efficacy of propargyl bromide is strongly influenced by

soil type, presumably as a result of rapid degradation

under high organic matter conditions [50]. On a molar

basis, propargyl bromide has been reported to be

more active than MeBr on yellow nutsedge [51]. Field

research has demonstrated efficacy on nematodes; how-

ever, data on weed control in field trials currently are

incomplete [26].

Sodium Azide

The largest current use of sodium azide is as the inflation-

triggering agent in automobile airbags due the com-

pound’s highly reactive nature [14]. Sodium azide was

registered in the USA as a soil fumigant in the 1970s but

was discontinued because of handling risks and wide-

spread adoption of MeBr [47]. Recent reports on the

weed control efficacy of sodium azide are variable.

Acceptable control of nutsedge in turfgrass establishment

at rates between 113 and 168 kg/ha [52] and nutsedge

control equal to MeBr in tomato [17] have been reported.

Others have reported unacceptable control of knotweed,

annual bluegrass, mallow and clovers (Melilotus spp.) in

nursery production [37] inadequate control of nutsedge,

crabgrass (Digitaria spp.), pigweed and morningglory

(Ipomoea spp.) in greenhouse experiments [53].

Propylene Oxide

Propylene oxide (1,2-propylene oxide) is an important

intermediate in the production of propylene glycol and

glycol ethers, as an industrial solvent, and in fumigation

chambers for the sterilization of packaged foods [47]. A

report on growth chamber research suggested good

control of morningglory and nutsedge with propylene

oxide [54]. However, field research trial results suggest

that soil fumigation with propylene oxide does not pro-

vide acceptable weed control as a stand-alone product

at the rates tested [17, 43]. It has been reported that

propylene oxide could provide effective control of

nutsedge if rates above 748 l/ha are used [55].

Acrolein

Acrolein is registered in the USA as an aquatic herbicide,

algaecide, and slimeacide [47] and has been tested as a

drench-applied alternative to MeBr [56]. Although a

substantial reduction in weed seed viability was reported

with acrolein [54], subsequent field trials showed that

acrolein alone did not provide effective weed control

[57]. It was found that drench-applied acrolein at 100

and 200 mg/kg soil reduced weed germination in green-

house experiments, but weed control was enhanced

when acrolein was combined with herbicides [58].

Recent field experiments in tomato suggest that

acceptable weed control may require 224 kg/ha [59] or

448 to 896 kg/ha [60] acrolein may be required for

effective weed control although no effect was observed

on yellow nutsedge.

DMDS

DMDS is an important reagent in various industrial and

petrochemical applications [47] and has been evaluated

as a potential MeBr replacement. A field research trial in

a flower nursery with drip-applied fumigants suggests

that weed control was not commercially acceptable with

473 kg/ha DMDS [37]. However, shank applications of

DMDS at 785 kg/ha in tomato and cut flower trials

demonstrated weed control similar to MeBr [59, 61].

Furfural

The nematacide furfural (2-fururaldehyde) has been

reported to have negative impacts on some weeds in

greenhouse trials at rates above 300 mg/kg soil, but that

rates of 100–200 mg/kg soil stimulated yellow nutsedge

[62]. In flower nursery trials, weed control with furfural

ranged from no control to slight control compared to the

untreated plots; however, no furfural treatments provided

commercially acceptable weed control [37, 45, 63]. Field

and microplot studies indicated that furfural did not

control nutsedges, but had limited activity against other

weeds at rates above 600 kg/ha [64].

Ethanedinitrile (EDN)

A preliminary report suggests that EDN may negatively

impact weeds when applied as a soil fumigant but

more research is needed in high weed pressure situ-

ations [43].
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Fosthiazate

Fosthiazate has been registered in the USA for nematode

control for tomato [26]. No reports of effective weed

control with fosthiazate are available.

