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INSECT PEST RESISTANCE: 

Technological, Biological and Economic Dimensions 

by 

R.P. Hide 

The literature on pest control technology, biology and 

economics is reviewed. The problem of resistance is considered 

in economic terms. Pest susceptibility is defined as a 

resource and because of a lack of property rights, there is 

a bias towards its rapid depletion. A lack of property rights 

for conserving technologies results in their underprovision. 

As the costs of depletion are largely external costs, there 

is a divergence between decision-making at the individual and 

societal level. The options for dealing with the problem are 

identified and evaluated. 

In the New Zealand apple industry, the basic problem 

has been exacerbated by an independent approach to fruit 

grading and pest control research, and by a failure of the 

latter to identify the economic aspects of resistance. The 

apple-pest system is interpreted as being on the verge of a 

resistance episode which could have serious national economic 

repercussions. The available options are identified and 

evaluated. 
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CHAPTER ONE 

INTRODUCTION 

1.1 THE NATURE AND SCOPE OF THE PROBLEM 

Resistance is the phenomenon by which pests overcome 

the toxicity of pesticides. While once a limited curiosity, 

the widespread adoption of chemical pest control techniques 

has resulted in resistance becoming a major control feature. 

This is particularly so for insect pest control, as it is 

the insects which have demonstrated the most extraordinary 

adapt(~bility to insecticides and consequently proved the 

most intractable. 

1 

Some authors consider resistance no reason for concern. 

The continual refinement of insecticides is seen as promising 

the perfect insecticide, one to which resistance is not 

possible and which is not harmful to humans or the general 

environment (e.g. Corbett, 1974), or else alternative control 

techniques are presumed to become available (e.g. Hueth and 

Regev, 1974). Other authors consider the present use of 

insecticides as injUdicious (e.g. Metcalf, 1960) and possibly 

leading to increased pest damage (e.g. Anon., 1976). 

This divergence of opinion alone is a matter of concern. 

Given the heavy reliance placed on effective insecticides, 

the possibility that present actions could have serious 

control consequences denotes a need for further information 

and analysis. 

A recent seminar on the subject in New Zealand served 

to clarify what resistance is, document its occurrence and 

investigate methods by which it may be avoided (Geelen and 

Esson, 1982). The questions that remain, however, are: does 

resistance present a problem; if so, what is it and what can 

be done about it? with recent evidence of incipient resis

tance problems in a Nelson horticultural pest (Suckling, 

1983), these questions are of practical significance and 

form the study problem. 



The problem of resistance appears familiar: the 

interaction of technology and the environment resulting ~n 

concern that some resource may be running out. In analysing 

such problems, the relevance of biology makes it clear that 

a strictly human frame of reference will not work, while the 

unique human capacities for purposive behaviour and rapi~ 

cultural change suggests the insufficiency of a strictly 

biological frame of reference. In particular, economics is 

considered of importance, it being the structure humans use 

to determine the allocation of resources. 

1.2 STUDY GOAL 

2 

The goal of the study is to determine whether insect 

pest resistance presents a problem to New Zealand, and if so, 

to determine what the problem is and what can be done about 

it. 

A secondary goal is to undertake an interdisciplinary 

approach to a complex problem to see if insight is gained 

which would not have been available to an approach from a 

single discipline. 

1.3 METHODOLOGY 

The approach taken is one of interpreting the available 

literature. The next three chapters review insect control 

technology, the biology of resistance, and the economics of 

control. Chapter five develops what the problem is, 

identifies the available options and provides a basis for 

their evaluation. To apply the ideas developed, resistance 

in apple pests is considered in Chapter six. 



CHAPTER TWO 

INSECT CONTROL TECHNOLOGY 

"And he gave it for his opinion, that whoever 
could make two ears of corn or two blades of grass 
to grow upon a spot of ground where only one grew 
before, would deserve better of mankind, and do 
more essential service to his country, than the 
whole race of politicians put together. II 

2.1 INTRODUCTION 

Jonathan Swift 
Gulliver's Travels 

This chapter reviews insect control technologys The 

term pest is defined and the origin of insect pests in 

agriculture investigated. The contemporary method of 

control based on insecticides is reviewed and its problems 

and achievements outlined. Selected alternative control 

techniques are considered and their potential assessed. 

The purpose of this chapter is to provide the context 

of insecticide resistance and to evaluate the role of 

insecticides in insect control. 

2.2 DEFINITION OF PESTS, PEST D~iAGE AND PEST CONTROL 

3 

Woods (1974) defines a pest as an organism which harms 

man or his property, or is likely to do so. The harm must 

be significant, the damage of economic importance. It is 

important to note that a pest is characterised not only by 

the state of the pest population but more importantly by the 

damage it causes and the value placed on this damage by 

human society (Norton and Conway, 1977). 

The term pest control has been applied by Beirne (1967) 

to any action which has as its objective the amelioration of 

harm caused by pest, and in which man plays some deliberate 

role. 



The above definition of pest encompasses a wide array 

of animals, plants and microorganisms. This study, however, 

focuses on insect and mite pests, for it is these which, 

through resistance, have proved the most intractable. 

Insects and mites, while not forming a separate taxonomic 

group of their own, have common control characteristics and 

their joint consideration in applied work is useful. As the 

great majority of these pests in New Zealand are of agricul

tural significance, the study emphasis is further narrowed 

to insect and mite pests of agriculture. 

2.3 ORIGIN OF PESTS 

4 

Due to the mutual disadvantage of ecological competit

ion, the coevolution of competitors results in a reduced 

interaction by processes of niche separation, specialisation 

and diversification (Pianka, 1974). Similarly, natural 

selection tends to lead to reduction in the detrimental 

effects of predation and parasitism since continued severe 

depression of a prey or host population by the predator or 

parasite population can only lead to extinction of one or 

both populations (Odum, 1971). Consequently, severe inter

action is most frequently observed when the interaction is 

of recent origin or when there have been large scale or 

sudden changes in the ecosystem (ibid.). 

The development of agriculture some 10 000 years ago 

produced such changes. Monoculture, the spread of species, 

crop breeding etc., served to produce severe interactions 

between species and constitute the biological basis of 

agricultural pest problems (Pimentel, 1977). There is an 

interacting cultural bqsis as well, for whatever the reason 

for the development of agricultural economies, their destiny 

was set on ever larger populations requiring more food, 

more intensive farming (Harlan, 1975), with the result of 

increasingly severe pest problems. Early in its history, 

pest control must have become an integral component of 

agriculture. 



2.4 CONTEMPORARY PEST CONTROL 

2.4.1 The Method and its Origin 

Contemporary pest control relies almost exclusively 

on the use of synthetic organic insecticides, most of which 

are sprayed or dusted in a dilute form on the subjects they 

are to protect or kill. 

5 

Chemicals for the control of insects had a diffuse 

origin in the distant past. For the first half of this 

century, Paris green and lead arsenate, which are inorganic 

compounds, were the most widely used commercial insecticides. 

During the second world war, the technical superiority of a 

chlorinated hydrocarbon termed DDT was recognized and a 

successful search for other synthetic insecticides initiated. 

These new insecticides were cheap, persistent, and 

effective against a broad range of pests. They were readily 

adopted, and eradication became the goal for major pests, 

while minor pests, never before considered worth controlling, 

became targets. Pest research on alternative means of 

control languished, and concentrated instead on which chemical 

might be applied, how and when, and in what amounts (Perkins, 

1982). 

Following the commercial production of the organo

chlorines in the 1940s came the organophosphorus compounds 

in the early 1950s, followed by the carbamates in the late 

1950s. The 1960s saw a trend toward specific and specialised 

insecticides including systemic materials (Bohrnont, 1983). 

The synthetic pyrethroids based on the natural product 

pyrethrin were introduced in the 1970s (Elliott et al., 

1978). Few other major classes have been developed, the 

only notable exceptions being diflubenzuron and its related 

compounds (Elliott, 1980) and the forrnadines (Hollingworth 

and Lund, 1982). 

2.4.2 The Achievements of Contemporary Pest Control 

The benefits provided by the synthetic organic insecti

cides in terms of lives saved, diminished suffering and 

economic gain are inestimable (Metcalf, 1965). Their use 



has resulted in the eradication of malaria and other 

devastating diseases in many parts of the world. They 

have enabled the development of technological practices 

which have greatly increased agricultural production. Pests 

of home and industry have also been brought under control. 

2.4.3 The Problems of Contemporary Pest Control 

6 

The use of synthetic organic insecticides is not with

out its problems. These relate to their hazard to humans 

and the environment, and to a lack of control stability. 

While the technologies' benefits are inestimable, the exact 

nature and magnitude of the costs are unclear. A bitter and 

polarized controversy has been the result, with the two 

sides epitomized by Carson (1962) and Whitten's (1966) reply 

in defense of insecticides. At issue are two different 

ideologies which have been termed ecocentrism and techno

centrism (O'Riordan, 1981). 

The problems associated with contemporary pest control 

can be considered under four main headings: 

1. Human health effects. There are two major areas 

of medical concern (Davies, 1977). The first involves acute 

toxicity phenomena seen in those of a certain occupation 

such as pesticide applicators and pickers; and in the general 

population, especially children, through inadvertent contact. 

The consequences of incidental pesticide exposure, human 

pesticide residues and the possible relationship of such 

exposure to environmental carcinogenesis is a second area of 

medical concern. For instance, beta-HCH, DDT and dieldrin 

which are shown as occurring in human residue adipose 

surveys have been found carcinogenic in experimental animals. 

2. Environmental degradation. As a result of pesti

cide application, honeybees and other important invertebrate 

species may be destroyed. As well, many widely used pesti

cides are highly toxic to vertebrates. wildlife may be 

directly killed or indirectly harmed, as for instance, with 

the concentration of organochlorines through the foodchain 

(Metcalf, 1980). 
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3. Pest resurgence. The complex ecological relation

ships regulating the densities of insect pests are disrupted 

by the broad spectrum action of insecticides and two types 

of population resurgence result. The first is of the pests 

themselves, whose populations, while initially suppressed 

by the insecticide application, subsequently rebound to 

excessive levels. Potential pests which, previous to the 

use of insecticides, were economically unimportant non-target 

species may also resurge to reach pest status following the 

use of insecticides to control target species. Such a 

phenomenon is termed a secondary pest outbreak. Ripper 

(1956) correctly concluded that the reason for population 

resurgence was that the pesticide eliminates the natural 

enemies, parasitic and predatory insects, which previously 

held the pests and potential pests in check. 

4. Resistance. It is now accepted by entomologists 

that insect populations can develop resistance and render 

insecticides useless (Oppenoorth, 1976). The problem this 

presents is exacerbated by two phenomena: cross-resistance 

which enables resistant strains to survive exposure to 

related insecticides, and multiple resistance which extends 

to a variety of classes of insecticide. As a result the 

house fly, German cockroach, cotton and tobacco bollworm, 

and some mosquito species have developed strains resistant 

to virtually every insecticide suitable for their control 

(Metcalf, 1980). 

The response to the health and environmental hazards 

of pesticides has been the development of pesticide residue 

regulations (Miller, 1977), pesticide application laws, 

applicator training programmes (Dewey, 1977), and restrict

ions in the use of some pesticides (Davies, 1977). In New 

Zealand the important legislation has been the Agricultural 

Chemicals Act 1959, which was primarily concerned with 

efficiency and adequate labelling, and the subsequent 

Pesticides Act 1979, which is a good deal more responsive 

to the heightened environmental and safety concerns of the 

public (Williams, 1980). 

The response to resurgence has been the continual 

application of insecticides for the control of target insects 
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and the use of other insecticides for the control of secondary 

pests. Resistance has meant a substitution to alternative 

insecticides whenever it occurs. 

2.5 SELECTED ALTERNATIVE PEST CONTROL TECHNIQUES 

The problems of contemporary pest control also 

prompted research into alternative control methods. Involved 

has been the refinement of old techniques and the development 

of entirely new ones. This section reviews those techniques 

considered by the National Academy of Sciences as worthy of 

attention, either because of their promising potential or 

because they are widely discussed (National Academy of 

Sciences, 1975). No clear classification of the alternatives 

exists and much overlap between them is evident. 

2.5.1 Insect Pheromones and Hormones 

pheromones are exocrine secretions that cause a 

specific reaction in the receiving individual of the same 

species (Karlson and Butenandt, 1959). The sex pheromones 

which initiate and control mating behaviour appear widely 

distributed amongst the insects and offer the most promising 

prospects for control (Metcalf and Metcalf, 1982). Many 

have been chemically characterised since the first over 

twenty years ago (Blum, 1976), with production in useful 

quantities possible for the sex pheromones of several import

ant pests (National Academy of Sciences, 1975). 

Two approaches have been taken in their use for control 

(Newsom et ale I 1976): 

1. Disruption of mating which, while demonstrated in 

lepidopterous pests, has yet to be clearly correlated to 

population control. 

2. Trapping, which has proved promising for the 

control of some pests and the monitoring of others. 

To date, pheromones have proved most useful in pest 

monitoring (Roelofs, 1974), though in specific instances mass 

trapping has proved successful and experimental work on mating 



disruption has provided encouraging results (Metcalf and 

Metcalf, 1982). 
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The hormonal regulation of essential physiological 

processes provides many targets for intervention with specific 

chemicals (Williams, 1967). For example, juvenile hormone 

mimics which prevent metamorphosis into the adult stage have 

been developed (Robbins, 1972) and two are in commercial 

production as insecticides (Henrick, 1982). Their advantages 

and disadvantages have been reviewed (Staal, 1977, cited in 

Henrick, 1982), and certain strains of insect show a cross

resistance towards them (Staal, 1975). Other special features 

of insect metabolism such as chitin synthesis are also under 

investigation (Marks et al., 1982). 

While the technical possibilities for the use of 

pheromones and hormones appear considerable, there may be 

very real economic constraints to their development 

(section 4.5.1). 

2.5.2 Genetic Techniques 

Genetic methods have been employed in pest control in 

two very different ways. In the first, the crop plants 

themselves have been manipulated genetically so as to increase 

their resistance to pest attack. In the second, the insect 

pests are subject to genetic manipulation by the introduction 

of mass reared individuals with a selected phenotype. 

Crop breeding has emphasised yield and in the process 

of selection, natural resistance to pests has been greatly 

reduced. Genetic diversity in the crop is reduced as well, 

and it is clear that many pests have the genetic variability 

to evolve and overcome the "single factor" natural resistance 

to which a genetically narrow crop is restricted (Pimentel, 

1977) . However, experimental breeding is underway now with 

almost every major crop in order to produce varieties 

resistant to insects (National Academy of Sciences, 1975). 

This may be achieved by the development of new characteristics 

or the augmentation of existing defenses. Plants may be 

rendered resistant to insect oviposition, feeding, development 

and survival, by the provision of physical barrier, 



unfavourable nutritional properties, toxins or hormonal 

antagonists (Beck and Maxwell, 1976). 
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An early success was the development and introduction 

of wheat strains resistant to Hessian fly in the 1930s and 

1940s (Perkins, 1982). Increased efforts since then have 

resulted in the development of 25 vegetable crops resistant 

to 35 insect species (Huffaker and Smith, 1980). However, 

the method is limited by the need to retain production 

characteristics and there are genetic limits to what can be 

achieved. 

Autolethal techniques involve the introduction into 

natural pest populations of reared insects carrying non

functioning sperm or specific genetic mutations that are 

lethal or conditionally lethal. The introduced individuals 

must be at a relatively high population density, requiring 

that the pest population be small naturally or be reduced 

initially by some other control method (National Academy of 

Sciences, 1975)·. 

While the first publication explaining in detail the 

technique did not appear until 1955 (Knipling, 1955), the 

idea began to take form in 1937 (La Chance ec al., 1967), 

the most celebrated success being the use of sterile males 

to control screw worm fly (Perkins, 1982). The first pilot 

programme was carried out on the island of Curacao in the 

early 1950s, and later the technique was used to eradicate 

the pest from Florida and drastically lower its population 

in the southwest of the United States (ibid.). 

The techniquels limitations relate to the need to 

mass rear millions of individuals, genetically alter them 

without impairing their ability to compete for a mate, and 

to have considerable knowledge of the pestis biology and 

population dynamics (Metcalf and Metcalf, 1982). 

2.5.3 Control by Pathogens 

The idea of introducing or encouraging organisms 

pathogenic to pests as a means of control dates from the 

latter half of the nineteenth century (Tanada, 1967). The 
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candidates include viruses, bacteria, protozoa, fungi, 

rickettsiae, and nematodes (Maddox, 1982), but it is the 

bacteria and viruses which offer the most promise (National 

Academy of Sciences, 1975). They can be manipulated in one 

of two ways (Weiser et al., 1976). The first, is where a 

pathogen is introduced and spread against a pest with the 

goal of establishing a disease that will reduce the pest 

population and be self-sustaining. Involved is the use of 

pathogens from related species or found in other populations 

of the pest species. The method is analogous to biological 

control. The second method, in contrast, is analogous to 

insecticide application. It involves treating the crop 

with doses of pathogens sufficiently large to give economic 

protection. The goal is the protection of a specific crop 

or field with treatment applied whenever economically 

justified without regard for self-sustaining population 

regulation. 

One of the earliest successes was with bacteria, the 

permanent control of Japanese beetle being achieved in the 

late 1930s by the dissemination of Bacillus papillae spores 

(National Academy of Sciences, 1975). More recent work has 

focussed on the application of B. thuringiensis for lepidopterous 

pests, with formulations now commercially available (Maddox, 

1982). Further developments of bacteria as control agents 

are hindered by the fact that their formulation and distri

bution require a resistant stage, and other spore-forming 

bacteria do not appear as promising candidates as the ones 

already available (National Academy of Sciences, 1975). 

Among the viruses, nuclear polyhedrosis viruses and 

granulosis viruses appear the most promising. These tend to 

be quite host specific, but their manufacture does pose some 

problems (National Academy of Sciences, 1975): 

1. Viruses will only grow, and reproduce within the 

cells of their own specific host(s). 

2. While none proposed to data can infect inverte

brates, their registration requires great care due to their 

ability to reproduce and the chance that a mutation could 

render them infectious to other species. 
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Safety tests have been reviewed (Burges, et al., 1980) 

and currently three nuclear polyhedrosis viruses are regis

tered for use in the United States (Maddox, 1982). 

2.5.4 Cultural Practice 

Cultural practice is a commonly used term referring 

to a broad set of management techniques utilized by farmers 

to achieve their crop production goals (National Academy of 

Sciences, 1975). To some extent, these practices may be 

chosen to minimize pest problems. Pest control in early 

agriculture depended on cultural practices which, while 

empirically derived, have been shown to be scientifically 

sound (Smith, 1978). The chosen practices may make the crop 

environment less favourable to the pest or most favourable to 

the pest's natural enemies (Stern et al., 1976). They must, 

however, be integrated into proved procedures in crop produc

tion. This fact, and upper bounds to the control that can be 

achieved, provide the technique's limitations. 

2.5.5 Natural and Biological Control 

The concept of natural control derives from the 

observation that, in general, populations of organisms in 

nature exhibit considerable stability. The simplest and 

most elegant explanation for such popUlation regulation is 

density dependent control by natural enemies (Huffaker and 

Messenger, 1964). The role of natural enemies in population 

regulation is seen in the results of natural enemy introduc

tions, by direct experimentation and by the extensive outbreak 

of secondary pests following the use of broad spectrum 

insecticides (Hu£faker et al., 1976). 

Usually the most efficient and reliable natural 

enemies for regulation are the relatively highly host-specific 

ones, and these abound among the predatory and parasitic 

insects. In permanent habitats they commonly have a recip

rocal density-dependent relationship with the host. Such a 

natural enemy limits the numbers of its host and in turn 

is itself food limited. This seems the general rule for 

invertebrate natural enemies, except in unstable conditions 

(Huffaker et al., 1976). 
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The two main methods of biological control are: 

1. To introduce more natural enemies. 

2. To make better use of resident ones. 

Biological control has had many successes, mainly 

through the introduction of exotic natural enemies to control 

exotic pests. To date, in the various countries or island 

provinces of the world, there have been 327 successful 

introductions to control 104 insect pest species (Huffaker 

and Smith, 1980). Of the 327 introductions, 102 have 

provided complete control, 144 substantial control and 81 

partial control (ibid.). More recently, attention has 

focused on the manipulation of indigenous natural enemies 

(Huffaker et al., 1976) and a text ori this method of 

biological control is available (Ridgeway and Vinson, 1976). 

The advantages of biological control are numerous and 

obvious. Furthermore, the development of host resistance to 

introduced biological control agents is virtually unknown, 

although host resistance to parasitic insects and other types 

of parasite is common (Wilson and Huffaker, 1976). 

The limitations of biological control are difficult 

to forecast. A basic limitation is that the pest population 

continues to exist at a certain level and may still inflict 

economic damage necessitating additional control. Such 

additional control, and control for other pests of the same 

crop, must be compatible with the biological control tech

nique by allowing the continual survival of the natural 

enemy. This constraint rules out the indiscriminate use of 

broad spectrum insecticides. 

2.5.6 Integrated Control and Integrated Pest 

Management 

Integrated pest management (IPM) developed from the 

integrated control concept. Its intellectual tradition 

dates back to the turn of the century (Perkins, 1982) and 

Pickett undertook pioneering work in Nova Scotia apple 

orchards in the 1940s (pickett, 1949; Pickett and Patterson, 

1953). However, the term "integrated control" was first used 
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in the late 1950s by Stern, Smith, Van den Bosch and Hagen 

(1959} who in a systematic manner, integrated chemical and 

biological control tactics. The objective is to reduce the 

use of pesticides, without sacrificing control effectiveness. 

The key components of the strategy were: the recognition of 

the ecosystem, the use of economic thresholds to guide 

decision making, augmentation of natural enemies, the select

ive use of insecticides, and supervised pest control. The 

concept has developed and expanded to include all methods of 

control (Smith and Reynolds, 1966) and all types of pests 

(Allen and Bath, 1980). with the evolution of the concept 

there developed the integrated pest management paradigm which 

provides a general set of guidelines and assumptions to guide 

those researchers who adhere to it (Perkins, 1982). 

Definitions of the strategy abound, but all have one 

common theme: a control strategy integrating different 

control tactics and based on sound ecological principles. 

LucJemann and Metcalf (1982) in the introduction to a recent 

text on the subject provided the following: "[Integrated pest 

management] is the intelligent selection and use of pest 

control actions (tactics) [including] the monitoring of 

pest increase, the judicious use of a pesticide, ... no 

action, .•• to ensure favourable economic, ecological and 

sociological consequences ... accomplished by the use of 

multiple tactics in a compatible manner to maintain pest 

damage below the economic injury level". 

The definition assumes there is no conflict between 

economic and ecological objectives, and that the overall 

pest outcome is improved by an adoption of integrated pest 

management. The problem is, while ecological stability has 

an economic value, this value may not be sufficient to 

justify the cost of achieving it. Implied in integrated pest 

management is the substitution of pesticides in crop production 

with expert labour and information. 

A major programme recently demonstrated the technique 

in the united States on a range of crops: cotton {Phillips 

et al., 1980), soybean (Newsom et al., 1980), alfalfa 

(Armbrust et al., 1980), and apple (Asquith et al., 1980). 

The overall programme was considered successful because the 
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methods developed proved profitable for many farmers to 

adopt, conserved stock resources and provided more stability 

in pest control (Huffaker and Smith, 1980). The recent 

development and implementation of integrated pest management 

for a mite pest of apple orchards in New Zealand was also 

deemed successful for similar reasons (Wearing, 1982). 

Whether the criteria used to judge success are appropriate 

is a fundamental question that has not been considered. 

For instance, the inclusion of the full cost of the programme 

may illuminate a conflict between ecological and economic 

criteria. 

Nevertheless, integrated pest management has come 

to dominate research entomology and is established as a goal 

of government policy (ibid.). However, contemporary pest 

control remains the major insect pest control technique of 

farmers. 

