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Plaut Protection and Physical Control Methods
The Need to Protect Crop Plants

Bernard PANNHTON, Charles VINCENT and Francis FLEURAT-LESSARD

l Introduction

Plants, likę ai! l iving organisms, are preyed upon by various parasites of plant or
animal origin, which ekher directly attack their tissues (iungi, insects, etc.) or com-
pete with them for resources (air, water, nutrients in tlie soil, etc.). For practical aš
well aš economic reasons, crop production has evolved toward monocultures of
species grown on relatively extensive surface areas. This has simplified ecosys-
tems, often eroding thc inherent complexity of the natūrai environment. Since pešt
populations tend to expand under such circumstances, this situation has magnified
the risk of serious repercussions on crop plant species (Metcalf and Luckmann
1994;Chap. 2).
The direct cause of the Irish potalo famine in the mid-19th century was an uncon-
Irolled infestation of potato fields by the pathogenic fungus Phytophthora infestans
(Mont.) de Bary. Occasionally, insect damage iš so severe that the harvest iš com-
pletely spoiled (Matthews 1992) and competition between cultivated plants and
weeds results in major yield losses ranging from 24 to 99% (Lacey 1985). On a
worldwide basis, preharvest losses amount to roughly 20 to 40%, whereas post-
harvest losses (stoied food products) account for H) to 20% of the totai (Riba and
Silvy 1989).
In vicw of the need to rnake a profit by producing h igh yields of q u a l i l y p l a n t pro-
ducts, combined with the trend toward regionai specialisalion in crop cultivation,
crop protection iš a crucial activity in agriculture and forestry. Tremendous prog-
ress has been made in crop pešt management during the 20th century, thanks to
scientific and technological breakthroughs, notably in chemistry (analytical and
synthetic) and in biology (population dynamics, ecosystem analysis, biological
control theory and practice, and biotechnology).
The rapid demographic growth which has characterised the finai part of the second
mil lennium has raised concern about polential food security problems. It has been
predicted that the world population, estimated at 5.7 bi l l ion in 1995, wi l l stabilise
between 7.9 and 11.9 bi l l ion around 2050. Rapid population growth iš the main
factor determining world demand for food (FAO 1996) and will necessitate increa-
singly more effective methods of crop protection. Urbanisation and soil erosion
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have exacerbated the problem by reducing the amount of arahle land availahle for
cultivation (Fig. 1). The factors govcrning ihe balance between agri-food supply
and food dcmand are both numerous and complex. Therefore, there are many pos-
sible avenues of intervention for establishing and maintaining a balance between
supply and demand. However, a consensus exists at present that "increasing the
efficiency of agricultural and food production iš the key to ensuring an adeguate
food supply.,. Miainme.nl offood security reąuires sustained action... Such action
shouldbe aimedat... the development ofenvironmentally sound new technologies"
(UN 1996).
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0.1
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1970

1990
2050
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Fig. 1. Reduction in arable land per capita (After Novartis 1997).

2 Crop Protection

Crop protection can be classified according to five approaches (Fig. 2). A majority of
agricullural commodities are protected using systems relying primarily on chemical
control. Hurnan factors come into play when efforts are directed at either curbing or
promoting the ūse of chemicals. For example, owing to the stringent requirements
associated with marketing standards, particularly those imposed on the cosmetic
appearance of agricultural products (without considering the objective nutritional qua-
lities of those products), producers are compelled to employ efficient control measu-
res against harmful organisms. In the present context, this essentially means using
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chcmical pesticides. On Ihc olher hand, cxacting, and somelimes subjcctivc, food safc-
ty standards curb the ūse of chemical pesticides. In such a context, biological control
and biopesticides represent tools that can facililate the implenicnuilion of pešt niana-
gement programs, providing a more acceptable balance between the critical need to
protect crops and the need to address ecotoxicological concerns. For the šame reason,
crop protection based on the application of physical control methods during produc-
tion or storage iš gaining in popularity. Indeed, most physical control techniques have
no deleterious environmental effects and they are generally limited to the site of treat-
ment and the period during which it iš applied. Furthermore, physical control methods
bring no chemical or biological substances into play and therefore do not leave unde-
sirable residues on food commodities intended for human or anirnal consumption.

Crop Protection Approaches

Chemical control Physical control
Herbicides (atrazine, paraqual...) Mechanical (cullivation, batriers...)

nseclicibes (organophosphates, carbamales...) Pneumatic (vacuuming, blowing}
Fungicidas (benomyl, mancozeb...) Electromagnetic {microwaves, electricily,...)

Acaricides (dicolol, cyhexalin...) Heat (high and low temperalures)

Biopesticides
Plant extracts (azadirachtin)

Pathogenic baclefia and viruses
Nematodes

~~~+r^ ~^
[^ TARGET

' t

-*-—-"•

V
Biological control

Pa rasite s, predators
Resislant planls

Transgenic planls (GMO)

Human factors
Expertise

LawS, regulations
Ouality standards

Ouaranline
Food security
Food safety

Consumer perceptions

Fig. 2. Five approaches to crop prolection.

3 Ūse of Pesticides

When synthetic pesticides first appeared on the market about 50 years ago, many
people imagined that crop enemies vvould be completely eliminated (Metcalf
1980). That iš clearly not the case. However, the increase in the ąuantity and qua-
lity of agricultural food products has certainly been aided by pesticide ūse, and
usually, producers who have easy access to synthetic pesticides do not have to cope
with devastating infestations (Hislop 1993).
According to Metcalf (1994), the advantages of chemical pesticides can be sum-
med up by the folknving qual i t ies : convenience, ease of ūse, effectiveness, flexibi-
lity and reasonable economic cost. In the case of insecticides, for example, the
benefits can be summarised aš follows:
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1. Insecticidcs reprcscnt the unly effcctive control mcasurc whcn pešt populalions
in crops approach the economic threshold. In such a case, action mušt be taken
wilhout dclay, and the control tactic employed mušt havc an imnicdialc cffcct to
ensure that the threshold iš not exceeded.
2. Insecticides have a rapid, curative action and are likely to stop the dynarnics of
a pešt population within a few days, even a few hours.
3. Synthetic organic insecticides belong to different categories of chemicals and
feature various modes of action and methods of application; hence, collectively
they cover a remarkable diversity of situations in which plants are attacked by pešt
species.
4. The cost-benefit ratios for insecticide treatments are generally favourable if the
product involved iš suited to field crops. Indeed, insecticides for field crops are
manufactured in large ąuantit ics for ūse around the world, and so can be obtained
at a low cost. Nonetheless, the costs are rising because of the need to continually
synthcsize ncw, more complex chemical compounds and to conduct in-depth
research on their toxicology for registration purposes. This has resulted in an expo-
ncntial increase in research and development expenses.
The markei trend toward developing formulations that can be applied in Iiquid
form has permitted unifonnity in methods of application. Today, in most agricul-
tural operations, sprayers are the only equipment needed for most crop protection
treatments. This standardisation has brought about a reduction in machinery costs
and simplified the task of \vorkers who carry out treatments.

3.1 The Pesticide Markei

In 1996, the world pesticide markei expanded for a third year in a row. The British
Agrochemical Association (BAA) estimated 1996 growth at 3.6%, which would
make the world markct for pcsticides worth about FF 185 bil l ion (US$31.25
bi l l ion) (Anonymous 1997). According to the BAA, the breakdown of totai sales in
the different regions of the vrorld was aš follows: 30.6% in North America, 26% in
Western Europe, 22.5% in East Asia and 11.9% in South America. The growth in
pesticide ūse can be cxplained largely by the incrcascd acrcagc o f crops to which
large quantities of pesticides are applied. In 1996, herbicides accountcd for 48% of
the world market, compared to 28% for insecticides and 19% for fungicides
(Anonymous 1997). Despite the problems that have arisen in relation to pesticide
ūse, the market has grown steadily since 1960 (Fig. 3). The market for herbicides
has grown the most. Aš we will see, physical methods hold considerable promise
for controlling weeds and thus for reducing pesticide ūse, in furtherance of the
objectives established by many countries and agencies, such aš the European
Commission, which are seeking to decrease the inputs used in field crop produc-
tion.
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Fig. 3. Trends in the world pesticide market (Data from Matthews 1992 and Anonymous
1997).

Some factors make it more difficult to interpret the statistics on pesticide ūse. In
the United States, for example, cropping techniques based on minimum tillage are
being applied increasingly. Aš a rule, these methods boost herbicide requirements
(Anonymous 1997). The BAA believes that pesticide sales wi l l rišę in the United
States aš more and more herbicide-resistant plant varieties are derived through
genetic engineering. However, some genetically modified varieties may lead to a
reduction in pesticide ūse (e.g. transgenic tomatoes that synthesise the Bacillus
thuringiensis Beri. toxin). In the United States, the Freedom to Farm Act should
boost the totai acreage devoted to cereals, which could result in higher pesticide
ūse (Anonymous 1997). In the European Economic Community (EEC), the rate of
pesticide application dropped from 4.2 to 3.3 kg.ha-1 between 1991 and 1995. In
Svveden, critics ha ve attributed this deciine to improved application technicĮiie.s anti
the introduction of new pesticides applied at lower doses (Anonymous-b 1997).
From a quantitative standpoint, the pesticide market appears to be buoyant and th i s
iš reflected in the substantial sales volume along with recent developments likę
those mentioned above, which should promote further expansion of their ūse.
However, from an operational standpoint, resistance problems and serious secon-
dary efl'ects, including pollution, reduced food safety and poisonings (Table 1),
together with consumers' unfavourable perceptions, are constraining pesticide ūse.
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Table 1. Disadvantages of pesticide ūse.

1 Pesticide resistance
Decline in the useful life of a pesticide
Increased cost of pesticides associated with managing resistance
Ongoing monitoring of the level of resistance

2 Resurgence and outbreaks of secondary pests
3 Harmful effects on non-target orgamsms (lack of "ecological selectivity")

Natūrai enemies
Bees and other pollinators
Wildlife

4 Hazards of pesticide residues
Chronic intoxication of beneficial species
Alteration in the reproductive potential of pests
Alteration in the biotopes of natūrai enemies of pests
Human exposure to residues
Food safety problems

5 Hazards directly associated with pesticide ūse
Occupational illnesses in \vorkers
Pesticide drift during application

600-

500-

400-

300 -

Number of insecticide-reslstanl
insect species

-D- DDT
_a_ Cyclodienes
_^_ Organophosphatea

Garbaniai o s
^ Pyrelhrolds

_0- TOTAU

200 -

100-

1940 1950 1960 1970 1980 1990

Year

Fig. 4. Time history of the number of insecticide-resistanl insect species in the world
(Aftcr Mclcalf and Luckmann 1994).
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3.2 Resistance

Pesticide resistancc involvcs inseclicides, herbicidcs and fungicides (See Box 1).
This phenomenon iš not recent; insecticide resistance was first reported in 1914
(Metcalf and Luckmann 1994). Fungicide resistance lias been of concern since
modern fungicides came onto the market (Urech 1994). In the case of herbicides,
a few cases of resistance had already been reported before the discovery in 1968
that Senecio vulgaris L. was resistant to triazines {Heap 1997).