Fumigant Combinations

Weed control may present the largest challenge of the

broad pest spectrum currently managed with PRE MeBr

fumigation. Several authors have suggested that a single

molecule replacement for all MeBr uses is unlikely in the

short-term [13, 14]. Combinations of the alternative

fumigants may provide broad-spectrum control compar-

able to MeBr in many situations; although more site-

specific research is required [23]. Sequential treatments

of alternative fumigants also may be applicable in many

situations to broaden the pest spectrum [24]; although

this strategy may not be feasible in all PRE situations

owing to high cost, limitation of application equipment or

techniques, and increased plantback requirements [34].

Fumigant Application Technology

Fumigant application techniques and technology have been

developed and refined for over 50 years for use with

MeBr; however, materials with vastly different chemical

properties may need substantial changes for greatest

efficacy. While not very well covered in the weed control

literature, development and refinement of fumigant

application technology likely can contribute to increases in

pest control efficacy with MeBr alternatives. Field pre-

paration prior to fumigation often includes intense tillage

and drying of the soil to facilitate the dispersion and

efficacy of MeBr; however, higher soil moisture content

may be required for best gas diffusion and weed seed

sensitivity for other fumigants. A study in California

showed that a combination of pre-irrigation, HDPE and

Telone C35 resulted in good weed control and also

reduced populations of generally difficult to control

species such as Malva [65]. Pre-irrigation and high soil

moisture content during fumigation may explain the

success and adoption of drip fumigation by some fruit

growers. For example, applying fumigants through drip

irrigation systems in strawberry allowed for effective pest

control and sequential application of alternative fumigants

compared to shank applications [24, 66].

Advances in application equipment such as new shovel,

shank, or coulter designs for broadcast applicators are

increasing efficacy and precision of fumigant applications

[61]. When combinations of 1,3-D and chloropicrin are

broadcast applied in California, shank spacing is usually

reduced and the material injected deeper into the soil

profile compared to MeBr applications in order to

facilitate gas distribution. Similarly, precision application

techniques to treat only portions of fields [67] and

new techniques such as ‘pulsed’ applicators [68] may

eventually increase application accuracy and potentially

allow reduced application rates. Advances in application

technology for alternative fumigants likely will contribute

greatly to weed control in the absence of MeBr.

Barrier Film Technology

Although somewhat out of the scope of this review, much

recent MeBr alternatives research has included compar-

isons of conventional plastic tarps to emerging techno-

logies. High-density polyethylene (HDPE) and low-density

polyethylene (LDPE) tarps have been the standard

technology for MeBr applications; however, new films

with reduced permeability to MeBr and several alternative

fumigants are under development and field testing. Some

of the newer materials have been demonstrated to greatly

reduce emissions of MeBr, 1,3-D, and chloropicrin to the

atmosphere [69, 70]. Reductions in atmospheric emis-

sions provide greater environmental and human safety

and may greatly alter the weed control efficacy of alter-

native fumigants. Because most weeds germinate from

relatively near the soil surface, barrier films that maintain

toxic fumigant concentrations at or near the soil for a

longer period of time may increase weed control efficacy

with a given amount of fumigant [66]. For example, it was

reported that nutsedge control was better with reduced

MeBr rates under virtually impenetrable film (VIF) or

metalized film compared to full rates of MeBr under

HDPE film [71, 72]. It was found that the GR50 values for

yellow nutsedge and knotweed were lower with MeBr

under VIF than HDPE film [73]. Emerging barrier film

technology is an exciting area of research and may

present a means to increase weed control efficacy with

alternative fumigants while minimizing negative environ-

mental impacts.

Herbicides

Applications of PRE or post-emergence (POST) herbi-

cides in addition to PRE soil fumigation is already an

important part of weed management in many cropping

systems dependent upon MeBr fumigation. However,

herbicide choices are limited in many of the crops

currently reliant on PRE soil fumigation. Many of the

fumigation-dependent industries in the USA are small

acreage crops and have had less herbicide development

and registration compared to large acreage crops.