This general lack of adoption has been considered due 

to: the dominance of the chemical industry in pest control, 

the narrow approach taken to the establishment of research 

(Huffaker and Smith, 1980); as well as the use of short 

term economic criteria in farm management decisions, the lack 

of recognition amongst people of influence for the need for 

integrated pest management, and consumer demand for zero 

pest damage in produce (Corbet, 1981). In New Zealand, the 

major obstacles have been cited as the lack of research 

funds and the high quality standards legislated for produce 

(Wearing, 1982). 

An obstacle constantly alluded to and never fully 

developed is that of the difficulty involved in establishing 

a monetary value to the benefit of integrated pest management. 

In Chapter five, the economic costs and benefits of integrated 

pest .management are identified as well as their distribution. 

2.6 CONCLUSION 

Pests are an anthropocentric concept. The problems 

they can cause in agriculture have intensified due to a 
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positive interaction of cultural and biological factors. The 

promise of effective pest control provided by the synthetic 

organic insecticides appears short lived due to resistance. 

A number of alternative techniques of control involv

ing biological principles have been developed. Significant 

successes have been achieved, but the techniques require 

multidisciplinary research that is demanding in terms of 

both time and money, and results are not guaranteed. Further

more, the tactics developed have implementation restricted 

to specific situations of crop and pest. 

A new paradigm of pest control, termed integrated pest 

management, has developed. It embraces a number of control 

tactics, including, when necessary, the use of insecticides. 

Success has been achieved with selected project examples but 

it has· not been widely adopted. It appears that as long as 

insecticides remain cost-effective for farmers, they will 

remain the dominant pest control practice. However, because 

of resistance, the present use of insecticides may seriously 

restrict their future more judicious use as a tool in 

integrated pest management. 



CHAPTER THREE 

THE BIOLOGY OF RESISTANCE 

IIIf under changing conditions of life organic 
beings present individual differences in almost 
every part of their structure and this cannot be 
disputed; ... if variations useful to any organic 
being ever do occur, assuredly individuals thus 
characterized will have the best chance of being 
preserved in the struggle for life; and from the 
strong principle of inheritance, these will tend 
to produce offspring similarly characterized. 1I 

Charles Darwin 

3.1 INTRODUCTION 
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Of the four major problems associated with contempor

ary pest control (section 2.4.3), this study focuses on 

resistance. This is because resistance is considered the 

fundamental problem, one which exacerbates the other three. 

In making necessary a succession of new pesticides, resis

tance heightens health and environmental health hazards. 

As well, it is resistance in secondary pests which render 

them so problematical. However, public attention and hence 

policy making has concentrated on environmental and public 

health problems and resistance has gone largely unnoticed. 

This chapter describes the features of resistance to 

provide the basis for analysis of the problem it presents in 

later chapters. 

3.2 DEFINITION AND DETERMINATION OF RESISTANCE 

The word "resistance" has come to be applied to any 

population, within a species normally susceptible to a given 

pesticide, that is no longer controlled by the pesticide in 

the area concerned (Brown and Pal, 1971). Physiological and 

behavioural resistance are often distinguished (World Health 

Organisation, 1957). 



Standardized test methods for the determination of 

physiological resistance have been developed (Waterhouse, 

1977; World Health Organisation, 1976). Involved is the 

exposure of test populations of the pest to a range of 

precisely applied doses of· the test insecticide, with 

subsequent determination of the percent mortalities. The 

results are presented as regression lines, plotting the log 

dosage versus the percent mortality (Figure 3.3). From the 

lines, the median lethal dose (LDSO) or median lethal 

concentration (LC SO )' which is that dose or concentration 
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of the pesticide that is lethal to half of the population, 

can be determined. The resistance ratio is the LDSO of the 

resistant population over the LDSO of the normal susceptible 

popUlation. A resistance ratio of 10 is taken as determining 

resistance but control failures can occur at much lower 

ratios. 

Behavioural resistance is a term applied to diverse 

cases of chan,ged response, many of which occur in the absence 

of physiological resistance. For example, some mosquitoes 

have developed an increased ability to escape from DDT 

sprayed houses without detectable change in physiological 

susceptibility (Brown and Pal, 1971). Such resistance is 

difficult to test but is rare, or at least poorly documented, 

in agricultural pests (Waterhouse, 1977). 

3.3 HISTORY OF RESISTANCE 

Resistance is not a new phenomenon. It was first 

documented by Melander (1914) who suggested that resistant 

insects were endowed with genetic material which conferred 

the ability to withstand the poison. The problem remained 

minor, however, although of considerable scientific interest. 

Quayle (1938) concluded that resistance was due to a natural 

selection process, and Dobzhansky (1941) in the second 

edition of his classic IIGenetics and the Origin of Species ll 

considered it a major example of the effectiveness of natural 

selection operating within historical times and subject to 

study in both field and laboratory. 
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The introduction and subsequent widespread adoption 

of the synthetic organic insecticides changed the phenomenon 

of resistance from a limited curiosity to a major feature of 

applied entomology (Perkins, 1982). By the late 1940s, the 

common housefly and culicine mosquitoes had been reported 

resistant to DDT in several countries. The early 1950s saw 

reports of resistant human head lice, anopheline mosquitoes 

and agricultural pests. with the development of organochlorine 

resistance in cotton bollweevil in 1954-1955, concerted efforts 

were begun to invent new control methods (Perkins, 1982). 

Since then, the number of species with resistant 

strains has increased dramatically (Figure 3.1) and not only 

are there more species with resistant strains, but there are 

more that can resist a large number of insecticides, and 

their geographic range is expanding (Georghiou, 1980a). 

Figure 3.1: Number of insect and mite species in which resistance to 

one or more chemicals has been documented (Georghiou and Taylor, 1977a; 

Georghiou, 1981) 
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Resistance is not without consequences. While other 

insecticides have been available, control failures occur 

before the recognition of resistance and the costs of alter

native insecticides can prove prohibitive (Brown and Pal, 

1971). The development of resistance in pests of medical 

importance has resulted in a recrudescence of disease and 

has seriously set back malaria, yellow fever and filariasis 

eradication campaigns (ibid.). In agriculture, resistance 

has produced short term crop loss and escalated control 

costs (Georghiou and Taylor, 1977a). Associated social costs 

may be high also, with resistance in Nicaraguan cotton pests 

in the late 1960s very nearly bringing that country to a 

state of bankruptcy (Vaughan and Leon, 1977). 

3.4 THE BIOLOGY OF RESISTANCE 

The available evidence supports Quayle's (1938) 

original claim that resistance results from a process of 

natural selection. The necessary background to this process 

may be gained from Dobzhansky et al., (1977) and Futuyma 

(1979), and Burns (1972) provides an introduction to the 

science of genetics. 

3.4.1 The Genetical Basis of Resistance 

A number of experiments in the 1950s demonstrated the 

following (Brown and Pal, 1971): 

1. Insects do not develop resistance during their 

lifetime. 

2. Resistance can be induced in normal strains in 

the laboratory, but only if the insecticide treatments are 

lethal to some of the individuals. 

3. Resistance can be induced without any insecticide 

application by selecting for characteristics that happen to 

be associated with resistance. 

4. Resistance cannot be induced in strains which 

possess little genetic variability. 

It is concluded that resistance is inherited and 

arises not from post-adaption but from pre-adaption, the 
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genes for resistance being already present in the population 

before the insecticide is ever applied (Brown and Pal, 1971). 

The sole action of the insecticide is as a selection agent 

( Crow, 1957). 

In research on resistance, the concept of the gene 

used is that of the gene as a particulate determiner of a 
c~e" c 

herjditary trait (i.e. resistance). Usually, resistance is 

cOhferred by a small number of major genes (Georghiou, 1969). 

The presence of a major gene has been correlated with a 

biochemical process involved in resistance (ibid.). The 

gene's presence is generally detected by studying the dose

mortality lines of susceptible and resistant strains and their 

first generation backcrosses (Oppenoorth, 1965). Assuming 

that a single gene is involved in resistance, the crosses 

and the segregation ratios of genotypes may be summarised as 

in Figure 3.2. 

Figure 3.2: Segregation ratios of genotypes for reciprocal crosses 

of resistant and susceptible genotypes and interbreeding Fl offspring 

(Georghiou, 1969) 

RR x SS 

-t 

RR x (RS) x SS 
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RS 

+ 
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1 1 1 2 1 1 1 

The Fl offspring rarely result in two unequivocal 

alternatives, resistant or susceptible, but rather with 

intermediate results, the gene for resistance being partially 

dominant, partially recessive or intermediate, rather than 

strictly dominant or recessive (Georghiou, 1969). The dosage

mortality lines for the offspring when the resistance gene 

is intermediate are represented in Figure 3.3. 
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Figure 3.3: Typical dosage-mortality relationships when the resistance 

gene is intermediate. The homozygous resistant genotype is RR, the 

susceptible genotype SS, and the heterozygous genotype RS (Comins, 1979a) 
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3.4.2 Mechanisms of Resistance 

Three principle mechanisms of physiological resistance 

are recognized (Georghiou, 1980b): 

1. Increased detoxication of the insecticide by 

means of specific enzymes or enzyme groups. 

2. Decreased sensitivity of the target site toward 

the toxicant. 

3. Slowed rate of penetration of the chemical through 

the integument. 

As well, there are two other less important mechanisms 

(Georghiou, 1965): 

1. partitioning of an insecticide into an area 

where it does not act. 

2. Increased rate of excretion. 

A given insecticide may be resisted by a variety of 

mechanisms and, for instance, all three principle resistance 

mechanisms are known for DDT (Georghiou,' 1980b). Further

more anyone mechanism may be achieved in a number of 

different ways with, for example, several different metabolic 

pathways known for DDT (Tsukamoto, 1969). 
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Due to the common structure and mode of action of many 

insecticides, the development of resistance to one usually 

confers resistance to a number. Accordingly, the synthetic 

organic insecticides can be classified into six major classes 

(Brown, 1977): 

1. DDT and related compounds: e.g. DDT, bromopro

pylate, chlorfenethol, chlorobenzylate, chloropropylate, 

dicofol, methoxychlor and DOD. 

2. Cyclodienes and miscellaneous hydrocarbons: e.g. 

aldrin, camphechlor, chlordane, dieldrin, endosulfan, endrin, 

heptachlor, lindane and chlordecone. 

3. Organophosphorus compounds: e.g. azinphos-methyl, 

chlorfenvinphos, chlormephos, chlorpyrifos, dimeton, 

dichlorvos, fensulfothion, leptophos, malathion, parathion, 

phosmet, TEPP and vamidothion. 

4. Carbamates: e.g. aldicarb, carbaryl, methiocarb 

and propoxur. 

5. pyrethroids: e.g. cypermethrin, fenvalerate and 

permethrin. 

6. Formadines: e.g. amitraz and chlordimeform. 

As well as the insecticides of these groups, there are 

the dinitrophenyl and organotin classes of acaricides and 

many miscellaneous compounds (Martin and Worthing, 1976). 

The structure and mode of action of the insecticides have 

been reviewed by the following: Coats (1982); Corbett (1974); 

Hollingworth and Lund (1982); Miller and Adams (1982). The 

DDT compounds act on the axonal region of the nerve, while 

the organophosphorus compounds and the carbamates inhibit 

acetylcholinesterase. The cyclodienes also act via the 

nervous system but their precise site of action has not been 

located. The modes of action of the other classes remain 

largely unresolved. 



Not only does cross-resistance within insecticide 

classes occur, but it is also possible between classes 

(Metcalf, 1980). This has been demonstrated, for instance, 

between organophosphorus insecticides and carbamates 

(Georghiou and Garber, 1965), and between organochlorines 

and synthetic pyrethroids (Farnham, 1973). Occasionally, 

the converse occurs, whereby the development of resistance 

to one class of compounds results in an increased suscepti

bility to another (Georghiou, 1965). This phenomenon is 

termed negative cross-correlation. 
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Following resistance, despite a multitude of available 

insecticides, the phenomenon of cross-resistance restricts 

the choice for a substitute to one of just a few classes. 

3.4.3 The Development of Resistance 

Insect field populations with no history of exposure 

to insecticides are usually susceptible (Georghiou and 

Taylor, 1977c). The gene for resistance is present in the 

population but at very low gene frequency (section 3.4.1). 

Thus at least two alleles must be involved: one conferri~g 

resistance, the other susceptibility. The low frequency of 

the resistance (or R) allele implies it has a lower adaptive 

value than the susceptibility (or S) allele(s) in the normal 

environment. Resistance is often associated with changes in 

morphological, ecological, biochemical and physiological 

characteristics (Tsukamoto, 1969) most of which will be 

maladaptive (Dobzhansky et al., 1977). Thus the alleles are 

pleiotropic; they have more than one measurable effect on 

the phenotype. The R-allele is constantly selected against 

due to its lower adaptive value, and is only maintained in 

the population at a very low frequency by the constant 

mutation of the S-allele (Futuyma, 1979). 

If an insecticide is applied to the insect environment 

and the presence of the R-allele confers on the individual a 

higher probability of survival, the R-allele will now have a 

higher adaptive value than the S-allele and will be selected 

for. As a result, its frequency in the population will 

increase until virtually all of the individuals of the 

population are homozygous for the resistance allele. A well 
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established field example of such directional natural 

selection is industrial melanism in which the trait selected 

for is moth pigmentation (Kettlewell, 1973) and hence much 

easier to study than resistance which is an invisible 

physiological change. 

In applying selection pressure for resistance in 

laboratory insect populations, little change usually takes 

place in the first few generations but subsequently the LC50 
values rise logarithmically to reach a maximum level (Figure 

3.4). The maximum level presumably represents the point at 

which the strain becomes pure for the R-allele, or the limit 

of the test method. 

Figure 3.4: Increase in resistance of the Naidrn strain of housefly 

under selection pressure from various chlorinated hydrocarbon insecti

cides (Brown and Pal, 1971) 
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The initial latency has been considered as due to the 

low frequency of the R-allele at the start of selection (Crow, 

1957) and as a time during which the ancillary characteristics 

of the R-allele are eliminated and the genotype as a whole is 

remodelled to receive the R-allele (Milani, 1959). The 

indirect evidence for the latter is provided by the lack of a 

latency period in reverted populations which have selection 

pressure reapplied (ibid.). Certainly, an allele's effect 
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on the phenotype and hence its adaptive value are likely to 

depend greatly on other elements of the genome (Futuyma, 

1979), and thus it is likely that the initial latency is a 

period during which wholesale reconstruction of the genome 

takes place (Bishop, 1982) through the process of gene 

rearrangement and recombination. Thus, the longer the 

selection pressure of a particular insecticide in maintained, 

the greater is the likely adaptive value of the resistance 

allele (Keiding, 1967). 

3.4.4 The Spread of Resistance 

The spread of resistance is poorly documented, but 

Figure 3.5 summarises the example provided by the spread of 

the cyclodiene-resistant strain of western corn rootworm, a 

major pest of corn in the mid west of the United States 

(Metcalf, 1982). Resistance meant a substitution to 

organophosphorus and carbamate insecticides which cost two 

to five times more than the cyclodienes (ibid.). This 

example serves to illustrate the ability of resistance to 

spread from a point to encompass a vast area, in the process 

affecting farming practice. 

Figure 3.5: Spread of the cyclodiene-resistant western corn rootworm 

from an original area X in 1959 to encompass the entire cornbelt by 1980 

(Metcalf, 1982) 



3.4.5 The Permanence of Resistance 

Keiding (1967) undertook fieldwork into housefly 

resistance to investigate the persistance of R-alleles once 

selection pressure ceases. It was concluded that while 

resistance decreases, the regression is only partial, with 

the R-allele persisting at a higher frequency than before. 

This is because through natural selection the R-allele has 

come to possess a comparable adaptive value to the S-allele 

and even though it is not now selected for, it is not 

selected against. Thus, even though a population may show 

a complete reversion phenotypically, the potential for 

resistance to the same class of insecticides is now much 

greater as an initial latent period is not necessary_ The 

possibilities of restoring susceptibility once resistance 

has occurred appear small, unless selection pressure is 

withdrawn at an early stage of resistance development. 

3,4.6 Sequential Resistance 
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Due to the permanence of resistance and the response 

of switching to alternative insecticides, insects develop 

resistance to a sequence of chemicals (Sawicki, 1975). This 

is termed mUltiple resistance and it reflects the past his

tory of insecticide selection (Metcalf, 1980). Brown (1977) 

has provided the following broad history. Organochlorine 

resistance usually developed in about 10 years, the cyclo

dienes encountered it somewhat faster than the DDT group, 

Resistance to organophosphorus compounds occurred usually 10 

years after that, with carbamate resistance taking the same 

time but working a little faster when it built on the base of 

organophosphorus resistance. Brown (1977) also notes that 

major pests are developing resistant strains through all six 

classes of insecticide. 

3.4.7 Factors which Influence the Rate of Resistance 

Development 

The rate at which resistance develops is extremely 

variable. It has arisen slowly in some species and faster 

in others, and even within the same species, resistance has 

developed rapidly under one set of circumstances and slowly 

or not at all under different circumstances (Georghiou, 1980b). 

The factors which are known or presumed to influence the rate 
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of resistance development have been grouped into three cate

gories: genetic, biological and operational (Georghiou and 

Taylor, 1977a, 1977c). Factors in the first two categories 

are beyond the operator's control; however they provide the 

basis for assessing the IIresistance risk", that is, the 

projpensity for resistance inherent in a population. In 

contrast, operational factors are under direct control and 

could be given greater or lesser emphasis depending on the 

assessment of risk. 

1. Genetic factors. These factors are difficult to 

measure, but each of the following is presumed to exert a 

positive effect on the rate of resistance development: 

a) Frequency of R-alleles 

b) Number of R-alleles 

c) Dominance of R-alleles 

d) Penetrance, expressivity, interactions of 

R-alleles 

e) Past selection by other chemicals 

f) Extent of integration of R-genome with 

fitness factors. 

2. Biological factors. These are more measurable 

and hence their role in resistance development can be more 

clearly assessed: 

a) Generation turnover 

b) Offspring per generation 

c) Monogamy/polygamy; parthenogenesis 

d) Fortuitous survival; refugia. 

The larger the number of generations per year, the 

faster the evolution of resistance, assuming that selection 

is applied each generation. It is suspected that polygamy 

would allow for hybridization with susceptible immigrants 

diluting the R-alleles. Parthenogenesis (ova developing 

without fertilization) would give rise to clones with uniform 

resistance, accelerating the rate of resistance development, 

but at the same time, would preclude hybridization and 

consequent assimilation of interacting alleles. Mobility and 

migration tend to dilute the resistance allele's frequency 

among survivors of a treatment, so that development of 

resistance in comparable situations may be expected to be 



commensurate with the relative isolation of the inbreeding 

population. For the same reason, polyphagy would tend to 

delay resistance if a population is only partially selected 

by also frequenting non-treated hosts. Similarly, the 

fortuitous survival of certain individuals of a treated 

population in refugia such as plant tissues or in diapause 

would slow the rate of resistance development. 
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3. Operational factors. If the new insecticide is 

closely allied to a chemical used earlier, resistance can be 

expected to occur sooner due to the phenomenon of cross

resistance. Applying a greater selection pressure will 

increase the rate of resistance development also. The 

following factors serve to increase the selection pressure: 

a) The compound has a prolonged environmental 

persistence or is applied in a slow release 

formulation. 

b) Applications are prescribed at a low popu

lation density. 

c) The treatment reaches and selects a high 

percentage of the population. 

d) Selection is directed against the larvae or 

against both the larvae and adults. 

e) A thorough application is made. 

f) A geographically large area is covered. 

g) Selection is applied against every generation. 

3.4.8 The Relative Importance of the Factors 

As an evolutionary phenomenon, resistance can be 

studied using well established theory on population genetics. 

Given a set of initial assumptions and parameters which 

influence changes in gene frequency, this theory enables 

prediction as to the likely course of selection in popula

tions over successive generations. Computer models have been 

used to perform the laborious calculation involved in 

investigating 'the relative importance of the various factors 

affecting the rate of resistance development. By varying one 

factor at one time, the slowest development occurred when 

(Georghiou and Taylor, 1977b, 1977c; Plapp et al., 1979; 

Taylor and Georghiou, 1982): 
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1. The population was diluted by immigrants. 

2. The population density was drastically suppressed 

by severe selection. 

3. Susceptible individuals had a reproductive 

advantage over resistant counterparts. 

4. Insecticides were applied to alternative pest 

generations and only at high pest densities and 

at low dosage levels. 

5. The population was heteroge~ous, 1.e. a low slope 

to the dosage-mortality line. 

6. Less persistent insecticides were used. 

Given the nature of the initial assumptions and the 

conclusions to be drawn from the theory of natural selection, 

the above results are to be expected. 

Of more interest is the demonstration that there may 

be a critical immigration rate above which resistance is 

greatly retarded (Comins, 1977a) and that if the migrant gene 

pool remains homozygous for the S-allele the development of 

resistance could be halted entirely (Taylor and Georghiou, 

1979). The assumptions of a homozygous migrant gene pool 

would hold where the migrants come from a sufficiently large 

pool, R-alleles are selected against where insecticides are 

not applied, or if migration is directional. For immigration 

to delay or prevent resistance, it is important that the 

S-allele express a high dominance. This requirement can be 

operationally met by a sufficiently high dose of a non

persistent insecticide. Thus, without immigration, a high 

dose increases the rate of development (Georghiou and Taylor, 

1977b), while with immigration it may serve to delay resis

tance (Taylor and Georghiou, 1979). 

Investigations of such factor interaction have shown 

the strongest interactions to occur between immigration and 

selection pressure (Tabashnik and Croft, 1982). with no 

immigration, or with immigration and a low dose (R-allele 

functionally dominant), increasing intensity of selection 

(increasing dose, spray frequency or life cycle stage exposed) 

increases the rate of resistance development. However, with 

immigration and a high dose (R-allele functionally recessive) 

the opposite occurs, and resistance develops more slowly as 



selection intensity increases. 

The validity of the models used to derive these 

conclusions, however, remains largely untested. The only 

attempt at verification has been preliminary (Curtis and 

Rawlings, 1980) but laboratory population experiments have 

demonstrated the potential of inward migration to delay 

resistance (Taylor et al., 1983; Wool and Manheim, 1980). 

3.5 STRATEGIES TO REDUCE THE RISK OF RESISTANCE 

Following from an understanding of the biology of 

resistance, three major strategies to reduce the risk of 

resistance appear feasible: 
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1. Reduce selection pressure. A reduced use of 

insecticides would reduce the selection pressure for the 

R-allele, although in models immigration effects have given 

contradictory results as regards the dose (section 3.4.8). 

Reduced selection pressure appears as a major objective of 

integrated pest management, in which it is often tacitly 

assumed that resistance is no longer a problem. This is not 

the. case; a reduced use of insecticide will just reduce the 

risk of resistance. Croft (1979) has gone further and 

introduced the concept of a resistance steady state in which 

operational factors are manipulated so that while populations 

may show increases in resistance, reversion occurs sufficiently 

fast and often enough after selection so' the pest population 

never enters the log phase of resistance development. How

ever, such a state is impossible to determine, and the 

overall fitness of the R-genotype would nevertheless improve 

and counter reversion. It is probable that without immigra

tion any level of insecticide use providing control will 

mean a finite life for the insecticide concerned. Neverthe

less, all things being equal, reduced selection pressure will 

reduce the risk of resistance, and the contradictory 

immigration effect has yet to be interpreted in field terms 

and may be little more than an artefact from the model used. 
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2. Alternate selection pressure. A number of concepts 

can be considered under this heading. The first two, the use 

of insecticides in mixtures and rotations of insecticides, 

date back over 30 years (Georghiou, 1980a). They are invari

ably considered together, but the former does not involve an 

alternation of selection pressure but rather a simultaneous 

selection for two characteristics. The idea is that separate 

R-alleles are involved for each member chemical and that they 

exist at such low frequency that they do not occur together 

in any single individual, so that insects that survive one 

of the chemicals of the mixture are killed by the other. 

The concept of a rotation assumes that as one R-allele is 

selected for, the other regresses. Early empirical work on 

mixtures and rotations resulted in multiple resistance with 

no galn ln the chemical's effective life and led to the 

conclusion that each chemical shou*d be used for the entire 

effective life allowed it (Brown, 1977). However, with 

better understanding of cross-resistance mechanisms, 

experimental work has demonstrated that mixtures and 

rotations may indeed slow the development of resistance, 

providing the components used exhibit little cross-resistance 

(Georghiou, 1980b; MacDonald et al., 1983). 