Tlie sharp rates of increase in the numbcr of insect species (Fig. 4) or weed species
that have become resistant to pesticides paint a telling picture. Since the 1970s,
these rates have been fairly steady, despite avvareness of the phenomenon of resis-

Box 1. Pesticide Resistance

It iš important to distinguish between tolerance and resistance in indivi-
duals. Whereas tolerance occurs naturally, resistance iš induced. Pesticide
rcsislance results from the selection of individuals that are gcnetically pre-
disposed to survive a pesticide. Cross-resistance iš the phenomenon where-
by a resistance mcchanism for one pesticide provides resistance to a diffe-
rent pesticide having a different mode of action. In multiple resistance,
several mechanisms simultaneously operate to produce resistance to a spe-
cific pesticide. The mechanisms involved may include:
• Behavioural resistance, which consists in avoidance of certain chemicals.

• Physiological changes, such aš seųuestration (accumulation of toxic sub-
stances in certain tissues), reduced cuticular permeability or accelerated
excretion.
• Biochemical detoxication (called mclabolic resistance), often mediated
by en/.ymes such aš esterases and mixed-function oxidases.
• Dccrcascd scnsitivity to the pesticide at Ihc sitc that it normaily targcts
(called largel šile resistance).

Resistancc may be mono-, oligo- or polygenic. Although resistance iš rever-
sible, the rate of regression lo wild levels of susceptibility depends on the
mechanism involved and the degree of seleclion pressure. Resistance mana-
gemcnt programs are based on determining the mechanism(s) of resistance,
monitoring resistance levels, imp lementi n g control methods whose mode of
action differs from that of pesticides and creating refuges that will attract
wild (and therefore susceptible) populations which wi l l dilute the genome
of the resislant populations.

More than 550 species of insect pests have acquired some form of resistan-
ce to chemical insecticides. Natūrai enemies (parasites or predators) are
often more susceptible to insecticides than are insect pests, and Croft
(1990) rcports that only 30 species have developed resistance of some type.



16

tance and efforts to impiement stratcgies to chcck the development of resistant
populations. Between 1980 and 1990, the average rate of increase in resistance was
scven msect species per year (Fig. 4) and ten weed biotypes per year (Heap 1997).
Today, it iš clear that resistance can arise in response to any type of pešt control
product. The occurrence of cases of cross-resistance to active ingredients that act
on different physiological target sites, fortunately a rare occurrence, iš nonetheless
a factor which aggravates the risk of failure. This limits the possibilities for pro-
longed ūse of new active ingredients designed for crop protection purposes (Urech
1997). Conseąuently, prolonged ūse can no longer be envisaged outside integrated
pešt managenient programs designed to prevent the development of resistance.
Physical control methods need to be developed and integrated to enhance such pro-
grams, which cannot at any rate be based solely on pesticide ūse.

3.3 Secondary Effects

The secondary effects of pesticide ūse are numerous: impacts on the health of
humans, flora and fauna and contamination of water, soil and air. Pimentel et ai.
(1997a) report that, based on official statistics from the World Health Organi/,ation
(WHO), 3 million poisonings and 220 000 deaths occur around the world annual-
ly from the ūse of pesticides. Back in 1969, Simmons (aš cited in Bouguerra 1986)
estimated that there were 150 000 poisonings and 150 fatalities annually in the
United States due to insecticides. Although the corresponding figures are slightly
lower nowadays, the most reliable estimates cover only industrialized countries.
Elsevvhere in the world, fatal accidents are probably a more common occurrence.
In France, more than 8500 cases of poisoning by pešt control products were recor-
dedin 1991 (Harry, 1993).

Table 2. Sočiai and environmental costs of pesticide ūse in the United States (Adaptecl
from Pimentel et ai. 1992).

Inipact Rclativc cosl {%)
(Totai cost: US$8 123 000 000 year1)

(Totai cost: FF 48.7 billion)
Wild birds 25.8
Groundwater contamination 22.2
Costs associated with pesticide resistance 17.2
Crop yield losses 11.6
Public health 9.7
Decrease in natūrai enemies 6.4
Honeybees and effect on pollination 3.9
Government oversight (e.g. regulatory framework) 2.5
Other <1



17

liconomie indiculors, cotnpilcd by Pi inculcl et ui. (1992), are useful for compuring
the magnitude of the diffei ent secondary effects (Table 2). Environmental costs are
prcdominanl, while cosls with a dircct impact on agricultural production uecount
for 39.1% of the totai (e.g. resistance, crop losses, decrease in natūrai enemies and
pollination). The public health costs make up nearly 10% of the totai.
Although economic indicators are inherently flawed (what cost can be assigned to
the acute poisoning of an agricultural worker?), they make it possible to reevalua-
te the cost-effecūveness of employing pesticides. In the United States, $4 billion
(24 bil l ion FF) worth of pesticides iš used in producing $16 billion (FF96 billion)
worth of agricultural products. While this outcome may appear very cost-effective,
when sočiai and environmental costs are factored into the picture, the profit mar-
gin decreases considerably (Pimentel etai. 1992).
In recent decades, the attention devoted to the secondary effects of pesticides has
prol'oundly modified perceptions of these chemicals. Once hailed aš miracle pro-
ducts, pesticides have come to be viewed by some people aš hazards that should be
banned outright or, at best, aš a necessary evil. The pesticides industry has sought
to modify this perception by disseminating Information that puls the secondary
effects into perspective. Forexample, ithasbeenclaimed that a glass of applejuice
made from fruit treated with Alar poses a risk 58 times lower than the carcinoge-
nic substances found in a single edible mushroom (http://www.cropro.org/histo-
ry.html ; December 1997). The industry has also responded by developing new
products that meet the increasingly stringent standards designed to protect public
health and the environment, These more exacting ecotoxicological criteria have
driven up the development costs of new pešt control products. For new chemical
compounds undergoing registration, the cost of environmental impact studies tri-
pled between 1982 and 1992 (Silvy 1992). Aš a result of the growing costs, few
new pesticides will be registered forcrops grown on relatively small surface areas
because Ihe world market iš too small, nor will registration be sought where the
higher profit associated with pesticide ūse does not o H sėt the cost of the product
concerned. For the crops involved, physical control techniųues rnight represent a
promising altcrnalive in the near f u ture.

3,4 Rational Pesticide Ūse

In all situations necessitating the ūse of pesticides, efforts mušt be made to mini-
mise secondary effects through the wise application of chemical control, a goal
which entails augmenting selectivity. In fact, lack of selectivity iš the most serious
drawback of broad spectrum pesticides. Selectivity can, however, be achieved in
several ways (Metcalf 1994).
1. Physiological selectivity. Certain molecular structures augment pesticide speci-
ficity and reduce the toxicity of residues. For example, insect growth regulators, a
class of natūrai chemicals which disrupt insect developmental patiems or cuticle
synthesis, are h ighly effective against arthropods and non-toxic to mamnials.
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2. Ecological selectivity. Knowledge of a given pcst's behaviour and dispcrsal and
its areas of aggregation can be used to more effectively time applications so aš to
protect beneficial species and reduce the quantities of pesticide applied. Localized
application of herbicidas iš based on the šame rationale. This type of approach iš
viewed aš highly promising, considering the possibilities offered by the globai
positioning system (GPS).
3. Selecūvity through improved application. Reduced-dosage programs have been
put in place over the past 10 years. This approach centres on using chemicals that
degrade quickly (non-persistent) and applying them at the most appropriate time of
day. Selectivity can also be achieved by adapting the formulation (granular appli-
cations at planting and micro-encapsulation) and choosing pesticides with the most
appropriate mode of action (systemic or contact type). Thanks to technological
improvements in spraying equipment (e.g. air-assistance, speciali/.ed nozzles, elec-
trostatics), operators now have a range of options to choose from in carrying out
various treatments.
4. tiehavioural selectivity. This strategy involves using traps in order to make appli-
cations at the most effective time.

4 From Pesticides to Integrated Pešt Management

In light of the pesticide resistance developed by many plants and animals and the
deleterious effects of these chemicals on the environment, human health and agri-
culture, it iš now widely acknowledged that pesticides are not a panacea for pro-
tecting plant life. Control strategies for crop pests incorporating a variety of com-
plementary techniques appear to offer much better chances of success than does
exclusive reliance on synthetic pesticides (Metcalf and Luckmann 1994).
Integrated pešt management (IPM) iš an approach that involves selecting, integra-
ting and applying control methods for crop pests based on predictions of the eco-
mmiic, ecologica! and sočiai effects (Anonymous 1986). This intcgrated approach
should to take into account the concerns associated with the ūse of toxic chemicals
in the natūrai environment.
The concept of integrated pešt management centrcs on the ecosyslern, that iš,
the relationships between l iving organisms and their environment or habitai. In
the beginning, this strategy was airned at reducing pesticide applications and
minimizing secondary effects, In Quebec apple orchards, for example, the
number of insecticide applications per season has fallen from over six to at
most three without increasing the average damage level at harvest.
Subsequently, the progress achieved in harnessing natūrai enemies for biologi-
cal control has resulted in a shift from simple pešt management to integrated
pešt management. Introductions of natūrai enemies of pests, for example phy-
toseiid mites which prey on harntfu! spider mites (Tetranychidae), played a
decisive role in the implementation of integrated pešt management strategies
(IPM programs). Typhlodromous strains that are resistant lo organophospho-
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Box 2. Integrated Management of Weeds

Inlegraled manageinent programs should be developed for weed control in
order to reduce chemical inputs and curb the amount of herbicide residues
in soil, water and agricultural products. It iš also imperative to avoid indu-
cing resistance through the prolonged ūse of chemical agents. Application
of the principles of sustainable agriculture in weed control has been slow
because of the difficulty of making generalized predictions likę those deri-
ved for insect pests primarily on the basis of climatic data. General advices
cannot be produced for weed species because predicting the infestation
dynamics of a given field depends above all on its past history (Debaeke
1988). In addition, the diversity of weed species iš enormous and cannot be
compared with the small number of truly harmful insect pcsts. This flora iš
the site of diverse crop plant-weed species interactions and interactions bet-
ween differerit weed species, which complicate the task of setting action
thresholds.
Achieving a better understanding of the biology, l i fe cycles and dynamics
of weed populations iš the foundation of integrated weed management
(Debaeke 1997). To implement th i s approach, it iš necessary to provide trai-
ning for IPM managers and to rnake decision-support tools available to
decision-makers (e.g. software programs for identifying weed species)
along with tools that provide information on species ecology (Marnotte
1995). Expert systems are being developed that cover all the stages invol-
ved in making treatment decisions: inventory of species, evaluation of yield
loss, choice of chemical, cost of treatment (Stigliani et ai. 1993). Criteria
have been devised for assessing the environmental risks associated with
each type of active ingredient (Gillet and Dabene 1994); these could soon
be incorporated into decision-support expcrt systems (Debaeke 1997). The
main stumbling block in terms of moving from today's chemically based
weed conlrol practiccs toward an integraled management approach iš the
diff iculty of incorporating various control measures into a technically cohe-
rent program, guided by an expert system. Work iš štili under way to attain
this goal.

rous insecticides have made it possible to ūse chemical and biological control
together. This combination of techniques has proven successful in previously
uncontrollable situations \vhere the prevailing conditions were too unfavoura-
ble for introduced beneficial species. More recently, integrated pešt manage-
ment has given way to sustainable agriculture (Cross, 1997), particularly in
orchards, by incorporating sočia! aspects (e.g. consumer demands, health pro-
tection issues related to workers who apply pesticides and environmental
issues) and ecotoxicological concerns, such aš preventing adverse effects on
pollinators. These considerations has helped to further reduce reliance on pes-
ticides.