Further, some sectors such as cut flower and ornamental

nurseries, may consist of hundreds of crop species and

thousands of cultivars grown on small plots and in

short rotations, which greatly complicates crop safety and

plantback requirements with herbicides [13]. Although

reviewing herbicidal efficacy and phytotoxicity in specific
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crops is beyond the scope of this paper, herbicides are

likely to become a more important component in weed

management as more MeBr alternative fumigants are

adopted in high value agricultural sectors.

Non-chemical Alternatives

Solarization

Soil solarization is a ‘hydrothermal soil-disinfestation

process that utilizes clear plastic mulch to trap solar

radiation in moist soils’ [74]. The process was first

described by Katan et al. [75] and it involves laying a clear

plastic film (0.03 to 0.15 mm thick) on a well-prepared soil

surface [76]. The film allows solar radiation to pass

through, but does not allow the heat accumulated below

to escape. The trapped heat thus increases soil tem-

perature to levels that are often lethal to weed seed and

seedlings, nematodes, soil-borne insects and pathogens

[77–79]. In addition to weed and pest control, solarization

also facilitates release of nutrients (e.g. NO3, Ca++, Mg++)

from soil organic matter, making them available for crop

growth [80]. Solarization has been successfully tested as a

MeBr alternative in a wide variety of cropping systems,

for example, tomatoes [81], pepper (Capsicum sp.) [82],

cotton (Gossypium sp.) [83], pistachio (Pistacia vera) [84],

strawberry [74] and containerized nursery stock [85].

The success of soil solarization on weed control,

however, seems to depend on several factors such as:

intensity of solar radiation, daylength, duration of expo-

sure, weed species, the type of plastic used, soil moisture

content, and the depth of the seed in the soil profile [80].

Soil solarization generally seems to provide better control

of annual than perennial weeds. For example, annual

weeds such as annual bluegrass, pineappleweed (Matricaria

matricaroides L.), shepherd’s purse (Capsella bursa-pastoris

L.) and wild geranium (Geranium oreganum Howell) were

effectively controlled by soil solarization with a clear

plastic in Oregon [86]. Similarly, good control of common

chickweed, crabgrass, spotted spurge (Euphorbia maculate)

and yellow blossom sweet clover (Melilotus officinalis)

was also obtained by soil solarization in California [74].

However, weeds such as Conyza sp., Malva sp., field

bindweed and purple nutsedge were unaffected by solar-

ization [76, 87].

Depth of weed seeds in the soil profile also limits the

success of solarization in killing weed seeds [76]. Solar-

ization generally does not kill weed seeds buried deeper

in the soil profile and dormant weed seeds [76, 88, 89].

A study in Oregon showed that best control of annual

bluegrass seeds were obtained when they were located in

the top 5 cm of the soil whereas, solarization had no effect

on seeds buried deeper than 5 cm in the soil [90]. How-

ever, it was reported that weed seed depth and seed-kill

by solarization depended upon the species of weed as

seeds of heat-sensitive weeds could be killed at deeper

soil layers compared to seeds of heat-tolerant weeds [89].

Species such as Conyza and Malva are relatively more

tolerant to heat than other species and thus are less

affected by soil solarization [76]. It has also been reported

that soil disturbance after solarization can reduce the level

of weed control [91].

Soil solarization has been reported to be less effective

in controlling perennial weeds and sedges. For example, in

Florida, solarization provided poor control of bermuda-

grass (Cynodon dactylon L.), a perennial grass [92]. In

California no control of yellow nutsedge was obtained

with solarization [74]. Similarly, purple nutsedge could not

be controlled with solarization in either Mississippi [77] or

Ghana [93]. In fact, an enhancement in purple nutsedge

emergence was observed after solarization [77]. It was

reported that a temperature in excess of 50�C was

required to kill yellow and purple nutsedge tubers [94].