The pest population could also be monitored for 

resistance and as it enters the log phase of development 

(section 3.4.3) another insecticide, not suspected of cross

resistance, could be substituted (Keiding, 1967; Brown, 1977). 

The idea is that the R-genotype would not be fit enough to 

maintain a high frequency of the R-allele once selection for 

it ceased and hence resistance would regress. However, 

monitoring is practically very difficult and considering the 

speed of the log phase it is difficult to imagine insecticide 

substitution occurring any quicker than with the tactic of 

waiting for control failure. 

A point to be made too, is that the correct choice of 

a replacement insecticide, i.e. not one affected by cross

resistance, will delay resistance to the subsequent 

insecticide (Sawicki, 1975). 
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Another method of alternating selection pressure is 

to spray on a grid pattern with different insecticides and 

to alternate the pattern (Curtis et ai., 1978; Curtis, 1981) 

Once again, the concept is that two separate R-alleles are 

involved and that as one is selected for, the other regresses. 

3. Promote immigration. One method of delaying 

resistance may be to release innocuous susceptibles, such as 

male mosquitoes or male lepidopterous pests, within the pest 

population to reduce the frequency of the R-allele. However, 

the release would have to be continuous (Benson, 1971). An 

associated idea is the high dose tactic (Tabashnik and Croft, 

1982) arising out of modelling work (section 3.4.8). 

Involved is the application of increased dosage levels of 

insecticide sufficient to kill RS heterozygotes, so making 

the R-allele functionally recessive. Such a tactic could be 

achieved without increasing selection pressure by using a 

higher dose, but applied at a lower frequency (Sutherst and 

Comins, 1979). 

The above strategies require a population-wide 

approach to pest control, not an approach delineated by farm 

property boundaries. They thus require coordinated pest 

control. Furthermore, they may well be constrained by 

economic and practical considerations and be difficult to 

justify, since the extra life to be gained for an insecticide 

will be unknown. 

3.6 CONCLUSION 

The development of resistance is a process of direct~ 

ional natural selection and appears irreversible. Due to 

cross-resistance, resistance to one insecticide results in 

resistance to a class of insecticides. Only six major 

classes are recognized and serious pests are developing 

strains resistant to them all. While a variety of operational 

methods have been investigated as a means of conserving 

insecticides, they require coordinated pest control and their 

value is uncertain. 



CHAPTER FOUR 

THE ECONOMICS OF INSECT CONTROL 

The story goes that a Chinese Emperor asked one 
of his wise men to write down for him all there 
was to be known about economics. The wise man 
went away to do as he was asked, and came back 
later, bringing to the Emperor several large 
books he had written. "That's no good to me" 
said the Emperor, "I haven't time to read all 
that. Go away, and bring me something much 
shorter." 

So the wise man went away, and came back some 
time later with one big book. "No, that's too 
long for me, I want a short summary of your 
economic wisdom" said the Emperor. 

The wise man went off again, and eventually 
carne back to the Emperor carrying one small 
piece of paper with a few words written on it. 
The Emperor read "there is no such thing as a 
free 1 unch. " 

4.1. INTRODUCTION 

The study of economics is relevant to pest control 
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as pests are defined as those organisms which inflict economic 

damage. As well, pest control has a cost and presumably 

economic considerations play some role in the control decision. 

This chapter reviews the literature on the economics 

of pest control. This provides a basis for an economic 

analysis of resistance which is characterised in economic 

terms and the issues it presents considered. The final 

section discusses economic aspects of alternative control 

techniques. 

4.2 FARM LEVEL ECONOMICS 

Much of the literature on the economics of control has 

focused on, contemporary pest control and the economic decision 

of the individual farmer. That is, when to apply pesticides 
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and how much to apply. The following sections briefly review 

the various approaches that have been taken in addressing 

these questions. 

4.2.1 The Decision 

In western economies, pest control decisions are 

undertaken by individual farmers. The decision usually takes 

the form of a yes or no to a particular pest control tactic 

proposed by a pest control technician (Ordish, 1968). 

Technicians include agricultural advisory officers, pesticide 

company representatives, government and university research 

teams, pesticide regulating agencies etc. The information 

may be passed directly or indirectly through magazine 

articles, advertisements, pesticide labels or by word-of

mouth. Apart from any regulating legislation, acceptable 

tactics will be designed from the point of view of the 

individual decision maker, that is the farmer. 

The farmer's control decision has been considered as 

influenced by four main factors (Norton, 1976): 

1. The farmer's objective. 

2. Perception of pest attack and the damage it 

can cause. 

3. The decision rule followed. 

4. The control measures available. 

The overall farming objective may consist of a mixture 

of economic, social and other goals (Gasson, 1973). However, 

in modern agriculture economic factors have become increasingly 

important (Norton and Conway, 1977) and thus, economic analy

sis of pest control more pertinent. 

The extent and form of the losses caused in a crop 

depend upon the dimensions of the pest attack that occurs. 

This is determined in turn by the type of pest, its dynamics 

and the type and state of the crop. 

A farmer's decision rule may be to maximize profit 

or yield or to minimize risk. Which rule is followed will 

also influence the control decision. 



The range of control measures may also be important, 

along with the level of information available on options, 

the farmer's previous control experience and attitude to 

innovation. As regards information. on options, it has been 

considered that the emphasis in pesticide advertising on 

broad-spectrum kills and prophylactic treatments could 

adversely affect interest in integrated pest management 

(Leeks and Mumford, 1982). Van den Bosch (1978) has gone 

further, charging the pesticide industry of dishonest, 

irresponsible and dangerous product promotion. Certainly 
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due to resistance and resurgence there may be considerable 

conflict between industry's goal of an economic return on its 

products and the maintenance of stable pest control. 

However, as will be considered (section 4.3.3}, the 

problem may relate not so much to conflict in the goals of 

farmers and the chemical industry, but rather of conflict 

between individual and societal goals. 

While it is easy to note a large array of factors 

involved in the control decision, determining which are 

statistically important has proved a difficult and largely 

unrewarding endeavour (Tait, 1978a; 1978b). 

4.2.2 Simple Marginal Analysis 

A farmer's decision rule may be to maximize profit. 

A fundamental principle derived from microeconomics states 

that profit is maximized when marginal cost is equated to 

marginal revenue. The marginal cost and revenue being 

defined as the extra cost and revenue resulting from the last 

additional unit of pest control. A unit of pest control in 

this sense could be considered as one pesticide application. 

The concept is that a profit maximizer will increase pest 

control (i.e. pesticide applications) as long as the revenue 

resulting from the last unit of control exceeds that of the 

cost of the last unit of control. Conversely, control will 

be decreased if the cost of the last unit of control exceeds 

the revenue resulting from the last unit of control. Profits 

are just maximized when the marginal cost of control just 

equals the resulting marginal revenue. The concept is 

illustrated in Figure 4.1. 



Figure 4.1: Optimal pest control 

Total cost of control 
$ 

Total revenue from control 

Marginal cost of control 

Marginal revenue from control 
~------------~----------~~----~-----

x control 
applied 
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In Figure 4.1, the unit cost of control is considered 

constant, while the revenue derived from increasing control 

is subject to diminishing returns. 

Pest control revenue derives from the value of the 

damage prevented (Headley, 1982). Damage prevented is 

valued in the marketplace as lost revenue due to reduced 

yield and reduced quality of the produce (Norton and Conway, 

1977). Of course, the market may not be perfectly competi

tive and monopsonists, or single buyers, stressing produce 

appearance and quality standards designed to regulate the 

supply of produce have served to increase pesticide use 

(Walsh, 1976; Pimentel et al., 1978b). 

While the direct costs of pest control can be 

relatively easily quantified, determining the resulting 

revenue is difficult. Hillebrandt (1960a) utilized the 

dosage-response curve as an indicator of the revenue from 

control, rather simplistically implying a linear relation

ship between the percentage of pests destroyed and the value 

of the damage prevented. 

Southwood and Norton (1973) approached the problem 

more completely by conceptually combining the relationship 
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between number of pests and crop yield, and number of pests 

and crop quality, to obtain a damage function. The function 

is unlikely to be linear due to the ability of plants to 

compensate for certain levels of pest attack. A control 

function was described as a relationship between the cost 

of control applied and numbers of pests remaining. The two 

functions together allow the determination of the revenue 

derived from a given control expenditure. While the concept 

is relatively straightforward, the difficulty lies in 

specifying the relationships. This is because of their 

link to factors of nature (e.g. humidity, temperature, 

biotic relationships etc.), and hence their complexity and 

randomness. 

While the difficulty of specifying control revenue 

limits the use of simple marginal analysis, the concept 

nonetheless provides an analytical starting point and 

explanation for some basic empirical results. For instance, 

farmers generally buy more pest control for crops of higher 

market value (Norton and Conway, 1977). 

4.2.3 Risk and Uncertainty 

The stochastic, or random, component of the relation

ship between the cost of control and the resulting revenue

outlined in the previous section introduces risk and 

uncertainty into the control decision. Uncertainty is 

formally defined as a state of mind in which the individual 

perceives alternative outcomes to a particular action, where

as risk has to do with the degree of uncertainty in a given 

situation (Roumasset, 1979). In practice, however, the two 

terms are often used interchangeably. 

Control decision making is complicated by uncertainty. 

The farmer is uncertain of the damage prevented by control 

and possibly uncertain of the protection provided by control. 

Much of this uncertainty arises from biological variation 

in the agricultural system (Carlson, 1979b) and environmental 

and market variation. 

Hillebrandt (1960b) treated uncertainty in pest 

control using Shackle's (1952; 1955) concept of Uthe degree 



of potential surprise". It was found that if the grower's 

sUbjective estimate of the situation is available, it is 

possible to ascertain the degrees of potential surprise 

and, with the use of curves of indifference between profit 

and loss, to determine the optimum rate of application. No 

empirical work was presented however, and it would be a 

difficult task to ascertain both the degrees of potential 

surprise and a farmer's indifference curve. 
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Carlson (1970) formally incorporated uncertainty into 

the evaluation of pest control alternatives for peach brown 

rot (a fungal disease) within a Bayesian framework. It was 

concluded that in terms of revenue obtained, suboptimal 

decisions were made by farmers who applied no fungicide and 

similarly by those who applied fungicides routinely due to a 

frequent forecast of low loss. The approach was considered 

applicable when control costs are high relative to produce 

price, when the intensity of damage is highly variable from 

year to year and when epidemics can be predicted with some 

reliability. 

A similar study has been undertaken on the control of 

disease in wheat (Webster, 1977) and methods for explicitly 

incorporating risk into the evaluation of different control 

tactics have been discussed by Moffitt et ai. (1983). 

Following a hypothesis by Norgaard (1976), Feder 

(1979) undertook a study which demonstrated the "insurance" 

value of pesticides and the risk averseness of farmers. 

That is, farmers do not apply a level of pesticide which 

would maximize profit, but apply more to minimize the risk 

of pest damage. Thus, in terms of Figure 4.1, the amount of 

pesticide applied is to the right of (X), with a steady 

profit preferred to a more variable profit of higher expected 

value. Institutional approaches to crop damage insurance as 

a means of reducing such "overuse" of pesticides have been 

considered (Carlson, 1979a). 



4.2.4 Pest Control Dynamics 

As already noted, (section 2.4.3), pest populations 

often respond in a complex and dynamic fashion to pest 

control and rarely will the level of pest attack be a 

simple function of the control applied. The destruction 

of predators and parasites may evoke a density dependent 

response and result in pest resurgence and secondary pest 

outbreaks. The response relates to the pest population 

being a component of an interacting biological community 

which is a complex system (Pimentel, 1966). 
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The resulting complexity of response to pest control 

has traditionally been approached empirically and with an 

overuse of pesticides "just to be sure". Costly errors have 

resulted as new pests have been created and constant control 

has become mandatory for resurging pests. To provide for 

better control decision making, analysis of the dynamics of 

control has proceeded along three lines (Conway and Murdie, 

1972) : 

1. Data collection. 

2. Experimentation on predator-prey relations. 

3. The building of mathematical models of pest 

situations. 

The collection of data has proceeded in a logical 

framework by.the analysis of the life system of the pest 

population. This is defined as that part of an ecosystem 

which determines the abundance and evolution of the pest 

population (Clark et al., 1967). 

Laboratory experiments on predator-prey relations 

(e.g. Burnett, 1960; Flanders and Badgley, 1963; Huffaker 

et al., 1963) have been undertaken primarily in the develop

ment of biological control and, in the process, have provided 

insight into the effects of the broad spectrum action of 

pesticides and how these effects may be mitigated. 

Pest control modelling has received a lot of attention 

in recent times often to the bewilderment of those not com

pletely literate in mathematical terms and computer print 



outs. The following section briefly considers the develop

ments in the field. 

4.2.5 Systems Analysis and Insect Pest Control 

The following authors have provided reviews on this 

subject: Getz and Gutierrez (1982); Haynes and Gage (1981); 

Levins and Wilson (1980) i Ruesink (1976) i Ruesink (1982) i 

Shoemaker (1980); watt (1962). 
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In the context of agriculture, Getz and Gutierrez 

(1982) have defined systems analysis as the application of 

those techniques (both qualitative and quantitative) that 

enhance our understanding of the interactions between the 

components of the crop-pest system and their relationship to 

the environment (the "outside world") and management prac

tices. Involved is the building of a model of the system. 

Modelling has always been implicit in pest control 

analysis. Initially these models were expressed verbally but 

'following observations that led to basic assumptions about 

the physical process of population growth, both deterministic 

and stochastic mathematical models have been developed. The 

strength of mathematics in this regard is its ability to 

provide a symbolic logic which is capable of expressing 

relationships of very great complexity while at the same time 

retaining a simplicity and parsimony of expression (Jaquette, 

1971) • 

The application of systems analysis to pest control 

has been reviewed as a merging of the following disciplines 

(Getz and Gutierrez, 1982): 

1. Ecology and population dynamics. As noted, the 

links between various components of ecosystems were first 

conceptualized in verbal or pictorial form (e.g. MacArthur, 

1955; Odum, 1957). The mathematical equations necessa~y to 

describe such systems were complex, incorporating a large 

number of variables, non-linearities and discontinuities. 

It was not until the development of the modern digital 

computer in the early 1960s that complex ecosystem modelling 

could be realistically undertaken. The first proposals for 

utilizing digital computers in pest management can be 
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respectively attributed to Watt (1961ai 1961b) and Garfinkle 

(1962). Hughes (1963) formulated that basic notions for 

constructing a realistic time-varying life table developed 

from sound ecologically based field and laboratory data. 

The first comprehensive pest population simulation studies 

using these notions were undertaken by Hughes and Gilbert 

(1968). Subsequently, Gilbert and Gutierrez (1973) demon

strated that the time-varying life table simulation could 

be effectively implemented using comprehensive data sets 

from a single season. Sinko and Streifer (1967) linked 

von Foerster's (1959) particular diffusion equation to model 

continuous age structure, with Hughes' time-varying life 

table approach. This link was implemented in pest management 

by Gutierrez and Wang (1976) and Wang et al. (1977) in the 

development of their cotton pest models. 

2. Operations research. The use of optimal control 

and multiperiod decision theory in pest management was 

proposed by Becker (1970) and Mann (1971). This was followed 

by a general call from Sancho (1973) and Shoemaker (1973) for 

the application of dynamic programming to pest management 

problems. 

3. Economics. Only since the mid-1970s have economic 

issues of pest management been addressed in a mathematical 

framework (Feder and Regev, 1975; Headley, 1972bi Hueth and 

Regev, 1974; Norgaard, 1976). The economic models were not 

based on extensive field data records or embedded in the 

intricacies of pest-plant biology 'until the recent work of 

Conway (1976), Regev et ala (1976b) and Shoemaker (1976) ~ 

Later studies in a similar vein include those of Gutierrez 

et ale (1979) and Talpaz et ale (1978). Furthermore, Regev 

et ale (1976b) provided a link between the time-varying life 

table approach conceptualized by Hughes (1963) and the 

economics of resource management. 

A major deficiency in the modelling of pest control 

dynamics is that while the methodology had been inherited 

from engineering disciplines, there are crucial differences 

between biological and physical systems; in particular, the 

complexity of interaction of the component parts is much 

greater. The question of whether the gains in insight and 
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manageability outweigh the sacrifices in realism incurred by 

stripping away descriptive detail must constantly be asked of 

modelling with validation a critical, but largely neglected, 

stage of model development (Welch et al., 1981). While the 

near future holds very little prospect for the development 

of comprehensive models that can predict the response of the 

system over an entire season to specific management decisions, 

models can be used to develop strategies and, when linked 

with a modelling programme, can be used to make short term 

assessments. 

4.2.6 The Economic Threshold 

The economic threshold concept developed within 

integrated control as a criterion for pesticide use and is 

often central to the adoption of integrated pest management 

(section 2.5.6). The principle involves distinguishing 

between a pest species' mere presence in a crop and a higher 

density which justifies the use of chemical control. Its 

purpose is to provide a decision rule by which to avoid the 

prophylactic use of insecticides which results in what many 

entomologists consider as their overuse (stern, 1973). 

stern et ale (1959) defined the economic threshold as 

the population density at which control measures should be 

undertaken to prevent an increasing pest population from 

reaching the economic injury level. This latter term was 

defined as the lowest population density that will cause 

economic damage, economic damage being the amount of injury 

which would justify the cost of control. The economic 

threshold was recognized as possibly fluctuating over both 

time and space, suggesting that it is not a simple decision 

rule or one that is easily defined and followed. 

Practical problems loom large. Clearly required is 

a specification of a damage and control function (section 

4.2.2) and given the uncertainty and dynamics described 

(sections 4.2.3; 4.2.4), the determination of an economic 

threshold is not an easy matter. Furthermore, several pests 

are likely to infest a single crop with a single chemical 

used for their joint control, and there is the likely 

dilemma of different thresholds being reached at different 

times by the different pests (Newsom, 1980). 
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Some confusion exists over the economic interpretation 

of the concept. Headley (1972a) defined the term as the 

pest population that produces incremental damage equal to 

the cost of preventing that damage, while Hall and Norgaard 

(1973) considered such a level as that to which the pest 

population should be reduced. They defined the threshold 

as the population level which maximizes profits when the 

optimum timing and quantity of a pesticide are considered. 

The concept has been investigated through simple mathematical 

models of the pest-crop system (Hall and Norgaard, 1973j 

Shoemaker, 1973), with the authors noting that the models 

abstract greatly from reality and ignore many important 

features. 

A further point not generally appreciated is that as 

many of the costs of control are external costs (section 

4.3.3), thresholds determined at the level of the individual 

farmer will differ from those determined at the societal or 

national level. 

4.2.7 Conclusion 

The economics of pest control at the farm level is 

complex due to the dynamic nature of the pest-crop system. 

Because of the resulting uncertainties, the optimal strategy 

for the individual risk averse farmer is to apply more 

pesticide than is strictly necessary in order to be sure of 

control. 

4.3 AGGREGATE LEVEL ECONOMICS 

As well as the decision at the farm level, studies have 

been undertaken to investigate the economics of pest control 

at the societal level. Analysed have been the total costs 

and benefits of pesticide use and their distribution. 

4.3.1 Benefits of Pesticides 

The benefits from agricultural pest control may be 

measured in several ways (Carlson and Castle, 1972): 

1. value of increased output resulting from pesticide 

use. 



2. Value of resources released by pesticides. 

3. Indication of people's willingness to pay for 

pest treatment. 
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To value the increased output due to pesticide use, 

Headley (1968) fitted a Cobb-Douglas production function to 

data from the 1963 united States Department of Agriculture 

farm income and expense series. The function was differenti

ated providing a marginal product for pesticides of $4 

benefit for $1 cost. Similar studies provided a marginal 

value product for pesticides of between $3 and $13 in apple 

orchards (Fisher, 1970) and $12 for tree fruit farms 

(Campbell, 1976). If such were the case, applying more 

pesticides would presumably increase a farmer's profit 

(section 4.2.2). But the approach neglects important factors 

such as pest resurgence, resistance etc. Indeed, a comparable 

study demonstrated that the marginal productivity of cotton 

insecticides fell, generally by at least 50%, during the 

1960s due to resistance (Carlson, 1977). A further criticism 

of the above work is the use of cross-sectional and aggregated 

data which makes it very difficult to uniquely identify the 

pesticide impact (McCarl, 1981). 

Pimentel et al. (1978a) estimated the total value of 

the United States agricultural output with and without 

pesticides finding an average product of $4 per $1 spent. 

However, the estimate is based on what amount to guesses of 

yield under zero usage of pesticides, ignores price effects 

and, because the average product rather than the marginal 

product is estimated, nothing can be concluded as to whether 

pesticides are applied at an efficient level or not. 

Carlson and Castle (1972) introduced the concept of 

pesticides releasing labour, but very little work has been 

undertaken on the role of pesticides in releasing resources 

as a means of estimating their value. 

The amount spent on pesticides (section 4.5.1.1) 

provides an indication of people's willingness to pay for 

pest treatment, but is an underestimate of the value placed 

on control which would need to include the value of other 

resources used, such as machinery and manpower (Headley, 
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1972b). The size of this expenditure and the fact of its 

increase indicates the positive benefits associated with 

contemporary pest control. Taylor and Frohberg (1977) have 

utilized a mathematical programming model of the united 

states agricultural sector to investigate the consumer and 

producer surplus resulting from pesticide use. However, the 

method's assumption of equilibrium market conditions is not 

consistent with the demonstrated inequality between marginal 

revenues and costs (Campbell, 1976; Fisher, 1970; Headley, 

1968) . 

While the benefits from agricultural pest control have 

proved difficult to estimate, the large amount of money spent 

for their purchase suggests the benefits are very high. 

4.3.2 Costs of Pesticides 

McCarl (1981) identified three categories of pesticide 

cost: 

1. Development cost. 

2. Application cost. 

3. Spillover or external cost. 

The cost of pesticide development is considered in a 

subsequent section (section 4.5.1.3) and application costs 

have already been considered in relation to revenue generated 

(sections 4.2.2; 4.3.1). It is the external cost of pesti

cides which has dominated the literature and which is 

relevant to an analysis of resistance. The following section 

reviews the literature of the external costs of contemporary 

pest control. 

4.3.3 External Costs of Contemporary Pest Control 

In economic models, the competitive market uses the 

price system to provide an inbuil t mechanism that tends to 

allocate goods in a Pareto-efficient manner. Pareto

efficiency (or optimality) is defined as a situation in 

which it is impossible to make anyone better-off without 

simultaneously making at least one person worse-off. In 

such a situation the gains from trade have all been realised. 
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However, the model is that of an ideal and there are 

many reasons for a competitive market to fail to achieve 

Pareto-efficiency. For instance, external cost (or benefit) , 

or just externality, denotes the inefficiencies that arise 

when some of the costs (or benefits) of an action are external 

to the decision maker's calculus. That is, some of the costs 

are imposed upon, or some of the benefits accrue to, individ

uals who play no part in the decision. 

One type of externality is associated with the disposal 

of residuals (Ayres and Kneese, 1969) and pesticide contam

ination of the environment provides an example (Herfindahl 

and Kneese, 1965). The decision to control a pest may 

produce detrimental effects to human health, fish and wild

life, the costs of which are not borne entirely by the farmer 

(Headley and Lewis, 1967). The value of these costs, in 

economic terms, is the total value placed by society on the 

resulting damage. Various attempts have been made t9 

quantify these costs (Langham and Edwards, 1969; Langham et 

al., 1972; Pimentel et al., 1980) but difficulty exists in 

identifying their full extent and in placing dollar values 

on such intangibles as human life. One external cost has 

been successfully quantified however: whereas beekeepers 

suffered a 4% loss of income in California due to the use 

of pesticides by almond growers, the loss to the growers' 

income due to fewer bees was only 0.3% (Siebert, 1980). 

Despite the difficulty of quantification, the exist

tence of major external costs associated with pesticide use 

is well recognised. 