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Thcoreticnlly, intcgratcd pešt management can accommodjite any lypc ofcrop pro-
tection techniųue (Fig. 1) based on its particular merit in a known situation. The
movė to inlcgratcd pešt munagcmerit begnn with classical biological control. The
development of biopesticides iš a distinct coniponent of biological control. Aš we
will show in this book, a number of physical control techniques likewise offer suf-
ficiently attractive advantages and benefits to enrich the IPM arsenai.

4.1 Biological Control

In a sustainable agriculture context, biological control (taken in its broadest sense)
provides many alternatives to the ūse of synthetic insecticides (Vincent and
Coderre 1992; Hokkanen and Lynch 1995; Van Driesche and Bellows 1996; Jervis
and Kidd 1996). Biological control iš underpinned by several fundamentai theo-
ries, including population dynamics theory and optimal foraging theory. In practi-
ce, the application of biological control often hinges on a multitude of actions and
complex and detailed information.
Biological control gathered a great deal of enthusiasm in the early 20th century
bccause of the success obtained with Rodolia cardinalis (Mulsant) in Califomia
(Caltagirone and Doutt 1989). This type of approach iš attractive from a scientific
standpoint and it iš viewed favourably by the general public. In spite of this, bio-
logical control has generated only a few commercial successes during the 20th cen-
tury because of its own limitations (Greathead 1995).

Table 3. Biological control strategies (After Cloutier and Cloutier 1992).

1. Ūse of inert biocides (biotoxins of microbial origin)
2. Ūse of autonomous biocides (microbial or animal control agents)

A. Direct manipulation through the releasc of natūrai enemies into the environment
1. Introduction of exotic control agents (classical biological control)
2. Mass release of control agents with demonstrated efficacy

a) Inoculative release (preventive control)
b) Inundative release (curative control)

B. Indirect manipulation by changing the environment
1. Protection of natūrai enemies through specific measures
2. Provision of supplementary hosts/prey insects at a low density
3. Provision of food resources or favourable niches (shelter)
4. Crop rotation (weeds, nematodes, disease)
5. Chemical stimulation of the activity of control agents
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Thcre are scvcral diflercnt hiological control stratcgics (Table 3). Tlic first, which
involves the ūse of inert biocides, iš the biopesticide approach (next section). The
sccoml slralcgy consists in cmploying nulotionious biocides, which can hc rclcased
using a classical control approach (i.e. inoculative or inundative releases).
Biological control can also be enhanced through environmental manipulation.

4.2 Classical Biological Control

Variability iš an inherent and fundamentai characteristic of biological organisms
and conslitutes one of the major limitations of biological control. For example,
Lewis et ai. (1990) have stated that the performance of parasites aš biocontrol
agents iš often erratic. Among other things, this situation iš linked to the parasites'
foraging behavkmr, which iš a function of their genotypical and phenotypical
diversity, their physiological condition and the environment in which they are
l i v i n g . These variables have a limiting effect in a commercial context where stan-
dardi/alion and quality control are acquiring ever-greater importance.
The augmentation of natūrai enemies aš part of a biological control program can
lead to undcsirablc side effects if insects shift to a non-target species. In biological
control of wceds, for example, if the biocontrol agent damages the cultivated plant
species aš well, the net result may be ncgaūve. A change in the hierarchy of risks
iš another potential consequence that mušt be carefully weighed. Once a crop pešt
has been brought under control, another species which iš normally a secondary pešt
may benefit from the absence of competition. In such a case, this pešt may cause
serious damage that can no longer be ignored.
A major problem with biological control iš its incompatibility with chemical
control, since natūrai enemies of insects are often more susceptible to the pestici-
des applied than are the insect pests themselves (Croft 1990). Releases of natūrai
enemies can, however, be alternated with insecticide treatments.
Biological control iš not suitable in all crop proleclJon contexts. There are many
situations in which this type of approach does not work. For example, it iš not
effeclive against the tarnished plant bug, Lygus lincolaris P. de B., aš discussed in
Chapter 19 of this book. The cost-benefit ratio iš the main drawback, since it iš
inuch higher for biological conirol than for chemical pesticide.

4.3. Biopesticides

Among the different tools of biocontrol, biopesticides (Table 4) hold a leading
position becausc they often can be mass produced, which iš a prerequisite for
industrial ūse, and they can be applied with a conventional sprayer, which facilita-
les their adoption by agricullural producers. They are generally compatible with
classical biological conirol methods (e.g. releases of predators or parasites),
although they may have adverse effects on beneficial organisms (Giroux et ai.
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1994, Roger et ai. 1995). Biopesticides may be composed primarily of bactcria,
fungi, viruses, nematodes or plant extracts.
Unli l the early I980s, most studies of biopesticides were bascd 011 Ihc ciassical prin-
ciples of pathology, aš described in Tanada and Kaya (1993). The advent of mole-
cular biology techniques gavę a tremendous boost to biopesticide development. The
creation of transgenic plants, for example those that may manufacture their own
protective toxins from Bt crystal proteins, represents an importam achievement. It
was announced in a fall 1984 press release by the Belgian firm Plant Genetic
Systems (PGS), and subsequently detailed in a scientific publication {Vaeck et ai.
1986). Transgenic corn (a genetically modified organism, or GMO), in which the
CrylA(B) gene that codes for a protoxin protein has been inserted, iš now com-
mercially available in Europe and North America (Novartis 1997).

Table 4. Examples of biopesticides developed for ūse in controlling pests and weeds.

Class of biopesticide Organism

t. Entomopathogenic bacteria Bacillus thuringiensis Beri.
2. Mycopesticides Metarhyzium anisopliae and M. flavoviride

Beauveria bassiana, B. brognardtii, etc.
3. Entomopathogenic viruses Baculovirus (e.g. Carpovirusine)
4. Bioherbicides Colletotrichum spp. (Waage 1995).
5. Micro-organisms antagonistu; Trichoderma viridae; Gliocladium spp.

to pathogens . Pseudomonas spp.
6. Entomopathogenic nematodes Genera Steinernema and Heterorabditis

There are several ways to enhance the efficacy of biopesticides. One method
consists in finding more virulent strains of the candidate species. Alternatlvely,
cfforts can be devoted to developing fortmitations with extciulcd pcrsistcnce in Ihe
field or incorporating synergistic chemicals which are non-toxic at Ihe doses applied
būt greatly increase the toxic effect of the biopesticide (Bernard and Philogėne
1993). Finally, transgenic plants may offer continuous or modulated protection
(depending on the genetic expression systems employed) against insects.
The biopesticide that has had the greatest commerciai success, Bacillus thurin-
giensis, now accounts for about 1.5% of the world insecticide market (Peferoen
1991). Bt iš not a panacea, given the small number of species against which it iš
effective and its lack of stability in the field. Since it has to be ingested, it iš only
useful once pests have begun feeding. Furthermore, the development of B/-resis-
tant populations has been observed in several insect species (Tabashnik 1994).
The scientific criteria used to determine the safety of synthetic pesticides are also
applied to natūrai pesticides (Coats 1994) within the šame regulatory framework for
registration. The legislation in industrialized countries has become so constraining
and restrictive that private-sector compames are now reluctant to work on registering
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ncw synthclic pcsūcklcs. Riba and Silvy (1993) and Povvell and Justinu (1993) sug-
gested that palhogen-based biopesticidcs should be subject to less stringent stan-
dards ihan synlhclic inscclicidcs in tcrins of thc informaiion rcquircd for rcgislration.
According to Powell and Justum (1993), the four elements governing the commer-
cial succcss of a biopesticidc are:
1. occupation of a commercial niche in which synthetic chemicals are ineffcctive or
unacccplable owing to specific production principles (for examplc, in organic farming),
2. an environmental niche where there iš protection from UV radiation, desiccation
and extrėmė lemperatures,
3. an environmental niche where the biological agent provides an advantage in
terms of colonization,
4. a commercial niche where a small amount of damage can be tolerated.

Box 3. Biological Control of Fungal Diseases

Soil-dwelling bacleria of Ihe genus Pseudomonas are beneficial to plant
health and provide effective protection against certain root diseases (e.g.
Thielavopsis basicola in tobacco). Geneticatly modified (GMO) strains of
Pseudomonas have been introduced thai havc a grealer root colonizing abi-
lity than antagonistic flora wlūch havc not received a boost from genetic
engineering. Initial applications of this biocontrol agent to wheal roots have
shown that the risk of indigenous (natūrai) flora being displaced iš low (at
season's end, less than 2% of roots were colonized by the genetically modi-
fied Pseudomonas; Weller et ai 1983). Hovvever, the results may vary
depending on the soil type, crop lype and possibly the variety.
Biological control of leaf diseases may be feasible using natūrai antagonists
of the causal pathogen, following an approach similar to that used for insect
pests. The phyllosphere iš composed of ycasls (mainly thc genera
Sporobolomyces and Ctyptococcits), bacteria and a few fungal hyphae (e.g.
Ihe genus CItidosporiiim; Blackcman 1985) Ihat are potential caiididalcs for
ihat purpose.
Trichoderma, a soil fungus, has proven effective in checking the dcvelop-
ment of Botrytis cinerea on grapes, strawberries, apples and tomatoes
(Dubos 1987). Gliocladium roseum can also be used for preventive control
of Botrytis in strawberry (Peng and Sutton 1991). In biological control of
fungal pathogens of grapevines, fungicide ūse can be reduced by about 50%
even though it iš impossible to reduce fungicide ūse below five to eight
applications during the vegetative phase.

Some fungi that are hyperparasites of pathogens are also the focus of inten-
sive rescarch activit ics: Ampelomyces qitisqualis, Tilletiopsis spp.,
Verticillium Iccanii (A. Zimmerm.) Viegas and Stephano ascus are the most
common ones. Droughl-resistant mutants are also being sought to slitnula-
te the action of these hyperparasites on pathogenic fungi.
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5 Physical Control Methods in Agricultural Production

Physical control in crop protection comprises all pest management techniques
whose primary mode of action excludes biological and biochemical processes. In
contrast, all other methods of control are only effective where an interaction is esta-
blished between the target pest (through physiology, behaviour, ecology) and the
control agent. Sometimes, in physical control, the primary action has a direct
impact, such as when insects are killed immediately by mechanical shocks. In
other cases, the desired effect is attained through the stress responses that are indu-
ced.
The use of physical control methods needs to be incorporated into an integrated
pest management strategy. Like any pest management approach, physical methods
have certain strengths and weaknesses, and some of them are likely to have secon-
dary effects on fauna and flora. In an IPM context, the decision to employ a phy-
sical control tactic must therefore be made on a case-by-case basis according to the
same criteria as in decision making regarding the appropriateness of pesticide
applications: efficacy, cost-effectiveness and undesirable effects. In addition, no
physical control technique is sufficient on its own for all pest control treatments in
a given crop. While the self-sufficiency of pesticide applications for crop protec-
tion systems is the primary strength of chemical control, it is probably also the
Achilles' heel of the chemical approach, given the fact that chemical applications
tend to accelerate the development of resistance and slow down the introduction of
alternative control tactics. Integrated pest management offers the only hope of
avoiding the pitfalls of relying on a single approach. Moreover, it simultaneously
opens up possibilities for the commercial application of physical control methods.