Poor control of other perennial weeds, such as field

bindweed and Johnsongrass (Sorghum halepense), has

also been reported [88]. Among parasitic weeds, soil

solarization has been reported to effectively control

broomrapes (Orobanche spp.) [95, 96].

The type of plastic used for soil solarization also affects

weed control. Generally, transparent or clear plastic

provides better weed control than other colours [97, 98].

More rapid seed mortality was observed under a clear

plastic than with black plastic mulch, apparently because of

better heat transfer and retention [85, 97]. Further,

recycled or old plastics have been reported to be more

effective than new plastics in heating the soil [83].

Soil moisture has a major influence on the success of

solarization on weed control. Solarization of wet soils

generally provides better weed control than dry soils

[80]. As mentioned earlier, solarization is a hydrothermal

process and requires moisture for maximum heat trans-

fer. Solarization after irrigation provided better weed

control than solarization of dry soil [76]. It has been

suggested that the cellular activities of weed seeds

are favoured by soil moisture, thus making them more

vulnerable to the high soil temperatures during soil

solarization [99].

Cover Crops

A cover crop has been defined as any living ground cover

that is planted into or after a main crop and killed before

the next crop is planted [100]. This definition is generally

applicable to annual cropping systems. MeBr fumigation

kills many weed seeds and vegetative propagules which

can result in low weed pressure well into a growing

season; therefore, it is desirable that an alternative to

MeBr also provide season long weed control in annual and

perennial cropping systems. As an alternative to MeBr,

cover crops are generally planted and killed before crop

planting in these cropping systems. In perennial cropping

systems, cover crops are planted between the crop rows
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or in-row to manage resident vegetation because they can

replace an unmanageable weed population with manage-

able vegetation [101].

Cover crops also suppress other pests in addition to

weeds. For example, cover crops such as cowpea

(Vigna unguiculata), velvetbean (Mucuna deeringiana), and

sunhemp (Crotolaria juncea) planted prior to tomato

cultivation suppressed nematodes, soil-borne fungi, and

weeds [102]. Brassica cover crops have been known to

delay weed seedling emergence and weed establishment

[103, 104]. Similarly, other cover crops such as hairy

vetch (Vicia villosa), rye (Secale cereale) [105], and cowpea

[51] reduced the density and biomass of several weed

species prior to crop planting. However, cover crops have

not been consistent in controlling weeds. The success

of the cover crop in reducing weed emergence and

growth are influenced by the species used, environmental

conditions, emergence rate, and biomass accumulation

[106]. In some cases, because of added costs, inclusion of

cover crops in the cropping system has not been eco-

nomically acceptable. For example, it was reported that

due to additional cost of seeds, planting, and desiccation,

net return for cover crops was negative and lower than a

no-cover crop-based production system [107].

In perennial cropping systems, both in- and between-

row cover crop systems have been explored. Each

planting system has been reported to have some pros and

cons. Cover crops such as rye, wheat (Triticum aestivum

L.), oat (Avena sativa L.), and hairy vetch planted in the row

of first-year vineyards provided up to 95% reduction in

weed biomass. However, the first-year vine growth was

reduced by up to 77% by competition from the cover

crops [108]. Similarly, cover crops such as hairy vetch,

common vetch (Vicia sativa ‘Cahaba White’), arrowleaf

clover (Trifolium vesiculosum Savi ‘Yuchi’), crimson clover

(Trifolium incarnatum ‘Tibbee’), and red clover (Trifolium

pratense ‘Redland II’) reduced young pecan (Carya illinoin-

ensis) tree growth by about 50% [109] and also reduced

peach (Prunus sp.) fruit yield [110]. Reports also exist of

cover crops within the tree row restricting the growth

and marketable yield of apples (Malus sp.) [111].

