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Preface

In agriculture, integrated pest management (IPM) is increasingly
implemented for dealingwithpestiferous insects, primarily to reduce our
reliance on toxic chemicals. Before the introduction of the synthetic or-
ganic pesticides, pest management was linked to ecological understand-
ingasabasis fordevelopingappropriate controlmethodsor combinations
of methods. However, the nature of the linkage between IPM and ecolo-
gical theorywasmore implicit than explicit, and themain purpose of this
book is to re-investigate this link. Any such investigationmust accommo-
date the crucial roleof socioeconomic considerationsnowseen in IPM(e.g.
Norton &Mumford, 1993; Stoner et al., 1986). The stress from this source
is on the need for timely consultationwith those for whom IPMpackages
are intended, and even for producers to be involved in research.

The developments outlined above have generated some tensions
within IPM, especially in relation to the ‘reductionist science’ element of
insect ecology research.Butwhat is ‘reductionist science’?Why is the term
so frequently used pejoratively in the IPM context?Does ‘reductionist sci-
ence’ havea role in IPM?If so,what role?Tacklingthesequestionsprovides
important ancillary aims for this book.

Insect ecology research for IPMpurposes is representedbya rathergrey
area; the linkage between theory and practice is still not explicit. To a
large extent, insect ecology is portrayed in IPM texts only in the form of
brief summaries, usually of one particular subject area (such as popula-
tion, community or ecosystem ecology). Only in some cases does one find
suggestions about what sort of data to gather. A further difficulty is that
different texts frequentlymake quite different suggestions in this regard,
and detailed or analytical discussion is rarely available. One is left to pon-
der suchbasic issues as (i)what type of data areneeded if a pest species is to
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x Preface

be adequately understood for IPMpurposes, (ii) how are such data related
to the overall aim of IPM, (iii) whether IPM theory or ecological theory
shouldprovide thedirection for the ecological research that is intended to
underpin IPMpractice, and (iv)why somanydivergent ecological research
options are still suggested in the IPM literature. Besides the complication
to understanding already mentioned, an inspection of the recent ecolo-
gical literature reveals changing perceptions of the way in which ecologi-
cal systems are thought to ‘run themselves’. Inevitably, perceptions of the
linkage between IPM and ecology will need also to be changed.

The general approach I have taken is to start at a very basic level and
to examine such aspects as scientific method and the relationship be-
tween ‘applied science’ and ‘pure science’, becauseperceptionsat this level
influence attitudes, research and interpretation. This broad approach is
narrowed with successive chapters, to deal with issues that get closer to
ecological topics relevant to IPM. In this way, by the end of Part 1, a per-
ception of the place of insect ecology research for IPM is defined and the
nature of the research can be specified. In Part 2, specific ecological top-
ics are covered in terms of the principles developed in the earlier chapters.
The range of topics tackled is intentionally small and is designed to be il-
lustrative rather than comprehensive. Sufficient detail can thus be given
to the subtleties that so frequently attend ecological research and the vari-
ous ways in which it can be approached. The book closes with a synop-
tic chapter that considers the suggestionsmade about ecological research
and IPM, particularly in relation to social attitudes to science, which have
changed so dramatically in the past century and continue to do so.

This book is intended for all who have an interest in IPM. It is not so
much a statement of ‘what is’, as being a question about where we are
headed andwhether that is the best direction. It is hoped that it will stim-
ulate introspection and discussion about an area of applied ecology that
has yet to develop a strong theoretical underpinning, in spite of some
noteworthy practical successes. It is a call to IPM students, in the broad-
est sense of the term ‘student’, to slow down sufficiently to contemplate
deeply the structure of IPMand themultitude of activities relateddirectly
and even indirectly to it, and to specify those relationships explicitly.Only
throughsuchadjustment canwesecure theverybasis of thediscipline and
help to ensure the increased rate of practical successes to which we are so
frequently exhorted.

GimmeWalter
Brisbane
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1

Introduction

Insect pest management is an apparently complex subject which is
often too difficult to comprehend fully. Even separate components of
the subject present diverse and complicated interactions . . . [and] . . .
unless the system is formalized in someway, it is very difficult tomain-
tain a balanced and holistic perspective. This can lead to biases in em-
phasis, a narrowing of approach and adopted options, poor decision
making and communication.

d. dent (2000, p. 330)

Identifying the problems

Integrated pest management (IPM) is today a common approach to deal-
ing with insect pests of agriculture, although reliance on synthetic or-
ganic pesticides remains high. As an applied science, IPM has a structure
that incorporates knowledge and information fromseveral subdisciplines
and technologies, a central one of which is insect ecology. At least, in-
sect ecology is widely acknowledged to have such a role, and most of the
entomological inputs into IPM are comprehensively covered in a range
of textbooks (e.g. Dent, 1997, 2000; Kennedy & Sutton, 2000; Norton &
Mumford, 1993; Pedigo, 1999; Pimentel, 1997; Ruberson, 1999; Speight
et al., 1999), at least one of which is undergoing progressive develop-
ment on the World Wide Web (Radcliffe & Hutchison, 2002). However,
the actual relationship of insect ecology to IPM remains somewhat ab-
stract for it has never really been specified in concrete terms. Even those
ecological aspects that relate directly to IPM are not given good cover-
age in IPM texts. Neither do insect ecology texts spell out the way in
which the ecologicalprinciples they cover are significant to IPM,or at least
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2 Introduction

their claims in this regard are not particularly convincing (Walter, 1995a).
How one sets out to acquire an appropriate understanding of the biology
and ecology of pest and beneficial organisms for IPM purposes is usually
neglected in ecology texts. This occurs despite claims by Perkins (1982,
pp. 81, 97, 261) and others that IPM provides an intellectual framework
not only for practice, but also for research. The story of IPM is therefore
incomplete.

Working from a partially developed framework is undesirable; it re-
duces the chances of successful outcomes and that is in turn econom-
ically unsatisfactory. The relationship that IPM shares with ecological
considerations is perhaps omitted because the term ‘applied’ has two dis-
tinct meanings in relation to IPM. The first deals with the ‘application of
understanding’. The development of each control method now available
was contingent on at least a certain amount of understanding of the pest’s
life cycle, physiology, behaviour or ecology, and this knowledge was then
applied to develop a practical solution to a problem. Textbooks virtually
never deal explicitly with this meaning, but tend to focus on the second
meaning, which deals with the ‘application of techniques’. Control tech-
niques (or management practices) that are already available, and which
were perhaps developed independently of the problem situation at hand,
are recommendedtogrowersandappliedby themtosuppress insectnum-
bers. Textbooks tend to provide instruction on application of the second
type perhaps because the information is available and the methods have
usually worked. The original problem and the difficulties encountered
and lessons learned in solving that problem (the development of under-
standing) are rarely considered. This leaves an educational gap that is
eventually likely to carry over into attempts to solve new IPM problems,
with probable negative effects.

Although the two complementary aspects covered by the term
‘applied’ have been long andwidely recognised by applied entomologists
(e.g.DeLong, 1934; Smith et al., 1976, p. 2), the emphasis in thegeneral pest
management literature has ensured that the first one, the ‘application
of understanding’, has never been fully or meaningfully crafted into the
tradition of IPM. Almost surely, practice has been disadvantaged as a
consequence, for mistakes are inevitable when people are left to cope as
best they can with an inadequate framework. The persistence of such a
deficiency is surprising, for almost all who are scientists at heart would
presumably agree with Louis Pasteur’s statement (Dubos, 1951, p. 67) that
the development of technology, or the application of science, requires
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at least a certain degree of theoretical understanding to ensure its most
efficient and effective development and use.

The textbook picture of IPM may also explain why we commonly see
a ‘follow-the-leader’ approach to dealing with problems in applied ento-
mology. Projects that are considered successful are used as templates (or
exemplars) for generating solutions to other pest problems. Researchmay
therefore be by-passed or simply repeated, despite the differences in sys-
tems, localities and species involved. Successful cases are also frequently
used, in review, in efforts to extract generalisations to enhance success
in applied entomology (e.g. Mills, 1994a). Outwardly, the ‘mimetic’ ap-
proach to practice may appear to make good intuitive sense and it is easy
to ‘sell’ to funding agencies, cheap to initiate and has worked (at least
in some cases). Also, it will work again. The other side of the ‘mimetic’
story is that the approach is likely to prove expensive if failure is ongoing,
a situation that is not uncommon (see Chapters 6–9). Mimetic methods
provide a distinct contrast to the approach that seeks sound principles
for generating understanding about the specific systems that are to be
manipulated.

Another problem for IPM is that even the research that is conducted
to generate understanding about pests for improvement of IPMhas prob-
lems. Texts on IPM provide little research direction, with some simply
stating ‘Know the ecology of the pest’ or ‘Know the limiting ecological
factors’ (Flint & van den Bosch, 1981), so research for IPM purposes is
widely perceived to be somewhat routine in comparison with the ecolo-
gical research conducted formore theoretical purposes. Applied scientists
frequently harbour reciprocal views of ‘pure science’ being a speculative
pursuit and thus something of a luxury and unwarranted expense. More
starkly, ‘applied science’ is frequently seenby IPMpractitioners as factual,
‘pure science’ as esoteric and unrealistic.

In summary, IPM seems to be far too reliant onmimicry and outdated
perceptions of theway inwhich a soundknowledge basemaybe acquired,
which leaves scientists involved in pest management to cope as best they
can.Although somemaydo so admirably, for successful IPMprogrammes
are regularly developed, the overall performance could undoubtedly be
improved. Indeed, performance must be improved if IPM is to gain in
credibility as well as in uptake in the field.

Understanding is themost appropriate basis for thedevelopmentof ef-
fective technology or control programmes for dealing with insects in the
field. Not all applied scientists accept this principle, or they do not apply
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it, which amounts to the same thing in practice. One need only contem-
plate the immense difficulties encountered in developing pheromone-
based technologies for monitoring or controlling pests (see Booth, 1988).
The development and application of pheromone-related technology was
retarded by the premature claims of entomologists that the manipula-
tion of pheromones would virtually eliminate insecticide use. Scientific
understanding of the pest species and their sexual communication sys-
temswas clearly not available and the development of useful pheromone-
based approaches was delayed considerably. Such influences are insidi-
ous, for theywork against science by negating the importance of scientific
principle and they have negative influences on public perceptions of the
abilities of science, a point raised againmuch later (Chapter 10).

The main thrust of this book is first to argue the benefits of a
‘problem-identification andproblem-solving’ approach to the generation
of understanding for IPMpurposes. Then, an approach to identifying and
building a sound theoretical framework for IPM-related research on in-
sects of economic significance is developed. This approach is illustrated
with reference to ecological aspects that relate to host interactions of pest
and beneficial insects, and to the use of beneficial insects in the biological
control component of IPM. The implications of these developments for
other areas of IPM are left for others to explore.

Structure of this book

The issues covered in this book have been selected to support a particular
argument, that IPM practice is likely to be improved substantially if we
move away from reliance on research approaches that are inadequate. For
this, three things are needed. First, the formal structure of IPM needs to
be strengthened, to ensure that the different aspects covered by the single
term ‘application’ are assigned their appropriate place. Second, we need
to deal realistically with the relationship between IPM research and sci-
entific method. Third, the role of insect ecology research in the practice
of IPMneeds to be clarified. The rest of this introductory chapter outlines
the way in which these three issues are addressed. Subsequent chapters
extend and justify the arguments outlined briefly above, and also offer
solutions to the associated problems.

An initial background sketch (Chapter 2) explains theway inwhich sci-
entific information is acquired. Practising scientists, whether they regard
themselves as ‘pure’ scientists or ‘applied’ scientists, sometimes consider
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they have a sufficiently good ‘feel’ for scientificmethod, perhaps even that
it would be unproductive to spend time on the matter. But the issue of
method is raised because applied entomologists tend to pay relatively lit-
tle attention to the theoretical andmethodological aspects of biologyor to
the developments in these areas. Of underlying importance in this regard
is that in scientific terms the ‘mimetic’ and ‘fact-gathering’ approaches
outlined in the previous subsection are flawed, simply because they are
inconsistent with the ways in which understanding tends to be achieved
in science. Although new techniques and solutions are still being devel-
oped and applied in pest management, their effectiveness in the field is
in danger of being compromised by an undermining of the very basis of
applied science – its reliance upon scientific method for identifying and
solving problems. In addition the place of problem identification in ap-
plied entomology, as anessential step tounderstandingaproblematic sys-
tem, is all too frequently overlooked or dismissed (e.g. Newman, 1993,
p. 2). Should one wish to invoke economic efficiency in defence of avoid-
ing underlying principles, bear in mind that the sorts of shortcuts and
‘fact-gathering’ methodologies outlined above (and criticised later) are
likely toprovemuchmorecostly thanan initial investment inunderstand-
ing. Sufficient examples exist to justify sucha claim (e.g. seeChapter6). To
gain understanding of a problem situation one first needs to investigate it
scientifically, which implies there is no escape from science in the strict
sense, nor from its associatedmethodology.

Scientific method is crucial to developing interpretations of partic-
ular phenomena, but scientific method and scientific curiosity do not
drive any scientific agenda on their own. This point is illustrated, in
Chapter 3, with reference to the various influences that have governed
the theory and application of pest management. An understanding of
the external factors that have influenced our current attitudes and ap-
proaches to pests and pest management is useful in the identification
of weaknesses in current views and also for recognising the limitations
under which science and application operate in relation to IPM. This
is not a negative exercise, for the identification of weakness is the first
step to correcting problems. Chapter 3 also describes the emergence of
IPM, which is an approach or philosophy that guides us in dealing with
pest and beneficial organisms and thus influences the overall direction
of the research we conduct on them. Clearly, the central role of society’s
influence on research direction is critical in this regard. The question
of how those involved in pest management can influence such general
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perceptions in a positive way is important, but is discussed mainly in the
final chapter.

A detailed inspection of what information should constitute the basis
of IPM programmes reveals (in Chapter 4) that we are dealing with
complex systems of knowledge. Simultaneously, we deal with agricul-
tural production systems that themselves are not simple. The design of an
effective IPM programme therefore demands an extremely broad know-
ledge base. This, in turn, implies a considerable amount of integration of
information from disparate areas, leading to the ‘recipe’ of howmanage-
ment techniques will be integrated. Effective integration requires a wari-
ness as to the quality of the information that is integrated and an open-
minded inquisitiveness as towhat further scientific tests are required. For
example, what does previous research on the pest species’ ecology reveal?
Is the information reliable, or is it open to alternative interpretation, and
what further tests are required?Howshould sprayprogrammesbe slotted
intobiological control activities so that the latter arenotunnecessarilydis-
rupted?What suite of recommendationswill be considered reasonable by
growers? Are thesemeasures likely towork in areas other than that region
for which the IPM package was originally defined? And so on.

The issue of integration needs to be considered from another angle –

andone that ismore important for the general aims of this book – namely,
thedevelopment of anunderstandingof the ecologyof the species that are
central to the production system under consideration. What integration,
if any, is required when it comes to the entomological research that un-
derpins IPM? What advice does one get in this regard by consulting IPM
books? The general conclusion (still in Chapter 4) is that IPM theory does
not provide biologists, usually entomologists, with research direction. In
manyways this is not a critical omissionon thepart of IPMtheory, because
other theoretical constructs or bodies of theory serve this purpose. Per-
haps the principal aim for the biological side of IPM is the location of the
appropriate biological theories to assist in deriving high quality research
results and interpretations that are of practical value. This particular is-
sue is tackled in depth in Chapter 5, specifically in relation to ecological
theory.

What aspects of ecological theory are relevant to the study of pest and
beneficial organisms? Chapter 5 illustrates that this is a deceptively dif-
ficult question. First, ecological theory has several major components,
including population ecology (or population dynamics), autecology (the
ecology of species), community ecology (or synecology) and ecosystem
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ecology.Thevalidityof eachand their relationships tooneanother remain
unresolved. Second, disagreement among ecologists is rife, even among
those who work solely within any one of these component areas. Third,
alternative theoretical constructs that have been offeredwithin any of the
components listed above are frequently ignored or portrayed incorrectly.
Consequently, students who wish to undertake serious and constructive
investigation of pests or beneficial insects are faced with a dual problem,
for orientation through ecological theory is as complex as tackling any
ecological problem in the field. Chapter 5 has therefore been designed to
provide a relatively brief ‘map’ to assist students of IPM in their dealings
with ecology. The approach that is supported here leads directly to aut-
ecology, which is based upon an understanding of individual organisms
and their species-specific characteristics. Significantly, this is an approach
that has been advocated and developed to a considerable extent by some
entomologists with an interest in pest management (e.g. Andrewartha,
1984; Andrewartha & Birch, 1954, 1984; Wellington, 1977). Although aut-
ecology has been eclipsed by the promise of the other strands of ecology,
the growing appreciation of the idiosyncrasy of species is ensuring that
autecology is nowmore widely appreciated.

Chapter 5 closes by drawing in detail the relationship between eco-
logical theory and evolutionary theory. Understanding this relationship
is crucial because the way in which organisms behave in nature relates
to their adaptations or properties (which are combinations of biochemi-
cal, physiological and morphological mechanisms). All individuals carry
numerous such adaptations and each one is complex, meaning that the
successful completion of any ecologically important act by organisms,
be it achieving fertilisation or acquiring, manipulating and digesting
food, needs several important steps to be performed in an appropriate
sequence and in the appropriate way. In other words, the ecology of in-
dividuals is dictated by their genetic constitution and their interaction
with localhabitat conditions.This, essentially, is autecology.Populations,
communities and their dynamics are thus consequences of such inter-
actions, rather than being the primary drivers of local ecology through
their demographic properties. The genetically coded traits that an indi-
vidual carries are determined, primarily, by the gene pool from which it
arose. Such gene pools match what we commonly call species. So, what
are species? How should they be defined? And how should we investigate
their ecology? Consideration of these questions brings the first part of the
book to a close.
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Part 1 asserts, therefore, that the understanding of the species status
of pest and beneficial organisms receives too little attention as a basis for
understanding their ecology.This is not simply another call for better tax-
onomy and more taxonomy. That is an undoubted requisite, but not the
entire solution. Here, IPM itself does not provide research direction and
we need to look elsewhere. Species theory is therefore covered in some
depth (Chapter 6). An understanding of species is most realistically and
accurately based on an appreciation of the sexual behaviour of the con-
stituent individuals in their usual habitat and the consequent popula-
tion genetics of the system. Sexual species are given prominence at this
point because most species relevant to IPM are sexual and because an un-
derstanding here should direct the way in which the ecology of pest and
beneficial organisms is researched and interpreted. Dealing with asex-
ually reproducing organisms presents less difficulty, so they are covered
separately and in less detail.

As an illustration of why species need attention, consider the fre-
quent encouragement given to biological control workers to introduce
different ‘biotypes’ to enhance control (e.g. Ruberson et al., 1989). Recent
developments in species theory, however, warn against over-reliance on
‘biotypes’, because ‘biotype’ is a subjective designation that almost in-
variably is inappropriate (Clarke&Walter, 1995). Consequently, ‘biotypes’
should be tested for possible genetic species status before release. If the
results demonstrate that we are dealing with only one species, we take a
particular course of action. A quite different course of actionwould be re-
commended if the results demonstrated thatwe actually had severalmor-
phologically similar species erroneously combined under one name.

Tests of species status are surprisingly difficult to design appropriately
and interpret accurately, mainly because various outcomes are possible
fromeach test andonly someof thepossible outcomesyieldunambiguous
interpretations. This point is not widely appreciated, which implies that
many interpretations in the literature are premature, if not erroneous.
Chapter 6 therefore ends on a somewhat extended methodological note.
But it is not simplymethod oriented; the emphasis is on using techniques
and theory interactively. How should tests of species status be designed,
what techniques are appropriate, which results are unambiguous, how
does one interpret the results, and how should the study be extended if
the outcome is ambiguous?

The principles that relate to species and the associated interpreta-
tion of adaptation, developed in Chapter 6, are applied in Chapters 7–9,
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which represent other problems of interpretation faced in understand-
ing pest and natural enemy ecology for IPM purposes. Chapter 7 ad-
dresses a difficulty presented to IPM by polyphagous pests, parasitoids
and predators. Many severe pests worldwide are polyphagous, including
several bollworm species (Heliothis andHelicoverpa) (Matthews, 1999), vari-
ous tephritid fruit flies (White & Elson-Harris, 1994), planthoppers
(Denno&Perfect, 1994) andheteropteran bugs (Schaefer & Panizzi, 2000).
Interpreting the ecology of such polyphagous pests is outwardly simple:
they reproduce on whatever alternative host species are available, al-
though they do have ‘preferences’ for certain hosts at particular times.
This line of reasoning is, however, unproductive because all observations
are so readily accommodated that the theory is not tested. The concept
of polyphagy generates virtually no predictions that are accurate or use-
ful, and is also inconsistent with the underlying principles of species
theory developed in Chapter 6. Similar difficulties hold for polyphagous
parasitoids and predators. An alternative approach is needed and one is
derived in Chapter 7 with reference to recent studies on a diversity of
‘polyphagous’ species.

Chapters 8 and 9 both deal with biological control of insect pests, with
each of the chapters tackling the discipline from a different perspective.
Chapter8details thecurrent,demographicallydrivenapproachto thebio-
logical control of insect pests. It outlines the directions in which theory
is currently advancing, the expectations of that theory, and the research
and practical recommendations developed. These developments are con-
trary to the principles developed in relation to autecology (Chapter 5) and
species (Chapter 6). To illustrate the application of these principles in a
specific context, a detailed criticism of the demographic approach to bio-
control (which includes aspects of the ‘mimetic’ methodology outlined
in Chapters 1 and 2) is developed in Chapter 8. The intention here is not
simply to be negative, but rather to illustrate how to penetrate a system of
thought in science when stronger principles are available and the system
needs improvement. Chapter 9 balances these criticisms by proposing an
alternative integrationof theory andpractice in insect biocontrol. It draws
on the principles of Chapters 5–7 to demonstrate that improvements to
the practice of biocontrol can be achieved through the application of suit-
able theory.Thedetailspresenteddemonstrateagain that theoryandprac-
tice should be developed and applied interactively.

The synoptic final chapter (Chapter 10) restates the arguments devel-
oped within the various chapters and links them to one another. The
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stress remains on the significance of understanding the fundamental the-
ory relevant to the problem at hand and the critical importance of phras-
ing and researching themost appropriate questions about the organisms
under consideration. In this way emphasis is shifted from methods that
are ‘mimetic’ or dedicated to ‘gathering the facts’ to a broader approach
thatgivesprominence to the identificationandresolutionof specificprob-
lems through the use of the appropriate fundamentals. By concentra-
ting on unsolved problems in IPM through Chapters 6–9, the relevance
of appreciating the appropriate level of investigation in IPM, as defined
in Chapter 4, is emphasised, as well as the necessity of using appro-
priate ecological and evolutionary theory for the solution of such prob-
lems. In short, a much stronger theoretical framework is possible for
IPM and, if that is coupled with the ecological theory that deals directly
with organisms (autecology), a better basis is already available for under-
standing insect pests and beneficials as a basis for their more effective
management.

The introspective view of IPM-related research offered in this book
raises questions also about the role of science inmodern society. For a long
time science, used almost synonymouslywith technology, was seen as hu-
manity’s saviour. In many ways the goods have been delivered: think of
our understanding of infectious diseases, the gains of the green revolu-
tion, nuclear power, increased human life span and so on. But almost in-
variably such progress has been accompanied by ills, social or otherwise,
and one of the social consequences seems to be an increasing disillusion-
mentwith science. This should not be the case, and a general understand-
ing of what science can dowill clarify its potential contribution to society
and thus its place among themany activities of humans thatmake up that
society.

The application of scientifically derived technology is more an ethical
issue than a strictly scientific one. Science delivers options and infor-
mation about the application of those options. Predictions of the con-
sequences of application are often in the form only of probabilities. So
science does not decidewhich option to take, although scientistsmaywell
deliver timely warnings andmay sit on advisory panels. Ultimately, deci-
sions to deploy technology are usually the responsibility of government.
An aspect for which a subset of scientists has been responsible has some-
timesbeen thepromiseofnear-miraculous results, usually to themediaor
to funding agencies, and this has frequently been based on hope or greed
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rather than onunderstanding. The practice is anunfortunate one as it has
the potential to undermine valid butmuch slower progress through gen-
erating an unwarranted wariness of particular research avenues; IPM has
seen its share of these consequences. Finally, the cultural role of science
and technology in understanding the place of our species in space and
time should also not be underestimated (Harris, 1981).





Part 1

The place and nature of insect ecology
research for IPM





2

Pest management as an applied science: the place
of fact, theory and application

Though the theory is worthless without the well-observed facts, the
facts are useless without the frame of the theory to receive them.

nora barlow on charles darwin’ s (1958, p. 158) view of science

Science tells us what we can know, but what we can know is little, and
if we forget howmuch we cannot knowwe become insensitive tomany
things of very great importance.

bertrand russell (1961, p. 14)

Introduction: Factual information and generalisation

Close examinationof anexample that stands squarely in the realmsofpest
managementwill help to introduce themethodological problems faced in
IPM-oriented ecological research on pest or beneficial species. The devel-
opment of ecological understanding of this nature invariably involves a
range of theoretical intricacies.

Table 2.1 is a reproduction of the first page, of five, listing the names of
all host plants ofHelicoverpa armigera andH.punctigera inAustralia (Zalucki
et al., 1986). Consider, with regard to host plant use by H. punctigera,
what actually represents a fact. Almost invariably respondents regard, as
a fact, the observation that H. punctigera may feed on any one of numer-
ous host species. By slight extension, it becomes a fact thatH. punctigera is
polyphagous. But these are not facts; rather, they are generalisations. Al-
though such generalisations in biology have different facets, they are sel-
dom specified in their entirety. In the example above, they specify pattern
(H. punctigera larvae feed on many host plant species) as well as process.
Process in biology has two equally relevant aspects, ‘mechanical’ aspects
such as the behaviour and physiological mechanisms that ‘connect’ the

[15]
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Table 2.1.Host records of Helicoverpa armigera andH. punctigera
in Australia

Botanical name Common name Host typea Species recorded

Aizoaceae
Trianthema pilosa Pigweed W, e punctigera
T. portulacastrum Black pigweed W, n armigera+ punctigera
Zaleya galericulata Hogweed W, n punctigera

Amaranthaceae
Amaranthus interruptus Amaranth W, n punctigera
A. viridus Green amaranth W, e Heliothis spp.
Gomphrena globosa Globe amaranth W, e punctigera

Asteraceae
Arctotheca calendula Capeweed W, e punctigera
Bidens pilosa Cobbler’s pegs W, n Heliothis spp.
Calendula sp. Marigold C, e punctigera
Callistephus chinensis Aster C, e Heliothis spp.
Calotis lappulaceae Yellow daisy burr W, n Heliothis spp.
Carthamus lanatus Saffron thistle W, e armigera
C. tinctorius Safflower C, e punctigera
Conyza canadensis Canadian fleabane W, e Heliothis spp.
Conyza sp. W, n Heliothis spp.
Dahlia pinnata Aztec dahlia C, e armigera
Eupatorium adenophorum Hemp agrimony W, e Heliothis spp.
Gerbera jamesonii Gerbera C, e armigera
Gnaphalium japonicum Cudweed W, e Heliothis spp.
Gnaphalium sp. W, e Heliothis spp.
Guizotia abyssinica Niger seed C, e punctigera
Helianthus annuus Sunflower C, e armigera
Helichrysum spp. Everlastings W, n punctigera
Lactuca sativa Lettuce C, e armigera+ punctigera
L. serriola Prickly lettuce W, n Heliothis spp.

Sonchus oleraceus Common sowthistle W, e punctigera
Xanthium pinnata Noogoora burr W, e armigera+ punctigera
X. spinosum Bathurst burr W, e Heliothis spp.
Zinnia elegans Common zinnia C, e punctigera

Balsaminaceae
Impatiens balsamina Balsam C, e punctigera

Bignoniaceae
Tecomaria capensis Cape honeysuckle C, e armigera

Boraginaceae
Echium plantagineum Paterson’s curse W, e armigera+ punctigera

Brassicaceae
Brassica campestris Brown sarson C, e punctigera
dichotoma

B. c. sarson Yellow sarson C, e punctigera
B. c. toria Toria C, e punctigera
B. juncea Indian mustard W, e punctigera
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Table 2.1. (cont.)

Botanical name Common name Host typea Species recorded

B. napus Rape C, e armigera+ punctigera
B. nigra Black mustard C, e armigera+ punctigera
B. oleracea var. botrytis Cauliflower C, e punctigera
B. o. var. capitata Cabbage C, e armigera+ punctigera
B. o. var. italica Broccoli C, e armigera

a W, wild (uncultivated); C, cultivated (field, garden or horticultural crop); e, exotic; n,
native.
Source: Zalucki et al. (1986), where the original authorities can be traced.

insects to the host plants (and which are called proximate mechanisms)
and the evolutionary processes (ultimate mechanisms) (Mayr, 1961) be-
lieved to have moulded those mechanisms. The evolutionary processes
most commonly invoked at present include random mutation and nat-
ural selection, and these are tied to the selective background imposed by
the surroundings to explain how the proximatemechanism evolved.

All scientists trade in generalisations, for that tells them what is im-
portant when they come to deal with specific instances and what is not
so important. Generalisations in science are represented by assumptions,
theories and hypotheses, andwe cannot dowithout theory of this nature.
Scientists construct their investigations around such generalisations and
they use them to aid communication. The only issue about generalising
in this way is whether we generalise (or theorise) well or badly (Emmet,
1968, p. 18).

Returning to the example, what transpires if one probes the infor-
mation represented in the table and asks questions about the nature
and quality of this information? Consider the first host plant listed for
H. punctigera, Trianthema pilosa. How did it come to be placed in the table?
The table legend indicates that Richards (1968) recorded it as a host. To es-
tablish Richards’ reasons for specifying it a host, one must first locate a
copy of his thesis and then check the data. In Table 27 of Richards’ thesis
T. pilosa is listed as a host for H. punctigera on the basis that ‘the lepi-
dopteron was obviously breeding (and feeding) on it, as indicated by the
presence of eggs and/or early-instar larvae and by the ability of the lar-
vae to complete development on the plant’ (p. 136). No record is pre-
sented of howmany times H. punctigera had been found on that host, nor
any indication given of what numbers of individuals may be expected
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on that species. Also, no H. punctigera survival data on T. pilosa have been
presented.

In other words, the observational data (the ‘facts’) required to estab-
lish whether T. pilosa is host to H. punctigera are simply not available for
scrutiny. We also do not know how frequently eggs or larvae must be
recorded on a particular plant species, and in what numbers, before that
plant is regarded as a host (Walter & Benfield, 1994). Such frequencies
make sense mostly in relation to the occurrence of H. punctigera on other
plant species. The interpretation of the respondents, that ‘H. punctigera is
polyphagous’, is thus clearly influenced by considerations that are not so
much factual as interpretive or theoretical in nature.

To specify the interplay between fact and theory in amore generalway,
research for pest management needs to be examined in relation to scien-
tific method in general. The critical importance of generalisation will be-
come clear and so, too,will thepoint that alternative generalisations or in-
terpretations are almost invariably available for any specific information
of an ecological or pest management nature. Even some of the more real-
istic alternative generalisationsmaynot be stated at the outset. The role of
the scientist, including applied scientists, is to judge among alternatives
and select themost realistic and appropriate for further use.

Applied science and basic science

Because pest management is an applied science, communication takes
place among scientists of different disciplinary backgrounds, experience
and aims. Some conduct research, or extend knowledge; others apply
knowledge (see later). Although conflicting standpoints tend to develop
as a consequence, instructivebenefits canbegleaned fromthebackground
to some of these differences of opinion.

Applied science frequently sidesteps scientific enquiry: ‘We . . . need
an answer now . . . and the challenge in applied ecology is often to reach
the best decisions possible on the basis of present information’ (Newman,
1993, p. 2). An immediate need for action is a reality, but such calls should
not be used as a refuge if challenges about method and understanding
are raised. Any remedial action developed immediately on contemporary
understanding is likely to need considerable adjustment, if not major
change, if a more efficient solution or a more acceptable long-term one
is to be developed. Research is required for the development of the most
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favourable solutions, and these are the research programmes to which at-
tention is directed in this book. This is the research conducted or advo-
cated by applied ecologists themselves in search of the most acceptable
solutions.

‘Applied science’ is still widely portrayed as different from ‘basic sci-
ence’ or ‘pure science’. The former is seen to delivermaterial gain; the lat-
ter is perceived to exist only for self interest (Medawar, 1984). An influen-
tial implication, still commonly discernible in pestmanagementwriting,
is that the methods of the two kinds of science differ from one another
and even that ‘applied science’ has a life independent of ‘pure science’.
This perceiveddichotomypersists despite the differences between science
and technology having been, for some time, virtually imperceptible
(Keller, 1985). The point, in any case, is that both should be equally sci-
entific in terms of their reliance on common elements of method (Drew,
1994; Medawar, 1984, p. 34; Romesburg, 1981). Applied science, as the ap-
plication of understanding (meaning 1 in Chapter 1, p. 2), is underpinned
by scientifically derived interpretation, and each specific interpretation
is based upon the generalisations or theories mentioned above. This
means that all applied scientists must generalise the scientific interpret-
ations they use. Specific examples of how this is currently done for IPM
purposes are spelled out in the chapters (6–9) that make up Part 2 of this
book.

The warning of Pasteur is again relevant: ‘There are not two different
kinds of science; there is science and there are the applications of science’
(Dubos, 1988, p. 31). In other words, no strict or fundamental division ex-
ists in science, including the biological sciences, between ‘pure science’
and ‘applied science’.Whatwe shouldworry aboutmore is thedistinction
between good science and science that does not stand scrutiny for quality.
Unfortunately, the appellation ‘applied science’ appears sometimes to be
used as a blind forwork that does not represent good science. The implicit
justification is that it is useful or urgently required and good for that rea-
son alone. And that begs the question of just howuseful it could be (Drew,
1994).

Scientificmethod

Scientific and technological progress are not delivered by following a gen-
erally accepted ‘recipe’. Nevertheless, certain aspects of their advance do
require careful attention to methodological strictures (Medawar, 1984).
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Philosophers and many practising scientists talk about general method
in science, or the method of gaining knowledge. Epistemology, the
technical term for general method, has long been discussed (see, e.g.,
Chalmers, 1999; Medawar, 1984; Quine & Ullian, 1978). Surprisingly per-
haps, advances are still made in our understanding of this area. Another
significant aspect, which is unfortunately little appreciated even by some
scientists, is that previously acceptedways of doing science have been dis-
carded bymost epistemologists and practising scientists who are aware of
those advances (see Lovtrup, 1984;Medawar, 1984). I elaborate on these as-
pects later in this chapter.

How do these considerations of science in general terms relate to
‘applied science’? In dealings with those who conduct research related to
pest management one encounters, not infrequently, a disinterest in the-
ory and a dedication to the ‘facts of the matter’ that make up the ‘real
world’. From such statements two strong implications emerge:

1 The negative connotations for those who concern themselves with

theory.

2 That theory can be ignored and one can legitimately concentrate

simply and effectively on facts.

The spirit embodied in this way of thinking is portrayed in the follow-
ing passage fromCarr’s (1987) insightful analysis of method in history. In
reading theextractbelow, ‘scientists’ and ‘science’ can legitimatelybe sub-
stituted for ‘historians’ and ‘history’, respectively.

The nineteenth century was a great age for facts. ‘What I want,’ said

Mr Gradgrind inHard Times [by Charles Dickens], ‘is Facts . . . Facts

alone are wanted in life.’ Nineteenth-century historians on the whole

agreed with him . . . First ascertain the facts . . . then draw your

conclusions from them . . . Facts, like sense-impressions, impinge on

the observer from outside and are independent of his consciousness.

The process of reception is passive: having received the data, he then

acts on them . . . This is what may be called the commonsense view of

history. History consists of a corpus of ascertained facts.

carr (1987, p. 9)

An identical commonsense view prevails in science, but it is as inappro-
priate andmisleading as demonstrated by Carr (1987) for history. The rest
of the current chapter is dedicated to considering general methods in sci-
ence. Note that scientific techniques, including the use of statistical tests
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and mathematical models, do not represent ‘methods’ in the sense in-
tended here.

Claims from scientists as to the pre-eminence of facts and the conse-
quent irrelevance of theory and philosophy do not reflect much about
scientific method. They may say much more about the claimants’ un-
derstanding and quality of science (Feyerabend, 1970). A better under-
standing of the nature of facts and the place of facts in scientific advance
would undoubtedly induce more reticence with regard to such claims.
The assessment of the validity and quality of factual evidence would also
be more rigorous. Such an appreciation of scientific method would un-
doubtedly affect not only interpretation, but also practice. For example, it
would help to freemore scientists from reliance on those types ofmythol-
ogy that derive from unwarranted speculation, from persuasion by data
gathered unscientifically, and from recognisably inappropriate precon-
ception. Suchmyths aremore common in science than is generally appre-
ciated, and good examples of refutations of biological myths that are to-
day still retold in textbooks can be found, fully resolved, in papers by Cox
&Knox (1988),Mitchell (1991) andWitmer&Cheke (1991). These examples
involve the relatively concrete phenomena of pollination and seed distri-
bution. Myths involving more abstract constructs, or interpretations, in-
filtrate the broader scientific communitymuchmore readily and have far
wider and deeper ramifications for practice.

How do patently wayward myths become accepted and perpetuated,
especially when so many scientists insist so forcefully on the primacy of
facts? Should we be surprised? Remember that:

we scientists may have more than an eye on the main chance and,

especially nowadays, the threat to our financial support . . . Our

motives are no more pure than those of business people, politicians,

bureaucrats or the military whom we often blame for the misuse of

science.

rees (1993, p. 204)

This view is readily illustrated. The public has recently been privy to a
‘monumental dispute of international proportions’ over who could ac-
tually claim credit for the discovery of the viral cause of AIDS in hu-
mans (Schoub, 1994, p. 9). Here, financial considerations, camouflaged
in terms of national prestige, intruded in sinister fashion (Grmek, 1990).
The facts did not speak for themselves, or, at the very least, were not al-
lowed todo so.RonaldReagan,whowas then theAmericanpresident, and
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Jacques Chirac, soon to be the French president, felt obliged to arrange
a formal agreement between the disputants. The deal required, in part,
that the research leader on each side collaborate in a joint account of the
chronology ofAIDS research (Gallo&Montagnier, 1987). As onemight ex-
pect from such a reconciliatory act, ‘All that a historian finds litigious or
somber in this affair was carefully glossed over in silence’ (Grmek, 1990).
Note that this issue is of immediate practical concern to people and in-
volves material entities (viruses) and events (the first recognition of the
viruses) that cannot be dismissed simply as theoretical notions.

The nature of knowledge: How should we generalise?

Beginnings
During the Dark Ages knowledge was conserved by the Scholastics, or
Schoolmen. With a few admirable exceptions (Russell, 1961), they re-
lied entirely on knowledge that had been generated much earlier by the
Ancient Greeks. Their attitude is often illustrated by the following story,
apocryphal as itmaybe. If anyof theScholasticswishedtoknowhowmany
teeth horses have, they are said to have consulted thewritings of Aristotle
rather than look in ahorse’smouth.Thewordof authoritywas sacrosanct.
The Renaissance yielded the first perceptible developments of modern
science.

The modernisation of science gained impetus at the beginning of the
seventeenth century and was profoundly influenced by the thinking of
Francis Bacon. He sought to formalise scientific procedures and was the
first of many scientifically minded philosophers to emphasise the impor-
tance of induction (which infers interpretive generalisations from specific
observations), as opposed to deduction (which reasons from the general-
isation to the specific, and can thus test the general), as the primary prin-
ciple in scientific method (Medawar, 1984, p. 33; Russell, 1961, p. 527). Al-
thoughboth theseprocesses are critical to scientific advance (see later), the
process of inductive interpretation has proved utterly impossible to for-
malise. The deductive process is muchmore amenable in this respect and
is dealt with later in this chapter.

Bacon’s writings initiated a view of science that is still a major influ-
ence in biological science and especially in applied biological fields, as
detailed by Romesburg (1981). Surprisingly, this influence persists, de-
spite being dismissed as misleading well over a century ago by many
influential thinkers. The ‘Baconian view’ of how science progresses,
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entitled empiricism, can be summarised as follows (Hamilton&Chiswell,
1987).

1 Scientists carry out experiments or make observations. That is, they

make carefully quantified measurements of aspects of the world.

2 Scientists as a group accumulate a bank or network of carefully

measured data. The data are considered to be reliable because they are

obvious to the senses and scientists are objective.

3 The data are shared, usually through publication in learned journals,

and gradually a large number of related facts begins to build.

4 As data accumulate generalisations become clear. That is, they

‘emerge’. Scientists are now able to recognise and formulate general

hypotheses.

5 Scientists try to verify hypotheses so that law-like statements can be

developed.

6 A body of scientific knowledge slowly grows in this way. It is added to

by the accumulation of small increments of data or scientifically

established facts. As one increment of knowledge is added, so the

amount of ignorance is decreased by a proportional amount. Such a

view assumes that knowledge is finite.

The paradox, discussed in the following subsection, is that despite many
scientists’ accepting theabove, even ifonly implicitly, theypractise science
ratherdifferently.The followingadvice suggestshowtodeveloparesearch
programme in entomology: ‘Understand one species well, based on observa-
tions and experiments. Get the facts, so the critical issues in ecology are
known’ (Price, 1996). This begs the question, though, of how one decides
which ‘facts’ to collect. The dislocation between belief in how science is
done and the actual practice of science ensures thatmethod and scientific
advance both suffer.

How scientists actually go to work
Ironically, the empiricist prescription does not explain the way in which
most scientists actually work, and neither does it reflect accurately the
subtlety of Bacon’s thinking (e.g. Hampshire, 1956;Medawar, 1984; Platt,
1964; Russell, 1961). Indeed, the outline summarised above ‘would be an
intellectually disabling belief if anyone actually believed it, and it is one
for which John Stuart Mill’s methodology of science must take most of
the blame’ (Medawar, 1984, p. 33). Its principal weakness is its ‘failure
to distinguish between the acts of mind involved in discovery and proof ’
(Medawar, 1984, p. 33). In other words, a vast gulf separates the acts of
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developing interpretations (through induction) and testing ideas for their
validity (through deduction).

All practising scientists actuallydirect their enquiry inparticularways;
they collect only certain observations and leave others. Some form of de-
ductive reasoning is used to identify which observations they will collect.
Scientists cannot simply rely on sensory data to be picked up objectively,
for ‘we learn to perceive’ (Medawar, 1984, p. 116). As discussed later, the
range of observations that are open to collection in any particular situ-
ation is not only immense, but shifts as we alter the fundamental princi-
ples fromwhich we work. This has at least two significant consequences.
First, from the outset of their research, the scientist already perceives
the problem in a particular way, or from a pre-existing slant. Second,
empiricist beliefs tend to lock scientists very tightly into a single systemof
thought. The real problem, then, is that the original perception, or slant,
is almost certainly not the only one, or even the best one, for developing
the most robust understanding. The following simple examples are
commonly reproduced for amusement, but they do illustrate the ease
with which we miss options in visual perception (see Fig. 2.1). A more
realistic and telling example is found in Gombrich’s book Art and Illusion
(Gombrich, 1977, p. 74). Two paintings of the same scene are reproduced
(Fig. 2.2), one by a European artist and the other by an Oriental one. The
different social backgrounds of the two have obviously provided them
with perceptions of the scene that differ remarkably from one another.
Alternatively, what each has been taught to see, perhaps not even directly,
constrains them in what they do see. They have learnt to perceive. If we
can be influenced so easily in developing or interpreting a diagrammatic
representation of what we can actually observe, we are presumably more
easily ‘deluded’ bymore complex phenomena in the world around us.

Examination of biological examples reveals that fundamental differ-
ences in perception are not confined to visual representation. For exam-
ple, do the sterile individuals in insect societies (Fig. 2.3) actually ‘work’
for a queen to their own genetic disadvantage, or are they ‘selfishly’ ma-
nipulating the queen for their own advantage? Each of these alternative
perceptions is current in the literature. They are based upon alternative
fundamental principles and theygenerate different researchprogrammes
from one another. Since they mutually exclude one another, such differ-
entprinciples cannotbe reconciledwithoneanother, although fairly elab-
orate contortions are sometimes made to unify them (e.g. Holldobler &
Wilson, 1990, pp. 182ff.). The issue lies in how does one decide between
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Figure 2.1. Each of these simple diagrams can be interpreted in at least two ways. A.
Rabbit or duck.B.White vase or dark silhouette of two faces.C.Stairway, seen either from
above or from below. D. Upper third of a young woman’s body, or head and shoulders of
an old lady.

them?This example illustrates aproblemthat ramifies throughall science
(e.g. Lewontin, 1991). We need to extract the most robust fundamental
principles upon which to build and research more specific aspects. In do-
ingso,weneedto remember that ‘waysof seeing’ are important (Hughes&
Lambert, 1984), as embodied inEinstein’s succinct summary: ‘It is the the-
ory which decides what can be observed’ (Carr, 1987, p. 164).

The problemswith induction and verification
The description, above, of how scientists actually set about their work
presents a strong case against the Baconian approach to science, but is not
the sole reason for rejecting it. Epistemologists long ago realised that em-
piricism is built on shaky ground. It is based on the logic of induction,
which is demonstrably too unreliable for developing workable general-
isations. Because induction seesmany similar observations collapsed into
a general statement, repeat observations are used to identify and verify
the general point, the one purported to be most ‘truthful’. But if obser-
vations are made in the same way each time, alternative interpretations
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Figure 2.2. Paintings of similar Derwentwater scenes by two artists of vastly different
background. The upper one was painted by the Chinese artist Chiang Ye in 1936, the
lower one by an anonymous painter, undoubtedly European, from the Romantic period
(1826). From Gombrich (1977).
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Figure 2.3. Social life of a primitive Australian myrmicine ant. Do the sterile defender
and worker morphs of social insects benefit selfishly from their actions, or does their
queenbenefit?Themotherqueen,whichdeposits theeggs thatwillbepermittedtohatch
and develop, is the large wingless individual on the left. Behind her is a winged male. The
other adult ants are workers. The one on the right is laying a trophic egg, which will be
fed to the larvae in the foreground. From Wilson (1971).

are unlikely to surface because all we have is an association between ob-
servables (Romesburg, 1981). That science has been led into error somany
times demonstrates that the procedure of letting facts speak for them-
selves does not lead inevitably to truth (Medawar, 1984, p. 91). Consider
how such pursuit led to the single-minded portrayal andwide acceptance
of honeybee dance language as fact. Alternatives were simply not consid-
ered in the earlydevelopmentof the story, althoughcontrary evidence and
obvious alternatives were available (Vadas, 1994).

A further difficulty for induction is that no matter how many times
we verify something, we can never be absolutely certain that the same
course of events will follow once again. A favoured example of philoso-
phers has us observing the sun rise daily for our entire lives, then point-
ing out that we nevertheless cannot be certain that it will rise tomor-
row. On the surface this may seem absurd to an applied biologist. That
it is not (see Rouvray, 1997) should be more widely appreciated. No mat-
ter how many times we verify an interpretation by induction, we cannot
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be certain that we have the correct interpretation. At some future stage
an observation may be made that conflicts with what we now consider
factual. Because scientists are so familiar with their subject matter many
of them, perhaps most, feel confident that such a destabilising possibil-
ity is unlikely in their area of expertise. In reality, a good proportion of
scientists has had to face the contradiction when it has surfaced. Fre-
quently, it seems, the contradictory evidence is downplayed or otherwise
dismissed. Because of the nature of scientific interpretation, covered be-
low, such contradictory information continues to surface. In otherwords,
this typeofdestabilisationof scientific interpretation cannotbedismissed
simply as historical curiosity, something that used to happen in themore
primitive past. Contemporary scientists are regularly confrontedwith the
situation.

The reservations outlined above can be applied to the bollworm exam-
ple that started the chapter. Once Helicoverpa punctigera had been recog-
nised as separate from themorewidespread pestH. armigera (in the 1950s),
host lists could be compiled (Common, 1953) and further observations
made about the species. The inductive approach has simply returned
more host records, which seems to be a somewhat standard procedure
for polyphagous species (see Chapter 7). The problem with such ‘fact-
gathering’ comes if the observations are seen as verification of the species’
polyphagous nature and alternative interpretations or bases for general-
isation are not considered. This point is expanded later in the present
chapter, and the issue of polyphagous pest and beneficial species is
analysed in Chapter 7.

Various other problems that have been associated with induction as
the primary approach to scientific investigation are summarised else-
where (e.g. Chalmers, 1999; Medawar, 1984, p. 97). A replacement model,
called the hypothetico-deductive method, provides a more accurate de-
scription of how scientists actually go about scientific investigation, often
unconsciously so. This overcomes the problems of induction to a consid-
erable extent and it helps scientists to develop more appropriate tests of
the generality or validity of interpretation. It does not, however, insure
against reliance on inappropriate fundamental principles (see later). In-
duction does, however, play a creative role in science (also expanded be-
low). Whewell, a contemporary critic of Mill, recognised this when he
said induction and deduction are notmutually exclusive alternatives, but
are instead mutual adjuncts in the development of understanding (Ruse,
1976).
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Empiricism still influences practice
Despite the problems with empiricist methods, one can see widespread
evidenceof scientists’ attempting toapply them(as explainedwithrespect
to applied ecology by Romesburg, 1981, for example). They do so as a basis
for gathering data, or as a justification for conducting a particular piece of
research. Even themostmodernmolecular technologies are often applied
with the hope that ‘something’ will emerge from the banks of accumu-
lated data. The widely acclaimed Human Genome Project seems also to
have been construed in this way. The project is widely supported because
the sequence data are expected to yield genetic therapies, but how such
cures can be developed from sequence data is still not clear (Commoner,
2002; Kmiec, 1999; Lewontin, 1991, p. 66). In practice, therefore, the in-
ductive approach encourages work designed to verify hypotheses and, in
someways, discourages the scrutiny of underlying assumptions, perhaps
because those premises are believed to have been recognised through the
collection of good, objectively derived information.

A practical consequence of the approach just outlined is that science
‘completed’ is frequently considered sacrosanct, to the point that con-
tributions in a particular area of endeavour may even be considered to
have finalised that research. Industries that fund applied entomological
and ecological research frequently treat science in this way. The approach
also has detrimental effects in education. Students, who are far too fre-
quently allowed topickuptheBaconianapproachbydefault,mainly from
textbooks, may gain little insight into judging what information is im-
portant. More significantly, they may fail to discern which questions are
crucial to progress. The critical and creative scientific skill of identifying
significant questions to address cannot emerge from such an education.
Influence from the Baconian approach is readily detectable in those pub-
lished reviews and students’ written assignments in which equal effort
and space is given to all observations. For example, long descriptions of
the eggs, larvae and so on are frequently presented without any justifica-
tion for the inclusion of such information. Ultimately, students are thus
easily led to seek researchprojects that comprisework,howevermundane,
thathas ‘notbeendone’, inareas aboutwhich ‘nothing isknown’, or to ‘fill
gaps’, without realising that this attitude, without qualification, could
be used with equal validity to justify even the study of something that is
clearly trivial relative to their ultimate ambitions.

Consider why empiricism is still influential: ‘. . . inductivism, even if
logicallyunsound, is still the acceptedmethod for explaining theprogress
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of science in the minds of most working scientists. Because scientists cut
their teeth on textbooks, which still imply that steady accretion of facts
yields laws which allow further predictions of how to collect useful facts,
onecanhardlybe surprised that this is still thecase’ (Hamilton&Chiswell,
1987, p. 9). Butwhat about the empiricism ofworking scientists? The the-
ories thatmost scientists have accepted apparently become so entrenched
and sowidelybelieved that they come tohold a factual status.The theoret-
ical nature of interpretation is forgotten and belief is thus strengthened.
The economic necessity and social dynamics related to winning research
grants tend not to disrupt such a view, and neither do other external in-
fluences (e.g.Wieland, 1985).

The warning above should generate a constant awareness that all in-
terpretations are based, in one way or another, on assumptions. And
we should never forget that, in the past, the beliefs that large numbers
of scientists held very comfortably have been entirely discarded or have
had their pre-eminence revised. Such changes have occurred in physics
(Newtonian to Einstein’s relativity) and in biology (natural theology to
Darwinian evolution and Galen’s interpretation of blood flow to that of
Harvey (Mowry, 1985; O’Neill, 1969; Schamroth, 1978)). Kuhn (1962) has
described how such shifts are initiated and instigated. Further changes
of this magnitude will take place, and major shifts have been foreshad-
owed in several areas of biology (e.g. Rose, 1997; Smocovitis, 1996; Walter
&Hengeveld, 2000).The shifting theoretical ground that is relevant toun-
derstanding the ecology of pest and beneficial organisms is dealt with in
later chapters. The structure of theory in ecology (Chapter 5) and concepts
of species (Chapter 6) are particularly relevant.