It is important to distinguish between the two basic types of physical control
methods: active and passive methods. Active methods consist in using some form
of energy to destroy, injure or induce stress in crop pests or to remove them from
the environment. This type of approach has an effect at the time of application,
with virtually no residual action. Passive methods, on the other hand, cause chan-
ges in the environment and have a more lasting effect. Physical methods of control
can also be classified according to the mode of energy use. That is the classifica-
tion which has been used in this book. Four categories have been established:
mechanical control, thermal control, electromagnetic control and pneumatic
control. It would be quite conceivable to add other categories, as appropriate, such
as acoustic control and thermodynamic control.
There is no clearcut relationship between categories of physical control methods
and the broad groups of crop pests: weeds, insects, mites and microscopic patho-
gens. Obviously, there are some natural associations, such as the use of mechani-
cal control against weeds (tillage); however, in almost every case at least one
method in the different control categories applies to a specific group of crop pests.
Pneumatic control is an exception to the rule, however, because it is limited to
insect control.
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5.1 Physical Control of Weeds

Physical control of weeds is based on the use of several techniques. Active
methods include manual weeding, hand pulling, mowing, thermal methods (elec-
tricity, microwaves, and heating or cooling) and tillage. Mulching and flooding are
classified as passive techniques.
Manual weeding and hand pulling are commonly used around the world (see Chap.
13). An estimated 50 to 70% of agricultural producers use this type of weed control
(Wicks et al. 1995). Pulling is generally done by hand, although various tools are
available for mechanically removing weeds that are higher than the crop plants
(Wicks etal. 1995).
Grazing and mowing can also be used for weed control. This approach is often
applied in controlling orchard vegetation and in promoting the establishment of
forage crops. Mowing allows forage species to grow taller than the weeds and
become better established. In orchards and vineyards, this technique is useful for
controlling weed height and minimising competition with the crop plants (Kcmpen
andGreil 1985).
Mulches (sec Chap. 15), which are frequently used to suppress weed growth, are
applied before or after crop establishment. Mulches can be divided into two
groups: mulches made of natural materials and synthetic mulches. These types of
products prevent weed emergence by forming a physical barrier and blocking sun-
light. In hot, sunny regions, plastic mulches can also be employed to destroy weeds
through solarization (Braun et al. 1988; Silveira et al. 1993).
Thermal methods consist in applying high or low temperatures in order to destroy
weeds. Electricity (see Chap. 12), infrared radiation, microwaves, hot water, steam
and flame weeding (see Chap. 2 and 3) are all techniques that employ high tempe-
ratures to kill weeds (Ascard 1995). Flame weeding can be done in a non-selecti-
ve manner throughout the field, or selectively by directing the burner at weeds
white taking care not to damage crop plants.
Water can be used for weed control in rice crops (Oryza saliva L.) and cranber-
ry crops (Vaccinium macrocarpon Ait.). Total submersion of weed plants kills
them through asphyxiation. This technique is very effective in limited agricultu-
ral contexts and under suitable conditions (Schlcssclman et al. 1985).
Tillage is the second most widely used physical control technique for suppres-
sing weeds. Tillage is divided into primary, secondary and tertiary methods.
Whereas primary methods of tillage are designed to prepare the field for crop
establishment, secondary methods prepare the seedbed. Tertiary techniques
consist of hoeing and cultivation operations performed throughout the season.
There are many types of cultivators, which have proven effective for weed
control in the majority of crops; in some situations, they are the only tools avai-
lable for this purpose or the primary alternative to herbicide use (Chap. 13 and
14).
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5.2 Physical Control of Insects and Mites

Physical control methods for insect pests comprise a number of technologies, some
of which are based on active methods: thermal shock (heat), electromagnetic radia-
tion (microwaves, infrared and radio frequencies), mechanical shock and pneuma-
tic control (blowing or vacuuming tools). In the field, physical barriers represent
the only passive technique available.
Various applications that employ thermal shock for crop protection in the field
have been developed and research is continuing in this regard (see Chap. 4). This
type of approach is nonetheless based on the premise that the commodity or crop
to be protected will be less sensitive than the target pest to an abrupt change in tem-
perature. Research on thermal sensitivity thresholds (Chap. 2) and physiological
reactions to short-duration thermal stresses is central to the development of control
methods based on thermal shock.
Several avenues have been explored for applying the different forms of electroma-
gnetic radiation as a tool for controlling insects. Non-ionizing electromagnetic
radiation (see Chap. 7, 8 and 11) kills insects by raising their internal temperature.
The utilization of radio, microwave and infrared frequencies is based on a principle
similar to that of thermal shock methods except that, with applications involving
electromagnetic radiation, the transfer of energy occurs without using a heat trans-
fer fluid. Technologies that harness electromagnetic radiation are often too expen-
sive for use in the field. Furthermore, existing regulations restrict the available fre-
quency bands, either for reasons of user and environmental safety, or because cer-
tain frequency bands have been set aside for specific applications that do not tole-
rate interference (e.g., microwave-based landing guidance systems for aircrafts).
There is a wide variety of physical barriers used as physical control techniques (see
Chap. 15 and 16). The technologies associated with physical barriers can be
applied in the field or in greenhouses. Barriers used in the field can take several
forms (trenches, vertical nets, etc.) and can be deployed on a range of scales to pro-
tect either a complete field, a crop row or a group uf plants.
Pneumatic control consists in using an airstream to dislodge insect pests (see Chap.
18, 19, 20 and 21). Insects that are removed by vacuum are ki l led when they pass
through the moving parts or the blower (mechanical shock). After being dislodged
by a blowing device the individuals are injured and die because they are unable to
climb back onto the host plant. Other machines are equipped, with a device for col-
lecting the dislodged insects, which are subsequently killed. Sound knowledge of
the target insect's behaviour is necessary in order to enhance the effectiveness of
this type of approach.

5.3 Physical Control of Microscopic Pathogens

There are fewer scientific studies dealing with the application of physical control
in the area of plant pathology. The research described in Chapter 9 demonstrates
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how a physical control approach can he used against Botrytis in the greenhouse.
The treatment employs polyethylene films that have the ability to filter out speci-
fic parts of the solar radiation spectrum. It is therefore a passive technique based
on the use of a physical barrier. Researchers have tested a microwave treatment for
eradicating Fusarium gramineaum Schw. in wheat seed (Reddy et al. 1996), and
similar trials have been conducted by the same team with the aim of suppressing
Ustilago nuda (Jens.) Rostr. on barley seeds. In potato growing, a fungicide is often
used in combination with a chemical defoliant as a sanitary measure to prevent the
spread of Phytophthora infestans (Mont.) de Bary to the next crop grown in the
infected field. Thermal top killing, used instead of chemical defoliation, signifi-
cantly reduces the viability of P. infestans present in the foliage at the time of treat-
ment (Desilets et al. 1996).

6 Post-Harvest Physical Control

In long-term storage of non-perishable agricultural commodities (seeds and grain,
dried fruits, by-products, dried and dehydrated plants, spices, herbs, coffee, cocoa,
etc.), the most serious losses are due to the action of insects and mites or the spoi-
lage by certain microorganisms (fungi). All other organisms have a negligible
effect (Fig. 5). Chemical control using highly persistent insecticides is the most
commonly used approach at present for preventing damage by insect pests to grain
and seed. Some of the benefits of this strategy are its low cost, ease of implemen-
tation and protection that lasts for several months, until the quantity of active resi-
dues falls below the lethal threshold for the target species. However, regular use of
insecticides entails serious problems such as the possibility of creating resistant
strains and the risk of exceeding maximum residue limits (MRL) owing to multi-
ple applications of insecticides by different players in the commercial grain sys-
tem. This situation is problematic, because pesticide residues resulting from
improperly applied procedures create a bad impression among final consumers.
When residues arc found, pressure is exerted by both the processing industry Ibr
which the treated grain is destined and by informed consumers to ensure that che-
mical treatment is restricted to situations of absolute necessity and to guarantee
residue-free finished products. Strategies for using insecticides with an extended
residual action (these products are authorized solely for bulk grain) involve risk
assessment prior to each application and an evaluation of the results taking into
account the economic cost and the potential loss of markets.
This situation has spawned many studies worldwide over the past 20 years on phy-
sical procedures for preventing infestations and protecting inventories of stored
agricultural products from insect pests, and on the use of such methods in food pro-
cessing plants. Physical control applications developed for post-harvest treatments
have focussed on procedures for controlling physical conditions in stocks of stored
grain (temperature and water content; see Chap. 5, thermal (Chap. 5 and 11) or
mechanical shock (Chap. 17), the establishment of extreme conditions for insect
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Fig. 5, Key components of the stored grain ecosystem and associated interactions, along
with effects on spoilage agents and final quality (for industrial processing).

pests (anaerobiosis, pressure and modified atmospheres; Chap. 5), the use of abra-
sive or dehydrating minerals (Chap. 17) and the erection of physical barriers to
keep insects out (Chap. 17). Post harvest control approaches are essentially based
on passive methods, although thermal and mechanical shock treatments are excep-
tions. In post-harvest situations, most physical methods are suitable solely for pre-
vention against pest and hence cannot be compared with classical chemical control.
A thorough knowledge of integrated pest management strategies is required, since
these techniques afford no protection following application, unlike persistent
insecticides. Practical use of physical control necessitates multiple verifications
and supporting data, particularly in relation to secondary effects on the quality of
treated products (for example, the germinating power of malting barley or the
baking quality of bread-making wheat). Nonetheless, the prospect of registration
reviews for several insecticides (e.g. dichlorvos, methyl bromide) that are current-
ly used in post-harvest protection of raw foodstuffs or in processing and storage
facilities for intermediate or finished products has revived interest in post-harvest
physical control. Furthermore, since the use of persistent contact insecticides on
processed food products (e.g. wheat flour, semolina, dried fruit) is prohibited
worldwide, the industry has to rely exclusively on fumigants or physical procedu-
res to eradicate insects in such products. Fumigants are used only marginally in
many developed countries like France, the United Kingdom and Canada, and their
use is likely to decline further when methyl bromide production and use are pha-
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scd out, sometime between 2002 and 2005. In view of this situation, physical
control is the only strategy likely to ensure successful outcomes in the highly spe-
cific context of pest and mite suppression for post-harvest food stocks (Jayas ct al.
1995). Physical methods hold promise as a complement to chemical pesticides,
and a means of moving away from the excessive reliance on chemical control,
which is being called into question increasingly and is no longer justified today.
Furthermore, the most accessible physical methods for this pest management sec-
tor, such as dry heat treatments or airtight storage using inert gases, should help to
diminish the secondary risk of spoilage of raw foodstuffs by storage moulds, which
is something that cannot be achieved with chemical control measures.

7 Conclusion

Physical control deserves to be recognised as a well-defined area of expertise as is
the case for biological control. This recognition is bound to come as the quest for
alternatives to chemical pesticides intensifies. Although physical control went out
of use with the advent of chemically based pest control methods in the middle of
the 20th century, the limitations of pesticide use, coupled with the difficulties of
implementing biological control, have created a crossroads for the renewed deve-
lopment of physical control.
Practical application of physical control methods requires collaboration among
professionals trained in fields that are often quite distinct and separate. For exam-
ple, a physicist specializing in electromagnetic energy might be expected to work
with an expert in plant physiology or an entomologist. These individuals have
acquired expertise in different branches of science and they use different langua-
ges and work tools. Furthermore, research activities are organized in such a way
that these persons undoubtedly work in different laboratories, pursuing goals that
are often incompatible. In spite of this state of affairs, most of the studies descri-
bed in this book are the fruit of collaborative efforts among persons working in
very different areas of research.