Three principal mechanisms are available to counter 

the inefficiency arising from the existence of external costs 

and benefits: 

1. The tax or subsidy system. This is the classic 

economic solution. Ideally the tax would just equal the 

marginal external cost. The chief obstacle is the cost of 

collecting the necessary information to determine the 

appropriate tax rate and the cost of supervision. 
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2. Amalgamation. The externality may be internalised 

if it is practical to create a single economic unit large 

enough to encompass both the operation that produces the 

economic effect and also the economic unit the receives the 

effect. 

3. Regulation. This solution may range from outright 

prohibition to the enforcement of standards which result in 

a specified permissible externality level. Such restrictions 

are subject to the same difficulty as the tax/subsidy solution 

in the need to determine a permissible level. They do not, 

however, allow a flexible response. The tax solution allows 

each economic agent to determine for themselves the most 

efficient combination of tax payment and externality 

reduction. 

Due to the difficulty of establishing an appropriate 

tax for pesticide externalities and the pervasiveness of the 

costs, societies have generally attempted to control them 

by regulation (section 2.4.3). 

Another type of externality is associated with the 

use of "common property" resource systems. Such systems 

derive from two conditions: unrestricted access to the 

resource system and some type of adverse interaction (exter

naiity) among the users of the system (Howe, 1979). 

The "common property" concept has been applied to a 

consideration of pest populations. The idea is that each 

farmer only controls a part of the pest population, while 

the pest's population dynamics are determined by the whole 

population, and thus adverse interaction between farmers may 

occur (Feder and Regev, 1975). For example, in alfalfa 

weevil control, individual farmers take no account of the 

future damage embodied in pests that leave the crop for 

aestivation at the end of the season (Regev er al., 1976a). 

This is because the subsequent damage is distributed over 

all farmers and thus involves external costs. However, the 

total cost of control could be significantly reduced if each 

farmer applied control up to the end of the season (ibid.). 

In order to overcome the resulting inefficiencies, 
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centralised decision making or tax/subsidy policies have been 

proposed (Feder and Regev, 1975), as well as the use of an 

information agency to enhance the mutual cooperation between 

farmers (Regev et al., 1976a). 

A resource which is depleted by resistance has also 

been investigated. It was initially proposed that the 

current stock of pesticide material and associated inform

ation on its use could be considered as a I'biological capital" 

(Carlson and Castle, 1972). This asset was considered to be 

depleted by resistance, entry of foreign pests, secondary 

pest outbreaks, institutional restrictions on pesticide use, 

and increased by the development of new insecticides. 

The concept of "biological capital" was later refined 

to mean the effectiveness of the stock of control materials, 

which is dependent on the pests themselves, rather than just 

the stock of control materials (Hueth and Regev, 1974). 

This effective stock was defined as the total susceptibility 

of a particular species to currently developed pesticides, 

and was considered a natural resource extracted by the use 

of pesticides. The depletion of this stock results in 

resistance and has a cost, the present value of which is 

termed a "user cost" (Howe, 1979). 

The "common property" nature of this resource is well 

established in the literature, although the terminology used 

has been confused (Carlson and Castle, 1972; Hueth and Regev, 

1974; Feder and Regev, 1975; Regev et al., 1976b; Sarham et 

al., 1979). The idea involved is the following: the benefit 

of applying pesticides accrues to the individual farmer, 

while the cost of resistance is distributed over all the 

individuals controlling the same pest population. While the 

cost in total may be very high, the cost to the individual 

is on~y a small fraction of this total and hence does not 

figure as all that significant in the individual's control 

decision. The "tragedy of the corrunons" is that this is so 

for all farmers, with each locked into a system which compels 

them to over apply selection pressure (Hardin, 1968). Even 

a farmer practicing restraint will have to bear part of the 

cost of resistance if his neighbours do not and so no 

incentive for the individual to conserve susceptibility exists. 
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To analyse the depletion of susceptibility, the 

development of resistance has been included in simulation 

models of pest control dynamics (Comins, 1976, 1977b, 1979b~ 

Sutherst and Comins, 1979; Regev et al., 1976b; Gutierrez 

et al., 1979). The general approach has been to treat 

susceptibility as a fixed stock that is decreased linearly 

with the idea that the future cost of depletion can be 

decreased (or pushed further into the future) by modifying 

control tactics at the expense of a small increase in 

immediate costs .. Because of the largely unknown dynamics of 

resistance development, it has not been possible to specify 

the appropriate modification, but rather the modelling 

questions have been posed so as to determine the way in which 

the pattern of pesticide application should be changed when 

the cost of resistance is considered. 

It is possible, for instance, that the allocation of 

susceptibility could be improved by lowering present control 

effectiveness in order to delay the occurrence of resistance 

(Comins, 1979a) with the individual's decision made to give 

a more socially desirable outcome by a tax on pesticide use 

(Comins, 1977b) or through the provision of control infor-

mation to prevent a use of pesticides in excess of what is 

required for economic control (Comins, 1976, 1979a). Whether 

the benefits to be gained from improved decision making 

justifies the costs involved is another question and will be 

considered more fully in Chapter five. 

It has been found that single institutions controlling 

mosquitoe populations, where the costs of resistance would be 

presumably internalised, ignore the future cost of resistance 

(Sarham et al., 1979). This could be due to: a lack of 

recognition of the risk of resistance, the belief that the 

costs of resistance would be minimal, or else the institution 

could place very little emphasis on future events. This 

example illustrates a number of issues that the literature 

on the susceptibility of depletion has not addressed. These 

are: 

1. The characteristics of the resource and the costs 

of depletion. 



2. The strategies available to overcome depletion. 

3. The issues that depletion raises. 

The following three sections consider these points. 

4.4 ECONOMIC CHARACTERISTICS OF RESISTANCE 

This section attempts to place the development of 

resistance into an economic framework. This is achieved by 

considering susceptibility as a resource and characterising 

it in economic terms according to the biological features 

described in Chapter three. 

4.4.1 Susceptibility as a Depletable Resource 
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A resource has been defined as something useful in the 

condition in which it is found (Randall, 1981), a result of 

the interaction of man and the physical world (Chapman, 1969). 

A pest's susceptibility to a pesticide can be conceptualized 

as a resource, its utility being that is allows the control 

of a pest population by the pesticide. Susceptibility can 

be defined as the converse of resistance with a relative 

measure being provided by the inverse of the resistance 

ratio (section 3.2). 

Susceptibility is a parameter of a pest population 

(not a species) and can be depleted by the use of chemical 

pesticides. Involved in depletion is the replacement of 

normal alleles with those which confer resistance. 

Susceptibility is potentially renewable at some level of 

pesticide application through an immigration effect (section 

3.4.7). While a critical zone (Ciriacy-Wantrup, 1963) which 

delineates between a use o£ susceptibility that is renewable 

and a higher level of use that would result in resistance 

has been suggested (Croft, 1979) I this concept has little 

relevance as yet for management (section 4.4.4). 

4.4.2 The Costs of Depletion 

The depletion of susceptibility will eventually 

necessitate a change in control practice. This ch2nge 

presumably has a cost otherwise the alternative would have 



been previously adopted. From the national point of view, 

this cost could include the following: 

1. Extra cost of the alternative control technique. 

2. The cost of secondary pest outbreaks due to 

changed control practice. 

3. If alternative control techniques prove too 

expensive, the cost imposed by resistance may 

be an acceptance of pest damage or a switch to 

an alternative land use. 
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As resistance can affect a large area (section 3.4.4), 

these costs in total may be high. The extra cost of alter

native control techniques may be the cost of a more expensive 

insecticide or of a more expensive alternative control 

method. The use of a new broad-spectrum insecticide may 

result in secondary pest outbreaks producing extra control 

costs. Similarly, pests previously suppressed by the use of 

the first chemical may become control problems once its use 

is stopped. 

These extra control costs will be distributed between 

the producer and the consumer. The share to be paid by 

each will depend on whether the resulting increased costs of 

production can be passed on· by increasing product price. 

This in turn depends on the size of the area affected and 

how responsive the price of the produce is to changes in 

supply. For instance, if the whole potato crop is affected 

by pest resistance, then elementary price theory suggests 

that much of the extra cost burden would be passed on to the 

consumer. If, on the other hand, a small part of the total 

crop of a novelty fruit is affected, the producers will carry 

the major cost burden. If this burden on the producers can

not be absorbed, the result of resistance may be an acceptance 

of pest damage and hence less produce of lower quality or a 

switch to an alternative land use. This could involve a crop 

not infested by the pest concerned or one which is more 

tolerant to the pest or else a change to a non-productive 

land use such as subdivision for housing. 
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As well as these direct costs, considerable transfer 

payments may also result. For instance, if an alternative 

chemical is adopted, one insecticide company may gain at the 

expense of another. Also, producers not affected by resis

tance may gain at the expense of those that are. 

Considerable downstream effects could also occur. 

For instance, a regional or indeed a national economy heavily 

dependent on income from a single crop may be seriously 

disrupted if resistance renders crop production uneconomic. 

Such downstream effects could also originate from the loss 

of a significant market for an insecticide if a factory's 

production is affected. The size, distribution and nature 

of these costs will be dependent on the particular resistance 

situation. 

As well as economlC costs, there will be social 

impacts as communities are adversely affected. Once again, 

their size, distribution and nature will depend on the 

specific situation. 

A further three possible costs of resistance not 

generally considered are the following: 

1. Costs associated with the public health and 

environment risk of introducing novel control 

tactics. 

2. Adjustment costs. 

3. Costs associated with the loss of options. 

The use of new insecticides, pathogens and the 

introduction of natural enemies is associated with risks 

to both the environment and public health~ While these 

risks may be minimized, they can never be eliminated. With 

the urgent need for alternatives following resistance there 

is also the danger that adequate caution will not be taken 

in their introduction. 

While resistance arises suddenly over a whole popu

lation, time is required to implement alternative control 

strategies. During this interval, the costs resistance 
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imposes will be especially high. For instance, while an 

alternative insecticide may be available, considerable crop 

damage will be sustained before resistance is fully realised 

and before the alternative insecticide can be successfully 

introduced into control practice. 

Both adjustment costs and risk may be minimized by 

monitoring resistance and being prepared with alternative 

methods of control. 

The permanence of resistance introduces the intangible 

cost associated with an irreversible event (Fisher and 

Krutilla, 1974) and the loss of options (Weisbrod, 1964). 

Once resistance develops it would appear that nothing can be 

done about it (section 3.4.5). This is associated with a 

foreclosure of future control options. Indeed the opportunity 

of using the insecticides affected in such a way so as to 

conserve susceptibility is lost. The cost of this may be very 

high as the most promising alternative means of control, 

integrated pest management, relies on the judicious use of 

pesticides. Thus, resistance resulting from contemporary 

practice could seriously jeopardise the implementation of 

integrated pest management in the future. 

Because resistance occurs sometimes in'the future, the 

costs it imposes are also borne sometime in the future. In 

natural resource economics, the present value of the sacrifices 

being imposed on the future has corne to be called the "user 

cost" (Howe, 1979). Thus, resistance can be thought of as 

adding a user cost to the cost of chemical control. 

The full cost of a particular resistance episode has 

not been documented. Presumably these costs in the past 

have been minimal due to the ready availability of alternative 

pesticides, the organophosphorus insecticides following the 

organochlorines for instance. As resistance continues to 

develop and so restrict the range of available insecticides, 

its associated costs are likely to rise dramatically. 



55 

4.4.3 Property Rights and Susceptibility 

Externalities (section 4.3.3) have been considered as 

solely due to a lack of full property rights (Coase, 1960) 

and the IIcommon property" concept dismissed as inadequate 

(Ciriacy-Wantrup and Bishop, 1975). In redefining the problem 

of "market failure", Randall (1983) has categorised goods 

according to their exclusiveness and the degree of rivalry 

which exists in their consumption. The latter concept is 

considered in section 4.7. 

Non-exclusiveness is derived from the common property 

concept and involves a lack of full property rights i.e. 

rights to property that are completely specified, exclusive, 

transferable, enforceable, and completely enforced (Randall, 

1981). Susceptibility is a non-exclusive good. That is, no 

user is excluded from using it, nothing is charged for its 

use, and no price serves to allocate it. While it is a 

finite resource of some value, its non-exclusiveness may· 

result in its overexploitation with little invested in its 

maintenance or conservation. 

The theoretical solution is the development of full 

property rights, but it is clearly infeasible to assign rights 

to the gene pool of a pest population. However, it is poss

ible to develop rules that specify who shall have access to 

the resource system, and under what conditions. Such rules 

have long been accepted in hunting, angling, and the drawing 

off of ground water, for instance. As pesticides are the 

"tools" of "extraction", the rules would apply to their use. 

Alternatively, a tax system on pesticide use could be 

introduced to provide a more socially desirable rate of 

depletion and to provide a revenue for management. 

4.4.4 The Dynamics of Resistance 

The problem for regulation of susceptibility deple

tion is that, like pest control itself, the development of 

resistance is a dynamic process. susceptibility is not a stock 

resource which can be divided up like a cake. Rather it is 

in a constant state of flux and biologists are just now 

investigating the parameters which determine its depletion 

(sections 3.4.7; 3.4.8). In the meantime there is no 
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equivalent concept to that of sustainable yield as there is 

for other biological resource systems. Due to the difficulty 

of detecting the initial buildup of the resistance allele's 

frequency within a population and its subsequent rapid increase 

to produce control failure, there is no way of ascertaining 

whether a particular strategy of pesticide use is sustainable 

until it is too late. The fact that for a particular situ

ation resistance has not developed means little, for the 

resistance allele accumulates over time until at a certain 

level resistance results suddenly (section 3.4.3; 3.4.4). 

Only broad generalisations can be stated as to the risk of 

resistance in any given situation and only then in relation 

to the risk involved in a slightly different one. 

However, considerable selection pressure for resistance 

could be avoided in the first instance, with very little 

trade-off of control effectiveness. Farmers often spray at 

a frequency above that required for adequate control for 

insurance purposes (section 4.2.3). This excessive spraying 

could be counteracted quite cheaply and effectively by the 

provision of entomologically sound control information and by 

institutional methods of crop insurance. The low cost of 

this option and the resulting reduction in control expendi

ture could conceivably obviate the need to specify the 

resulting reduction in the user cost of susceptibility 

depletion. 

4.5 STRATEGIES TO OVERCOME RESISTANCE 

Resistance appears inevitable and permanent (sections 

3.4.5; 3.4.7). There are three responding strategies: a 

constant introduction of novel chemicals for control; conser

vation of susceptibility; adoption of non-chemical methods of 

control. This section considers: these strategies. 

4.5.1 The Introduction of Novel Chemicals 

The development of new pesticides has come almost 

entirely from the chemical industry (Green, 1976). This 

section considers this industry and investigates the opportun

ities for the development of new insecticides to counter 

resistance. 
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4.5.1.1 The Consumption of Pesticides. Worldwide sales 

of pesticides was just over $US5 billion in 1975 (Goring, 1977) 

and growing (Figure 4.2). This represents an application of 

about 1.83 million tonnes of pesticide (Pimentel, 1977). 

Figure 4.2: Growth in world pesticide sales 1954-1976 (Lewis, 1977) 
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The world market for insecticides is slightly less 

than that for herbicides, with the fungicide market about 

half the size again (Table 4.1). Pesticide use is not 

distributed evenly over all crops with, for instance, cotton 

production accounting for over one third of the insecticide 

sales and fruit and vegetable production for one quarter 

(Goring, 1977). 

Table 4.1: Size and distribution of the pesticide market at the user 

level in 1978 (Herrett, 1980) 

Estimated use in 1978 Projected percenta~e 

(millions of dollars) increase, 1978-1984 

Herbicide 3 716 29 

Insecticide 3 028 11 

Fungicide 1 539 28 

Other pesticides 387 38 

Total 8 670 28 
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In 1975, only about one pesticide in 40 had sales above 

$50 million per year, but these pesticides accounted for over 

30% of total sales (Goring, 1977). Thus, the market is dom

inated by a few compounds with large markets. 

4.5.1.2 The Pesticide Industry. The pesticide industry 

is dominated by a few large companies, with 30 of the largest 

manufacturing 522 pesticides, and the remaining 125 making 374 

(Goring, 1977). The former group probably account for 85% to 

90% of pesticide sales (ibid.). Few companies are solely in 

the pesticide business, with pesticides usually only account

ing for some 3% to 5% of a company's total sales (Herrett, 

1980) . 

4.5.1.3 Research and Development. The phenomenon of 

resistance means a continuing need for society to discover 

and commercialize new insecticides. Like Lewis Carroll's 

Red Queen, it is necessary to do all the running possible 

to keep in the same place. 

New discoveries appear possible in the synthetic 

pyrethroid class (Elliott, 1980), and there is no technical 

reason to suggest that new classes will not be discovered 

(Corbett, 1974). It is generally assumed that any new 

insecticides developed will be more molecularly complex and 

more target specific (Corbett, 1974; Cremlyn, 1978). 

Three further factors suggest that chemical develop

ment may be able to provide respite from resistance: 

1. Synergists. These are compounds which, although 

having no direct toxic effect at the dosage employed, are 

able to substantially enhance the observed toxicity of an 

insecticide by inhibiting the enzymes within the insect which 

are responsible for the detoxication of the insecticide 

(Wilkinson, 1968). As such, they may have considerable 

potential in overcoming detoxication mechanisms of resistance. 

There is no doubt however, that insects possess the ability 

to overcome synergistic mechanisms, and, at best, synergists 

offer a means of prolonging the useful life of an insecticide 

(Benson, 1971; Wilkinson, 1968). 
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2. Negative correlates. As already noted (section 

3.4.2), occasionally the development of resistance to one 

compound has the reverse effect of cross-resistance, by 

making a population more susceptible to another compound. 

This allows for conservation of effective chemicals (Chapman 

and Penman, 1979) but once again, resistance will inevitably 

develop. 

3. Multi-attack chemicals. The multi-site toxicants 

employed in earlier years for the control of insects, such 

as the arsenicals, proved exceedingly capable of withstanding 

the development of resistance since they attacked several 

vital functions within the target organism simultaneously 

(Georghiou, 1980b). However, despite considerable research 

effort, no new multi-site insecticides have been developed. 

The search is complicated by the need for the chemicals to 

be safe in terms of public health and the environment. 

The question is, however, not only whether more 

insecticides can be developed, but whether they will be 

developed, and at a rate sufficient to keep ahead of resis

tance development. As already noted (section 2.4.3), several 

major insect pests have already outmanoeuvred the chemical 

industry's ability to supply effective insecticides. 

Current research on insecticide development is 

dominated by private companies. Their operating objectives 

are under considerable theoretical debate (e.g. Stevens, 

1974) but traditional profit-maximization theories still 

dominate empirical work. Thus, the amount of resources 

devoted to research and development will depend heavily on 

expected returns (Mansfield, 1974). 

Total research and development for pesticide develop

ment is spread over 15 to 20 years, with sales from full 

scale production initiated generally in the tenth year 

(Goring, 1977). The financial investment required to develop 

a successful pesticide has increased over the years (Figure 

4.3) due to the increasing effort necessary to produce a 

successful product (Table 4.2). The increased investment is 

considered due to increased pesticide regulatory requirements 

(Goring, 1977; Green 1976). 



Figure 4.3: costs of research and development for each commercially 

successful new pesticide, exclusive of production capital costs which 

can exceed research and development costs by three to five fold (Lewis, 

1977; Herrett, 1980) 
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Table 4.2: Number of compounds passing through each research and 

development stage per product marketed (Lewis, 1977; Herrett, 1980) 

Year 

60 

Activity 1956 1964 1967 1969 1970 1972 1980 (est) 

Synthesis and initial 1,800 3,500 5,500 5,040 8,000 10,000 25,000 
bio-screen 

Advanced screening 60 36 * 126 80 * * 

Field evaluation 6 4 * 9 4 * * 

Development 2 2 * 2 2 * * 

Sales 1 1 1 1 1 1 1 

*Not available 

A return on research, development and production costs 

is achieved by product sales. This return is aided by the 

operation of a patent (Braunholtz, 1977) which is a grant to 

a closed monopoly on the sale of the pesticide, the income 

potential of which is intended to induce discovery and use of 

knowledge (Grace, 1971). To achieve such a monopoly rent, 

the monopolist has a lower output and a higher price compared 

with the case of a competitive industry facing the same costs 

and market demand (Lipsey, 1979). 
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It is considered that to obtain a profit from the 

current costs of research and development, a pesticide must 

either capture a large market or else be so unique and 

innovative, that it outclasses all other substitutes, allow

ing the selling price to be set well above the cost of 

production (Goring, 1977). However,. as noted above, the 

trend is for increasing specificity and hence smaller markets, 

and more complicated molecular structure and hence increasing 

costs of production (ibid.). 

With pesticide development requiring increasing 

investment for decreasing returns, profit maximizing chemical 

companies would presumably divert investment into alternative 

company activity. Certainly the last ten years has seen a 

marked decline in the introduction of new pesticides (Figure 

4.4) • 

Figure 4.4: Annual introduction of pesticides, 1945-1975: three year 

moving average (Lewis, 1977) 
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The conclusion is that rather.than technical limits 

to the introduction of novel chemicals for control, there 

are economic limits. 
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4.5.1.4 The Potential for New Insecticides to Counter 

Resistance. For individual pests developing resistance and 

offering comparatively small markets, the continual avail

ability of alternative insecticides is not assured. However, 

two factors would serve to stimulate insecticide development 

if resistance became a problem for several major pests on a 

large scale. The first is that as the supply of effective 

insecticides dwindles, demand for them, like food production 

for which they are a factor input, is going to be very 

inelastic. That is, they will command a very high price and 

investment in new insecticides will be stimulated. The 

second factor relates to the necessity of crop production 

and its strategic and political importance. No doubt, if 

resistance threatens a country's agricultural production, 

government funds would be diverted into the development of 

effective control techniques. 

Yet, resistance occurs quickly and unexpectedly 

(section 3.4.3) while the development of substitutes will. 

take considerable time. Thus, there are likely to be' costly 

lags involved in spite of these mitigating factors. 

4.5.2 Conservation of Susceptibility 

Tactics for conserving susceptibility have already 

been reviewed (section 3.5). The non-exclusiveness of the 

resource (section 4.3.2) means that these tactics would have 

to be adopted on a regional scale with a central controlling 

body with powers of regulation. Three factors serve to 

operate against the recognition of the need for conservation 

and hence the adoption of these tactics: the first is the 

invisibility of depletion, the second is its abruptness, and 

the third is the false security provided by an available array 

of pesticides, false due to the phenomenon of cross and mul

tiple resistance. These three factors suggest it unlikely 

that conserving tactics will be adopted until very major costs 

have been imposed by resistance. 



4.5.3 The Adoption of Non-chemical Methods of 

Control 
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Obviously, the adoption of non-chemical methods of 

control would overcome the problem of resistance. The swat

ting of flies remains effective, despite its undoubted 

ancient origin. 

Alternative control techniques have already been 

reviewed (section 2.5). Excluding the use of insect hormones, 

to which resistance is no doubt possible, and integrated pest 

management, due to its requirement of insecticides when 

deemed necessary, leaves pheromones, genetic techniques, 

pathogens, biological and natural control, and cultural 

practice as possible candidates. As noted, despite a number 

of successes, such techniques are limited, especially in the 

short term and when considered against the great array of 

insect pest control situations faced world-wide. It is 

, precisely the advantages of insecticides over such techniques 

that led to their widespread adoption, and which in the mean

time resulted in a languishing of research on non-chemical 

methods of control. In exploiting the advantages of the 

effective control provided by insecticides, man has come to 

rely heavily on them. The problem is that it is precisely 

those situations where reliance on insecticides is greatest 

and insecticide use the heaviest, that re9istance is most 

likely to occur first. Integrated pest management is a 

consequence of the entomological profession's recognition 

that insecticides are, in today's world, a necessary tool 

for the provision of adequate control of insect pests. 

Except for quite limited situations, it is doubtful 

that completely non-chemical methods of control will prove 

at all viable as an alternative means of insect control. 