Between-row cover crops can suppress weeds effec-

tively. However, the cover crops themselves can become

serious weeds if improperly selected or managed. For

example, cereal rye can produce a huge amount of

biomass and can hinder regular orchard management

operations such as mowing and disking between the tree

rows. Some species such as perennial clovers can also

attract and harbour gopher populations [101]. In some

perennial fruit nurseries in California, a small grain cover

crop is often planted and harvested prior to field pre-

paration and fumigation. Mature seeds of these cover

crops can emerge in large numbers and become volunteer

weeds during the growing season of the nurseries [112].

Although cover crops can effectively compete with

weeds, they may also directly compete with the main crop

for limited resources. Therefore, species selection and

proper management is important while using cover crops

in perennial cropping systems.

Biofumigation

Biofumigation is the process of using chemicals released

from decomposing green manure tissues to suppress soil-

borne pests and pathogens [113]. Plants such as rapeseed

or canola (Brassica napus), broccoli (Brassica oleracea var.

botrytis), cabbage (B. oleracea var. capitata) and mustard

(Brassica juncea), in the Brassica family, contain compounds

known as glucosinolates in their roots and shoots. These

compounds are allelochemicals biosynthetically derived

from amino acids [114] and can be toxic to soil fungi,

nematodes and seeds of several weed species [115–117].

Plants of Allium spp. such as onion (Allium cepa) and garlic

(Allium sativa) have also been used as biofumigants to

successfully suppress emergence of some weed species

such as London rocket, barnyardgrass, and common

purslane [118]. It has been suggested that a high gluco-

sinolate-containing variety of rapeseed or mustard may

improve the suppression of soil-borne pests [119].

Further, focus should be on developing methods to

increase cell disruption so that glucosinolate hydrolysis

and isothiocyanate release is maximized.

Biofumigation when combined with solarization has

been reported to enhance the control of soil-borne pests

[85, 120]. Similar control of nematode and weeds as

MeBr was reported when biofumigation was combined

with solarization [121]. Although survival of some weed

species such as redroot pigweed (Amaranthus retroflexus),

annual bluegrass, and little mallow (Malva parviflora) was

reduced by high (8 Mg/ha) rates of broccoli residues,

Brassica amendments have not always provided consistent

weed control [122]. Animal manures have also been used

as biofumigants. Biofumigation with hen and horse manure

in combination with solarization provided control of some

weed species such as annual bluegrass, common purslane

and ryegrass. Hen manure was more effective than

horse manure and also controlled species such as com-

mon lambsquarters (Chenopodium album), little mallow,

redroot pigweed, Medicago sp., and barnyardgrass [123].

A very thorough review of biofumigation techniques,

successes, and challenges was recently published [124].

To date, biofumigation has been more successful in

the management of pathogens and soil micro-organisms

compared to weed control. However, biofumigation as

part of an integrated pest management strategy may prove

useful to growers and should be considered in appro-

priate situations.

Bioherbicides

Bioherbicides are biological control agents applied in

a manner similar to chemical herbicides. The active
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ingredient of a bioherbicide is usually derived from

fungal organisms [125]. Although bioherbicides such as

Collego1 and Devine1 were first commercialized in the

early 1980s, very few bioherbicides have subsequently

been released. Bioherbicides are most likely to become

important weed management agents in the future with

genetic or cultural improvements and thoughtful integr-

ation in cropping systems [126]. Nevertheless, bioherbi-

cides have been tested with limited success as an

alternative to MeBr for weed control with a major focus

on nutsedges [127]. For example, the fungus Dactylaria

higginsii significantly reduced the shoot and tuber dry

weight of purple nutsedge under greenhouse [128] and

field conditions [129]. In an extensive review of bio-

herbicides, it was concluded that the current status

of bioherbicide research was not promising enough to

significantly change weed management systems in agro-

nomic or horticultural crops unless the performance of

bioherbicides were reliably enhanced [126].