It is our hope that this book, the first of its kind on the use of physical control
methods in crop protection, will help to raise the status of physical control to that
of a true field of research, development and application; promote fruitful initiatives
and collaborative work; and provide guidance to individuals interested in making
it their field of endeavour.
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Thermal Control in Plant Protection

Claude LAGUli, Jacques GILL, Guy PHLOQUIN

1 Introduction

This chapter presents the status of the use of thermal control in plant protection.
After a brief presentation of the operating principles of thermal control, a review
of the most important milestones in the evolution of this technology is presented.
The different uses of thermal control in plant protection are presented along with
the criteria that are used when evaluating the performances of the different types of
equipment used. A description of the different modes and strategies of application
of thermal control follows. A discussion about the environmental impacts of ther-
mal control, as compared to those of pesticides, closes this chapter.

2 Principles of Thermal Control

2.1 Effects of Temperature on Living Organisms

For plant protection purposes, thermal control of insects is generally aimed at indu-
cing internal injuries thai will lead to death over a short period of time. Heal treat-
ments leading to internal temperature increases of 50 to 100 °C for at least 0.1 s
will result in either heat-induced rupture of Ihe cell walls or in the coagulation of
cell proteins (Pelletier et al. 1995; Morelle 1993). Similarly, reducing the tempe-
rature of these living organisms below freezing will lead to similar injuries caused
by the crystallization of the cells content (Fergedal 1993) (See Box 1).

2.2 Thermal Sensitivity

The efficiency of a thermal control treatment aimed at a specific target can be eva-
luated using two parameters: (1) the amounl of heat transferred belween the ther-



36

Box 1. Heat and Temperature in Thermal Control

Thermal control in plant protection relics on heat transfer between two
bodies (the thermal control apparatus and the agricultural pest to be control-
led) that have different temperatures. Temperature is an indicator of the
quantity of thermal energy contained within a physical body. One will refer
to heat treatments when the temperature of the thermal control apparatus is
greater than that of the pest to be controlled and to cold treatments in the
opposite situation. In the first case, the purpose of thermal treatments is to
increase the thermal energy of the pests while cold treatments are intended
at reducing their thermal energy. In both cases, the heat transferred bet-
ween the thermal treatment apparatus and the pest is equal to the quantity
of energy effectively exchanged during the heat transfer process.

mal control equipment and the targeted organisms and (2) the duration of exposu-
re of the targeted organism to the thermal control treatment. For a given equip-
ment, the heat transferred is proportional to the combustion rate of the fuel used
(for heat treatments) or to the refrigerating power of the cooling apparatus (for cold
treatments). The exposure time depends on the field travel speed or on the opera-
ting time of the apparatus if it is stationary (e.g. during crop storage). The increa-
se or decrease in temperature of the targeted organisms is a result of both parame-
ters. The exposure temperature can be used as an indicator of the thermal sensiti-
vity of different living organisms (Lague et al. 1997).
Different species of weeds, insects or crops respond differently to a given thermal
treatment due to physiological differences (Ellwanger et al. 1973a,b). Morelle
(1993) reported that broadleaf weed species are more sensitive to thermal treat-
ments than grasses and that perennial weeds are the most resistant. The thermal
sensitivity of most living organisms varies according to their stage of growth
(Leroux et al. 1995; Ascard 1994). Since young weed plants are generally more
heat-sen si live, this can translate into substantial energy savings when thermal wee-
ding is done early in the season.
An appropriate knowledge of the thermal sensitivity thresholds is thus a prerequi-
site to the development of efficient thermal control systems for plant protection
(Leroux et al. 1995). For some applications, only the thermal sensitivity of pest
organisms (e.g. pre-planting or pre-emergence thermal weeding) or of the crops
(e.g. thermal top killing of mature potato plants, thermal renovation of lowbush
blueberry plants) need to be determined. For selective applications (e.g. post-
emergence thermal weeding, thermal control of pest insects present on the crop),
the crops must tolerate the temperatures required for control of the pests. Many
selective applications of thermal control have been succesfully implemented:
control of alfalfa weevil (Blickenstaff et al. 1967); post-emergence thermal wee-
ding in corn (Lien et al. 1967), potato (Hansen et al. 1968) and in some horticul-
tural crops (Chappell 1968). An appropriate knowledge of the thermal sensitivity
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thresholds of the crops and of the pest organisms is required for development of an
optima) thermal control strategy (Leroux et al. 1995). When these thermal sensi-
t ivi ty thresholds are very close, it may be necessary to refine ihe heat transfer bet-
ween the thermal control equipment and the target or to physically protect the
crops from the heat (Parish 1995).

3 Background

Thermal control in crop protection was introduced almost a century ago (Edward
1964). This author reports that many patent applications were filed from 1900 to
1940 for thermal weeding equipment and systems for thermal control of pest
insects. Large scale use of thermal control was initiated in 1940 in US cotton pro-
duction (Kepner et al. 1978). It was also at that time that liquified petroleum gases,
mainly propane and butane, started to replace the kerosene and oils that were then
used as fuels for the thermal control systems (Edward 1964).
Significant research on practical applications of thermal control in plant protection
was conducted between 1940 and the mid-1960s, mainly in the USA. Thermal
weeding was investigated for peanuts (Parks 1964), cotton (Matthews and Tupper
1964; Parks 1964), beans (Parks 1964), alfalfa (Thompson et al. 1967), corn
(Albrecht et al. 1963; Parks 1964; Reese et al. 1964), sorghum (Reese et al.
1964), and soybeans crops (Matthews and White 1967; Parks 1964). Parks (1964),
Chappell (1968) and Hansen et al. (1968) reported that thermal weeding of vege-
table crops such as lettuce, broccoli, cauliflower, onions and potatoes was also stu-
died. Work was also done for some small fruit production, mainly blueberry,
strawberry and grapes (Hansen and Gleason 1965), and in ornamental horticulture
(Wolfe and Horton 1958). Thermal weeding of irrigation and drainage ditches has
also been considered (Lowry 1965). Thermal defoliation of cotton plants prior to
harvest, either by direct exposure of the plants to the flames (Batchelder et al.
1973; Kent and Porterfield 1967) or by infrared radiation (Reifschneider and Nunn
1965), pre-harvesl field drying of sorghum (Parks 1964; Reese et al. 1965), and
thermal control of pest insects in alfalfa fields (Harris et al. 1970; Thompson et al.
1967) arc among the other applications investigated during that period.
At the same time, many efforts were devoted at evaluating and optimizing the
design parameters of thermal control equipment. Research concentrated on the
general design of thermal weeders (Batchelder et al. 1970), the study of heat dis-
tribution in the vicinity of different types of burners (Harris et al. 1969; Page et al.
1973), the economic evaluation of thermal weeding (Parks 1964), and the use of
liquid or gaseous shields to concentrate the action of the burners and to protect the
crops from the heat (Kepner et al. 1978). Parks (1964) estimated that there were
15 000 thermal control units in use for different row crops in the USA alone in
1964.
The introduction of efficient and economical pesticides started in the 1950s and has
been directly linked to the loss of interest for thermal control (Daar 1987; Kepner
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et a!. 1978). These authors reported that only a limited number of cotton growers
in the southwestern part of the USA were still relying on thermal weeders to
control herbicide-resistant weeds. Lambert (1990) also reported that thermal reno-
vation of lowbush blueberry plants has continued to a certain extent until now.

4 Modes of Intervention in Thermal Control

Three different techniques may be used to expose pests to high temperatures: direct
exposure to flames, use of infrared radiation or steam projection. For cold tempe-
rature control, powerful refrigerating systems are needed. The remainder of this
chapter deals only with the use of high temperatures.

4.1 Direct Exposure to Flames

The equipment used for directly exposing pests to flames are similar to agricultu-
ral sprayers. They incorporate a pressurized liquid fuel reservoir, a network of
pipes and hoses that carries the fuel to the burners, pressure regulators and flow
controllers, and a number of individual burners where the chemical energy of the
fuel is converted into heat (Kepner et al. 1978). The pests to be controlled are
directly exposed to the flames generated by these burners.
Two types of burners may be used: liquid burners that incorporate their own fuel
atomiser and vapor burners requiring an external atomiser located upstream from
the burners. Well-designed burners generate thin flames of constant cross-section
having a relatively uniform temperature profile. This allows for constant and uni-
form temperature rises corresponding to the thermal sensitivity of the organisms to
be controlled.
Different types of thermal weeders may be used, depending on the characteristics of
the crops and weeds to be treated. For field crops or row crops that are more resis-
tant to heat than the weeds, it is possible to use thermal weeders that generate a uni-
form temperature rise at the soil level across the whole width of the implement. For
more sensitive row crops, in-row thermal weeding can be achieved by orienting the
flames of the burners toward the base of the rows, thus reducing the exposure of the
crop canopy to heat. Precise guidance systems are often required to maintain pro-
per alignment of the implement relative to the crop rows during field operation
(Kepner et al. 1978). Ascard (1992) and Parsish (1989a) reported that in-depth eva-
luations of different types of thermal weeders were conducted in Europe.

4.2 Exposure to Infrared Radiation

In this technique, the burner flames are directed toward a metallic or ceramic sur-
face that reflects infrared radiation toward the organisms to be controlled (Parish
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1989b). This prevents direct exposure of the crops to the flames. For maximum
efficiency, the generated infrared radiation must be concentrated within a narrow
spectral band corresponding to maximal absorption by the pest insects or weeds
targeted by the treatments. According to Parish (1989b) and Lewandowski
(Chap. 7), infrared radiation in the 1.44 - 1.93-pm band is very efficient against
organisms with a high body water content since it corresponds to infrared absorp-
tion band of water. However, the heating rate is not high and a rather long period
of exposure is needed to control the pests. This limits the possible operating speed
of such equipment in the field, which, in turn, limits the interest for this technique.

4.3 Use of Steam

Thermal control equipments using steam as the heal transfer medium have also
been developed by the Aquaheat corporation of Minneapolis, Minnesota. These
machines use burners that evaporate water in order to generate steam that is then
projected towards the pests to be controlled. These machines are mainly used for
weeding applications. In addition to fuel, they also require a large water supply,
which increases their complexity and operating costs.
Kepner et al. (1978) reported that the fuel consumption of most burners used in
the 1960's ranged from 7.5 to 15 l.rr1 of liquid propane, either for burners used on
flaming implements or on those used on infrared machines.

5 Performance of the Field Equipment

The various field equipment used in thermal control must be designed and evalua-
ted using three main criteria: ( I ) ability to transfer heat uniformly and in a control-
led manner to the targets, (2) energy requirements, and (3) emission of pollutants.

5.1 Heat Transfer

The ability of thermal control equipments to maximize the transfer of heat toward the
targeted pests while minimizing the negative impacts of the heat treatments on the
crops is their first performance criterion. Data relative to the temperature profile within
the flames generated by different burners used on flamers allow for the evaluation of
the uniformity of heat distribution, the geometry of the flames and the maximal tem-
peratures of exposure in relation to the operating fuel pressure (Lague et al. 1997).
Such data can be used to identify the most appropriate type of burner and the proper
burner arrangment on the machine for either localized or full coverage treatments.