4.6 THE MAJOR ISSUES RAISED BY RESISTANCE 

This section considers the major issues the depletion 

of susceptibility presents in terms of the distinct issues 

raised by Stiglitz (1979) for the economic analysis of 

resources in general. 
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1. Viability. Resistance does not directly threaten 

an economy's viability. As a factor input for crop production, 

susceptibility to a particular insecticide is clearly non

essential. Substitution can be made with other insecticides, 

with alternative methods of control which substitute 

insecticides with labour or information, or with an accept

ance of more pest damage. Certainly it is always possible to 

produce a crop without chemical control as in the past. 

While the depletion of susceptibility does not directly 

threaten an economy's viability, that is not to say that the 

development of resistance would not be without severe economic 

consequence. 

2. Forecasting. Two major forecasts are at issue 

in the depletion of susceptibility. First is the one 

concerned with whether and when resistance will occur to a 

particular pesticide. Secondly, and more importantly, is 

whether acceptable pest control alternatives will always be 

available and, if so, what form they will take. 

This study has noted that resistance is to be expected 

(section 3.4.7i 3.4.8) and predicted a gloomy outlook for 

the continual development of novel pesticides to counter 

specific cases of resistance (section 4.5.1.4). The favoured 

alternative control strategy, integrated pest management, 

is dependent on effective insecticides (section 2.5.6) and 

it is predicted that contemporary control practice may 

seriously undermine its development (section 4.4.2). 

These forecasts rely largely on an extrapolation of 

past trends. As unsatisfactory as this is, given the 

possibility of great technological advance or radically 

altered use of insecticides, it is the best that can be done 

given present understanding. 

3. Efficiency. Due to the non-exclusive nature of 

susceptibility (section 4.4.1) it is clear that market forces 

cannot serve to allocate it efficiently, but due to the 

largely unknown dynamics of its depletion (section 4.3.3) it 

is also unknown whether intervention would serve to improve 

its allocation. 
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4. Intertemporal equity. The issue addressed is that 

of the trade-off between the benefits of the present deple

tion of susceptibility against the costs that may result in 

the future. The problem is of valuing the cost associated 

with depletion in present day terms, i.e. the user cost. 

Traditional economic analysis discounts future cost by a 

certain percentage each year back to the present. Thus, not 

only is the magnitude of the cost important but also the time 

at which it occurs. By selecting a particular discount rate, 

the present generation dictates to all future generations 

(Ferejohn and Page, 1978) but no other decision rule to 

adjudicate resource allocation conflicts between present and 

future uses has been agreed upon. The intertemporal issue 

also introduces a type of externality because, as argued by 

Pigou (1946), individuals are biased in their decisions to 

the present and operate on a personal discount rate that is 

higher than the social rate. This may be particularly so 

for farmers due to the uncertainty of their annual income. 

Thus, their present day valuation of the costs of resistance 

occurring sometime in the future may be negligible given that 

inclement weather could destroy their crop tomorrow. 

4.7 THE ECONOMICS OF ALTERNATIVE PEST CONTROL 

For an alternative pest control technique to be 

adopted, it must be consistent with the farming systems of 

potentially adopting farmers and must be chosen as the best 

among the alternatives that the farmer has. What is best, 

is generally considered to be that which is most profitable 

(section 4.2.l) or that which minimizes risk (section 4.2.3). 

The relative profitability and risk of pest control options 

may be variable over time due to changing economic and 

biological circumstances. For instance, rising fuel prices 

and resistance may jeopardise the economic advantage that 

contemporary control currently has over alternative tech

niques. The adoption of least cost control technology will, 

all things being equal, result directly in gains to the 

consumer due to the generally competitive nature of the 

agricultural sector (section 5.4.2). 
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The literature on the economics of alternative pest 

control techniques 1S concentrated on integrated pest 

management and has been of two major types: modelling work 

(e.g. Talpaz et al., 1978; Reichelderfer and Bender, 1979; 

zavaleta and Ruesink, 1980); and budgeting analysis of 

adopted programmes. The technique of the former has already 

been discussed (section 4.2.5). The latter basically 

involves developing a per acre crop enterprise budget 

including all inputs, quantities applied, costs, yield and 

returns for the contemporary practice and the alternative 

system. The published literature centres on integrated pest 

management programmes developed for the two crop types which 

are the big insecticide users (section 4.5.1.1), that is, 

cotton (Lawrence and Angus, 1974; von Rumker et al., 1975; 

Hall, 1977) and fruit (Hall et al., 1975; King and OIRourke, 

1977; Thompson et al., 1980). The papers demonstrate 

positive economic gains in the adoption of developed rPM 

programmes, the exception being King and O'Rourke (1977), 

who show that while rPM would be economically sound for 

apples, the rPM programme available for pears would not. 

Unfortunately, the analyses do not establish which parameters 

are critical 1n determining the profitability of IPM and it 

is difficult to extrapolate results to different crops and 

different situations. Furthermore, there is a lack of 

appraisal of the external costs and benefits of IPM, although 

Richardson arid Badger (1974) have included economic, environ

mental and social well-being benefits. The full appraisal of 

costs and benefits is desirable as many of the benefits of 

rPM are external to the individual farmer and co~ld be 

sufficient to warrant the provision of a subsidy for its 

adoption. Of course, an appraisal of the full cost of rPM 

would need to include the costs of development which is 

undertaken by government agencies. 

The previous point raises an important difference 

between contemporary pest control and integrated pest manage

ment, with the former being 'generally supplied by the private 

sector, the latter by the public sector. The reason for this 

is now considered. 

First of all, the actual control commodities of the 

techniques themselves require identification •. 
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For pesticides, hormones and pheromones, the control 

commodity is clearly a chemical. For control by pathogens, 

resistant crop varieties, autolethal techniques and biolog

ical control, the commodity can be considered as genetic 

material within organisms. Integrated pest management, on 

the other hand, consists of a body of information on the use 

of the above techniques in association with a monitoring and 

advice service. 

The development of a particular technique of control 

demands a considerable expenditure. The expenditure required 

for pesticide development has been considered and it was 

noted that innovation is encouraged by the operation of 

patent law which provides the patentee with an enforceable, 

negotiable monopoly on the use of the innovation (section 

4.5.1.3). However, essentially to be patentable, an 

invention must relate to an article made, a process for making 

it, a new substance or thing (Grace, 1971). 

Pesticide development enjoys the status that the 

control commodity itself, that is the specific chemical, is 

patentable. The total research and development involved ~s 

protected by a patent on the chemical. This is true also of 

pheromone and hormone mimics synthesized in the laboratory. 

In contrast, the research and development on alternative 

control methods, such as biological control and autolethal 

techniques, is less protected, the control commodities them

selves being unpatentable as they are not new articles. 

Thus, a considerable amount of the research and development 

effort involved in their development may not be subject to 

protection. Similarly, the development of an integrated 

pest management technique would appear unpatentable. However, 

pest control innovation provided by resistant crop varieties 

is given some protection by the International Convention for 

the Protection of New varieties of Plants (1961), which 

recognizes the right of a breeder to protection either by a 

special title or by patent (Baxter, 1973). 

The concepts of exclusiveness and rivalry (Randall, 

1983) are also essential to an interpretation of these 

control commodities. 



Exclusiveness has already been explained (section 

4.4.1). Rivalry describes the process of consumption and 

reLates to the idea of "public goods II (Samuelson, 1954). 
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A rival good, if consumed by one person is unavailable to 

another. For instance, if a quantity of pesticide is bought 

and used for control, that quantity is unavailable for some

one else's use. For such a good, a competitive market can 

set, through demand and supply, an efficient price for the 

good's production and consumption. Contrasted with the 

pesticide, is information on its use in an integrated pest 

management programme. The use of this information by one 

person does not decrease its availability for a'nother. The 

information is "consumed" non-rivally. 'Assuming that the 

transfer of information is costless, the cost of additional 

"consumers" of this information is zero. It is thus 

inefficient, in the Pareto sense, to exclude any consumer 

whose money value for the information is positive. Non-rival 

goods may be supplied inefficiently by the private or public 

sector charging a price, or by the public sector for free 

and financed from general revenues. However, if consumers 

cannot be excluded from using the good, the collection of a 

user charge is impossible. 

Control commodities can now be interpreted in terms 

of their exclusiveness and the nature of their consumption. 

In terms of rivalry and exclusiveness, pesticides, 

hormones, pheromones, resistant crop varieties and pathogens 

used in an insecticidal fashion, are normal goods. That is 

they are exclusive and consumed rivally. As such, they may 

be provided by the private sector in an efficient manner. 

Where relevant, however, the operation of patents presumably 

results in their underprovision once they are developed. 

The autolethal technique and biological control 

(including the traditional use of pathogens) are both non

exclusive. Thus, these forms of control cannot be reliably 

provided by the private sector or the public sector financing 

them with user charges. However, public sector provision 

with finance from general revenues is possible. 
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As noted above, integrated pest management, consists 

of two parts: a body of control information as well as 

monitoring and expert advice services. While the information 

1S non-exclusive and consumed non-rivally, the necessary 

monitoring and advice service is exclusive and consumed 

rivally. Thus, while the necessary information cannot be 

reliably developed by the private sector or the public sector 

relying on user charges, once developed, it may be dissemin

ated and serviced by either sector and financed by user 

charges. Exclusion on advice, however, may not be complete, 

due to the possibility that non-payers could follow the spray 

tactics observed on neighbouring farms which pay for and 

receive control advice. 

These fundamental differences between pesticides and 

integrated pest management may well provide the reason for 

the observed persistence of contemporary pest control 

practice. This is because the development of integrated 

pest management does not enjoy monopoly protection and is 

largely non-exclusive and consumed non-rivally which prevents 

the collection of a full user charge and thus a return to 

cover the costs of development. 

4.8 CONCLUSION 

The farmer's individual decision as to a pest control 

strategy is complex. Due to the difficulty of determining 

what is optimal in terms of profit or yield, a major factor 

in the decision may be that of risk. Given the complexity 

of the pest-crop system, it will be some time before computer 

simulations can provide reliable predictions as to the out

come of specific control practices. 

Due to the non-exclusive nature of the environment 

and of the pest communities themselves, there is a divergence 

between the level of control optimal from the individual and 

societal viewpoint. Susceptibility may be considered as a 

depletable resource and its user cost may include economic, 

environmental and social costs. Due to the leadtime 

required to implement alternative control strategies, the 



initial costs of resistance may be very high. In the past 

the cost of resistance has been generally low due to the 

ready availability of alternative chemicals. 
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The management of susceptibility is difficult due to 

its non-exclusiveness and dynamic nature. Nevertheless much 

waste may occur due to inexpert decision making and individual 

risk aversion. Further complication derives from the lack of 

property rights for pest control techniques which would serve 

to conserve susceptibility and the often non-rival nature of 

their consumption. The major issues raised by resistance are 

those of forecasting, efficiency and intertemporary equity. 
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CHAPTER FIVE 

INSECT PEST CONTROL AND PUBLIC CHOICE 

that the will is infinite( and the execution 
confined; that the desire is boundless, and the 
act a slave to limit." 

William Shakespeare 
Troilus and Cressida 

5.1 INTRODUCTION 
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Since leaving Eden, the human race has been confronted 

with a scarcity of resources. Such scarcity is the funda

mental economic problem and all economic systems must 

establish techniques to select which uses, or combination 

of uses, are most urgent, and to obtain and administer 

resources so as to most closely satisfy wants. In the mixed 

economies of contemporary western nations, this 1S achieved 

by an interblending of capitalism with central government 

planning (Elliott and Campbell, 1973). Government involve

ment consists of public policies of planned coordination 

ranging from macroeconomic strategies designed to promote 

full employment, price stability and economic growth; to 

microeconomic measures designed to protect, support, regulate, 

control, or bring into "balance" various sectors of the 

economic system. 

One justification for economic planning at the micro

economic level is the recognition of the so-called market 

"failure" which has been more generally interpreted in terms 

of attenuated property rights and non-rival consumption 

(sections 4.3.3; 4.4.3; 4.7). In such cases it is theoretic

ally possible for market intervention to improve, from the 

point of view of the nation, the allocation and use of 

resources. Required is a non-market decision as to whether 

to intervene, the economic study of which has been termed 

by Mueller (1979) as the study of public choice. 



In pest control such market "failure" arises from: 

1. The non-exclusiveness of: 

a) the environment to which pesticides are 

applied 

b) the pest population controlled and hence 

susceptibility 

c) some forms of pest control. 
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2. The non-rival consumption of some forms of control. 

The need for market intervention due to the non

exclusiveness of the environment is well recognised and has 

resulted in an array of pesticide regulations designed to 

protect public health and the environment (section 2.4.3). 

However, susceptibility and pest control itself have 

not been so explicitly considered or dealt. with. Yet, due 

to technological advance and resistance, pest control will 

continue to develop and change, and because of attenuated 

property rights and the non-rival consumption of some control 

techniques, this development and change may produce results 

which are, from the national stance, undesirable. Certainly 

without intervention, there is an inherent bias towards the 

production of pesticides as opposed to alternative forms of 

pest control and towards the rapid depletion of susceptibility. 

Required is an analysis of options for influencing development 

and change in socially desirable directions. 

This chapter provides such an analysis . 

. 5.2 PROBLEM DEFINITION 

5.2.1 Identification of Needs 

Technological advances in crop production have 

allowed great increases in the land's carrying capacity and 

in turn the growing human population has come to depend on 

such technology. This is true for pest control technology. 

In this regard, much is made of the fact that in the United 

States something like 33% of the potential pre-harvest crop 

is lost to all pests (Pimentel, 1976) while the level of 



malnutrition in the world would appear to stress the value 

of this loss. While those on both sides of the pesticide 

debate (section 2.4.3) consider this loss unacceptable, one 

side sees it as justifying the use of more pesticides, the 

other as signalling the failure of pesticides! 

Such argument is inadequate for a number of reasons. 
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The problem of world hunger has been demonstrated as not one 

of deficient world food production as such, but rather of 

personal income inequalities within and between countries 

making it impossible for the poorest people to consume a 

share of the world crop (Marstrand and Rush, 1978). 

Furthermore, the crops which are the big consumers of pesti

cides, cotton, corn and fruit (section 4.5.1.1), are unlikely 

to directly contribute to the nutrition of the world's poor. 

The point is that crops are grown, not to feed the 

hungry, but as commercial propositions. All things being 

equal, a farmer will grow the crop, in a manner and at a 

level which is most economic for him. This requires the 

selection of a cost-effective pest control technology. 

The primary need is to have farmers adopting pest 

control strategies that are, from the national viewpoint, 

cost-effective. 

5.2.2 Causes of the Problem 

Apart from regulations designed to protect the environ

ment and public health, the individual farmer is the ultimate 

decision maker as regards pest control strategy (section 

4.2.1). A problem exists because what is chosen as cost

effective at the individual farm level may not be so when 

considered nationally. This divergence is due to the: 

1. Poorly understood dynamic nature of susceptibility 

and its non-exclusiveness which means that the full cost of 

its depletion (i.e. resistance) is not paid by the individual 

decision maker (section 4.3.3). 

2. Individual decision makers heavily discounting 

the future cost of resistance (section 4.6). 



3. Non-exclusiveness and non-rival consumption of 

alternative pest control techniques which means they will 

not be offered as control options in a market system 

(section 4.7). 
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The individual decision is currently to adopt contem

porary pest control which results in the continual development 

of resistance (section 3.4.7) and associated costs (section 

4.4.2). There is a trend of increasing resistance (Figure 

3.lland ~ecreasing insecticide_ development (Figure 4.4). 

Such trends have in the past been extrapolated by scientists 

alarmed over resource depletion (e.g. Goldsmith et ai., 1972; 

Meadows et al., 1972) only to be dismissed by the economic 

profession because of the neglect of price-effects which 

serve to mitigate against depletion (e.g. Beckerman, 1972). 

However, analysis of the situation for resistance suggests 

that price-effects may not stimulate the development of new 

insecticides to a rate sufficient to counter resistance 

(section 4.5.1), or provide alternative control techniques 

(section 4.7), or serve to conserve susceptibility (section 

4.5.2). If this is the case, the cost of resistance could 

be presumed to rise dramatically (section 4.4.2). 

The problem, in the first instance, is whether the 

benefits of adopting strategies to hold these costs down 

justify the cost of doing so. 

5.3 PEST CONTROL GOALS 

Most nations recognise the benefits of local crop 

production and have explicit policies to maintain the 

viability of farming enterprises. The result is direct 

subsidies, price stabilisation schemes, market protection 

etc. 

Recognising the importance of pest control, a specific 

goal of such policy may be to oversee the provision of cost

effective pest control. The cost of control would be taken 

to include the full national cost of control, including for 

instance, the user c'ost associated with the development of 

resistance. 
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5.4 METHODS FOR ACHIEVING THE PEST CONTROL GOAL 

5.4.1 The Options 

Two broad management options are available for pro

viding for pest control which is from the national viewpoint, 

cost effective. 

The first, always an option, is to do nothing. This 

allows the free operation of the market, with farmers as 

individual economic agents free to choose the pest cont~ol 

strategy they consider appropriate. This option can arise 

from a failure to recognise that, in the case of pest 

control, the individual guided by self interest will not 

make decisions that are from the national vi~wpoint optimal 

(section 5.2.2), This "do nothing" option can also arise 

from design. The divergence between individual and national 

decision making is recognised but the benefits to be derived 

from narrowing the divergence are considered insufficient 

to justify the costs of doing so. 

The second option is to intervene in the market. 

Recognising the reason for the problem, this could involve: 

1. An active role in the management of suscepti

bility. Non-control reasons for pesticide use could be 

minimized by providing control information and insurance. 

Regulation or taxes and subsidies could be used to restrict 

pesticide applications or to implement pesticide rotations 

or mosaic spraying. Susceptibility could be more directly 

managed by a programme of monitoring and introduction of 

susceptibles (section 3.5.2). 

2. The public provision of non-exclusive and non

rival pest control techniques, and in line with (1), possible 

subsidies for their adoption. 

The two alternatives can be represented schematically 

as in Figure 5.1. Represented is the current situation (a) 

where control decisions are taken individually resulting in 

continual control failure and the likelihood that the supply 

of effective insecticides will be exhausted. In (b), 



selection pressure is reduced to a minimum by a coordinated 

pest control programme in association with tactics to slow 

the development of resistance. 

Figure 5.1: Control options (al do nothing (b) market intervention 

designed to maintain susceptibility. 

(a) 

control failure 
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The option in the first instance is whether or not 

to interven'e in the pest control market, recognising that 

farmers (a) will not consider the full cost of contro}" and 

(b) will not be offered a full range of control option. 

As" the previous section points out, two mutually 

non-exclusive options are available for intervention. The 

first is an active management of susceptibility which 

recognises susceptibility as a non-exclusive resource with 

farmers not accounting for the full cost of resistance. 

The idea is illustrated in Figure 5.2. 



Figure 5.2: Optimal pest control: individual compared with national 

decision making. 
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In Figure 5.2, the marginal social cost of control 
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includes the user cost associated with resistance. Increased 

pesticide application results in an earlier occurrence of 

resistance and hence the user cost increases with the spray 

frequency. The marginal private control cost does not 

include the cost of resistance and hence is constant. 

The profit-maximizing individual would apply a level 

of control (b), a risk averse individual (c). Both levels 

are greater than the optimal social or national level (a). 

This divergence could be corrected for by one or a combination 

of methods. The first would be designed to make the private 

individual take a nationally more desirable decision by 

providing institutional crop insurance, control advice, or 

by regulating or taxing pesticide use. The second method 

would be to delay resistance and hence reduce the user cost 

by implementing pesticide rotations, mosaic spraying or 

introducing susceptibles. 

The second part of the intervention option is to 

publicly provide for non-exclusive and non-rival pest control 

techniques. These forms of control, such as integrated pest 

management, may be more cost-effective, but will not be 
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provided by the private sector. The idea is illustrated in 

Figure 5.3, where IPM provides a greater revenue for a lower 

cost when compared with contemporary pest control. 

Figure 5.3: optimal pest control: contemporary pest control compared 

with integrated pest management, --- marginal cost and revenue of 

contemporary control, --- marginal cost and revenue of rPM. 

$ 

-
z----------------

-----

, 

"-
"-

"-

" -..... --.---::>.----- ... --- ' .... 

control 

If after its development, the alternative pest control 

technique was considered optimal from the national stance 

but not from the individual, a subsidy on its use could be 

applied. 

The two different options are not mutually exclusive, 

but it is desirable to evaluate them independently due to 

their different characteristics. The first step in such an 

evaluation is to identify the costs and benefits of each 

option, which for clarity can be grouped into a number of 

classes. 

The first distinction is between (a) benefits that 

increase the community's welfare or decrease the costs of 

the resources required to produce goods and services, and 

(b) benefits that represent changes in some people's welfare 

at the expense of the well-being of others. The latter case 

is called a pecuniary effect. For example, the development 

of a less expensive means of pest control is a benefit to 
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the whole community while a subsidy on its implementation is 

just a change in the distribution of wealth, i.e. a pecuniary 

effect. 

Direct costs and benefits, unsurprisingly, are those 

directly related to the objective of the programme, indirect 

or secondary benefits and costs are by-products. For example, 

research on resistance may provide increased biological 

knowledge as an indirect benefit. Costs and benefits that 

are not easily measured in dollar terms are called intangibles. 

The benefit of preserving control options is suchan intang

ible. 

While the terms help to identify and order the costs 

and benefits of a project, the definitions are not sharp 

and whether a cost or benefit should be ln one category or 

another is often a matter of opinion. 

The costs and benefits of susceptibility management 

and the development of successful, i.e. cost-effective, 

control alternatives are represented in Tables 5.1 and 5.2. 

Table 5.1: Benefit-cost matrix of susceptibility management. 

Benefits Costs 

- delayed escalation in control costs - capital outlay on initial research etc. 
- minimization of costs of adjustment 

Tangible to resistance 
- maintenance of cost-effective crop 

production 
Direct 

Intangible - maintenance of control options - loss of individual freedom associated 
- stabilised pest control with l:larket intervention 

- reduced environmental and public health 
risk through a possible reduced use of 
pesticides and reduced exposure to 

Tangible novel chemicals 
- marketing gains through 8. OtOre assured 

means of control and a possible lower 

Indirect 
use of pesticides 

- gain in knowledge of biological systems - public expenditure without obvious 
Intangible revenue and with the programmes 

effectiveness dif:icult to evaluate 

- transfer of funds to agencies concerned 
with management 

Pecuniary - reduction in income of pesticide 
companies if pesticide use is reduced 

- operation of any specific tax or 
subsidy 



Direct 
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Table 5.2: Benefit-cost matrix of successfully supplying an alternative 

pest control technique. 

Benefits Costs 

- the provision of cost-effective pest - capital outlay for initial research and 
control development 

- insulation from control cost 
Tangible 

escalations 
- maintenance of cost-effective crop 

production 

Intangible - increase in control options - the risk. that the programme will not be 
- stabilised pest control successful and the major benefits lost 

- reduced environmental and public 
health risk through a reduced use 
of pesticides and reduced exposure 

Tangible to novel chemicals 
- marketing gains through a lnOre 

assured control success and a lower 
use of pesticides 

Indirect 

Intangible - gain in knowledge of control 
technology and biological systems 

- transfer of funds to agencies 
concerned with developing ancl 
supplying control technology 

pecuniary - reduction in income of pesticide 
companies 

- operation of any specific tax or 
subsidy 

The benefit of the "do nothing" option is that the 

above costs are avoided. However, this option has an 

opportunity cost and that is that the above benefits are 

lost. 

The benefits of intervention derive primarily from a 

delaying of resistance and in weighing up the benefits 

against the costs, four issues are of particular importance: 

1. Valuation of intangibles 

2. Risk 

3. Interternporary equity 

4. The distribution of costs and benefits. 

Public decision making invariably involves the 

valuation of intangibles whether implicitly or explicitly. 

Such valuation is not easy and it is not for the analyst to 

undertake. Rather it must be derived from society as a 

whole through the political process. Due to the difficulties 

involved, intangibles are often omitted when associated with 



tangible costs and benefits. Such neglect values them at 

zero. In the context of pest control for instance, there is 

a very real and positive value associated with the develop

ment of stable control technique. This value should not be 

neglected but it is impossible to put a hard number to it. 