Sadly for science, aswell as for society, the situation is even less straight-
forward than that sketched above. The dominant research direction, the
one that sets the agenda ofwhat is actually done by scientists, is all too fre-
quently set up with significant influence from external forces, inevitably
represented by dominant elements of society and their interests. They
may even derive from the will and financial interests of one or relatively
few individuals, as happened with the push to use hybrid corn varieties,
instead of selected lines, for financial reasons (Lewontin, 1991). Molecu-
lar biology was under similar financial pressure to steer a course through
the Human Genome Project that is more likely to reward financially
and selectively than scientifically and generally (Lewontin, 1991). Con-
sider also the origin of the gene-centred view that dominates current
interpretations to the point that it has generated the ideological power
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even to interpret and pronounce on the human condition and to offer
remedies for our social ills (Rose, 1997, p. 273). Rose reminds us that it was
the financially powerful Rockefeller Foundation that shaped this agenda
as long ago as the 1930s, and ‘ensured that alternative understandings of
biologywithered’. Theway inwhich scientists see theworld ‘is not the re-
sult of simply holding a true reflectingmirror up to nature: it is shaped by
thehistory of our subject, by dominant social expectations andby the pat-
terns of research funding’ (Rose, 1997, pp. 273–274). Themetaphor of the
all-controlling gene that has grown from these beginnings (e.g. Dawkins,
1986) still holds us hypnotised (Rose, 1997, pp. 120–121).

In summary
The belief that scientists approach their task dispassionately and objec-
tively is widespread. They are seen to gather facts uninfluenced by oth-
ers, until a general picture or law or theory emerges. The implication is
that whoever makes a scientific investigation of a particular aspect (e.g.
ecology, applied ecology) will come up with the same interpretation as
any other researcher if they are objective and dispassionate. But scien-
tists, even thosewhobelieve the interpretation just sketched,behavequite
differently. Even if they claim they are interested only in facts, and that
they gather facts objectively, they are not correct. All scientists are di-
rected togatherobservations fromtheperspectiveof aparticular theoretical
framework. Carr (1987, p. 163) develops the point that it is the interac-
tion between hypothesis and observation that results in discovery. Fur-
thermore, imagination plays a critical role in the generation of alternative
hypotheses, a facility that is entirely beyond recipe, and this is where we
see great variation among individual scientists. Readable accounts of how
sciencehasprogressed in thiswayareavailable inO’Neill’s (1969)workFact
andTheory. Finally, an important aspect to remember is that certain obser-
vations or experimental results may clash with accepted dogma, an issue
that is central to the following section.

Acquisition of new theories, and the consequences

Theways inwhich new theories or ‘ways of seeing’ arise are far from clear.
Such ‘ways of seeing’ are now widely called ‘paradigms’ to indicate they
represent a general intellectual framework onwhich observations or facts
can be arranged conveniently for interpretation, memory and so on. Un-
fortunately, the concept of paradigm is not straightforward and is even
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Figure 2.4. Diagrammatic representation of the behaviour of scientists in relation to
changes in the dominant theoretical constructs, or paradigms, of the day.

invoked for rather trivial differences in perspective or even for alterna-
tive hypotheses that are rather specific. It is reserved here for that set
of theories that accord with a common set of fundamental assumptions.
An ecological analysis that follows this stricture is presented by Walter &
Hengeveld (2000).

Kuhn (1962) introduced the concept of scientific paradigm and out-
lined the way in which he believed scientists work. Once a paradigm is in
place, scientists tend to conduct science in relation to that framework, al-
though alternatives may persist for decades without any clear resolution
(seeHengeveld&Walter, 1999, for such a situation in ecology). Their ques-
tions are directed by the paradigm, as are their interpretations of the data
gathered. However, attention is drawn periodically to results that contra-
dict interpretations derived from that paradigm. In general, the value of
such results tends not to be recognised. But when the contradictions be-
comemore frequent, and the deficiencies more widely appreciated, an al-
ternative paradigm is sought, as illustrated in Fig. 2.4. Any replacement
paradigm is almost invariably accompanied by dispute, for scientists have
vested interests and, asmentioned earlier, are not as objective as is widely
believed (Wieland, 1985). Frequently enough, interest-groupsdevelopand
these can dictate the passage of science for considerable periods. Hull
(1988) provides a compelling example, again from biology. Even without
ulterior motives, the tendency is for maintenance of the status quo for,
as Margolis (1993) argues, scientists are taught ‘habits of mind’ in which
a mental process of pattern recognition is formed and that is what ap-
pears correct to the individual. Such pattern recognition imposes a habit
of mind and thus a barrier to change. Novel intellectual development de-
mands that barriers be broken,which is not easily achieved evenwhen it is
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patentlywarranted. For example, even something thatwe see as relatively
concrete, the organisation andworkings of thehuman circulatory system,
was the subject of strong disputation when Harvey outlined the inter-
pretation we accept today. Twenty years lapsed before the supporters of
Galen’s older viewfinallywent quiet, despite the strength ofHarvey’s evi-
dence and the rational and clear structure of his argument (Mowry, 1985).

How is a new paradigm developed? Unfortunately no recipe is avail-
able for guidance. Perhaps the best succinct summary of what is re-
quired wasmade by a Nobel Laureate in Physiology andMedicine, Albert
Szent-Györgyi: ‘To see what everyone has seen, to think what no one has
thought’ (Kaminer, 1988). Here we see the reason there can be no recipe.
Development at this point is purely inductive, drawing frompersonal ob-
servation and experience, an eye for synthesis and a feel for the exten-
sion of knowledge. Creative skills will always be independent of recipes,
and different scientists are liable to return different results and interpret-
ations should they tackle the sameproblemindependentlyofoneanother.

An important lesson fromtheabove is thatparadigmsarebodiesof the-
ory. An obvious point about theoretical constructs that is too frequently
forgotten, in our talk of natural laws for example, is that all theory rep-
resents the perspective of people and is developed by people. Theory does
not emerge inevitably from concrete fact, so scientific theory should not
beperceived as immutable.Nopenalty accrues to changing any theory if it
has shortcomings. The history of science demonstrates the point compre-
hensively and compellingly (Brush, 1974). We should remove any mental
block to resisting change in this direction.The complex task for scientists,
whether they wish to consider themselves ‘pure’ scientists or ‘applied’
ones, is to balance an openmindwith not being gullible. Individuals have
to learn to assess thequality of evidence andmust learn toquestion intelli-
gently, to ensure the highest possible quality of interpretations and their
overall personal knowledge.

Whenever we make a theoretical statement, which is necessarily a
generalisation, we encapsulate what we feel is characteristic of the phe-
nomenon. Simultaneously, and inevitably, we also exclude certain other
aspects related to the phenomenon. This is a crucial feature of theorising
andhas been describedmetaphorically by Bronowski (1978, p. 69) asmak-
ing a ‘cut’. The ‘Bronowski cut’ is important. It clears our mind of trivi-
ality, but we achieve this through exclusion. Shift theory to incorporate
something new and we push something else into the background. As the
focus of our interpretation shifts, what was previously ‘focal knowledge’
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shifts into the background and becomes ‘tacit knowledge’ (Petrie, 1976,
after Michael Polanyi). Petrie illustrates the point with reference to such
ambiguous diagrams as in Fig. 2.1. Focus on the old lady in Fig. 2.1D and
the line of her mouth is focal. Her far eye is part of the background, and
can be considered ‘tacit’. The eye becomes focal in discerning the young
lady, whereas the ‘mouth’ (now a choker) becomes subsidiary. This view
justifies why (i) we cannot build a comprehensive interpretation, (ii) we
are restricted to views that include a fraction of the external world, and
(iii) knowledge cannever be finite.Wehave no other option. The insidious
influence of seeing knowledge as finite information, and thus a commod-
ity, is discussed in Chapter 10, where the ideas developed about pestman-
agement and insect ecology research in the rest of the book are integrated
and extended.

Paradigm identification and quality assessment

Paradigmatic structures
The series of interpretations that represent a paradigm is not always easy
to recognise, and this is especially true of biological theory. Themost fun-
damental assumptions in biology, those representing the paradigmatic
core, seem generally to remain unstated and unquestioned. Perhaps they
seem so obvious that they do not bear repetition or perhaps it is a means
of shielding them, for it seems to bemainly criticswhouncover them (e.g.
Brady, 1982).Thesehiddenassumptionsare themost cherishedones.They
remainunquestioned, even takenas self-evident or factual andbeyondde-
nial (see Ruse, 1976, p. 231). They are the ones defended most vigorously
against attack and rejectedmost reluctantly (Popper, 1983). More superfi-
cial interpretations and assumptions tend to be far more readily rejected
or altered by scientists. Relatively superficial criticism is commonplace
and openly debated; deeper criticism remains hidden.

Another problem in defining a paradigm is that each one is a ‘nested
set’ of subsidiary concepts or theoretical structures that surround the cen-
tral core of assumptions or premises. The logical consequences of one the-
ory thus represent the starting point of a more specific theory, in provid-
ing the underlying assumptions or hypotheses for the latter (Medawar,
1984, p. 103). One therefore has first to penetrate the outer aspects of the
paradigmand thus penetrate ever deeper to the core (as exemplified in the
following subsectionwith reference again to thebollwormexample). This
reveals the difficulty in assessing the scientific qualities of a paradigm.
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The central core of a paradigmatic structure is not readily tested di-
rectly (see Brady, 1982, p. 379) because all predictive statements contain
a tacit clause of all things being equal (ceteris paribus). In addition to this
qualification, all predictions (besides the extremely simple) are supported
by other theories. Three possible explanations are therefore available if
a prediction fails a test: the theory, the ceteris paribus assumption or the
background theory could be at fault. Ad hoc additions are readily made
to the first two components, an expedient that has always been basic to
science (all from Brady, 1982). Progress will suffer, though, if such addi-
tions areused topropupexhausted theory, as describedbyPaterson (1985)
with regard to species concepts in biology. For core theories such as nat-
ural selection, the ceteris paribus clause is indeterminate because organisms
are multifaceted and present somany possibilities (Brady, 1982). This im-
plies that we cannot simply design an experiment that will yield singular
evidence that is sufficient to decide the validity of a paradigm. A range of
evidence must be taken into account, and assessment is aided if viable al-
ternatives are available (see Brady, 1982, for example). We again see why
knowledge cannot be finite.

Perhaps themost useful practical advice about recognising a paradigm
is to seek out the most fundamental concept that is driving research in
a particular area of science. In certain biological disciplines, including
ecology, this is more easily said than done, because of the difficulties
in ecology outlined in the previous chapter and detailed in Chapter 5.
Ecology is therefore said to fall short of being a ‘mature’ science (Aarssen,
1997; Loehle, 1987). By contrast, physicists apparently agree on which
are the major research questions for the advance of their discipline, al-
though cracks in quantum physics, for example, are apparently becom-
ing evident. The task is perhaps even more difficult in pest manage-
ment theory than in ecological theory because pest management has
the added complexity of socioeconomic influences on practice to take
into account, an issue expanded on in Chapter 3 and formalised in
Chapter 4.

In setting out to test the validity of paradigmatic statements, whether
they be called theories, hypotheses, or whatever, several aspects of the
paradigm can be profitably investigated.

1 Are the assumptions realistic? One can design tests (experiments

and/or observations) to assess whether the assumptions reflect nature

in a realistic way.
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2 One can test predictions that derive from the hypothesis, theory or

interpretation.

3 The historical development of the theory can be probed to establish

whether its development was soundly based empirically and whether

lines of reasoning were sound. Whereas this third approach does not

necessarily identify faults with the theory, it may indicate weaknesses

worthy of further thought, investigation and testing. (For an ecological

example, see Simberloff, 1984, and Walter, 1988b.) Sole reliance on

modern electronic databases is short sighted, as history and breadth

are eliminated simultaneously.

In theareaof testing interpretationsor assumptions, thephilosopherKarl
Popper made an important contribution (Magee, 1973; Medawar, 1984).
Remember back to induction; no number of verifying observations gives
us certainty. For this reason Popper suggested a change in emphasis, be-
cause he realised that only one falsifying observation is sufficient to yield
certainty. Results of acceptable experiments or observations that contra-
dict theory demonstrate conclusively that the theory is not generally ap-
plicable. However, such situations sometimes devolve into disputes as to
what constitutes an acceptable test. Many years may pass before certain
bodies of evidence are accepted and their consequences for general inter-
pretation become widely appreciated (see McIntosh, 1975, Mowry, 1985,
andAllen et al., 1986, for case histories from ecology, human anatomy and
geology, respectively).

Constructing tests
As stated earlier, theory tends to come in nested sets. With reference
to the host relationships of Helicoverpa punctigera, the situation could be
teased apart as follows. Beginning with the interpretive or theoretical
statement of least depth, we state: ‘H. punctigera is polyphagous’. Some-
what less superficial than this are the few statements that have been
made about polyphagous species in general. For example, polyphagous
species are considered to be generalists so that they can readily max-
imise fitness on alternative hosts that are available (e.g. Fitt, 1989). Al-
ternatively, herbivorous insects may be polyphagous only for ‘insurance’
purposes. Should their major breeding hosts, usually only one or a few
species, be unavailable, then survival may be maintained on alternative
hosts (e.g. Milne & Walter, 2000; Velasco & Walter, 1993; Wint, 1983).
Moving deeper yet, we encounter general theories on insect–host plant



Pest management as an applied science 37

relationships (Chapter 7). These, in turn, are based on the more general
theories of evolution, including theories of adaptation and natural selec-
tionandconceptsof species (Chapter6).They, in turn, arebasedon further
assumptions.

Such abreakdownof the relationships between theories illustrates two
important points. First, themore fundamental one’s knowledge base, the
greater will be one’s grasp of more specific theories. Alternative explan-
ations will be easier to see and tests will be more representative and real-
istic. Further, a grasp of fundamentals helps to set priorities among pos-
sible alternatives, an aspect that is dealt with more comprehensively in
Chapter 6, when species concepts are covered.

Second, if onewanted to knowmore about the ecology ofH. punctigera,
as a means of designing ecologically desirable management plans for ex-
ample, one could test theH. punctigera polyphagy hypothesis. Such an ap-
proach is justified by the need to know where populations of this species
are at different times, as well as what they are doing in terms ofmaintain-
ing themselves (e.g. in diapause) and in terms of reproduction. The alter-
nativeoption, favouredbymany,wouldbeacceptanceof thepolyphagy in-
terpretation and to extend research from that point. A different research
direction is thus generated and it may encompass anything from popu-
lationmodelling to investigating host choice. Research suggested by this
approach is clearly different fromthat conductedunder the approach that
directly tests the polyphagy hypothesis, which, to date, has not been com-
prehensively done.

A test of theH. punctigera polyphagy hypothesis should be built around
an initial consideration of the set of observations that suggested the hy-
pothesis in the first place. Insects classified in the taxon H. punctigera are
regularly found, as eggs or larvae, on a great number of plant species
in the field. How could such a situation possibly be explained? Here in-
duction (or retroduction) is used to list all possible alternative explan-
ations (Chamberlin, 1897; Platt, 1964; Romesburg, 1981), as illustrated in
Table 2.2. In the environmentally related sciences, there is a tendency to
stop at the first retroductively derived hypothesis (Romesburg, 1981). The
negative consequences, often long term, are illustrated byVadas’s analysis
of honeybee foraging behaviour (Vadas, 1994). This approach is common,
too, in insectpestmanagement, althoughit isweak fordevelopingreliable
knowledge (Romesburg, 1981). For each alternative explanation an experi-
ment or a set of observations should be designed to test the proposition in
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Table 2.2.Analysis of observed pattern and the alternative explanations that could

account for the observation

Observation:
Helicoverpa punctigera eggs and larvae have been collected from many plant species in a
diversity of families.

Possible explanations:
1 The taxonH. punctigera comprises more than one cryptic species, each of which is more

host specific than the group of species taken as a whole.
2 Although the taxonH. punctigera comprises only one true species, it uses a great

number of host species to maximise reproductive output at all times.
3 The single species,H. punctigera, uses a diverse range of host species, but most of them

are used only under conditions when adultH. punctigera females are stressed
physiologically.

4 Although the single speciesH. punctigeramay be collected from a diversity of host
species, mostly it is confined to a small subset of primary host species. Other records
came about for incidental reasons.

as strong a way as possible. Popper thinks of this as putting the explan-
ation or theory at risk. He saw little value in putting a theory to a test that
is not risky, for relatively little is likely tobe learnt (Magee, 1973;Medawar,
1984).

To set up a test, a prediction of the following type should be made:
‘If this explanation is correct, then I predict x if I do experiment y’. The
next step is to design an experiment with an appropriate control, a series
of controlled observations, or an appropriately designed sampling pro-
gramme (see Romesburg, 1981). If the prediction is not met, that explan-
ation has been falsified and can be eliminated. Through this approach all
but one of the explanationsmay be eliminated, and themore replications
carried outwith the sameoutcome, the stronger the support (Romesburg,
1981). That explanation may then be accepted provisionally because we
have eliminated, by falsification, all of the others and have failed to falsify
the successful one in a risky test.

In reality the suite of tests and answers is seldom tackled as clin-
ically as described above, and perhaps could never be conducted in such
a way. Each is complex in its own right and each has its own difficul-
ties and requirements in terms of background knowledge. Hypotheses
may need modification as one proceeds with the research and acquires
more information. Also, mistakes may be made. For example, the de-
sign of the experiment may be inappropriate, or the prediction made
maynot represent the theory accurately. Such situations, should they lead
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to claims of falsification, have been termed ‘naive falsification’. Clearly,
resolution of the issue is a painstaking, extended and expensive process.
Industryandsocietymustacknowledge this ifweare toachieve thequality
of pest management that will inevitably be demanded by society (see
Chapter 10).

The lessons for pestmanagement

The ideas covered so far in this chapter have some far-reaching implica-
tions for the application of knowledge for insect pest management pur-
poses. The three principal ones can be summarised as follows.

1 Interpretations and actions are both influenced by theory
The term ‘observation’ provides a useful replacement for ‘fact’. The latter
seems to deaden scientific discussion and it promotes the popular notion
that ‘common sense’ is capable of appropriately directing research and
application. Recourse to common sense is also potentially misleading, as
shown by many widely held interpretations that have since been demon-
strated to be false (Strong, 1983). An appreciation of caution in this regard
has touched all spheres of human endeavour. Here is Vincent van Gogh:
‘. . . for even if one knows ever somuch by instinct, that is just the reason to
try ever so hard to pass from instinct to reason’ (van Gogh writing in 1884;
italics in original).

Research questions are identified and given priority by theory, even
in those research programmes aimed directly at applied outcomes. Such
‘applied research’ may well be at particular risk of failure because direct
paths are taken to specify what research should be done. Subtleties are
by-passed, perhaps inadvertently, and the selected research direction is
frequently bolstered by such phrases as ‘practical research’ or ‘relevant
research’. But such utilitarian bases for judging science can have dire con-
sequences, although they are still commonly used by applied biologists.
Yet, even in economic terms it is folly not to investigate a possibility that
could undermine investment in a particular approach to solving a prac-
tical problem (see Sinclair & Solemdal, 1988, for a fisheries example and
Thorne, 1986, for one in crop production). Only scientific considerations
can indicate relevance in this connection.

The dependence of actions on theory is readily illustrated with spe-
cific reference to insect pestmanagement. Several authors have suggested
that in pest management we should deal with pests of lesser importance
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first, because any human-induced reduction in the numbers of the pri-
mary pest species will allow the secondary pests to increase in number
since they would previously have been kept in check by the main pest
(Barker, 1983;Wallace, 1985). Such a view is encouraged by the preconcep-
tion that competition between species is a dominant ecological influence
(Simberloff, 1984; Walter, 1988b). As Wallace (1985) comments: ‘The para-
dox arises . . . when seeking support for an eradication program whose
early efforts would be spent not on “real” pests but, rather, on the elimin-
ationof insect speciesnoneofwhich is causingappreciableharm’.Because
somanybiologists seemtohave a commonsensenotionof the importance
of interspecific competition (Simberloff, 1984; Strong, 1983), extension
of the idea to pest management warrants serious scrutiny. Fortunately,
this approach has not been taken seriously. Nevertheless, such ideas, or
closely related ones, are revived regularly (e.g. Ehler, 1994; Liss et al.,
1986; Mills, 1994b). This aspect of ecology is considered in more detail in
Chapter 5.

2 Application of knowledge vs. development (or extension)
of knowledge

All applied science comprises two aspects, the application of knowledge
and the development (or extension) of knowledge. The distinction re-
quires qualification if it is not to remain simplistic and misdirect atten-
tion. It is best appreciated with reference to an activity that all scientists
practise, whether they consider themselves ‘applied’ or ‘pure’ scientists.
All engage in problem solving (Roman, 1993) and here the cotton boll-
worm example is again used in illustration. A scientist who wished to
contribute to the pest management effort against Helicoverpa punctigera
could tackle it in one of two ways with respect to any particular con-
trol tactic that might be employed. As an example, behavioural ma-
nipulation is considered here. A practical programme could be devel-
oped to manipulate the behaviour of the moths in the field, based on
what is already known of the pheromones of various Helicoverpa and
Heliothis species. This would require the solving of certain problems, in-
cluding dispenser design, optimal release rates and so on. Such prob-
lems are accepted to be best solved by following scientific method. Our
understanding of H. punctigera in the field is thus likely to be extended.
What is often overlooked, although undoubtedly appreciated, is that
in this approach particular interpretations about the behaviour and
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ecology of H. punctigera have already been accepted, whether consciously
or unconsciously, as a basis for solving the problem that has been tack-
led. We can think of the acceptance and use of such information in this
way as the application of knowledge. Earlier sections of this chapter make
clear that the quality of the accepted information about H. punctigera
is uncertain.

The second approach, hinted at previously,may proceed as follows. Al-
though scientistsmay feel that a pheromonally based programmemay be
the best option for bollwormmanagement, they may have an element of
doubt about the available knowledge on H. punctigera. Such doubts may
be generated by insights of one or more origins. They may, for example,
derive from an understanding of theoretical developments in biology, or
be based on experience with other pheromone systems. Scrutiny of cur-
rent interpretationsmay follow. Ideally, knowledgewouldbe extendedor
developed through solving particular problems identified with regard to
our current understanding ofH. punctigera, our current perceptions of sex
pheromone systems, or both. Scrutiny of the evidence upon which inter-
pretations are based may yield weaknesses in the purported knowledge
base, or attempts to repeat reported observationsmay be similarly reveal-
ing. In turn, fruitfulnewquestions andapproachesmaywell beperceived.
Examples are detailed in later chapters.

In this second approach the knowledge about H. punctigera is not be-
ing applied, it is being extended. Such development of knowledge about a
particular species does not imply that the investigation is immune from
theoretical considerations. In extending knowledge about the life cycle
and ecology of a particular species, for example, the questions asked are
inevitably underpinned, in turn, by theoretical interpretation and its at-
tendant assumptions. The theoretical aspects may also be revised if they
are tested, directly or indirectly, by the observations.

Leeway therefore exists for the ‘applied’ researcher to hold an under-
lying interpretation of their specific subject area that may be weaker, or
stronger, than others available. This revelation returns to the original
point of this chapter. Different biologists setting out to understand a par-
ticular species or situation in the field may well generate different inter-
pretations of that situation. The various interpretationsmay be similar to
one another, and overlapping to some extent, or evenmutually exclusive.
This illustrates that the facts do not simply emerge inevitably from the re-
search to provide the correct interpretation.
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Finally, scientists may test interpretations that are more general (i.e.
more fundamental) or more specific. Changes in understanding at more
fundamental levels are sure to influence interpretation in more specific
areas as well, so such fundamental investigation is likely, in turn, to
impact significantly on practice at some point.

3 Application of knowledge vs. application of technology
Ideally, scientifically derived understanding is used as a basis for develop-
ing technology or techniques. For example, a good understanding of the
pheromonal communication system of H. punctigerawould be needed be-
fore an effective trap could be developed. In otherwords, knowledge is ap-
plied to develop the technology. Onlywhenwe have a suitable trap are we
in a position to use (or apply) the technology. Unravelling the differences
between the application of knowledge and the application of technology
indicates that the contraction ‘applied science’ is somewhat misleading
because ithides twoprocesses, eachquitedifferent fromtheother, under a
single phrase.When the contraction is usedwithout clarificationofwhich
stage in the process is involved, the potential for misunderstanding is
considerable.

Before one can apply understanding, knowledge has to be developed
or extended in someway. Usually this involves research of one kind or an-
other. The extension of knowledge through research has important par-
allels in education, but this is mentioned here only in passing, to indi-
cate the depth towhich the ideas covered in this chapter ramify into other
areas. An educatormay conserve knowledge through emphasis on the fac-
tual side. This approach tends to be easy to copewith, but it is not very sat-
isfying to good students. Refuge may even be taken in such an approach.
Many students are comfortable in this zonebecausedescription is empha-
sised at the cost of analysis. By contrast, one may extend knowledge. In
extendingknowledge, evaluationand interpretationareofutmost impor-
tance.Althoughtheextensionofknowledge ismoredifficult thanthecon-
servation of knowledge, it is amuchmore satisfying approach to learning
(see Clanchy & Ballard, 1991, pp. 13, 45). And of course, exercise in the ex-
tension of knowledge is good preparation for participating in empirical
research. Although calls for all environmentally oriented sciences to in-
clude education in scientific method have beenmade, to provide a means
for the reliable extension of knowledge (Romesburg, 1981), this is not al-
ways practised.
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The next chapter

The interpretations developed above, about extending knowledge and
applying it and about the extraneous influences on scientific interpret-
ation, provide a basis for considering IPM in abroad context in the follow-
ing chapter. A historical approach is taken because it demonstrates that
perceptions of pests have changed with time, as have the ways in which
society has dealt with pests. Current perceptions of pest-related matters
are thus exposed and so, in turn, are potential weaknesses in certain of
our ways.



3

Historical trends in pest management: paradigms
and lessons

Why did those entomologists most responsible for moving insect
control toward less reliance on chemicals have such vastly different
opinions about the research needs for their science?

j. h. perkins (1982, p. v)

Introduction

Pest management poses many problems and they are diverse. Whereas
some are scientific or technical in nature, others relate primarily to the
development of policy or to the socioeconomic influences that impact on
growers’ needs and abilities. The relativemix of these various aspects has
changed with time. Their combined end product, the general approach
to dealing with pests, has consequently also changed. These changes are
considered in this chapter, but only with reference to insects. Although
no definitive history of pestmanagement and itsmajor influences has yet
beenwritten,many historical events have been documented, from as long
as several thousand years ago (e.g. Ordish, 1976; Smith et al., 1973). The
few critical analyses of important transitions inpestmanagement that are
available yield insights crucial to the ongoing development of theory and
practice (e.g. Kogan, 1998; Perkins, 1982;Whorton, 1974).

Analytical historical reviews are beneficial. They help to identify
‘general guides for future action’ (Carr, 1987) and they alert us tohowearly
interpretations influence our perception of reality (Sinclair & Solemdal,
1988). Through such investigation, for instance, we might identify a con-
temporary set of circumstances that had previously led to an undesir-
able outcome. Another such outcome could therefore be anticipated,
which suggests pre-emptivemeasuresbe taken.Thus, aknowledgeofpast

[44]
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developments in one’s discipline should help to prevent the futile res-
urrection of theories or interpretations that have already, for good rea-
son, been discarded. One can thus learn from the mistakes and insights
of others. Furthermore, accurate and realistic planning in pest man-
agement, and the identification of crucial directions and questions for
research, may be facilitated by an understanding of both historical and
current trends (Perkins, 1982, p. 285). For instance, from an analysis of
how extension entomology has changed, Allen & Rajotte (1990, p. 392)
concluded: ‘The forces that will shape the roles of extension entomolo-
gists in the future are likely to be more extensively rooted in the nona-
gricultural sector’. Changing public opinion had not been recognised
before as playing such a prominent or direct role in the extension side of
pest management.

The previous chapter covered in a general way the concept of
‘paradigms of knowledge’. Inevitably the concept was imported into the
pestmanagement literature, by Perkins (1982). Parts of this chapter précis
aspects of Perkins’ work, but his insights are also extended, primarily in
relation to research on pest and beneficial insects. The primary sources of
information consulted by historians are frequently obscure documents
and inaccessible publications. Here the records mentioned by historians
are referred to only by page number in the historical collation or analysis,
to provide indirect access to a primary source.

Early dealings with pest insects

Many mechanisms that were developed to reduce the impact of insect
pests have a long history, perhaps not much shorter than the develop-
ment of plant cultivation and the storage of agricultural produce (Jones,
1973). Even insecticidal chemicals have been in use as long as any other
control technique, and they were used in some surprisingly subtle ways
(Panagiotakopulu et al., 1995). The Sumerians apparently applied sulphur
for pest control as early as 4500 years ago (Jones, 1973; Pedigo, 1999), the
Egyptians used various mineral and organic chemicals (Panagiotakopulu
et al., 1995), and at least 3000 years ago the Chinese treated seeds with
toxins extracted from plants (Klemm, 1959), presumably for storage
purposes. About this time the Chinese also burnt toxic plants to fumi-
gate against insects, and applied arsenical compounds, the inorganic
by-products of copper smelting, to the roots of rice plants during re-
planting to control pests that arrived subsequently (Konishi & Ito, 1973).
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Whether treatments recorded from antiquity were effective or magical
cannot, however, be easily discerned (Panagiotakopulu et al., 1995).

Biological control was first used in China by the third century ad. Peo-
ple bought colonies of tailor ants (Oecophylla smaragdina) to place in their
citrus trees, so theantswouldpreyonherbivorous insects andreducedam-
age (Huang&Yang, 1987;Klemm, 1959;Konishi&Ito, 1973).Culturalprac-
tices were also well developed by this stage, and in some places differ-
ent methods were subtly integrated. Balinese rice cultivation entailed a
blend of rotational irrigation and cooperative fallow and planting sched-
ules, all ofwhichwere centrally planned and controlledbypriests over en-
tirewatershedareas (Stevens, 1994). Earlypolicywas also evident inChina,
where laws for control of locusts were promulgated by the twelfth cen-
tury (Klemm, 1959). In summary, poisoning, biocontrol, cultural control
and probably mechanical control were all available to reduce pest attack,
at least in parts of the Middle and Far East. In some cases methods were
integrated in complexways, and some actions were even legally imposed.

By comparison the beginnings ofWestern pest control look somewhat
ridiculous. Some Greek and Roman remedies were clearly based on un-
derstanding, and were presumably effective, for example the siting and
construction of granaries (Beavis, 1988, p. 179). Belief in spontaneous gen-
eration of plant-feeding pests supported at least some suggestions that
could not have worked, including the enticement of herbivores to sheep
guts filled with dung (Beavis, 1988, p. 243). During biblical times of the
Old Testament insects were seen, almost exclusively, in religious terms
and without the pragmatic aspects apparent in the Far East. They were
regularly regarded as vehicles of divine punishment for sinners (Harpaz,
1973). Perhaps we could take this as an illustration, albeit somewhat ex-
treme, of how one’s action is dictated by one’s underlying philosophy.
Faced with pest outbreaks or invasions, all that producers could bring
themselves to do was pray or make offerings, depending upon their re-
ligion. Although some ‘chemical methods’, often derived from classical
writings, were also used during this period, theywere strongly associated
withmysticism (Harpaz, 1973; Ordish, 1976). In early Christian times and
theDark Ages, and evenwell into the Renaissance, special saints were im-
plored and therewere prayers, sacrifices and religious processions around
the affected fields.

Failure was inevitable, and this may explain why insects and other
pests were taken to court (Beier, 1973; Ordish, 1976, pp. 43ff.). Presumably
the pests were tried in absentia, but theywere defended by an officer of the
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court who would argue that demands to have them burned were illegal
because procedure had not been followed. The accused should first have
been requested to leave the country within a specified period. If they had
not done so by then, their defence argued, the proper sentence was ex-
communication. Tuchman (1978, p. 236), in her revelation of daily life in
fourteenth-century Europe, explains why such an unusual approach was
tolerated.Thevisionof laypeoplewas ‘cloudedbythemetaphysicsof tran-
substantiation’, which even encouraged belief in the sacramental wafer
having magical powers: ‘Placed on cabbage leaves in the garden, it kept
off chewing insects, and placed in a beehive to control a swarm, it induced
the pious bees, in one case, to build around it a complete chapel of wax
withwindows, arches,bell tower, andanaltaronwhichthebeesplaced the
sacred fragment’. The last such ecclesiastical judgement handed down to
pest insects evidently took place in Europe in 1733 (Beier, 1973), although
Ordish (1976, p. 45) says it may have been as recently as 1830.

Suchactivities arebizarrebymodern standards, but theydoholda con-
temporary message. Our current beliefs and actions, perhaps even cen-
trally important ones, may well be similarly scorned in future. Wewill be
even more open to reproach because we have enough background infor-
mationandadvantagesofhistoricalhindsight toknowbetter.Butwe still,
for example, fall easy prey towhatOrr (1994) has called ‘technological fun-
damentalism’. And notions about a ‘balance of nature’ continue to resur-
face and influence both theoretical and applied ecology (see Chapter 5),
despite the obvious idealistic origins of a ‘natural balance’ in early theo-
logical writings (e.g.Worster, 1977).

The beginnings of recentWestern pestmanagement

With the Enlightenment, dealings with pests became more practical and
methods became more akin to the pragmatic technology of the Chinese.
New advantages available in the West included the development of per-
sonal observation and experimental method as means of investigating
natural phenomena, the growing willingness to question authority, and
the development of technological aids such as the microscope (Ordish,
1976, pp. 65–73). So, with increasing frequency, the causes of all sorts of
observed phenomena were sought, and this often proved advantageous
for practical considerations (Ordish, 1976, p. 79).

Progresswith insecticideswas initiated by the rediscovery or introduc-
tion of several plant-derived substances (Jones, 1973; Ordish, 1976, p. 97;
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Whorton, 1974). For example, tobacco leaf infusions were used in Europe
in the seventeenth century against bugs on fruit trees. Pyrethrum, a daisy
plant known as flea-grass, was used at the beginning of the nineteenth
century to prepare an insecticidal powder, and was portrayed as ‘the in-
secticide of the future’ (Whorton, 1974). Rotenone, hellebore and derris
dust were also used at that time. Other control measures advocated early
in thenineteenth century includedmechanical control, biological control
and the use of resistant plant varieties (Ordish, 1976, pp. 121, 146). Inor-
ganic poisons such as sulphur, arsenic andmercury were also introduced
in the nineteenth century. The best known of the insecticidal arsenicals
was Paris green (copper aceto-arsenite), marketed originally as a paint in
theUSA but found serendipitously to kill herbivorous insect pests. By the
1870s Paris green was widely recommended against the rapidly spread-
ing Colorado potato beetle (Leptinotarsa decemlineata) (Casagrande, 1987).
London purple became more popular for a while, but it was the intro-
duction of lead arsenate (1892) against the gypsy moth that was to have
the more significant long-term impact on pest management (Whorton,
1974). Initially somewhat reluctant to spray such a toxic substance on
food, growers were encouraged to do so by government entomologists
and sometimes even forced to do so, through legislation. Simultaneously,
medical debatewas drawing attention to chronic arsenic poisoning rather
than acute toxicity, but initially insecticides were not the focus of the de-
bate. The increase in residues on produce after 1900, when adhesiveswere
included in sprays, and increasing public and governmental awareness of
the dangers of chronic toxicity helped to fuel a somewhat acrimonious
interchange between growers and government officials. Ultimately eco-
nomic considerations triumphed; legislation against residues remained
weak and the legislature failed (until 1954) to regulate the public release
of insecticides throughmandatory safety tests (Whorton, 1974).

Although insecticidal chemicals became available during the nine-
teenth century and were used then, they were not as efficient, cheap or
easy to use as the imminent synthetic organics. Chemical technology was
slow to develop, and originally comprised a largely disorganised and ad
hoc application of treatments. Only lead and calcium arsenate became
fairly widely used, but mainly in the USA, and they seem to have been re-
stricted to a particular subset of products (Whorton, 1974). Nevertheless,
changing attitudes to the use of chemicals could be detected by early in
the twentieth century. The introduction of Paris green, for example, had
a profound influence on the attitude of economic entomologists: ‘There



Historical trends in pest management 49

is no great loss without some small gain and we may be grateful that
the invasion of this beetle also brought about the use of Paris green’
(Saunderson, 1921, p. 260, cited by Casagrande, 1987). The potato beetle
problem had ostensibly been solved and, typically, the perceived need for
additional research on this pest abated. Between 1908 and 1949 only five
papers andfivenotes that dealt explicitlywith thepotato beetlewere pub-
lished in the Journal of Economic Entomology, where before there had been
many (Casagrande, 1987). This enthusiasmwas carried through to the in-
troduction of lead and calcium arsenate, as described above.

The limited efficacy of the insecticides of the time, and the relatively
small-scale and diverse approach to agriculture generally practised, en-
suredothermeansof controlwould thrivewell into the twentieth century.
For example, cultural and varietal control had a critical role in potato cul-
tivation in theUSA, and rotationof crops andsanitationhelped to stop the
build-up of pests (Casagrande, 1987). Even biocontrol had a considerable
impact by the turn of the century thanks to it saving the Californian cit-
rus industry in 1888 from the ravages of cottony cushion scale insect. This
was one of the first classical biological control projects attempted.Doutt’s
(1958) account of it is enlightening; it reveals that the idea and cost of for-
eign exploration (in Australia) were considered antagonistically.

Before the introduction of the synthetic organics, management meth-
ods were, therefore, generally specific to pest species, and most often a
range of techniques was suggested for eachmajor pest species. Neverthe-
less, the framework for the uncritical exploitation of synthetic organics
had been well laid (Dunlap, 1981, p. 17; Whorton, 1974). The synthetic or-
ganics comprise a diverse array of chemicals that developed alongside the
growing discipline of organic chemistry. Unlike the arsenates they have
contact toxicity and do not have to be ingested to exert their lethal effects.

Emergence of the ‘chemical paradigm’

Paradigm changes do not occur in a clean or smooth way. Influences may
be subtle and long-established or they may be more direct, and they may
even be driven politically. Change is not inevitably underpinned by good
science (see Chapter 10), and even if soundly based scientific results sup-
port a fundamental shift or an altered practice, adoption of that change
may still be extremely slow ormay even not take place at all.

Thoughts that seem to presage the chemical paradigm can be traced
back into the nineteenth century, especially with reference to Paris green,
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lead arsenate and calcium arsenate, which were produced on a relatively
large scale for the time. The firm establishment of the chemical era was
contingent on circumstances introduced during theworldwars fought in
the periods 1914–1918 and 1939–1945 (Perkins, 1982, p. 4). During the First
WorldWar certain ingredients became scarce andParis greenwas replaced
by lead arsenate and calcium arsenate. The capacity of industry to pro-
duce arsenical insecticides increased dramatically after thewar because of
the sudden decrease in demand for arsenic-based wartime products such
as lead shot and signal flares. International conflict thus ensured produc-
tion could and would be high at the end of hostilities, especially in the
USA, whose immense population and leading role in the world economy
through the twentieth century ensured a high intensity and large scale of
agricultural development. Interpretive histories of these changes to agri-
culture tend to concentrate on the USA, although similar influences and
changes were evident in other countries.

The increased scale of chemical production inevitably changed the
attitudes and expectations of society towards agricultural products,
and thus towards the scale at which poisoning insects could take
place. Ultimately, though, the properties of a single compound, DDT
(p,p ′-dichlorodiphenyltrichloroethane), swayed public perceptions the
most. That these became widely appreciated at the time of the Second
World War certainly speeded the adoption of this ‘miracle’ compound.
The high contact killing power of DDT, its perceived safety in relation to
humans and its incredibly high persistence, even under field conditions,
ensured that the war would force its rapid adoption. Furthermore, DDT
was effective in killing an extraordinarily broad range of insect species.
Predictable results, low cost, cheap application and easy storage all added
to its allure. In Switzerland, DDTwas used to protect crops and to kill hu-
man lice on refugees and thus eliminate the risk of typhus (Fig. 3.1). In
about 1941, theUSAwas looking for ways to protect soldiers from lice and
fly-borne diseases in the Pacific and also to protect food crops at home (see
Perkins, 1982). The shortage of other pesticides ensured thewarwould set
the stage for the reception of DDT (Fig. 3.1).

For the first time in human history awide range of pests, from lice and
mosquitoes to scale insects, cotton bollweevil and codlingmoth, could be
dealtwithusingasingle control technique.That thiswasavast changecan
be judged by comparison with the diversity of species-specific methods
(such as biological, cultural and varietal control) used before. The outline
above, taken primarily from Perkins’ (1982) analysis, is intended to give



Figure 3.1. Illustrations of the way in which DDT was used during the Second World
War. Top: Workers dumped DDT down the necks of their anti-contamination suits to
protect themselves against lice as they removed the sick from the barracks at Bergen-
Belsen concentration camp in 1945. Picture courtesy of AFS Intercultural Programs, Inc.
Bottom: Dusting a child with DDT for typhus control (from Pedigo, 1999; reprinted cour-
tesy of WHO, Geneva).
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an impression of the difficulties of the time, the desires and expectations
of the populace, and the developing potential of industry. Furthermore,
theexperiencewith leadarsenate in theUSAhadalreadyprepared thepsy-
che of growers and consumers for the ready acceptance of DDT for public
use (Whorton, 1974). The years ofwrestlingwith arsenic and lead residues
hadmade scientists and health officials sensitive to the possible danger of
small quantities of a regularly ingested chemical and to the necessity of
detailed and extended laboratory studies of the chronic pathological ef-
fects of suchchemicals. Samples fromtheearliest shipmentsofDDTto the
USAwere therefore tested, and scientists detected liver damage as a result
of prolonged consumption of DDT. However, the legal power to prohibit
the sale and use of insecticides until their safety could be determined be-
came available in the USA only in 1954 (Whorton, 1974).

DDT was released for civilian use in 1945, and ‘[t]he United States,
flush with the victory of wars on opposite sides of the globe, confidently
turned to the synthesis andmanufacture of complex organic chemicals to
win the war against pests’ (Moore, 1987). The success of DDT stimulated
a search for other synthetic insecticides, as summarised by Perkins (1982,
p. 11). Between 1945 and 1953 some 25newpesticideswere introduced (e.g.
benzene hexachloride (BHC), parathion and dieldrin), with the develop-
ment of the organophosphates having been pioneered inGermany (Jones,
1973). The success of all these chemicals and their widespread adoption
changed insect control practices and their associated activities, which
is hardly surprising when one considers it in relation to the ‘changing
capital structure of agriculture’ (Perkins, 1982, p. 265). ‘During this era
farm productivity rose more than 60% while the number of people fed
by a single farm rose from 15 to 45 (Hallberg, 1988)’, and ‘A substantial
portion of this progress can be attributed to the use of pesticides and
other agricultural chemicals (Fite, 1964)’ (Allen & Rajotte, 1990, p. 386;
see also Szmedra, 1991). Increased productivity was vital for feeding an
expanding population and a labour force that was shifting from rural to
urban industries. The deployment of surplus military aircraft for rapidly
and effectively ‘dusting’ large areas, with an associated massive saving
in labour, provided an added technological bonus, especially after the
SecondWorldWar (Downs & Lemmer, 1965).

The general attitudes of people towards pests and production were
changed substantially (Perkins, 1982, p. 11). Manufacture of the old insec-
ticidal chemicals declined forthwith (see Table 2 in Jones, 1973), because
the new compounds were so cheap and effective. They were adopted
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even for use against insects that were under effective non-chemical
control, and forestry and public health agencies sprayed wilderness and
suburbs, which previously had been insecticide free (Dunlap, 1981, p. 76).
Ecological research on pests, beneficials and alternative control methods
dropped in priority and questions about pesticide application dominated
the research agenda. A general complacency developed, based on the view
that pesticides could deal with all pest problems. Plant breeders, for ex-
ample, felt liberated to concentrate on yield increase and other qualities,
although their disregard fornatural resistance topestswas tohave serious
consequences (Ferro, 1987, p. 196). A concomitant change in attitudes and
expectations of society in general also took place. Consumers, who had
previously shown a fair degree of tolerance towards pests (e.g. Perkins,
1982, pp. 15, 18), became fussy, even in relation to the cosmetics of the pro-
duce. On amore sinister note, chemicals were seen also, by many, to offer
the possibility of permanent control by eradication (Lyle, 1947; Perkins,
1982, pp. 12, 184). Dissenting voices were raised (e.g. Cottam & Higgins,
1946; Dunlap, 1981; Strickland, 1945), but attracted little attention.

The chemical industry underwent enormous growth (Perkins, 1982,
p. 13). For example, in 1944 about five million kilograms of DDT were
produced in the USA whereas in 1951 50 million were produced. Huge
loans were negotiated to establish chemical manufacturing plants, and
aggressive sales techniques were initiated to service debts (Perkins, 1982,
p. 14). Advertising is now more persuasive or humorous (see, e.g., Figs.
3.2 and 3.3). Farmers who did not turn entirely to chemicals risked be-
ing outcompeted and forced out of business. For instance, ‘High com-
petition in the apple industry plus the spectre of renewed poverty de-
fined the arena intowhich thenew insecticideswere introduced.Whether
they would be adopted or not was to be answered in the context of un-
certainty and fear’ (Perkins, 1982, p. 18, and see also pp. 13, 271–273).
Control with synthetic organic chemicals was much cheaper than other
methods, much less complex than reliance on a suite of control mea-
sures, and also required much less labour – labour requirements con-
tinued to decrease well into the 1980s, with a drop of 73% from 1974
to 1986 (Szmedra, 1991). In general, countries with developed economies
followed this same route (e.g. Briejer, 1968). Elsewhere, chemical con-
trol protected the new high yielding ‘green revolution’ varieties from
which virtually all resistance to pests had been bred (Shiva, 1991). De-
veloping countries still use pesticides, imported at high cost, that are
banned elsewhere, and moves to IPM have been thwarted by demands
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Figure 3.2. A persuasive advertisement published in the early 1960s in Annals of
the Entomological Society of America. Reprinted with permission from Velsicol Chemical
Corporation.



Figure 3.3. Modern examples of the way in which humour and military appeal
are used to sell pesticides. The advertisement with the fighter jet was not used,
apparently because its release would have coincided with the Gulf War. Top pic-
ture reprinted with permission from Incitec Ltd. The products pictured here
are not the currently registered container for sale in Australia. Middle picture
reprinted with permission from Applied Biotechnologies Pty Ltd. Bottom picture
reprinted with permission.
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fromfinanciers for a full-season preventive control schedule as a loan con-
dition. Governments have thus been encouraged to subsidise pesticides
(Bottrell, 1996).

Reliance on chemicals, and its consequences

Two general problems became evident almost immediately after reliance
on synthetic organic insecticides hadbeen established, although this does
not imply that the proponents of the technology (e.g. Brown, 1961) ac-
knowledged or even discussed the issue. One was the hazard for humans
and the environment posed by the strong toxins. Besides their impact on
wildlife and waterways, the insecticides also poisoned beneficial organ-
isms thatparasitisedorpreyeduponthe targetpests.Theotherwas failure
of the technique as a result of insect populations developing resistance to
the chemicals; this effect was compounded by themortality of the natural
enemies. Lookingback,wenaturallyhavea clearer viewof thedangers.Yet
some of these dangers persist, particularly in certain developing nations.
Such ‘local’ environmental threatshaveglobal implications, but this isnot
widely enough appreciated (e.g. Shiva, 1991).

Human safety and conservation factors cameunder public scrutiny be-
cause of the persistence in the environment of many of the chemicals and
their high toxicity to a wide range of non-target species. Initially the de-
bate centred around the hazards to people. In the early 1950s the US gov-
ernment decreed that human consumers had to live with certain levels
of pesticides by setting tolerance levels, or residue levels, for pesticides in
food and fibre (Moore, 1987; Perkins, 1982, p. 30). This lead was followed
worldwide, presumably by default in many cases. Hazards to wildlife be-
came widely appreciated through such vehicles as Rachel Carson’s (1962)
book Silent Spring (Briggs, 1987), and the demonstration of the serious con-
sequences of the accumulation of lipid-soluble toxins in the fat bodies of
organisms higher up the food chain (see Dunlap, 1981). Carson, in partic-
ular, exposed the scale of the environmental destruction that was taking
place. Others performed similar functions elsewhere, for example Briejer
(1968) in the Netherlands.

The environmentalist movement, like Carson herself (Briggs, 1987),
did not necessarily reject entirely the use of chemicals. Rather they ob-
jected to the indiscriminate use of the persistent broad spectrum toxins,
as indeed did a small proportion of pest controllers (see Dunlap, 1981).
Carson, herself a scientist, was well aware that a much higher level of
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scientific thinking about pest problems was readily achievable (Briggs,
1987), and she strongly favoured more research and greater reliance on
non-chemical means of control. Carson wrote a great deal about the po-
tential benefits of biocontrol. Recently the public has begun turning
more strongly to ‘organic produce’, which parallels an increasing con-
cern for the environment; these trends are expected to spread generally
(Dent, 2000; Rural Industries Research and Development Corporation,
1990), which will undoubtedly enhance the turn away from toxins. Other
influences are presently also working in society. In the late 1980s the
issue of the dieldren content of Australian export beef attracted the ire
of beef producers, mainly directed against banana and sugarcane grow-
ers, who were then still permitted to use dieldren against insect species
that were otherwise difficult to control (Corrigan & Seneviratna, 1990;
National Health and Medical Research Council, 1993). This represents a
newslant; primaryproducers rallying against theuse of apesticide,which
was subsequently banned even for special purposes (National Health and
Medical Research Council, 1993).

Some target insects developed insecticidal resistance surprisingly
rapidly after the introduction of the synthetic organics. Human health
concerns re-emerged through disease vectors commonly developing re-
sistance. Housefly (Musca domestica) populations became resistant to DDT
very soon after its initial use against the species (by 1946–1948; King &
Gahan, 1949). Themosquito vectors ofmalaria re-emerged as a health risk
after a period of control (Greece, in 1951) because they acquired resistance,
as did thehead lice vectors of typhus (Korea, also in 1951) (Brown, 1961). Re-
sistance also becamewidespread among croppests, starting soon after the
commercial adoptionof the syntheticorganics.For example, theColorado
potato beetle first showed signs of resistance to DDT within a maximum
of 14 generations (Cutkomp et al., 1958), spider mites became resistant to
organophosphates by the early 1950s, and codling moth, cabbage looper
and tomato hornworm soon became resistant to DDT (Brown, 1961).

Despite resistance being recognised as a problem, the need for alterna-
tive non-chemical controlmethodswas not apprehended. Research on al-
ternatives was considered low priority, except by some individuals, most
of whom were connected to the Californian biological control schools
(Kogan, 1998). H. S. Smith, for example, foresaw the problemposed by re-
sistanceas early as 1940,whenhedeclared that chemical control is tempor-
ary (see also Smith & Allen, 1954). He even argued, because of his view of
the potential of natural selection (Perkins, 1982, pp. 35, 52), that no single
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method of control for a species would necessarily be permanent (Smith,
1941). This message had serious implications for pest control, but was
not widely heeded. A few others were also not taken in by the ‘chemical
fashion’. Theyhad evidence to support their interpretation that the resur-
gence of pests and secondary pest outbreaks were caused by insecticides
through a reduction in the impact of natural enemies (Clausen, 1936;
Smith & DeBach, 1942). DeBach (1951) saw very early that only ecological
understanding could protect the farmer fromproblems inherent in use of
chemicals. The popular scientific literature also carried the message (e.g.
Smith & Allen, 1954).

Nevertheless, the scientific establishment as a whole persisted in con-
sidering resistance only as an inconvenience and did not mobilise strong
support for research on alternative controlmethods (Perkins, 1982, p. 37).
The general response of scientists to resistance was simply to change to
another chemical (Brown, 1961). Serious actionswere taken to alleviate the
resistance situation only when the problem threatened commercial agri-
cultural production comprehensively. Ultimately, the regional economic
crisis precipitated by the comprehensive and diverse resistance across
the entire cotton pest complex in the Lower Rio Grande Valley of Texas
sparked substantial change (Adkisson, 1973; Perkins, 1982, pp. 40ff.).

In the early 1960s boll weevils, a major pest in the southern USA since
the previous century, developed resistance to chlorinated hydrocarbons.
There was then a shift back to calcium arsenate in some cases, and to
organophosphates, carbamatesandvariousmixtures (Perkins, 1982,p.41).
In the meantime, secondary pests had become more common because of
insecticidal depletion of their natural enemies, and their status as pests
had increased. For example,Heliothis zea andH. virescens, which had never
been seriouspests of cottonbefore, became ‘secondary’ pests andhad tobe
controlled with DDT, BHC, sulphur and parathion. By 1967, these boll-
worms were resistant to organophosphates as well as to chlorinated hy-
drocarbons and carbamates; 20 sprays per year could not control them,
compared with 8–12 sprays in high input systems in the Southwest in the
1990s (Luttrell, 1994). Either a solution had to be found or the industry
would shut down, with all the negative consequences for the surround-
ing communities (Harris, 2001). These events threatened the credibility
of the entomological profession (Perkins, 1982, p. 43), which promptly
developed a set of guidelines designed to keep boll weevil populations
low without the extensive application of insecticides (see Perkins, 1982,
pp. 116ff.). These techniques, including trap crops, pheromone traps and
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the reduction of diapausing populations by spraying at the end of the cot-
ton season, did much less harm to the natural enemies of the bollworms.
The bollworms again came under sustained biocontrol (e.g. Matthews &
Hislop, 1993).

Such integrated pest management was beginning to emerge on sev-
eral fronts in various parts of theworld, including forNova Scotian apples
(Croft & Hoyt, 1983), citrus in California, South Africa and Israel (DeBach
&Rosen, 1991), andAmerican cotton, pecan and sorghum (Adkisson, 1973;
Harris, 2001). Insecticides were not rejected in this approach, and the em-
phasis has now generally shifted to target-specific insecticides, technol-
ogies that deliver smaller quantities of the active ingredient more accu-
rately, andcompounds thatdonotpersist in theenvironment (Dent, 2000;
Matthews, 2000; van Emden & Peakall, 1996).