Other Non-chemical Options

There are several other non-chemical options available

for weed control such as mechanical cultivation, flaming,

hot water, steam, essential oils, corn gluten meal, and

coloured mulches etc. [130–132]. Plastic mulches of

several colours were tested as an alternative to MeBr in

strawberry fields. It was found that green and brown

plastic mulches provided the best combination of soil

warming and weed control. Weed control with clear,

blue, and red-brown laminated plastic mulch was poor

[132]. There is very little published literature available on

above-mentioned other non-chemical methods being

tested specifically as an alternative to MeBr. There is one

report that found that corn gluten meal applied at a rate

of 400 kg/ha provided some control of annual bluegrass

but no control of other weeds such as shepherd’s

purse, cornspurry (Spergula arvensis) and clovers when

it was tested as a MeBr alternative in strawberry in

California [133].

Shifts in Weed Species

Shifts in weed species are the changes in the species

composition of weeds in a community. Such shifts occur in

response to changes in management systems, for example,

change in tillage practices or type of herbicide. When a

management practice does not control a particular

species or type of plant, the weed community in that field

eventually will be dominated by those uncontrolled

species. Often, the species composition may shift towards

more difficult to control weeds, for example, perennials.

As mentioned above in different sections, several studies

have shown that certain weed species are controlled

better than the others. However, no studies have

reported weed species shifts with discontinuation of

MeBr or use of alternative fumigants. Because MeBr has

provided very effective control of weeds and other soil-

borne pests for many years, pest populations in many

fields have been continually suppressed. While alternative

fumigants and control methods may provide acceptable

control of weeds in the short-term, long-term monitoring

is needed to determine if weed species shifts and popu-

lation increases are occurring.

Opportunities for Integrated Weed

Management (IWM)

As in any cropping system, the principles of IWM also

apply to cropping systems that have been reliant on MeBr

for weed control. IWM advocates the use of ‘many little

hammers’ [134]. The process begins with site selection as

it is important to select sites that do not have heavy weed

(especially perennial weeds) infestations. Cultivation prior

to planting and during the crop season can provide

effective weed control. In fact, many cropping systems

include between row and in-row cultivation as an IWM

strategy. Crop rotation, mulching, cover crops are all

components of IWM. In arid and semi-arid areas, pre-

irrigation and sub-surface drip irrigation can also be used

as IWM tools. For example, weed seeds can be allowed to

germinate by pre-irrigating the fields before crop planting

and then controlling emerged weeds mechanically or

chemically or by flaming [135]. Similarly, weed emergence

between the beds was reduced by more than 90% by the

use of sub-surface drip irrigation in a raised bed tomato

culture in California [136]. Other non-chemical techni-

ques discussed earlier can be included as components

of IWM.

Conclusions

No single alternative chemical or management practice

appears to have the same broad-spectrum efficacy and

consistency on the necessary weed, nematode and disease

targets as MeBr. Because many alternative fumigants are

more target-specific than MeBr and weeds are often the

most difficult target, weed control in many high-value

fruit, vegetable, and ornamental crops will become an

even greater challenge in the absence of MeBr. Weed

management requirements may differ greatly across

regions and countries due to environmental and soil

factors, weed species present, and specific crops and

cropping systems used; thus development of a single

alternative to MeBr is unlikely. Rather, development of an

integrated pest management system tailored to specific

crops and regions will be necessary to reduce incon-

sistency and market instability with any single approach.

Such an integrated approach likely will include both

chemical and non-chemical techniques and may require
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increasingly sophisticated management of soil, crop,

and environmental components of the agro-ecosystem.

Because of the disease and nematode pests concerns in

many MeBr-dependent industries, pest management likely

will continue to include fumigation in the near future.

Short-term weed control research efforts should include,

increasing the efficacy of alternative fumigants through

advanced application techniques and barrier film tech-

nology and rate refinement of MeBr alternatives. Herbi-

cidal and cultural weed control practices should be

integrated with the goal of reducing weed populations and

weed seed bank in production fields and nearby areas.

Long-term success in weed control will require an inte-

grated approach because there is not likely to be a single

strategy to replace MeBr and fumigation will be subject to

increasingly stringent environmental regulations.
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