The second important issue is that of risk. That is, 

what is the risk of resistance occurring under contemporary 

pest control and by how much is this risk reduced by alter

native strategies. Risk is also an important consideration 

in whether or not new alternative strategies can be success

fully developed and implemented. 

Both considerations could presumably be approached 

through the use of subjective probabilities from experts: 

the idea being, for instance, that from interpreting a 

particular pest situation in terms of the factors which 

influence resistance development (sections 3.4.7: 3.4.8) a 

"ballpark" estimate can be gained as to the probability of 

resistance in a given situation. Such an estimate is better 

to work with than no estimate at all. 

The third major issue to be addressed is the trade

off between present and future costs and benefits. That is, 

what is the appropriate discount rate to value the future 

costs of resistance in present day terms? The problem is to 

value, in present day terms, the benefits of avoiding resis

tance against the costs of avoiding it. A possible 

distribution of these costs and benefits through time are 

illustrated in Figure 5.4. The problems inherent in dis

countinq and the different approaches taken have been well 

discussed by Sassone and Schaffer (1978) and it is not 

proposed to reiterate them. 

While the intertemporal equi'ty issue addresses the 

distribution of costs and benefits through time, a further 

issue is the distribution of the costs and benefits amongst 

the various sectors of the economy. That is, who pays the 

cost and who gains the benefits? 
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Figure 5.4: Life cycle costs and benefits of reducing the risk of 

resistance. 
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If a perfectly competitive agricultural sector is 

assumed, then this question can be approached through elemen

tary price theory. Consider the supply and demand for the 

produce of a particular crop as in Figure 5.5. At market 

equilibrium, quantity (q) will be supplied at price (p). 

Associated with the market is a consumer surplus of amount 

(a) and a producer surplus of amount (b). 

Figure 5.5: Consumer and producer surplus for crop produce. 

price 

P 

q quantity 
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The finance for susceptibility management or the 

development of an alternative control technique could be 

raised by a tax on crop produce. The effect of the tax 

would be to shift every point on the supply curve vertically 

upward by the amount of the tax, as from 8 to 8' in Figure 

5.6, while the demand curve would be unchanged. The result 

is an increase in the price paid by consumers (P'>P) while 

the price received by producers is reduced (p"<p). In both 

cases the change is less than the amount of the tax (p"_pl). 

The total surplus is reduced by the total tax revenue (c) 

plus the amount (d), termed the deadweight loss. 

Thus both producers and consumers will contribute to 

the costs of the programme through a tax on crop produce. 

The precise distribution of the costs will depend on the 

slope or elasticity of the demand curve. The greater the 

slope, the more inelastic is the demand and the greater is 

the proportional burden carried by the consumer. Products 

with close substitutes tend to have a more inelastic demand. 

Figure 5.6: Effect of a tax on consumer and producer surplus 
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Alternatively, the programme could be financed from 

general tax revenues in which case the cost distribution 

would have the same pattern as distribution of the general 

taxes. 
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As to the question of who gains, the two possibilities, 

susceptibility management and public provision of pest control, 

need to be distinguished. 

Consider first the public provision of an integrated 

pest management programme which has a greater cost

effectiveness than contemporary pest control and thus reduces 

the total costs of production. It is then possible for 

producers to supply the same quantity at a lower price or 

supply more at the same price. This is represented by a 

downward shift in the supply curve such as from 8 to 8 1 in 

Figure 5.7. 

Figure 5.7: The effect of pest control innovation on consumer and 

producer surplus. 
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At equilibrium, the result is a fall in price from 

(p) to (pi) with an increase in the quantity supplied from 

(q) to (ql). The consumers gain, for more can now be bought 

at lower cost and the consumer surplus increases by the 

amount (e+f). The position for the producers is a little 

more complex. The producer surplus lost is amount (e), the 

surplus gained is amount (g). Whether the producer gains 

or loses as a result of innovation depends on whether amount 

(e) is less than or greater than amount (g). The relative 

size of two amounts in turn depends on the relative 

elasticities of both demand and supply_ Supply elasticity 

largely depends on the rate at which marginal costs increases 



with output. If it rises rapidly then supply will tend to 

be rather elastic. 
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Who gains from an active management of susceptibility 

is difficult to determine. In so far as it could be consid

ered to keep future costs down, it could be analysed in the 

above terms. However, just as the benefits to be gained from 

avoiding resistance will depend on parameters specific to the 

situation considered (section 4.4.2), so too will the 

distribution of these benefits. 

5.5 CONCLUSION 

In dealing with the problem resistance presents, 

three broad options are available: 

1. Rely on market forces. 

2. Public management of susceptibility 

3. Public provision of alternative control. 

The last two options are not mutually exclusive. 

The costs and benefits associated with each option can 

be identified but full numerical analysis is prevented 

because some of the major benefits are intangible or just 

best estimates. Nevertheless they may be large and require 

consideration. As well, considerable conservation of 

susceptibility may be achievable for very little expense by 

the provision of expert control advice and a means of insuring 

against pest damage which does not rely on a prophylactic use 

of insecticides. 



CHAPTER SIX 

INSECT PEST CONTROL IN NEW ZEALAND APPLE ORCHARDS 

"His speciality was alfalfa, and he made a good 
thing out of not growing any. The government 
paid him well for every bushel of alfalfa he 
did not grow. The more alfalfa he did not grow, 
the more money the government gave him, and he 
spent every penny he didn't earn on new land 
to increase the amount of alfalfa he did not 
produce." 

6.1 INTRODUCTION 

Joseph Heller 
Catch-22 
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This study now moves from theory and its tidy assumpt

ions to investigate a "real world" example of resistance. 

In the face of market distortions, the variety of human 

behaviour, and the complicated and poorly understood 

pesticide-crop system, theory can appear far too simplistic 

to ever prove useful. Its value, however, lies not in 

description as such, but in illuminating the areas and issues 

that are important and in providing an analytical starting 

point. 

The purpose of considering a real example is to 

determine if the theory developed is in any way useful, to 

provide an input into a specific problem, and to provide an 

approach upon which future analyses of similar problems can 

be built. 

6.2 RESISTANCE IN NEW ZEALAND 

Chapman (1982) recently reviewed insecticide resistance 

in New Zealand. While no comprehensive documentation has been 

undertaken, the records are dominated by cases of mite resis

tance to organophosphorus insecticides and specific acaricides, 

and insect resistance to a variety of organochlorine compounds. 
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It was considered that in the future, re~~stance would be 

most likely to occur in the pests of horticulture due to the 

very low tolerance of their presence in horticultural crops, 

particularly for export quality produce, and hence intensive 

spraying. 

With the recent rapid expansion of horticulture in 

the national economy (Stonyer, 1982) the high risk of 

producing resistant strains of pests must be cause for concern. 

To invest~gate the problem, the Nelson apple industry is 

considered as a case study. This industry is chosen for the 

following reasons: 

1. Its economic importance. 

2. The considerable amount of research that has 

been undertaken on apple pests. 

3. The recent demonstration of an incipient 

resistance episode. 

6.3 THE APPLE CROP 

From early beginnings around the turn of the century 

(Monigatti, 1966), commercial apple production, along with 

pear production, has grown into a $184 million industry (New 

Zealand Apple and Pear Marketing Board, 1982). The last 30 

years has seen a six-fold increase in total production, the 

increase largely channelled into the export and process 

markets (Figure 6.1). A further doubling of output is pre

dicted over the next six years (New Zealand Apple and Pear 

Marketing Board, 1982). In 1981, 31% of the total crop was 

consumed locally, 28% processed by the Apple and Pear 

Marketing Board, and 41% exported fresh. Of the total crop, 

41% is grown in the Hawke's Bay and 33% in the Nelson area 

(Department of Statistics, 1983). 



Figure 6.1: Total apple production and disposal (--- estimated) 

(New Zealand Apple and Pear Marketing Board, 1949-1982; Ministry of 

Agriculture and Fisheries, 1983) 

24 

22 

2 

18 

16 

14 

12 

10 

8 

6 

~ 
/ \ 

I \ 
/ \ 

I'd 
I' I ' 
I " 

h !'J 
" / I ' I 1/ 

V 

Total 

receipts 
to APMB 

o~~ __ ~ __ ~ __ ~ ____ ~ ____ ~ __ ~ __ ~ __ ~ 
1949 51 55 59 63 

6.4 THE ORCHARDS 

67 71 
Year 

75 79 81 

88 

The total area in apple trees is 2 907 ha distributed 

amongst 1 431 growers (Ministry of Agriculture and Fisheries, 

1983). An economic survey in 1975 concluded that apple and 

pear production was insufficiently profitable to reward 

labour, capital and management inputs at their opportunity 

cost, with a general trend evident of receipts not rising 

at a sufficient rate to compensate for rising costs (Rae et 

al., 1976). The Nelson and Mapua districts were singled out 

as particularly poor economic propositions due to a large 

proportion of low value apple varieties, the poor nature of 

the soils on the Moutere Hills, and the absence of irrigation 

in most cases. Due to adverse climatic conditions the last 

three years have been especially poor for these growers 

(Christchurch Press, 4 April 1983, p.3). 
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Pest control constitutes a major o~charding expenditure 

and as such must be of major economic concern to orchardists. 

For an established 9 ha orchard, pest control costs are nearly 

$12,OOO/year, or 22% of total annual operating costs (McRae 

and Hill, 1982). Virtually all of this cost is made up of 

spray materials, half being for fungicides, the other half 

for insecticides and .acaricides. 

6.5 APPLE MARKETING 

Following the end of wartime price controls, the New 

Zealand Fruitgrowers Federation (formed in 1916 to assist 

development of the industry and financed by a levy per orchard 

acre) sought an arrangement for "orderly" apple marketing. 

The result was the Apple and Pear Marketing Act 1948, which 

established the New Zealand Apple and Pear Marketing Board 

(NZAPMB). Its principal functions are to acquire and market 

apples and pears grown in, or imported into, New Zealand and 

to determine prices. 

Apart from direct gate sales of lots not more than two 

bushels at a time, all apples for human consumption are to 

be offered to the Board. The Board is bound to buy all the 

apples that meet the minimum grade standards it sets. 

The prices paid to growers were based initially on the 

standard cost of production with differentials relating to 

varieties, grades, quality, location etc. In 1967, the Apple 

and Pear Prices Authority was established to set prices based 

on market realisations, the need for stability and efficiency 

as well as the cost of production. Stabilisation was also 

explicitly introduced with the requirement that the price set 

for any season could not vary from that of the previous 

season by more than a specified percentage. Of course, 

considerable conflict between these criteria is likely. 

Indeed, while price stabilisation has smoothed prices and 

incomes (Rae, 1976), prices have diverged above market realis

ations (Rae et al., 1976) with the danger of possible over

investment in apple production. 
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Indications of oversupply date back to 1962, when a 

processing operation was established by the Board as a means 

of maintaining the local price of apples as output increased 

(New Zealand Apple and Pear Marketing Board, 1976). While 

the operation runs at a loss itself, it paradoxically adds 

significantly to the Board's financial result through its 

effect in raising the price for fresh fruit (Rae et al., 

1976) . 

In order to defray the cost of a year round nationwide 

collection and distribution system and the cost of an unprofit

able processing operation, a large differential is required 

between the price the Board buys at and the price it sells at. 

For example, in February 1978 for (uncoloured) 'Gravenstein' 

apples, growers were paid 8.6 cents per kilogram, the price 

to retailers was 40 cents who added a 40% mark-up to give a 

final retail price of 64 cents per kilogram (Anon., 1979). 

Due to this differential the Board has lost a large share of 

the local market to gate sales (Figure 6.2) and black market

ing operations direct to retailers (e.g. New Zealand Apple 

and Pear Marketing Board, 1975). Direct sellers take 

advantage of the high local price without contributing to 

the cost of the supply diversion tactics used to maintain it. 

Black marketing is treated as strictly illegal by the Board 

with a number of prosecutions having resulted. Direct sales 

at the gate have been countered by a contract of supply under 

which non-signing gate sellers are offered only discounted 

payments for any sales to the Board. 

The world market also appears oversupplied with total 

world apple production more than doubling during the last 

20 years (Figure 6.3). 



Figure 6.2: Disposal of apples as a percentage of total production 

(New Zealand Apple and Pear Marketing Board 1949-1982; Ministry of 

Agriculture and Fisheries, 1983) 
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Figure 6.3: World production and trade in apples 1961-1981 (Food and 

Agricultural Organisation, 1962-1982a; '1962-1982b) 
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While New Zealand apples only represent 2.8% of the 

international trade, they have occupied a favourable market 

position by supplying top quality fruit out of season to the 

Northern Hemisphere markets. However, exports from other 

Southern Hemisphere producers (South Africa, Argentina, Chile, 

Australia) have doubled in the last 20 years (Food and 

Agricultural Organisation, 1962-1982b) and greatly improved 

in quality. New Zealand exports 14% of the apples traded by 

the major Southern Hemisphere producers (ibid.). With 

improved storage facilities in the Northern Hemisphere, the 

market has been under pressure, with the result that over the 

last 20 years the price achieved for New Zealand apples has 

fallen in real terms by nearly 40% . (Figure 6.4). Furthermore, 

the EEC which accounts for about 55% of New Zealand1s exports 

have imposed quotas on Southern Hemisphere producers in 1976, 

1979, and 1983 (Christchurch Press, 29 March 1983, p.14) to 

counter oversupply problems of their own. The future market 

outlook for New Zealand apples is not considered bright with 

further downward pressure on prices forecast (Nickel, 1982). 

Figure 6.4: Real export price index for New Zealand apples 1961-1981 

(average price deflated by the consumer price index) (New Zealand Apple 

and Pear Marketing Board,1962-l982; New Zealand Official Yearbook, 

1962-1982) • 
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Interrelating market conditions and pest control are 

grading requirements. There is one export grade and two 

local grades: Fancy and Standard. Fruit grade is one of the 

factors which determines the price an orchardist will receive 

for his fruit. 

While the Ministry of Agriculture and Fisheries 

currently notifies export standards, the grade is set princi

pally by the regulations of those countries to which we export 

(over the next three years, the Board will move to export 

quality control with the Ministry concentrating on Government 

plant health aspects and technical servicing (New Zealand 

Apple and Pear Marketing Board, 1982). The primary concern 

is to prevent the introduction of foreign pests and diseases 

and since the 1951 Food and Agricultural Organisation's 

Plant Protection Convention, plants and parts thereof moving 

internationally are supposed to be substantially free from 

pests and diseases of importance (Mathys, .1977). 

The timing of the following events suggests, however, 

that the regulations may also be used as a means of limiting 

trade. In 1971 Canada threatened a boycott of New Zealand 

fruit due to what was considered as a trade imbalance between 

the two countries. The problem was overcome by the Board 

pointing out that while they had endeavoured to import 

Canadian fruit on a number of occasions they had been 

thwarted as their fruit did not meet with New Zealand import 

and quarantine restrictions (New Zealand Apple and Pear 

Marketing Board, 1971). The subsequent year, Canadian auth

orities banned all imports of apples from Australia and New 

Zealand, as they were concerned at the appearance of light 

brown apple moth in fruit shipments. It was only a hasty 

trip by a New Zealand agricultural official to convince the 

Canadians of New Zealand's quality standards, which overcame 

what would have been a very serious ban (New Zealand Apple 

and Pear Marketing Board, 1972). 

The high quality required for export grade sets a 

zero tolerance for the major insect pests and a low tolerance 

for the mite pests (Wearing et a 1 . , 1982) . As only around 

11% of the world's total apple production is ever exported 

(Figure 6.3) , the great bulk of it is not subject to such 



stringent requirements and the selection pressure for 

resistance amongst the pests is presumably not as great. 

94 

In fact, amongst the major producers it is only South Africa, 

New Zealand and Argentin~ who export more than 25% of what 

they produce (Food and Agricultural Organisation, 1982aj 

1982b) . 

Little can be done to influence Export grade require-

ments. However, while local grades are set by the Board, they 

are set in relation to export standards with the justification 

that the New Zealand consumer's preference is for fruit of 

high quality (P.C. Crosland, NZAPMB pers. comm., 1983). 

Indeed, there is little difference between Export and Fancy 

grade requirements. The slightly lower Standard grade does 

not appear on the fresh fruit market in any great quantity as 

it is all processed (ibid.). These grades appear to be set 

excessively high because in essence the Board is treating the 

local market as if it had a single preference for fruit 

quality, one that is not influenced by price. As is evident 

in the free market of gate sales, many consumers have a 

preference for lower priced "seconds". Furthermore, the need 

for cosmetic standards in Standard grade fruit which is to be 

processed appears unnecessary. It would appear as well that 

some proportion of Fancy grade is processed (P.C. Trevella, 

NZAPMB pers. comm., 1983) but just what proportion is unknown 

as this report goes to print. 

Local grades may be set above what is actually required 

in an attempt to limit the apples that the Board is obliged to 

take by the only means it has at .its disposal. Also it may 

allow for market flexibility with, for instance, standard 

grade suitable fo~ the local retail market if necessary. 

Whatever the reason, the consequence is, no doubt, more fre

quent sprays adding to orcharding costs but not revenue and 

therefore exacerbating the already tenuous economic position 

of growers, and a greater selection pressure for resistance. 
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6.6 APPLE PEST CONTROL 

Despite their obvious relationship, the setting of 

apple grades and pest control research have traditionally 

been undertaken as distinct activities. The reason for this 

probably relates to the different disciplinary background of 

those involved. The consequence is that grades are set high 

with what appears dubious justification, and the resulting 

extra selection pressure for resistance could precipitate a 

control failure of serious economic consequence. 

This section considers the apple-pest system, the 

means by which apple grades are met, and the consequences. 

6.6.1 The Pests 

The apple-pest system is complex (section 4.2.4) with, 

for instance, over 760 insect species being recorded in an 

unsprayed North American orchard (Oatman et al., 1964). 

However, only ten of these species were considered serious 

pests (Croft, 1982a) and fortunately the number of serious 

pests in New Zealand is even lower than this (Collyer and 

Geldermalsen, 1975). Penman (1984) provides a full coverage 

of their biology and economic effect. 

For the purpose of this study the insect pest situation 

in Nelson orchards will be summarised as follows. There are 

three key pests for which effective control is mandatory for 

economic crop production. These are: 

1. Codling moth Laspeyresia pomonella (L . ) 

2. Light brown apple moth (LBAM) Epiphyas postvittana 

(Walker) 

3. San Jose scale Quadraspidiotus perniciosus (Comstock) 

The situation for LBAM is complicated by it being a 

member of a pest complex of three major leafroller species 

(Penman, 1984) which for the purpose of this discussion is 

ignored. 

There are also three secondary pests, normally sup

pressed by natural regulating factors, but which attain pest 



status following the use of broad spectrum insecticides. 

These are: 

1. Woolly apple aphid Eriosoma lanigerum (Hausmann) 

2. European red mi te (ERM) Panonychus ulmi (Koch) 

3. Two-spotted spider mite Tetranychus urticae (Koch) 
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Appendix 1 provides a summary of these pest's biology 

from Penman (1984) for reference. 

6.6.2 Control History 

As for most insect control histories, three major 

control periods characterized by the class of the insecticides 

used to control the key lepidopterous pests are apparent. 

These are the inorganic mineral era with the use of lead 

arsenate, the organochlorine era with DOD and the organo

phosphorous era with azinphos-methyl. 

The inorganic mineral era dates back to at least 1910, 

with lead arsenate sprays being recommended as 2-3 week 

intervals (Anon., 1910). The control achieved was poor with 

complementary cultural practices also playing an important 

role (The Orchardist of New Zealand, May 1943, p.3). 

The organochlorine DDT was tested in New Zealand apple 

orchards in 1944 and both its potential and its drawback of 

secondary pest outbreak was recognized (ibid., September 

1945, p.11-12). However, DDT rapidly replaced lead arsenate 

(ibid., August 1948, p.3) except in Nelson where it did not 

provide control of LBAM (ibid., June 1948, p.l). The organo-

chlorine DOD introduced in 1950 controlled both LBAM and 

codling moth and quickly replaced DDT (ibid., June 1949, p.7i 

April 1953, p.3). Other synthetic organic pesticides were 

used to counter the problem of secondary pests, with lindane 

controlling woolly apple aphid, and parathion and TEPP for 

mite control (ibid., December 1952, p.7). 

The organochlorine era proved a short one. In the 

1959/60 season DOD resistant LBAM was detected in a two acre 

area and by 1962 resistance had spread through the whole 

district except for Riwaka (ibid., September 1962, p.239-241) 
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with some orchardists as a consequence having to dump up to 

one third of their crop because of unacceptable fruit damage 

(ibid., July 1980, p.171). Fortunately, the organophosphorus 

insecticide azinphos-methyl,which had already gained market 

acceptability (ibid.), provided control depsite some apparent 

initial tolerance (ibid., September 1961, p.263). 

By this time, mites were resistant to organophosphorus 

pesticides (ibid., October 1960, p.307-308) and through the 

1960s they proved the most intractable pests with some 

acaricides only effective for 3-4 seasons (ibid., June 1969, 

p.145-147). 

In response to the resistance problem, the Department 

of Scientific and Industrial Research (DSIR) embarked on 

research into integrated control at Appleby Research Orchard, 

near Nelson (Appendix to the Journals of the House of 

Representatives of New Zealand, 1963 H34, p.19). The object

ive was to reduce the need for chemical insecticides (ibid., 

1969 H34, p.14). Neither the costs nor the benefits of such 

a reduction were given much thought. The problem was seen 

strictly as one of providing a method of control, one which 

was acceptable to the individual grower (e.g. Wearing, 1975a) 

which is an extreme constraint, given the fact that the costs 

of resistance are largely external costs (section 4.3.1). 

Furthermore, market requirements were taken as fixed (e.g. 

Wearing, 1975a). In essence, the research was undertaken by 

biologists who concerned themselves with only the biological 

dimension of the problem. 

Government policy also became confused, with a presti

cide subsidy in operation from 1969 to 1973 (New Zealand 

Official Yearbook, 1974) which reduced pesticide application 

costs by 40% (The Orchardist of New Zealand, July 1973, p.183). 

Designed to ease the cost of restrictions on the use of DDT 

in pastoral production (Appendix to the Journals of the House 

of Representatives of New Zealand, 1969 B6, p.21) it 

indirectly served to promote insecticide application in 

orchards and to make it more difficult to introduce alternative 

control techniques. 
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The research itself initially made little progress 

towards reducing the need for insecticides. While the more 

target-specific insecticide ryania controlled codling moth 

and solved the problem of secondary pests, no target-specific 

means of controlling LBAM and San Jose scale could be found 

(Collyer and Geldermalsen, 1975). 

One of the longer term problems in contemporary pest 

control is the lack of development of resistance amongst 

natural enemies (Croft and Morse, 1979) which would serve 

to limit pest resurgence and secondary pest outbreaks. This 

lack of resistance among natural enemies is considered to be 

due to (a) the fact that natural enemies depend on their host 

or prey, therefore can only survive in an area of insecticide 

use once the host or prey is resistant, which results in 

substitution to an effective chemical (Croft and Brown, 1975; 

Huffaker, 1971; Georghiou, 1972), and (b) the fact that 

parasites and entomophagous species have more specialised 

biologies than phytophagous species and hence are less 

adaptable (Huffaker, 1971; Georghiou, 1972). 

Thus the only chance for resistance in a natural 

enemy would be to a chemical which was applied to a pest 

other than the host or prey and to which the host or prey 

was already resistant. It was just such a development that 

took place in New Zealand apple orchards. The mite Typhlodromus 

pyri (Scheuten), a major predator of ERM, was noted to be sur

viving regular azinphos-methyl sprays at Appleby in 1967 

(Collyer and Geldermalsen, 1975). Resistance was confirmed 

in 1971 (Hoyt, 1972) and subsequently the resistant predator 

was found to be present in a number of orchards (Penman and 

Ferro, 1976). Coincidentally, there was an increasing use 

of the acaricide cyhexatin (Wearing et al., 1978b) known to 

be highly toxic to ERM and of low toxicity to T. pyri (Hoyt, 

1973). By regular monitoring of the levels and ratios of 

T. pyri and ERM, and only applying cyhexatin when specified 

thresholds were exceeded, it was found that the frequency of 

acaricide applications could be reduced with no loss of 

control (Wearing et al., 1978b). 