Development of integrated pestmanagement

The general approach to the integrated pest management of today, and
the philosophy behind it, evidently developed in the USA through re-
sources provided by the 1972 Federal IPM Thrust (Kogan, 1998). Fund-
ing covered research, development, training and field scouting. Most
authors portray IPM as having developed logically and gradually from
approaches current before the advent of the pesticide era (e.g. Kogan,
1998). Perkins’ view (1982) differs considerably, however; he detected
a lack of clear direction brought about by the multifaceted failure of
a once omnipotent technique of pest suppression. At the time of the
economic crises that resulted from this failure (e.g. Adkisson, 1973;
Harris, 2001), different schools of thought undoubtedly perceived solu-
tions in different ways. According to Perkins (1982, pp. 58, 97, 150–152)
the general confusion saw two competing thrusts: the original IPM,
and total population management. The latter is covered in the next
section.

Integrated pest management was rather vaguely defined and has re-
mained so, as demonstrated by Kogan’s (1998) disentangling of its roots
and associated terminology. Indeed, development of the concept took
place largely through a sequence of compromises from various quar-
ters. Consequently ‘IPM’ carries quite different meanings for different
groups of people (see Ehler & Bottrell, 2000). Even the ecological princi-
ples claimed to have been influential, such as density-dependent popula-
tion regulation (e.g. Flint & van den Bosch, 1981; Hagen & Franz, 1973;
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Perkins, 1982, p. 67), are now increasingly questioned, as discussed in
Chapters 5–9.What would help IPM is the consensus on definition called
for byKogan (1998, p. 248), to aid in choice of performance criteria for IPM
implementation targets.

The IPM movement had originally envisaged the shift away from
chemicals should be built primarily around biological control. This in-
fluence derivedmainly fromC. B. Huffaker, who led through themassive
federally funded (see above) ‘Huffaker IPM Project’ of the 1970s. His em-
phasis on biological control had developed from his earlier notable suc-
cesses in the use of predators and parasitoids for pest control (Perkins,
1982, pp. 62ff.). However,Huffaker’s project was compelled to include the
systems approach to modelling and analysing ‘agroecosystems’, through
the active participation of the International Biological Program (IBP) (see
McIntosh, 1985), under the auspices of the National Science Foundation
(NSF) (Croft, 1983). The thrust of the IBP and NSF was fundamental sci-
ence or pure science, not applied science, so their participation hinged
on their importing systems analysis andmathematical modelling, appar-
ently as ameans to develop general theories in biological control (Perkins,
1982, pp. 71, 144–149). The IPM end product was also to include economic
considerations as a means of identifying optimum management tech-
niques that could be used against pests, but this only ever reached unso-
phisticated levels (Perkins, 1982, pp. 142–145).

Ironically, the economic component has continued to ‘drive’ the use
of insecticides, since no other pest control method can be instituted with
as little preparation and as quickly as can chemicals nor in sufficient
time to prevent pest populations overshooting threshold densities. The
‘economic backbone’ of IPM, which is seen as integral by so many (e.g.
Kogan, 1998; Speight et al., 1999), has thus helped maintain the insec-
ticidal (or curative) emphasis, and has even drawn attention away from
the goal of working against the establishment of pests in fields and their
subsequent population increase in a more ecologically constructive way
(preventive IPM) (Clarke, 1995; Pedigo, 1995). Even more extreme is the
recent recommendation that the default position in IPM should assume
that insecticide resistancewill develop, and thatmonitoring programmes
shouldbe run toprovidebaselinedata for earlydetectionof that resistance
(Lemon, 1994).

In contrast to the economic emphasis outlined above, threshold values
have been said to be irrelevant, even detrimental, to rice IPM (Matteson,
2000), and developments in rice represent one of the great recent IPM
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triumphs. In general terms, Ehler & Bottrell (2000) state that economic
thresholds have proved to be largely of academic interest as they can be
intractable in practice.

Such dichotomous viewpoints suggest we should not see pest man-
agement as a smooth continuum ranging from reliance on chemicals to
fully developed IPM, as so frequently portrayed (e.g. Benbrook et al., 1996;
Kogan, 1998; Speight et al., 1999). Adoption rates for IPM seem to have
been high only in situations in which some sort of crisis, economic driver
or political imperative has forced the issue (as in most of the examples
mentioned by Harris, 2000, and others) even though authors have por-
trayed the shift as generally being gradual. Viewing IPM as a gradual con-
tinuum may even bode ill for timely conversion to the sort of IPM de-
tailed by Ehler & Bottrell (2000). Nevertheless, an important early aspect
of IPMentailed the involvement, at least in theory,ofprofessional supervi-
sion.Thismeant that an appropriately educated entomologist (seeHarris,
2000) would advise the necessary decisions.

Inclusion of a professional decision-maker to prevent the indiscrim-
inate use of chemicals was not an innovation of IPM. The idea had been
implemented early in the twentieth century,most notably at the hands of
C. W. Woodworth in California and D. Isley in Arkansas, who developed
the practice of supervised insect control (Ehler & Bottrell, 2000; Kogan,
1998; Perkins, 1982, pp. 74, 83). Originally the decisions were intended
to prevent wastage of chemicals, but the approach was conducive to pre-
serving natural enemies whilst lowering pest densities and the strong
Californianbiocontrol contingentpushed theprocedure in this direction,
prior to the advent ofDDT (e.g.Michelbacher, 1945).Decisionswere taken
on the basis of what is frequently described as an understanding of the
pest species’ ecology (Smith & Allen, 1954). For example, Michelbacher &
Smith (1943) found that the alfalfa butterfly was usually kept under con-
trol by indigenous parasitic wasps, so insecticide use was recommended
onlywhen sampling indicated that pest populations had actually escaped
natural control. These workers were highly cynical of insurance or pro-
phylactic sprays; they considered them a ‘failure of expert knowledge’
(Perkins, 1982, p. 76). The decision-making role was to be abandoned in
favour of DDT, but insecticide resistance ensured that by the 1950s the
early ideas relevant to IPM would be resurrected and promulgated by
those previously involved with them (Perkins, 1982, pp. 77–78, 83) and
that concepts like economic injury levels would be launched (Stern et al.,
1959).
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Development of an IPMprogrammeentailed the following set of steps,
as outlined in the Huffaker Project Research Grant Proposal (Perkins,
1982, pp. 85–86).

1 Identify real pests, as opposed to induced pests.

2 Establish economic injury levels.

3 Identify the most important factors, called key factors, affecting

populations of the real pest.

4 Identify the most important factors affecting induced pest

populations.

5 Identify alternative controls for real and induced pests.

6 Use systems analysis and modelling to guide the planning and

execution of control tactics and to refine the research programme.

By 1977 the achievements of theHuffaker Project were deemed ‘excellent’
by the Council on Environmental Quality. Implementation of the know-
ledge base it createdwas said to have allowed insecticide use in theUSA to
be reduced by 50% or more (Perkins, 1982, p. 89). The reality is somewhat
different and is discussed later.

Development of total populationmanagement

In theUSA, total populationmanagement (TPM) emerged alongside IPM
as an alternative ‘concept of how to organize research and practice in-
volving different control techniques’ (Perkins, 1982, p. 97). The ultimate
goal and geographical scale of TPM distinguished it from IPM. The for-
mer sought the eradication of a key pest from large geographical areas,
in contrast to the aim in IPM of holding populations of all relevant
pests at or below predetermined or acceptable densities (Perkins, 1982,
p. 189).

The basic philosophy of TPM originated with E. F. Knipling in 1937
(Perkins, 1982, pp. 105–106, 123), although earlier eradication projects
(Myers et al., 1998) must have been influential. Later, as Director of En-
tomology in the USDA, Knipling helped implement the technique. He
had been involved in twomajor earlier successes in pest control and these
played an important role in his thinking (Perkins, 1982, pp. 101ff.). Knip-
ling had had an instrumental role in the adoption of DDT and the rapid
pest control achieved impressed him, as did the fact that people could be
freed of pests like mosquitoes, lice, bedbugs and flies for the first time
ever. Knipling was not naive about the problem of reliance on chemicals
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(resistance, resurgence, etc.) (Perkins, 1982, pp. 31, 102) and to him the
need for their recurrent use meant they could only ever provide tempor-
ary relief. They would not provide the long-term solution that had once
seemed such a real possibility. Knipling also knew that some pests, no-
tably the screwworm fly, were not readily amenable to insecticidal con-
trol. The idea of permanent eradication as a cornerstone of TPM came
from the success that Knipling’s group achieved in releasing sterile male
flies to reduce screwworm populations on Sanibel Island near the Florida
coast and to eradicate them from Curaçao, a much larger island in the
Caribbean. Subsequently, much larger mainland areas were treated suc-
cessfully (Perkins, 1982, pp. 107–108; Spradbery, 1994), although doubts
about the efficacy claimed for this technique have been raised (e.g. Carey,
1991, 1996; Readshaw, 1989).

A massive experiment, the Pilot Boll Weevil Eradication Experiment
(PBWEE),was setup to test the feasibility ofusingTPMagainst croppests.
First, techniques for sterilising male boll weevils with chemicals had to
be refined, as radiation affected them too severely. Because pesticides are
most efficient at high densities and sterile male releases at low densi-
ties, the two techniques were set to operate in tandem. ‘Reproduction–

diapause’ (r–d) control was a novel and somewhat unusual insecticidal
practice (Perkins, 1982, pp. 116, 125). Application was timed to kill wee-
vils on cotton at the end of the season, when the farmer had normally
ceased control.The endof seasonweevils produce thepopulation thatdia-
pauses throughwinter and these thenproduce the generation that infests
the following year’s crop. This innovation controls the pest when the cot-
ton is no longer susceptible toweevil damage, but theweevils feed heavily
on cotton at that time to accumulate fat reserves in preparation for dia-
pause. Post-harvest defoliation and stalk destruction eradicates food and
diapause sites and reduces diapause populations. In 1965 r–d achieved a
98% reduction in overwintering weevils, which encouraged the idea that
complete eradication was feasible.

Eventually, in 1971, the immense PBWEE,which comprised a carefully
coordinated set of techniques to be implemented over three years, was
started (Perkins, 1982, pp. 119–121). The administrative superstructurewas
massive, as was the budget. All growers within the designated area had to
cooperate if successful timing of operations was to be achieved (Perkins,
1982, pp. 120, 127, 129). The exercise even required legislation and polic-
ing to achieve maximal compliance, an unusual intrusion in a scientific
experiment at that time (Perkins, 1982, p. 130). The ultimate aim was
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to answer the outwardly simple question: Is the technology available to
eradicate bollweevil fromtheUSA (Perkins, 1982, p. 130)? ThePBWEEwas
not suitably designed to answer this question; indeed, it may be impossi-
ble to design an experiment to do so, and value judgements entered the
interpretation (Perkins, 1982, pp. 38, 130–131). The results and their sig-
nificancewere subject to radically different interpretations (Perkins, 1982,
pp. 127, 131–133). But what was certain from the project was that boll wee-
vil numbers were dramatically lowered by the techniques used and that
the sterile male technique needed improvement to fulfil its stated aim
(Perkins, 1982, pp. 132, 135, 137).

Eradication is expected to play a more important role in agricultural
entomology, depending mainly on how society’s aims and expectations
develop (Calkins et al., 1994; Lindquist et al., 1990), and on how the as-
sociated costs and benefits are assessed (Myers et al., 1998). The incorpor-
ation of various other control techniques into eradication programmes
(e.g. pheromonemonitoring and cultural control practices to reduce over-
wintering populations, which were used even in the boll weevil experi-
ment) ensured that TPM now resembled IPM, which had a very wide
definition in any case. Indeed, eradication now tends to be seen as a com-
ponent techniqueof IPMand isnowusually referred to as the sterile insect
technique (SIT). It is from this amalgamation that today’s IPM has devel-
oped,witha further contribution fromsoutheastAsiaofgrowereducation
through participation in decision-making and certain aspects of research
(Matteson, 2000;Matteson et al., 1994). This educational approachwas de-
veloped tohelpdisseminate the informationrequired for effective IPM,an
aspect not before seen necessary in conjunction with the chemicals used
previously for control (Dent, 2000, p. 328).

An ‘area-wide’ focus on a key pest species in certain IPM projects has
been another important contribution of TPM (Lindquist et al., 1990), al-
though sporadic efforts in this direction had been made since the turn
of the nineteenth century (Myers et al., 1998; Perkins, 1982, p. 122). De-
spite the effective development of an anti-locust campaign over the en-
tire distribution of thiswidespread andhighlymobile pest (Rainey, 1989),
species-wide monitoring for sources of pest migrants into agricultural
systems is not yet routine. However, pests are now more frequently con-
sidered from the perspective of their ecology over larger parts of their geo-
graphical range (e.g. Kisimoto & Rosenberg, 1994; Kisimoto & Sogawa,
1995; Kogan, 1996; Zalucki et al., 1994). The aim is reduction of the initial
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population size of the key species in the crop to a very low level so that
the development of damaging population densities is delayed, at which
point population suppression is initiated. In part, the development of
insecticide resistance has ensured a broader spatial perspective be
adopted, mainly through the imperative of not spraying the entire pest
population (van Emden & Peakall, 1996). This practice has encouraged
an understanding of when the pest is outside the crop, where it is and
what processes are associated with its movement, and this has been car-
ried through to the introduction of transgenic plants (Carriere et al., 2001;
Gould, 1998). The scale of the exercise is regional (Kogan, 1996) and this
must presumably be dictated by the geographical distribution of the key
pest and its movement patterns as influenced by topography and habitat
availability. Kogan (1996) has formalised the amalgamation of IPM with
area-wide pest management considerations.

Performance of IPM and underlying problems

The performance of IPM is not easily judged, for no criteria of a successful
programmehavebeenspecified (Kogan, 1998).Consequently, success rates
are readily exaggerated. Part of the problem lies in IPM having exceed-
ingly broad limits (Bajwa & Kogan, 1996), to the extent that even exclu-
sively insecticidal management is misleadingly included (Bottrell, 1996;
Kogan, 1998). Another part is related to the problems encountered in de-
veloping a widely accepted, but sufficiently strict, definition of success it-
self, in a system that should be incorporating tolerance of pests to some
extent (see Ehler & Bottrell, 2000). So judging performance presently
seems confined to a relative measure of levels of insecticide use before
and after instituting IPM, as well as a relative measure, before and after,
of the effectiveness of control levels. Modern IPM has undoubtedly per-
formed very well in some systems, including cotton in the USA, which
incorporates SIT against boll weevil (Bacheler, 1995), rice in Indonesia
(Matteson, 2000; Matteson et al., 1994; Whitten, 1992), citrus on several
continents (DeBach&Rosen, 1991; Papacek&Smith, 1998), andglasshouse
cultivation of some crops in Europe (Grant, 1997; van Lenteren & Woets,
1988). The proportion of a crop under IPM, even in these systems, may
be relatively low. For example, only 30% of glasshouse production in
Europe is even under biological control, with the equivalent worldwide
figure being estimated at 5% (Hokkanen, 1997), and a mere 1% of Asian
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rice farmers have graduated from Farmer Field School IPM programmes
(Matteson, 2000).On theotherhand, acceptable IPMmethodshave clearly
not been achieved in other systems, at any scale, despite considerable ef-
fort. But such a conclusion has to be inferred because IPM failures are
not frequently described as such in the literature. Integrated pest man-
agement in cotton in Australia has yet to be realised, for example, despite
the urgency imposed by loss of effective pesticides and environmental
concerns.

The last point, above, suggests that scrutiny of the ecological under-
standing said tounderpin IPMiswarranted.Theproblemseems tobe that
the instruction is straightforward – understand the interactions, popula-
tion dynamics andmortality factors (e.g. Kogan, 1998; Speight et al., 1999;
Tait, 1987) – but that translating that into results relevant to IPM is evi-
dently far less straightforward. When IPM successes are considered, it is
not always altogether clearwhere the research inspiration has come from,
what theoretical underpinning has driven it, orwhy the treatment has ac-
tually succeeded. Biocontrol, for example, has been motivated by ideas
of restoring balance or imposing stability, although some of the signifi-
cant successes have involved some form of climate matching. Other non-
insecticidal successes have relied on disrupting a particular phase in the
life cycle,whether thatbe, for example,mating (pheromones), oviposition
(trap crops and host plant resistance), initiation of larval feeding (host re-
sistance), or diapausing stage (altering the environment). The connection
between theory and application is not obvious, even in those publications
that spell out quite comprehensively the general research pathways con-
sidered to be needed (Fig. 9.5 of Dent, 2000; Dent, 1997). The ecological
claims from pest management all too frequently give the impression that
findingdirection inecology is relatively straightforward.Specifically, they
imply that derivation of the necessary ecological understanding is easy to
achieve, that it derives fromrelatively simple factual observation, and that
the interpretationwill be accessible to all whomay seek it. However, ecol-
ogy is not that yielding to scrutiny, as detailed in Chapter 5, and a vast
number of pest situations havenot been so readily solved. These views im-
ply no more than that ecological research and understanding are not ac-
curately portrayed in schemes or generalisations relating to IPM, or to the
theory usually associated with it. An additional point is that perhaps we
should not expect ecological theory to tell us what to do, only how to do
the research in any chosen area. These points are justified, developed and
expanded in the remaining chapters.
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Several indirectmeasuresmaybeused todemonstrate that IPMhasnot
fulfilled its potential.

1 Failure in the development, deployment and adoption of particular

technologies. Here, biocontrol and pheromone technologies come to

mind. The former is not as successful and the latter is not as widely

used as desired by protagonists, and neither is financed well enough

(e.g. Greathead, 1994; Jones, 1994).

2 The persistent status of so many species as primary pests that still

require insecticidal treatment for their suppression, including

Helicoverpa armigera over most of its broad distribution andH. punctigera
in Australia (de Souza et al., 1995; Zalucki et al., 1994).

3 The failure to reduce global rates of insecticide production and

application (Pimentel & Lehman, 1993). Even when reduction has been

claimed for a region, as in the USA after the Huffaker Project, statistics

indicate no reduction in pesticide use during the period in question.

Even when application rates on major crops in the USA did

subsequently drop (Osteen & Szmedra, 1989), it was mainly because

compounds were switched (Szmedra, 1991).

4 The claims of IPM protagonists that rates of IPM adoption are too low

(Benbrook et al., 1996; Dent, 1991, p. xv; Ehler & Bottrell, 2000; Grant,

1997; Matteson, 2000). ‘There is now a growing awareness that IPM as

envisioned by its initial proponents is not being practiced to any

significant extent in U.S. agriculture . . . true IPM is probably being

practiced on only 4 to 8 percent of the U.S. crop acreage. Globally, the

percentage is even lower . . .’ (Ehler & Bottrell, 2000).

The above provides only a rough indication; a thorough, quantified ana-
lysis would be preferable. In general, though, pesticide use is apparently
far more common and intense than necessary, and some pest species still
reduce yield over vast areas andacross several crops. For these reasons, and
because new pests arrive in cropping systems and changed growing prac-
tices alter the pest status of insects already present, decisions are needed
onwhere to place emphasis (or how to identify priorities) ifwewish to im-
prove the contribution of IPM.

At least four underlying causes may hinder the deployment of IPM:
(i) failure to implement practices believed to work, (ii) regression or
decay of implemented practices that work (Stoner et al., 1986), (iii) fail-
ure to develop an adequate ecological understanding, and (iv) reliance on
new ‘state of the science’ techniques to shore up failing approaches (Dent,
2000, p. 10). With regard to the final point, Kogan (1998, p. 263) adds the
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warning: ‘Theexcitement aboutgenetic engineering . . .dominates the fu-
turist literature in IPM. If there is a lesson to learn fromthepast 35 years, it
is that a silverbullet is unlikely to comeoutof anyof thenewtechnologies,
andnothingwouldhavebeen learned fromthepast if genetic engineering
is emphasized over all other technologies that are also blossoming’.

Naturally, different reasons for failure demand different remedies.
The literature reveals, however, strong claims for the priority of particular
aspects of IPM. For instance, some involved in the socioeconomic sphere,
which relates to IPM system design and implementation, have accused
‘specialist’ researchers (also referred to, rather pejoratively, as ‘reduction-
ist scientists’) of having commandeered funding opportunities to the
exclusion of implementation. Although this claim may be accurate in
some situations or to some degree generally, it is a hard argument to sus-
tain,not least because evidence is simplynot available.Theargument is, at
best, speculative, for alternative explanations are equally valid in explain-
ing why IPM is not more widespread and successful. Add to this the fact
that different explanations may well be valid for different programmes
andwehave a tricky situation to interpret ingeneral terms.Otherpossible
explanations include a lack of alternative options to chemical application
(in some cases a suitable alternative may be impossible), lack of under-
standing of relevant aspects of the ecology of the pest or beneficial species,
and lack of external pressure to impose adoption of IPM (Burn et al., 1987;
Ehler & Bottrell, 2000). Clarifying which possible explanation is valid for
any particular situation is a complex task, at least on current information.

Consider, for example, the relatively simple question of whether an al-
ternative control technique is available.How arewe to assess this issue for
a particular situation, unless of course such a technique has already been
developed and has been shown to work on a large scale? How is one to
knowwhethera suitable control tactic is likely, especiallywhenwehaveno
prescription fromanywherewithin the IPM literature of how to select the
most appropriate control method? Expecting to identify a general cause
of low rates of IPM adoption is premature, or even unrealistic. However, a
lack of political willmaywell be a rather common factor (Ehler &Bottrell,
2000; Ramirez &Mumford, 1995; Whitten, 1992). More significant about
the whole dispute, perhaps, is that the sort of divisions described above
amongparticipants,within an enterprise as complex as IPM, arenothelp-
ful. That the dissent represents argument for obtaining research funds at
the cost of an ‘opposition’ is even somewhat destructive, and IPM is likely
to suffer.
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Conclusions

Thehistorical information covered in this chapter leads to at least five sig-
nificant conclusions about pest management. A sixth point is developed
with reference to the conclusions drawn about scientific method in
Chapter 2, to provide an overview of the challenges that face the research-
related aspects of IPM.

1 The goals of the food and fibre production systems of society will

largely determine which pest management practices will be adopted

voluntarily by agriculturalists (Perkins, 1982, p. vi). The definition of

such goals is influenced, in turn, by non-agricultural interests in

society and by policy-makers (Ehler & Bottrell, 2000; Ramirez &

Mumford, 1995; Whitten, 1992).

2 Production goals have shifted irreversibly with the evolution of human

society, the invention of technology, and as economic considerations

have forced stricter demands on the efficiency of farmers (Jones, 1973;

Perkins, 1982, pp. 209ff.). Different goals are also evident

geographically. Consequently, research requirements shift temporally

and spatially. No simple reversion to past practices will suffice in

overcoming the problems of today, as the situation has changed

irrevocably and we also have different technologies and different

concepts in biology, all of which influence our behaviour. In addition,

the make-up of general approaches to pest management seem to be

influenced considerably by the political structure of the agencies or

institutions in which they are developed (Perkins, 1982, pp. 274–275,

280). Some avenues, such as TPM, could never have been pursued

unless a sufficiently strong bureaucracy had been in place to steer or

permit developments financially. The history of TPM may well

demonstrate also that if sufficient funds are available to support a

specified goal, the chances of success are increased substantially. In the

meantime, pest management methods have been readily accepted only

when scientific and technological discoveries coincided with the needs

of society and society’s perceptions of how agricultural production

should be organised. The demands consequent upon increasing

human population size have also been significant, and are likely to

continue to prove so in the coming decades and beyond. However,

scientists have also influenced developments in pest management, as

evidenced by the impact on society generally of the book Silent Spring.
The current debates about biodiversity and genetically modified

organisms are also likely to prove influential in pest management, the

former probably not only because of its influence on biocontrol
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practice (e.g. Simberloff & Stiling, 1996). So it is possible for

agricultural scientists to take more of a leading role in shaping

society’s expectations and perceptions and thereby directions in pest

management.

3 Certain problem species and difficult situations remain intractable

even after years of trial and error adjustment to practice and a great

deal of research effort. Such perennially serious pests as tephritid fruit

flies, heteropteran bugs and various heliothine caterpillars still pose

major management difficulties in many areas. Persistently intractable

situations like these undermine the outwardly simple imperative

‘Understand the ecology of the species in question’.

4 No fundamental scientific principles have ever been successfully

developed to specify accurately the most appropriate control

technique, or mix of control techniques, for a particular situation

(Pedigo, 1995). Whether a basis exists for such a development needs

serious introspection.

5 The relationship between research (to extend knowledge) and system

design (to apply knowledge) has not been well enough clarified.

Perkins maintains that the current IPM paradigm in insect pest

management provides research direction. In a general way, he is

correct. But the direction thus provided is too vague to provide the

more immediate insights required by entomologists to solve the

particular problems they face. Their education and experience should

be sufficient for such a purpose, but the world of science changes as

well, and ‘applied’ entomologists need to consider changes in

epistemology, evolutionary biology and ecology, as well as the way in

which these changes impact on perceptions of problem solving in

general and in IPM in particular.

6 A major concern for IPM-related research is the use of scientific

method, an issue only infrequently examined in the literature on

insect pests. An approach that focuses on the empiricist gathering of

what is considered ‘factual’ information seems to be considered

satisfactory in a good proportion of IPM-related publications. That

research has been influenced by Baconian beliefs, even if indirectly so,

can be inferred when there is evidence of: (i) an emphasis on

developing interpretation from ‘facts’ rather than on testing among

alternative possible explanations; (ii) reliance on serendipity rather

than on rational analysis of the situation and the range of possible

problems; (iii) persistent emulation of projects seen to have been

successful, rather than the identification of underlying problems and

their solution; (iv) continued reliance on inappropriate theory and

thus inappropriate assumptions as to how the system under
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investigation actually works; and (v) views that promote the belief that

enough reductionist research is available around which to construct

successful IPM programmes (e.g. Surtees, 1977), and which implies

that knowledge is finite (see Chapter 2 for criticism of this view).

The various types of research issues that face entomologistswho tackle
pest-related problems need to be disentangled. This should help to en-
hance the prospects for solving problems. When, and how, should more
fundamental principles in scientificmethod and in ecology be sought and
employed? As a first step in assessing how the development of IPM is re-
lated to scientific method, in Chapter 4 the many components and as-
pects of IPM-related research aredismantled.This analysis is complemen-
tary to the outline of an IPM programme presented by Dent (2000). The
emphasis then shifts to the ecological aspects of insect-related research
(Chapters 5–9) before returning to the structure and operation of IPM in
Chapter 10.



4

IPM: a diverse, interrelated suite of socioeconomic
and scientific problem-solving activities

Integrated Pest Management has become largely a delivery system
with little attention to basic biological understanding of the crop/pest/
natural enemy system.

j. r. cate (1990, p. 29)

Introduction

The previous chapter analysed how society has been led to deal with pests
atdifferent stages in thedevelopmentofmodernpestmanagement. Struc-
tured ways of thought, called paradigms, tend to direct efforts against
pests and also direct the research needed to improve those efforts. Integ-
rated pest management is accepted as the driving force behind current
pest management practice and is seen as the guiding principle in pest
management research (Dent, 2000; Kogan, 1998).

Contemporary analyses of IPM tend to concentrate on the successes of
IPM and on other positive aspects. Although encouraging, this approach
isnotnecessarily thebestormosthelpful in identifyingandredressing the
problems that still exist. A more introspective approach is needed if defi-
ciencies are tobe identifiedand targeted for improvement.Oneof thedefi-
ciencies noted in previous chapters has not been singled out for attention
to any great extent in the IPM literature, namely the poorly articulated re-
lationship between the practice of IPM and ecological theory. The aim of
the current chapter is to scrutinise the research angles that relate to IPM
and seek a realistic context for each of them. Research on pest or benefi-
cial species for IPM purposes takes several distinct forms, depending on
what problem area is being addressed. Each problem area has its own spe-
cial features and each warrants consideration in its own right. At least

[72]
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some of the research that is conducted for IPM purposes falls squarely
under the guidance of theories that fall outside the realm of IPM as tradi-
tionallydefinedordiscussed.Therefore, fewgeneralisationsextendacross
all categories of IPM-related research on pest or beneficial insects. This
point is clarified in the present chapter, and the relationships among the
various ‘kinds’ of research conducted to improve IPMare teased apart and
specified individually.

The analysis presentedmay seem to contradict the spirit of the epithet
‘integrated pest management’, as it represents more of a deconstruction
than an integration. However, the term ‘integrated’ clearly refers to the
application of control techniques rather than to the research that under-
pins those techniques or the research intended to integrate them. For ex-
ample, Ehler & Bottrell (2000) describe the type of targeted research ef-
fort needed to provide the understanding necessary to ensure integration
of techniques. Kogan (1998) confirms this viewpoint: ‘By the 1960’s there
was substantial agreement that “integration”meant the harmonious use
of multiple methods to control single pests’. This statement, like most
others on this issue, does not mention research, although amajor contri-
bution of IPM has been the demonstration of the ‘need to base all phases
of the production system on sound ecological principles’ (Kogan, 1999).
Whenmore directmention ismade of the research side of things, it seems
to be treated as if it can take care of itself. This is perhaps a consequence
of the biological research for IPM for long being treated almost synony-
mously with IPM practice. For example, Dent (2000, p. xii) writes of a
need for individuals who can address the subject of IPM in an interdis-
ciplinary way. That is, IPM research and application needs to be coordi-
nated, managed and considered as a whole rather than as isolated disci-
plines. Although this statement is essentially correct and is an effort to
include all the various needs of IPM, including those related to research,
these lattermust be dealt with explicitly if IPM success is to be enhanced.

The analysis of IPM-related entomological research that follows is an
effort to redress this deficiency. The ultimate message from the analy-
sis presented suggests that IPM research is of a diversity of types, all of
which are needed if we are to improve success rates in IPM. Not all of the
requisite research is likely to be interdisciplinary, although a good deal
will be. Although strong interdisciplinary research requires much more
than the sum of its parts (Petrie, 1976; Thorne, 1986), it also demands
within-discipline strength as a foundation. Furthermore, a true interdis-
ciplinary approach may even be needed for some of the ‘reductionist’ or
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‘specialist’ research that undoubtedly will be required for a successful
IPM outcome. Although such ‘reductionism’ is sometimes derided in the
IPM literature (see Chapter 3), even the IPM successes in southeast Asian
rice, with its attendant developments for extension and farmer participa-
tion in research, have benefited substantially from specialist reductionist
research. For example, the view that Nilaparvata on Leersia plants can be
ignored for IPM purposes could be confirmed only with research of that
nature (Claridge et al., 1985). Although this result could be seen as neg-
ative, it provides the depth of understanding critical to rational, scien-
tific IPM.

Defining integrated pestmanagement

Consensus is hard to find among authors as to what actually constitutes
IPM (Bajwa & Kogan, 1996; Kogan, 1998), but the definitions available in
the literature generally share several points, with some being points of
omission. These common elements are expanded below.

1 Entrenched in most definitions is an economic basis for deciding when

to take control or management action. The derivation of economic

injury levels and economic thresholds remains a cornerstone of

modern IPM, despite these concepts being applicable only to rapidly

deployable techniques, which still means mainly insecticide

application (Pedigo, 1995).

2 Generally an array of control tactics is advocated and it is the actions of

these that are integrated for enhanced effect in dealing with pests.

Biocontrol and chemical control seem to predominate at present, but

resistant crop varieties have also been emphasised and genetically

modified ones are likely to play an increasing role (Kogan, 1988, 1998).

In practice, insecticides are generally preferred by producers, unless

their use is precluded through policy changes being imposed on them

(Matteson, 2000; Whitten, 1992), if a crisis occurs because of resistance

or banning of compounds (e.g. Forrester et al., 1993), or if pesticide

cannot be delivered to the pest (e.g. many stem borers). Cost sometimes

prohibits chemical application in low value crops and in situations in

which resistance to cheaper insecticides has developed (e.g. Harris,

2001). Herbivorous biocontrol agents may be advocated against weeds

that are difficult to control chemically or where the land is not worth

the cost of the chemicals. In many situations reliance on chemicals has

been the mainstay of an industry, usually when the crop is a high value

one, because spraying is almost invariably considered cost effective. So,
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in many instances, the aim of an IPM programme is simply the

judicious management of a spray programme.

3 No explicit mention of problem solving in relation to pest organisms is

made, although in more expanded treatments a list is presented of

desirable information that should be acquired. Typically, advice of this

type comprises no more than ‘Know the ecology of the pest’ (Flint &

van den Bosch, 1981) or is so broad as again to be unhelpful: ‘Consider

the interactions amongst the whole range of organisms with beneficial,

neutral and pest status’ (Tait, 1987). This again seems to imply that one

needs simply to go out and gather the facts that are required.

4 Integrated pest management is frequently written about, and thought

of, as if it were a simple two-phase activity: conduct the research,

institute the control. But ‘IPM’ is not as simple in structure, for it is an

umbrella term that covers a diversity of activities, all equally necessary

to achieving a successful outcome. The ultimate action of IPM

invariably derives from a diversity of sources and is thus legitimately

seen as a social activity.

The entomological components of IPM

Tounderstand IPMoneneeds todissect it into its constituentparts. In this
chapter the insect-related aspects are considered, but similar treatments
areneeded forall componentsof the croppingsystemifweare toobtainef-
ficiently the derivative knowledge required for the rational design of IPM
programmes. From the fractions thus exposed, the various goals that re-
main hidden beneath the cover term can be established. From there, one
can discuss what research is needed to achieve those goals and how best
to conduct that type of research. One can thus ferret out the source of the
theoretical inspiration for each such area of research, and evenwhere such
research effort is likely to lead. Finally, one can think about coordination
of the activities for successful practice.

To illustrate what is meant by ‘dissecting’ the IPM concept, Table 4.1
lays out the entomological (or biological) information that would ideally
be required if onewished tomaximise the chances of success in IPM. This
table is intended to expand a single box, that covering the definition of
research needs, in Dent’s (1991) 10-box flow chart (Fig. 4.1) that illustrates
the specific aspects of the three phases in the development of an IPM pro-
gramme. Included inTable 4.1 are aspects that have traditionally not been
considered overly relevant to IPM, such as the more general theories of
biology. The remainder of this book is devoted to detailing their relevance
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Table 4.1.The integrated pest management ‘chain’ is a schematic representation of

the sources of information thatmay contribute to the design of an integrated pest

management system. Special emphasis is placed on biological information, but

other types of information are also included. Similar expansions could presumably

bemade for sociological, economic and psychological information

Components relevant to IPM Examples of research generated

1 General theories of biology • Developments in species theory and
ecological theory

2 Hypothesis of genetic species status • Does the species constitute a complex of
sibling species?

• Interpretation of the mating behaviour
of different populations

3 Hypothesis of ecology of a particular • Host plant relationships, migration,
pest species diapause and patterns of abundance

• Influence of predators under different
circumstances

4 Potential means of reducing pest • Synthesis of pheromones
densities • Biological control

• Development of application system
(technology)

5 How effective is technology and • Field trials
what specifications should be set?

6 Set economic thresholds if relevant • Relate pest densities to losses in yield
7 Design of IPM system, and what • What technology can growers afford?

technologies should be combined? • What suggested changes will be
implemented?

• How should the technologies be
combined – field trials, models, personal
experience?

8 Recommendations and extension • What are the growers’ perceptions
of the problem?

• Is further education required?

to IPM, mainly through detailed exploration of selected IPM-related
topics. A few specific issues are covered to ensure sufficient depth to illus-
trate the significant general points.

The arrangement of Table 4.1 warrants initial comment, to eliminate
possible unintended interpretations about its structure, especially about
the order in which the components have been arranged. The order of the
components is not indicative of the relative importance of each. Rather,
the components represent the links of a chain, with each having equiv-
alent status in the overall operation. The order itself has a different sig-
nificance, and is based on logical dependence. To illustrate, if one takes
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Figure 4.1. The three phases in the development of an integrated insect pest
management programme. From Dent (1991). Reprinted with permission from
CABI Publishing.

Component 2, which deals with the genetic species status of the pest
organisminquestion (a topicwhich isdiscussed indetail inChapter6), the
interpretation thatonederives isdependenton the conceptof specieswith
which oneworks (Component 1). In turn, any ecological hypothesis about
the pest (Component 3)will dependon the interpretation of species status
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inComponent 2. The same logic holds for themorepractical aspects lower
in the table. This point is explored and illustratedmore fully later in this
chapter.

Logical relationships are one thing; the demands for action by society
are quite another. In effect, all pest management programmes represent
a degree of compromise between these two requirements. Surprisingly,
conciliation between these conflicting demands does not seem to be high
on the IPM agenda and has been mentioned by relatively few (e.g. Cate,
1990). However, such lack of resolution, and the frequent failure of those
involved in Components 4–8 (Table 4.1) to play a role in demanding the
appropriate research whilst ad hoc management measures are provision-
ally taken, denies a true scientific basis to a good proportion of IPM
projects. Massive inefficiencies and their consequent financial losses un-
doubtedly result froma lack of attention to this point. Such failures inun-
derstanding and practice work to the detriment of IPM generally, as well
as against a realistic view of the important role that science has inmodern
society (see Chapter 10).

When we discuss a specific IPM project (or even IPM generally), we
should be clear about what specific activity, within the whole ambit of
activities associated with IPM, we are speaking about. This applies even
whenwe restrict discussion to just the biological side of research relevant
to IPM. Little will be gained by generalising about ‘IPM’ as a whole when
one is dealing with only a limited subset of the activities associated with
it.Moreover,differentgeneralisations, andevendifferent typesofgeneral-
isations,may be appropriate for the different aspects of IPM research. The
inappropriate switchingamongdecidedlydifferent aspects or topics, even
if inadvertent, confuses pest management discussion. Especially, defini-
tion of ‘the’ problem or problems suffers from a lack of appreciation that
different activities within thewhole enterprise usually require unique in-
formation or types of information, if a rational and scientific solution to
the pest problem is to be achieved.

If one accepts the interpretation of IPM outlined above, the follow-
ing points emerge. In general, they all requiremuchdeeper consideration
than can be given them here.

Enhancing cooperation and communication
Ideally IPM is a social mechanism designed to obtain information that
can be applied to achieve a defined end. Here the subsidiary goals are sel-
dom well defined, despite each of these ‘goals’ really being a problem in
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its own right, as illustrated in Table 4.1. Currently the emphasis in IPM
is not on problem solving but on application, so that the importance and
process of problem identification (across all the subsidiary goals) attracts
far too little attention. The enterprise suffers further becausemuch of the
research conducted for IPM purposes is of a fact-gathering nature and
various shortcuts are frequently taken (see Chapters 2 and 3). Also, suc-
cessful projects are far too often simply copied when research is aimed
primarily at the design of IPM systems (see below and Chapter 8). In con-
sequence, scientific principles are negated and the vast range of problems
that warrants attention is seldom laid out for scrutiny and appropriate
attention.

The earlier concern with scientific method (Chapter 2) and the na-
ture and structure of IPM (Table 4.1) is an attempt to make the problem-
recognition process, which is vital to the success of IPM, much more
transparent. Recognising the diversity of inputs and endeavours that are
relevant to IPM is anecessaryfirst step indefining the structure of an over-
all plandesigned to institute effective IPM.Anover-archingplan that cov-
ers all areas of input is vital to IPM success because, in practice, different
individuals are usually involved in different steps of the procedure. Al-
though individual entomologists frequently do switch from one ‘area’ to
another, Perkins’ portrayal (1982, p. 168) that they span thewhole range of
activities ismisleading, for he divided the research component of IPM too
simply, as a dichotomy: ‘entomology-as-technology’ and ‘entomology-
as-science’ (Perkins, 1982, p. 167). Such a categorisation obscures the
subtle but meaningful differences that are found within each of his two
compartments (see Table 4.1).

Few participants are au fait with the theoretical, historical and
methodological background to each aspect that is relevant to IPM. The
‘mimetic’ and ‘factual’ approaches (Chapters 2 and 3) that are so common
in IPM actually stand in the way of such an understanding. Furthermore,
reliance on such faulty methods also undermines the sort of cooperation
that serves science best, the type in which ‘one finds oneself rather emo-
tionally engaged in a controversy upon a scientific matter; but this . . . is
one’s job, and one must learn to advocate powerfully, but to concede de-
featgracefully,withoutmakingapersonal issueof it. Ina sense, awell-fought
controversy between two spirited champions is a formof cooperation’ (Ziman, 1968,
p. 134, cited by Hull, 1988, p. 15) (emphasis added). Therefore, one would
ideally like to see competing theories or alternative treatments tested at
each step, where appropriate (see Chapter 2). Notice that competing for
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funds is not a consideration here. And contrast Ziman’s view of cooper-
ationwith the one that is currently on the political agenda for science (see
Chapter 10).

Appreciating the diversity of problems that face
successful IPM

With regard to anypest species or situation that is consideredaproblemto
agriculture, the cooperation and communication among individualswho
may be operating within different ‘components’ of the chain (Table 4.1)
is not assured. Prestige, authority and status may well intrude, which is
yet another significant practical consequence of the paradigmatic nature
of scientific knowledge. Furthermore, certain components,whichmay re-
quire particular pieces of information to ensure completion of the IPM
‘chain’,may attract no attention at all.Here the ideaof logical dependence
that is central to the design of Table 4.1 plays a crucial role. The weaker
the interpretation at particular points in Table 4.1, the less likely that suc-
cess will be achieved through the rational exploitation of understanding.
Toomany pest management endeavours thus rely on luck for a successful
outcome.

The failure to consider eachaspectof the IPMchain, asdescribedabove,
appears tobe consequential on several reinforcing factors that encompass,
as common ground, too simplistic an attitude to IPM as a scientific en-
deavour. Foremost, though, appears to be the view that each pest problem
can be defined solely with reference to the desired end product of satis-
factorymanagement of that pest. Instead of understanding the biology of
the organism, as a means to application, we try to bend the organism to
ouraim. (Althoughmanymightdisagree, andassert that suchperversity is
seldompractised, the examples covered in Chapters 5–9 help to vindicate
the statement.) Add to this the emphasis given to fact-gathering as a cor-
nerstone of scientific progress, as well as the belief that all ‘IPM scientists’
are equally qualified or experienced to cover all the requisite ground, and
one has a situation in applied science that hardly falls under the umbrella
of rational science. Some researchmaywell be contracted out to an appro-
priate specialist, but when specialists are recognised as such on the basis
of their technological skill, rather than on the basis of their understand-
ing, additional hazards for scientific advance may well be enountered
(see Chapter 2). Such ‘techniques-centred’ research is seldom as strong as
‘problem-centred’ research, and frequently itmisses themarkof recognis-
ing and solving problems (Maslow, 1954; and see Chapter 6 for examples).
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To facilitate constructive communication and cooperation across the
span of activities detailed in Table 4.1, an overhaul of the basic interpret-
ation of IPM will be needed. This will require a broader education for
IPM purposes (Chapter 2), and a diversity of scientific opinion must be
nurtured formaximum benefit. Competition in this regard is healthy for
scientific advance; note how rapidly several independent physicists re-
peated the infamous cold fusion experiments to clarify the claims that
were made. Not only did they rapidly demonstrate the problems with
the original tests; they also identified new avenues of potentially prof-
itable investigation (Youngson, 1998). By contrast, whole organism bio-
logy seldom, if ever,makes suchrapidanddecisiveprogress.Theemphasis
here on solving problems scientifically is not to belittle the participatory
role for farmers in research and implementation activities (Dent, 2000,
pp. 328–329). The research so far envisaged for growers is beneficial for
the development and improvement ofmanagement systems, aswell as for
demonstrating the validity of management options. That sort of research
simply cannot replace that of scientists in which the understanding and
influence of theory is critically important. A balance between the two is
clearly required, and needs to be built into the overall scheme. Ways in
which IPMmay proceed to overcome this problem are considered further
in Chapter 10.

A rationale for selecting controlmethods?
How does one select an appropriate means of control for a particular pest
or situation? The choice is wide: biocontrol, behavioural manipulation,
host plant resistance, cultural control, genetic control, transgenic crops,
and soon.Considerablepressure is appliedby thosewhodealmainlywith
the socioeconomic side of IPM for ‘early’ decisions to bemadewith regard
to control options. They are concerned that research effort should be di-
rected towards those options most likely to be successfully implemented
(see Tait, 1987, and Dent, 1991, pp. 440–441). In many ways this is under-
standable: ‘Since the ease with which techniques can be implemented in
any given situationwill influence the likelihood of their being adopted, it
is important that suchmatters are given early consideration in the defini-
tion phase of the programme’ (Dent, 1991).

But care needs to be exercised, for if the words just quoted are taken
literally then novel developments may well be stifled (if only indirectly).
The statement seems to assume that we know all we are going to know or,
at least, that we know all we need to know. But on what basis does one
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decide what needs to be known? How should one determine what con-
trolmethods are likely towork against a particular pest species, especially
when we are talking about taking decisions in ignorance of the research
results that may make such a decision possible? For example, biocontrol
may yetwork against a given pest, despite several earlier failureswith this
method (seeChapter6 for examples).Also, the statementassumes that any
new methods that are developed will be ‘hard’ to implement, but that is
not true. Once a breakthrough is made, technological innovation seems
to follow quite readily, especially if a market exists. Failure to appreciate
these pointsmaywell reduce the available options for dealingwithpartic-
ular pests.

Sometimes only one means of control represents an acceptable op-
tion and the decision is an easy one. For example, weed control on eco-
nomically marginal pasture lends itself to biological control. In other
cases, the choice may seem obvious; for example, when biocontrol suc-
cess has been achieved elsewhere against the pest of interest, moves to
import that natural enemy are frequently encouraged (e.g. Waterhouse &
Norris, 1987b). Although such importations may well be warranted, de-
velopments of this nature should be made only on the basis of sound un-
derstanding (see Chapters 7 and 8). Anything less is more likely to inflate
theproportionof unsuccessful biological control cases, or to generate case
histories that will have to be unravelled at some future time before fur-
ther advances can bemade (e.g. Clarke, 1990; Clarke&Walter, 1993a, 1995;
Jones, 1995).

In other cases, choice of an alternative technique to chemical methods
is less clearcut. Presumably, the best choice can be made only in relation
to an understanding of the pest organism’s biology and ecology, but ef-
forts to extract generalisations or principles have not been successful and
are not in use. The most common means of connecting control method
to ecology has been in relation to the concept, in evolutionary ecology, of
the r- andK-selection spectrum (e.g. Conway, 1981;Dent, 2000;Way, 1977).
Again, this is an ecological generalisation that is too seriously flawed on
theoretical grounds to be practical in any way, for r and K are not directly
andmechanistically related tooneanother (Stearns, 1977).Also, the theory
is underpinned by assumptions of ongoing adaptation, or optimisation,
in local populations (Nylin, 2001). This problem is dealtwith in general in
Chapters 5 and 6. The theory has also seen toomany exceptions to be con-
sidered useful in any way (e.g. David, 1993; den Boer & Reddingius, 1996;
Stearns, 1977).
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The situation regarding choice of control methods for particular situ-
ations is far from clear, and there is little promise for developing prescrip-
tive generalisations. This point is followed up in later chapters when suf-
ficient ecological background has been considered.

Research conducted to enhance IPM
The urgency of practical needs usually means that IPM programmes
are almost invariably designed and implemented before research can be
oriented at building a sufficient understanding of the system, or local
situation. Demands for research are frequently made whilst the IPM pro-
gramme is under construction or is already running, seldombefore. Con-
sequently, the research demands for IPM tend to be those seen to bemore
immediate, with these being the components that lie towards the bottom
of Table 4.1 (mainly Components 4–8).

To assist the design of IPM systems, models of the agroecosystemmay
well be developed. Such models are seen to be beneficial, in part because
they inevitably suggest more research. Verbal models of IPM systems si-
milarly yield research questions. How realistic and relevant are such sug-
gestions for further research? Does the research suggested by IPM mod-
els coincide, for example,with the research suggested by each component
of research listed in Table 4.1? Apparently the answer is no, and a con-
flict of interest is evident even between research questions generated by
IPM models and those generated from biological theories for IPM pur-
poses. Because the conflict is between the approaches to a problem, and
not between competing scientific interpretations (as mentioned above),
both science and the application of understanding are liable to suffer.

Thequestions generatedby themodels designed tomimic the IPMsys-
tem under consideration are usually posed to fill information gaps. Al-
most always these are rather large gaps in somewhat superficial models,
a situation that can be expressed in another way, as follows. The informa-
tion gaps are identified with reference to the structure of an IPM model
thatwas likely tohave beendeveloped, in thefirst place, on too little infor-
mation. If this original information had a faulty underpinning, because
of the assumptions that had to be made in developing the model, then
‘filling in thegaps’mayhave less chanceof improving themodel, and thus
understanding of the system, thanwould alternative researchdesigned to
investigatemore fundamental aspects of the system.This is not to suggest
that such models serve no purpose, or that they should not be developed
(see Chapter 10). It is rather to warn against research questions that may
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be derived too superficially, for once a model has been developed it tends
to hide its assumptions (although the basic idea ofmodelling is supposed
to be exactly the opposite). The very existence of the model somehow en-
courages efforts to extend it or to fill gaps in its superstructure, and this
process tends to discourage introspection of themodel’s foundations.

Despite the differences among the various categories in Table 4.1, re-
liance between the categories for understanding should still be strong.
To illustrate, let us juxtapose two of the categories. The research gen-
erated under Component 3, which deals with the ecology of particular
pest species, is compared with that generated in Components 6 and 7,
which deal with economic thresholds and the design of IPM systems. Be-
low, these two aspects are referred to, respectively, as Ecological Research
(Component 3) and SystemDesign (Components 6 and 7).

In considering a pest problem in relation to Ecological Research, evi-
dence may suggest the need to clarify the species status of the pest it-
self or that of a natural enemy earmarked for biocontrol against the pest
(see Chapter 6). Alternatively, the precise nature of the relationship of
the pest species to its primary host plant species may need clarification
(see Chapter 7). Two points are relevant here. First, when questions about
the ecology of the relevant species are asked (whether it be a pest or bene-
ficial), the researcher must not only determine what information is re-
quired, but also establish how the underlying components (1 and 2 in
this case) influence the way in which the requisite information is best ac-
quired. This is the approach canvassed inprinciple inChapter 2, and some
practical aspects that relate to IPM are explored more fully in Chapters 5
and 6. Second, results from such ecological research, if gathered appro-
priately, are of an enduring nature. That is, the results will hold their
validity through time and across space, because species are expected to re-
mainessentially the sameecologically, except for relativelyminor changes
such as insecticide resistance, which is coded at one locus and represents
a response to intense selection pressure through highmortality rates (see
Chapter 6 for a consideration of species stability).

The information that contributes to System Design in an IPM pro-
gramme includes consideration of more than just the biology and ecol-
ogy of the organism(s) in question. The ways in which the organisms in-
fluence the production system are incorporated here. Yield loss may need
to be related to pest densities, the impact of combinations of technolo-
giesmay have to be assessed, and so on. Again, two points emerge. One re-
lates to thedifferencesbetween this typeof informationand that collected
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under ‘Ecological Research’. An appreciation of the relationship between
the two should help in considering relative research budgets and time al-
locations for the two different research programmes. The second point
relates to the problems that arise when System Design precedes Ecolo-
gical Research and sets the research agenda, which is frequent in IPM.
Both points are expanded below.

The first point, the difference between System Design research and
Ecological Research, is best considered in termsof thedifferential dynam-
ics between pest (and beneficial) organisms and agricultural systems. On
the one hand, pest and beneficial species have rather slow evolutionary
dynamics, as mentioned above and as explained more fully in Chapter 6.
By contrast, the dynamics of agricultural systems are much more rapid,
with change being the norm. New pest species invade, new crops are in-
troduced intoanarea,newcultivarsofwell-establishedcrops replaceolder
ones, controlmethods change, agronomic practices vary among areas and
among seasons, and so on.Where a species might once have been aminor
pest, it may become a major pest; this happened with mites in orchards
and bollworms in cotton when broad spectrum synthetic organics were
introduced (Chapter 3), and it may also occur in response to climatic
shifts (Hengeveld, 1990, p. 176). Conversely, major pests may be all but
forgotten by subsequent generations of growers, as has happened when
biocontrol has been persistently successful. Agricultural systems also in-
clude economic and sociological components that are absent fromnatural
systems.

The differential in dynamics between pest and beneficial organisms,
on the one hand, and agricultural systems on the other translates into a
differential in the useful life of results obtained from research conducted
in each of these components of the IPM chain. For example, economic
threshold values may be established empirically for a particular crop be-
cause System Design may require it. Such research is intensive, time con-
suming and expensive, yet the results derived in one season may well be
invalid for thenext cultivar that is introduced, ormaynot beneededwhen
an alternative control method is introduced. Because the system itself is
inherently dynamic, and System Design questions are so context depen-
dent, even high quality results are likely to fall by the wayside after some
time. By contrast, the researchmentioned earlier on the species status and
host relationships of the pest organisms is of persistent value, for these
represent the species’ properties irrespective of the actual ecological set-
ting. They will remain valid in relation to the crop at hand and are also
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likely to be useful at other times and in other contexts. This is not to
belittle System Design results, but it does raise the question of just how
much money and effort should be put into something that is difficult to
measure accurately in the first place and then is in danger of being super-
sededwithin a relatively short time.

The second point, that of System Design preceding the Ecological Re-
search stage, raises difficulties when the System Design then directs re-
search of an ecological nature. An early System Design might require an
alternative control technique at relatively short notice. This is not uncom-
mon, and follows regularly enough in the wake of insecticide resistance.
Consequently, field trials may be conducted on the use of alternative host
species (trap crops or trap plants) to attract pestiferous herbivores away
from the crop, for instance. The design of the research programme could
readily be undermined if SystemDesign requirements are conflated with
Ecological Research requirements. The conclusions that derive from re-
search that follows such confused design may well be undeservedly bol-
stered by scientists and industry if the demand for utility and facts is al-
lowed to override scientific procedure (see Chapter 2).