The determination of the thermal sensitivity thresholds of the different living orga-
nisms of interest (crops, weeds, insects) requires data on the temperature of expo-
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sure recorded during field or laboratory experiments. For example, full coverage
thermal weeding requires data on the temperature of exposure of both weed and
crop plants recorded at the soil level. For post-emergence treatments, it is also
required to record the temperatures at which the different parts of the plants are
exposed. It is thus important to determine the temperature rises at the different
locations corresponding to the targeted organisms as a function of the operating
parameters of the thermal control equipment (type, location and orientation of the
burners; operating speed of the implement; fuel pressure). This allows fur the opti-
mization of the design of the equipments. For each type of equipment, charts that
relate the temperature rises at the target level to the operating parameters of the
machine can be developed to assist the operators in the proper adjustment of their
equipment (Lague' et al. 1997).

5.2 Energy Use

The operating costs of most thermal control equipments depend largely on their
fuel consumption. Fuel consumption varies with the type of burner used and their
operating pressure. Lague et al. (1997) have demonstrated that fuel consumption
is directly proportional to pressure according to:

Q = ap, (1)

where Q : unit fuel consumption of one burner (kg h"1)
p : operating pressure of the burner (kPa)
a : constant (kg h'1 kPa'1},

The unit fuel requirements for a given thermal control treatment can then be easi-
ly determined:

(2)
ve ve

where q : unit fuel requirements of the thermal control treatment (kgha ')
v : field operating speed of the machine (kmrr1)
e : spacing between the burners (in)

10 : conversion factor.

For banded thermal control treatments, the spacing between the burners, e, is obtai-
ned by dividing the row spacing by the number of burners used on each row. Lague
etal. (1997) have determined that the value of the constant a, found in eq. (1) and
(2), ranges from 0.019 to 0.025 for three different types of open-flame burners.

5.3 Emission of Pollutants

Propane, which is currently the fuel used by most thermal control equipments, is
generally considered to be a clean fuel since its complete combustion generates
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carbon dioxide and water vapour. Under field condilions, propane combustion is
often incomplete, resulting in the emission of significant amounts of carbon mono-
xide, sulphur dioxide, and nitrous oxides, especially if the supply of oxygen to the
burners is insufficient. It is thus important to identify the optimal operating zones
for each type of burner in order to limit the emission of these pollutants.

6 Application Modes and Strategies

Among the different uses of thermal control in plant protection, one may include;
integrated weeding (mechanical cultivation between the rows and thermal weeding
on the rows) for row crops, as performed on corn in post-emergence (Fig. 1); ther-
mal control of Colorado potato beetle early after emergence of the potato plants
(Fig. 2); thermal top killing of mature potato plants that may also have a favoura-
ble impact on mildew (Fig.3), and thermal renovation of lowbush blueberry plan-
tations (Fig. 4). In most cases, timeliness of the thermal treatments is critical to
maximise their efficiency against the pests to control while minimizing their nega-
tive impacts on the crops to be protected.

7 Environmental Impacts

Since thermal control in agriculture represents an alternative to chemical pestici-
des, it is important that the global environmental impacts of this technology be

Fig, 1. Integrated mechanical and thermal weeding in row crops.
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Fig. 2. Thermal control of Colorado potato beetle on young potato plants.

Fig, 3. Thermal top killing of mature potato plants.
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Fig. 4. Thermal renovation oriowbush blueberry plants.

lower than that of the chemicals. The evaluation of the environmental impacts of
thermal control has been the object of research, especially in Canada and in
Switzerland. A rnultidisciplinary research team from Universite Lava! has conduc-
ted an extensive comparative study of the respective impacts of thermal control and
of chemical control of pests in agriculture on soil, water, air and energy resources.
This study has dealt with many different applications of thermal control: thermal
weeding, potato top killing, thermal control of pest insects.
The main potential impacts of thermal control on the soil are: (1) soil compaction
resulting from increased traffic of tractors and field implements in thermal control
as compared to chemical control and, (2) the momentary increase in surface tem-
perature of the soil during the treatments, ll has however been demonstrated that
traffic-induced soil compaction caused by the thermal treatments was not impor-
tant and that it was limited to the surface layer of the soil. The soil temperature is
only increased for a very short time and over a depth of only a few millimeters.
Thermal control has more negative impacts on the air than does chemical control.
These impacts are directly related to the combustion by-products (CO, CO2, nitrous
and sulphur oxides) that are important atmospheric pollutants directly related, in
many cases, to the global warming of the Earth's atmosphere. These impacts are
deemed more important than those associated with the use of pesticides (volatili-
zation, drift of the sprayed products).
As opposed to most chemical pesticides, thermal control has no negative impacts on
surface or underground water. On the other hand, the energy balance of most appli-
cations of thermal control in agriculture is negative when compared to that of pes-
ticides, since thermal control requires large quantities of non-renewable fossil fuels.



44

This study showed that even though thermal control presents environmental bene-
fits in terms of impacts on soil and water, it shows a negative balance for air and
energy. The environmental benefits of thermal control are thus mitigated.
Jolliet (1994) conducted a similar study for the specific case of potato plant top
killing. He determined the impacts on soil, air and water of five different top killing
techniques: use of chemical defoliants, mechanical, thermal, mechanical-chemical,
and mechanical-thermal. His conclusions were that mechanical top-killing presen-
ted the least negative environmental impacts while chemical top-killing had the
most. Top-killing techniques making use of heat presented intermediate environ-
mental impacts between these two extremes.
One may thus conclude that thermal control may, in some cases, provide environ-
mental benefits compared to the use of chemical pesticides. These benefits will
vary depending upon the type of application, the performances of the equipments
used to apply the thermal treatments, the timeliness of these treatments and also the
toxicity of the pesticides that can be substituted by the thermal treatments.

8 Conclusion

Recent R&D work on thermal control in plant protection have contributed to a
much better understanding of this technology. Work targeted at the determination
of the thermosensitivity levels of crops, weeds and pest insects coupled to deter-
mination of the operating characteristics of thermal control equipments have
yielded much needed data for optimizing the different applications of thermal
control in agriculture. As a result, many applications of thermal control can now
be considered. In order for this technology to become more attractive to the end
user, it is now necessary to better and more thoroughly integrate the agronomi-
cal, economical, environmental and technical aspects of thermal control in plant
protection.
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Flame Weeding in Corn

Gillcs D. Li-Koux, Jocclyn DouiifiRiiT and Martin LANOUKnii

1 Introduction

Grain and silage corn (Zea mays L.) are grown in several countries throughout the
world. Herbicides are currently the main method of weed control used worldwide.
In Quebec, for example, one out of every three agricultural pesticides sold is a her-
bicide used for corn (Leroux et al. 1990). However, the intensive use of herbicides
in corn results in serious environmental problems. According to several studies,
herbicides used in corn have made their way into streams, rivers and drinking water
in a number of countries (Ayotte and Larue 1990; Giroux and Morin 1992;
Economic Commission for Europe 1993).'Furthermore, owing to the appearance of
a growing number of weed biotypes resistant to traditional chemical herbicides,
farmers have been forced to resort to new, more expensive treatments. The increa-
se in consumer demand for food free of chemical residues, and the desire of agri-
cultural organizations to promote sustainable agriculture highlight the need to
develop alternatives to chemical weed control. Thus, we propose the use of ther-
mal weed control (or flame weeding) alone or in combination with traditional
mechanical methods (rotary hoe, sweep cultivator).
Flame weeding was very popular in the first part of the century, until 1940. The
first known prototype flamer, used for sugar cane (Saccharwn officinarutri), dates
back to 1852 in the United States (Vester 1986). The use of flame weeding ceased
in the late 1960s with the advent of cheap and effective selective chemical herbici-
des. The renewed interest in flame weeding has encouraged us to work on impro-
ving this method through research in the laboratory and in the field.

2 Principles of Flame Weeding

Theoretically, thermal weed control is a method that can comprise various forms
of electromagnetic radiations such as microwaves, thermal radiations, laser beams
and gamma radiations to kill weeds (see Chap. 7). Often, this radiative transfer is
enhanced by heat transfer by conduction when hot gases come into contact with
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plant tissues. In practice, however, only thermal radiation from flame, steam, hot
air or infrared sources and heat transfer by conduction are of interest.
Open flame weeding kills weeds by heating plant tissues rather than burning them.
Temperatures must be at least 95-100 °C and should be applied for at least 0.1 s
(Vester 1986; Parish 1989). The resulting thermal shock destroys the above-ground
parts of weeds. A study on the effects of ultra-high temperatures on corn by
Ellwanger et al. (1973) showed alterations to cellular membranes leading to dehy-
dration. Dehydration results from the expansion of the cell contents (made up of
95% water) and subsequent bursting of the cell membranes, and from the coagula-
tion of proteins at temperatures of 50-70 °C (Morez 1985). Both effects damage
plant cells to the point that normal growth is impossible. Hot, dry weather accele-
rates this phenomenon, which takes a few hours (Vester 1986). The resulting
increase in evapotranspiration causes plant desiccation in 2 or 3 days.

3 Laboratory Studies

Thermal weed control is not a selective method. Therefore the tolerance of weeds
to heat must be balanced against that of corn. Two experiments were set up. The
first aimed at determining the minimum temperature required to kill weeds and the
second at identifying the maximum temperature supported by corn without negati-
ve effects on yield.

3.1 Burner Configuration

Two round burners were used in the lab experiments. They were placed 8 cm above
the ground surface, 20 cm apart, shifted 18 cm one from the other along the rows
and tilted 30° relative to the vertical (Fig. 1). These values were dictated by the
configuration of the cultivator used in the field (Fig. 2). The configuration is impor-
tant since it defines the extent of temperature rise (Parish 1989; Ascard 1995).

20 cm

Fig. 1. Placement of burners in relation to soil and corn plants.
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Fin. 2. Rear view of flame cultivator used in tests.

Since, in this case, the type of cultivator used limited the burner angle, height and
spacing, the temperature rise was determined solely by the gas operating pressure
in the burners and the exposure time (i.e. (he travel speed of the burners in relation
to the plants).

3.2 Effects of Flaming on Corn

A corn hybrid (Pioneer 3979) was sown in metal flats (30 cm wide x 75 cm long x
20 cm tall), six plants to a row. Four growth stages were studied: (1) coleoptile
stage; (2) 5-8 cm tall or 2-3-leaf stage; (3) 20-25 cm tali or 4-5-leaf stage; and (4)
45-50 cm ta l l or 6-7-leaf stage. The corn plants were exposed (o (en temperatures
between 1 10 and 390 °C; produced by combining various travel speeds and gas
operatitig pressures (Gill et al. 1995)-The temperature probe was located 20-30 cm
from the soil surface (Lague el al. 1997).
In general, temperature rises resulted in decreased dry biomass 2 weeks after treat-
ment, regardless of the growth stage at time of treatment (Fig. 3). However, corn
growth was least affected when treatment was at the coleoptile stage, with a
decrease in growth of 50% at 390 °C, compared to an average decrease of 80% at
later growth stages. The 20-25-cm stage (which corresponds to the 4-5-leaf stage
of corn) was the most sensitive: above 160 "C, dry biomass was reduced by at least
50% (data not shown). For the two other stages (5-8 and 45-50 cm), the threshold
was around 175 °C. Below this temperature, there was l i t t le damage to corn, while
above this temperature, leaf necrosis and reduced growth were observed. These
results, similar to those reported at the California Weed Conference (1985) and by
Daar (1987), indicate that corn is very sensitive to heat between the coleoptile
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(2 cm) and 6-leaf (50 cm) stages. Heat tolerance is greatest at the 0-2-cm stage,
when the apical meristem is protected. However, when the first leaves emerge,
exposure to flaming may damage the plant. At the 6-7-leaf stage (50 cm), the folia-
ge is tall enough for the flame to be directed at the base of the stem, which spares
the foliage from the effects of heat (California Weed Conference 1985).