Full scale implementation of integrated mite control 

began in 1976 (ibid.) with resistant T. pyri being spread to 
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other areas (Penman et al., 1979), and three further organo

phosphorus resistant mite predators were introduced from 

overseas to provide control of two-spotted spider mi te (Wearing 

and Ashley, 1982). As a precaution against the development 

of cyhexatin resistance in ERM, the selectivity of alternative 

acaricides was determined (Collyer, 1980) but a recent survey 

detected no hint of resistance (Chapman and Penman, 1982) 

despite it being in regular use since 1971 (Wearing et al., 

1978a) . 

The continued effectiveness of cyhexatin may in large 

part be due to its integrated use, and certainly two postal 

surveys of pesticide use indicate a marked decrease in the 

frequency of acaricide application (Figure 6.S). While SO% 

of those surveyed had used more than three sprays in 1976, 

only 12% did in 1980. There would appear, however, to be 

considerable potential for further reduction as the conclu

sion from research was that no acaricides or only one appli

cation is all that is required (Wearing et al" 1982). 

The number of azinphos-methyl applications remained 

high (Figure 6.6). The general pattern in Nelson was 7-10 

applications with some orchardists substituting one or two 

applications with chlorpyrifos which provides mealy bug 

(Pseudococcus sp.) control as well (Hancox, 1981). The vari

ability in spray applications was found to be large and it 

is unknown whether this variability is attributable to 

variation in the level of infestation or to variation in the 

grower's perception of infestation and attitude to risk. 

Canterbury growers applied significantly fewer sprays and 

this was attributed to the local market orientation of the 

Canterbury growers, as opposed to the export orientation of 

Nelson growers (Hancox, 19B1). 
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Figure 6.5: Number of acaricide applications by orchardists in Nelson 

1976 and 1980 and by Canterbury orchardists in 1980 (Penman and Ferro, 

1977; Hancox, 1981). 
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Figure 6.6: Number of insecticide applications by orchardists in Nelson 

in 1976 and 1980 and by Canterbury orchardists in 1980 (Penman and Ferro, 

1977; Hancox, 1981). 

percentage 
of 
respondents 

percentage 
of 
respondents 

percentage 
of 
respondents 

6.6.3 

30

r 
20 ~ 

10 

Nelson 1976 

n = 113 
x = 9.4 

o = 

30 Nelson 1980 

20 

Canterbury 1980 

20 

10 

n 84 
x ::::: 10.5 
s 7.1 

n 28 
5.75 
2.6 

O~~~~-L~~~-L~~~~~~~~~~_ 

o 2 4 6 8 10 12. 14 16 18 20 
Number of sprayapp1ications 

Alternative Control Techniques 

Appendix 2 provides a review of the different control 

techniques available or being researched for the six pests 

being considered. In the immediate future at least, the use 

of insecticides in a protective manner will remain central 

to the economic production of apples. Monitoring developments 

offer the potential for reducing the use of insecticides by 

providing a means of timing spraying to the susceptible stages 

of the pest's biology. A very major constraint to the adop

tion of alternative methods of control is the very low 

tolerance of pests because of strict quality requirements. 
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6.6.4 Resistance ln LBAM 

The high frequency of spray applications used to 

control the key lepidopterous pests in apple orchards (Figure 

6.6) represents a considerable selection pressure. Due to its 

higher generation turnover and fecundity LBAM would.be assumed 

to have a higher risk of resistance than codling moth (Chapman, 

1982). Indeed, from the mid-1970s control problems with LBAM 

were experienced in orchards at Mariri (near Motueka), with 

aminocarb, a carbamate, being recommended as a substitute 

insecticide (Suckling, 1983). 

Suckling (1983) undertook a study which confirmed 

resistance. The pattern identified was of a central core of 

resistant individuals in the middle of 125 ha of contiguous 

apple orchard, with a mixture of phenotypes near the edges, 

and susceptible males in the surrounding vegetation. 

Resistant individuals were also found at Moutere Bluffs, 

more than 10 km south of Mariri. 

Resistance was found to be greatest to the methyl 

organophosphates (azinphos-methyl, phosmet), lower resistance 

to carbaryl, with the ethyl organophosphates (azinphos-ethyl, 

triazophos, chlorpyrifos) showing a lower resistance again. 

There was no resistance to the pyrethroids (permethrin, 

cypermethrin, fenvalerate). The resistant strain was also 

shown to have a lower fecundity than the normal strain. 

Currently, adequate control is provided by chlorpyrifos 

(D.M. Suckling, pers. comm., 1983). 

It would appear from a recent survey (Croft, 1982b) 

that LBAM has the dubious distinction of being the first 

key tortricid apple pest in the world to develop organo

phosphorus resistance. 

The above can be described as the facts of the case. 

The following is an interpretation of the situation, inte

grating these facts with what is known of resistance develop

ment generally. 

The situation for the control of the polyphagous and 

ubiquitous LBAM population in Nelson can be conceptualized 
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as in Figure 6.7. Areas of contiguous horticulture of varying 

size form "islands lf on which there is selection pressure for 

resistance, while the surrounding "sea" of scrub, bush, pas

ture etc. serves as a refuge from selection. 

Figure 6.7: Conceptual distribution of selection pressure for resistance 

in the LBAM population in Nelson. 
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Since 1960, control has been provided in the "islands" 

of horticulture by azinphos-methyl. Application is continuous 

due to the constant arrival of immigrants from the surrounding 

vegetation, and hence a considerable selection pressure for 

resistance is applied. Development is slow, however, due to 

the initial low frequency of the allele conferring resistance 
I 

and the presence of associated deleterious phenotypic effects 

(section 3.4.3). In the initial phase, these effects are 

lost through gene rearrangement and recombination and the 

frequency of the resistance allele increases. This buildup 

is delayed, however, by the inward migration of susceptibles 

from the surrounding vegetation which serves to "dilute" 

the resistance allele (section 3.4.8). 

Within the centre of a relatively large area of control, 

the immigration effect is lessened and a core of homozygous 

resistant individuals is able to develop, surrounded by a 

mixture of heterozygotes maintained by immigration. While 

the deleterious effects associated with resistance have been 

selected out to the extent that the resistance allele can 

flourish in the insecticidal environment of the horticultural 
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"island", the general fitness of the resistant strain 1S not 

sufficient to allow it to compete and survive against the 

normal strain in an insecticide-free environment. This 

prevents the establishment of the resistance allele in the 

individuals of the surrounding vegetation and prevents its 

migration to another "island". However, with continued 

application of organophosphorus insecticides, the selection 

pressure for increased fitness in the resistant strain's 

genotype is considerable and must eventually be presumed to 

result in a resistant strain that is in all other character

istics of equal fitness to the normal strain. At this point, 

regression back to susceptibility is impossible (section 

3.4.5) and the resistance allele can be transmitted through 

the whole population. Once this fitness is achieved, the 

spread of resistance would presumably occur very quickly. 

There is no reason to suggest that this spread would be any 

slower than the spread of DDD resistance through the same 

population, which.took only two seasons (section 6.6.2). 

Indications are, however, that adults do not disperse 

readily in favourable habitats (Geier and Briese, 1981) 

which, along with a short generation time (Chapman, 1982), 

suggests that resistance is spread by the movement of 

R-alleles through the gene pool rather than by the dispersal 

of resistant individuals. Given the effective isolation of 

the "islands" in the early stages of resistance development 

and the variation that is likely to exist in the parameters 

which affect the rate of its development (section 3.4.7), it 

is unlikely that resistance would occur simultaneously on 

different "islands". The occurence of resistance at Moutere 

Bluffs suggests that either the R-genotype is able to compete 

successfully in an insecticide-free environment or else 

resistant individuals have been manually transported from 

Mariri to Moutere Bluffs by accident. 

The continued use of organophosphorus insecticides, 

and hence continued selection pressure for further resistance, 

will also presumably produce a complete control failure. 
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6.6.5 The Costs of Resistance 

The consequence of resistance in LBAM is not confined 

to apple production. Other host plants include pears, 

grapes, citrus, stone fruits, berry fruits, kiwifruit, 

currants, clovers, hops etc. (Penman, 1984). The current 

annual value of these crops in the Nelson area is $30 million 

at the farm gate (Ministry of Agriculture and Fisheries, 1982). 

What is suggested above is that the continued selection 

pressure for the R-allele will result in a sudden and- irre

versible spread of resistance right through the Nelson area. 

Also, that this resistance will confer immunity to all organo

phosphorus compounds. As LBAM is already resistant to 

organochlorine insecticides and the resistance to azinphos

methyl includes cross-resistance to the carbamates, the 

options for alternative insecticides appear limited to the 

synthetic pyrethroids. Certainly no non-chemical means of 

control appear viable (Appendix 2). 

A description of the costs this resistance episode 

may entail can be approached as in section 4.4.2. For 

this purpose it is assumed that resistance will spread 

completely through the Nelson area necessitating the use of 

a synthetic pyrethroid. 

From the most recent price lists available, the direct 

cost of maintaining control of key lepidopterous pests with 

the, synthetic pyrethroid fenvalerate will not be greatly 

different to what they are with azinphos-methyl. 

However, the synthetic pyrethroids are toxic to T. pyri 

and their use in apple orchards would render integrated mite 

control inoperative and resurrect the need for continuous 

acaricide applications. The problem of mite resurgence 

following the use of synthetic pyrethroids has been well 

documented in trials (Croft and Hoyt, 1978; Hoyt et al., 1978; 

Zwick and Fields, 1978: AliNiazee and Cranham, 1980j Bower 

and Raldor, 1980; Riedl and Hoying, 1980; Golan and Ben-Arie, 

1981; Croft and Whalon, 1982; Croft et al., 1982; Whalon et 

al., 1982; Hull and Starner, 1983). In New Zealand trials, 

woolly apple aphid outbreaks also occurred due to the low 
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toxicity of synthetic pyrethroids to this pest compared with 

azinphos-methyl (Penman and Chapman, 1980). These secondary 

pest outbreaks would add significantly to the costs of con

trol and also result in an increased selection pressure for 

cyhexatin resistance in the mite pests. 

Integrated mite control could be re-established with 

the development of resistance in T. pyri to synthetic pyre

throids. Such resistance is certainly possible (Strickler 

and Croft, 1981; Croft and Whalon, 1982; Croft et al., 1982; 

Whalon et al., 1982) and mite predators with synthetic pyre

throid resistance built up in the laboratory have been 

successfully released in the United States (Hoy et al., 1983). 

It is unknown whether laboratory selected predators will prove 

effective in the field (R.B. Chapman, pers. comm., 1983) and 

in New Zealand the emphasis has been on field selection with 

no resistance detected to date (Department of Scientific 

and Industrial Research, 1982), but currently laboratory 

selection with prethroids is underway with two species of 

predatory mite (D.R. Penman, pers. comm., 1983). 

It would appear that the environmental and health 

costs of pyrethroid use will be low. The natural and syn

thetic pyrethroids are relatively safe for mammals and 

problems of carcinogenicity or mutagenicity have not been 

found (Miller and Adams, 1982). As esters the compounds are 

biodegradable and appear to pose no serious residue problems 

(Elliott et al., 1978). Compared to the high mammalian 

toxicity of the organophosphorus insecticides, which have 

certainly caused public health authorities concern 

(Christchurch Press, 21 October 1982, p.10), the switch to 

synthetic pyrethroids would appear to be a benefit rather 

than a cost. Nevertheless, it is still too early to determine 

any long term effects and their widespread use mus.t be 

associated with a degree of risk. 

The adjustment cost of a switch to synthetic pyrethroids 

would be major. When resistance to DDD occurred, azinphos

methyl was available and in use. Even so some orchardists 

lost up to one third of their crop (section 6.6.2). Synthetic 

pyrethroids are not registered for use and some delay may-be 

involved while the problem with secondary pest resurgence is 
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judged, overseas markets are conferred with as to possible 

restrictions on the use of synthetic pyrethroids that might 

apply, and public concern about the prospect of a new chem~ 

ical to be applied to the general environment is allayed. 

There will also be costs as acaricide spray applications are 

adjusted to a new pest situation. 

Of course, the above costs will apply to all horticul

tural production in the area affected by resistance. 

options are also foreclosed. The synthetic pyrethroids 

form the last readily available class of insecticides follow

ing azinphos-methyl resistance. The option of integrated 

mite control in the meantime would be lost with the possible 

consequence that chemical options for mites are further fore

closed as problems with resistance could reappear. The 

option for synthetic pyrethroids may not prove a long term 

one. certainly from work on house flies, mosquitoes, and 

cotton pests, resistance to pyrethroids is possible (De Vries 

and Georghiou, 1980; Farnham, 1973, 1977; Farnham and Sawicki, 

1976; Keiding, 1976; Orner et al., 1980; Plapp, 1976; 

Priester and Georghiou, 1978, 1980; Sawicki, 1978). A range 

of different types of resistance are involved. Fortunately, 

some are able to be synergized (Plapp, 1979), and cypermethrin 

and permethrin have different modes of action (Miller and 

Adams, 1982). Unfortunately, one type of resistance is 

conferred by the kdr-form of resistance to DDT (ibid.), 

introducing the possibility that resistance to synthetic 

pyrethroids may build on the LBAM resistance to DDD and hence 

proceed very quickly. 

A further cost, not considered in section 4.4.2 is a 

trade cost. This relates to the necessity for the complete 

control of LBAM for the maintenance of export trade. LBAM 

is confined to'Australia and New Zealand and no country 

wishes to run the risk of importing it, especially if it is 

mUltiple resistant. Already the issue of LBAM control has 

prompted a trade ban (section 6.6.2) and that was before any 

hint of resistance. Given the oversupply of the world apple 

market and New Zealand's small contribution, a ban of New 

Zealand fruit would entail very little cost for an importing 

country, if any. Indeed it could be used as an excuse to 
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limit trade. Of course with LBAM's wide host-range, trade 

bans could extend to all fresh horticultural produce. Such 

bans are unlikely to distinguish between districts and would 

probably extend to all New Zealand's fresh horticultural 

products. with the establishment of acceptable control with 

synthetic pyrethroids, presumably such bans would be lifted 

unless, of course, export markets wanted to maintain trade 

restrictions. 

Another cost to be considered is that of confining 

resistant LBAM to the Nelson area. Some form of quarantine 

arrangement could be desirable to prevent its spread and 

establishment in other horticultural areas. 

Of course, the downstream and social costs would be 

huge. Their magnitude and general 'pervasiveness within the 

national economy makes their estimation at this stage 

nothing more than an academic exercise. 

6.7 A POLICY FOR RESISTANCE 

This section defines the problem of resistance, sets 

goals and objectives and evaluates the available options. 

6.7.1 The Problem 

From Chapter five, the problem of resistance is seen 

to relate to the non-exclusiveness of the pest population and 

hence susceptibility, and the non-exclusiveness and non-rival 

consumption of control techniques which would serve to 

conserve its 'use. Thus, apple growers at Mariri do not take 

into consideration the consequence their spray programme may 

have for other horticulturalists in the district. Similarly, 

the inability to obtain a return on publicly provided alter

native control techniques discourages their development, while 

the fact that the benefits they provide are largely external 

ones discourages their adoption. The problem is compounded 

by export markets and the local Board using grading as a means 

of manipulating the market and indirectly encouraging the 

overuse of insecticides. 
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6.7.2 The GoaL 

There appears no stated, or even implicit, policy for 

resistance of any management consequence in New Zealand. 

This appears as strangely inconsistent because a very active 

policy exists as regards the introduction of foreign pests. 

Yet, in control terms, the development of resistance essentially 

presents a whole new pest. For while the species is the same, 

its control characteristics are altered and the consequences 

of this may be major. Due to the fact that resistance confers 

what is largely an external cost, and that in the near future 

this CpYd/ could be very high, some form of national policy 

might be considered desirable. 

Involved in its formulation and operation would presum

ably be the following groups: Ministry of Agriculture and 

Fisheries, Pesticides Board, New Zealand Apple and Pear 

Marketing Board, New Zealand Fruitgrowers Federation and the 

Department of Scientific and Industrial Research. Certainly, 

there does not appear to be a dearth of institutions with 

the broad powers necessary to operate a policy for resistance 

from the national viewpoint. 

A suitable policy goal might be: to minimize the risk 

of resistance in order to maintain stable and cost-effective 

pest control. How and by how much is left open. The goal 

serves as something to strive towards, and if adopted would 

certainly require sound justification for any grade standards 

that are set. 

This stated goal will serve as the starting point for 

the following analysis.> Given the present situation in 

apple pest control, two distinct sets of objectives follow: 

the first relating to the specific problem at Mariri, the 

second with the problem of resistance on a long term basis. 

These two sets of objectives will be considered separately. 

6.7.3 The Problem at Mariri 

Resistance at Mariri is a fact but what it means is 

open to interpretation. Section 6.6.4 presents an interpre

tation based on biological theory and historical events, 

section 6.6.5 presents the costs. Given the magnitude of 
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the problem and the uncertainties which surround it, this 

interpretation will hopefully serve as a starting point for 

the wide-ranging debate necessary to consider the issues 

involved and the options available. 

This section puts forward a possible set of objectives, 

options and evaluates these options. 

6.7.3.1 Objectives. Following from the goal presented 

in section 6.7.2, three objectives for the problem at Mariri 

are considered: 

1. Prevent the spread of resistance 

2. Reduce the frequency of the resistance allele 

3. Maintain effective pest control in the Mariri 

orchards. 

Given the interpretation of the consequences of resis

tance (sections 6.6.4; 6.6.5), the order of the objectives is 

of decreasing cost if they are not achieved. As such, the 

order presented serves as an order of priority. 

6.7.3.2 The Options. Three options appear available. 

The following outline identifies them and provides an eval

uation as regards the above objectives and in terms of the 

presented interpretation of resistant (section 6.6.4). 

1. Continue at Mariri with chlorpyrifos. This option 

in the first instance provides for objective (3). However, a 

low level of cross-resistance between azinphos-methyl and 

chlorpyrifos is established (section 6.6.4). The continued 

use of chlorpyrifos will mean a continued selection pressure 

for the resistance allele. Both resistance and the fitness 

of the resistant genotype will continue to increase. The end 

result will be complete resistance and its spread through the 

Nelson area. In the long run this option fails to meet all 

three objectives. 

2. The technical option. This is the option proposed 

by the DSIR. Involved is a broad programme of research, 

monitoring, and trials. For Mariri the specific proposal is 

to continue with chlorpyrifos and to apply a synthetic 
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pyrethroid post harvest to the entire area containing the 

resistant LBAM. Organophosphorus resistant To pyri for mite 

control would subsequently be reintroduced and susceptible 

LBAM's attracted in from the surrounding vegetation with 

pheromones. The aim is to minimize the size of the resistant 

population with as little disruption to other orchard oper

ations as possible. 

Once again, while this option in the first instance 

satisfies objective (3) , .its long term outlook for all three 

objectives is dismal. 

Given the physical impossibility of 100% eradication, 

the resistance allele will remain and the the use of chlor

pyrifos the following season could result in its continual 

selection. Due to its established fitness within the geno

type, its increase within the population will be rapid. In 

order to keep down the frequency of the R-allele, the 

introduction of susceptibles will have to be continuous. 

Both models and limited trials have suggested the viability 

of such a method for delaying resistance and maintaining 

control (section 3.4.8). However, the LBAM's in the surround

ing vegetation would have to remain susceptible for such an 
I 

operation to prove sustainable. This is unlikely as the 

continual use of chlorpyrifos will result in a R-genotype of 

comparable adaptive v~1ue to the S-genotype in the insecticide

free environment. At the very best this option delays the 

onset of the consequences of option (1). Even such a delay 

is unlikely to be significant for in fact selection pressure 

is unmodified. The only thing that is changed is the frequency 

of the resistance allele which can rapidly re-establish 

itself, given its fitness within the genotype, LBAM's three 

generations per year and 1000 eggs per female (Chapman, 

1982). The major direct costs of this programme would be 

the cost of the synthetic pyrethroid application and the 

effort of predator reintroduction. The opportunity cost may 

be the cost of widespread resistance due to a failure to 

adopt option (3). 

3. The economic option. Given the above interpre

tation of the first two options, this option presents itself 
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as the only one which is viable. Due to the magnitude of the 

cost associated with failing to achieve objective (1), 

objective (3) is dropped. The approach taken is to remove 

all selection pressure, i.e. no sprays, in the areas affected 

by resistance. If the resistant genotype is still not 

competitive with the normal genotype in an insecticide-free 

environment, regression of resistance will result. As well, 

its spread will be prevented. If this is the case, both 

objectives (1) and (2) are met. The cost involved would be 

compensation to the growers for loss of production. This 

would require an adequate return for the loss of income from 

management, labour and capital. The payout would not be all 

that great as many operating costs would be saved. In fact, 

given a very poor return to the above factor inputs (section 

6.4), it should not be difficult for the orchardists to be 

financially satisfied. The orchards could be bought outright 

or yearly compensation paid until the resistance has been 

deemed to have regressed enough to allow production once. 

again. 

The national cost of such a withdrawal from production 

is likely to be small, given the oversupplied local market, . 

the poor economic situation of these particular growers 

(section 6.4), and apple varieties (Suckling, 1983) of low 

economic value (The Orchardist of New Zealand, July 1983, 

p.202). Given the variety of apple grown and the reduced 

control being achieved, the output from these orchards is 

probably being processed at a loss. As for finance for 

compensation, the Board paid out a $6 million bonus to growers 

last season (New Zealand Apple and Pear Marketing Board, 1982), 

only a fraction of which would be needed for compensation. 

This option could be commenced with a synthetic pyre

throid application to reduce the population in the first 

instance. A less costly version of this option is to maintain 

a minimal spray programme to keep the trees viable and hence 

save the capital invested in their establishment. Such an 

option would be attractive where resistance is just suspected. 

Given the late stage of the situation at Mariri, the risk of 

failure is considered to outweigh the benefit of any such 

savings. 
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The only pessimistic note to be made as regards this 

option is that it may be already too late with the R-allele 

possibly already able to spread (section 6.6.4). 

6.7.4 The Long Term Problem 

Recent events at Mariri (section 6.6.4) suggest the 

latent period of resistance development (section 3.4.3) in 

LBAM to organophosphorus insecticides is over. As such, the 

problem will re-occur in other regions. Two options, which 

are really extremes on a continuum, are available: 

1. Do nothing. While certain to occur, uncertainty 

exists as to the time at which resistance would occur. If 

resistance develops in the near future, the magnitUde of the 

costs would be enormous (section 6.6.5). The question to be 

considered before adopting the do-nothing option, is whether 

a gamble of such stakes is acceptable to society. 

2. Reduce the risk and cost of resistance. Resis

tance could be delayed in a number of non-mutually exclusive 

ways and the costs of resistance could be minimized by being 

prepared. The following tactics are available: 

a) Rationalize grade standards. Export grade 

standards could probably not be influenced as regards quaran

tine requirements. However, attempts to improve the quality 

of exported fruit should be designed so as not to result in 

increased spray applications. Local fresh fruit grades could 

be based on consumer preference and fruit to be processed 

does not need to meet stringent quality qtandards. Thus, 

grading should reflect market demand and not be used as a 

means of market regulation. Recent efforts to legislate local 

market quality standards by citrus and kiwifruit producers 

(The Orchardist of New Zealand, August 1983, p.263) must be 

viewed with concern. In the long run, the hidden objective 

of maintaining a high price will not be achieved as production 

is stimulated and the indirect result will be increased pest 

control costs and increased selection pressure. 

b) Rotate selection pressure. The Board could 

rotate the end markets around different orcharding areas. 
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For instance, after a period of export orientation, selection 

pressure could be relaxed by producing fruit for local 

consumption. 

c) Spray applications could be reduced by the 

provision of readily accessible control advice. The compul

sory hail insurance scheme (New Zealand Apple and Pear 

Marketing Board, 1982) could be extended to include pest 

damage. If it was considered necessary, the frequency of, 

pesticide use could be regulated or taxed, the revenues from 

which could be used in financing operations involved in 

minimizing the risk of resistance. 

d) A New Zealand wide monitoring programme would 

be set up, with an active policy to reduce selection pressure 

in areas where resistance develops. 

e) The cost of resistance may be reduced by test

ing alternative insecticides for the control of organophos

phorus resistant LBAM and research into incorporating synthetic 

pyrethroids into control strategies. Overseas markets could 

be assured-by the existence.of an active policy that all efforts 

were being made to meet quarantine obligations and be quest

ioned as to the possible use of synthetic pyrethroids. 