Research on alternative host plants may, for example, proceed directly
to relatively large-scale field trials, perhaps together with supporting la-
boratory tests. If the tests are developed uncritically, and without due at-
tention to the scientific principles discussed in Chapter 2, serious com-
plications may follow. For example, results from field trials may indeed
show thatmanymore pests are present on the alternative host than on the
crop. The problem is that such trials are not readily replicated in a statisti-
cally acceptable way, for they are large, unwieldy and inconvenient.What
was recorded may not, therefore, be representative. Results are also open
to alternative interpretations, some as a consequence of the method used
and some relating to the underlying assumptions. This caveatwouldhold
even in the face of sufficient replication. For example, the favoured inter-
pretationmay hinge on the assumption that the insects on the alternative
plant species actually do constitute a single species, an assumption that is
frequently enough violated in pest management (see Chapter 6). Even if
laboratory tests seem to verify the field outcomes caution is necessary, for
such results can still bemisleading (see Chapters 6–9).

Ideally, Ecological Research results should feed into System Design
and thus improve it. Even if this has not been the temporal sequence fol-
lowed in the development of the IPM system, we should still think in
terms of the logical dependence specified by the IPM chain (Table 4.1).
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Although the ‘chain’ has been set up in this chapter as an abstraction,
its utility is to help to identify areas of logical dependence (among other
things) and thus improve IPM research and, ultimately, IPMperformance
in the field. When System Design drives the Ecological Research that
is needed for that design, rather than being driven by the appropriate
ecological theory, the two approaches are much more likely to be con-
flated. Questions relevant to ecological understanding are thus likely to
be generated, but without them being underpinned by ecological or evo-
lutionary understanding. Consequently, misinterpretations are liable to
misguide application because the logical dependence in the chain has
been short-circuited.

In some ways the procedure suggested by the above analysis, of ensur-
ing that all relevant components are analysed in their appropriate con-
texts for potential problems, indicates that research can be integrated for
IPM purposes. This is a means of satisfying the need identified by Dent
(1991, p. 519) of placing specialist knowledge, abilities and skills within
a broader scientific framework, for better coordination of effort and re-
sources. But still, it is not appropriate to think of this as ‘integrated
research’; rather it is a sequence of specific research exercises aimed at
solving a single, multifaceted problem. It is a breakdown of the problem
into its subcomponents, and each of these could well entail true interdis-
ciplinary research.

Conclusions

The analysis of IPM presented above demonstrates that we should con-
ceptualise the related problems in terms of an IPM ‘chain’ (Table 4.1) if
we wish to underpin IPM with a scientific approach and high quality in-
formation. Anything less demands luck. Each agricultural situation that
has been targeted for IPM could be seen as presenting a suite of potential
problem areas. Thus the expertise relevant to IPM is diverse and resides
in a diversity of scientists. Not everyone involved in IPM is likely to be
competent across all areas of biology (and the related disciplines involved)
that are relevant to the IPM chain. The overall task will best be achieved
through the appropriate cooperation in identifying potential problem
areas and investigating them scientifically. Integrated pest management
is therefore best seen not only as an array of problems, but as an array of
problems that stand in a particular relationship to one another. Who is
competent to hold the strands of any particular IPM enterprise together?
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Are we educating people for such a complex, multifaceted task? Such is-
sues are considered in Chapter 10.

Finally, the term ‘integrated’ is considered in relation to the IPMchain
of Table 4.1. The discussion thus far suggests that ‘integrated’ has a rather
specific meaning in the context of IPM, namely that only the techniques
developed for IPM are integrated, and the integration is aimed at max-
imising the negative impacts on pest populations (Kogan, 1998). Specific
research should be conducted in this area, but usually is not; Ehler &
Bottrell (2000) have outlined how this could best be achieved in terms
of both horizontal and vertical integration. By contrast, research to ex-
tendknowledgeor to applyknowledge for thedevelopmentof technology
isnot integrated,because it answershighly specific anddirectedquestions
(although they are of relevance to the IPM enterprise). This last point is
an important one because IPM research is often seen, rather generally and
vaguely, to be different from research of a purely biological or ecological
nature. However, IPM research is diverse, it is not ‘integrated’ (although
it should be coordinated, and interdisciplinary where necessary), should
always be scientific in its approach, and, to be successful, should rely on
the recognition of the problems in the IPM chain that warrant a scientific
solution.

Books on IPM deal with many of the aspects outlined above, though
not in quite the sameway.Most attention in the IPM literature is focused
on Components 6–9 in the IPM chain of Table 4.1. By contrast, the eco-
logical andevolutionary researchrequired for IPMis seldomtreated inany
detail. The rest of this book is therefore dedicated to dealingwith the eco-
logical and evolutionary considerations that are directly relevant to IPM
research, not only because they are seldom considered in this context but
also because recent advances in evolution and ecology need to be worked
into the culture of IPM. To begin the process, Chapter 5 considers the sug-
gestions currently available as to what research in the evolution–ecology
sphere is required for IPM, and extends perceptions by incorporating re-
cent advances in these disciplines.
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An ecological underpinning for IPM

It should be apparent to all students of applied entomology that while
pest-management practices may often be agreeably simple in design
and application, their successful development must be based on rigor-
ous understanding of the natural laws that govern the abundance of
insect pests and regulate their interactions with all other phases of the
living environment.

r. l. metcalf & w. h. luckman (1994, p. xiii)

Whether we like it or not, ecologists have to start giving hard answers
to some very hard questions. Without a sound theoretical base for our
subject, wewill be unable tomeet the challenges of the next decade and
beyond.

j. h. lawton (1989, p. 517)

Introduction

Overview of ecology, and chapter structure
Scientific progress is not reliant simply on the collection of facts. Even
the entomological research conducted to support pestmanagement prac-
tice is influenced in one way or another by underlying theory (Chapters 2
and 3). Sometimes that theory is recognisable only by searching out the
unstated assumptions that underpin gathering and interpretation of the
data. All the underlying theoretical structures that influence research on
pests and beneficials therefore need to be located, scrutinised for the va-
lidity of their underlying assumptions, and examined for their practical
contribution to IPM (Chapter 2). That a strong theoretical basis for IPM
research is needed is perhaps best underscored by our persistent inabil-
ity to understand the ecology of so many major pests, despite decades of

[89]
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research effort (much of it of a fact-gathering nature), and the low rates of
IPM success achieved so far (Chapter 3). Chapter 4 advocates an approach
to IPM that relies on a general appreciation of which different research
aspects are required to support the rational development of an IPM pro-
gramme, and how those areas of research relate to one another (Table 4.1).
Each of these research areas is, inevitably, served by a particular theoreti-
cal backbone. Such a linkage to specific theory has not yet been attempted
for IPM, as the research needs have never been so explicitly detailed, and
because of the confusing nature of ecological theory (see below).

Ecological problem solving is seldom discussed in pest management
texts. Many publications detail projects that have been successful, and
some cover outlines of the information deemed desirable for developing
various control techniques. Such accounts provide valuable background,
and those of Pedigo (1999) and Dent (2000) are comprehensive and de-
tailed. But the theory necessary to underpin the various areas of investi-
gation and which is needed to help to crack those problems not tractable
by emulating successful cases is still not dealt with explicitly. In any case,
IPMdoes not provide that research direction (Chapter 4). This chapter ex-
plores the theoretical side of applied ecology and demonstrates that it is
more subtle than implied inmany publications. This is largely because of
the fragmentedandmultifacetednatureof thediscipline,whichadds sub-
stantially to the complexity of the situation.

Some IPM writings do provide an idea of the type of ecological infor-
mation considered relevant to the development of IPM programmes, but
they arenot consistent among themselves inwhat is really requiredof eco-
logical research. Part of the problem is that each onemay be thinking of a
different component in the IPM ‘chain’ (Table 4.1) when making sugges-
tions. The issue is further blurred, however, by alternative approaches be-
ing available in ecology. Research that follows one approach yields differ-
ent information and interpretations from research designed according to
an alternative approach (see below). Ecological theory, therefore, is evenof
itself a complex discipline, as detailed in this chapter. This adds immeas-
urably to the difficulties in unravelling the direction inwhich research for
IPM should be pointed.

In the sections that follow, the various recommendations for ecologi-
cal research in a pest management context are assessed. Each suggested
approach suffers shortcomings that have already been identified in the
primary ecological literature. These shortcomings are given priority here,
because it is far easier to find approbative literature that outlines the ad-
vantages,methodsandconclusionsderived fromsuchresearch than it is to
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locate even legitimate criticisms.This approach isnot inherentlynegative;
the argument is developed in this way so that a reasonable alternative ap-
proach to studying the ecology of pest and beneficial species can be devel-
oped, and this is also presented. This alternative is not new; it is practised
to a considerable extent, but has not yet been fully formalised.

The ecology issue is tackled as follows. The following subsections out-
line the ecological hierarchy and review statements made in a range of
IPM literature sources about the ecological information that is deemed
necessary to underpinmanagement programmes. The recommendations
that are made relate quite neatly to the different levels of the ‘ecological
hierarchy’, namelypopulations (andmetapopulations), communities and
ecosystems. Nevertheless, the overlap is considerable and some individ-
uals call for research in more than one of these categories, even if their
stated intentions seem to be the service of just one component of the IPM
chain (e.g. Price &Waldbauer, 1994). The explanation for such duality (or
pluralism) relates to ecological systems being viewed, bymost ecologists,
as hierarchical structures. This view implies that understanding at each
level of the hierarchy is required if a complete picture of the system and
themeans tomanipulate it is to be developed. By contrast,much of the re-
search that is actually conducted in relation to IPM falls outside of these
hierarchical categories and is best described under the heading ‘species
studies’ (although this is not an inviolate rule).

Each subsequent section of the chapter relates to a particular level in
the ecologicalhierarchy, in theordermentionedabove.These are followed
by a section that relates to understanding ecology from the perspective of
species, which is termed autecology. In general terms, the suggestions for
research that are made are assessed in relation to the particular compo-
nents of research required for the IPMchain (Table 4.1), at leastwhere such
correlation between research and practice is clearly intended in the origi-
nal.An important aimof this chapter is to resolve thediscrepancybetween
the suggestions for ecological research, which relate to the ecological hi-
erarchy, and thepractice of IPMresearchers,who tend to conductwork on
species-related phenomena.

The ecological hierarchy
The lowest level at which ecologists theorise is generally the population.
Although individuals make up populations, and would therefore repre-
sent a lower level for ecological generalisation, the explicit inclusion of
individuals in ecological theories has generally been ad hoc and unsat-
isfactory (Walter & Zalucki, 1999). The more recent attempts (Lomnicki,



92 Place and nature of ecological research for IPM

1988; Sutherland, 1996) have simply interpreted the behaviour of individ-
uals in relation to the dictates of population models, rather than theory
being developed from the perspective of the properties of individual or-
ganisms (Walter & Zalucki, 1999). Individuals, and their ecologically re-
latedbehaviour, aremoreprominent in the research that concerns species,
and so is considered there.

Groups of populations (of different species) that live in the same place
(i.e. sympatrically) are seen to constitute the ecological community (Price
&Waldbauer, 1994).Althoughcommunity theory is independentofpopu-
lation theory in some ways, the two have been welded into a fairly co-
herent whole, which constitutes the demographic paradigm in ecology
(Hengeveld & Walter, 1999; Walter & Hengeveld, 2000). However, in the
current book community aspects are dealt with separately from popu-
lation ones, in the third section of this chapter. In the last few decades,
the ecosystem has come to be seen as representing an ecological level just
above that of the community, with its separate status being conferred be-
cause the ecosystem incorporates the physico-chemical features of the en-
vironment (Price & Waldbauer, 1994). Demographic ecology tends to de-
emphasise physical and chemical factors, with its focus on demographic
influences like predation, competition and so on. Physical influences are,
however, also included inbroad terms in the formof thedisturbances that
disrupt the postulated equilibria of populations and communities. How-
ever, ecosystems are dealt with separately in the fourth section.

The fifth section considers species and individual organisms. These
two components are dealt with last because they are usually not included
in the ecological hierarchy (e.g. Eldredge, 1985, p. 165; Price &Waldbauer,
1994), except that species names are seen as labels for the various popula-
tions that are present. Although species are sometimes inserted into the
hierarchy (e.g. Beeby, 1993), ecologists do not have well-developed theory
todeal explicitlywith species orwith the individuals thatmakeup species
(Hengeveld & Walter, 1999; Walter & Hengeveld, 2000). ‘Species-level’
pursuits are, however, frequently seen as the material of the autecol-
ogy paradigm. Autecology is given a different context by different ecol-
ogists. Some see it as one of several component pursuits open to ecologists
(e.g.Gaston&Lawton, 1988), and it is frequently enoughportrayed simply
asnaturalhistoryandtherefore somewhatunscientific, albeituseful inap-
plied ecology (e.g. Kareiva, 1994). Others consider that autecology consti-
tutes an alternative paradigm in ecology (e.g. Cittadino, 1990; Hengeveld
&Walter, 1999; Simberloff &Dayan, 1991;Walter &Hengeveld, 2000). The
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latter view is justified in the various sections that follow. Even if one opts
for theviewthat autecology is just oneof several legitimate componentsof
ecological theory, the fact remains that it still has no generally recognised
formal theoretical structure.

The following subsection demonstrates that each proposed level in the
ecological hierarchy is seen, bydifferent individuals, as the legitimate eco-
logical steward for IPM research on pest and beneficial organisms. This
justifiesdealing independentlywith eachof these levels in the subsequent
sections of the chapter.

Suggested theory for IPM research on insects – an overview
Most ecological writings that claim a link to pest management (Clark
et al., 1967; Flint & van den Bosch, 1981; Pedigo, 1999) call for research
on the population dynamics of pest species that require IPM attention.
Most of these authors also refer to ecosystems (e.g. Flint & van den Bosch,
1981; Pedigo, 1999), presumably because the agroecosystem is considered
the ‘unit’ or ‘aspect’ that is subject to management, or that has to be
changed for management purposes. However, Price & Waldbauer (1994)
claim that a consideration of the various levels in an ecological hier-
archy brings us ‘by logical steps, to the only conclusion possible for un-
derstanding insect populations: the need for studying them at the ecosys-
tem level, not forgetting that all components of the ecosystem provide
insight into the basic mechanisms involved in insects and agricultural
ecosystems’. Kogan (1998) has pointed out the discrepancy between most
successful IPMprogrammes’ havingbeen implementedwith little consid-
eration of ecosystem processes but with reference to the ecological foun-
dationsprovidedby species andpopulationecology. Indeed, relatively few
authors call directly and solely for an ecosystem-level understanding for
pest management purposes. Those who do feel that agroecosystems can
be characterised by a limited set of dynamic properties and ‘hence can
be employed in the design and evaluation of agricultural development
projects, at all levels of intervention’ (e.g. Conway, 1987, p. 96). Commu-
nity ecology has also had relatively few protagonists for its incorporation
into IPM theory. Mostly it has been recommended as a basis for improv-
ing pest management techniques, predominantly in biological control.
Such calls have been made mainly by scientists who are primarily ecol-
ogists (e.g. Mills, 1994a,b) rather than pest management entomologists.
The suggestion has, occasionally, also been justified by researchers with a
primary interest in pest management (e.g. Liss et al., 1986).
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In discussing the various influences of ecological theory on research
for pest management purposes, no role has been specified for evolution-
ary interpretations. Evolutionary theory has long unified biological in-
terpretation and provides the basis for interpreting the function of bio-
logical mechanisms, such as pheromone systems and polyphagous host
relationships, and for understanding how they operate and how they
should be investigated. The population and community levels of the eco-
logical hierarchy are linked explicitly to evolutionary interpretation. The
demographic principles that underpin these two areas of ecology are, not
surprisingly, consistent with the demographic leanings identifiable in
some areas of evolutionary biology. For example, population ecology ap-
proaches are frequently aligned with the view that sees natural selection
as aprocess that optimisesfitness continuously (or, at least, until haltedby
some form of constraint (e.g. Godfray, 1994)). Community ecology, on the
other hand, sees species responding as units to ecological opportunities,
for example topartition resources amongoneanother (e.g.Ricklefs, 1987).
These evolutionary views have all been criticised for emphasising rela-
tively trivial variation, omitting more important patterns and invoking
processes that could not operate in natural systems (Hengeveld &Walter,
1999;Masters etal., 1984;Paterson, 1981;Rapport, 1991;Walter, 1991, 1995b;
Walter & Hengeveld, 2000). For various reasons, these approaches to evo-
lution and ecology have been criticised for their idealism (Hengeveld,
1988; Simberloff, 1980;Walter, 1993a). Autecological theory, by contrast, is
logically consistentwith evolutionaryprinciples fromwhichall identified
vestiges of idealismhave been removed, as holds for the RecognitionCon-
cept of species (Chapter 6). In discussing the ecological options for IPM
research, an eye needs to be kept on these evolutionary connotations, an
aspect that is pursued comprehensively only later (Chapter 6).

Population ecology,metapopulations and life systems

The assumptions that underpin current population ecology theory can
be traced to a time when a perceived ‘balance of nature’ steered ecolo-
gical interpretation and research direction (Worster, 1977). The basis of
‘population regulation’ was therefore sought. If one could understand
such ‘regulation’ sufficiently well to influence it, management of popu-
lations could be achieved through the application of general scientific
principles. The approach was enticing, but has not yielded the promised
application, either in pest management or elsewhere. Successes in pest



An ecological underpinning for IPM 95

management have been achieved despite the ‘laws’ outlined by Turchin
(2001), not because of them. Although this suggests problems with the
underlying theory (Andrewartha, 1984), the approach still has many
persuasive advocates. For this reason the other obvious problems with
current population ecology theory are outlined below.

1 No consensus on what ‘population regulation’ actually means has

emerged. The conceptual and practical problems are detailed by den

Boer & Reddingius (1996), White (2001), Murray (1999), Chitty (1996),

Wolda (1995), den Boer (1990a), Krebs (1995) and Murdoch (1994). Calls

to ignore the meaning and concentrate on investigation (Turchin,

2001) may sound pragmatic but are likely to retard progress in

developing sound theory in this area.

2 Too frequently the postulated ‘population equilibrium’, which is

considered the consequence of regulation, is simply an average of

densities estimated at different times. All such means do not actually

represent anything real – they are human abstractions to which we

should not attach particular biological significance (White, 2001).

Nevertheless, the search for the processes postulated to be significant

in the stabilisation of particular systems continues (e.g. Murdoch,

1994; Murdoch et al., 1996b).

3 A debate central to population regulation involves the conceptual

division of ecological influences into two categories.

Density-dependent influences are biotic factors such as predation and

competition that are theoretically capable of regulating populations

because their impact increases proportionately to population density.

Although density dependence is sometimes measurable in

populations, it is too sporadic and spatially heterogeneous an

influence to be seriously considered as a primary determinant of

population numbers or any perceived stability in populations (Cronin

& Strong, 1994; Dempster, 1983; den Boer & Reddingius, 1996; Stiling,

1987, 1988). An alternative suite of influences, mainly abiotic ones, is

seen to act independently of density (although even this is

questionable (Chitty, 1996, p. 170)). This conceptual dichotomy has

sustained a long debate that remains unresolved, and population

ecologists now tend to claim that both categories of influence are

important (e.g. Lawton, 1991; Turchin, 2001). An alternative view is

that the conceptual division and the discussion are centred on

inappropriate underlying premises (Hengeveld & Walter, 1999; Walter

& Hengeveld, 2000; Walter & Zalucki, 1999; White, 2001).

4 Several debilitating problems with the logistic and Lotka–Volterra

population models, which formalise population and metapopulation
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ecology theory (see Turchin, 1999), have long been publicised (e.g.

Andrewartha & Birch, 1954; Heck, 1976). In short, logistic theory has

restricted application and lacks the generality originally attributed to

it. None of the criticisms have ever been satisfactorily addressed by

proponents of the models, and now tend to be ignored.

5 As originally constituted, the theory included no spatial aspect.

Indeed, typical studies claim their subject organisms do not move

beyond the bounds of the study area (Southwood et al., 1989; Varley

et al., 1973), but that is not correct. Even the winter moth, selected for

population dynamics study because of its ostensibly sedentary life

style, has first-instar larvae that redistribute themselves on an

impressive scale (Holliday, 1977). Although metapopulation theory

was designed to overcome this deficiency, its emphasis is still on the

maintenance of an overall equilibrium or balance and it still relies on

the logistic equation (see Hengeveld & Walter, 1999; Walter &

Hengeveld, 2000).

6 The emphasis in current population dynamics theory is centred on

numbers of organisms as a central influence of future population

numbers. However, empirical studies indicate that the major

influences on population numbers, even in studies purporting to show

strong density dependence, are almost invariably such things as

environmental factors, or nutritional availability and quality (e.g.

Varley et al., 1973; Webb & Moran, 1978; White, 1970a,b). Timing of

climatic events is often crucial to providing conditions for population

increase or decrease (e.g. Holliday, 1985; White, 1969).

7 The number of organisms in any place at any time is dictated not by

numbers or postulated number-related influences but primarily by the

interactions of individual organisms with the factors

(physico-chemical and biotic) that influence them directly through

their adaptive requirements and tolerances (Hengeveld & Walter, 1999;

Walter, 1988b; Walter & Hengeveld, 2000; Walter & Zalucki, 1999).

Some efforts have been made to adjust theory to correct for this

misalignment (e.g. Hassell & May, 1985; Lomnicki, 1978; Price &

Waldbauer, 1994; Sutherland, 1996), but these attempts have

concentrated on the incorporation of variation among conspecific

individuals into existing population dynamics models and they

by-pass the species-specific adaptations that explain why species are

ecologically idiosyncratic. This is not to deny other ecological

influences, but such factors as predation, parasitism and competition

are essentially secondary influences of any primary dynamic set up by

the individual–environment interaction (Walter & Zalucki, 1999), with

the last-mentioned being particularly weak because it is so sporadic in
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nature (e.g. Connell, 1983). Ad hoc adjustment to theory is

unsatisfactory when that theory is deficient at a more fundamental

level, which seems the case with population ecology. Furthermore,

emphasis on the variation among conspecifics does not reflect the

fundamental properties of the individuals of a species, and

consequently is inadequate as a basis for developing robust

generalisations in ecology (Walter, 1995b).

8 If one focuses on individuals as a basis for understanding species’

presence and abundance in a specified locality, the concept of

population inevitably changes. The ‘population’ now becomes the

end product of various interacting influences that affect the

physiology, behaviour and survival of individual organisms. In other

words, population ecologists have concentrated on an end product as

their basis for defining principles or workable generalisations. The

error is compounded when the population consequences are then

taken as the cause (or selective advantage) of the individual behaviours.

Logically, the population ecology approach is flawed for at least two

reasons. First, a diversity of interacting influences is now known to

contribute to changes in population numbers. Second, end products

are effects, and scientific explanation is appropriately based on cause

or mechanism (Hull, 1988, p. 44; Krebs, 1995; Paterson, 1985; Williams,

1966). Causal explanation is particularly important in biology, because

adaptation underlies the operation of biological systems (Walter &

Paterson, 1995). Adaptation, in other words, should form the basis of

our generalisations in ecology because that is where we will detect

repeatability, which makes for the most robust generalisations

possible.

Effortshave alreadybeenmadebypopulationecologists to incorporate
adaptation, through the life system approach advocated initially by Clark
et al. (1967). However, the connection between adaptation, environment
and abundance is left rather vague. Adaptation is covered simply by the
phrase ‘inherited properties of individuals of subject species (genotypes)’
(Clark et al., 1967, pp. 6, 58). The inherent properties of individuals
are seen to interact with the effective environment as co-determinants of
abundance (Clark et al., 1967, p. 58). The co-determinants achieve two
things relevant to population dynamics: they control the life functions
of individuals and thus reproduction and immigration, and they influ-
ence the circumstances ofprematuremortality, reduced reproductionand
emigration. Nylin (2001) has recently pursued the issue further and re-
lates to one another the theories of life systems, life history strategies
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and population dynamics. These bodies of theory intersect through their
common link to life history traits and the numerical values estimated
for them. These traits describe the life cycle of the organism rather than
how the organism is shaped, how it works internally, or how it behaves.
Although the morphological, physiological or behavioural traits influ-
ence or even determine the life history traits, the former are not the pri-
mary focus in life history theory because the latter quantify the trans-
itions betweendifferent parts of the life cycle (Nylin, 2001). Theproperties
of individual organisms are thus by-passed, although it is these proper-
ties that are the primary influences on the ecological interaction with the
environment.

The life system approach is said to be one of the most common and
successful approaches to field population studies (Jones & Kitching, 1981,
p. 2). In many ways, aspects of that approach are incorporated, by default
perhaps, in a large proportion of studies that set out to understand what
is essentially a question of presence and abundance. The advantage to the
life system approach is the effort to include animal movement in studies
of abundance (e.g. Hughes, 1981; Kitching, 1981; Zalucki et al., 1986). Con-
sequently, interpretations of abundance relate to amore realistic scale, the
species distribution (Zalucki et al., 1994), althoughmovement ona smaller
scale has also been identified as a significant influence on presence and
abundance at a locality (e.g. Jones, 1981; Zalucki & Kitching, 1982). How-
ever, the intellectualdebtof these last-mentionedstudies to the life system
approach isnot explicit, so other influencesmaywell havebeen important
in such a shift in emphasis.

The life system approach to population dynamics faces another major
difficulty, its explicit failure to deliver generalisations (Jones & Kitching,
1981, p. 3). This shortcoming has several causes. First, the divergent in-
puts into the approach appear to represent an ad hoc combination with
a basis in pragmatism rather than fundamental principle. Practical re-
quirements for pest management purposes demanded information on
particular species, and the ad hoc approach to gathering such infor-
mation has simply been incorporated into population dynamics theory.
Although population dynamics theory is fundamentally deficient (see
above), its central presence in life system researchmaintains expectations
that generalisations in ecology may be developed to mimic the achieve-
ments of physics and chemistry. As hinted at above, fundamental prin-
ciples about biological systems must derive from a realistic understand-
ing of evolution, and recent evolutionary theory reveals that population
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ecologists have beenoverly optimistic in this regard (see sectionon species
in this chapter, below).

Because fundamental principles that relate to individual organisms,
their species-specific properties and their spatial relationships are absent
from the population dynamics and life system approaches, the associ-
ated theory remains unconsolidated. The whole is a rather expansive and
amoeboid-like construct that is brought into service in toomanyways and
for far too many purposes. Ecologists therefore find it easy to slip from
individuals to populations or species, in whatever combination, and in a
very looseway. The relationship between each aspect remains unspecified
and unclear, and the relationships of each to the spatial dynamics of the
environment are left vague. Such lack of clarity in the general literature
on what constitutes an alternative theory is unsatisfactory. Community
theory also suffers such shortcomings (Walter & Paterson, 1995). Funda-
mental theory in ecology needs to be clarified andmade stable enough to
endure rigorous testing among alternatives and to have clearly specified
internal relationships.

Any re-organisation of ecological theory will require the nature of
adaptation tobe incorporated realistically. In the life systemapproach, for
example, little direction is available on how to deal with adaptation. For
example, which inherited properties are the significant ones?Would such
alleles as those for insecticide resistance be given top priority, or sole pri-
ority? Andhowwould such complex inherited properties as host plant re-
lationships be included in a life system model? In some cases the answer
may appear to be straightforward, especially when one is dealing with
monophagous species, because the individuals are adapted to the single
host species onwhich they oviposit, feed anddevelop.Although such sim-
plicity gives an impressionof certainty, the other aspects of the organism’s
ecology require explanation, and invariably they are not simple.

The extent of the problem becomes clear when one considers species
whose adaptations are not so clearly evident (if, indeed, any species’ adap-
tations can be considered so transparent). Again,most polyphagous pests
and beneficials provide good examples of species whose primary adapta-
tions are not obvious. The real issue, then, is understanding adaptation.
To do so we need to consider the functional aspect of the adaptation that
is relevant and how it was acquired. To understand these features we need
to know more about species and how species evolve, both of which are
considered later (Chapter 6). At this point it is enough to remember that
individuals acquire their characteristics (or adaptations) through their
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derivation from a particular gene pool, to use population genetics terms.
The concept of ‘species gene pool’ (Ayala, 1982) links individuals to species
most realistically (Paterson, 1993c, p. 2) and thus also provides the link be-
tween species and the ecological setting (Walter, 1995b;Walter et al., 1984).

Before moving to species, we must consider ecological theory that is
aimed at higher levels than populations – first communities and then
ecosystems.

Community ecology

Community ecologywas developed originally as an alternative to autecol-
ogy (or ‘species-level ecology’) (Cittadino, 1990). Only subsequently did
Schröter & Kirchner (1896, 1902) develop the classification of ecologists’
activities thatultimately led to thehierarchical viewthat effectivelyappor-
tioned ecological theory into complementary subdisciplines (McIntosh,
1985).

Modern community ecology has several interrelated aspects, covering
community structure and guild structure, food web theory, succession,
and so on (Price & Waldbauer, 1994). Again, virtually no restraint is ex-
ercised on what is included in community ecology, or what is excluded
from it. Typically, community ecologists are expansive in claiming credit
for ecological insights, despite the obvious derivation of those insights
in other areas of ecology, as discussed by various authors (Lewin, 1986;
Walter, 1993a; Walter & Paterson, 1995; Young, 1986). Most of the exam-
ples cited in support of using community ecology theory to improve pest
management are ones that were discovered or developed by individuals
who operated outside of the community ecology or ecosystem paradigm.
For instance, Price &Waldbauer (1994) recommend use of island biogeog-
raphy theory, a branch of community theory, as a prop for pest manage-
ment researchbecause ‘wecanprofitablyconsideracropfieldan island ina
matrix composed of amosaic of land types’. They continue: ‘Its impact on
the development of thewhole insect community cannot be overrated, and
we should keep inmind the possibilities available to us for manipulation
of thismatrix for the improvement of insect pest-management practices’.
Their illustrative example involves ‘[o]ne enlightened use of wild plants’
for maintaining populations of grape planthopper parasitoids in vine-
yards when the pest species is in diapause. Consultation of the original
paper (Doutt &Nakata, 1973) demonstrates that these authorswerework-
ing on their understanding of species ecology, not island biogeography
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theory. If the prime illustration of the utility of a theory comes from out-
sideof that theory,goodreasonshouldbeprovided fornot simplyemploy-
ing the theoretical background that generated theuseful result in thefirst
place.

The history of community ecology is, accordingly, exceedingly com-
plex (see e.g., McIntosh, 1985). Nevertheless, the primary justifications of
the validity of community ecology can be established, and were at least
threefold.

1 Particular groups of species regularly occur together, and were

originally seen to persist as a guild or community for long periods.

2 Malthus’s doctrine specified that resources are finite, so the questions

of how sharing of resources and the balance of nature were maintained

became central issues in ecology, although those self-same questions

had had definite theological origins (McIntosh, 1985; Walter, 1993a;

Worster, 1977).

3 Competition for resources was seen as a ubiquitous driving force in

nature (Darwin, 1859).

Community ecology has changed in response to various criticisms,
to the extent that a ‘new ecology’ seems to appear with a periodicity of
10–15 years (McIntosh, 1987). However, the fundamental flaws remain.

1 ‘Communities’ of species are temporary. This is especially evident

when one considers time spans of thousands of years (e.g. Coope, 1978;

Gleason, 1926, 1939; Pielou, 1991). This statement is also true, however,

of periods less than that of the human lifetime, and such change is

driven primarily by climatic fluctuations (e.g. Ford, 1982; Graham

et al., 1996; Hengeveld, 1990; Huntley, 1991; Kitaysky & Golubova,

2000; Parmesan et al., 1999). The implications of such evidence for the

theory of community ecology have been spelled out by Walter &

Paterson (1994, 1995). Essentially, communities do not exist as entities

in nature. They cannot, therefore, be specified objectively and

unambiguously, so robust ecological generalisations cannot be made

at the community level. Generalisations should be sought at a lower

‘level’ of biological organisation.

2 Interspecific competition is neither a ubiquitous ecological force nor a

strong one (e.g. Andrewartha & Birch, 1954; Connell, 1980; Walter,

1988b; Wiens, 1977). Consequently, interspecific competition is not a

universal evolutionary force, and adaptations attributed to the

influence of competition are more realistically explained otherwise

(e.g. Andrewartha & Birch, 1954; Heck, 1976; Simberloff, 1976, 1980,
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1982, 1983; Walter, 1988b, 1991, 1995b; Walter et al., 1984; Walter &

Paterson, 1995). Although the points above have been long

acknowledged, all that has really happened (in this ‘new’ pluralistic

ecology) is that competition is now seen as only one of many ecological

influences that may operate (e.g. Price et al., 1984). Unsurprisingly,

such a view has been part of ecology since its inception (e.g. Darwin,

1859) and even played a crucial role in the development of

interpretations of coexistence theory (e.g. Hutchinson, 1948).

Explaining coexistence is simply explaining why competition between

similar species is so weak that it does not exclude one or other of them

(Walter, 1988b). This tells us that predation, ecological disturbance and

the other factors that have been incorporated into pluralistic

community ecology have all been part of coexistence interpretations

for a long time. As a theory, pluralism is methodologically weak

because observations cannot be challenged (Simberloff, 1990), and

because the ecological or evolutionary cause attributed to any observed

phenomenon is tied to a ‘principle’ that is superficial and, therefore,

unenlightening. Principles may well be simple, but they should never

be so trivial as to state only that many influences are important in

ecology. Such a statement warns that principles are being sought or

abstracted at an inappropriate level.

3 The species included in ‘communities’ or ‘guilds’ are specified as

members by the observer, on the basis of which species use a common

resource. A typical example would be the species of insects that feed, as

larvae, in fallen rainforest fruit (Atkinson, 1985). The group of species

thus circumscribed is considered to have at least the potential to

interact competitively among themselves (e.g. Abele et al., 1984).

Because most organisms use a range of resource types in any one

category of resources (e.g. food or shelter), and since the food types

consumed by one species are unlikely to overlap conveniently with the

food types consumed by other guild members or community

members, abstractions of communities based on resource use are

inevitably overly restrictive caricatures of complex situations, even in

such ‘generalist’ species as the drosophilid flies that feed on fallen

rainforest fruits (van Klinken & Walter, 1996).

4 In community ecology, species are dealt with as interacting units,

which is a form of typology (Hengeveld, 1988; Walter, 1993a, 1995b)

deemed unsatisfactory by evolutionists (e.g. Mayr, 1982). Among other

problems, such an approach tacitly invokes a form of natural selection

called group selection. For group selection ever to have a significant

evolutionary influence would require conditions that usually do not

occur in nature (e.g. Maynard Smith, 1966; Williams, 1966).
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Howdoes one overcome the deficiencies outlined above? Logically, the
only possibility that remains is to derive an objectively defined entity
fromamong thedynamic complexities thatmakeupnatural systems.The
fact that species are self-defining in terms of their sexual behaviour (see
Chapter 6), respond to climate independently of other species, even those
with similar requirements and those which co-occur, and use resources
that do not map conveniently against those of co-occurring species sug-
gests the level at which wemay expect ecological generality is the species
defined in population genetics terms. This line of reasoning is justified
and pursued further after a consideration of ecosystem theory has been
covered.

Ecosystem theory

Several influences led to the development of the ecosystem concept. Fore-
most, perhaps, was the distinction frequently drawn between the living
and non-living attributes of nature, and the fact that the physical and
chemical aspects of the environment, although acknowledged and stud-
ied, were not explicitly incorporated into population and community
ecology theory. That was changed by Tansley (1935) and Lindeman (1942),
who engineered the systems approach to dealing with the dynamics of
nature. They were reacting to Clements’ (1916) superorganism concept
of community that was popular from its inception, and which still in-
fluences ecological practice (McIntosh, 1995; Simberloff, 1980; Walter &
Paterson, 1994). Tansley (1935) thus saw himself developing an alternative
concept to that of community, one that he considered reductionist in na-
ture. Ironically, community ecology and ecosystem ecology have become
quite strongly aligned (Price, 1984; Price &Waldbauer, 1994), although in-
terpretation of ecosystem dynamics may well be more reliant on under-
standing the population dynamics of the species principally involved in
the energy or chemical cycle of interest (Kokkinn & Davis, 1986; Peters,
1991, p. 17).

Ecosystem ecology was imported into agricultural entomology as a
means of understanding the dynamics of a human-controlled situation,
the agroecosystem, and then using the insights to alter the system in
favourable ways (Croft, 1983). Of particular relevance to the agricultural
situation is that ecosystem ecology, much like community ecology, set
out to explain the dynamics of a subjectively designated entity. The en-
tity was essentially spatial (McIntosh, 1985, p. 198), so it is not surprising
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that the relatively small bodies of water studied by limnologists featured
prominently in early ecosystem studies. Central to the problemwas quan-
tification of transfer rates of matter, nutrients or energy within the spa-
tial boundaries identified by the ecologist. However, relatively discrete
boundaries are not typical in natural systems above the level of individual
organisms. Even Forbes (1887), who pioneered lacustrine studies because
of their perceived microcosmic nature, established that the lake border
was wide open to nutrient transfer. In his study, vast amounts of pollen
fed the lake (Bocking, 1990). To a large extent species are irrelevant to
interpreting ecosystems as it is the energy transfer itself that is deemed
important, not how it occurs (McIntosh, 1985, p. 198), but it has been the
reduction of ecosystem function to units of energy transfer that has been
elusive. ‘Energydoesnothave theunifyingpower thatwasonce attributed
to it and, besides, treating the components of anecosystemasnon-varying
participants in a mechanistic model may well obscure the very informa-
tion that is most valuable to biologists’ (Kokkinn &Davis, 1986).

That farmsare also relatively small spatial units probably encourageda
belief in theutilityof ecosystemtheory.But twoobvious featuresof insects
seem to have been downplayed, quite consciously, by agroecosystem ana-
lysts. First, all insect species have at least one stage in the life cycle that is
motile, capable of covering considerable distances, anddoing so regularly
enough to disrupt most other patterns of population change. Those who
do offer solutions to this problem suggest only that ‘we must define our
ecosystem for study as a similarly extensive area’ as that from which the
invaders come (Price &Waldbauer, 1994, p. 37). Again, themigration feats
of pest insects were discovered not by ecosystem-level studies, but by en-
tomologists concernedwith aparticular pest species (e.g.Doutt&Nakata,
1973;Kisimoto, 1976;Rainey, 1989;Taylor, 1986).Redefiningthespatial ex-
tent of the ecosystem to match the sphere of operation of invaders of one
species seemsrealistic atfirst consideration.But itdoesbeg thequestionof
what other ecosystem properties should also be incorporated over the ex-
panded area that is to be taken into consideration. If nothing more than
themigrating insects andtheir ecological influences are tobe included,we
have effectively achieved nothing that is not already being taken into ac-
count by the entomologists concernedwith those pest species. Use of this
example again suggests that the justification of a ‘higher-level’ ecological
approach is being made under false pretences, and that such approaches
havehadno real impact inpestmanagement. Furthermore, themethodof
designating the scale of agroecosystems advocated by Price & Waldbauer
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(1994) has a remarkable species-specificity to it. A species that migrates
from across a continent suggests the agroecosystem is massive, whereas a
species associated with the same crop, but from a nearby source, suggests
an ecosystem of different dimensions. That both species may be pests on
a single crop simultaneously further undermines the solution proposed
by Price & Waldbauer (1994). Since the dimensions in each such case are
dictated by a given species, the logical practical solution would be to deal
with the pests on a species by species basis; no information would be lost,
and unwarranted expectations would not be generated.

Second, the pests of agriculture do not behave like the other major
components of agricultural systems.Most farm inputs are well under hu-
man control, including the cultivar that is grown. Perhaps this relative
constancy, and the common perception that nature is not only there to be
controlled, but is so controlled (see Worster, 1977), led analysts to ignore
the fact that boundaries (whether farm, field or political) are irrelevant
to insects. In any case, even recent pest management literature contains
statements to the effect that ‘there can be little doubt that the transforma-
tion of ecosystem to agroecosystemproduceswell defined systems of a cy-
bernetic nature . . . There is a strengthening of the bio-physical boundary
of the system, a bund is created around the ricefield, for example, which
makes the boundary less permeable. The basic ecological processes –

competition, herbivory and predation – still remain, but these are now
overlaid and regulated by the agricultural processes of cultivation, sub-
sidy, control, harvesting and marketing. At least in cybernetic terms, an
agroecosystem defined in this way ismore similar to an individual organ-
ism than it is to a natural ecological system’ (Conway, 1987, p. 96). That
such claims were made, without justification, even after the migration
feats of rice planthoppers inAsiahadbeenmadewidely known (Kisimoto,
1976) is surprising.

The connection between an understanding of the ecology of specific
pests and the proposed ecosystem approach to solving pest management
problems is, therefore, extremely tenuous. In his summary of ‘hard sys-
tems analysis’, which is part of the planning of an IPM system, Tait (1987,
his Table 7.1) includes all aspects of pest ecology under the rubric ‘system
description’.What information is needed to achieve such an end? Specific
direction is not readily found in the literature, but the questions that are
stressed in relation to agroecosystem research tend to be of two types.

First, ‘How stable are agroecosystems?’ ask Woolhouse & Harmsen
(1987). The issue here is that system stability is considered a desirable
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attribute for agricultural purposes, and is an issue pursued bymany con-
cernedwith theory that relates to biocontrol. Although any perceived sta-
bility of such systems is not a fundamental biological property, the idea
has long persisted since arising in connection with a ‘balance of nature’.
And it has been linked functionally to species diversity in the system (e.g.
Pimm, 1991). The belief that increased diversity leads to greater stability
of systems persists (e.g. Price &Waldbauer, 1994), despite demonstrations
of the fragile nature of this proposed principle or generalisation (Grimm,
1996; Grimm&Wissel, 1997).

Second, Conway (1987) has suggested that agroecosystems can be char-
acterised by a limited set of dynamic properties that not only describe
their essential behaviour but also can be used as criteria of ‘agroeco-
systemperformance’. Perhaps a typical question thatmight be developed
under thismantlewouldbe: ‘Whatdynamicpropertiesdescribe the essen-
tial behaviour of an agroecosystem?’, but nohints as tohow to achieve this
result are presented. The problem seems to lie in the ecosystem concept
being associated with ideas of balance and stability. Pest management ac-
tions are thus seen tobe taken ‘to restore, preserve, or augment checks and
balances in the system’ (Flint & van den Bosch, 1981, p. 108; see also Price
& Waldbauer, 1994). But what is a ‘check’ or ‘balance’, and how does one
go about measuring such aspects of the environment? No practical hints
are given by Barfield & O’Neil (1984) when they claim: ‘The boundaries of
components of the system and the couplings among themmust be iden-
tified before design and implementation of an IPMprogramme’.

Finally, research conducted at the ecosystem level returns results that
suggest that different species respond individualistically to any alteration
in the system,which is the same aspect that undermines the development
of realistic generalisations in community ecology. For example, responses
to elevated CO2 levels tend to differ across species (Pitelka, 1994) and the
overall response will depend on the relative numbers of individuals of
each species that is present. Practical solutions for pestmanagement have
not been generated from ecosystem theory and again the idiosyncrasy of
species is evidently part of the problem. Overall, it does seem time to bury
the ecosystem concept (O’Neill, 2001).

Species, individuals and autecology

Three general points are developed in this section. The first details briefly
the ways in which species are incorporated into aspects of the ecological
hierarchy, as well as the inadequacies of this treatment. Second, the role
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of species studies in pest management is outlined, together with the way
inwhich species names are used as a ‘hook’ onwhich to hang information
relevant to their ecology and to pest management. Third, an alternative
approach to ecology is outlined. Autecology works from the perspective
of individuals, their ecologically important properties (which are derived
asexually or sexually through their ‘membership’ of a species gene pool
(Chapter 6)), and their interactions with the environment. ‘Populations’
and ‘communities’ thus represent the consequences of thesemost basic of
ecological interactions. They are thus seen not to be entities or levels of
ecological organisation, so no additional theory is needed to explain their
presumed structure. And their postulated structure does not feed back in-
exorably to determine the actions and evolution of the constituent indi-
viduals and species.

Autecology was initially articulated over a century ago (see, e.g.,
Cittadino, 1990), but a full theoretical development has been proposed
only recently. The utility of autecology theory for pest management is a
pointdeveloped in the secondpartof thisbook, for autecology justifies the
species-basedapproachalready takenbysomany involved inpestmanage-
ment, and it alone of all ecologically related considerations could be said
to have driven most of the successes in pest management. In addition, it
provides a theoretical basis for extending perceptions of ecology for pest
management purposes, by helping to assess suggestions made regarding
pest management by population and community ecologists, and by sug-
gestingmore appropriate alternatives.

Species in population, community and ecosystem ecology
The only way in which species are currently given prominence in eco-
logical theory is when they are considered typologically or as units
(Hengeveld, 1988; Walter, 1993a). For example, species as units are seen to
fill a niche or to partition resourceswith other suchunits in a community,
a view with distinctly group selectionist overtones (Walter, 1991). Species
are similarly seen to play a role in a food web, food chain or ecosystem.
The theoretical context for such views is community and ecosystem ecol-
ogy, not species theory. Species theory explicitly rejects such an attitude
(Paterson, 1986; Walter, 1995b), for reasons that will become clear in the
following chapter.

Species in IPM-related studies
The study of species from the ecological perspective is the only approach
that has yielded real dividends in pestmanagement, for this has provided
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the various control options. Generalisations are not readily apparent
when one considers the ‘study of species’ for pest management purposes,
although the features of particular species,whethermorphological, phys-
iological or behavioural, are reported very commonly in the scientific lit-
erature. Frequently, this species-related work is referred to as ‘natural
history’, even by those who approve of such studies (Rey &McCoy, 1979),
which seems to undermine its scientific status. Aspects of the host re-
lationships and of the sexual and other communication systems per-
haps make up the bulk of such reports. The reports are frequently some-
what anecdotal in that they are seldom structured around any explicit
theoretical generalisation, besides almost universally carrying the impli-
cation that the features documented are functional in oneway or another.
Not surprisingly, alternative generalisations about such functionality are
available, and these are examined in the following chapter.

The ‘species approach’ remains without synthesis in ecology, which
seems to be explicable only through the pre-eminence of demographic
ecology. Consequently, information gathered about species seems to be
considered somewhat peripheral to ecological theory, and this might ex-
plain the persistent and general decline of autecology since the beginning
of the twentieth century. Indeed, emphasis on ‘species’ acquired a bad
name as early as the nineteenth century because the natural historians
who opposed evolutionary theory simply gathered observations about
species andsoughtnewspecies todescribe.Because these so-called ‘species
mongers’ were unscientific, any emphasis placed on species was viewed
askance (Rehbock, 1983). Even species theory itself, which deals with
species concepts and interpretations of species formation (speciation), has
never quite recovered, as expanded upon in the following chapter.

A modern problem for species studies relates to the concept of func-
tionality, mentioned above in this subsection. Functionality implicates
natural selection.Many evolutionary andbehavioural ecologists interpret
natural selection acting as an optimising principle. Thus, parasitoid indi-
viduals of a given species, for example, are envisaged to compete among
themselves to the extent that the most efficient of them passes on their
optimising mechanisms disproportionately to the following generation,
and thus ‘relative efficiency’ is seen to be the primary driving force in evo-
lution (e.g.Godfray, 1994).Behavioural studies tend, therefore, tobe chan-
nelled into investigations of relative efficiency, as this is considered to re-
veal the way in which behavioural mechanisms evolve. Such studies of
ultimate causation are portrayed as more meaningful in relation to the
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development of generalisations than studies of the behavioural mecha-
nisms themselves. These ethological aspects are dismissed as proximate
mechanisms that are readily interpreted through descriptive studies (e.g.
Waage &Hassell, 1982).

Because the conditions to which individual organisms are exposed are
likely to differ among the various populations of a species, optimisation
mechanisms are expected to differ among conspecific populations (e.g.
Godfray & Hunter, 1994). As a consequence species and speciation pro-
cesses are, atmost, peripheral to evolutionary and behavioural ecologists.
Some authors (e.g. Thompson, 1994) have written about species-defining
characters such as the ones used in phylogenetic analyses, as opposed to
locally acquired characters, but have not defined characters expected to
fall into each category or why there should be a differential in this regard.
Oneaspect thatneeds clarification, therefore, is thecontradictionbetween
the frequent reference to species in the ecological and pest management
literature and the prominent view of demographic ecology that the sig-
nificant evolutionary changes take place within the different local popu-
lations that are seen to span the geographical range of species. This is an
issue that is tackled fully in Chapter 6, where species theory is detailed as
a basis for extending autecological insights into IPM.

Autecology
An important, but little-appreciated, role for ecologists today is the devel-
opment of a realistic theory of ecology that is consistent with the under-
lying principles ofmodern species theory (Walter, 1995b). The fundamen-
tal basis of ecology is provided by the inherited properties of individuals.
Not all inherited properties are of equal relevance to interpretation of the
ecology of individuals. Of primary concern are the complex behavioural
and physiological adaptations that influence the conduct and well-being
of individuals in their natural setting (Paterson, 1985, 1986; Paterson et al.,
1963).

Such complex adaptations, given a certain amount of pre-selection
variationanda lesser amountofpost-selectionvariation (Paterson, 1993b),
tend to be species specific and species wide. These are the characteristics
that influence the ecology of organisms, including pests and beneficial
species. Since these characteristics areunique to each species, a point read-
ily appreciated by those involved in pest management, species must be
consideredonan individual basis. The individuals of each species respond
to the environment in a characteristic way, so their movements, local
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abundance and geographical representation (the species’ distribution) is
unique. Ecological generalisations, in the form of ecological theory, have
to cope with this awkward property of organisms.

The environment of organisms comprises physico-chemical influ-
ences, which are primarily climatic or influenced by climate, and biotic
conditions, which impinge mainly in the form of vegetation structure
and the availability of host and vector organisms (Hengeveld, 1990). In-
dividual organisms respond to particular subsets of the total environ-
ment, which defines their species-specific habitat requirements (Walter
& Hengeveld, 2000). Organisms exist within an ecological landscape,
which is the distribution of environmental factors across biogeograph-
ical space. It is essentially variable and ever-changing, and organisms re-
spond to such heterogeneous dynamics principally by adjusting their
position (motile organisms, including the propagules of sessile species)
and/orphysiology (mainly sessile forms)within thebiogeographical land-
scape (Hengeveld, 1997). The result is the continuous shifting of individ-
uals intomore favourable localities and away from less favourable ones, so
populations simply represent a statistical consequence of this individual
behaviour (Fig. 5.1). The way in which these basic processes can be incor-
porated into a usable ecological theory has been developed by Hengeveld
&Walter (1999) andWalter &Hengeveld (2000).

The primary message from the outline of autecology just presented is
that we are concerned, in pest management, with individual organisms
and that the individuals are referable to a particular species through the
properties they carry. What is the precise nature of the relationship be-
tween individuals and species?Howshouldwe conceptualise the relation-
ship? And how does one recognise and characterise the properties of a
species that are of particular relevance to understanding its ecology, pest
status and control? These questions are outwardly simple, but they delve
deep into the subtleties that surround the understanding of species. Of
particular relevance is that the individuals, whose behavioural and phys-
iological properties we wish to work from, acquire those characteristics
through their derivation from a particular species gene pool. That means
that one has to appreciate what a species gene pool is, how that relates to
the names given to species, and even how new species evolve. The origin
of adaptations and new species is critical, for that tells us what we can ex-
pect of organisms in the field. Are they constantly undergoing adaptive
change? If so, howdoes that affect their ecology andpest status?Howdoes
that, in turn, affect our interpretation and understanding of the ecology



Figure 5.1. Diagrammatic representation of the ‘metaphorical seascape’ view of chang-
ing abundance and distribution of a species. Top left: A single individual moves across a
landscape. When it encounters an area of suitable habitat it spends more time there (in
this case by moving more slowly and turning more frequently). Top right: Consequently,
the number of individuals (or population density) is greater in areas of suitable habitat,
because the retention time of individuals is greater there. Bottom left: Suitable habi-
tat shifts position through time, under the influence of environmental change. Conse-
quently, populations shift with time as the individuals find localities in different areas
that are suitable. Bottom right: Representation of the probability of survival of differ-
ent populations at one time; the probability is an estimate of how long the environment
remains favourable. Reprinted with permission from Kluwer Academic Publishers.
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of those organisms? These are critical questions for understanding pest
and beneficial organisms, and they suggest an entry into species theory,
the topic of the following chapter.

Conclusions

In conducting research to extend understanding of the ecology of pests
and beneficials for IPM purposes, one of several alternative research di-
rections could be selected, as outlined in this chapter. A further difficulty
is posed when various strands of ecological theory are intertwined, a fre-
quent occurrence in publications that deal with ecological research for
IPM.

This chapter has justified a species-based approach to ecology, but it
cautions that such work is not going to be a matter of simply going out
to collect the relevant facts. Substantial complexities exist in interpreting
what characteristics are relevant to ecological understanding and how to
investigate them. Remember that over 200 papers have appeared on the
two pest species ofHelicoverpa in Australia over the last 35 or 40 years, yet
the significance ofmost results has still to bemade clear (Matthews, 1999;
Zalucki et al., 1986). Furthermore, a substantial part of the problem lies in
interpreting the limits of species, for we tend tomix different species un-
der one name very frequently. And any such variation perceived within a
species is usually not considered surprising, for the currently dominant
view of evolution tells us to expect such changes. How should we deal
with such complications? The problem is not straightforward and it en-
tails conceptual subtleties. For these reasons, the following chapter delves
deep into the background of species theory. It is a long chapter, but neces-
sarily so. Without an understanding of each component of the subtleties,
a logical interpretation of species is not possible, and as a result their eco-
logically relevant properties cannot be specified.