3.3 Effects of Flaming on Weeds

The experiment was carried out on four weed species common in Quebec corn-
fields: redroot pigweed (Amaranthus retroflexus L.), wild mustard [Sinapis arven-
sis L.], lamb's-quarters (Chenopodium album L.) and green foxtail [Setaria viridis
(L.) Beauv.]. These weeds were treated at three different growth stages (0-2 lea-
ves, 4-6 leaves and 8 or more leaves) at temperatures between 110 and 390 °C.
At the 0-2-leaf stage, all four weed species were destroyed by temperatures at or
above 110 °C (Fig. 3). At the 4-6-leaf stage, however, temperatures of at least 175
°C were required to reduce biomass by 80%. Lastly, at the 8-or more leaf stage,
weeds were very difficult to control and, the level of control was below 85% even
at temperatures of 350 °C (data not shown). Similar studies done in Sweden by
Rahkonen and Vanhala (1993) and Ascard (1995) produced the same results.
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Fig. 3. Mean effect of temperature on dry biomass of weeds treated at the 0-2-leaf and 4-
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4 Field Methodology

The laboratory studies allowed us to propose the following hypotheses to be tested
in the field:
- The best treatment time for corn is the coleoptile stage. The 6-leaf stage (45-
50 cm) is also fairly tolerant to flaming since the foliage is not exposed to the fla-
mes to any great degree.
- Young weed seedlings (at the 0-2-leaf stage) are very sensitive to heat and even
the lowest temperatures will kill weeds at a rate of over 90%.
- In older weeds, the temperatures required to obtain an 85% decrease in growth
(the minimum level of effectiveness required to register a herbicide) also cause a
significant decrease in growth of corn (over 200 °C for the 4-6-leaf stage and over
350 °C for the 8 leaf or more stage).
Flame weeding is therefore only feasible for controlling weeds no later than the 4-
leaf stage. As the work of Geier (cited by Daar 1987) suggests, treatment must be
done as early as possible, when the corn is most resistant to flaming and weeds are
the most sensitive. This limits competition from weeds during the most critical per-
iod, from the 2-^-leaf stage to the 6—10-leaf stage, when corn is very sensitive to
competition. Raming can be used again once the corn has reached the 45-50-cm
stage, as long as the weeds are still at a point where they can be controlled by fla-
ming. To achieve this, weed growth has to be checked at the beginning of the season,
to keep them at the 4-leaf stage when the corn is at the 6-7-leaf stage (45-50 cm).
The laboratory work showed that flame weeding can be used without risk for corn
at the pre-emergence/early post-emergence stage or at the late post-emergence
stage. However, the effectiveness of the treatment must be verified under field
conditions, particularly regarding the maximum number of passes with the flame
weeder corn plants can tolerate. Lastly, it is also essential to study the effects of fla-
ming on corn yield and to compare the effectiveness of flame cultivation with that
of mechanical or chemical treatments.
Our method of non-chemical weed control requires two separate treatments: one at
the pre-emergence/early post-emergence stage and a later one when the corn is at
the 6-7-leaf stage (45-50 cm). The purpose of the first treatment is to delay the esta-
blishment of weeds to ensure they are still amenable to treatment when the corn
has reached the point (6-7-leaf stage or 45-50 cm) where it can tolerate flaming.
The pre-emergence treatment can be mechanical or thermal. At the post-emergen-
ce stage, flame weeding is the only non-chemical method that can be used to remo-
ve weeds from the row; however, at this point, flame weeding can be combined
with mechanical cultivation in the inter-row area.
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4.1 Tools Used

4.1.1 Mechanical Cultivation

A John Deere rotary hoe with flex-discs was chosen (see Chap. 14) for the broad-
cast cultivation of corn at the pre-emergence/early post-emergence stage (Fig. 4).
This machinery is used when the corn is no older than the 3-leaf stage, at a speed
of at least 15 kmrr1. It is most effective when weeds seedlings are sprouted but not
yet emerged.

4.7.2 Flame Cultivation

Fiat vapour burners were used for broadcast treatments. The burners were moun-
ted and equally spaced on a tool bar, producing a uniform temperature rise along a
5-m-wide swath. This provides complete broadcast weed control without mecha-
nical cultivation.
The flame cultivator used consisted of two burners per row mounted on a
Kongskilde cultivator (adapted by Bervac, Thetford Mines, Quebec). Five goose-
foot sweeps provided inter-row cultivation (Fig. 2). Round vapour burners (Flame
Engineering Inc., LaCrosse, Kansas, USA) were used in the same configuration as
the laboratory model. Gas was supplied from four 45.7 kg propane tanks mounted
in front of the tractor. The cultivator was also equipped with an automatic guidan-
ce system manufactured by Sukup Manufacturing Company (Sheffield, Iowa,
USA). This system uses two crop-sensing wands (free-floating metal rods) to align

Fig. 4. Front view of rotary hoe.



53

the sweeps and burners with the crop rows. The rods determine the position of the
corn row and control a hydraulic cylinder that directs the moves of the cultivator
laterally.

4.2 Effectiveness of Pre-Emergence Weeding

We compared three methods of pre-emergence weeding with an unweeded control
plot. They were: (1) standard herbicide treatment; (2) two passes with a rotary hoe
(pre-emergence and early post-emergence of corn) and, (3) a broadcast thermal
treatment (Table 1). The non-chemical treatments, which have no residual effects,
were supplemented by a post-emergence treatment. The results will be discussed
in the next section.
The three pre-emergence treatments all reduced weed density, with similar results
in reducing the density of dicot weeds (Fig. 5). However, the broadcast thermal
treatment left a greater number of annual grasses, probably because of the timing
of the treatment, which was done early in the season when few grasses were pre-
sent. Since thermal treatment only affects the above-ground portions of weeds,
those there are not yet emerged at time of flaming remain protected. At this stage,
none of the pre-emergence treatments was found to cause damage to the corn (data
not shown). ,

Table 1. Treatments used in the field.

Treatment Timing

1 Control (weeds left untreated)
2 Broadcast herbicide (standard treatment)

Metolachlor (2 kg-1 ha) + Atrazine (1.125 kg-1 ha) PRE
3 Rotary hoea PRE + coleoptile

+ flame cultivation15 POST (corn: 45 cm)
4 Broadcast flame weeding0 PRE

+ flame cultivation13 POST (corn: 45 cm)

PRE: pre-emergence; POST: post-emergence.
a Rotary hoe at 15 kmrr1.
" Flame cultivation: two round burners at 175 °C, 6 kmrr1, gas operating pressure: 367 kPa.
The burners are used in the corn row and the treatment is supplemented by sweep cultiva-
tion in the inter-row area.
c Broadcast flame weeding: flat burners at 175 °C, 6 kmrr1, gas operating pressure: 367 kPa.
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Fig. 5. Effect of pre-emergence weed control treatments on density of dicot and monocot
(grasses) weeds, measured 21 days after corn emergence.

Although pre-emergence flaming does not control late-germinating grasses, it does
have a significant advantage over cultivation since it can be used when the soil is
wet. The rotary hoe is much less effective in wet soil because the exposed roots of
the uprooted plants do not dry out. Another advantage of flame weeding is that,
unlike tillage (which stirs up the soil, exposing weed seeds to the light), it does not
stimulate the germination of weed seeds. Since the seeds of many weed species are
photosensitive (they need a brief exposure to light to initiate germination), the rota-
ry hoe may trigger the germination of an entire new cohort of weeds. However, the
rotary hoe does have some advantages over thermal weed control since it can be
operated at a faster speed (15-20 kmlv1 compared to 6 kmlv1): the slow speed of
the flamer can be a real handicap in spring, a very busy time of year, particularly
if the window of opportunity for treatment is very small.

Grain yield (Mg.ha~1)

Herbicide 2-3 4-5 6-7 2-3 leaf 2-3 leaf
leaf + 4-5 leaf+ 6-7 leaf

Treatment

Fig. 6. Effect of various post-emergence fame weeding treatments on corn grain yields
(T ha~') (at 15% moisture content).
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4.3 Effectiveness of Post-Emergence Weeding

The performance of corn subjected to post-emergence thermal treatments, in both
the absence and presence of competition from weeds was also monitored. Post-
emergence flame weeding was done once, twice or three times at the following
growth stages of the corn: 2-3-leaf stage (5-8 cm), 4-5-leaf stage (20-25 cm) and
6-7-leaf stage (45-50 cm). The burners were calibrated to generate a temperature
rise of 175 °C.
As in the laboratory, corn treated at the 2-3-leaf stage (5-8 cm) and 4-5-leaf stage
(20-25 cm) was sensitive to heat. However, despite significant foliage damage,
kernel yields were reduced only in corn treated at the 4-5-leaf stage (20-25 cm),
indicating that any slowdown in growth caused by flaming at the 2-3-leaf stage
(5-8 cm) was made up for during the rest of the growing season. The 6-7-leaf stage
(45-50 cm) of corn was more heat-resistant. With two post-emergence treatments,
yield was most affected when the treatments were done at the 2-3-leaf and 4-5-
leaf stages (5-8 and 20-25 cm) consecutively. When the two treatments were at the
2-3-leaf stage (5-8 cm) and the 6-7-leaf stage (45-50 cm), yields were not redu-
ced (Fig. 6).
Although a single early post-emergence treatment (2-3-leaf stage or 5-8 cm) effec-
tively controlled weeds, it did not cover the entire critical period for corn and yields
suffered as a result. A single pass at the intermediate stage of 4-5 leaves

Seeding Pre- Early post-
emergence emergence

Post-
emergence

Prescription 1 ->•

1 or 2 passes
of rotary hoe

s5 far si 1 in-row flame
cultivation treatment

Prescription 2 -

1 broadcast flame
weeding treatment 1 sweep cultivation

Fig. 7. Illustration of prescriptions for non-chemical weed control in corn.
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(20-25 cm) controlled weeds effectively but is not advisable since corn is very sen-
sitive at this stage. At the later stage of 6-7 leaves (45-50 cm), the weeds are too
well established to be controlled effectively. The use of two passes, one at an early
stage and the other at a late stage, is very effective and does not have a negative
effect on yield. There is no advantage to using three flaming treatments. In pre-
sence of high weed populations, farmers forced to carry out flaming at the inter-
mediate stage will suffer yield losses.

Dry biomass of weeds (g.cnr2)

Control (weeds left untreated)

LJ PRE rotary hoe + POST flame cultivation

E-POST flame weeding + POST flame cultivation

Herbicides
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Fig. 8. Effect of prescriptions on dry weed biomass, measured 63 days after com emer-
gence (see Table 1 for description of treatments).

Grain yield at 15 % moisture
(Mg.ha-1)

I I Control (weeds left untreated)

I I PRE rotary hoe + POST flame cultivation

•I PRE broadcast flame weeding + POST flame cultivation

[*J Herbicides

Fig. 9. Effect of weed control prescriptions on corn grain yield at 15% moisture content
(see Table 1 for description of treatments).