6.8 CONCLUSION 

The problem of resistance is the nature of suscepti

bility which results in its rapid depletion, and that of 

alternative control technologies which results in their under

provision and limited adoption. In the apple industry the 

problem has been exacerbated by a failure of researchers to 

identify the problem and by the fragmented approach to the 

setting of grade standards and pest control research. The 

result is the precipitation of a situation which could have 

serious economic repercussions. The available options for 

action have been identified and discussed. These options could 

be neither identified nor implemented by a single disciplinary 

approach. 
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CHAPTER SEVEN 

SUMMARY 

The development of resistance is a process of 

directional natural selection and appears irreversible and 

largely inevitable. Due to the phenomenon of cross-resistance, 

substitute insecticides are restricted to those belonging to 

a limited number of alternative chemical classes. Suscepti

bility can be considered a resource, its depletion resulting 

in resistance. 

Resistance is a problem because: 

1. Its costs are not borne by the individual 

decision maker 

2. Individual decision makers heavily discount 

its costs 

3. The economic characteristics of conserving 

control technologies result ln their underpro

vision, while (1), above, results in their 

limited adoption. 

The costs resistance imposes on society may include 

the following: 

1. Extra cost of the alternative control techniques 

2. The cost of secondary pest outbreaks due to 

changed control practice 

3. The acceptance of pest damage or of substitute 

land use 

4. The public health and environmental health risk 

of introducing alternative controls 

5. Adjustment costs as control strategies are 

changed 

6. The loss of control options. 

There are three strategies available to overcome 

resistance: 
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1. Introduce new pesticides. There appear to be no 

technical limits, but the costs of development have escalated, 

while increased target-specificity and hence smaller markets 

have eroded returns; and very real economic limits to the 

constant introduction of new pesticides are apparent. The 

inelasticity of demand for effective pesticides will serve 

to mitigate against complete loss of control in major pests, 

but there will nevertheless be considerable economic cost 

in individual situations and because of lags associated with 

the development of new pesticides. 

2. Conserve susceptibility. A number of conserving 

tactics are possible but they require adoption on a regional 

scale. Due to the invisibility of resistance development, 

its abruptness, and the false security created by an array 

of individual pesticides, adoption is unlikely until major 

resistance costs have been encountered. 

3. Adopt non-chemical methods of control. Except 

in limited circumstances, the adoption of non-chemical 

methods of control will involve costs of considerable magni

tude. 

As pest species develop resistance through the avail

able insecticide classes, the cost of resistance will rise 

dramatically. 

Resistance raises three major issues: 

1. Forecasting. Whether and when resistance will 

occur, and what alternative control options will be available. 

2. Efficiency. From the description of the problem 

above, it is clear that market forces cannot allocate suscep

tibility efficiently. Due to (1), above, it is unknown 

whether public intervention can improve the allocation. 

3. Intertemporal equity. Whether the imposition of 

costs of depletion on the future is acceptable. 

In dealing with the problem resistance presents, three 

broad options are available to a government, the last two of 
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1. Rely on market forces 

2. Public management of susceptibility 

3. Public provision of alternative control 

techniques. 
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While the types of costs and benefits involved in each 

option can be identified, the decision to adopt a particular 

option involves the valuation of intangibles. 

In New Zealand, the problem of resistance is of major 

concern in horticultural production due to the strict pest 

control required and hence high selection pressure for 

resistance. No policy exists for resistance, which is 

inconsistent with an active policy to provent the entry of 

foreign pests, as resistance in an endemic pest presents, in 

control terms, essentially a whole new pest. 

In the apple industry, the basic problem of resistance 

has been exacerbated by fruit grades being set in order to 

manipulate the market, by researchers failing to identify 

the economic aspects of the problem, and by heavy subsidies 

on pesticide use. 

As a result, the development of resistance has been 

accelerated and localised resistance in light brown apple 

moth Epiphyas postvittana (Walker) to an organophosphorus insec

ticide has occurred. Complete control failure and the spread 

of resistance can be assumed to occur abruptly in the near 

future. Control costs in all Nelson horticultural production 

would escalate due to secondary pest outbreaks, necessary 

leadtimes to implement alternative control tactics, and 

control options would be foreclosed. As well, a control 

failure could result in a trade ban on all fresh horticultural 

exports. 

The currently proposed solution to the problem through 

the use of pesticides is unlikely to be effective. It has 

arisen from a narrow consideration of the problem and hence 

a failure to identify all of the available options. The 

only option which would appear to be effective is the 



retirement of the affected area from production. Due to 

conditions of oversupply and the nature of the orchards 

themselves, the economic cost of this option is minimal. 

However, it may be already too late to prevent the spread 

of resistance. 

The latent period of resistance development to the 

organophosphorus insecticides would appear to be over, and 

the problem is likely to be a recurring one. Options for 

reducing both the risk of resistance and its cost are 

available. 

In conclusion, the problem resistance presents has 

been identified and options for its management evaluated. 
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In the process, an interdisciplinary approach has proved 

crucial, for while single disciplinary research has been 

relied upon, neither the problem nor the possible options 

for its management could be identified and evaluated without 

an integration of biological and economic principles. 
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APPENDIX 1 

THE APPLE PESTS 

The following on the biology and economic effect of 

the major arthropod pests of New Zealand apples is from 

Penman (1984). 

L Codling Moth Laspeyresia pomonella (L.) 
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Codling moth is a pest native to south-eastern Europe, 

but is now a pest of worldwide significance in apples and 

pears. other host plants include walnuts, quinces! crab 

apples, hawthorns and stone fruits such as plums and peaches. 

Codling moths overwinter as mature larvae in water

proof cocoons under the bark or in the ground at the base of 

the tree. In early spring they pupate but remain in the 

cocoon for an additional 2-4 weeks. In Nelson, adults emerge 

in a single generation from late October to mid February 

with moths active into March. In Auckland, two generations 

per year are common, the first peaking in November and the 

second in January. 

Up to 300 eggs may be laid per female and they are 

normally laid singly on leaves near fruit or directly on 

fruit throughout the summer. The eggs hatch after 10-14 

days, and first instar larvae commonly enter the apple 

through the calyx or through the side of the apple. Third 

to fifth instar larvae feed on the seeds and extensively 

damage the area around the core. Mature larvae leave the 

fruit and crawl up and down the tree until a suitable over

wintering site is found. 

2. Light Brown Apple Moth Epiphyas postvittana (Walker) 

The light brown apple moth (LBAM) is a widespread pest 

on many plants. The species is responsible for most of the 

damage to apples in Nelson, but the relative importance of 

LBAM when compared with other leafroller species varies ln 
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different districts. LBAM occurs throughout New Zealand, 

but is only dominant in the fruit producing areas in the 

centre of New Zealand. Host plants include apples, pears, 

grapes, citrus, stone fruits, berry fruits, kiwifruit, 

currants, covers, hops, lucerne, lupins, chrysanthemums, 

shrubs and young conifers. 

LBAM has no true winter resting stage, being active 

throughout the year. In general there are three generations 

per year with a partial fourth generation in some areas. 

Considerable overlap may exist between generations. Ground 

cover permits third generation larvae to continue development 

over winter on plants such as clover, plaintain and sorrel. 

Larvae may also overwinter in the mummified fruits commonly 

found on Sturmers. The first generation in spring will live 

both on the ground cover and in the tree, but once the 

ground cover is stressed, future generations will move into 

the tree. 

Eggs are laid in batches of 3-150 on leaves or in 

fruit. Adults from the overwintering generation emerge in 

October or November and lay eggs in the fruit and leaves of 

apples and ground cover, giving rise to the first summer 

generation. The larvae mature between January and mid 

February, while second generation larvae mature during March 

to April. 

The larvae damage foliage and fruit. Early ins tar 

larvae feed on leaf tissue protected by silken webs on the 

under surface of the leaves. Later instar larvae increase 

their area of feeding and may construct shelters with adjacent 

leaves or fruit. Rolled leaves held together with silk are 

an indication of leafroller. Late stage larvae will feed on 

all leaf tissue except the main veins. 

Larvae will also feed extensively on fruit, commonly 

constructing a shelter by attaching a leaf to the fruit. 

Large irregular blemishes are formed. These blemishes may 

callous over and the fruit remain on the tree or wet conditions 

may allow the entry of rot. Fruit growing in clusters are 

particularly susceptible. There may be some internal damage 

where larvae enter the fruit through the calyx. 
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3. San Jose Scale QuadraspidiotLJs perniciosLJs (Comstock) 

San Jose scale is a serious pest of deciduous fruit 

trees and is widespread throughout New Zealand. It has a 

wide range of host plants, including apples, almonds, apri

cots, peaches, pears, plums and many other deciduous trees. 

San Jose scales overwinter on the tree, generally as 

second instars. Mature females produce live active "crawlers" 

which move out from under the protective scale to new feeding 

sites. Wind could be important in dispersal. The "crawlers" 

select feeding sites, insert their mouthparts and then lose 

their legs in subsequent moults. Development is rapid during 

the summer and several generations occur during the season. 

Each female can produce up to 400 "crawlers" so control is 

essential to prevent a rapid population build-up. 

Serious infestations may kill or severly injure a 

tree. Typical symptons include twig die-back, and a grey 

scurfy appearance. Scales will attach themselves to fruit, 

particularly apples and pears, giving a reddish spot at the 

point of attachment which is caused by the injection of 

salivary material into the plant cells. This constitutes 

a serious blemish in export fruit. 

4. Woolly Apple Aphid Eriosoma lanigerum (Hausmann) 

Woolly apple aphid is the only aphid species of 

economic importance on apples in New Zealand, infesting both 

roots and aerial parts of the trees. 

The aphids feed by sucking sap from the plant and 

infestations cause knotted and gnarled lumps and scars on 

the older wood. As young lateral shoots develop during 

summer, they are infested and become cracked and disturbed, 

with destruction of the buds. Infested trees often have short 

fibrous roots, and injuries caused by the pest can result in 

stunting growth, or even death. 

Several generations are produced during the season. 

The aphids are normally wingless although winged forms are 

sometimes produced in late summer and autumn. In the cooler 



parts of the country, the aphids overwinter as eggs and 

nymphs on the roots of apple trees. 

5. European Red Mite Panonychus ulmi (Koch) 
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European red mites are the dominant mite pest in 

apple orchards. They are widespread throughout New Zealand, 

being more prevalent in the drier areas. This species pre

dominantly inhabits orchard trees such as apples, pears, 

plums, apricots, peaches and cherries. It also occurs on 

other plants such as walnuts, almonds, currants and some 

ornamental shrubs. 

European red mites overwinter in the egg stage. These 

eggs hatch at blossom time during late September and October. 

Several overlapping generations occur during the summer with 

generation time depending on the weather. Hot dry conditions 

favour a rapid buildup in populations. Five to seven gener

ations are common. Overwintering eggs will be produced when 

leaf damage is severe or in response to decreasing day 

length. 

The entire life cycle of P. ulmi is spent in the tree. 

Adults are generally found on the underside of the leaves. 

All active stages feed on plant juices obtained from 

the inner leaf cells. The cells collapse and die, giving a 

mottled appearance to the leaf, followed by discolouration 

of the whole leaf then bronzing under increasing mite 

densities. Severly damaged leaves may dry and remain on the 

tree or may fall from the tree. 

6. Two-spotted Spider Mite Tetranychus urticae (Koch) 

Two-spotted spider mites are ubiquitous pests occurring 

on a very wide range of crops, from orchard to glasshouse 

crops. They may occur throughout New Zealand and may be 

locally very serious pests. 

Tetranychus urticae 1S of relatively minor importance in 

most orchards but may build up to damaging levels in local 
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areas, particularly in Marlborough. They will be seen in 

trees in late summer when they migrate from the ground cover. 

The damage 1S similar to that of the European red mite but 

the amount of leaf bronzing with high infestations is not as 

severe. 
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APPENDIX 2 

CONTROL TECHNIQUES FOR APPLE PESTS 

This appendix considers the major insect pests of 

apple orchards in terms of the control techniques discussed 

in Chapter two. 

1. Codling moth Laspeyresia pomonella (L.) 

1.1 Contemporary pest control 

Regular applications of insecticides currently 

provide control. In the past, lead arsenate or persistant 

organochlorine compounds were used, substitute chemicals 

include organophosphorus insecticides or some carbamates 

(Penman, 1984). Synthetic pyrethroids have also provided 

control in trials (Bower and Kaldor, 1980; Penman and 

Chapman, 1980). 

1.2 Pheromones 

Synthetic sex pheromone baits to disrupt mating have 

not proved effective against codling moth (Glass, 1975). 

However, sex pheromone traps used to monitor populations are 

already in use commercially where codling moth dominate the 

design of spray schedules (Wearing and Charles, 1978), 

although results appear mixed (e.g. Willson and Tramel, 1980; 

McNally and Barnes, 1981). Experiments in Nelson, where 

codling moth is univoltine, showed that spray frequency could 

be greatly reduced by the use of pheromone traps to monitor 

the population and time applications (Wearing and Charles, 

1978). However, leafroller damage rose to unacceptable 

levels. In Auckland and Waikato, where the pest is bivoltine 

with a partial third generation in warm seasons, traps 

permitted a 50-66% reduction in the number of cover sprays 

rquired (ibid.). The resulting leafroller damage was 

acceptable for gate sales but would not have met export 

requirements (ibid.). 

1.3 Genetic techniques 

Studies of codling moth control by the sterile male 

technique were begun in British Columbia in 1956 (Proverbs 
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et al., 1966). Research is continuing with promising results 

and is also being undertaken in the United states and Europe 

(Hoyt and Burts, 1974). The major drawback has been the 

techniques high initial costs (ibid.). The method has been 

suggested as technically possible in Hawke's Bay, Nelson and 

Central otago as the populations in these regions are 

sufficiently isolated (Dale, 1965). 

1.4 Pathogens 

Two pathogenic treatments have been tested. Bacillus 

thuringiensis has demonstrated potential for at least popu

lation reduction (Jaques, 1965; Oatman, 1966). Good control 

has been obtained in New Zealand with B. thuringiensis in 

combination with ryania (Collyer and Geldermalsen, 1975). 

A granulosis virus has also demonstrated potential (Huber 

and Dickler, 1977; Jaques et al., 1981). 

1.5 Cultural practice 

Orchard hygiene is of paramount importance in reducing 

populations of codling moth (Penman, 1984) but a reliance on 

synthetic insecticides has meant that hygiene has been neglect

ed (Collyer and Geldermalsen, 1975). 

1.6 Natural and biological control 

Natural enemies of the codling moth are generally 

considered unimportant in crop protection as the pest is at 

low density in commercial orchards and natural control factors 

are unlikely to provide the necessary control (Collyer and 

Geldermalsen, 1975). However, natural enemies have been 

found to be valuable in certain situations, particularly in 

Nova Scotia, where predation by a wide range of insects on 

the first ins tar larvae and bird predation on the overwintered 

cocooned larvae give sufficient mortality additional to that 

caused by ryania to provide acceptable control (MacLellan, 

1963). However, the Nova Scotia programme does not provide 

adequate control of key pests in the warmer areas of North 

America, where insect pressures are heavier (Glass, 1975). 

In New Zealand orchards, substantial mortality of fifth-instar 

larvae seeking cocooning sites is caused by invertebrate 

predators with heavy bird predation, principally attributed 

to the silvereye Zosterops lateralis (Latham), occurring on 

cocoons (Wearing, 1975b). 
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1.7 Integrated pest management 

Apart from Nova Scotia where ryania and natural enemies 

are used successfully (Pickett et ai., 1958; MacPhee and 

MacLellan, 1971), the options for integrated control of 

codling moth would appear to be (a) some combination of the 

above techniques along with a selective insecticide where 

necessary, or (b) a reduction in spray applications by better 

timing of chemical control measures in relation to the moths 

phenology (Asquith et ai., 1980). The use of pheromone traps 

to better time applications has been discussed above. A 

further development in California, has been a computer model 

to provide more accurate methods for determining when to 

apply insecticides for codling moth (Falcon et ai., 1976). 

The model is based on the assumption that temperature 

regulates activity, growth and development. Prediction 1S 

derived from a determination of the early events in the 

seasonal development of the codling moth coupled with day

degree accumulations. 

Control of codling moth by chemicals is integrated to 

mite control by resistant natural enemies by the use of 

insecticides harmless to the predators. 

2. Light Brown Apple Moth Epiphas postvittana (Walker) 

2.1 Contemporary pest control 

LBAM is resistant in Nelson to organochlorine insecti

cides. Control is provided by regular sprays of organo

phosphorus insecticides (Penman, 1984). Synthetic pyrethroids 

are also effective (Suckling, 1983). 

2.2 Pheromones 

The sex pheromone for LBAM has been identified 

(Bartell and Shorey, 1969). It has not proved useful for 

mass trapping as its use attracts a continual influx of LBAM 

from the surrounding vegetation (D.R. Penman, pers. comm., 

1983) and its use in monitoring is limited due to the 

presence of a three species pest complex of leafrollers with 

the pheromones for the two native leafrollers not yet having 

been completely identified (Ashley and Walker, 1982). 
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2.3 Pathogens 

Regular applications of Bacillus thuringiensis can 

reduce LBAM particularly when used in conjunction with another 

material such as lead arsenate (Collyer and Geldermalsen, 

1975). A nuclear polyhedrosis virus has been found infecting 

LBAM larvae in both New Zealand and Australia and field tests 

with the virus have shown some promise (ibid.). 

2.4 Cultural practice 

Total orchard hygiene is important in reducing popu

lations of LBAM (Penman, 1984). The many alternative hosts 

of leafrollers provide excellent sources for reinfestation 

of orchard crops, thus control measures should be directed 

also at hosts other than the fruit crop. Clovers are 

preferred to grasses as host plants so clean cultivation or 

maintenance of grass swards beneath the trees can reduce 

populations. Regular mowing of ground cover will also reduce 

potential feeding sites. 

2.5 Natural and biological control 

Despite a complex of LBAM parasites being present, 

when the only insecticide used is ryania, the population 

remains high (Collyer and Geldermalsen, 1975). Further 

parasites have been introduced from Australia (ibid.). 

2.6 Integrated pest management 

No integrated control technique has been developed for 

the control of LBAM. This relates to its complex ecology, 

its limited global distribution which means limited research 

has been conducted and the zero tolerance for this pest in 

export fruit production. 

As for codling moth, the use of organophosphorus 

insecticides for its control allows the survival of resistant 

mite predators which contribute significantly to the control 

of mite pests. 
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3. San Jose Scale Quadraspidiotus perniciosus (Comstock) 

3.1 Contemporary pest control 

Control is achieved with mineral oils, bad infestations 

can warrant an initial application of lime sulphur (Penman, 

1984). Insecticides can also be added to the oil sprays or 

used directly against the "crawler" stage (ibid.). 

3.2 Pheromones 

Synthetic sex pheromones are available (Rice and Jones, 

1977) and preliminary work on their use in monitoring both 

overseas (Rice and Hoyt, 1980) and in New Zealand (Ashley 

and Walker, 1982) is encouraging. 

3.3 Cultural practice 

willows provide an important source for new infest

ations (Richards, 1960) and should be removed from the 

vicinity of orchards if possible (Penman, 1984). 

3.4 Natural and biological control 

Despite a very high fecundity, the rate of increase 

of San Jose scale in unsprayed orchards is low (Collyer and 

Geldermalsen, 1975). This is considered to be due to host

plant resistance, weather conditions and to a high level of 

recorded parasitism (ibid.). 

3.5 Integrated pest management 

While alternative controls to insecticides appear 

unable to prevent a slow buildup of this pest, controlling 

insecticides can be chosen and timed for minimal interference 

of control of other pests by natural enemies. This prevents 

the use of lime sulphur and emphasises the application of 

sprays during the early season period before natural enemies 

are active (Madsen and Morgan, 1970; Penman, 1984). 

4. Woolly Apple Aphid Eriosoma lanigerum (Hausmann) 

4.1 contemporary pest control 

A range of organophosphorus insecticides have been 

recommended for the control of woolly apple aphid (Martin 

and Worthing, 1976). 
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4.2 Host resistance 

Roots can be protected by using the resistant root

stocks of Northern Spy and those in the MaIling-Merton series. 

The scion of the tree does not however, acquire the resistance 

factors from the rootstocks (Penman, 1984). 

4.3 Natural and biological control 

This pest is attacked by an apparently monophagous 

parasite Aphelinus mali (Haldrnan) which was found originally in 

areas of the eastern united States and Canada (MacPhee et al., 

1976). By 1960 it had been introduced in 25 countries 

(DeBach, 1964) and its effectiveness in controlling a world-

wide pest of apple ranks it as one of the most successful 

biological control programmes of a tree fruit pest (MacPhee 

et al., 1976). The parasite was successfully introduced 

into New Zealand in the early 1920s (Tillyard, 1921; 1922). 

In orchards not sprayed with broad spectrum insecticides, the 

parasite is found to give satisfactory control in New Zealand 

(Collyer and Geldermalsen, 1975). A. mali provides an example 

of the problem of non-exclusiveness of alternative control 

techniques (section 4.7). No doubt, the value of its 

identification and introduction worldwide represents control 

savings measured in millions of dollars, yet not one penny 

is every charged on its use. The lack of financial return 

prevents such techniques commercial development. 

4.4 Integrated pest management 

The lack of selective insecticides or alternative 

control techniques for LBAM and San Jose scale necessitates 

the use of broad spectrum insecticides for their control and 

consequent control problems with woolly apple aphid. Some 

spray programmes used generally in apple pest control, in 

addition to killing A. mali, also control woolly apple aphid 

so that the natural control disturbance may not become an 

economic factor (Holdsworth, 1970). In New Zealand, while 

azinphos-methyl does provide for some degree of control 

(Penman and Chapman, 1980), lindane and vamidothion timed in 

early to mid December are recommended for complete control 

(Cook, 1980). The early timing produces minimal interference 

with integrated mite control. 
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5. European Red Mite Panonychus ulmi (Koch) 

5.1 Contemporary control 

Oil applications at the beginning of the season gives 

control of winter eggs. The success of chemicals depend on 

the district as resistances vary. If chemicals solely are 

relied on, applications must be regular due to the mites 

high fecundity and many generations within a season. 

5.2 Natural and biological control 

In Nova Scotia, the natural enemies of European red 

mite provided its control when selective insecticides for 

the lepidopterous pests were used (Patterson, 1966). The 

species complex of predators varied in both time and place 

in Nova Scotia (MacPhee et al., 1976). The major predators 

in New Zealand are stethorus bifidus (Kapur) and Typhlodromus pyri 

(Scheuten). A ryania programme showed the ability of these 

predators to control European red mite (Collyer and 

Gelderrnalsen, 1975). 

5.3 Integrated pest management 

As noted (section 6.6.2), the development of an organo

phosphorus-resistant strain of T. pyri combined with the use 

of the selective acaricide cyhexatin, to compensate for the 

loss of s. bifidus, has meant that integrated control of 

European red mite has become a commercial reality in the 

major apple growing districts. 

6. Two-spotted Spider Mite Tetranychus urticae (Koch) 

6.1 Contemporary pest control 

Similar to European red mite, except oils would not 

be recommended unless overwintering sites of the females are 

accessible to the spray. 

6.2 Natural and biological control 

Over all or most of the world, the predators of this 

pest provide adequate control unless interferred with by 

harmful sprays (MacPhee et al., 1976). In New Zealand, it 

is preyed on by s. bifidus, Anthrocnodax Spa and phytoseiid 

mites (Collyer, 1964). 
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6.3 Integrated pest management 

T. pyri does not provide control of two-spotted spider 

mite (Penman et ai., 1979). Three resistant mite predators 

have been introduced allowing for the integrated control of 

two-spotted spider mite similar to the programme for European 

mite (Wearing and Ashley, 1982). 
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