Chapter 6 is therefore designed to demonstrate just how complex are
the theoretical and practical aspects that lie behind such outwardly sim-
ple statements as the one made by Flint & van den Bosch (1981): ‘Identify
the key pests; know their biology’. The implications for ecological re-
search and IPM of the views developed in Chapter 6 are then followed
up in Chapters 7–9, to illustrate how specific topics in ecology and pest
management are influenced by amore realistic understanding of species.
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Understanding species: good taxonomy, sexual
species and pestmanagement

It was a startling revelation that seven species with very distinct bio-
logies had been confused under the taxon Anopheles maculipennis. The
study of the An. maculipennis complex, more than any other, served to
demonstrate the critical importance of cryptic (or sibling) species in
ecology. ‘Species sanitation’ took on a new significance and a new com-
plexity. Themysterious ‘Anophelismwithoutmalaria’, which had been
such a feature of malaria in western Europe, was at last elucidated. It
slowly became clear that the identification of . . . species on morpholo-
gical grounds is often not good enough. . . .

h. e. paterson (1993 a, p. 39)

And Einstein’s theory, developed on what appeared to many of his
contemporaries as a very frugal basis on which to found a physical
theory, has revealed a richness of content that continues to baffle the
imagination.

s. chandrasekhar (1990, p. 286)

Introduction

Oneof themost basic aspects in tackling anypestmanagement problem is
the initial identificationof the species involved,whether it bepest orbene-
ficial. A great number of expensive mistakes have followed identification
failure. Fortunately, some of these have been well documented (Annecke
& Moran, 1977; Clarke, 1990; Compere, 1961; Delucchi et al., 1976), and a
common call in the applied entomology literature is for ‘good taxonomy’
tounderliepestmanagement.Oneof themainpointsmade in this chapter
is that good taxonomy on its own is frequently insufficient to solve the
problem at hand.
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In general, perceptions of species need to be extended a great deal
if we are to approach the problem of identification in a more practical
fashion. The major thrust of this chapter comprises a more expanded in-
terpretation of the identification problem than is available elsewhere in
the pest management literature. The expansion incorporates several nu-
ances that are seldom clarified in relation to insect pests. In particular,
species defined in terms of structural (or measurable) features need to be
related to species defined in terms of their sexual behaviour. The strength
of the latter approach is that it makes use of the way in which reproduc-
tive individuals themselves specify, in nature, their relationship to con-
specifics. Species have therefore been described as self-defining (Lambert
et al., 1987), which is explained later.

Although theabove summarymay suggest thatproblemsolving in this
area is relatively straightforward, researchonspecies and interpretationof
empirical data suffers from at least three subtle difficulties, each of which
is expanded in the body of the chapter. First, as in all scientific endeav-
ours, the underlying theory affects the approach taken,methodsused and
final interpretation. Second, the study of sexual behaviour for the pur-
pose of defining species usually has to be tackled indirectly because the
appropriate direct observations are not possible on most insects in na-
ture. Suchobservationsandexperimentsare therefore likely to returnout-
comes that are ambiguous and demand further testing before resolution
can be reached. To overcome this difficulty, method is given prominence
within the chapter, but strictly in relation to theory. The third subtlety
concerns themajor consequences of the evolution of sex, both for the ori-
gins and interpretation of biological diversity, and for recognising species
limits and classifying organisms. This explains why species that repro-
duce sexually have to be defined by criteria that are different from those
used for entirely asexual organisms.

A studyof the ecologyof any species canbeapproached invariousways.
Onecould seekwhat isbelieved tobeadditional facts about theorganisms,
as an empiricistwould do (Chapter 2). Alternatively, understanding of the
organism’s ecology could be extended by testing alternative explanations
of recorded patterns. In pest management research, the former prevails
all too frequently, very likely to the detriment of progress in IPM. Ecolo-
gical studies in pest management are further confounded by the agglom-
erationof thevariousapproaches toecology that areoutlined inChapter5.
Because the alternative approaches to ecological investigation are usually
seenas legitimate complementary approaches, they are frequently all seen
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to be factual in some way and therefore entirely legitimate. Reasons are
presented inChapter 5 as towhyecological understanding shouldbebuilt
up fromthe studyof individual organisms and their species-specific prop-
erties,which is essentially theautecological approach.Even ifonedoesnot
agree that the autecological approach is a better alternative than other
basic ecological theories, the question of species identity remains relevant
to all ecologists.

In unravelling published interpretations of the ecology of any species,
one should attack the problem through a process of deconstruction. The
knowledge base should be meticulously pulled apart to find out what is
claimed about the organisms of interest, how robust the data and associ-
ated interpretations are, andhowthe interpretations relate to current the-
oretical developments.Uncertainties aremore readily exposed in thisway
andcrucial questions canbe identified.A crucial question is onewhose an-
swer ramifies through other areas of ecological interpretation regarding
that species, and thus influences those interpretations. Issues of species
identity are thus crucial to accurate ecological interpretations.

How easy is it to ‘Identify the key pests’ and ‘Know
their biology’?

The general problem:Good taxonomy in applied entomology
All ecologists and applied biologists would probably agree with Rosen
(1978) that ‘Correct identification and classification of organisms are
essential for any intelligent interpretation of biological and ecological
information’, but few would be prepared to commit full attention to this
central problem, despite repeated dire warnings in the scientific litera-
ture. A lax approach to identity threatens the rational basis that biology
has provided for solving ecological problems. With regard to biological
control, Sabrosky (1955) pointedout that some scientistswonderwhatdif-
ference the presence of undetected or misidentified species makes if con-
trol has been successful. His response to them is telling: ‘Perhaps none at
themoment,butwemayhave lostourbest chance toknowwhatwearedo-
ing, to establisha soundunderstandingand scientificbasis for ourwork’ (Sabrosky,
1955) (emphasis added). Clarke (1990)hadgood cause to cite thesewords in
his critical analysis of what had been earlier referred to as a ‘landmark’ in
classical biocontrol (see later).

The number of insect species is extraordinarily high, with insect tax-
onomy still requiring vast amounts of work (Oliver, 1988). Many groups
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of insects contain cryptic species. Also referred to as sibling species,
they are virtually identical to one another in their morphology. However
careful taxonomists may be in their morphological investigations, and
even if forewarned about the presence of cryptic species (e.g. Annecke &
Mynhardt, 1979; D. P. Annecke, pers. comm. 1978), they still may fail to
detect or accept there is more than one species in a collection or sample.

Cryptic species are widespread in nature, including among insects of
economic importance. For example, newly discovered cryptic species of
heteropteran bugs, planthoppers and leafhoppers (Claridge et al., 1985;
Claridge & Nixon, 1986; Gillham & De Vrijer, 1995), moths (Goyer et al.,
1995; White & Lambert, 1994; Whittle et al., 1991), fruit flies (Baimai et al.,
2000; Condon & Steck, 1997; Drew&Hancock, 1994), hessian flies (Makni
et al., 2000), predatory beetles (Angus et al., 2000) and parasitic wasps
(Atanassova et al., 1998; Fernando & Walter, 1997; Gokhman et al., 1998)
are still frequently reported. Most species in a cryptic species complex
are differentially associated with species of plant or insect hosts. In some
cases, though, more than one cryptic species habitually feeds and breeds
on the same host species (e.g. various planthopper species (Denno et al.,
1987; Gillham&De Vrijer, 1995) and fruit flies (Clarke et al., 2001; Condon
& Steck, 1997)). If a suite of sibling species is mistakenly perceived to
be a single species, which undoubtedly still occurs regularly across all
countries, an erroneous interpretation of the ‘species’ and its biology is
developed. Furthermore, in parasitic and phytophagous associations, it
is not unlikely that the host is also a complex, and this might explain
some of the difficulties in certain weed biocontrol projects (e.g. lantana
biocontrol).

Techniques for sampling and studying the ‘species’ may be developed
and individuals frommore than one species will be combined in ecologi-
cal samples, behavioural observations or experiments.Disparate informa-
tion from two vastly different species may thus be combined in studies of
pest status, biocontrol potential, host specificity, geographical distribu-
tion, diapause, infection rates, activity cycles, the spread of insecticide re-
sistance and so on. The severity of the problem for IPM becomes appar-
ent when the ecology of pests that are difficult to manage is examined,
as illustrated in the summaries of sugarcane black bug (Sweet, 2000) and
cotton stainer (Schaefer & Ahmad, 2000) biology, ecology and pest status.
The implications for pest management practice are serious, because each
of the specieswithin a cryptic species complex presents unique problems,
demands and opportunities for pest management.
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Despite the morphological similarity of one species to another, cryp-
tic species are true species and no different in principle from species that
express morphological distinctions. In particular, sibling species are not
‘biotypes’ or ‘incipient species’ that are in the process of evolving full
species status, a point that is justified later. Each species in a ‘complex’ of
cryptic species is almost invariably unique in aspects of their behaviour,
physiology and ecology. For example, mosquitoes that are vectors for
malaria parasites in Europe and Africa are frequently present in an area
with mosquitoes that are virtually identical morphologically, or even in-
distinguishable at all stages of the life cycle, but which do not trans-
mit Plasmodium and can therefore be ignored with respect to malaria
control (Paterson, 1993a). If they were inadvertently included in control
programmes then interpretation and management decisions would be
compromised.

The economic consequences of such mistakes are considerable, as
illustrated in example 1 below with reference to red scale insects on
Californiancitrus. Several other examples fromdifferent countrieshelp to
illustrate theways inwhich identification problemsmanifest themselves.
These examples illustrate the need to distinguish bad taxonomy per se
from the undetected presence of cryptic species, because unresolved cryp-
tic species complexes demand appropriately designed behavioural and
population genetics investigations for their resolution. Research on cryp-
tic speciesmust be designed froma sound theoretical basis. A scientific ra-
tionale is available for this purpose and it also helps to pinpoint situations
inwhichundetected cryptic species are likely tobepresent (Paterson, 1991)
(see later).

Example 1: Parasitoids of citrus red scale in California
Since 1880 an aphelinid parasitoid (Aphytis chrysomphali (Mercet)) had
been known to attack red scale insects (Aonidiella aurantii (Maskell)) in
Californian citrus, after its adventitious establishment there, but it was
generally considered ineffective. George Compere was sent to search in
southern China, the native home of Aonidiella, for additional parasitoid
species. His observations convinced him that red scale there was kept at
low densities by a ‘little yellow parasite’, undoubtedly an Aphytis species.
The species he observed was probably A. lingnanensis Compere, which was
later to prove very effective in California. But L. O. Howard identified it
as A.mytilaspidis (Le Baron), which was already present in California, but
not on red scale insects.He also incorrectly identifiedA. chrysomphali in the
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USA as A.mytilaspidis. However, Compere remained unconvinced: ‘I don’t
care if all the entomologists in creation would coincide with Dr Howard
that the yellow species here on red scale is the same as that in California, I
would still be of the contrary opinion’ (Compere, 1961, p. 204).

Howard warned Compere he was wasting time and the state’s money
in his efforts to introduce parasites into California that already existed
there. This misconception was based on Howard’s misidentification of
A. lingnanensis and was possibly responsible for ending Compere’s ca-
reer as foreign collector and postponing related foreign work for several
years (Compere, 1961). The pest management impasse was compounded
by another misidentification, this time involving the host species. The
red scale was originally mistakenly thought to belong to the genus
Chrysomphalus and the search for natural enemies was thus misdirected
at South America (Rosen, 1986). Further, red scale insect and yellow scale
(A. citrina (Coquillett)) were not separated taxonomically from one an-
other until 1937 (McKenzie, 1937), despite evident differences in injuri-
ousness and physiology (Compere, 1961, p. 186). Meanwhile, host-specific
parasitoids from yellow scale, the wrong species of Aonidiella, repeat-
edly failed to establish in California, which led to the erroneous con-
clusion in the 1930s that no effective parasitoids of A. aurantii existed in
Asia (Rosen, 1986). The issue of red and yellow scale insect species sta-
tus was debated publicly by two leading entomologists, C. V. Riley and
B. M. Lelong. Riley was unmoved by the non-morphological evidence.
In Compere’s (1961, p. 187) view, he ‘was attempting to defend an unten-
able position and was poorly prepared for the encounter with Lelong.
When confronted with the evidence and the logic of Lelong, he gave
ground, but only temporarily. He based his ultimate decision on the con-
ventions of systematics and not on the facts of nature and, on the basis of
morphological evidence, pronounced the red and yellow scales to be the
same’. The account given by Compere is rather frightening in its timeless
qualities.

With hindsight, the Californian citrus situation has been summarised
as follows: ‘Amajor reason for this 50-year failure was a series of misiden-
tifications of the parasitoids and the scales, which resulted in searches
being made in South America instead of the Far East, introductions of
unsuitable parasitoids from similar species of scales, and failure to in-
troduce the effective parasitoid species because they were misidentified
as species already present in California’ (Stehr, 1975, p. 174). Introduc-
tions of parasitoid species that subsequently proved effective in red scale
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insect control in California were ‘painstakingly destroyed as an undesir-
able contaminant’ (Rosen, 1978). Successful biocontrol of citrus red scale
inCalifornia therefore has thedubious distinctionof beingone of the best
examples of a long-standing failure turned into a success by the eventual
introduction of appropriate natural enemies (Stehr, 1975). This example
illustrates the consequences of bad taxonomy and the need to understand
the limits of cryptic species. Indeed, understanding the limits of Aphytis
species remains a significant problem for horticulture worldwide.

Example 2: Introduction of an exotic parasitoid of Karoo caterpillar
into South Africa

The Karoo caterpillar (Loxostege frustalis Zeller) is an indigenous pyralid
pest of South African sheep pasture. For various reasons, a supplement to
parasitismwas sought inNorth America (Annecke &Moran, 1977), where
the congeneric L. sticticalis (Linnaeus) is a pest. Almost nine million indi-
viduals of the introduced braconid Chelonus texanusCressonwere released
in South Africa over the decade ending mid-1952. To gauge the success
of the programme L. frustalis caterpillars were field-collected during 1948
and 1949, and these ‘collections yielded about 2% parasitism by the in-
digenous C. curvimaculatus Cameron, a species not then known to attack
the Karoo caterpillar, and this species was taken for C. texanus, which it
resembles’ (Annecke & Moran, 1977). The misidentification was not cor-
rected until early 1951. In themeantime, ‘[t]he recoveries of themisidenti-
fied C. texanuswere a source of encouragement for the entomologists con-
cerned, but the species never did establish in South Africa’ (Annecke &
Moran, 1977). Again, bad taxonomy and preconception were important
influences.

Example 3: Taxonomic quality control in parasitoid cultures
The San José scale insect (Quadraspidiotus perniciosus Comstock) invaded
apples and currants in southern Germany about 50 years ago. The
major biocontrol thrust involved themass production and release of vari-
ous ‘strains’ of the aphelinid parasitoid Encarsia perniciosi (Tower). The
parasitoid ultimately responsible for biocontrol was the so-called bisex-
ual E. perniciosi strain. During the early years of the programme, the
parasitoid cultures were unknowingly contaminated by the congeneric
E. fasciata (Malenotti), a species native to southern Europe. The latter
species apparently reproduced far faster than E. perniciosi in the insectary,
and accounted for as many as four million E. fasciata being released in
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the Heidelberg region in the period 1956–1958. However, E. fasciata fared
poorly in the field and died out within a few years (Neuffer, 1990; Rosen,
1986; G. Neuffer in litt. vi 1996).

Biological control of San José scale in Germany was not permanently
affected by the contamination, but similar events to those described have
undoubtedly affected other projects and are likely to do so again. Con-
tamination of cultureswarrants quality control based on good taxonomy,
but not only because of potential negative effects from field releases. Un-
detected contaminant species in cultures may also misguide the inter-
pretation of host relationships and other adaptations, as effective quality
control is dependent on understanding the species limits of the subject
organisms.

Apossible exampleofpoorquality control compoundedby inadequate
understanding of the species status of the populations in question in-
volves a braconid parasitoid of graminaceous stem-boring caterpillars,
Cotesia flavipes (Cameron). Although the species is widespread in Asia and
has been widely and successfully used in biocontrol (e.g. Alam et al., 1971;
Macedo et al., 1993; Mohyuddin, 1991), its endemic distribution and nat-
ural host range cannot be defined precisely, partly because of early taxo-
nomic confusionwithC. chilonis (Matsumura) (seePolaszek&Walker, 1991)
and partly because of frequent undocumented shipments even among
Asian countries (Alam et al., 1971; Polaszek & Walker, 1991). A dichotomy
in the views of the species’ host relationships also confuses the situation.
On the one hand, it is portrayed as a parasitoid that principally attacks
corn-boringChilo species, andwhichhas,withoutanyrationale,beenused
successfully in the biocontrol of Diatraea species in sugarcane (e.g. Alam
et al., 1971; Bennett, 1971; Kfir, 1994). On the other, the species is reputed to
exist in at least two strains, a ‘Pakistan’ strain that attacks primarily corn
borers andan ‘American’ strain thatparasitises sugarcaneborers inNorth,
Central and South America (Mohyuddin et al., 1981).

The origin of the reputed American sugarcane borer strain is not al-
together clear, but two options have been mentioned. Southeast Asian or
IndianC.flavipeswasps belonging to ‘sugarcane-adapted strains’ are avail-
able (see Alam et al., 1971;Mohyuddin, 1991, p. 20). Thatwaspsmate across
strains in the laboratory and produce viable offspring has been said to
confirm that they belong to the same species (Baker et al., 1992). An addi-
tional suggestion invokes adaptationof the ‘Chilo strain’ in the laboratory.
Whether these twooptions are consideredmutually exclusive alternatives
is not clear from the literature. The laboratory adaptation reputedly took
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place in Pakistan material that was shipped to Trinidad where a culture
was propagated on the sugarcane borer Diatraea saccharalis (Fabricius). In
less than two years that culture reputedly evolved into a ‘Diatraea’ strain
that mainly attacked borers in sugarcane and which was successfully es-
tablished on Diatraea in the field in Brazil (Baker et al., 1992; Greathead,
1994; Mohyuddin et al., 1981, p. 580). Polaszek (in litt. x 1996) suggested,
though, that ‘strain’ may be an inappropriate term and that C. flavipes
simply has a broad host range, although at least some populations have
biological characteristics not shared by assumed conspecific populations
(Polaszek &Walker, 1991).

If host-specific populations do indeed exist under the name C. flavipes,
a likely explanation is that endemic ‘strains’ inAsia attackborers in sugar-
cane. Such ‘strains’ probably represent distinct species even though they
do interbreed in the laboratory (seeMohyuddin, 1991). The reputed case of
adaptation in Trinidad is likely to be another example of earlier contam-
ination of cultures or mixing of cultures to begin with and then the ‘corn
borer species’ dying out on the unsuitableDiatraea hosts.

Claims such as that above warrant careful scrutiny and further critical
research,notonlybecauseparticularbiocontrolprogrammesmaybe jeop-
ardised through debilitating releases of contaminant species but also be-
cause inappropriategeneralisationsaboutbiocontrolmaybedevelopedor
supported (e.g. Alam et al., 1971; Mohyuddin et al., 1981).

Example 4: Successful control of Salviniaweed in Australia: the role of
host specificity in cryptic species of insect herbivores

Salvinia molesta Mitchell is a free-floating freshwater fern of South
American origin. In the many countries where it has been introduced
it grows into dense undesirable mats that may cover extensive areas.
In Australia, biological control was begun against Salvinia weed in 1978
(Room et al., 1981). Salvinia molesta had been distinguished taxonomically
from S. auriculata Aublet (Mitchell, 1972) only just prior to the start of
the Australian programme. The original distribution of the weed species
could thus be traced, to southeast Brazil (Forno & Harley, 1979). Prior
to the Australian work, insects for biological control had been collected
from S. auriculata much further to the north, outside the distribution of
S. molesta (see Room et al., 1981). In hindsight we see this as inconsistent
with a primary doctrine of classical biological control, that potential con-
trol agents should be sought principally in the original area in which the
target species was endemic (e.g. Greathead, 1994; Harley & Forno, 1992,
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p. 13). The original efforts against Salviniahad beenuniversally unsuccess-
ful (see Room, 1986).

The realisation that S. auriculata actually comprised a complex of at
least four species opened the way for a chain of fortuitous events that led
to good biocontrol of Salviniaweed (see Room, 1986). The beetle that was
eventually to devastate the fernmats is nowknown asCyrtobagous salviniae
Calder & Sands. When originally collected from S. molesta in Brazil, how-
ever, C. salviniae was considered to be a ‘local race’ of C. singularis. Locally
adapted ‘host races’ have long been considered to have great potential
for enhancing biocontrol success, a contention that is now being chal-
lenged (Clarke & Walter, 1995; see also Chapter 8). The ‘local race of
C. singularis’ was therefore introduced into Australian quarantine (see
Room et al., 1981). Successful biocontrol followed the release of C. salviniae
into Australia and Papua New Guinea, but it was only after release that
the beetle was accepted, on morphological criteria, to be a host-specific
cryptic species.

Successful control of Salvinia was contingent on good taxonomy, in
this case involving the target organism. That the control agent was sub-
sequently found to be an undescribed species suggests a fortuitous aspect
to the project’s success because the questionable principle of introducing
‘local races’ of a species was followed.

Example 5: A landmark case of classical biological control? Release of
egg parasitoids againstNezara viridula

The egg parasitoid Trissolcus basalis (Wollaston) (Hymenoptera: Scelion-
idae) has been internationally acclaimed for the successful biocontrol of
Nezara viridula (Linnaeus), at least in Australia and Hawaii (Caltagirone,
1981; Waterhouse & Sands, 2001). However, problems surfaced in the
published literature regarding the origins of the successful ‘Pakistan
strain’ (Simmonds & Greathead, 1977). How could a ‘Pakistan strain’ of
T. basalis have been involved when the species had never been recorded
from Pakistan, either before the project, or since? Furthermore, no direct
evidence was ever presented to demonstrate that N. viridula was indeed
under biological control (Clarke, 1990; Jones, 1995; Velasco, 1990), yet for
some time the ‘Pakistan strain’ was recommended for biocontrol in other
places (Waterhouse &Norris, 1987a).

The actual chain of events in the biocontrol of N. viridula, as well as
the actual outcome, is still being pieced together, and it does involve bad
taxonomy. At least three species of egg parasitoids were released into
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Australia under the name Trissolcus basalis, with these being true T. basalis
fromEgypt, an Italian species known at the time of importation not to be
T. basalis, and T. crypticusClarke (Clarke, 1990; Clarke &Walter, 1993a). The
last-named species includes the parasitoids referred to as the ‘Pakistan
strain ofT. basalis’. Theundetected introduction of yet other species is also
a possibility.

Trissolcus crypticus is morphologically distinct from T. basalis (Clarke,
1993). Despite claims of its success against N. viridula (under the rubric
‘Pakistan strain’), T. crypticus has never been recovered from the field in
Australia (Clarke, 1993). Furthermore, N. viridula is still a serious pest in
the major eastern Australian cropping areas (Clarke, 1992) and pecan or-
chards (Seymour & Sands, 1993). Perceptions of successful biological con-
trol may have been generated by changing agricultural practice redu-
cingN. viridula abundance (Velasco, 1990). A reassessment of theHawaiian
situation has also indicated that T. basalis does not exert a major influ-
ence onN. viridula numbers (Jones, 1995), and no field-collectedHawaiian
material has yielded T. crypticus so it presumably did not establish there
(A. R. Clarke, pers. comm. 2001).

The N. viridula case demonstrates that inadequate taxonomy played
a decisive role in undermining the biocontrol programme against
N. viridula. Even if T. crypticus is found to have established in Australia,
the early claims of success by the ‘Pakistan strain’ were scientifically
irresponsible because no specimens collected in the field at that time
were T. crypticus (Clarke, 1993). Indeed, the attribution of ‘strain’ status to
T. crypticus implied that individuals could not be discriminated from any
other strain of T. basalis, so it was inappropriate to attribute success to any
one ‘strain’ over another.

General conclusions from the examples above
Eachof thehistories coveredabove is readily labelledas a case inwhichbad
taxonomy per se reduced efficiency, or one inwhich a lack of appreciation
of the widespread occurrence of cryptic species in various insect groups
led to delays or other problems. An understanding of species theory (see
below) suggests there will be many more cases of impeded pest manage-
ment through such failures.

The negative effects of bad taxonomy can be overcome, to a consid-
erable extent at least, through increased vigilance by taxonomists and
non-taxonomists alike. By contrast, the problem of the potential exis-
tence of undetected cryptic species requires an appropriate theoretical
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understanding and an appreciation of the potential roles and limita-
tions of the various techniques that may be used in such circumstances.
Most such species problems cannot be solved confidently or scientifically
through the simple-minded application of technology, however sophisti-
cated that technology may be (Paterson, 1991). Scientific problems of this
nature are primarily problems of logical deconstruction and the appli-
cation of the most appropriate technique at each particular stage of the
investigation.

Although species identification problems are of the two types outlined
above (i.e. poor taxonomy and true cryptic species), most authors deal
with these situations under the single banner of ‘good taxonomy’, even
if they do acknowledge both aspects. For example, Stehr (1975, p. 175)
suggests: ‘All this [see citrus red scale example above] serves to empha-
sise the necessity for sound taxonomy (along with sound biology and
ecology) as a fundamental base on which to build successful biological
control’. He does not elaborate any further, but Rosen (1978) puts forward
the following: ‘Inadequate systematics of either pests or natural enemies
was the cause of prolonged delays in the ultimate success of biocontrol’;
‘Sibling species can be recognised as distinct only through biosystematic
research.With biparental forms, this cannormally be achieved by recipro-
cal crossing tests, reproductive isolation being the ultimate criterion for
the determination of their systematic status’. Other authorswho urge the
separation of cryptic species by means of behavioural tests are generally
unanimous that the ultimate criterion for judging species status should
be the degree of reproductive isolation between them (Rosen, 1986). This
contention is now examined, and is demonstrated to be unsound. Amore
realistic alternative, which overcomes each of the problems identifiable in
the reproductive isolation approach, is available and is then discussed.

Proposed solutions to identification problems

We deal with species in twoways
The problem in specifying species limits is complicated by species being
conceptualised in two ways. First, species are treated primarily as nomi-
nal, or named, entities and this carries the implicit assumption that the
named entity accurately represents a natural entity. That assumption is
frequently inappropriate and thus results in inaccurate interpretations,
as expanded and illustrated later. Second, species are dealt with primar-
ily as objective entities in nature. Their definition here derives from the
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everydayobservationthat ‘like’mateswith ‘like’ innature.For instance, in
areas in which house sparrows (Passer domesticus Linnaeus) occur together
with tree sparrows (P. montanus Linnaeus) the house sparrows invariably
pair with house sparrows and the tree sparrows pair with tree sparrows.
In population genetics terms, sexual organisms participate in positive as-
sortativemating,which iswhyLambert etal. (1987) couldassert that sexual
species are self-defining.

The nominal, taxonomic approach
Ideally, the system of naming species should reflect exactly the situ-
ation in nature. In many situations that is so, but in a significant
number of cases their misalignment impedes accurate interpretation
and, ultimately, effective management. For example, colour variation in
Australian Leptograpsus crabs was initially interpreted as an adaptive poly-
morphism and as the initial stages in sympatric divergence (Shield, 1959),
althoughtheorangecrabswere later showntobeofa separate species from
the bluish ones (Campbell &Mahon, 1974). Note that both adaptive poly-
morphismandsympatricdivergence are strictly intraspecificphenomena,
so combining the two species as one was inappropriately used to support
questionable evolutionary interpretations (Paterson, 1973). The indepen-
dent existence of these two species was apparently not even suspected
originally. Similarmistakes are undoubtedly still current. In entomology
the Cotesia flavipes example dealt with above is a likely one, as are the
adaptive polymorphisms claimed in cichlid and salmonoid fish by many
authors (e.g.Logan etal., 2000;Meyer, 1990) andeven inbirds (Knox, 1992).
Cryptic species are being found in such groups where intraspecific vari-
ation was previously claimed (e.g. Blouw & Hagen, 1990; Waters et al.,
2001) and are likely to represent the real biological basis of the spate of
sympatric speciation case histories that have been published in the last
few years.

Speciesproblemsare frequently approachedordealtwith fromtheper-
spective of the taxonomist’s dual aims of demarcating entities on the ba-
sis of structural discontinuities and then fitting those entities to a system
of nominal categories (species within genera within families). In many
situations this approach presents no problems for the accurate demarca-
tion of species. In others, understanding and insight suffer. A significant
problem is that structural demarcation is too subjective because the ob-
server simply seeks discontinuities. Furthermore, cases are knownwhere
structural discontinuities have not been found despite intense searching,
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and in some of these cases the chromosome banding patterns are also
indistinguishable (i.e. are homosequential) across species (Coetzee, 1989).
Morphological features are frequently tackled in this way, but the search
for discontinuitiesmaywell be prominent evenwhennon-morphological
criteria are used, such as song structure or the relativemix of compounds
inpheromoneblends (e.g. Aldrich et al., 1993, 1987). Locationof such adis-
continuity, even if it is statistically significant, does not necessarily imply
it is functionally significant to the extent of defining species limits (e.g.
Brézot et al., 1994; Miklas et al., 2000; Ryan et al., 1995), and even molecu-
lar information is subject to this stricture.

In short, the nominal approach to species problems encourages ob-
servers to think in a particular way and that does not lead inevitably to a
precise correlation with the situation in nature. For instance, morpholo-
gical divergence is assumed to be inevitable between species because they
are expected to continue their divergence with time (e.g. Ayala, 1982), and
discontinuities that are measured are implicitly assumed to be biologi-
cally significant. The case of the green vegetable bug (or southern green
stinkbug:Nezaraviridula) is enlightening.Becausedifferencesamongpop-
ulations in the ratio between two of the six chemical compounds that
comprise the sex pheromone blendwere portrayed as biologically signifi-
cant, two ‘strains’ were designated on this basis (Aldrich et al., 1987, 1993).
However, no functional significance has even been proposed for these dif-
ferences in pheromone blends, let alone demonstrated. Indeed, differ-
ent blends exerted no differential effect on female bugs in a wind tun-
nel (although the bugs were walking and not flying) (Brézot et al., 1994),
and variation among individuals within a population spanned the range
of ratios said to differentiate populations (Miklas et al., 2000; Ryan et al.,
1995). In short, the taxonomic way of thinking may well impede a more
realistic functional analysis of the behaviour of the organisms, the topic
of the following subsection.

Approach based on sexual behaviour
The alternative approach to the strictly structural and nominal one (or
taxonomic one) is to ask questions about sexual populations that mate
assortatively in nature. Here we are concerned with a particular type of
discontinuity, discontinuity in geneflowbetween the twopopulations (or
samples) of interest. The differential may be discernible in any one of sev-
eral aspects, such as habitat use, host plant use, time of mating, mating
behaviour and so on. However, a differential in geographical distribution
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between the populations is insufficient on its own to be useful here. This
issue of allopatric populations is a subtle one and is dealt with later, for
it does have ramifications for pest management, when it would be useful
to extrapolate anunderstandingof ecological characteristics or organisms
in one area to those in other places (e.g. other agricultural areas or other
countries).

The question about the two or more populations whose mating sta-
tus is unclear concerns the amount of gene flow that takes place between
them. In other words, are we dealing with one gene pool or two? Ulti-
matelywe are concernedwith themating behaviour of the constituent in-
dividuals in nature, because that will determine the possibilities for gene
flow. Note the abstraction at this point. The term ‘possibility’ is used be-
cause individuals separated by a considerable area of unsuitable environ-
mentmaywell have everyphysiological andbehavioural potential tomate
with each other, but such an act is precluded simply by their allopatric
distribution. Were such allopatric populations to be ‘forced’, by climate
change for example, into a single area theywouldmate positively assorta-
tively. Assessing themating status of allopatric populations is notoriously
difficult and is dealt with later, for additional basic information has still
to be covered.

Dealing with species in twoways – consequences for IPM
If Helicoverpa punctigera is said to be a generalist species with a very wide
host range, the implication is that the ‘species taxon’ H. punctigera has a
widehost range.The species taxonH.punctigerahas only ever been circum-
scribed and delimited on the basis of morphological criteria (Common,
1953; Paterson, 1991). Usually evolutionists and ecologists assume that the
structurally defined ‘taxonomic’ species represents a group of individ-
uals thatmate assortatively in nature. Such a group represents a species in
population genetics terms. That assumption is seldom rigorously tested
and it is frequently not even recognised as an assumption. Thequestion of
scientific method thus enters the picture again and illustrates the impor-
tance of addressing fundamental questions and recognising underlying
assumptions.

An important possibility for pest management is that more than one
positively assortativelymatingspeciesmayhavebeen inadvertently forced
into a single species taxon and given a single name. The problem for
ecologists and pest managers is that ecological and IPM-related research
may well be conducted on a particular species that is later recognized to
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comprise a species complex. The research results obtained earlier may,
however, not be readily related to a particular specieswithin the complex,
unlessmeticulously labelled vouchers are amenable to subsequentmolec-
ular investigation. The potential devaluation, in this way, of hard-won
andfinancially costly results should be avoided assiduously. If the new re-
search is simply ignored futureworkersmay be seriouslymisled,with the
wastage ofmore valuable effort andmoney.

Although methods are available to investigate the possibility of cryp-
tic species and are covered later, an inclination to downplay this option
persists. Those who do tackle such situations are confronted by yet an-
other dichotomy in interpretation. It involves theway inwhich the differ-
ences inmating behaviour between two species are perceived, interpreted
and used to initiate research. Rosen’s (1978) statement about reproductive
isolation being the ultimate measure of species status was presented
earlier and is expanded in the following subsection. Following this,
the alternative to the reproductive isolation perspective is detailed and
justified.

Reproductive isolation as species criterion
In reality, each sexual species is reproductively isolated from every other
species. But ‘reproductive isolation’ is a theoretical interpretation of an
observed pattern (Masters et al., 1984), as described earlier for the concept
of ‘polyphagy’ (Chapter 2). The central question in interpreting species
status in terms of sexual behaviour is: ‘What sets the limits to a species
genepool?’ The theoretical nature of ‘reproductive isolation’ becomes evi-
dent at this point, because the answer to the question about species limits
inevitably incorporates ideas about adaptation.

In the evolutionary literature, interpretations of the behaviour of the
organisms that make up a species gene pool take one of two forms. One
emphasises that gene pool ‘X’ is isolated reproductively from gene pool
‘Y’, and that mechanisms evolved specifically to keep them apart. The
other stresses that the individuals in species gene pool ‘X’ mate assor-
tatively with one another and that those in the second pool, ‘Y’, inde-
pendently do the same. The two mate positively assortatively even when
theyoccur together, because eachhasuniquemechanisms,or adaptations,
that ensure fertilisation. Under the second view reproductive isolation is
simply a by-product of the evolutionary process that changed the mech-
anism of fertilisation in the first place (Paterson, 1985). Even though the
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distinction between the two interpretations may look semantic, it is crit-
ical for accurate interpretation and thus for IPM practice. Explanations
that centre on by-products are weakened by the misplaced emphasis, for
that immediately relegates the primary aspects of the whole process to
the periphery of the explanation (see Chapter 5, p. 97).Were the nitrogen-
fixingpropertiesof legumesgivenanevolutionaryexplanation in termsof
soil enrichment, to take an extreme case, significant aspects of the adap-
tive values and evolutionary significance of the bacteria–plant symbiosis
would be lost.

The next task is to assess these two alternatives in relation to the be-
haviour of organisms innature. That should yield themore realistic inter-
pretation of the process of adaptation. The methodological implications
of each approach are also important, for each suggests different criteria by
which tomeasure and interpret species status. Some authors combine the
two alternatives and suggest that both concepts yield the same interpret-
ation of diversity (e.g. Claridge & de Vrijer, 1994, p. 222). Such a view is
logically unacceptable and inaccurate, as demonstrated below.

The alternative definitions of sexual species

Only those concepts that deal explicitly with sexual species are covered
here. Asexual species are dealt with separately in a later section. Although
many demand a unified approach to sexual and asexual species studies
(see Mayden, 1997; Templeton, 1989), particularly taxonomists and phy-
logeneticists, there is justification for their separate treatment in evo-
lutionary or population genetics terms. In particular, species that are
sexual (even if sexuality is only occasional, as in aphids andmany flower-
ing plants) contribute overwhelmingly to organic diversity (Hauser, 1987;
Paterson & Macnamara, 1984), with only about 1000 obligate asexual
speciesknown (Foottit, 1997). Speciesdiversification is thusa consequence
of sexuality setting the ‘limits’ to which particular individuals can partic-
ipate in sexual activity and thus which ones can recombine genetic ma-
terial in the following generation. The evolution of new, different sex-
ual behaviours thus sets up new gene pools or sexual species. Such a
process is not open to asexuals, in which, by definition, gene pools do
not occur. The clonal behaviour of asexuals not only precludes recom-
bination between individuals, which constitutes the ‘cement’ of sexual
species, but also inhibits change.However,mutationwithina lineagedoes
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allow drift of characters but does seem to have limited impact on change.
The call for asexuals and sexuals to be dealt with uniformly thus reflects
an urge to categorise species nominally rather than to deal with species
from the perspective of the processes that underlie their differences and
similarities.

Several concepts cover sexual species, but I exclude all but two from
consideration on the basis that the others are either taxonomic in nature
or otherwise demand subjective delineation, including the phylogenetic
and ecological species concepts. Their subjective nature and consequent
lack of utility has been dealt with elsewhere (e.g. Masters & Reyner, 1996;
Vrba, 1995).

The isolation concept of species
The isolation concept is the older of the two available concepts of species,
and is almost invariably the only one portrayed in recent textbooks (e.g.
Campbell et al., 1999; Knox et al., 2001; Purves et al., 1998). Species are here
interpreted in relation to one another, as suggested by the stress on repro-
ductive isolation. They are considered to have evolved differences in their
mating behaviour, with those differences functioning to keep the gene
pools separate, hence their name of isolating mechanisms. Dobzhansky
(1970, p. 357) formalised the isolation concept as follows: ‘Species are . . .

systems of populations; the gene exchange between these systems is lim-
ited or prevented by a reproductive isolating mechanism or perhaps by
a combination of several such mechanisms’. For example, the habitat of
each species may differ, there may be seasonal or diurnal differences in
mating period, their mating behaviour may differ, or there may be post-
zygotic ‘mechanisms’ such as those causing hybrid disadvantage (and in-
cluding interspecific sterility). The emphasis of the isolation concept in
specifying species status is clear: ‘The major intrinsic attribute character-
izing a species is its set of isolatingmechanisms that keeps it distinct from
other species’ (Mayr & Provine, 1980, p. 34). That criterion is given spe-
cific prominence over the relationship of conspecific individuals to one
another (e.g. Mayr, 1976, p. 358).

The recognition concept of species
The recognition concept was proposed and fully articulated by Paterson
(1985, 1993c), and its significance as a valid and superior alternative to the
isolation concept is quite widely appreciated (Carson, 1989; Lambert &
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Spencer, 1995; Templeton, 1987). Under the recognition concept, species
are not defined in relation to one another. Instead, any sexual species
is definable solely on the basis of its fertilisation mechanism, which in-
cludes the set of processes that enables the sexes to recognise and locate
each other in their usual habitat, and thus leads to successful fertilisa-
tion and formation of a zygote. The characters involved are diverse and
include such aspects in the mating partners as the design features of the
gametes, factors determining synchrony in the achievement of reproduc-
tive condition, the co-adapted signals and receivers of mating partners
and their co-adapted organs of gamete delivery and reception (Paterson,
1988, p. 69). The specific-mate recognition system is that subcomplex of the
fertilisation system that ensures motile organisms can find and recog-
nise potential mates in their natural environment, even when present at
low frequencies and despite the environment being heterogeneous and
dynamic.

In formal terms, a species is ‘that most inclusive population of indi-
vidual biparental organisms which share a common fertilisation system’
(Paterson, 1985, p. 25). This view is diametrically opposed to the isola-
tion concept, principally in that the reproductive and genetic isolation of
groups of individuals (i.e. species gene pools) is seen as an incidental con-
sequence or by-product of individuals of the species involved having dif-
ferent adaptations formate-finding and fertilisation.

Hybridisation
So far hybrids have not been mentioned, although some persistent hy-
brid zones exist between sexual populations. Such zones tend to be quite
narrow, although they may extend linearly over hundreds of kilometres
(Fig. 6.1), andhybridisationmay takeplace at fairlyhigh frequency among
types (e.g. Moran & Shaw, 1977). In relation to the evolution of new
species, hybrids have different significance under the alternative species
concepts. Therefore, hybridisation is dealt with later, when speciation it-
self is covered.

Hybridisation also occurs occasionally between individuals from
recognisably different gene pool pairs, and some authors use such obser-
vations to play down the non-arbitrary nature of species boundaries (e.g.
Mallet, 1995; Schilthuizen, 2000).However, occasional hybridisationdoes
not disrupt the overall pattern of species gene pools being discrete and is
not relevant in this regard (e.g. Mayr, 1976), as indicated by recent studies
onmosquitoes (Besansky et al., 1994) and geckos (Toda et al., 2001).
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Figure 6.1. The line of contact between the southern ‘Moreton race’ of the
acridine grasshopper Caledia captiva and the northwestern ‘Torresian race’ runs
north–south. The arrows indicate where ‘Torresian’ populations (to the west of
the contact line) were found with a low frequency (1–3%) of ‘Moreton’ chromo-
somes. Modified from Moran & Shaw (1977).

A functional approach to understanding species limits

To ensure the best chance of interpreting the limits to a species gene pool
correctly, we must first of all know what a species is in adaptive terms.
This is the standard approach to understanding biological phenomena;
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once we understand function we can interpret operation (Paterson &
Macnamara, 1984; Rosenberg, 1985). Recent calls to exclude functional
terms from species concepts and to revert to the Darwinian view that
species represent arbitrary designations (e.g. Mallet, 1995; Schilthuizen,
2000) ignore the ubiquity of the functional approach and provide no jus-
tification for such a departure.

A generalisation that holds for all sexual species is needed, one that
captures the reason for different sexual species existing. Cast in popu-
lation genetics terms, or in relation to gene flow in nature, a functional
explanation is required for the observed pattern of positive assortative
mating.Fromthis interpretationof species, andonly fromthis, anexplan-
ation can be derived of how a new species evolves. The change at speci-
ation clearly reflects a change in the functional mechanism that leads to
positive assortativemating in the field.Without understanding origins in
thisway, littlewill be understood about species because interpretations of
host relationships and other ecological aspects must be compatible with
the way in which the adaptations arose in the first place (Paterson, 1973;
Walter, 1995b;Walter & Paterson, 1994).

Each of the two concepts of species reviewed above provides amutually
distinct interpretation of speciation and the acquisition of novel charac-
ters, or adaptations. This point has far-reaching consequences for the in-
terpretation of the biology and ecology of species. The critical significance
of theory in guiding the way the natural world is interpreted again be-
comes apparent. The chain of interpretation outlined abovehas direct im-
portance in applied biology, but detailed examples are given later, when
sufficient background has been covered.

Evolution of new species: overlap between the two concepts
Despite the differences between the isolation and recognition concepts of
species, the two do have an important point in common: a new species
can evolve only if a daughter population is separated geographically from
the body of the species gene pool, or parent population. That is, speci-
ation occurs allopatrically (Dobzhansky, 1951, 1970; Futuyma & Mayer,
1980; Mayr, 1963; Paterson, 1981). A new species cannot arise from indi-
viduals of the parental species if they are within the geographical area oc-
cupied by the parental species and are therefore potential participants in
the samegene pool. Thatwould be sympatric speciation, forwhichnoun-
equivocal evidence exists, and, in particular, the mating behaviour and
ecology of organisms supports the view that sympatric speciation is not
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a plausible general pathway for the origin of new species (Paterson, 1981).
Acceptance of sympatric speciation as a commonmethod of speciation is
growing (Berlocher&Feder, 2002; Itami et al., 1998; Logan et al., 2000) and
theprime example is the applemaggotfly (Rhagoletis pomonella) in theUSA
(Bush, 1992, 1993, 1994; Feder et al., 1998).

The apple maggot fly is native to North America. Although its main
host is hawthorn, it is considered polyphagous and has been recorded
on a range of plants among the Rosaceae, including Crataegus, Pyrus,
Cotoneaster, Prunus and Malus (Bush, 1975). Its occurrence on introduced
apples is considerednoteworthyonlybecause the ‘switch’ to apples appar-
ently took place suddenly and after apples had been inNorth America for
about 200 years (see Bush, 1992). The reliability of this historical informa-
tion is nowbeyond test, but the sympatric speciation case does rest heavily
on its validity (see p. 203).

The flies on apples have therefore been singled out as representing a
newly adapted race of R. pomonella, on its way to full species status (Bush,
1994). So far, the only divergence between apple flies andhawthorn ones is
a population-level difference in frequencies of several alleles (Bush, 1992).
Such differences, on their own, are difficult to interpret (see later section
on molecular techniques). In connection with behavioural evidence that
the flies from each source do not respond preferentially to their fruit of
provenance, and that mixing of populations takes place in the field, such
differences could equally represent relatively minor differential selection
pressures from the alternative host species, and the situation is readily ex-
plicable in behavioural terms (Marohasy, 1996).

That all reputed cases of sympatric speciation are inconclusive is read-
ily revealed by the uncertainty of the protagonists with regard to the sta-
tus of the relevant ‘populations’. Authors frequently are uncertain as to
whether they are dealing with two species or only one. If they are sepa-
rate species, as frequently seems likely, then they are not sympatric races
of a single species, and they are not on their way to ‘full species status’
in sympatry. Their origin requires a different perspective, part of which
could well be the idiosyncratic shifts of the host plants and insects as cli-
mate changed and influenced the ecology and geographical distribution
of the species (Walter & Paterson, 1994).

Lack of resolution about the species status of the relevant populations
reflects a lack of clarity on how to define species. To understand how a
newspecies evolves, oneneeds a clear andunambiguousunderstandingof
what constitutes a species. Interpreting the origin of anything demands
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a prior understanding of the nature of that thing, despite Bush’s (1993,
1994) emphatic denial of this point. The fallacy of Bush’s argument is ex-
posed in two ways. First, he assumes (but portrays as fact) that evolution-
ary change continues ineluctably in all populations, even extended ones
(Bush, 1993, pp. 242ff.). Second, his definition of ‘host race’ (Bush, 1992,
pp. 342ff.) shows that he has a concept of species in mind, one involving
intersterility and reproductive isolation.

Bush’smodel of sympatric speciation assumes, further, that theprinci-
pal ecological driving force behind divergence relates to resource use (see
Bush, 1993, pp. 231, 238). Resources unused by the species – apples in this
case – are seen to provide, in an unspecified way, an outlet or ecological
opportunity for a species (hawthorn flies) that is perceived to be using
its resources to the limit. Such anthropocentric views of organisms are
idealistic, because they treat species typologically as units (Hengeveld,
1988;Walter, 1993a), and they are inconsistent with evidence on the ecolo-
gical and evolutionary significance of interspecific competition (Connell,
1980; Masters & Rayner, 1993; Walter 1988b, 1995b; Walter et al., 1984;
Wiens, 1977), particularly that relating tophytophagous insects (Lawton&
Strong, 1981; Strong et al., 1984). In short, Bush’s (1993) claim that he does
not put the cart (species concept) before the horse (process of speciation)
has been achievedbyprejudginghowevolutionary change takes place and
only then mounting an interpretation of species formation, which is lo-
gically unacceptable. Such lack of clarity about species can lead only to
lack of clarity in interpretations of species formation.

The determination to prove sympatric speciation has meant that sev-
eral realistic alternative explanations of the situation have not been ad-
equately investigated yet. Even the early criticisms raised by Futuyma
& Mayer (1980), Jaenike (1981) and Paterson (1981) have not yet been ad-
dressed. Although new claims of sympatric speciation are rather frequent
now, not one overcomes the difficulties outlined above. More than a cen-
tury ago, Chamberlin (1897) warned us of precipitate explanation driv-
ing the acceptance of ill-investigated interpretations. His paper has been
reprinted and frequently cited with approbation, but the practice seems
clear in the wide acceptance of somany cases of sympatric speciation.

Interpreting speciation – the isolation concept
Under the isolationconceptof species theprincipal specificationabout the
daughter population is that it should be allopatric. The size of the popu-
lation is largely irrelevant, and the model covers the simple halving of
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an extensively distributed species (dumbbellmodel) as well as the periph-
eral isolationof small ‘satellite’ populations (e.g.Ayala, 1982; Lynch, 1989).
Even if the environment of the daughter population resembles that of the
parental population, speciation is not expected to be inhibited.

In the geographically isolated daughter population some genetic
change tomating behaviour is expected to take place, but no adaptive ex-
planation is available or offered, or is even considered necessary. There-
fore, pleiotropy in gene action is invoked; adaptive changes in characters
other than sexual behaviour should lead to incidental change in mating
characteristics throughpleiotropy (e.g. Futuyma, 1987). At least two alter-
native scenarios come into play here.

The first involves hybridisation, usually with the parental population
but evenwith other closely related species. For this to occur, the daughter
population is thought to spread geographically after the initial phase of
adaptation, and then to encounter the parental species. Hybridisation is
thought to generate selection, through hybrid disadvantage, to reinforce
differences in mating characters between the two populations (or incipi-
ent species) (e.g. Saetre et al., 1997). The formation of a new species thus
occurs throughhybridisationgenerating reinforcing selection to enhance
such features as temporal difference in mating time, difference in ma-
ting behaviour, and so on. Such differences that evolve with the express
purpose of holding twoMendelian populations apart are called isolating
mechanisms, hence the name of the species concept.

Thehybridisation option in the explanation of speciation is intuitively
appealing, and has serviced evolutionary interpretation for a long time,
but it suffers logical flaws. These are best illustrated with reference to
Fig. 6.2, which illustrates a typical distribution of two closely related
species. Quite obviously the area of sympatry is the only place within the
entire distribution of either species in which hybridisation is possible. In
other words, the overlap zone is the only place in which reinforcement
could occur (Paterson, 1993c, pp. 14–15). Within the zones of allopatry,
hybridisation cannot occur and reinforcement of isolation mechanisms
is not possible. Characters selected in one area (e.g. in sympatry) are un-
likely to spread to areaswherepositive selective forces donot sustain them
(e.g. areas of allopatry). The genes coding for such characters would ei-
ther be neutral in the zones of allopatry (because hybridisation does not
occur there) or they could influence the organism negatively, through
pleiotropic side-effects. Neutral characters could not be promoted by nat-
ural selection so theywould not spread through the entire distribution of
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Figure 6.2. The geographical distribution of a daughter population that has
undergone adaptive change in allopatry and has since made secondary contact
with the parental population (i.e. the zone of sympatry) from which it originally
derived.

thepopulation.Negative influences, in contrast,would simplybe selected
out in the allopatric zone.

The second explanation of speciation suggests that the two popula-
tions achieve full reproductive isolation whilst in allopatry. Not surpris-
ingly, this second alternative raises an immediate logical difficulty. How
can natural selection mould a character in isolation of the situation in
which it is to be of benefit? Such an argument is teleological, whichmeans
that natural selection would have to be working towards a future goal.
This is simply not possible. Alternatively, the mating behaviour is not a
mechanism to isolate. Isolationwould therefore be a by-product or effect,
which renders the whole alignment of the interpretation inappropriate.
Thus a new, more logical start to the interpretation is warranted (and is
offered by the recognition concept).

Observationaldata andanalyses ofmatingbehaviourdemonstrate that
adaptationsassociatedwithmatingareoften specieswide (e.g.Henderson
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& Lambert, 1982; Masters, 1991). Such a situation cannot readily be ex-
plained by the isolation concept, except by proposing improbable inter-
mediate stepsduring species formation. For instance, one could insert the
additional stipulation that the two species were completely sympatric at
some stage in their history so that the mechanisms for isolation had rea-
son to spread through the entire population. This may have been so for
some species but could never have been so for all species pairs. It therefore
could not be a general feature (or principle) of speciation.

The isolation concept also suffers frombeing entirely relational,which
means that theoriginandexistenceof a species is defined in relation to the
species fromwhich it is considered tobe reproductively isolated (Paterson,
1985; Paterson & Macnamara, 1984). Reproductive isolation of a species,
in other words, cannot be specified except in relation to another species,
usually a closely related one. The isolation concept therefore cannot de-
fine those species that obviously evolved in isolation from their ancestral
forms.Neither can it explain their origin. At least, it cannot do so in terms
of reproductive behaviour or potential gene flow, which is the reason the
concept was developed in the first place. The dodo andMadagascan part-
ridge provide good examples (Paterson, 1985). Equivalent continental ex-
amples are also easily found (e.g.Ostrich andAfricanhamerkop; Paterson,
1985). Some authors have tried to sidestep this logical flaw by asserting
that all reproductive species concepts are relational because each species
evolved from a parent species (e.g. Coyne, 1993), but such a claim misses
the point and is clearly diversionary.

The isolation concept proposes that reproductive isolation evolves to
maintain the genetic integrity of a gene pool. That implies the benefit is
to the group, the gene pool as a whole, and this runs counter to the logi-
cal requirement in evolutionary interpretation of individual selection (see
Chapter 5). The proposed benefit of such integrity lies in the more effi-
cient use of environmental resources that is thought to follow, an old idea
expressed again by Futuyma (1987) and Schilthuizen (2000), for example,
despite earlier criticismby Paterson (1981, 1985, 1986). Under the isolation
concept, natural selection operates to enhance diversity, which is teleolo-
gical and contrary to the underlying requisites of individual selection.