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4.4 Weeding Prescriptions

Based on these results, the best combinations of cultivation and flaming for effec-
tive weed control in corn can be determined. Weed control must be begun early in
the season, either with a single pass (pre-emergence) or double pass (pre-emer-
gence and early post-emergence) of the rotary hoe (prescription 1), or by broadcast
flame weeding at the early post-emergence stage (prescription 2) (Fig. 7). At this
time, the main weed cohort for the season is either in the process of germinating or
has already emerged. Weather conditions will affect the choice of device used.
However, if the soil is dry, the rotary hoe provides excellent results and can be ope-
rated at faster speeds than the flame weeder. If the soil is very wet or weeds have
already emerged, flame weeding yields better results. These early treatments crea-
te a growth differential between the corn and weeds by destroying the first weed
cohort. This approach allows the crop to reach the 6-7-leaf stage (40-50 cm)
without being subjected to much competition. At this stage, weeds are at the four-
leaf stage, at most, and are still susceptible to high temperatures. The corn can tole-
rate these temperatures, thus allowing selective flaming on the row.
Figure 7 shows the performance of both prescriptions compared to that of pre-
emergence herbicides and a control group. Figure 8 shows weed biomass in plots
63 days after the emergence of corn. The treatments all resulted in a reduction of
over 85% of weed biomass with respect to the control plot. There is no difference
between the two prescriptions, which are also similar to the herbicide treatment.
The non-chemical prescriptions resulted in identical yields to those obtained with
chemical herbicides, an average of 8 Mg.ha-' (Fig. 9).

5 Economic Analysis

The figures in this study are based on those provided by the Comite de references
economiques en agriculture du Quebec (Quebec Committee of Economic
Authorities in Agriculture). These costs include expenses for the tractor and depre-
ciation, but not labour.
In the case of flame weeding treatments, the costs associated with the burner appa-
ratus and gas consumption are included in the costs of using the machinery and
tractor. Purchase costs, depreciation and the operating cost of the rig for broadcast
flame weeding are not available since this machinery is not yet available commer-
cially. It has been assumed that the cost is close to that of a post-emergence culti-
vator, 20.40 SCAN ha-1 (85 FF ha-'). Similarly, the cost of the burner apparatus
(burners, piping and propane bottles) mounted on the cultivator for post-emergen-
ce flame weeding in the row is difficult to evaluate and cannot be factored in at the
present time. We can estimate, however, the costs of propane consumption for both
pre-emergence and post-emergence treatments at 14.30 $CAN ha-' (60 FF ha-1)
(Table 2). It should be noted that flame weeding treatments would probably be
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contracted out on a lump-sum basis since the use of propane gas requires special
training, which could add significantly to the cost.
The cost of the proposed non-chemical treatments can be broken down as follows.
For prescription 1, two passes of the rotary hoe (15.60 $CAN ha-' or 65 FF ha-'),
one pass of the cultivator (20.40 $CAN ha-' or 85 FF ha-') and propane (14.30
SCAN ha-1 or 60 FF ha-1),, for a total of 50.30 $CAN ha-1 or 210 FF ha-1, to which
must be added the cost of the contract work. Prescription 2, with two flame wee-
ding treatments, costs 69.40 $CAN ha-1 (290 FF ha-1) for operating costs and pro-
pane (Table 2). The costs of the burner apparatus and contract work must be added
(Table 2).
Herbicides cost 60.40 $CAN ha-1 (253 FF ha-1) and spraying 22.40 $CAN ha-1

(94 FF ha-1) for a single broadcast treatment, with a total cost of 82.80 $CAN ha-1

(347 FF ha-').

Table 2. Equipment and operating costs of proposed weed control prescriptions.

Treatment

1 pass covers 6 rows

Equipment

- Rotary hoe

- Broadcast flame weeding

- Cultivator

- Burner apparatus

- Sprayer

Products

- Herbicides

-Propane

Operating costs

FF ha'1 $CAN ha"1

Prescription

32.50 7.80

85 20.40

85 20.40

Not available

94 22.40

253 60.40

60 14.30

| Total

Cost of prescriptions (FFha " )

Prescription Prescription Herbicide

1 2

32.50 x 2

85

85 85

NA NA

60 60 x 2

210 290

94

253

347

6 Conclusion

The use of thermal weed control in corn is quite feasible. The difference in heat
tolerance between weeds and corn, based on phenology (the stage of growth at
which each is treated), is the basis for treatment selectivity. In corn, the apical
meristem is located below the soil surface between the coleoptile stage and the
2-3-leaf stage, allowing the plants to resist temperatures of 175 °C. At these tem-
peratures, weeds, in their 0-2-leaf stage, are destroyed, with over 90% efficacy.
Later in the season, at the 6-7-Ieaf stage (45-50 cm high), corn is again tolerant to
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high temperatures. Al this later stage, flaming can he successful in fields where
early treatments have delayed weed growth such that weeds have not grown past
Ideir 4-leaf stage before this later treatment.
A broadcast treatment is therefore required in the pre-emergence or early post-
emergence stage to slow the growth of weeds, with a rotary hoe or flame weeder.
One of the advantages of flame weeding is that it can be done on wet soil. After
emergence, a combination of mechanical cultivation between the rows and flame
weeding in the row can be done at the 6-7-Ieaf stage of the corn (45-50 cm).
Treatments at the 4-5-leaf stage should be avoided, because corn is very sensitive
to heat at this stage. Both prescriptions result in weed control and crop yields com-
parable to pre-emergence treatment with herbicides. Our results confirm those
already obtained by Liljedahl et al. (1964), Reece et al. (1964, 1966), Lalor and
Buchele (1966, 1970), Parish (1989) and Balsari et al. (1991).
To maintain the medium-term effectiveness of the proposed prescriptions, they
should be integrated with a crop rotation system to prevent massive weed infesta-
tions. Physical weed control methods have no residual activity. Although they limit
competition between corn and weeds during the critical period of corn is suscepti-
bility further on, nothing can stop weeds from getting established, growing and set-
ting seeds. Thus, the weed seedbank may still increase. This is why these tech-
niques must be combined with cultural methods that ensure crop competitiveness.
Another important point is that non-chemical treatments require more time than do
herbicides. The window of application is narrow, necessitating increased monito-
ring of fields. In addition, two or three passes are required, which is more work
than a single pre-emergence application of a residual herbicide.
The greatest advantage of the methods proposed here is that they provide an alter-
native to herbicides and are relatively non-polluting (see Chap. 2). Although the
advantages are presently difficult to quantify in terms of low-input farming and
minimising input, they probably far outweigh the additional costs of the burner
apparatus. Lastly, the appearance of biotypes resistant to thermal treatments is unli-
kely (which is not the case with herbicides), although it must be recognized that
flame weeding may promote the growth of annual grasses in fields.

References

Ascard J., (1995). ElTects of flame weeding on weed species al different developmental stages. Weed
Res. 35:397-411.

Ayotte P., Lame M., (1990). Micropolluants organiques. Campagne d'echantillonnage printemps/et6
1987 et hiver 1988. Ministers de I'Environnement du Quebec, Direction des ecosystemes urbains,
Quebec, Canada, 178 p.

Balsari P., Ferrero A., Airoldi G., (1991). Weed control in maize by flaming. Medelingen van de facul-
teit Landbouwetenschappen, Rijksuniversiteit Gent. 56(3a): 681-689

California Weed Conference, (! 985). Principles of weed control in California, pp. 46-49, in Fresno, Ca.:
Thomson Publications (eds.). Proceedings of California weed conference. El Macero, USA, 474 p.

DaarS., (1987). Flame weeding on European farms. The 1PM practitioner 9(3): 1-5.
Economic Commission for Europe, (1993). The Environment in Kuropc and North America 1992,



60

Unilccl Nations, New York, 368 p.
Bllwanger T.C., Bingham S.W., Chappel W.E., (1973). Physiological and cylological effects of ultra

high temperatures on corn. Weed Sci. 21: 296-303.
(iill J., Lagiie C., Lehoux N., (1995). Propane burner characterization Tor thermal weeding. ASMS

Poster No. 878, Hortscience 30: 819,
Giroux I., Morin C., (1992). Contamination du milieu aquatique et dcs caux soulcrraincs par les pesti-

cides au Quebec. Revue des differentes activites d'echantillonnage realisees de 1980 a 1991. Sainte-
Foy, Quebec, Canada: Mimstere de PEnvironnement du Quebec, Direction du milieu agricole et du
controle des pesticides, 74 p.

Lague C., Gill J., Lehoux N., Peloquin G., (1997). Engineering performances of propane flamers used
for weed, insect pest, and plant disease control. Applied Rngi. Agric. 13: 7-16.

Lalor F.W., Buchele F.W., (1966). Chemical, mechanical, and flame weed control experiment in corn
and soybeans, pp 27-32 in Proceedings ofthird annual symposium on (hermal agriculture, Sponsored
by Natural Gas Processor Association and National LP-Gas Association, Phoenix, Arizona.

Lalor F.W., Buchele F.W., (1970). Effects of thermal exposure on the foliage of young com and soy-
bean plants. Transactions of the ASAE, 13(4): 534-537.

Leroux G.D., Laganiere M., Vanasse A., (1990). Methodes alternatives de repression dcs mauvaises her-
bes dans les cultures fourrageres, cerealieres, le mai's et le soja. Ministere de 1'Agricullure, des
Pecheries et dc l'AlimenIation du Quebec, Ste Foy, Quebec, 135 p.

Lijledah! J.B., Williams J.L., Albrecht K.J., (1964). Flame weeding research progress report, pp. 25-28
in Proceedings of first annual symposium, Research on flame weed control Memphis, Tennessee:
Natural Gas Processor Association.

Morez, (1985). Le desherbage ihermique. Nature et progres, Automne 1985: 9-12.
Parish S. (1989), Investigations into thermal techniques for weed control, pp. 2151-2156 in Dodd, V. A.

and Geace P.M. (eds.). Proceedings of the l l th international congress on agricultural engineering
(CIGR), Dublin, Balkema, Rotterdam.

Rahkonen J., Vanhala P., (1993). Response of a mixed weed stand to flaming and use of temperature
measurements in predicting weed control efficiency, pp.167-171 in Thomas, J.-M. (ed.), Non che-
mical weed control, Papers from ihe 4th international conference of the 1FOAM. Dijon, France.

Reece F., Hurst II., Russ O., (1966). Comparison of flame, mechanical and chemical weed control in
corn and grain sorghum, pp. 34-35 in Proceedings third annual symposium on thermal agriculture,
Sponsored by Natural Gas Processor Association and National LP-Gas Association, Phoenix,
Arizona.

Reece F.N., Fitzgerald L.W., Anderson L.E., Larson G.H., (1964). Flame cultivation of com and grain
sorghum, pp. 22-25 in Proceedings of first annual symposium, Research on flame weed control.
Memphis, Tennessee: Natural Gas Processor Association.

Vester J., (1986). Flame cultivation for weed control, two year's results, pp. 153-167 in Cavalloro, R. et
El Titi, A. (eds.). Proceedings of a meeting of the EC experts group/Stuttgart, 28-31 October, 1986.
Weed control in vegetable production, A.A. Balkema, Rotterdam, Brook field.