Interpreting speciation – the recognition concept
The recognition concept of species was developed to overcome the defi-
ciencies in the isolation concept outlined above. It is based upon differ-
ent principles and is thus a logical alternative and not an adjunct to the
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isolation concept (Paterson & Macnamara, 1984). Under the recognition
concept evolutionary change is considered not to be easily accomplished
in large populations,which is a farmore stringent circumstance than that
envisaged under the isolation concept. An important contributing factor
here, but not the only one, is the nature and primary function of the ma-
ting behaviour that we observe in any sexual species. Figure 6.3 empha-
sises that sexual reproductiondemands fertilisationasmuchas it requires
reduction of chromosome numbers (meiosis), and it reiterates that fer-
tilisation does not occur fortuitously. Fertilisation requires a mechanism
or mechanisms to bring sperm and egg together. Such mechanisms are
termed fertilisationmechanisms and together they constitute the fertilisation
system (FS) (Paterson, 1985). In motile organisms such as insects the com-
munication signals usedprior tomatingbeing achieved forma significant
part, and often an obvious part, of the FS. These signals, their recogni-
tion and their induced responses together form the specific-mate recognition
system (SMRS).

A subtle distinction is now required. Male and female individuals do
not have a mechanism to ensure they mate with conspecifics or, con-
versely, to ensure they avoid mating with the wrong species (Paterson,
1980), and this is why the phrase ‘species recognition’ should not replace
‘specific-mate recognition system’. The actual species status of organisms
is perceivedonly byhumanobservers. Individual organismsparticipate in
sexual communication. Should the signals and responses of another indi-
vidual match ‘expectation’ (or be ‘recognised’), the interaction with that
potential mating partner would continue. Thus, gene pools are demar-
cated incidentally by the nature of the FS and the pattern and features of
their sexual communication (Paterson, 1985). Individuals have a mecha-
nism to ensure they mate with an appropriate mating partner. That the
partner is almost always a conspecific is a consequence of the behaviour,
not a reason for it.

To achieve the endproduct of fertilisation,many subsidiary stepsmust
be completed satisfactorily (Fig. 6.3). That several steps are necessary is
dictated by the complex requirements of a heterogeneous and dynamic
environment. Specifically, individual males and females will probably
need to locate amatingpartner over a distance. For this theymayuse a sig-
nallingmode that is necessarily different from the communicationmode
they use once in fairly close proximity to one another. Then there is a need
foreachsex tosignal intention. In thegreenvegetablebug (Nezaraviridula),
for example, pheromones are claimed to bring the sexes together from
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Figure 6.3. Diagrammatic representation of the sequence of events involved in the
specific-mate recognition system of a biparental species of animal. Each event should be
considered not only in its context in the chain of events that leads to fertilisation but also
in relation to the nature of the environment and its functional role. The number of stages
in the sequence is characteristic of the species concerned. Modified from Paterson (1985).
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a distance (Harris & Todd, 1980), although particular plant species may
play a role (Clarke&Walter, 1993b). Once on the host plant the bugs locate
oneanotherbymeansof substrate-bornevibrationalduetting (Ota&Čokl,
1991; Ryan et al., 1996; Ryan &Walter, 1992). Close-range communication
may also entail physical stimulation, themale butting the femalewith his
head (Borges et al., 1987). The intensity and duration of each step in the
courtship or close-range part of the interaction vary, but the signal and
its sequence may be rigidly fixed to the point where an interrupted com-
ponent cannot be re-initiated; a return to the beginning of the courtship
sequence is then required (Stich, 1963). Stich (1963) also demonstrated
that it is not the individual, as a whole, that constitutes the signal at
any point in the sequence; a particular body part of the tipulid fly he
studied served as the signal at any particular step.

The SMRS is undoubtedlymore complex and intricate than portrayed
above, but the need for multiple functional stages in the communication
procedure becomes obvious. And the more stages that make up the sys-
tem, themore aspects thatmay be subject to change. A functional change
in only one of themmay well be change enough that a new gene pool (or
species) is demarcated, but thedifferences between species are virtually al-
ways much deeper than this. Adaptations that require several subsidiary
steps to yield an appropriate outcome, as does the FS and SMRS, are com-
plex adaptations. Each step on its own achieves little. Only in sequence
and in the appropriate environment is fertilisation achieved, although a
disrupted sequence need not always return to the initial starting point to
be resumed (Paterson, 1985, 1986).

The complexities of the SMRS, and its specific functional qualities,
have a critically important consequence. Any individual with an SMRS
that is significantlydifferent fromthe typical SMRSfor the species is likely
tobeunsuccessful inmating (Paterson, 1993c). Such individualswouldnot
contribute to the following generation, and their deviant genetic traits
would be selected out of the population. Consequently the FS (or SMRS) is
not readily subject to evolutionary change, and is considered to be subject
to stabilising selection (Fig. 6.4) when the population is in its usual habi-
tat or environment (Paterson, 1985, 1986). For the SMRS to change, the al-
lopatric daughter population should be small during the period of adap-
tive adjustment. Novel combinations of genes are more readily spread
throughout the population (or are genetically fixed in the population)
when the population comprises relatively few individuals within a con-
fined area. By contrast, individuals inmore extensive populations are not
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Figure 6.4. Natural selection may take the form of stabilising selection, in which case
those individuals most different from the mean fail to survive, or they reproduce at a rel-
atively low rate. The character thus remains stable at the mean value. Alternatively, nat-
ural selection may be directional because individuals different from the mean (in one or
other ‘direction’) have enhanced survival or reproduction. The mean value of the charac-
ter thus shifts.

restricted in this way. They are exposed to their usual environmental cir-
cumstances, genetic change is easily swamped, unusual recombinations
are dismantled and stabilisation of characters is the norm.

Change is thus selected only if a small, isolated population is forced
into a different environment from the one it usually occupies (Paterson,
1985, 1986). For instance, a few individuals may be displaced to new cir-
cumstances, suchasonan island,bywindorwater currents.Even land tor-
toises have reached distant islands, presumably by floating on ocean cur-
rents. Alternatively, some individuals may be cut off from their parental
population and become trapped within a valley or some other pocket
of suitable habitat. This may happen when vegetation types shift in re-
sponse to climate change (Paterson, 1985, 1986).Thatpopulationsdomove
like this has been extensively documented, in Pleistocene beetles for ex-
ample (Coope, 1987). Of several beetle species found in England about
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100000 years ago, one is now foundonly on theTibetanplateau,where as-
pects of the environmentandhabitatpresumablymatch the requirements
and tolerance of the species (Walter &Hengeveld, 2000).

If a small population does become trapped, and the climate contin-
ues to change in a given direction, then the environment and vegetation
within the isolate will change. For example, warmer conditions mean
that grassland will be replaced by forest. Conversely, when it becomes
colder, woodland is usually replaced by grassland (Brain, 1981). The grad-
ual change fromonevegetation type to another, or one environment to an-
other,bringspopulationsunderdirectional selection if theyare trappedas
outlined above (Paterson, 1986). They therefore go extinct or fortuitously
undergo adaptation.

When small populations are trapped in an environment different from
theirusual one, average individuals areunlikely to surviveor reproduce. If
thepopulation is to surviveover timeunder suchcircumstances, the fertil-
isation systemmust function to some extent. Because the steps thatmake
up the FS are adapted to the usual environment of the organisms, direc-
tional selection (Fig. 6.4) would adjust it to the new environment because
variants in a particular direction from the average may mate successfully
and produce at least some offspring (Paterson, 1985, 1986). Alternatively,
or in addition, selection may operate on other complex adaptations that
contribute to maintenance of the life cycle. For example, parasitic wasps
that become isolated without their usual hosts may still be able to com-
plete their life cycle if an alternative host is present and if it has sufficient
in common with the original hosts. Under such circumstances a propor-
tion of the wasps, however small, may interact with the new hosts and
parasitise them (Walter, 1993c). Survival to adulthood of even a few in-
dividuals in each generation would allow directional selection to mould
the host-finding mechanism of adults as well as the larval survival mech-
anisms. Such considerable genetic change is likely to influence the SMRS
throughpleiotropy. Because intersexual communicationmust ensure fer-
tilisation, or ‘closure of the life cycle’ (Sinclair, 1988), does take place, the
necessary co-adaptation between the male–female signal-response chain
will dictate the pace of change (Paterson, 1985).

A newly adapted population is then free to expand out from its small
epicentre, if suitable conditions have become more widely available. Re-
cent phylogeographic evidence is consistent with such an interpretation
of the origin of new species (e.g. Knowles et al., 1999). In parts of the
new distribution, individuals may encounter individuals of the parental
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population ormembers of other similar species. Should two such popula-
tions become sympatric, one of two outcomes could be expected.

1 If the SMRS of one population is now so different from that of the

other, individuals will not hybridise, and a new reproductive entity or

species now exists. That the daughter population has evolved to the

status of a new species is incidental, because it achieved species status

merely as a by-product of the adaptive change that had been forced on

the small population. Evolution does not proceed to ensure that new

species will exist. Such a view is teleological, despite it being quite

common in the literature – for example, when species are said to evolve

to use the environment more efficiently (see discussion of sympatric

speciation above).

2 If the SMRS of the daughter population is similar to that of the parent

population there will be mating between individuals of the two

populations. In terms of their mating behaviour in nature, a new

species has not evolved, although differences between them may be

discerned. Reinforcing selection will not enhance any slight

differences in mating behaviour between the two populations

(Lambert et al., 1984; Paterson, 1978; Spencer et al., 1986, 1987). If there

is any hybrid disadvantage, natural selection will remove the genetic

elements that cause the disadvantage. If the cause of the disadvantage

is too great to be removed simply, the rarer population goes extinct in

the overlap zone (Paterson, 1978), as observed in some species that are

rare and of conservation concern (Wolf et al., 2001).

After the newly adapted population expands out of the restricted
area in which it speciated, most natural selection that affects the popu-
lation is likely to be stabilising selection, and species are therefore ex-
pected to show a considerable degree of stability. In particular, the SMRS
is predicted to be stable across space (e.g. D. melanogaster (Henderson &
Lambert, 1982) and various primates (Masters, 1991)) and through time
(e.g. antelope; Vrba, 1980). Furthermore, the other complex adaptations
carried by the individuals that make up a species’ gene pool are also
expected to be stabilised, mainly because survival in a heterogeneous
and dynamic environment is likely to demand the appropriate function-
ing of those mechanisms. The stabilising influences that operate on the
SMRS are likely to contribute, in part, to the stability of the other com-
plex adaptations, because any pleiotropic influence that affects the SMRS
is likely to be selected out. This view of organisms in nature provides
an alternative explanation for observations of stability, for example in



Understanding species 147

biological control case histories (Holt & Hochberg, 1997), that otherwise
cannot be accounted for without invoking the negative explanation of
constraints.

Implications of the recognition concept of species for IPM

The recognition concept of species has several implications for pest man-
agement. These are all logical deductions from the concept, but are in-
creasingly supported through the results of empirical tests. Before ex-
panding, in the three subsections below, on those aspectsmost relevant to
pestmanagement, letus considerapoint commontoall three subsections.

The recognition concept differs fundamentally from the isolation con-
cept in the way inwhich adaptation is interpreted. The isolation concept,
at least as originally constituted by Dobzhansky (1951, p. 208), demanded
that isolating mechanisms are refined after the period of allopatry. In
other words speciation is ‘completed’ through evolutionary change con-
tinuing after the allopatric event. That implies we should expect post-
speciation change, and we should expect such change to features as
complex as the mating sequence. Such changes should be observable in
different parts of the species’ distributional range (e.g. Bush, 1994; Fox
& Morrow, 1981; Mallet, 1995; Mopper & Strauss, 1998; Ricklefs, 1987,
1989). This now seems to be a central premise of ‘isolationist’ evolution-
ary interpretations as well as the ‘Darwinian selectionist’ view of species
that now underpins reputed cases of sympatric speciation (Mallet, 1995;
Schilthuizen, 2000). It is bolstered as well by views of natural selection
being an optimising process that selects for efficiency of resource use
(Nylin, 2001; Schilthuizen, 2000; Travis, 1989).

An obvious reason for the stress on post-speciation adaptation relates
to the anticipated role of hybridisation in the evolution of reproductive
isolation. However, an earlier and more pervasive influence can be traced
to a significant intellectual constraint that Darwin faced. The theological
view of the fixity of species that dominated pre-Darwinian biology could
presumably be overcome only by emphasising the observable variation
among individuals, as opposed to their shared complex adaptations, and
by Darwin stressing his postulate of ongoing change in species. A good
idea of the strength of the constraint he faced is transmitted in the histor-
ical works of Ellegård (1958) and Ospovat (1981).

Darwin portrayed complex features of organisms as emerging grad-
ually and in small incremental steps. New species were seen to emerge
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in essentially the same way. Such views are extrapolated to complex
charactersbeingspread tofixationacross theentiregeographicaldistribu-
tion of species. This is not acceptable as some populations are distributed
across thousandsofkilometres andothers are spatially separated fromone
another. Nevertheless, such views persist, although consensus on Homo
sapiens having had a single origin seems now to be emerging.

Ofparticular relevance tounderstanding theoriginof complexadapta-
tions is that the subcomponentsof suchanadaptationmayhavenobenefit
toanorganismoutsideof thecontextof thecomplexadaptationasawhole
and in the environment in which that complex adaptation is functional
(see Paterson, 1985, 1989). Interpretations of adaptation that assume com-
plexity is readily spread to all members of a species’ gene pool do not
reflect observedpattern.Even relativelyminorallelic substitutions arenot
spread to fixation in this particularway; at least, no empirical case of such
fixation has been claimed.

The recognition concept overcomes the logical problems outlined
above and is not prejudiced by notions of the ‘benefits’ of reproductive
isolation. Hybridisation is therefore relegated to a place, in theory, that
is commensurate with its status as an ineffectual by-product. The em-
phasis thus shifts fromminor variants among individuals to the primary
role of complex mechanisms in the survival and propagation of individ-
uals of any species, but specifically in relation to the usual environment
inhabited by that species. Complex adaptations do not readily change,
whichsuggests adifferent approach tounderstandingadaptations suchas
host relationships and reputed cases of host shifts. This is a topic covered
more fully in subsequent chapters, principally in relation to interpreting
the ecology of polyphagous pests (Chapter 7) and in using theory to im-
prove biological control practice (Chapters 8 and 9). Finally, the recogni-
tion concept provides reasonswhy optimalitymodels and life history the-
ory based on optimising or competitive selection will not lead to as good
anunderstandingoforganismsor their ecologyandevolutionaswewould
like.

Understanding cryptic species: using theory to anticipate
their occurrence

The recognition concept was developed only when cryptic species had
beenunderstood to be true sexual species, andnot populations in thepro-
cess of evolving full morphological divergence, as anticipated under the
isolation concept (e.g. Ayala, 1982, p. 195). Consequently the recognition
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concept explicitly incorporates statements about the status of cryptic
species, their relationship with morphologically similar species, and the
situations in which they are likely to evolve (Lambert & Paterson, 1982;
Paterson, 1991). The recognition concept thus primes us on when to an-
ticipate species problems or species complexes.

The recognition concept emphasises the adaptive relationship of the
fertilisation system to the normal habitat of the species. The isolation
concept, by contrast, emphasises the importance of reproductive isola-
tion from closely related species in interpreting mating features, which
explains the current emphasis on hybridisation in evolutionary studies.
Consider thenormalhabitatoforganisms in fairlygeneral terms.Thecalls
of crickets, birds, cicadas, frogs and so on are adapted to work effectively
in their normal habitat. Forest organisms tend to have calls made up of
pure tones,which transmit readily throughdense vegetation.By contrast,
grassland species tend to have pulsed sounds or trills because pure tones
are too easily disrupted by air currents, and so on (Masters, 1991; Morton,
1975; Paterson, 1989).

Among the Lepidoptera, moths are principally nocturnal and butter-
flies diurnal. A large number of butterfly species signal visuallywith their
wings. Optical signals transmit effectively in the open habitats in which
brightly coloured butterflies are found, whether above the forest canopy,
in sunny forest clearings or in open woodland or grassland. Humans, as
visual organisms, detect such signals with facility, except for those invol-
ving UV wavelengths, and we can thus readily interpret species limits of
most of these organisms (Paterson, 1991). Contrast this situationwith that
inmoths.Visual signals are inappropriate fornocturnal organisms,unless
they produce light signals. In place of the long-distance visual attraction
of butterflies, many moths use highly volatile chemicals at a time when
turbulence in the atmosphere is very low. The sense of smell in humans is
not particularly well developed, so we do not detect these sexual signals.
Becausenight-flyingmoths are generally dingy or cryptically coloured for
daytimeprotection,we frequently havedifficulty recognising species lim-
its (Paterson, 1991). In other groups that use signals that are not readily de-
tectedbyhumanswealsoencounter suchdifficulties. Small insects suchas
manymicrohymenoptera use tactile communication for close-range com-
munication, for example.

Theory helps to predict in which types of situations or in what type
of organisms sibling species might be expected (Paterson, 1991), as out-
lined above. Consider what that means when preserved specimens are
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examined and decisions aremade as to their species status, for taxonomic
purposes. Many animals that use visual signals will present no problems
when their species limits are being designated, because they are so read-
ily categorised according to the physical features used for signalling. By
contrast, animals that use signals that are cryptic to humansmay be diffi-
cult to separateaccurately fromoneanotheronphysical appearance.Many
moths resemble one another in outward appearance, as do mosquitoes
that are night-fliers (Culex and Anopheles) (Paterson, 1991). These organ-
isms use chemicals, sound and tactile signals in various combinations
to communicate between the sexes. To illustrate, some parasitic micro-
hymenoptera have a complex behavioural interaction associated with
mating and which seems to be diagnostic for species, as in the genus
Coccophagus (e.g.Abeeluck&Walter, 1997;Walter, 1993b).Otherparasitoids
do not behave in this way; the interaction is brief and reveals little about
species status, as in the genera Aphytis (Fernando & Walter, 1997; Gordh
& DeBach, 1978) and Trichogramma (Pinto et al., 1991). These cases reveal
the need to assess how the organisms themselves recognise appropriate
mating partners. Appropriate approaches and techniques are discussed
later.

Consider now the example that was used to start Chapter 2, that of
the polyphagous bollworms. Both Helicoverpa armigera and H. punctigera
have beendefined only inmorphological terms (Common, 1953; Paterson,
1991). The species limits designated to each may well be accurate, but we
do not know. Similar uncertainty attends situations in which taxonomists,
using structural criteria, and usually morphological ones, are explicitly
uncertain about species limits. Frequently, but not always, such cases in-
volve populationswith allopatric distributions. Species problems are also
a possibility when exceptionally generalised habits or ecologies are as-
signed to a particular species, particularly if the organisms signal sexually
in a mode that humans do not readily detect unaided (Paterson, 1991).
Broadly polyphagous ‘species’ may, in fact, be made up of more than one
species each of which is somewhat host specific on a subset of the range of
hosts attributed to the ‘generalist species’ (Paterson, 1991). Such situations
are increasingly described, across a range of taxa.

Todeal effectivelywith suchpest problems thehypothesis proposedby
the taxonomists should be investigated. But it needs to be tested on the
terms imposed by the organisms themselves. Approaches to such prob-
lems are dealt with in the following subsection.
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Figure 6.5. The distribution of herbivorous insects on two host plant species.
All individuals are classified within a single species, but their status in relation
to gene flow is unclear. They have therefore been designated population ‘a’ and
‘b’ as an aid to setting up hypotheses about their species status, for later testing.

The reproductive limits of sexual species – experimental
approaches

Problems of species limits usually present themselves in a form that is, in
one way or another, analogous to the situation depicted in Fig. 6.5. In the
case illustrated, insects arepresent onhostplant speciesXand they resem-
blemorphologically those on host plant Y. Such a problem is usually asso-
ciated with organisms that use a communication mode that is not read-
ily perceptible to human sense, as outlined above. The central question
to be addressed is whether mating takes place at random, in nature, be-
tween individuals observed on host plant X and those on plant Y. Alterna-
tively, mating may be positively assortative. The equivalent question, in
population genetics terms, is whether free gene flow takes place between
the insects from the alternative host plants. In general, such questions are
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tackled by first setting up two a priori groups. Should there be more than
two populations, or samples, the equivalent number of a priori groups has
to be set up on the basis of one or another of the followingdiscontinuities.

1 Biological differences across space or through time
Biologicaldifferences indifferentparts of thegeographicaldistributionof
the species of interest frequently provide a basis for setting up an appro-
priate test.For example, ifparasitoidsof aparticular species inone locality
donot attackhosts that the speciesusually attacks inotherplaces, the situ-
ationwarrantsan investigation for thepresenceof cryptic species.Alterna-
tively, moths of a particular taxonomically defined species may be caught
in a pheromone trap in one area, whereas identical traps do notwork else-
wheredespite thepresence there of that species (e.g.Goyer et al., 1995). An-
other example: two herring populations spawn off Kiel, Germany, one in
spring and one in autumn. They mix in winter, but separate for the next
spawning season (Sinclair&Solemdal, 1988), so these areundoubtedlydif-
ferent species in population genetics terms.

2 Taxonomic difficulties
Taxonomic uncertainty about the species limits of various taxa is not un-
common and may well indicate the existence of a species complex. For
example, taxonomists were not certain whether the Jarrah leaf miner, a
small incurvariid caterpillar, was comprised of one or more species. By
addressing questions about the reproductive status of the various host-
associated types, the situationhasbeenpartly resolved; at least twospecies
are encompassed by this taxon, possiblymore (Mahon et al., 1982).

3 Behavioural and other discontinuities in a locality
Difficulties may be experienced in interpreting aspects of the behaviour,
physiology or ecology of a ‘species’ within a particular area. For exam-
ple, Anopheles gambiaemosquitoes, which transmitmalaria in Africa, were
controlled effectively by spraying dwellings with various insecticides. Al-
thoughmalaria transmission declined almost altogether, ‘An. gambiae’ in-
dividuals were still present in the area, but now only outside houses and
feeding on cattle rather than onpeople. Because evolutionary theory, even
now, anticipates ongoing adaptation, initial claims heralded ‘behavioural
resistance’ to the insecticide. Once the An. gambiae species complex had
been unravelled, the appropriate interpretation became clear; An. gambiae
is an endophilic and anthropophilic species whereas An. quadriannulatus
is exophilic and zoophilic. The latter species was not affected by benzene
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hexachloride applications inside houses, persisted in the area andwas as-
sumed to be An. gambiae with a new behaviour (all from Paterson, 1993a).
Despite this revelation, similar claims of the evolution of ‘behavioural
resistance’ are stillmade for Pacificmosquitoes.Other circumstanceswar-
rant serious inspection for the inadvertent amalgamation of different
species under one name. Broad polyphagy and adaptive polymorphism
have been covered earlier, but claims of alternative reproductive tactics
and so on are also likely candidates.

To test the species status of different populations, a technique must be
selected, of which several exist (each outlined in a separate point be-
low). Not only must the most appropriate technique for the situation
be selected, but a thorough understanding is needed of the limitations
of each available technique. Such insight about techniques derives not
only from a thorough understanding of the principles onwhich the tech-
nique is based, but also from an appreciation of the functional nature
of the fertilisation system of the organisms concerned. Only occasion-
ally can the species status of populations be tested directly (see 1, below).
Furthermore, the recognition concept explains how indirect tests are
prone to yield asymmetries in experimental outcomes, for it is normal
that one outcome may produce an unequivocal conclusion, but the al-
ternative outcome from the same test may well be ambiguous and thus
inconclusive.

1 Behavioural observations in nature
Direct observation of organisms in nature constitutes the most direct ap-
proach, but is practical onlywhen organisms can be observedwithout dis-
turbance, their behaviour canbemanipulated in thefield (by theplayback
of sound for example) or testing whether mating is random in a zone of
overlap is possible. In general, these methods are appropriate with
larger organisms that are readily observable in nature. Birds, individually
marked if necessary, are obvious candidates, but the method could possi-
bly beused on larger day-flying insects such as butterflies anddragonflies.
The advantage of such observations lies in their natural setting. All func-
tional steps of the SMRS are thus played out in the appropriate context.

Tests of whether mating is random or positively assortative are possi-
ble evenwith small organisms in overlap zones if sufficient information is
available to score the different types and hybrids accurately. This method
was used to confirm for the first time that Anopheles gambiae comprised a
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complexof independent cryptic species, by capturingwild,mated females
and isolating them to obtain egg batches.

Offspring were scored for sex ratios, testicular sperm (adult male off-
spring) and asynapsis of larval polytene chromosomes (they are asynap-
tic in hybrids). All families had normal sperm, all chromosomes were
synapsed and there was no sign of distorted sex ratios, despite the differ-
ent ‘types’ beingpresent ina ratioof5:4:8.The strongevidence forpositive
assortative mating in the wild confirmed the coexistence of three species
in the one locality, with these being An. quadriannulatus, An. gambiae sensu
stricto and An. arabiensis (Paterson, 1964).

2 Cross-mating experiments
Reciprocal cross-mating experiments are frequently portrayed as an ul-
timate solution to species problems (e.g. Mayr, 1963, p. 50; Rosen, 1986).
The results they yield should, however, be interpretedwith due attention
to the fundamental principles of sexual species theory. Any interpret-
ation offered will rely inevitably on theory derived from basic assump-
tions. Thus, any commitment to the ‘facts of thematter’ or any evasion of
concepts of species simply reveals an impoverished understanding of the
situation and a failure to appreciate the subtleties involved. Results and
interpretation will almost inevitably be compromised.

Cross-mating experiments are set up as illustrated in Fig. 6.6. The
range of possible outcomes is detailed in Table 6.1. The first outcome
(Table 6.1) would imply that the experimental arena is inappropriate
for the organisms under investigation. A suitable arena is needed or an al-
ternative technique should be considered (see below). The only outcome
that yields an unequivocal result is the second one, because successful
matings in the control and no mating in the test crosses dictates that the
two samples represent two distinct species. That conclusion holds even

CONTROL EXPERIMENT CONTROL

a x a a x b

b x a

b x b

and

Figure 6.6. Cross-mating experiments are designed to test the species status of
individuals from different hosts (as in Fig. 6.5), localities or samples. Five out-
comes are possible, but only one is unambiguous (see Table 6.1).
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Table 6.1.The crossing experiment depicted in Fig. 6.6 could yield one of five general

outcomes, as detailed. The interpretation of each outcome is given in terms of the

isolation concept of species (IC) and the recognition concept (RC), and is explained

fully in the text

Outcome number

1 2 3 4 5

Controls No mating Mate Mate Mate Mate
Experiments Mate or No Mate Mate Some

no mating mating mating
Offspring Viable or – Non-viable Viable Viable or

from crosses non-viable non-
viable

Interpretation Not Two Two species One species –
(IC) interpretable species

Interpretation Not Two Not Not –
(RC) interpretable species interpretable interpretable

if representative individuals are not distinguishable morphologically, as
documented in host-associated populations of parasitic wasps (Fernando
&Walter, 1997) and planthoppers (denHollander, 1995). Should two such
populations exist sympatrically they would persist there as independent
genepools, or species, asdo the two ‘populations’ ofKielherrings (Sinclair
& Solemdal, 1988).

Outcomes 3 and 4 in Table 6.1 yield definite conclusions only under
the isolation concept of species. When reproductive isolation is specified
as the defining criterion of sexual species, the particular means by which
such a result is achieved demands no specifications in terms of mecha-
nism. Although sterility could never have evolved for the purpose of re-
productive isolation, as Darwin realised (seeMallet, 1995; Paterson, 1988),
it is still often enumerated as an isolating mechanism (Templeton, 1989).
Outcome 3 is actually even problematic, for sterile ‘matings’ are typical
of certain relatively common intraspecific crosses, such as cytoplasmic
incompatibility (Rousset & Raymond, 1991) and self-incompatibility in
plants. The latter even involves different flowers on the same individual
plant, so their conspecificity is beyond question (Paterson, 1988). Sterility
therefore cannot serve as the defining criterion for species, so outcome 3
does yield equivocal results.

Should the experimental individuals mate and produce viable off-
spring (outcome 4), the reproductive isolation criterion suggests the two
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populations are conspecific. This conclusion is, however, also question-
able, as shown by the way in which the recognition concept deals with
the situation. Under the recognition concept, reproductive isolation is
viewed as a by-product of different sexual populations having evolved,
independently, differences in their SMRS. The SMRS is a complex adap-
tation made up of a sequence of functional steps to ensure fertilisation
takes place (Fig. 6.3). Early steps in the sequence usually function in dis-
tance attraction. Individuals of one species may have a different long-
distance attractant from those of a second species. Cryptic species among
the moths provide good examples (e.g. Goyer et al., 1995). In the field,
pheromone released by individuals of either species would not attract in-
dividualsof the secondspecies.Whencrossing tests are conducted, the ini-
tial step (or steps) of the SMRS may be obviated. If those steps that oper-
ate after the distance attraction are similar to one another across the two
species, the heterospecific individuals would mate in the cage, and possi-
bly produce viable offspring (e.g. A. gambiae mosquitoes (hybrid females
are viable) (Hunt et al., 1998) and Ribaudodelphax planthoppers (DeWinter,
1995)), an outcome that provides yet another reason for rejecting steril-
ity as a gauge of species status (Paterson, 1988). Nevertheless, sterility is
still frequently used implicitly in delimiting species (e.g.DeBarro&Hart,
2000; Pinto & Stouthamer, 1994).

The final outcome (5) in Table 6.1 has been obtained in some cross-
mating tests, for example with parasitic wasps by Rao & DeBach (1969).
Thesemay be situations in which the organisms perhaps did notmate on
initial exposure to one another, but were left for so long that attempts by
males to mount females were eventually ‘permitted’ (Fernando &Walter,
1997). This outcome does not represent circumstances in the field at all
realistically. An appreciation that recognition of potential mating part-
ners is themore realistic defining criterion of species demands that atten-
tion be given to the duration of the experiment. The experimental crosses
should not run longer than the time it takes for the control pairs to mate
(Fernando & Walter, 1997). Interpretation of work on trichogrammatid
species,which are claimed to showmuch intraspecific variation inmating
success across populations (Pinto & Stouthamer, 1994), may be affected in
this way if cryptic species are inadvertently included in the samples.

3 Molecular genetic techniques
Molecular techniques provide a range of methods for assessing whether
mating takes place at random between organisms that have different
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origins or derivations. The techniques are modern and popular, but each
has particular strengths andweaknesses that should be appreciated. They
are therefore best applied in relation to appropriate theory and matched
to specific questions. Again, with each technique that can be used to re-
solve species problems certain outcomes are conclusive but others are not
necessarily so. Some molecular techniques are not appropriate for inves-
tigating species limits, but are useful for the development of easily used
markers for the rapid identification of species whose limits have been
recognised by an appropriate technique, although this distinction is not
always clarified in the literature. Unknown individuals, regardless of life
stage, can thus be assigned to their appropriate species once the limits
have been defined by other means. Several PCR-based tests have been de-
veloped for this purpose and have facilitated identification outside of the
laboratory (see Armstrong et al., 1997; Cook, 1996; Kambhampati et al.,
1992; Paskewitz &Collins, 1990; Perring et al., 1993;Wilkerson et al., 1993).
Such species-specific markers that are developed will not necessarily de-
tect any additional species thatmaybediscovered. For example, thenewly
discovered Anopheles gambiae complex species discovered by Hunt et al.
(1998) was cryptic to the PCR-based identification procedure that is rou-
tinely used for species in this complex.

Electrophoresis was the first of the molecular techniques to be devel-
oped (see Richardson et al., 1986, for review) and has been used in popula-
tiongenetics and for the investigationof species limits for several decades.
The more recently developed DNA analyses have the advantages over al-
lozyme electrophoresis that (i) both sexes and all developmental stages
can be identified by the same technique, (ii) material suitable for analy-
sis does not demand such stringent preservation and storage conditions,
and (iii) DNA suitable for analysis can often be recovered from material
preserved simply or even naturally (see Collins & Paskewitz, 1996).

Electrophoresis is also used, in one form or another, to help to visu-
alise the molecular characteristics of individuals subjected to most of the
more recently developed genetic techniques. For this reason, and because
enzyme (or allozyme) electrophoresis remains the method of choice in
species studies (Avise, 1994; Loxdale&Lushai, 1998), theprinciples of elec-
trophoresis are outlined initially in some detail. Explicit details, proce-
dures and relevant recipes are available elsewhere (Richardson et al., 1986;
Symondson & Hemingway, 1997). Briefly, a potential difference is set up,
bymeansof an electric current, between twopoints in an ionised solution.
The solution is usually supportedwithin a stable andpermeablemedium,
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like starch gel or cellulose acetate. Thepotential difference causes charged
particles, such as proteins, tomove.

The charged protein particles targeted in electrophoresis are the sol-
uble enzymes. Once a current has been run for the requisite time (20–

120 minutes, depending on substrate, running conditions and so on),
the target enzyme must then be singled out from the conglomeration of
all charged molecules that have shifted between the electrodes. Enzyme-
specific substrates are thereforeaddedto theentire ‘runningmedium’ and
the specific products are then stained so they can be visualised. The dis-
tance theymoved can then be assessed.

In each electrophoresis run, individuals from each population or sam-
ple to be compared must be included. The distance travelled by the en-
zyme will vary with conditions, and the comparative distances run by
enzymes coded by alternative alleles are small. Interpretations of the
resultant pattern (or zymogram) requires an understanding of enzyme
structure and Mendelian genetics; reviews of both topics are available
(e.g. Richardson et al., 1986). The technique assesses which populations
exchange genes in nature, so species limits can be meaningfully investi-
gated only if the samples are derived from areas of sympatry.Mostmolec-
ular markers are useful only after species limits have been established by some
other means. They can be used on individuals from allopatric populations,
but they will not necessarily detect the presence of unrecognised cryptic
species (e.g. Hunt et al., 1998).

In reading a zymogram, one can take a strictly structural approach
to defining species limits, or population genetics principles can be used.
The former yields only limited insights, however, as it does with other
techniques used to establish species limits. Again, we see the situation in
which one type of result yields an unequivocal conclusion and another
is inconclusive. Structural interpretation is reliable if one has set up two
a priori groups, suspected of representing different species, and one elec-
tromorph of the screened enzyme is found in one group whereas the al-
ternative electromorph occurs only in the second. The locus in each group
is said to bemonomorphic, and suchfixed differences are sufficient to put
the matter beyond doubt (Richardson et al., 1986). By contrast, the lack of
fixeddifferences reveals nothingabout species limits because sucha result
could be obtained whether one is dealing with one species ormore.

Onecan lookat the resultsoutlinedabove fromthepopulationgenetics
perspective. Interpretation is not affected, but this perspective illustrates
how one can go beyond fixed differences to understand species limits. A
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lack of heterozygotes at a locus, even in a sample of only five individuals
from each population (Adams et al., 1987), yields certain evidence that one
has two species. In short, no recombinationof geneticmaterial takes place
between representatives of the two populations.

In searching for fixed differences between samples, the optimum ap-
proach is to screen as many enzyme systems as possible. As pointed out
above, relatively few individuals are required. Shouldfixeddifferencesnot
be located, an alternative approach is still open for probing species limits.
If a locus is not fixed for a particular allele, that locus is said to be poly-
morphic. In a large sample of individuals drawn from aMendelian popu-
lation, the distribution of the various allelicmorphs (or electromorphs on
the electrophoresis substrate) at any one polymorphic locus should be in
Hardy–Weinberg equilibrium. The same should be true of a sample from
the alternative population. However, the frequency distribution of allelic
morphs in onepopulation is likely to be different from that in the alterna-
tive population because of the differential influences of ecological condi-
tions andhistorical events. Sucha comparison is readilymade statistically.
Outcomes inwhichallele frequenciesdonotdiffer amongpopulations are
insufficient to demonstrate that the two samples derive froma single pan-
mictic population.

Even if a significantdifference in allele frequencies is demonstratedbe-
tween two samples, derived sympatrically, interpretation is confounded
by various possible influences. For example, the differences between host
plant-associated samples of incurvariidmoth larvaewerepresented as evi-
dence for cryptic species (Mahon et al., 1982),whereas similardataonapple
maggot flies are presented simply as an intraspecific differential in host
associations (Feder et al., 1988). Presumably, the safest way to deal with
such data is to acknowledge that they are simply an indication that pos-
itive assortative mating may be taking place within a taxon (taxonomic
species). In other words, the results are parsimoniously explained by the
two species hypothesis, but other influences could, at least in theory, gen-
erate such a pattern of allele frequencies. For example, adults of different
genotype could respond differentially to the host species, or larvae of par-
ticular genotypes could survive better on one host than the other.

Of the more recently introduced molecular techniques (Loxdale &
Lushai, 1998), microsatellite loci have become popular for investigations
in which individuals need to be distinguished (as in parentage studies)
or in which high levels of heterozygosity and Mendelian inheritance
are needed for population genetics studies (Lambert & Millar, 1995;
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Rosenbaum&Deinard, 1998; Schlötterer & Pemberton, 1998).Microsatel-
lites have proved revealing in species studies where allozymes yielded lit-
tle, and are envisaged to be used more for such purposes (Waters et al.,
2001). For studies of species limits, the same population genetics princi-
ples covered above for electrophoresis are relevant to analyses involving
microsatellites, so studies of allopatric populations remain difficult, and
information related to the structure of the SMRS should take precedence.
It is worth remembering that the acquisition of species status (in popu-
lation genetics terms) does not necessarily correlatewithmeasurable gen-
etic divergence, because the measures of molecular variation that we use
have ‘little, if anything to do with what species are’ (Lambert & Millar,
1995). Again, the theory is as important as the technique.

4 Cytogenetics
The chromosomes of some organisms are amenable to much closer in-
spection than is possible for most other organisms. The giant polytene
chromosomesof certainDiptera, includingmanyanophelinemosquitoes,
vinegar flies, blackflies, sciarid fungus gnats and chironomidmidges, are
best known in this respect. They are found particularly in larval salivary
glands and in the ovarian nurse cells. Various staining techniques allow
visualisation of specific components of the chromosomes, in the form of
bands.

Species-specific rearrangements of the chromosomes are useful for ac-
curate identification of cryptic species, and have been used in this way
for over half a century. Homozygosity for alternative inversions in sym-
patry indicates cryptic species, because heterozygotes are disadvantaged
and one of the inverted states would have disappeared if the two types
mated at random in nature. Chromosomal banding patterns are usually
read structurally, with consistent differences inferred to represent dif-
ferent species. By contrast, homosequential banding may occur despite
species differences (see Collins & Paskewitz, 1996; Green & Hunt, 1980;
Narang et al., 1993), so again an asymmetry in experimental outcomes is
evident.

5 Analysis of mating signal structure and function
Species complexes are often investigatedby analysingoneor other of their
mating signals, be they chemical, acoustic or visual. Appreciation that
the SMRS is a complex adaptation explains why many studies of sexual
signals have more in common with the structural approach to defining
sexual species than with the behavioural approach, despite dealing with
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pheromones or sounds, for example. Description of a difference in signal
structure, even if it is statistically significant, may not necessarily reflect a
functionally significant feature.The ‘pheromone strains’ ofNezaraviridula
(Aldrich et al., 1993, 1987) may provide a good example. Functionally sig-
nificant differences in pheromone blends may exist among N. viridula
populations, but to date no convincing evidence is yet available (Brézot
et al., 1994; Miklas et al., 2000; Ryan et al., 1995). Any differences detected
amongpopulationsneedappropriate tests for any functional significance,
as outlined in Baker’s (1993) readable account.

Attention to detail is critical, and the signal has to be fractionated
and recombined (in chemical communication language) to test the sen-
sory and behavioural responses of other individuals (Baker, 1993). Do they
recognise the signal? Do they respond to it? Appropriate tests need to
be conducted to test for such responses, and tests will vary with func-
tion. When investigating pheromones, for example, tests for volatile dis-
tance attractants will necessarily differ from those conducted on rela-
tively non-volatile cuticular lipids, which are close-range pheromones
(Rungrojwanich&Walter, 2000). In functional terms that relate to the be-
haviour of individual organisms, the concept of recognition takes prece-
dence over isolation. Isolation of the group is the consequence, or by-
product, of the behaviour of individuals.

Allopatric populations provide special difficulties, because sympatry is
a convenient ‘template’ againstwhich tomake judgements about themat-
ing behaviour and thus species status of individuals. The only alternative
is to assess the species status of allopatric populations indirectly, by inves-
tigating the responses of individuals to signals of the alternative popu-
lation. If the populations have different signals from one another and
individuals do not respond to signals of the alternative population, the
existence of two species has been demonstrated. Tests can sometimes be
conducted in the field. The caterpillars of the tortricidMerophyas divulsana
(Walker) are pests of lucerne in part of Australia but are not so in other
parts, despite being present. The deployment of a synthetic pheromone
blend from the pest individuals attracted moths in the ‘home’ area, but
not where lucerne is not attacked byMerophyas caterpillars, thus demon-
strating the existence of two species (Whittle et al., 1991). Similar tests can
be conducted for other modes of communication; this has been achieved
through song playback experiments with birds in the field, for example,
and insects in the laboratory (e.g.DeWinter&Rollenhagen, 1990;Ratcliffe
& Grant, 1985).
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Suchanapproach is clearlyneededwhendealingwithpopulations that
mate in crossing tests andproduce viable offspring, as in theTrichogramma
studies described by Pinto & Stouthamer (1994). This approach has
strength in that it overcomes deficiencies noticed in the quantification
of reproductive isolation by Pinto & Stouthamer (1994); the SMRS of
one species can be analysed, quantified and defined without reference
to that of another species. In other words, the mating signals and ma-
ting behaviour are seen positively as characters in their own right (e.g.
Rungrojwanich & Walter, 2000), although the information can still be
used comparatively.

The isolation concept does not encourage research on the mating sys-
tem beyond that component judged to be responsible for isolating the
populations of interest, which might help to explain why investigators
focus on such features to locate postulated ‘speciation genes’ (Coyne,
1992). By contrast, an appreciation of the complex nature of the fertilisa-
tion system, and the various functions carried out at each step, does pro-
vide a basis for comparison among populations, even allopatric ones.

Intraspecific categories, related to species defined
reproductively

The isolationconceptof speciesholds thatevolutionarychange takesplace
inevitably in different populations of a given species (e.g. Ayala, 1982,
p. 182). Those evolutionists who advocate structural definitions of species
share similar views (e.g. Mallet, 1995). That change is seen to be differen-
tial among populations (or groups of populations) but significant for spe-
ciation only when such populations are cut off from one another, to the
point that gene flow is significantly impeded. A hierarchical view of the
various stages that a population is envisaged to pass through on its way to
full species status was therefore developed. Ayala (1982, p. 193) plotted the
degreesofgeneticdifferentiationagainst thecategoriesof evolutionarydi-
vergence in the Drosophila willistoni group of species. Each new species is
said to evolve through the sequence from local populations, subspecies,
incipient species, sibling species and finally to morphologically different
species. Local populations are variously also referred to as strains, bio-
types, forms and races (Pinto&Stouthamer, 1994; Steiner, 1993). This view
remains current, even to the extent that it is used against positive assorta-
tive mating as a defining criterion for species (Mallet, 1995). The recogni-
tion concept warns against such an interpretation.
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The use of informal subspecific categories encourages the view that
significant evolutionary change is inevitable in different populations and
that adaptive change and speciation sweeps across extensive geographical
distributions. They cannot, however, be defined in any non-arbitraryway,
and the terms have the potential for inconsistent use among observers,
perhaps even by the same observer. Unlike species, these entities are not
self-defining. Nevertheless, such terms are frequently used for organisms
that (i) may be genetically different, but in which the extent and signifi-
cance of the difference has not been assessed, (ii) are assumed to be genet-
ically different because they have been reared fromdifferent hosts, for ex-
ample, and (iii) that simplyderive fromdifferentgeographical areas.Many
‘biotypes’ that are obviously different from one another and that, for ex-
ample, perform differently on different host plant or host insect species
are likely to represent cryptic species. Many early parasitoid ‘biotypes’
turned out to involve cryptic species (Clarke &Walter, 1995), and the only
neutral way in which to deal with populations that have not been inves-
tigated for their species status is to refer to them provisionally as host-
associated populations until the issue has been resolved. The ease with
which genetic variation can be documented and the view that ongoing
adaptation is characteristic of populations seems to be sustaining an ap-
proach that allows the subjective designation of a population’s reproduc-
tive status, when the only significant criterion in assessing the status of
suchgroupings should be the assessment of theirmating status innature.

The intentions in specifying subspecific categories are undoubtedly
good. The epithets attached frequently provide useful information on
ecology, such as the host species attacked and the provenance of intro-
ducedmaterial.That couldbe crucial to anyefforts, including futureones,
aimed at interpreting and improving particular biocontrol situations.
However, use of the terms ‘race’ and ‘strain’ has greatpotential tomislead,
and the associated information is conventionally, and conveniently, given
in other ways.

Withregard to sexual species thathavebeenarbitrarily categorised into
‘races’, ‘strains’ or ‘biotypes’, severalquestionsneedtobeaddressedbefore
the ecology of the various populations can even begin to be interpreted.
For example, do two host-associated species exist? If not, why does ma-
ting among ‘races’ not ‘homogenise’ any differential in host association
when both races have been released in the same general area? To disre-
gard precision in such circumstances is likely to undermine efforts in pest
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management, for example by encouraging biocontrol release attempts
of such organisms ‘in case they work’. Instead, a more rational scien-
tific underpinning for applied entomology should be sought.When host-
associated ‘races’ have been investigated, theyhave almost invariably been
shown to be distinct species (as exemplified earlier in this chapter). The
morphological similarities between the two species,which led to thembe-
ing designated ‘races’ in the first place, justify them being called cryptic
species.

Species represent distinct gene pools, so if a population is demon-
strated tobe a separate genepool it shouldbe recognised as suchby calling
it a distinct species. To illustrate, insecticide resistance is best understood
in terms of population genetics, which is gene exchange within a gene
pool. Studying the population genetics of insecticide resistance, to pre-
pare a resistance management strategy, for example, is seriously under-
mined if distinct gene pools are ignored by calling them deceptive names
such as biotype when they are distinct species with separate gene pools.

Misunderstanding not only attends each situation in which a popula-
tion or sample is arbitrarily designated with an intraspecific categorisa-
tion; generalisations, concepts and practice are also likely to be distorted.
Many authors accept that the introduction for biocontrol of ‘strains’ will
inevitably be good because increased genetic diversity must increase the
chances of obtaining the most appropriate natural enemy (e.g. DeBach,
1969).However, this assumptiondoesnot standtheoretical scrutinyonthe
basis of principles derived frompopulation genetics theory and the recog-
nition concept, and empirical justification is also lacking (DeBach, 1969).

One subspecific category is useful, that of subspecies, because the sub-
specific status of populations can be determined in relation to their ma-
ting behaviour (same as one another) and geographical distribution (dif-
ferent from one another) (Ford, 1974). Such a categorisation also helps us
to cope taxonomically with those evolutionary situations in which adap-
tation took place in a small isolated population, but in which change
to the SMRS was limited or did not take place. In nature we thus have
populations (or gene pools) of organisms that are differentially adapted
to slightly different habitats or environments. Should such habitats be-
come contiguous, perhaps through ongoing climate change, mating be-
tween individuals from the alternative gene pools would take place, and
homogenisation of any differences would follow, through elimination of
the rarer gene arrangement or allele, within the zone of overlap. In cases
that involve hybrid sterility, elimination of the rarer form would ensue
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within the overlap zone (Paterson, 1978). The frequency of ‘hybridisation’
in the area of overlapwould vary among specific cases, as natural selection
doesnot select for afixed endpointwith regard to species status (Paterson,
1993c). In effect, different degrees of differentiation of the SMRS could
be expected in allopatry. That regular hybridisation takes place at rela-
tively low frequency in zones of overlap (and at different frequencies for
different pairs of gene pools, or species) does not necessarily indicate that
the two populations are ‘on a continuous route to sympatric speciation
via natural selection’ (Drès &Mallet, 2002). A non-teleological alternative
is that they underwent adaptive change in allopatry, have become sym-
patric after a distributional shift, and hybridise at low frequency as a con-
sequence of shared elements of their SMRS. Such hybridisation is insigni-
ficant in the ecology and evolution of the organisms and will continue
(see above).

In summary, a rational approach to pest management demands that
the reproductive status of populations be understood if they are to bema-
nipulated as effectively as possible. The cost of ignoring this aspectwill be
that pestmanagementwill have to continue relying on luck, a luxury that
the application of science really cannot afford (see Chapter 10).

Asexual organisms

Asexual organismsare also referred to asuniparental or thelytokous.They
are quite commonamongnatural enemies, especially among the parasitic
Hymenoptera (e.g. DeBach, 1969). Organisms whose asexual condition is
transient anddependent on environmental conditions can still be defined
in sexual terms,however infrequent sexmaybe.For example, low latitude
populations of the aphid Myzus persicae are typically asexual (Blackman,
1974), but are still potentially part of the species gene pool. Similarly, the
sexual Rhopalosiphummaidis (Fitch) aphids in their presumed area of geo-
graphical origin help to define the asexuals elsewhere in its broad distri-
bution (Blackman, 2000; Remaudière & Naumann-Etienne, 1991). Some
strictly uniparental species do produce occasional males, which are ap-
parently induced by temperature extremes, as in Ooencyrtus submetallicus
(Howard) (Wilson &Woolcock, 1960). Antibiotic and thermal elimination
of endosymbiotic Wolbachia micro-organisms may even return forms to
sexual reproduction permanently (Louis et al., 1993; Stouthamer et al.,
1990). However, the males of some forms are non-functional (e.g. Wilson
&Woolcock, 1960).
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The asexuality of insects is, in almost all cases, known to be a derived
condition.That is, their evolutionwas contingent on the sexuality of their
ancestral forms. Only a few asexual groups are ‘species’ rich and ostensi-
bly asexual (Judson & Normark, 1996; Norton & Palmer, 1991). Only two
aphid genera fall into this category, although several acarine groups have
been listed. Butwhen can one be certain that sufficient information exists
for us to declare a group entirely asexual? Genetic analysis on some en-
tirely ‘asexual’ organisms has overturned views on the sexuality of certain
parthenogenetic groups (Hurst et al., 1992), and may do so with others.
In any case, interpretation of the origin of asexuals can be complicated.
For example, did the species in the aphid tribe Tramini, all of which are
asexual, evolve from one another, as generally implied (Moran, 1992) or
accepted (Judson & Normark, 1996)? Could they not have independently
lost their sexuality under the influence of their similar ecological cir-
cumstances, or could they have evolved independently from one or more
undiscovered or extinct ‘core sexual species’ (Hurst et al., 1992)? In other
asexual groups with many taxa, for example the weevils, the taxa repre-
sent various grades of polyploidy (White, 1970), and have not necessarily
undergone adaptive change. Clearly, dealing with asexuals requires con-
siderable care.

The switch of most forms to asexuality not only reflects a response to
ecological contingency but has also incidentally ensured their evolution-
ary stability, as follows. Most asexual insects are automictic (see Crozier,
1975; White, 1973). The egg cells of automicts undergo a reduction divi-
sion. To restore diploidy the future egg has to fuse with one of the other
haploid products of meiosis. Some crossing over and recombination does
take place, but without the need for a sexual partner. Although such or-
ganisms are freed from the constraints of a co-adapted fertilisationmech-
anism, two features ensure stability of lineages, at least in terms of the
complex adaptations of the organisms involved. The limited recombina-
tion is insufficient to disrupt complex adaptations, and any extreme vari-
ants are likely to be selected out because the life cycle of the organisms is
still playedout in adynamic andheterogeneous environment.Thus, para-
sitoids such as Aphytis chilensis (Howard), A. chrysomphali (Mercet), Ventura
canescens (Gravenhorst) and the San José scale form of Encarsia perniciosi are
consistent in theirmorphology and host associations across geographical
space (DeBach, 1969). They do not adapt locally, although theymay house
considerable genetic variation (Foottit, 1997), so they seldom give rise to
new behavioural or ecological types.
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Because asexuals do not form Mendelian populations, the concept of
species limits does not apply to them. They can be defined only struc-
turally, either in terms of their morphology or in relation to discontinu-
ities in behaviour or ecology (see DeBach, 1969; Foottit, 1997).

Closing comments: Understanding species and
interpreting adaptation

In summary, the common call of applied entomologists for ‘good taxon-
omy’ should be re-interpreted. What is needed, in fact, is a sound under-
standing of species theory, and sound application of the theory by phras-
ing the appropriate questions, the collection of appropriate samples and
the use of appropriate techniques. The place of good taxonomy is to un-
derpin such an approach; without sound taxonomy all may be lost.

Understanding species is relevant not only to understanding species
limits and cryptic species.Different species concepts influence fundamen-
tally the interpretation of such ecological features as host relationships
of herbivores and parasitoids, prey requirements of predators, habitat as-
sociations, searching behaviour of parasitoids and predators, and so on.
Consequently, an understanding of species from a fundamental perspec-
tive influences, in turn, interpretation of the ecology of pest and bene-
ficial organisms. Before illustration of this point in relation to the host
relationships of polyphagous pests and parasitoids (in Chapter 7), and
examination of the theoretical underpinning of biological control pro-
grammes (in Chapters 8 and 9), the different approaches to such ecolo-
gical investigations that are suggested by the isolation concept relative to
the recognition concept are outlined in general terms.

The isolation concept predicts that different populations of a species
will almost invariably have adapted or be adapting to local conditions.
Therefore, such local populations are expected to have considerably dif-
ferent adaptations from other conspecific populations. For example, her-
bivorous insects are expected to evolve different host associations should
local circumstances elsewhere impose selection pressures on the herbi-
vores (e.g. Fox & Morrow, 1981; Mopper & Strauss, 1998). Because adap-
tive change is seen to take place so readily, numerous ‘examples’ of
such change are uncritically added to the literature, thus falsely bolster-
ing the original view. Failure to understand organisms and adaptation
undoubtedly contributes quite considerably to failure rates in applied
entomology.
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The idea that local adaptation is relatively easily accomplished is fre-
quently bolstered with reference to those situations in which adaptive
change has been observed, as with insecticide resistance. But caution is
warranted here, because such changes are relatively minor, in that they
usually involve only a single allelic substitution. But even then, disad-
vantageous pleiotropic effects usually become obvious, to the extent that
removal of the selection pressure results in relatively rapid reductions in
frequency of the resistance allele (e.g.Muggleton, 1983). Evenwithout ob-
vious fitness reduction such allelesmay be lost (Sayyed, 2001). Local adap-
tive change to features that arepart of a complexmechanism, suchashost-
finding behaviour and its associated physiology, is therefore less likely.
From the understanding that derives from the recognition concept as to
howadaptations arise it becomes clear that such features are not as readily
alteredas isusuallyportrayed in theecological literature.Adaptive change
to complex adaptations requires the special conditions of a small popula-
tion being confined by environmental circumstances to conditions differ-
ent fromusual. For local adaptation tobe claimed, as inpostulated casesof
host shifts to novel plants, requires the phenomenon to be demonstrated
beyond doubt, not simply claimed uncritically. Acceptance of this stric-
turewill enhanceunderstanding, and thus improve the applicationofun-
derstanding to achieve desired results.

To illustrate: Salvinia was controlled in Australia through the for-
tuitous introduction of Cyrtobagous beetles from Brazil, for they were
thought to be conspecific with those already present in Australia. Would
they have been considered for introduction if other herbivore species had
been found simultaneously in Brazil with the Cyrtobagous on S. molesta?
An effective biocontrol agentmight have been overlooked through insuf-
ficient understanding of the species concerned. Fortunately the beetles
were introduced, biocontrol was achieved and the species status of the or-
ganisms eventually resolved.We have no such detailed records of projects
that have failed through a lack of understanding, which is unfortunate as
they would be revealing.

Abetter indication of the inadequacies of the older views of species and
adaptation isderived fromaconsiderationof so-called ‘generalist’ species,
such as polyphagous herbivores and natural enemies. Modern develop-
ments in adaptation theory suggest alternativeways inwhich to dealwith
such species, a topic covered in the following chapterwith extensive refer-
ence to empirical studies.
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Polyphagous pests, parasitoids and predators:
trophic relations, ecology andmanagement
implications

[We] demonstrate the existence of significant amounts of variation in
feeding and oviposition behaviour below the species level for both host
preference, or degree of specialization to particular host plants, and
host suitability. The study of such variation contributes greatly to the
understanding of resource use and other ecological processes, and of
adaptation to stressed environments such as are caused by agricultural
practices.

l. m. schoonhoven et al. (1998, p. 219)

Introduction

The range of principles and interpretations covered in the earlier chapters
are applied in Chapters 7–9 to the investigation and interpretation of the
ecologyofpest andbeneficial species,with emphasis on those aspects rele-
vant to pest management. Chapters 7–9 are illustrative rather than ex-
haustive in that they cover only a minute subset of all ecological under-
standing and application relevant to IPM.

Chapter 7 deals with polyphagous species, which are those associated
with many host types. Such species are considered to be generalists (e.g.
Bernays&Chapman, 1994;Briese et al., 1994; Futuyma, 1991; Leather, 1991;
Schoonhoven et al., 1998; Ward & Spalding, 1993) and are seen to provide
a strong ecological contrast with host-specific herbivores and parasitoids,
which are referred to as monophagous. Polyphagous species present spe-
cialproblems forecologicalunderstandingandtherefore forpestmanage-
ment, although many host-specific species are notorious pests (e.g. rice
planthopper and olive fly). Herbivorous pests, parasitoids and predators

[169]
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are used to illustrate these difficulties and to help to plot a way around
them.

Chapters 8 and 9 focus entirely on natural enemies, and their use in
biological control against insect pests. These two chapters are designed,
with Chapter 7, to illustrate how a strong focus on themost robust scien-
tific, evolutionary and ecological principles available can alter outlook, in-
fluence research direction and improve management practice. Some evo-
lutionary principles and processes are generally accepted as flawed, but
are still fairly extensively applied in ecological interpretation relevant to
the subject matters of Chapters 7–9. For example, group selection, tele-
ology and typology are invoked frequently, albeit perhaps tacitly. They
thus influence the questions that drive current empirical research in this
area, and also the interpretations offered. The interpretations generally
accepted in the discipline areas of herbivore/host, parasitoid/host and
predator/prey alsowarrant some introspection, and the principal alterna-
tive approach to understanding adaptation, which was developed earlier
in Chapters 5 and 6, is applied to these discipline areas to illustrate the
strength of that approach. Only a relatively narrow area relevant to pest
management is dealt with in Chapters 7–9, but the treatment does illus-
trate how such an approach will return benefits if applied elsewhere in
research on pest and beneficial species.

The examination of scientific method in Chapter 2 drew on the illus-
trative case of a polyphagous insect pest, the native Australian bollworm
Helicoverpa punctigera. Inspection of the available information about the
host relationships of H. punctigera revealed that logically it could support
more than one interpretation of the host relationships of this species. The
‘available information’ in this case is the raw data on host use that has
been collected in the field, where most information on this species has
been gathered. Stated in this way, ‘available information’ does not infer
inevitably that the species is polyphagous, or to what extent it may be
polyphagous. To gather information that extends interpretation and un-
derstanding of the host relationships of species recorded on a diversity of
food sources requires further attention to patterns of host species use in
thefield, aswell as to the behavioural andphysiological processes that un-
derpin those host relationships.

An understanding of host relationships can be built only on an un-
derstanding of adaptation. The two alternative views of adaptation were
covered in Chapter 6. This dichotomy signals different approaches to
the investigation and interpretation of host and prey relationships. The
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inspection of polyphagy presented in the present chapter reveals a rea-
sonable alternative to the current interpretations of thehost relationships
of polyphagous species. This option has remained hidden because of the
general stress on ‘ongoing adaptation’ and intraspecific variation that is
evident in the literature and which is, in turn, related to demographic
ecology and the isolation concept of species. The text that heads this chap-
ter is an accurate portrayal of the current emphasis in the interpretation
and investigation of host relationships. Bernays & Chapman (1994, p. 2),
for example, specify that ‘behaviour, andespeciallyvariation inbehaviour,
is central to our understanding of the major evolutionary questions’
related to insectan interactions with their host plants. The alternative
presented in this chapter emphasises the importance of testing interpret-
ations of intraspecific variation and finding the most appropriate func-
tional interpretation for patterns of host use. Emphasis is thus removed
from an uncritical acceptance of the power and ubiquity of optimising
selection acting inevitably on the intraspecific variation that is so read-
ily documented, and instead is refocused on the central mechanisms of
organisms and the usual outcomes of those mechanisms in the typical
environment of the species in question. The alterations to interpret-
ations of the host relationships of polyphagous species that follow from
such an approach have significant implications for theway inwhich pests
should best be targeted in management schedules, and also for the way
in which natural enemies should best be deployed in biological control
programmes.

The chapter is organised as follows. First, recent insights aboutpattern
and process in herbivore host relationships help considerably to clarify
what requires explanationandwhichdirections are likely tobeprofitable.
This leads into a summary of current interpretations of the adaptive value
of polyphagous host and prey relationships. Many observations contrast
in some way with current expectations, so these are outlined in a sep-
arate section to help to circumscribe what requires explanation. These
observations feed into a section that provides a general alternative ap-
proach to the understanding of host relationships that are considered
polyphagous or generalist. This allows a re-examination of what details
need to be known about the host relationships of polyphagous species if
we are to understand their ecology. Naturally, the implications for pest
management that follow are different from those generated by the re-
search questions emphasised by current interpretations, and these are
outlined.
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Innovations in understanding host relationships

The evolution of the host and prey relations of insectan herbivores, para-
sitoids and predators is usually portrayed as the outcome of a coevolu-
tionary arms race (e.g. Thompson, 1994), a metaphor with its origins in
the ColdWar era of the 1950s and 1960s (Ehrlich & Raven, 1964; Fraenkel,
1959). The phylogeny of herbivorous insects is probably much better
known than that of parasitoids. Evolutionary analyses of their host rela-
tionships therefore tend to have more of a phylogenetic influence, which
hasproved revealing and is likely to reflect on the interpretationof aspects
of parasitoid evolution. One of the most significant revelations in recent
understanding of the evolution and ecology of phytophagous insects has
not yet influenced much research and interpretation, although its influ-
encewill inevitably be felt. The pattern of host relationships of insect her-
bivores does not match the expectations of coevolutionary theory. Jermy
(1984) analysed the general pattern of the phylogeny of insect herbivores
relative to the phylogenetic pattern of their host plants. In principle, four
kinds of relationships are expected (Fig. 7.1). Classic coevolutionary the-
ory cannot explain the evolution of patterns A and D in Fig. 7.1, yet these
are the two that include, by a long way, most herbivorous insect species
(Jermy, 1984).

Jermy’s analysis of the basic premises of coevolutionary theory indi-
cates that coevolutionary theory is unlikely to explain the relatively few
remaining cases. A phylogenetic perspective of an apparently tightly co-
evolved mutualism between an insect herbivore and its host plant, yucca
moth on yucca, demonstrates that almost all of the adaptations of the
yucca moth, which outwardly seem to have evolved to suit it specifi-
cally to exploit yucca seeds, were already present in the ancestral moths
that exploit plants that are quite different from yucca (Davis et al., 1992;
Thompson, 1994). Themove to yucca seems to have beenmadepossible by
preadaptation plus the usual adaptive change associated with an evolu-
tionary shift to a new host species. The points outlined above imply that
thepostulatedcoevolutionaryarmsrace is apoormodel, although it is still
popular.

Changes in perception at such a fundamental level lead inevitably to
further questions. Re-examination of the role originally proposed by en-
tomologists for secondary plant metabolites indicates that many of them
arenotprimarily defensive against particular insect herbivores. Theyhave
a range of possible roles that have long been appreciated by botanists,
including response to various stresses (such as extremes in light levels,
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Figure 7.1. Diagrammatic contrast between the host associations of closely re-
lated herbivorous insects and the phylogenetic relationships of their host plants.
All herbivorous insects fall roughly into the four categories represented. After
Jermy (1984). Reprinted by permission of the publisher.

temperatures, moisture, heavy metal concentration), injury (including
herbivory) and invasion by other organisms (including fungi, bacteria,
nematodes and insects) (Jermy, 1984; Kutchan, 2001; Seigler, 1998). Even
if not primarily defensive against insects, theymay have serious effects on
insect herbivores that do not have appropriate adaptations to cope with
them.

The secondary metabolites do, nevertheless, play a major role in the
sensory physiology and behaviour associatedwith the location and recog-
nition of oviposition substrates and feeding sites by herbivorous insects
(Bernays & Chapman, 1994; Jermy, 1984; Schoonhoven et al., 1998). Inter-
actions at this level play a predominant role in dictating insect–host plant
relationships, and it is not surprising that many ecologists have shifted
emphasis to investigation of the behaviour of individual organisms to un-
derstand specialisation and generalisation (Bernays & Chapman, 1994).
This approachhas led to theproductionof themostuseful generalmodels
of how consumers interact with the various resources they use. Such be-
havioural models have been developed mainly by those who target weed



174 Specific directions in ecological research for IPM

and insect pests for biocontrol, and the models are covered in Chapter 9.
Surprisingly, then, the relevance of adult behaviour to interpretations of
adaptive change in host relationships has taken a long time to be more
generally appreciated. Specifically, in the evolution of host relationships,
a behavioural change in adult phytophagous insects has inevitably to pre-
cede any adaptive change of the immature stages to the new host plant
(Bernays & Chapman, 1994, p. 2). Diversification of herbivores is thus led
by the physiology and behaviour associatedwith finding a host for ovipo-
sition, so this is the aspect that needs to be looked atwhen adaptation and
speciation are considered.

Current interpretations of polyphagy

Polyphagous species are widely considered to be generalist users of an
array of resource types, with species usually being the unit of resource
measurement. Unlike specialists, which target a single type of resource,
they are considered somewhat inefficient but more flexible to externally
imposed conditions (e.g. Carriere&Roitberg, 1994). This interpretation is
underpinned by several evolutionary assumptions that require consider-
ation and critical assessment.

Chapter 6 detailed the most widely accepted perception of nat-
ural selection. The driving force comes from the organisms themselves
generating an environment that is essentially competitive. Greater ef-
ficiency is considered to be positively selected because that is seen to
translate into enhanced fitness, and usually it is efficiency in resource ac-
quisition that is emphasised. The physical environment is not ignored,
but physical factors tend to be treated as unidimensional features of
the environment, as indicated by their axes in diagrammatic representa-
tions spanning such continua as ‘stable vs. unstable’ and ‘persistent vs.
ephemeral’. Organisms that inhabit the more ‘unsatisfactory’ conditions
are seen toexploit a competitivevacuumwhereas in themore ‘satisfactory’
situations competition is the primary driving force. Differential adapta-
tion is expected across the local populations that span the distribution
of species (and is expected to lead ultimately to allopatric speciation) and
even within local populations (where sympatric speciation is expected).
Such evolutionary change is expected even in ‘complex adaptations’ like
the specific-mate recognition system and host plant relationships. In
general, change is expected to proceed until constraints to further change
are encountered.
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The specific theory that tends to drive research aimed at understand-
ing polyphagous species is as follows. Because fitness benefits are em-
phasised, polyphagous species are considered to have obvious advantages
over specialists under most conditions, even though specialists may be
more efficient at converting a particular resource. The expected fitness
benefits of polyphagy derive from incorporatingmore resource categories
into the diet. This, in theory, provides more opportunities for the or-
ganisms to maximise their fitness by using alternative foods, and this
is driven by differences (both spatial and temporal) in host abundance,
diversity and quality (e.g. Bossart, 1998). Frequent claims are made that
generalists benefit from having a broad geographical range, many gener-
ations each year, an almost certain availability of food at any time, and
the possibility of balancing their diet by taking food from alternative
sources. Generalists are therefore said to be in a position to build up
their populations on a sequence of alternative hosts, and this increase in
‘ecological amplitude’ (Futuyma & Peterson, 1985) is often portrayed as
the adaptive advantage (Van Valen, 1965), despite the group selectionist
overtones.

A primary evolutionary incentive seen for generalist species is there-
fore the incorporation into their diet of unused resources (e.g. Futuyma,
1987), a feature that underpinsmodels of sympatric speciation (e.g. Bush,
1994). Themeans open to organisms to exploit such resources, which rep-
resent ‘emptyniches’ indemographicecology terms, reflect theendpoints
of the generalist–specialist continuum. Species may pre-empt an empty
niche and become specialists, or they forego competitive superiority and
become generalists. The expectation is that populations of a generalist
species ‘expand into’ situations to take advantage of available resources.
Therefore, it is not unexpected to find species that are generalists, nor
resource-based diversity of populations within a species.

Specialisation, by contrast, is expected to incur the costs of (i) a high
risk of extinctionwhen thehost becomes rare, (ii) a smaller available niche
space, (iii) exposure to a single immune or defence system that can evolve
to eliminate the parasite (Red Queen hypothesis), and (iv) an increased
risk of mortality when using an unsuitable host (e.g. Sasal et al., 1999).
Thesepoints are either teleological or typological (seeChapter6), andeven
though the argument can be recast in terms of individual selection – ‘in
every generation of a host-specialized species, some individuals must fail
tofind suitablehosts’ (Futuyma, 1991) – acceptance of the argument seems
to rely mainly on intuition, or ‘all other things being equal’, which they
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are not. Nevertheless, the issue of what countervailing forces of selection,
or trade-offs (Bossart, 1998; Carriere & Roitberg, 1994), favour specialisa-
tion drives a substantial amount of enquiry.

The expectations outlined above drive the following research agenda.
Measurement of the fitness consequences of using alternative resource
types is considered crucial, not only to understanding polyphagy but also
for predicting future evolutionary trajectories and subsequent special-
isation of the organisms in question (Carriere, 1992; Carriere & Roitberg,
1994). Therefore ecological correlates with polyphagy are explored in
various ways, with suggestions of large larval size, larval overwinter-
ing, wood-feeding, ephemeral food resources, poor dispersal ability, en-
vironmental heterogeneity and unpredictability of resource availability
being significant (e.g. Cates, 1981; Kassen, 2002; Novotny, 1994; Ward &
Spalding, 1993). Polyphagous species are also seen asmost likely to be de-
terred from feeding, whereas monophagous or oligophagous species are
consideredmost likely to be stimulated to feed by allelochemicals in a po-
tential host plant (Martinat&Barbosa, 1987). Almost inevitably, causation
is implied in terms of selective advantage or ‘trade-offs’, so this approach
also assumes adaptation is an ineluctable process and it overrides the de-
tails of species-specific characters such as their mechanism for locating
hosts and their life cycle requirements.

Specific differences are detectable among the interpretations of
polyphagy that are offered by different scientists, but by and large they
are all underpinned by the same set of premises of how evolution works
and how contemporary resource use drives the ecology and evolution of
organisms. The views of adaptation canvassed by the isolation concept
and by those who downplay the relevance of species (e.g. Bush, 1994;
Mallet, 1995) are logically consistent with and cope comfortably with
interpretations of the ‘generalist’ ecologies of polyphagous crop pests
and beneficial species.

Evidence and interpretations that counter current theory

Several lines of observational evidence and a few re-interpretations sug-
gest that the approach outlined above needs scrutiny, even at the most
fundamental level.

1 Specialists predominate among phytophagous insects to an

overwhelming degree (Jermy, 1984). Such a discrepancy between
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theoretical expectation and empirical pattern has tended to focus

attention on specialist species, to search for the factors involved in the

maintenance of specialisation as this is more difficult to account for

under theories of competitive selection and ongoing local adaptation

(e.g. Bernays & Chapman, 1994, pp. 258ff.). Generalists may be

represented to a lesser extent even than currently acknowledged. In

various ways, as detailed in the following points, the tag of ‘generalist’

is invoked prematurely.

2 Definitions of polyphagy vary widely (Bernays & Chapman, 1994;

Schoonhoven et al., 1998). Some specify the consumer species should

use many species of hosts, hosts in several genera or even families or

orders (Mitter et al., 1993; Novotny, 1994), which emphasises the

arbitrariness of the concept (Bernays & Chapman, 1994). This

subjectivity can be contrasted with the non-arbitrariness of species

boundaries (e.g. Mayr, 1976) and species being self-defining (Lambert

et al., 1987). Development of theory related to polyphagous species will

have to transcend this issue if robust generalisations about host and

prey relationships are to be developed.

3 The terms ‘generalist’ and ‘polyphage’ tend to draw attention away

from the behaviour of the insects by emphasising their pattern of

resource use. The functional context given to different plants relates to

the assumption that organisms optimise their fitness under each set of

circumstances they encounter. Host ‘preference’ is therefore expected

to correlate with subsequent ‘performance’ on preferred plants,

whether that performance be egg maturation by adults that also feed

on larval foodplants or larval performance after hatching on the plant.

Organisms are expected to ‘do the best they can’. The basic

neurosensory process of ‘recognition’, which itself is seen as an

unsolved challenge for neuro-ethologists (Huber, 1985; Schneider,

1987), is pushed aside in favour of the more complex process of

‘preference’, and the functional interpretation hinges on the

generalised idea of maximising fitness. Such ideas about optimisation

draw attention away from the mechanistic basis that underpins the

host association and thus the environmental and physiological context

of the association with the particular plant species.

Labelling a species ‘specialist’ or ‘generalist’ therefore does not

necessarily imply any ecological understanding. At best, such terms

are preliminary approximations, but in initially labelling something

in this way a particular direction on subsequent research is likely to be

imposed, even if unintentionally. Because such direction has not been

reasoned from first principles it may not be the most appropriate line

of thought for generating understanding.
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4 Scrutiny of reputed generalist species across an array of taxa, both

insect and others (Barbieri et al., 1995; Bidochka et al., 2001; Coulson,

1990; Duffy, 1996; Gordon & Watson, 1986; Green et al., 1972; Groth,

1988; Kirsch & Poole, 1967; Knowlton & Jackson, 1994; Tatarenkov &

Johannesson, 1998, 1999), often reveals unrecognised cryptic species

(see Chapter 6), each with a restricted set of requirements (e.g. host

range) that accounts for part of the broad set of tolerances attributed to

the generalist or polyphagous ‘species’. Insect ‘species’ that might

originally have been said to have been polyphagous or generalist, but

comprise a complex of species each with a rather narrower range of

hosts, even to the point of monophagy in all component species in a

few such complexes, include various fruit flies (Condon & Steck, 1997;

Drew & Hancock, 1994), lepidopterous pests (Goyer et al., 1995; Pashley

et al., 1992; Whittle et al., 1991), cerambycid beetles (Berkov, 2002), bugs

(den Bieman, 1987; Wood, 1993), two-spotted spider mites (Tetranychus
urticae) (Navajas et al., 2000; Tsagkarakou et al., 1998), probably

European corn borer (Linn et al., 1997; Roelofs et al., 1985), possibly

Gonipterus scutellatus (Clarke et al., 1998) and perhaps even Leptinotarsus
decemlineata (see Hsiao, 1978; Lu et al., 2001).

Almost inevitably, the whiteflies covered by the taxon Bemisia tabaci
belong to several unrecognised species. The difficulty in

understanding B. tabaci ecology is compounded by arbitrary decisions

about species status within this taxon. Consider the statement: ‘If the

recent precedent to recognize new species of Bemisia is followed by

others, an excessive number of Bemisia species could be erected for

which there are no (practical) distinguishing morphological

characters . . . This unfortunate trend would essentially reverse that

which was initiated in 1957, in which an attempt was made to simplify

the taxonomic status of the group by synonymization of at least 19

entities into the B. tabaci epithet . . . In view of recent advances in our

understanding of the B. tabaci species complex, the creation of new

epithets based upon limited information should be discouraged’

(Brown et al., 1996). Advocating the amalgamation of ‘biotypes’ may

well be as inappropriate as separating them into species. The issue is not
whether consistentmorphological or molecular correlates exist, but whether
cryptic species are present. The existence of at least two species in B. tabaci
sensu lato has already been adequately demonstrated with cross-mating

tests and enzyme electrophoresis (Perring et al., 1993), and further

appropriately designed tests need to be conducted on the other

so-called ‘biotypes’ as soon as possible. Without such tests providing a

basis for interpretation, the true host associations of these insects will
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Table 7.1.The various ‘biotypes’ recorded within the taxonBemisia tabaci, with

comments on their host plant range and virus transmission capacity. This table is

summarised from that of Brown et al. (1995) and the relevant authorities can be

found in that publication. ‘Biotype B’ is the speciesB. argentifolii of Perring et al.

(1993). Undoubtedly this list is incomplete, but it does illustrate the need to screen

for cryptic species in this taxon

‘Biotype’ Locality Host plant use Virus transmissiona

A USA (Arizona) Polyphagous GV (OW and NW)
LIYV

B USA (Arizona) Polyphagous GV (OW and NW)
LIYV (poorly)

E Africa (Benin) Asystasia spp. AGMV
H Africa (Nigeria) Sweet potato TYLCV-Ye
J Africa (Nigeria) Polyphagous TYLCV-Ye
N Central America Jatropha JMV

(Puerto Rico) gossypifolia
‘Non-cassava’ South America Polyphagous, but GV (NW)

(Brazil) not cassava
‘Cassava’ Africa (Ivory Coast) Cassava, eggplant ACMV
‘Okra’ Africa (Ivory Coast) Polyphagous, not GV (OW)

cassava Not ACMV
‘Sida’ Central America Polyphagous GV (NW)

(Puerto Rico) Not JMV

a GV (OW) and GV (NW), Old and New World geminiviruses, respectively; LIYV, lettuce
infectious yellow virus; AGMV, Asystasia golden mosaic virus; TYLCV-Ye, tomato yellow
leaf curl virus, Yemen strain; JMV, Jatropha mosaic virus; ACMV, African cassava mosaic
virus.

undoubtedly remain obscure. A good indication of the potential

species diversity within the taxon is available (see Table 7.1). The

arbitrary designation of ‘biotypes’ and the associated reluctance to

confront the species issue is more likely to retard understanding than

advance it (see Chapter 6).

Unfortunately, research on species limits is not as simple as it may

seem, despite the importance of correct interpretation in these

situations. The uncertainty with which authors treat species and

interpret any differences, without supporting tests, as speciation in

progress is strong testimony to the lack of clarity in such

interpretation. The widespread belief that ongoing adaptation is an

inevitable process ensures that authors feel secure in extrapolating

what they believe to be local phenomena (e.g. claim of a local host shift)

to being an essential part of a speciation trajectory. ‘Relaxing’ the rules
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in this way has at least two tacit consequences that undermine

understanding. First, the assumption that natural selection selects for

speciation is teleological, although it is frequently assumed in work on

herbivorous insects. Speciation is a by-product of adaptation under

specific environmental circumstances (Chapter 6); natural selection

cannot act on a population to ensure it forms a new species, and

teleology of this nature should not be allowed to influence

investigation or interpretation. Second, cryptic species are not dealt

with effectively in conceptual treatments of host or prey relationships,

although Futuyma & Peterson (1985) did warn that many so-called

biotypes and races were likely to be cryptic species. When cryptic

species are mentioned (e.g. Schoonhoven et al., 1998), they tend to be

dealt with explicitly as an intraspecific phenomenon. That is, cryptic

species are still seen as representing the transient condition of

populations along their inevitable trajectory to full species status, as

tabulated so explicitly by Ayala (1982), and despite the inherent

teleology in that view.

Studies, concepts and interpretations most susceptible to being

undermined by the unrecognised presence of cryptic species include

many of the reputed cases of:

(i) sympatric speciation,

(ii) local adaptation, including the widely cited notion of

phytophagous insects being ‘species-wide’ generalists while

practising ‘ecological monophagy’ in different local areas of their

distribution (Bernays & Minkenberg, 1997; Cates, 1981; Fox &

Morrow, 1981; Scriber, 1986), and

(iii) ‘disjunct oligophagy’, where an insect feeds on a small number of

plants from different families with ‘no obvious connection

between the host plant types’ (Bernays & Chapman, 1994, p. 6).

Most cases in these three categories have been researched and

interpreted as intraspecific phenomena despite the insects on the

alternative plant types not having been rigorously investigated for the

presence of host-associated species. Consequently, their current

widespread acceptance might well be a contemporary illustration of

Chamberlin’s precipitate explanation (see Chapter 2) at work. This

point does not imply that all cases of polyphagy are expected to be

explicable in terms of relatively host-specific cryptic species complexes;

only that the relatively low proportion of polyphagous species is likely

to be reduced further when investigated appropriately. Consider the

situation with leafhoppers, when ‘statements such as “polyphagous

on grasses” is frequently the only information given . . .and relatively

narrow host specificity is found whenever more detailed observations
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are made’ (Novotny, 1994). Leafhoppers are not unusual in this respect,

as the examples cited elsewhere in this chapter demonstrate.

5 Current treatments of ‘generalist’ vs. ‘specialist’ life histories are

categorisations seen to reflect ecological opportunities at opposite

ends of a continuum. Treatment of organisms in this way results in

both the herbivore and its host plants being treated in typological

fashion, despite typology being inimical to the development of

realistic generalisations in evolution and ecology (see Chapter 6). From

the perspective of the herbivore, the continuum is considered to reflect

the adaptive strategies that different species can adopt. Although

appealing, the dichotomy misrepresents the way in which organisms

interact with their environment, for environments do not present

themselves in such simple unidimensional fashion. Use of

dichotomies in this way misrepresents the way in which adaptation

takes place. These issues are considered in more detail in the following

chapter, but the lack of utility in this approach is foreshadowed here to

explain why it is not used further in this chapter.

Host plants are also treated typologically. The different host plants

recorded for a herbivore species are, for example, accorded equivalent

rank in a listing. Whereas no one is likely to claim that each such

species has equivalent status, various views expressed frequently in the

literature are clearly under the influence of typology, as follows.

(i) Unused resources (= empty niche) are seen as the driving force for

local adaptation and consequent specialisation (e.g. Ward &

Spalding, 1993), which underpins belief in sympatric speciation

(e.g. Bush, 1994; Feder et al., 1998).

(ii) ‘Taxonomic conservatism’ in host relationships, which is the

association of all species within a herbivore taxon with the plant

species in a single taxon (Types B and C in Fig. 7.1), is still

portrayed as a consistent pattern across insect herbivores and their

host plants (despite the analysis of Jermy, 1984), and is explained

with reference to toxins or constraints on genetic variation

(Futuyma et al., 1993, 1995; Janz et al., 2001).

(iii) The belief is implicit that hosts further down the ‘list of

preferences’ will inevitably be used when the ‘preferred’ hosts are

not available. Although this may be the case when the major host

species are considered, it may not be inevitable with relatively

minor hosts, which may make up the bulk of the host lists of

polyphagous species (see point (v) below). Herbivorous insects

have the ability to move, and host use is dictated by behavioural

and physiological mechanisms, the physiological status of the

herbivores, and environmental circumstances.



182 Specific directions in ecological research for IPM

(iv) A herbivore that lays eggs with equal frequency across several host

species may well be responding to them in this way because they

give off the same or similar signals. To that herbivore, and to

natural selection, the species of host plant is irrelevant, even if

survival of offspring is significantly less on one or more of them. In

such cases natural selection simply cannot remove a substandard

host plant from use by the herbivore. Such herbivores are

‘chemical specialists’ (see below), and referring to them as

oligophagous does not confer any real information other than that

the species may be found on several host species.

(v) In comparisons of polyphagy or oligophagy as a strategy relative to

monophagy, the alternative hosts of species in the former two

categories are automatically given equivalent status to one

another. This implies that each is functional in exactly the same

way as the others, but that is likely to be incorrect more often than

not, as further demonstrated by examples used later in this

chapter.

6 The population dynamics of polyphagous species do not necessarily

reflect an ability to utilise alternative hosts in the way portrayed for

generalists. Their dynamics do not even follow similar patterns in

different parts of their distribution. For example, outbreak

populations of autumnal moths in northern Fennoscandia occur

where plant diversity is relatively low (Tammaru et al., 1995). They do

not make up their performance (or fulfil the same potential) in lower

latitudes by using alternatives. Similarly,Helicoverpa punctigera
populations persist in regions where their primary hosts occur (Walter

& Benfield, 1994), and do not necessarily establish permanent

populations outside of these areas. After periodic incursions into

Brisbane by this species, larvae survive on common weeds like Ageratum
houstonianum, but the species does not persist there (pers. obs.). This

point has been generalised for polyphagous herbivores with reference

to quantitative data on the generalist thrips Frankliniella schultzei and

its potential for invading new areas (Milne & Walter, 2000), and is

considered also for generalist predators in Chapter 9.

7 Enhanced fitness is said to accrue to polyphagous species through

relatively higher ‘efficiency’ in locating hosts, but how this efficiency is

related mechanistically to the behavioural and physiological processes

that relate to resource use remains unspecified. Indeed, the

relationship seems to be unspecifiable in terms of the underlying

physico-chemical, biochemical, physiological and behavioural

processes involved. Nevertheless, suggestions are made frequently

enough about behavioural plasticity and even the acquisition of
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additional behaviours for each host species added to the resource list of

a particular herbivore species (e.g. Mitter et al., 1993). Some species

deemed to be generalist or oligophagous do feed from a range of host

plant species that may be quite substantial. For example, ‘the

migratory locust, Locustamigratoria, will eat many, perhaps hundreds,

of different grasses because all of these grasses possess features in

common that are used by the insect in selecting food’ (Bernays &

Chapman, 1994, p. 5). Such species have been called ‘chemical

specialists’ as they have specialist neurosensory responses to a range of

species. In terms of ‘ecological strategies’ and the ‘specialist–generalist

continuum’, the term generalist or polyphage for such species is

largely meaningless, and the issue of their evolution is not as

straightforward as implied by labels of polyphagy or generalist. Did

selection act on L. migratoria for it to have a broad host range or did

selection impose a particular interaction based on specific

neurosensory and behavioural features that, incidentally, conferred a

broad host range? That the latter is more likely is justified in the

following section.

The points detailed above add weight to the initial claim of this chap-
ter, that the concepts of polyphagy and ecological generalist have been
too readily accepted as accurate portrayals of the way of life of various in-
sectan and other consumers. The interpretation is self-fulfilling in that
the underlying premises are not tested in specific circumstances. That the
general pattern of herbivorous insect–host relationships is one of special-
isation encourages the exploration of alternative interpretations for the
specialist–generalist dichotomous continuum. This is addressed in the
next section. Following this, polyphagous herbivores and predators are
re-examined, the specific case of the Australian pest Helicoverpa species
is expanded to illustrate the species-specific ecologies of these so-called
generalists, and the implications of the interpretations derived from this
chapter for IPM are discussed.

An alternative concept for polyphagous species

The recognition concept of species was built up in a logical progres-
sion startingwith the fundamental properties of sexual reproduction (see
Chapter 6). Sexual organismshave a complexmechanism tomaximise the
chances of achieving fertilisation in their usual habitat. Such an associ-
ation between males, females and the environment imposes stabilising
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selection on species. Individual organisms track suitable conditions
(Chapter 5), sopopulations adjust spatially to changingenvironments and
therefore remain under stabilising selection within their usual habitat
(Chapter 6). Emphasis is thus placed squarely on the complexity of the
major adaptations of organisms and thence on the consequent stability
of those adaptations. Adaptive change takes place only if forced under
particular circumstances, when a small population is trapped in a chang-
ing environment. Under such confinement, strong directional selection
is imposed on the entire population in its geographical isolation from the
parent population.

Thepremises of the recognition concept suggest a coevolutionary arms
race is not at all likely, and this is increasingly borne out by various analy-
ses of host associations and the processes that underpin the documented
patterns. At one end of the spectrum are the demonstrations (e.g. Jermy,
1984; Smiley, 1985) thatmost herbivorous insect associations are inconsis-
tentwith the coevolutionary process in any of its several forms.Most asso-
ciations aremore consistentwith the evolutionof host plant relationships
being ‘sequential’: insectdiversificationhas followedthediversificationof
plants, rather than driving the diversification of secondarymetabolites as
defences against specific herbivores. At the opposite end of the spectrum
is the documented pattern of an ovipositing herbivore’s ‘preference hier-
archy’ for plant species remaining the same across different populations
of the same species, even if those populations had not been exposed to
the same suite of hosts for extended periods. Papilio zelichaon in the north-
western USA provides a good example (see Fig. 7.2). The lack of adaptive
change to predators and parasitoids released for biocontrol purposes also
supports the model just outlined, although Holt & Hochberg (1997) did
not include it as a possible explanation for the observed stability.

The above outline specifies that an understanding of the evolutionary
originofhost relationships is required, as that iswhen thehost-associated
characters are ‘set’. Those characters dictate, in turn, where individuals
of the species can survive and reproduce, and thus influence their abun-
dance in a locality (Walter & Hengeveld, 2000; Walter & Zalucki, 1999).
In practice, different populations of a species are expected to be similar
to one another in their major adaptations, and this should hold, too, for
so-called generalist species. ‘Soft’ selection for efficiency or optimisation
is not expected to impose change in local populations (Chapter 6), which
explains the emphasis on understanding the origins of adaptations and
species rather than on the maintenance of characters through studies of
relative fitness (Walter, 1993c). Emphasising maintenance at the expense
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Figure 7.2. Map of the northwestern USA to show (a) the four populations of Papilio
zelichaon that were tested for host preference and (b) the distribution of the host plants
that were tested relative to the four butterfly populations. The Leadbetter population oc-
curs well away from the host plants used in eastern Washington. It feeds almost exclu-
sively on Angelica lucida, and may have done so since the retreat of the ice cap 10000 years
ago. The Sailor Bar population feeds predominantly on the introduced Foeniculumvulgare
as well as on other native hosts. Despite these different host associations, the four popu-
lations show similar oviposition preferences. After Thompson (1993, 1994). Reproduced
with permission from Evolution and by permission of Chicago University Press.

of origin is the prerogative generated by interpretations of natural selec-
tion being a competitive process.

The view of species given above sees polyphagy or generalist feeding
from a different perspective than the one that is traditionally accepted.
Thenewfeaturesevolvedbyall speciesare specificadaptationsagainstpar-
ticular environmental conditions, and each species can therefore be seen
to be a specialist in one way or another. Note that the recognition con-
cept does not explain specialisation or cases of ‘taxonomic conservation’
(insect species within a taxon all associated with a particular plant taxon;
see Ehrlich & Raven, 1964) with reference to the constraints on genetic
variation invoked by Futuyma et al. (1993), Janz et al. (2001) and others.
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Rather, the influences of preadaptation at speciation, the selection pres-
sures that prevail at the time of adaptation, and post-speciation stabilisa-
tion provide a more likely starting point, especially when one considers
the vast amount of genetic variationwithin a gene pool and the fact that a
relatively small sample of individuals represents that diversity quite pre-
cisely. The usual stasis of species (Chapter 6) also shifts emphasis from the
issue ofmaintenance of characters to an understanding of origin.

Host specialisation is expected because the mechanism of interaction
of the consumer is geared to the localisation and exploitation of a food
source with which its offspring will spend perhaps the greatest part of
their pre-imaginal development. Although not all plants are toxic to a
particular herbivore, immature insects tend to be able to develop effec-
tively on a relatively small subset of hosts, at least within a single local-
ity. Extensivehost lists developed for a species cannot represent accurately
the availability of hosts to particular organisms in particular situations.
Furthermore, oviposition, phenology, pupation and other aspects of the
life cycle are also keyed to features of the host plant and the environment
(ora subsetof theenvironment) inwhich it lives.Toensure synchronywith
their host plant, females of Platycotis vittatamembracid bugs, for example,
have a summer reproductive diapause, and Enchenopa membracids have
a host-associated egg dormancy (Wood, 1993). The continuity of the life
cycle within the usual environmental setting occupied by the organisms
is the minimum requirement for the persistence of organisms, and our
concept of life cycle is an abstract generalisation of complex ‘spatial and
temporal ecological mechanisms’ (Sinclair, 1988, p. 143). The demand for
synchrony with a host species, or any other environmental variable, sug-
gests host specialisation should be expected. Indeed, it is consistent with
thespecialisationseenacrossall otherorganisms, fromsponge-inhabiting
shrimps (Duffy, 1996), independent gene pools (species) of Atlantic her-
ring (Sinclair, 1988; Sinclair & Solemdal, 1988), African antelope (Vrba,
1995), tomycorrhizal fungi (Bever et al., 2001), and so on. The significance
of considering the entire life cycle in interpreting the evolution, ecology
and biogeography of species is little appreciated, but has been dealt with
in general terms by Sinclair (1988).

Inhost-specialistherbivorous insects,not evenall stagesof the life cycle
can necessarily run equally effectively on a single host, at least as the host
is affected by climatic variation (e.g. Bjorkman, 2000). This does not jus-
tify invoking ‘constraints’ in evolutionary interpretation, for constraints
explain what we see by reference to why we think it has not reached our



Polyphagous pests, parasitoids and predators 187

expectation, basedon the assumptionsof competitive or optimising selec-
tion (Chapter 6). Rather, Bjorkman’s example illustrates that the organ-
ism cannot ‘fit’ (see ‘Autecology’ in Chapter 5) the totality of its environ-
ment, and that ensuring completion of the life cycle on even a single host
is not as straightforward as assumed by optimisationmodels. To look for
explanations of specialisation in terms solely of so-called ‘ecological fac-
tors’ (Bernays & Graham, 1988; Dyer & Floyd, 1993) or plant chemistry, or
some combination of these (as outlined by Courtney & Kibota, 1990), is to
miss the point. The species-specific life cycle of the organism is geared to a
suiteof conditions that represent thoseat the time itwas forced toadapt to
novel environmental circumstances in a small, localisedpopulationunder
intense directional selection. This explains why (i) complex adaptations
are fixed across a species’ gene pool andwhy they persist throughgeologi-
cal time (Chapter 6), (ii) species generally dwindle at the edges of their dis-
tribution rather than compensate ecologically through local adaptation
(Hengeveld, 1990; Walter & Hengeveld, 2000), and (iii) a clear correlation
cannot be found between chemicallymediated suitability of hosts and ac-
tual host lists (Courtney & Kibota, 1990). The stability of adaptations of
species provides a single, functional explanation for the observations cov-
ered in the thirdpoint, and thusobviates the current explanations that are
negative (based on constraints) or multifaceted (Courtney & Kibota, 1990;
Futuyma et al., 1993, 1995; Holt &Hochberg, 1997).

The model of adaptation and speciation outlined above justifies why
the host-searching mechanism is specifiable independently of an ul-
timate, evolutionary explanation of host specificity, as anticipated by
Courtney & Kibota (1990). The mechanism to be investigated and in-
terpreted essentially ‘selects itself’ when the observer is dealing with a
herbivore that oviposits and undergoes larval development on a single
plant species, as in studies of host plant recognition in themonophagous
weevil Ceutorhynchus inaffectatus on its cruciferous host (Larsen et al., 1992)
and monarch butterflies on milkweeds (Oyeyele & Zalucki, 1990; Zalucki
et al., 1990). Herbivore species that use several to many hosts present the
problemofknowingwhichhosts tobeginwith, a central issue in the inves-
tigation of such species (Milne & Walter, 2000) and one that is addressed
later in this chapter.

Faced with the realisation that ‘specialisation’ is far more common
than ‘generalisation’, ecologists have tended to turn immediately to the
question of what the selective advantage of host specificity could be (e.g.
Jermy, 1984). To understand why host specialisation in one ‘population’
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of the geometrid Alsophila pometaria evolved from the more polyphagous
A.pometaria ‘population’ is said to requiredataon the ‘selective advantages
anddisadvantages of relatively polyphagous andoligophagous genotypes
within populations’ (Futuyma, 1991). The alternative explanation of host
specialisation offered by the recognition concept (and outlined in the
previous section) suggests a perspective in which the host or prey range
recorded for a consumer species is not selected as a ‘package’. Rather,
host specialisation is a consequence of specific adaptations of the host
location mechanism as it was selected within the context of the en-
tire life cycle and the context of a particular subset of environmental
conditions. Host specialisation, for example, is thus a consequence of
specific adaptations and is not a cause of them as sometimes claimed
(e.g. Sasal et al., 1999). A potential reduction of fitness cannot, therefore,
influencewhat organisms actually do in nature, as demonstrated forwee-
vils on thistles by Louda (1998). The use of ‘substandard’ hosts is a con-
sequence of those hosts fitting to some degree the pattern that influences
host recognition,with the threshold for acceptance influencedperhapsby
physiological condition of the consumer organism. Comparative fitness
studies therefore reveal less about evolutionary progress than about an as-
pect of the ecological consequences of the species-specific neurobiological
and behavioural mechanisms.

This view suggests that the concept of ‘generalist’ is not very useful. It
combines into a single category various organisms that have in common
only that their diet comprises organismsofdiverse taxonomy, and this ob-
scures the underlying ecological interactions that are significant to each
situation. Although spiders are treated as generalist predators, they do
specialise in constructing a web of a particular type. Usually it is made in
particular situationswithin aparticular biotope or vegetation type, and at
least some species tend to place themwhere prey ismore available (Foelix,
1996; Harwood et al., 2001). A trap of this nature ensnares prey organ-
isms of a particular size. Depending on the orientation of the trap and its
height above ground itmay trap predominantly flying insects or ground-
dwelling arthropods, for example. The array of prey species seems to be
secondary in information content to aspects of theway of life and ecology
of the prey that intersect with the trapping situation of the spider species
of interest. Only then can the interaction with the major prey species be
meaningfully interpreted. For example, at least some species concentrate
on particular prey species rather than take even congeneric prey at the rel-
ative rates at which they occur in the web (e.g. Harwood et al., 2001). Some
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prey species are even detrimental to these so-called generalists, a situa-
tion not necessarily improved by a mixed diet (Bilde & Toft, 2001). Many
generalist predators can therefore be considered as specialised to a ‘way of
capture’.Others are associatedwith specific aspects of the environment, as
extensive field sampling of phytoseiidmites has revealed. These so-called
generalist predators are strictly associatedwith specific host plant species
(Beard &Walter, 2001).

The idea of true generalist species adapted to take advantage of a di-
versity of conditions or resource opportunities is inconsistent with the
principles of the recognition concept. By contrast, underlying the diver-
sity of food types of all generalists can be discerned a suite of primary re-
quirements, behaviours, habitat associations andhost/prey relationships.
To understand polyphagy requires homing in on these primary host rela-
tionships (Milne&Walter, 2000;Velasco&Walter, 1992;Walter&Benfield,
1994; Wint, 1983) but this is seldom done. Most research on polyphagous
species addresses instead issues of relative fitness across a few arbitrarily
selected ‘alternative’ hosts, oviposition choice and its relationship to sub-
sequent larval performance, and the relationship of polyphagy to dichot-
omous sets of ecological circumstances. In this way most studies tend to
isolate monophagy or polyphagy and treat it as a character in isolation
from the overall suite of life cycle requirements. The categorisation is thus
treated as if it is subject, perpetually, to directional selection and ongoing
adaptive change.

To illustrate just how much the seemingly innocuous concept of
polyphagy or generalist actually hides, the ecology of two Australian
pest species is detailed as far as is possible. The comparative outline of
the primary aspects of their host associations provides a platform for
summarising, in the subsequent subsection, the various problems that
use of the concept ‘polyphagy’ carries when efficiency or optimisation of
resource use is inferred to be its functional basis.

Host plant relationships of Australian pest
Helicoverpa species

BothHelicoverpa punctigera andH. armigera are notorious pests in Australia.
Whereas the former is endemic, the origins ofH. armigera in Australia are
not altogether clear as it has a wide distribution into temperate regions
on either side of the equator, but outside of the New World (Matthews,
1999). Both species have been reported from numerous plant species. For
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example, by 1986eggs and larvaeofH.punctigerahadbeen reported fromat
least 127 species in at least 39 families (Zalucki et al., 1986), and that list has
grown substantially since (Matthews, 1999). Almost all the early records
are of larvae or eggs collected inunspecified environmental circumstances
(see Chapter 2). That implies that the ecological pattern to be explained
hasbeenportrayed simplyby the single term ‘polyphagous’,which carries
with it the standardadaptive implications specified in the section ‘Current
interpretations of polyphagy’ earlier in the present chapter.

The pest Helicoverpa species have recently been deemed to be ‘highly
polyphagous’, and that view has been extended to infer interpretation of
the behaviour and physiology of the individual insects. The females are
said to be flexible in their host selection behaviour or to have a ‘general
mechanism’ for host location and oviposition, to allow oviposition on a
wide range of plant species (Fitt, 1989, 1991). Such a view encourages par-
ticular lines of research. To explain the mechanism of oviposition, for
example, various combinations of the following points have been sug-
gested. The moths are attracted primarily to flowers, they prefer mono-
cultures, moths respond differentially to various plant heights, and they
are mainly repelled by allelochemicals. Whereas each of these features
may be accurate, their influence on host-searching behaviour must be
contingent on circumstances, because exceptions are regular when sam-
pling in the field (Walter & Benfield, 1994). For example, seedling cotton
may attract considerable oviposition, flowers of many species in mono-
culture are not attacked, and repellents and deterrents on their own can-
not explain the patterns observed. In other words, the underlying mech-
anism of host location and host acceptance remains hidden, obscured
by the view that a ‘general’ mechanism drives these organisms. By con-
trast, if organisms are adapted to specific environmental circumstances,
then specificmechanisms thatplace organisms ratherpreciselywithin the
appropriate context can be expected, and a different line of research is
suggested.

The host associations of H. punctigera, outlined in Chapter 2, clearly
need explanation, but the ecological pattern that defines the host rela-
tionships of this species remains unclear. Specifically, which plant species
are to be considered significant as hosts? And in assigning host status to
a plant species, does it have equivalent status to all other host species?
Therefore, in simply documenting the ecological pattern to be investi-
gated, judgement needs to be exercised, and the basis of that judgement
demands consideration.
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A more explicit statement of the ecological pattern to be explained is
required; the traditional approach outlined above tends to pre-judge the
situation because of its basis in pattern analysis and expectations of op-
timisation. Further, each host species is accorded more or less functional
equivalence. Should a host species be absent, then the next best one in the
area is expected to fulfil its role inmaintainingorgeneratingpopulations.
Theemphasis is thusfirmlyon theexploitationof resourcesbyorganisms.
Nevertheless, host plant species are seen to differ in their position in the
preference hierarchy of the species, and in their impact on larval perfor-
mance. Polyphagy is thus also seen to have important ecological conse-
quences for pests,mainly in providing great potential for population per-
sistence in an area and for rapid population increase before invasion of a
crop (e.g.Kennedy&Storer, 2000;Panizzi, 1997). Populationsmayalsode-
velop simultaneously on anumber ofhostswithin a region, anddo so con-
tinuously during suitable periods by using a succession of crop and non-
crop host species. Although the successional use of host species is perhaps
likely inmany species of polyphagous herbivores, such systems have been
subject to relatively little critical test of theunderlying assumptions. Even
quantitative and spatial analyses of the population processes involved are
scarce.

A quantified field survey, conducted in southern Queensland, demon-
strated thatH. punctigera is not uniformly distributed across regions with
a diverse native ‘weed’ flora, which had been intimated for the species be-
cause of its polyphagous nature. Intensive surveys of three selected study
sites demonstrated thatwithin an area,H.punctigeramaywell be restricted
to a particular host species and that other plant species, even if previously
recorded on the H. punctigera ‘host list’, may host relatively few individ-
uals and then only irregularly. Knowing that H. punctigera is endemic to
Australia implies it must have evolved there on native host plants. The
plant species that are used regularly and by relatively large numbers of
individuals can be considered ‘primary host species’, a term already used
in connection with various other insect herbivores (Wiklund, 1981; Wint,
1983). With regard to H. punctigera, such primary host species are pre-
sumed to be the ones on which the species evolved, although preadapta-
tion could account for a proportion of them. By contrast, many recorded
‘host species’ are used irregularly and by relatively few individuals of
H. punctigera, and such species are best seen as ‘incidental hosts’. Such in-
cidental hosts are likely to be largely irrelevant to understanding the ecol-
ogy and pest status ofH. punctigera (Walter & Benfield, 1994).
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Other research on H. punctigera, in Central Australia, shows that the
species can be collected regularly and in relatively high numbers from a
number of native wildflower species, most of which are adapted to the
arid conditions of the interior (Zalucki et al., 1994). In principle, the popu-
lations on these species are the ones that should be tested for the ex-
istence of host-associated cryptic species. These recent insights into the
ecology ofH. punctigera provide amore rational basis fromwhich to inves-
tigate the primary mechanism by which females locate and accept hosts
for oviposition.

The host relationships ofH. armigera provide amore complex problem
than do those ofH. punctigera, principally because its area of endemicity is
not as readily pinpointed as it is for H. punctigera. Presumably because of
its wide distribution, universal pest status, and the view that it is a gen-
eralist, the primary adaptations of the species have not been considered to
anyextent.The situation is complicatedby theexistenceof twosubspecies
(Matthews, 1999), whose behavioural and genetic relationship to one an-
other remains undefined. In broad terms, one is Eurasian and the other
Australasian (Matthews, 1999). Recent results from the field in Australia
and from the laboratory suggest that the species is primarily adapted to
particular hosts, in much the same way as claimed for H. punctigera. In
Australia, the Mediterranean weed Sonchus oleraceus attracts a great deal
of oviposition by H. armigera, compared with other potential hosts. Fur-
ther, host ‘choice’ experiments indicate strong ‘preference’ for sowthis-
tle over other host plants, even if the female moths had been collected
from the latter, as larvae, in the field (Gu & Walter, 1999). Just-hatched
larvae, regardless of host plant origin of their mothers, also preferred
sowthistle for feeding. Sowthistle may thus be a primary host plant of
H. armigera, in an evolutionary sense. As such, it would have the full suite
of characters that attract oviposition fromH.armigeramoths; these charac-
ters are known tohave a genetic basis and areheritable (Gu et al., 2001). For
various reasons, a full functional analysis of those characters would be re-
vealing andwould have practical benefit. For example, an understanding
of H. armigera oviposition behaviour in relation to sowthistle could pave
the way for developing attractants to keepmoths from crop plants.

In summary,H. armigera hasmajor differences in its host relationships
from H. punctigera, and this is reflected in other aspects of its ecology.
These differences have ramifications for pest management. Helicoverpa
armigera is mainly a coastal and subcoastal species in Australia, and popu-
lations are apparently maintained locally in cropping areas, on various
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crop hosts and on such weeds as sowthistle, but this is not well under-
stood. Major larval populations do not seem to be common outside crop-
ping areas and possibly contribute little to infestations of crops, but reli-
able quantification is not available. Exposure ofH. armigera to insecticides
is therefore considered to be largely uniform across the entire distribu-
tion of the species in Australia, and exposure is quite consistent through
the season, although practice has been modified recently (Forrester et al.,
1993). Not surprisingly, resistance to various insecticides has developed in
H. armigera, to DDT, synthetic pyrethroids and endosulfan. Chemical op-
tions against H. armigera are therefore bleak. Although alternatives have
been sought, most hope lies with Bt transgenic cotton.

Helicoverpa punctigera is primarily adapted to certain native species that
occur across Central Australia. Suitable conditions for the primary host
plants of H. punctigera occur only sporadically, usually outside of the hot
summer months when any plant growth is rapidly desiccated. The spor-
adic appearance of suitable conditions and their unpredictable occur-
rence in space encourages migration of moths. However, not all moths in
a population will migrate, as indicated by the continuous habitation of
particular localities (Walter & Benfield, 1994), so somemoths remain and
oviposit near their natal site. The migrants are the ones that presumably
invade cotton and other crops, from outside of the major cropping areas.
They even oviposit on newly emerged cotton plants, well before flower-
ing.Theypresumablydosobecause theyhavenootheroption foroviposit-
ing. In other words, theymay oviposit on cotton because they are physio-
logically stressed and their threshold for host acceptance has decreased.
Such individuals do not generate local populations; they have entered a
‘sink’.Helicoverpa punctigera remains susceptible to most insecticides, per-
haps because only those individuals that enter the ‘sink’ outside their
usual habitat are exposed to the toxins. Growers therefore need to iden-
tifyeggsandyoung larvaeprior todecidingabout insecticideapplications;
synthetic pyrethroids and endosulfan are no good againstH. armigera, but
they do work againstH. punctigera. Therefore, a molecular probe has been
developed to differentiate the two species fromone another as early as the
egg stage.

Different species, even if morphologically very similar, are likely to
have decidedly different ecologies, as illustrated by the Helicoverpa ex-
ample in Australia. These differences stem from the differential adapta-
tions of these species to particular host plant species (or suites of host
plant species), the different environmental conditions in which the hosts
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persist, and other requirements of the life cycle. Should additional cryptic
species be present in either of thesemoth taxa, subtleties in ecological in-
terpretation thatmay be directly relevant to improving IPMof these pests
are likely to bemissed.

Testing for polyphagy and its functional aspects

The idea of testing alternative interpretations to derive the most reli-
able scientific interpretations was canvassed in Chapter 2. This method
seems seldom to have been applied systematically to claimed examples
of polyphagy, and this section outlines the various aspects that may war-
rant testing in any specific case. Without such tests of specific cases, ecol-
ogists are likely to fall ready prey to what Chamberlin termed ‘precipitate
explanation’ (Chapter 2) when they deal with these so-called generalist
species. The tests outlinedbelowsummarise anddraw together thepoints
already raised about polyphagy. Critical application of such method is
likely to result in a better understanding of multiple host use by partic-
ular species, and research of this nature will undoubtedly shorten some
host lists considerably; it should stop the practice of the uncritical ad-
dition of hosts regardless of their functional relationship with the her-
bivore in question. Under the view of species, and adaptation canvassed
in Chapter 6, the incidental use of particular plant species is not seen as
equivalent to the regular use of primary host species, and ovipositional
‘mistakes’ are unlikely to provide insight into future patterns of host use,
as some have intimated (Larsson & Ekbom, 1995). The inclusion of such
‘host species’ in a single list is thus entirely misleading in terms of func-
tional or evolutionary interpretation and therefore for ecological under-
standing (Walter & Benfield, 1994). Indeed, the idea of capturing, in a
single term, the ecological circumstances demanded of the life cycle of or-
ganisms is likely to prove illusory. Ecological and evolutionary generalisa-
tions based on such categorisations will inevitably be rather weak.

The two tests that should, perhaps, take priority are those of the quan-
tification of relative host use, in terms of regularity of use and intensity
of use, which implies that negative records need to be taken into account
(Novotny, 1994; Walter & Benfield, 1994; Zalucki et al., 1994), and scrutiny
for cryptic species (Chapter 6). Although the investigation of species sta-
tus should perhaps take overall precedence, the choice of populations or
samples for testing may best be indicated by appropriate interpretation
of relative host use in the field. Although such procedures are seldom
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Figure 7.3. Diagrammatic representation of the localised distribution of seven Bactro-
cera fruit flies (Tephritidae) in Thailand and Malaysia. Localities sampled are also shown.
Malaysian data derive from adult traps, those for Thailand from host rearing records
(Clarke et al., 2001). Reproduced with permission from Raffles Bulletin of Zoology.

carried out, recent intensive research on Australasian fruit flies of the
genusBactrocera (previously included in thegenusDacus) does illustrate the
benefits of such an approach.

For many years the most notorious Bactrocera has been the Oriental
fruit fly (B. dorsalis). A systematic investigation of B. dorsalis revealed that
the taxon comprised at least three additional cryptic species, including
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Figure 7.4. Ranked plots of the percentage of Bactrocera dorsalis, B. papayae and
B. carambolae reared from fruits in Thailand (Fig. 7.3). Each column represents the num-
ber of flies reared from a particular host fruit species, presented as a percentage of the
total number of flies of that species reared for the region specified in each graph. The
number and weight of host fruits sampled is plotted as a cumulative percentage of
the total number and weight of fruit sampled for that region. Only fruit samples that
yielded at least one specimen of the particular fly species are included in these totals.
Sample sizes for each plot (sequence is Number of flies reared, Number of fruits and
Total weight of fruit (kg)): B. papayae (Songkhla) [118 169; 116111; 2815]; B. papayae (Surat
Thani) [8479; 2708; 85]; B. dorsalis (Bangkok) [24 833; 53352; 764]; B. dorsalis (Chiang Rai)
[8164; 6675; 195]; B. dorsalis (Chiang Mai) [20129; 76480; 1059]; B. carambolae (Songkhla)
[5893; 48272; 1977]. From Clarke et al. (2001). Reproduced with permission from Raffles
Bulletin of Zoology.

B. dorsalis sensu stricto, B. papayae, B. carombolae and B. philippinensis, all
of which are major pests in their own rights and are biosecurity risks
(Drew & Hancock, 1994). These species have been separated on tradi-
tional taxonomicmethods.Thevarious componentsof their specific-mate
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recognition system have yet to be scrutinised and have not been investi-
gated extensively by any of the other methods outlined in Chapter 6 that
mightbeappropriate for theseorganisms.Furthermore,differentpopula-
tionswithin eachof these four taxahavenotbeen scrutinised either, so the
potential for additional cryptic species shouldnotbedismissed. Sampling
data suggest that further such investigation iswarranted, andalsodemon-
strate how an understanding of species limits within the genus Bactrocera
starts to draw attention away from the vague descriptor of polyphage or
generalist and helps to refocus it on the life cycle of the organism in its
entirety. At least three general points are relevant.

First, eachof the speciesmentionedabovehasa relatively restricteddis-
tribution within southeast Asia (Fig. 7.3), which suggests that each relies
upon or is adapted to particular aspects of these tropical areas. For a long
time, tropical rainforest was treated as a relatively uniform environment
with an even climate, but this viewhas had to be rejected (seeWolda, 1983,
for example). That insect species still considered to represent archetypal
generalists have relatively restricted distributions within areas of tropi-
cal forestdemonstrates further the subtlediversity in these environments.
Such subtlety clearly has substantial ecological impact through its influ-
ence on particular aspects of the life cycle of the organisms in question.
In autecological terms, the entire life cycle must ‘fit into’ the seasonal
changes within the area and must cope with the stochastic variation as
well (Walter &Hengeveld, 2000).

Second, extensive sampling of the potential hosts of various Bactrocera
species has been conducted in various parts of Thailand (Allwood et al.,
1999; Clarke et al., 2001). Some of the species are reared from only a few
congeneric hosts, for example B. umbrosa (Table 7.2). The others are reared
from a wide range of host species across several plant families (Clarke
et al., 2001), as is generally expected. The significance of quantifying host
species use is well illustrated with reference to B. latifrons (Table 7.2). The
vast majority of these flies (90–95%) were reared from species of Solanum
(= oligophagy in traditional terms). Ignoring that, one could emphasise
B. latifrons’ having been reared from 14 species across 10 plant families
(= polyphagy by virtually all definitions) (Clarke et al., 2001). As far as the
behavioural and physiological mechanisms of the species are concerned,
as well as its ecological requirements and consequences, the former is far
more relevant. The polyphagous tag is, however, more likely to haunt the
species and those who might be charged with its management. With re-
gard to the B. dorsalis complex, ‘as few as 5 hosts accounted for 70–90%
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Table 7.2.Host rearing records for seven species of Bactrocera fruit flies across five

localities in Thailand (CR, Chiang Rai; CM, ChiangMai; BK, Bangkok; ST, Surat

Thani; SK, Songhkla: Fig. 7.3)

Data have been summarised from the comprehensive table of Clarke et al. (2001), and ad-
ditional distributional data derive from there as well (see Fig. 7.3). The table illustrates
that for these fruit flies, which are notorious for their broad range of host species, most
individuals within a locality (usually well over 55%; see Fig. 7.4) derive from two or three
host plant species. In each locality, 600 or more plant species or varieties were sampled.
The cutoff point for naming a host species below was that at least 8% of all flies from at
least one locality should have been reared from that species. Data from other hosts were
summed under ‘Named alternatives’, with the range of plant species numbers involved
also given, unless a host yielded less than 2% of flies for a locality, in which case the data
were summed into the ‘Minor alternatives’ host category. A ‘O’ thus indicates the range
from no flies to <2% of flies in that locality, and a ‘–’ indicates the plant was not sam-
pled in a locality andmay not occur there. The numbers after each fly species’ name indi-
cate the total number of flies recorded (with range across localities in parentheses) and,
after the colon, the equivalent statistics for the amount of fruit sampled (in kg). ‘x’ indi-
cates the fly species is not present in the locality.

Thai locality
Fly species

Host plant species CR CM BK ST SK

Bactrocera dorsalis: 53126 (8164–24833) flies: 2018 (195–1059) kg fruit
Anacardium occidentale 24 – – x x
Psidium guajava 30 19 8 x x
Terminalia catappa 3 15 62 x x
Syzigium samarangense 5 14 7 x x
Prunus persica 8 – – x x
Named alternatives (3–6 spp.) 11 22 12 x x
Minor alternatives 10 30 11 x x

Bactrocera papayae 126648 (8479–118169) flies: 2900 (85–2815) kg fruit
Terminalia catappa x x x 27 23
Psidium guajava x x x 23 26
Musa paradisiaca x x x 23 –
Averrhoa carambola x x x 5 9
Named alternatives (4 spp.) x x x 12 22
Minor alternatives x x x 10 21

Bactrocera carambolae 5893 flies: 1977 kg fruit
Psidium guajava x x x x 8
Syzigium samarangense x x x x 26
Syzigiummalaccensis x x x x 8
Averrhoa carambola x x x x 45
Named and Minor alternatives x x x x 10

Bactrocera correcta 32956 (13723–19233) flies: 1572 (763–809) kg fruit
Mangifera indica 0 9 0 x x
Terminalia catappa 0 0 31 x x
Psidium guajava 0 18 24 x x
Syzigium samarangense 0 39 18 x x
Zizyphus jujuba 0 7 15 x x
Named alternatives (2–5 spp.) 0 17 6 x x
Minor alternatives 0 9 6 x x
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Table 7.2. (cont.)

Thai locality
Fly species

Host plant species CR CM BK ST SK

Bactrocera umbrosa 1042 flies: 186 kg fruit
Artocarpus altilis x x x x 4
Artocarpus heterophyllus x x x x 85
Artocarpus integer x x x x 12

Bactrocera cucurbitae 38327 (1060–16531) flies: 891 (14–360) kg fruit
Coccinia grandis 34 39 33 34 42
Cucumismelo 8 0 3 – 0
Cucumis sativus 17 4 8 6 21
Cucurbitamoscchata 10 0 0 0 0
Luffa acutangula 6 0 9 0 7
Momordica charantia 7 45 6 57 23
Trichosanthes anguina – – 22 – –
Named alternatives (0–3 spp.) 14 7 2 0 3
Minor alternatives 3 5 13 3 5

Bactrocera latifrons 16407 (1579–7802) flies: 221 (16–121) kg fruit
Capsicum annuum 9 7 5 x 7
Solanum aculeatissimum – – 22 x 59
Solanum incanum – – – x 16
Solanum indicum 13 – 6 x –
Solanummelongena 28 31 5 x 2
Solanum sanitwongsei 5 – 28 x –
Solanum torvum 7 11 34 x 13
Solanum trilobatum 30 40 0 x 0
Named alternatives (1 sp.) 8 4 0 x 0
Minor alternatives 1 8 1 x 3

of all flies of a species reared’, and certain host species yielded dispropor-
tionately large numbers of flies (Clarke et al., 2001; Table 7.2, Figs. 7.3 and
7.4). For B. dorsalis and B. papayae two hosts were particularly significant,
Terminalia catappa and Psidium guajava. The former appears particularly
significant relative to the small number andweight of fruits of this species
collected, and is perhaps a primary host species of these flies (Clarke et al.,
2001).

Third, emphasis on the identification of primary host species of
polyphagous herbivores, parasitoids and predators carries additional
significant implications. First, it suggests that the function of secondary
hosts and incidental hosts is to provide a ‘safety net’ for when the pri-
mary host species fails or when individuals cannot otherwise locate a pri-
mary host (Velasco & Walter, 1992; Walter & Benfield, 1994; Wint, 1983).
For example, the unpredictability of bud burst in oaks makes this an
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imperative for winter moth (Wint, 1983), the spatio-temporal patchiness
of suitable flowers makes it so for blossom-feeding thrips (Milne & Wal-
ter, 2000), and aridity of the environment demands it in species that
specialise on reproductive parts of their host plants, as in Nezara viridula
(Velasco&Walter, 1992) and theAustraliannativebudworm(Walter&Ben-
field, 1994). Second,generalistpredators suchas carabids, coccinellids and
syrphids also tend to specialise on particular prey species (Hodek, 1996;
Sadeghi & Gilbert, 2000a,b). Predators are likely to need a trophic ‘safety
net’ at least at some stage of their life cycle, as they tend to be motile (as
are their prey) and they require many small prey items to complete de-
velopment. Therefore it is easier for them to starve than for a herbivore
or parasitoid that can complete most or all of its pre-imaginal life on a
single individual host. Hodek (1996) refers, therefore, to principal food
as opposed to substitute food, and sees mixed feeding in coccinellids as
an emergency feature compelled by shortage of the ‘right’ food. Third,
thephysico-chemical features common to theprimaryhost species are the
ones most likely to provide a rational entry into an investigation of the
signals that aremost significant in the host-searching behaviour of insect
herbivores, predators and parasitoids.

The ecology of some Bactrocera species has been investigated in some
detail, and the species dealt with above (Table 7.2) might be considered
to fall into this category. Only cursory inspection of the summarised data
is sufficient to suggest that an understanding of the host relationships
of even these organisms is not close at hand. And when the tolerances
and requirements of the entire life cycle are included in the overall pic-
ture, ecological understanding recedes further. Even the primary hosts of
the Australian species B. tryoni are still not known (see later) and, like the
Helicoverpa species in Australia, it is investigated on cultivated hosts when
insights on host relationships relevant to pest management are sought.
Inspection of the data on the Thai species (Table 7.2) also points to differ-
ences across localities, and the basis for this variation warrants testing if
the primary host relationships and the host-searching behaviour of these
organisms are to be understood sufficiently well for IPM purposes.

Some insect species clearlydo feed fromawidediversity ofhost species.
At least someorthopterans fall into this category, andundoubtedly others
do too. To class them as polyphagous or generalist may be realistic as a
descriptor, but should not be used typologically in attempts to find cor-
relates of this way of life. Besides testing the role of different hosts in
the field, the underlying nutritional advantages to ‘dietary self-selection’,
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which is not universal across insects that are considered polyphagous
(Bernays & Minkenberg, 1997), warrant testing. The nature of the host-
searchingmechanism in such species is bound to provide crucial informa-
tion for interpreting their ecology. These insects may have relatively low
thresholds across cues from a range of host types, whereas species that ha-
bitually attackonlyonehost typemayhavehigh thresholds toall but stim-
uli from their usual host. Thismay represent themechanistic basis for the
differentialpattern inhostuseacrossBactrocera species thatdiffer fromone
another in the numbers of host plants they attack (Fitt, 1986a), which re-
quires consideration relative to the availability of primary host species in
the field.

In summary, each generalist species, even if it has hosts or prey in com-
mon with a closely related species, will inevitably have differences in pri-
mary hosts and other aspects of its ecology. The term ‘generalist’ tends to
hide these crucial specific aspects of the organisms’ life cycle and ecology.

Understanding polyphagy and IPM application

Many insects have a reputation for polyphagy, including someof themost
serious agricultural pests, most predators and many parasitoids (espe-
cially egg parasitoids). This chapter has emphasised the significance of
understanding the functional aspects of polyphagy, because the correct
identification of function is crucial to successful manipulation of popu-
lations in the field. This is readily illustrated by contrasting two extreme
perspectives that could be offered to interpret the ecology of a particular
natural enemy species. If polyphagy is interpreted as a generalist strat-
egy to increase fitness by exploiting unused resources, and the implica-
tion is that those resources are available locally, then generalist natural
enemies released on an abundant pest are expected to remain there, ex-
ploit the resources and contribute to control. If polyphagy is interpreted
as an escape forwhen the primary resources of the released species are not
available, the liberation of that species on anything but the primary host
orprey shouldbe expected to contribute little, if anything, to control.Cor-
rect interpretation of the function of polyphagy thus becomes critical for
themost effective IPM application involving polyphagous species.

Several aspects of IPM are likely to be influenced differentially by al-
ternative interpretations of polyphagy. Some of these have already been
covered, including those instances in which the presence of two or more
relatively host-specific cryptic species have been mistakenly included
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under a single species name. Also mentioned earlier was the issue of pest
populations building up locally on a sequence of alternative hosts before
invading a crop. Although such successive use of hosts is not unlikely, the
view that this occurs in specific instances is frequently accepted simply on
the basis of pattern analysis and without alternative possible interpreta-
tions being tested critically. If, instead, the pests migrated into the crop
from an unrecognised distant source, then a different basis for prediction
and alternativemanagement options would have to be developed.

The prediction of population trends and forecasting of invasions will
undoubtedly be improvedby a functional understanding of host relation-
ships of ‘generalists’. Again, an understanding of where ‘refuge’ popu-
lations persist and their migration propensity and pathways will un-
doubtedly improve invasion forecasts. The prediction of how an invasive
population will performwill again depend on an accurate functional un-
derstanding of its host relationships as well as on an appreciation of host
availability within the area of invasion. Are primary host species available
and in what physiological condition are they, and so on? If primary host
species are not available or suitable for oviposition, then prediction may
be less certain, although experience of previous invasions is likely to be
helpful, as in the pest bollworms inAustralia (see above). Furthermore, an
‘oversupply’ of individuals within an areamay lead to unusual behaviour
in relation to alternative hosts. Experience in weed biocontrol shows that
massive herbivore populations relative to target host availabilitymay lead
to unexpected, but ephemeral, behaviour. Individuals may use a plant
species that is virtually never used otherwise: this has been termed ‘host
substitution’ (Marohasy, 1996). Such behaviour has not led to local adap-
tation, despite persistence of the herbivore in that area (Marohasy, 1996).

Quarantine across geographical barriers or political borderswouldun-
doubtedly be enhanced if an understanding of the host relationships of
species with multiple hosts could be used to predict their ecology after
invasion of a new area. Even for pest species this has proved problem-
atic, because preadaptation to hosts never before encountered in the field
is so difficult to predict in organisms that are polyphagous. For exam-
ple, would the depredations of European corn borer have been predicted
before maize was imported into Europe from the New World? Also, the
use of host species on which the insects do not survive or reproduce well
may be sufficient to sustain populations in the absence of primary hosts,
but the extent to which this may occur again seems unpredictable (Milne
& Walter, 2000). The way in which plant breeding, mass cultivation and
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irrigation influence the behaviour, host use and pest status of herbivores
is still little understood. The ecological responses of insects that usemul-
tiple hosts to agricultural systems relative to natural ones cannot, there-
fore,be readilypredicted.Consider thecontrastbetweenQueenslandfruit
fly (Bactrocera tryoni) and fruit-spotting bugs (Amblypelta), all of which are
indigenous in eastern Australia. The fruit fly is said to be polyphagous on
rainforest fruit, but is not readily collected there and breeds readily and
in vast numbers in orchards (Fitt, 1986b; May, 1953). The bugs have been
recorded from numerous rainforest fruit trees (Waite &Huwer, 1998) and
seem to invade orchards from there (Ryan, 1994). Although both are said
to be polyphagous, one seems to be a persistent resident in orchards, the
other a sporadic and perhaps evanescent visitor.

Husbandry practice and plant breeding provide untested alternative
explanations even for the most heralded of sympatric speciation exam-
ples, the shift of Rhagoletis pomonella to apples (see p. 136). Indeed, inter-
pretation of the shift depends substantially on early records of the ‘shift’.
It is said to have taken place in the 1860s with the records of Walsh. How
accurately this pattern of host use has been recorded is questionable, con-
sidering that economic entomology developed only after about 1850 in
the USA, in an uncoordinated way and without institutional support.
Government fundingwasmade available only after 1870 (Whorton, 1974).
Was the appropriate sampling conducted, or could earlier incidence have
been overlooked? Furthermore, the spatial pattern of this shift remains
unclear despite being crucial to understanding its cause.

One option for pest management purposes is diversification of crops
through intercropping. Investigations tend to return somewhat con-
tradictory results. Considering that the experimental design generally
tests the final consequences of the complex behavioural mechanism that
leads insects to plants, this is not surprising. Any number of extraneous
variables could interfere with sign stimuli (visual or olfactory), disrupt
‘attentiveness’ of the insects (Bernays, 1999) or alter their movement (Coll
& Bottrell, 1994) and thus influence outcomes. Such variation is likely to
be systematised only if the primary mechanism for host location is first
understood, as this reduces reliance onpattern analysis and adhoc adjust-
ment to speculative interpretations.

An understanding of the relative use of primary host species and other
more incidental hosts is likely to impact considerably on choice of trap
plants. If the crop to be protected is not a primary host but is used because
little else is available, as seems to be the case for Australian bollworms on



204 Specific directions in ecological research for IPM

cotton, then the use of specially cultivated primary host species would be
the best option. In any case, the characteristics of the trap species must
match the host-searching mechanism of the pest at least as well as the
crop does, and preferably better than the crop. If chemical attractants for
ovipositing females are to be developed then working from primary host
plants provides the logical starting point (Milne & Walter, 2000; Walter
& Benfield, 1994), but preference studies frequently ignore this need. The
choice of trap species is likely to be compromised, even altogether, if un-
recognised cryptic species are covered by the pest species’ name.

Theattractionofgeneralistnatural enemies to cropshas shownconsid-
erablepromise foruse in IPM(Symondson etal., 2002).At least somethrips
species are omnivorous, and in Australian cotton can suppress spider
mites early in the season if not disrupted by insecticides (Wilson & Bauer,
1993). Several thrips speciesare involved, eachofwhichusesmultiplehosts
but stilldiffers fromtheothers ecologically (Milne&Walter, 1997, 1998a,b,
2000). The encouragement of these species into cotton couldwell enhance
IPM, but source populations need to be identified and the reason for their
entering cottonneeds to be established if suchmanipulations are to prove
effective. These thrips do not persist on cotton, so their presence on the
crop is likely to be as a refuge against otherwise poor circumstances. Also,
the role of their ‘economically useful’ predation should be understood in
relation to the primary requirements of the species. Primary host species
maywell enhance local populations butmight also keep them fromenter-
ing the crop in good enoughnumbers. Similar reasoning applies to gener-
alist predators such asCarabidae, spiders, syrphids and coccinellids, some
of which are farmore prey specific than initially predicted (see above).

Discussion

The outlines of the ecology of various species presented in this chapter il-
lustrate severalpoints. Someare todowithmethod,whileothersdealwith
the utility of understanding the ecology of pests and beneficial organisms
from the basis of sound principles in species theory (Chapter 6) and aut-
ecology (Chapter 5).

An investigation of the ecological processes that influence organisms,
including ones referred to as generalists, is likely to be strongly misled if
the pattern that first suggested the investigation has not been described
accurately. Methodologically, that pattern demands testing. To bemisled
at such a fundamental level is surely going tomisdirect the questions one
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asks and the interpretations one offers. This is not such an uncommon
mistake inecology.Twowidely cited casehistories in ecology illustrate the
point, that of presumptive competitive displacement of red squirrels in
Britain (Walter, 1988b) and those of character displacement in nuthatches
(Grant, 1975) and aquatic snails (Saloniemi, 1993). Each one of these ex-
amplesmisledmany, not only because they fitted preconception, but also
because theunderlyingpattern to be explainedwasdistorted early and re-
mained that way for a long time. Indeed, red squirrel conservation is usu-
ally still considered primarily from the perspective of competition from
grey squirrels rather than from the perspective of the primary habitat re-
quirements of the species (e.g. Rushton et al., 2000). Of particular note
in this regard is that the pattern underlying some hotly debated events
in evolutionary ecology is now beyond further investigation, because of
changes to the environment. Early errors could still be distorting under-
standing, which further supports the contention that species ecology is
best understood from the basis of sound principles.

The primary step in investigating polyphagous species should be a jus-
tification of the plant species to be included in a host list, on the basis of
quantified sampling within specified ecological contexts. Further, it re-
quires criteria for inclusion of plant species as hosts. Species should, for
example,beexcluded if theyareusedonly rarelyandbyrelatively fewindi-
viduals, as illustrated with reference to the native bollworm in Australia.
The use of more than one primary host species should then be subject
to further scientific test, because alternative explanations could hold:
(i) host-associated cryptic species; (ii) the herbivore could be adapted, si-
multaneously, to twospecies that areverydifferent in their characteristics;
(iii) the alternative hosts may, incidentally, have similar characteristics in
terms of the herbivore’s host location and acceptance; and (iv) the alterna-
tive hosts may serve different functions. Other realistic alternatives may
also be available.

Different fundamental principles drive research in different direc-
tions. This would, perhaps, provide an argument against the reliance on
principle, except that there is no other way in science (Chapter 2). The
use of ‘facts’ provides only an illusory foundation. Although the research
pathway advocated in this chapter is difficult and time consuming, it is
the only way to provide a sound basis from which the management of
populations can be planned (e.g. Paterson, 1991; Sabrosky, 1955). Even in
a political era in which short-term economic gain is pre-eminent, that
approach is justifiable. Note, in addition, that the direction offered also
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questions seriously the flurry of activity aimed at documenting all sorts of
intraspecific variation, which seems to be consequent more on technolo-
gical development than on anything else. In this case, technology will be
most effectively used in conjunctionwith soundprinciple; the reliance on
serendipity is a sad indictment against late twentieth-century science.

In conclusion, understanding evolutionary origins is vital to an ap-
propriate interpretation of current ecology, even in an applied context.
Unfortunately, empiricist views (probably tainted with economic ration-
alism) have inculcated the impression that evolutionary understanding
is an unnecessary luxury, even a diversion, when practical outcomes are
desired. This point is considered further in the following chapter, in
which the use of predatory and parasitic organisms for biological con-
trol purposes is examined.Here a lack of understanding of the organism–

environment interaction seriously affects the application of knowledge.



8

Pre-release evaluation and selection of natural
enemies: population and community criteria

Biological pest control . . . is considered to be an art by many scientists,
although several efforts have been made to transfer it to the realm of
science. Anumber of researchers (the scientists) defend amore scientific
basis of pest control, others (the artists) do not mind too much about
theoretical considerations, because they think that this scientific basis
is still too small and they develop biological pest control mainly by
trial-and-errormethods.

j. c. van lenteren (1980, p. 369)

Introduction

Biological control has had many remarkable successes since a ‘classical’
introduction saved the Californian citrus industry from the ravages of
cottony cushion scale at the end of the nineteenth century (Caltagirone &
Doutt, 1989; Doutt, 1958; van Driesche & Bellows, 1996). The technique
has since been developed and extensively deployed, often with good
economic return (e.g. DeBach & Rosen, 1991; Greathead, 1986, 1994). The
rationale thatunderpinsbiocontrol is the impression thatmany species in
their native environment are limited innumbers primarily by consumers,
whether predators, parasitoids, pathogens or herbivores, and which are
called ‘natural enemies’ or, within the biocontrol context, ‘beneficial
species’ (van Driesche & Bellows, 1996). Biocontrol is therefore aimed at
restoring the original dynamic, usually in situations in which the pest
species has invaded a new area without its natural enemies. The aim is
not to exterminate pests, but to maintain them at lower non-pestiferous
densities.

[207]
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Several early biocontrol introductions were ill considered in various
ways, and impacted so badly on the environment that protocol and prac-
ticeweremodified to prevent similar disasters (see Ehler, 1991; Greathead,
1994; Simberloff, 1992). Most of the obvious disasters involved vertebrate
predators, but more subtle problems have since been detected with in-
sects introduced for biocontrol purposes (see below).Herbivorous biocon-
trol agents proposed for introduction against weeds are now subject to
statutoryhost-testing inmany countries. Theymust be tested experimen-
tally against desirable plants that may be of economic or conservation
value. Permission to release is given if the test results indicate strongly
enough that the agent species has no pestiferous potential (Greathead,
1994; van Driesche & Bellows, 1996; Wapshere, 1989). Insect predators
and parasitoids have long been screened to ensure they have no undesir-
able traits that might disrupt biocontrol. The main aim is to intercept
species with life styles that could disrupt the primary controlling agents,
such as hyperparasitism. These tests are not statutory, except in Australia
(Simberloff & Stiling, 1996).

The narrow host requirements of the insects that are introduced for
biocontrol have for long been considered sufficient to preclude negative
environmental effects. This attitude has been increasingly questioned,
mainly because of growing concern for the environment. The demand for
safeguards against all native organisms, however insignificant they may
seem, is likely to impose additional strictures on biocontrol (Cowie, 2001;
Greathead, 1986;Howarth, 1991; Louda, 1998; Simberloff, 1992; Simberloff
& Stiling, 1996). Ecologists now suggest that all introductions should be
screened to prevent a wider array of environmental damage, some of it
exceedingly difficult to measure (Ehler, 1991; Louda, 1998; Simberloff &
Stiling, 1996). The modern trend is to contrast the permanence of a bio-
control establishmentwith the ease ofwithdrawing a toxic chemical from
use. Also, the toxins currently applied in developed economies are not as
persistent in the environment as the early synthetic organics.

Entomologists therefore suffer the onus of having to judge the future
ecological impactofnatural enemiesbefore theyare released into thefield.
Economic efficiency alsodemands accuratepredictions aboutnatural ene-
mies, as does thedesire among entomologists tomakebiocontrolmore ef-
fective (Ehler, 1990, 1991; Greathead, 1986;Waage &Mills, 1992). The pool
of species with at least some potential to control a pest species is often
quite large. Many of these species may be excluded by practical consid-
erations, which are often arbitrary (Waage, 1990), but a choice is likely to
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remain and this is where theory is seen to have a critical role (see Miller
& Ehler, 1990; Waage & Mills, 1992). It should help to decide whether
the number of introduced species should be restricted to prevent inferior
species from interfering with control, and whether species should be in-
troduced in a particular sequence. Choice of the most suitable or promis-
ing species for release is also encouraged because all species with biocon-
trol potential cannot be given the same treatment (Godfray&Waage, 1991;
Waage & Mills, 1992), especially in screening for host specificity and in
mass rearing exercises for inundative or augmentative release. Also, tar-
get species should be selected for their likely susceptibility to biocontrol
(Greathead, 1986).

A desirable natural enemy is one that is going to be effective in biocon-
trol and is not going to have adverse environmental effects. This chapter
scrutinises the pre-release evaluation procedures that are currently used
in selection of the most promising species for release. Because ecological
theory is so diverse (see Chapter 5), several lines of reasoning influence
pre-release evaluation goals, criteria and procedures, and these have to be
teased apart if they are to be considered in an effective way. Further, the
premises of what features make a biocontrol agent successful have been
challenged (Murdoch et al., 1985; Strong, 1990), which adds yet another
dimension to the discussion because the challenge is based more on em-
pirical evidence than on novel ecological principles.

The overallmessage of this chapter is that althoughbiocontrol is a suc-
cessful and desirable technique, practice could be improved. Theweakest
part of biocontrol seems to be the lack of a direct and realistic connection
between theory and practice, an aspect that is quite generally acknow-
ledged (e.g. Ehler, 1991; Godfray & Waage, 1991; Greathead, 1994; Mills,
1994a, p. 214; Waage, 1990; Waage & Hassell, 1982). This disjunction has
been attributed to practice demanding immediate outcomes whereas
population ecology theory is concerned with long-term dynamics
(Kareiva, 1990, p. 70). The disjunction may be better explained, though,
by current ecological theory relying on principles (or underlying
premises) that were developed without cognisance of the critical eco-
logical influence of the physiological and behavioural mechanisms of
individual organisms (see Chapters 5–7).

This chapter therefore scrutinises current efforts to amalgamate the-
ory and practice in biocontrol, particularly in relation to the criteria that
are recommended for selection of the species most likely to reduce popu-
lations of the target pest. What is said applies also to other aspects of
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biocontrol. The chapter outlines the direction in which current theory is
headed in relation to biocontrol practice, and provides a critique of that
approach. Specific arguments are developed at some length because the
theoretical developments currently espoused in the literature aremultidi-
mensional. A criticism of a particular aspect of biocontrol theory is there-
fore readily shored up by an advocate citing another aspect or recent de-
velopment that is reputed to show promise. The problem is that the flaw
in the newer statements may not be so readily detected, despite them be-
ing based on premises as unrealistic as those originally criticised. In this
way the ‘frontiers of science’ seem to bemoving positively, but the flawed
foundations remain unadjusted. The assessment of biocontrol presented
in this chapter, and the suggestions for improving practice in the follow-
ing chapter, differ from most previous challenges in being based on an
application of alternative fundamental principles,whichhave beendevel-
oped and justified earlier (mainly in Chapters 2, 5 and 6).

Pre-release evaluation of natural enemies

Biocontrol practitioners are not unanimous that pre-release evaluation is
worthwhile, and those who believe it has promise do not agree on what
criteria are relevant or to what extent the impact of biocontrol can be pre-
dicted. The division in opinion is not clearly demarcated and has to be
dealt with in somewhat general terms. On the one hand, pragmatic bio-
control practitioners keep pre-release work to a minimum and do not try
to evaluate future performance (e.g. van Lenteren, 1980). This ‘empirical
approach’ (Ehler, 1990) tends to concentrate on basic aspects of taxonomy
and host associations, with an important aim being to screen out species
thatwouldbedetrimental if theywere released.Note that ‘empirical’ does
not imply a lack of care, for the recommended guidelines are extensive
and far-reaching (vanDriesche&Bellows, 1996, pp. 147ff.). The alternative
school of thought is the ‘predictive approach’ (Ehler, 1990), which accepts
that current ecological theory should provide grounds, as well as further
promise, for assessing the pressure that natural enemy species will exert
on pest populations after their future release into the field.

The pragmatic approach undoubtedly persists because the predictive
approach has not yet demonstrated much utility at all, despite a fairly
extensive history. For instance, experience shows that little can be pre-
dicted about the future performance of any species (see Chapter 9). Some
would add that the complexity and heterogeneity of the environment
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and the subtlety of a species’ requirements and tolerances render accurate
forecasting impossible (also see Chapter 9). The resistance to pre-release
evaluation seems, in addition, to be aimed at particular aspects of
the theory. Some react against calls for ‘long-term basic research’ (e.g.
van Lenteren, 1980), which presumably means the type of research that is
driven by population dynamics theory. Includedwould be such aspects as
k-factor and life table analyses and life system studies. Also, practitioners
have seldom responded positively to the mathematical models that pur-
port tomimic themost significantprocesses in successfulbiocontrol. Such
models have never influenced action in a classical biocontrol programme,
although they are still given textbook treatment as representative of the
general features of biocontrol systems (e.g. van Driesche & Bellows, 1996,
p. 397). Reasons for the linkbetweenbiocontrol practice andmathematics
being so tenuous are also considered in this chapter.

The predictive approach has an entirely different outlook from that
of the empirical school. It accepts that theory should provide a sound
basis for selecting the most appropriate species, or suite of species, for
mass rearing and release, and should also set priorities for research
effort (Ehler, 1991; Godfray & Waage, 1991; Hochberg & Hawkins, 1993;
Murdoch et al., 1996a; Waage & Mills, 1992). The predictive approach
draws input from two areas, populationdynamics and community theory
(see Chapter 5). Each circumscribes particular ecological criteria that are
considered essential in a biocontrol agent if it is to be successful. Those
criteria specified by population theory are referred to as reductionist,
whereas the community specifications are seen as holistic. These two
sets of criteria are perceived by many to be complementary (Waage,
1990; Waage &Mills, 1992) through their common underlying principles
(see Hassell & Godfray, 1992, pp. 287–288).

Each of the various demarcation lines drawn so far in this section is
somewhat arbitrary in practice. Individual researchers tend to synthesise
an eclectic approach, and ‘even the most fanatic opponents of basic re-
search’ may develop fairly extensive lists of criteria that an effective nat-
ural enemy should possess, although theymay never screen for them (van
Lenteren, 1980). Two implications follow. First, views and practice are
open to influence from arbitrary conjunctions of ideas and premises, a
problem that apparently does not usually affect the application of prin-
ciples in such sciences as physics and chemistry, and which surely signals
problems with the fundamentals of ecology. Second, if any current state-
ment about pre-release evaluation is to be scrutinised effectively for its
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validity andutility, itwill first have to be brokendown into its component
parts for analysis.Onehas toanalyse specificswhilstmaintaining the logic
of the broad issues. The perspectives offered in this chapter are intended
to be applied in thisway and they concentrate on the predictive approach.
The empirical approach is considered in the following chapter.

Prediction, demographic principles, and sacrifice of realism

Practising entomologists and ecologists generally agree that natural en-
emies control pests by reducing their density to a low stable equilibrium
level (Murdoch, 1992, p. 198). The predictive approach incorporates this
view into a means for developing a general concept of the features that
characterise successful natural enemies. Theprinciples thatunderpin this
approach derive from demographic ecology, in which biotic processes are
assumed to dominate in ecological settings, and are believed to func-
tion deterministically. Density-dependent processes such as competition,
predation and parasitism (Chapter 5) should, therefore, stabilise or reg-
ulate populations. Understanding the source of the density dependence
needed to stabilise the biocontrol target at a low equilibrium density is
the basis for assessing the future potential of a natural enemy species (see
Murdoch & Briggs, 1996).

Factors other than density-dependent ones are frequently seen simply
as ‘noise’, andpopulation trends are frequently acknowledged to be an in-
terplay between ‘precise’ and ‘noisy’ factors (e.g. Hassell, 1986). Neverthe-
less, demographers still believe it ‘remains valuable to set the stochastic
elements to one side and focus on the deterministic processes . . . to un-
derstand how some key features of an interaction can promote popula-
tion regulation’ (Hassell, 1986, p. 202). When environmental influences
are included in demographic models, they are usually simplified into a
single survival probability (e.g. Godfray & Waage, 1991). This is unrealis-
tic and potentially misleading in that themortality factor with themajor
influence on population change (the key factor) is virtually always density
independent in nature, and driven by the environment (e.g. Varley et al.,
1973), and not amenable to such simplification (as described by Walter &
Hengeveld, 2000).

Density dependence is still invoked to specify fundamental cause in
biological control (e.g. Waage, 1990, pp. 147–148), and the methods used
in the pre-release evaluation of candidate natural enemies are generally
influenced by the demand that successful biocontrol agents confer sta-
bility on the pest population. Both of these approaches to biocontrol
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are questionable, for two significant reasons. First, the concentration on
density dependence and population regulation ignores the fact that the
ecological importance attributed to density dependence is highly ques-
tionable (Chapter 5). Second, the interaction between environmental in-
fluences andnatural enemy autecology ismore likely to influence popula-
tion trends in thepest species.Thesepoints are raisedagain in this chapter
to criticise the current approach. In Chapter 9 they are used to help to de-
velop suggestions for an alternative approach to the demographic one.

The ecological importance accorded the attributes of organisms under
current pre-release evaluation programmes (i.e. reductionist and holistic)
has been questioned fairly extensively in the literature. Aspects of the
reductionist approach have been criticised in the biocontrol literature
itself. For example, van Lenteren (1980) and Waage (1990) both point
out the limitations of the evaluation criteria usually isolated for con-
sideration, a long summary list of which has been extracted from the
Trichogramma literature by Smith (1996). Nevertheless, most suggestions
for improving the situation advocate persistence with the same basic di-
rection (e.g. Godfray & Waage, 1991; Waage & Mills, 1992). By contrast,
the holistic approach has not yet been subject tomuch published scrutiny
from within the discipline. However, criticism of the premises and in-
terpretations provide fairly extensive reading in the ecological literature
(see Chapter 5). Furthermore, biocontrol is frequently, even if only im-
plicitly, seen as applied population dynamics (e.g. Luck, 1990; Murdoch
& Briggs, 1996) rather than applied community ecology, which suggests
that the holistic approach is not widely accepted as a theoretical basis for
biocontrol.

To avoid repeating the published criticisms of these approaches to de-
veloping biocontrol theory, especially those related to analyses of the his-
torical frequency of success (see van Driesche & Bellows, 1996, pp. 134ff.),
attention is drawn to shortcomings in the ways in which evolutionary
and ecological theory is applied in the quest for a useful theoretical back-
ground to biocontrol practice. Although the various aspects are consid-
ered under separate headings they are, in reality, interrelated. A way
around the impasse imposedby a lack of theoretical underpinning is tack-
led in the following chapter, where the application of autecological prin-
ciples to biocontrol practice is considered.

Emphasis on population stability
Successful biocontrol is interpreted as a two-step process. An initial re-
duction in overall pest density is followed by the maintenance of pest
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Figure 8.1. Example of population trends aimed for in biocontrol. This is a la-
boratory example involving a seed-eating bruchid beetle and its pteromalid para-
sitoid.Note the twophases in thepest’spopulationdynamics: the initial lowering
of density and the subsequent maintenance of a lowered density. Reprinted from
Hassell & Godfray (1992) with permission from Blackwell Publishing.

populations at a new lower level (or ‘equilibrium’) (Waage & Greathead,
1988,Waage &Hassell, 1982) (Fig. 8.1). The process that reduces the popu-
lation initially (population depression)may operate independently of the
process that imposes stability (population regulation). The initial ‘tran-
sient dynamics’ are, however, usually neglected in biocontrol theory and
in pre-release evaluation procedures (Kareiva, 1990), presumably because
(i) population reduction is seen as a temporary part of the biocontrol
process and (ii) natural enemies that act in density-dependent fashion,
by aggregating, are assumed to achieve both goals. Field quantification
reveals this second assumption does not inevitably hold (Roland, 1994),
and populationmodels suggest that density dependence and stability are
achieved at a cost to the level at which the equilibrium density is set (see
Luck, 1990). Themost direct statements about the influence of natural en-
emies in depressing pest populations (= lowering the equilibrium den-
sity) claim thatnatural enemy species shouldhave ahigh successful search
rate per individual (Murdoch & Briggs, 1996) or a reproductive rate com-
mensurate with the rate at which hosts are renewed (Barlow et al., 1996;
Price, 1972).

Practical assessments of a natural enemy species’ potential to impose
stability on the pest population fall into two categories. On the one hand,
behavioural and reproductive features believed to dictate the response of
organisms to host density are quantified, usually in the laboratory. Vari-
ousparameters are thus specified and the future impact of the speciesmay
be assessed with the aid of mathematical models. Biocontrol potential
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can also be compared among species in this way, with a view to selecting
the one that will be most effective as a control agent. The secondmethod
of assessment is carried out in the field, and is less common than the first.
The impact of anatural enemyspecies on itshost’s populationdynamics is
quantified, preferably from life table data and in the host’s home country
(Waage &Mills, 1992). The aim is to judge how effective the species will be
in imposing density-dependent mortality when introduced elsewhere.
Neither of these general methods has contributed to the pre-release
evaluation of any species, but both have been consulted retrospectively
in efforts to identify the critical ecological mechanisms in successful
biocontrol. They are still widely seen as the way forward in endeavours to
improve biocontrol practice. Each approach is now considered further.

1 Laboratory-based assessment criteria
Population dynamics conceptualises the key elements in the ecology of
a natural enemy species as its response to the distribution of its hosts or
prey in the environment. The population-level response to the density of
resources is called the total response, and has two components. The func-
tional response deals with the rate at which individual natural enemies
kill hosts within a patch. The numerical response quantifies the way in
which the population as a whole gathers and grows in response to patch
size.

The functional response (Fig. 8.2) is considered to offer a good con-
ceptual framework forunderstandingnatural enemysearchingbehaviour
within a patch of hosts. It is reputedly relevant mainly to inundative
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Figure 8.2. A typical functional response of an insect parasitoid, with the attack
rate (a ′) and handling time (Th) given. Reprinted from Hassell (1976) with permis-
sion from Hodder Arnold.
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release of biocontrol agents rather than to inoculative release (Waage &
Greathead, 1988, p. 116), but is used in far more general ways, as indi-
cated below. The functional response model quantifies the behavioural
and physiological aspects of the response of natural enemy individuals
to different densities of hosts or prey (see O’Neil, 1990). The upper limit
on the graph (Fig. 8.2) is imposed by behavioural and physiological at-
tributes of thenatural enemies, namely their per capita searching efficiency
and handling time. These are estimated indirectly by substitution of the
derived values for parasitisation rates at different host densities into an
equation, modified fromHolling’s disc equation:

Na = [Ta ′N/1+ a ′ThN]P ,

where Na is thenumber attacked,T is the total search time (durationof ex-
periment), a ′ is the searching efficiency or coefficient of attack,N is the ini-
tial number of prey available, Th is the handling time, and P is the number
of predators or parasitoids (Varley et al., 1973). Attributes such as searching
efficiencyandhandling timeare considered tobeamongthekeyattributes
of natural enemies that enable them to impose stability on the pest popu-
lation (e.g.Waage&Mills, 1992).Others include stageof host attacked, lar-
val survival, life spanandaggregationability.These features are estimated
and assembled into somewhat general analytical models of intermediate
complexity (e.g. Godfray & Waage, 1991). Such models are favoured over
situation-specific simulationmodels andmore simple generalmodels be-
cause (i) of their expectedpotential for providing insights about other sys-
tems, which specific simulations cannot do, (ii) they do not require infor-
mation on a large number of parameters, as domore specific and detailed
simulations of particular systems (seeGodfray&Waage, 1991), and (iii) the
various features anticipated to characterise an effective natural enemy are
said to be assembled more realistically than in more simple and gener-
alisedmodels (Murdoch & Briggs, 1996;Waage &Mills, 1992).

The rate at which parasitoid or predator individuals collect on patches
of hosts or prey of different densities is quantified into the numerical re-
sponse (Fig. 8.3). Note that the origin of the natural enemies is not spe-
cified; they may switch prey locally or be recruits from reproduction or
migration. The functional response is investigated more frequently than
thenumerical response, presumably because it ismore amenable to quan-
tification. The numerical response may, however, be more important in
the suppression of pest populations (Pedigo, 1999, p. 299), but defining a
‘patch’ of hosts in a non-arbitrary way is problematic, even if one accepts
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Figure 8.3. A typical numerical response of a generalist insect predator. Reprinted from
Hassell (1986). Copyright 1986 with permission from Elsevier Science.

that ‘patch’ is themost appropriate abstraction aroundwhich to interpret
natural enemy ecology.

Host or prey specialists are generally advocated for biocontrol pur-
poses, andhave frequently been very successful.Generalists are, neverthe-
less, considered to be far superior in their numerical response, because
individuals can switch immediately from one host species to another, so
their population size remains relatively constant comparedwith the fluc-
tuations in abundance of a particular host species (Hassell & Godfray,
1992). Specialists have first to reproduce, and so a time delay in their nu-
merical response is likely (Hassell, 1986).

Generalisations such as those outlined above would be useful if they
could provide reliable practical guidance. Unfortunately they have not
done so, andbecause theprinciplesuponwhich they arebuilt are inappro-
priate (Chapter 5), they are unlikely to do so. Also, the evidence about such
generalisations is not encouraging. For example, the functional response,
fromwhich attack rate (or searching coefficient, searching capacity or area
of discovery) ismeasured, is not as constant as originally thought (O’Neil,
1990; Rosen, 1985). It is affected by changing prey densities, different
densities of conspecifics, change in the substrate (through plant growth
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altering prey density), and so on (O’Neil, 1990). One can thus picture
how variable the functional response would be in the field because of
all the factors (whether biological or physical) that influence presence
and abundance of natural enemies (of all species relevant to the prey or
host species of interest) and all the prey or host species relevant to the
ecology of each natural enemy species. Each species involvedwould be in-
dependently influenced by the prevailing ecological influences, and these
influences would, in turn, vary spatially, even on a local scale. Factors
that influence natural enemy behaviour, such as plant density, would also
alter the situation spatially. Furthermore, field evidence even contradicts
the expectations that natural enemies should preferentially aggregate in
areas of high host density, or that percentage parasitism correlates with
host density (e.g. Jones et al., 1996; Reeve, 1987; Smith &Maelzer, 1986).

The variability outlined above does not provide a reliable basis upon
which to develop generalisations or accurate predictions, which implies
the underlying concept of ‘total response’ is an unrealistic abstraction.
That is demonstrated by the difficulty of differentiating, in practice,
elements of the ‘functional response’ from the ‘numerical response’,
because of migration (Wratten, 1987) for instance. Migration is one of the
primary behavioural and ecological processes conducted by individual
organisms and falls under the definition of ‘numerical response’. Yet
the movement of organisms obscures the clarity between numerical and
functional response. This confusion indicates an inappropriate emphasis
on population processes as opposed to the processes that are primary to
the existence and reproduction of individual organisms, and thus to their
ecology. That the functional response is an inappropriate abstraction
can be justified further. Experimental estimates of ‘searching efficiency’
decline with increasing prey density (Fig. 8.4), which seems counter-
intuitive. But they do so because estimates of ‘searching efficiency’ are
influenced by estimates of ‘handling time’ (O’Neil, 1989), and both are
estimated indirectly from the population consequences of behaviour, not
directly from the behaviour itself.

2 Life table estimates of parasitoid impact
Life table analyses of biocontrol successes have all been retrospective.
The understanding generated by the analyseswould never have predicted
the outcomes actually achieved, to date at least, and some introductions
even achieved control contrary to the predictions derived from life table
studies (see Greathead, 1994). Undoubtedly ‘this reflects in part the dif-
ferent situations in which natural enemies act in their areas of origin and
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Figure 8.4. Decline in ‘searching efficiency’ of a predator, despite prey density
(beetle larvae) being increased and exposure time remaining constant. The de-
cline is caused by increased ‘handling time’ of the natural enemies as they eat
more individuals. The contradiction is a consequence of working from a popu-
lation pattern down to the behaviour of individual natural enemies, instead of
working from individual behaviour outwards. Reprinted from O’Neil (1989) with
permission from the Journal of the Kansas Entomological Society.

introduction’ (Waage&Mills, 1992),which is supportedbynumerous eco-
logical studies of organisms in different parts of their distribution (e.g.
Hengeveld, 1990). In other words, species do not carry with them their
perceived role in conferring density dependence or their postulated role
in a community when they are transported elsewhere. Whereas the indi-
viduals carry equivalent adaptations in different areas, their abundance
and seasonality is, more often than not, quite different. This is a funda-
mental point, both to pragmatic biocontrol practitioners and to autecol-
ogy (Chapter 9).

Concentrating on population stability in the way outlined in this sub-
section has not proved useful in practice, and has been criticised from
several perspectives, not least for its havinga rather abstractmathematical
quality (Strong, 1990). Other flaws include the following: (i) The primary
and variable influence of environment is ignored. (ii) The behaviour of or-
ganisms is interpreted in relation to population-level interactions rather
than in relation to the primary determinants of the behaviour of individ-
uals. (iii) Any density effects are likely to be influenced by context, are un-
likely to be linear, and are likely to be significant only at unusually high
densities, and so do not provide a suitable basis for effective ecological
generalisation.

To relate the properties of organisms to a peripheral abstraction,
such as population stability, effectively eliminates organisms and their
properties from the concept of the system that is to be manipulated.
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Furthermore, stability is not necessarily correlated positively with pest
mortality and is obviously irrelevant to some of the best-knownbiological
control successes, in glasshouses for example (Strong, 1988, 1990). More
telling, perhaps, is that the persistence and dynamics of natural enemy
and prey can be explained without reference to stability (Strong, 1990).
Some ecologists have therefore sought more meaningful criteria for the
pre-release judgement of biocontrol potential, and we consider these in
the following subsection.

Non-equilibrium, regional ormetapopulation dynamics
Many of the problems identified in the previous subsection have already
been recognised in the ecological literature as problematic or unrealis-
tic. The solutions proposed so far in the literature are superior to the
original interpretations. They include non-equilibrium perspectives of
populations, regional influences on local ecology, and the concept of
metapopulation. All, however, are still supported by the original prin-
ciples that underpin population dynamics theory. Consequently, the so-
lutions they propose eventually run into similar problems to those they
were designed to overcome. Although the relevance of invoking a ‘popu-
lation equilibrium’ is increasingly questioned, for example, the usual
alternative offered is that the world should be seen as being in a state
of ‘non-equilibrium’ (e.g. Kareiva, 1990; Murdoch, 1992). This proposal
is ineffective because it centres on the existence of some sort of ‘non
state’ (Chapter 5) that can be defined only in relation to a non-existent
‘equilibrium’, so the proposed solution has too much in common with
the earlier interpretations to solve the problem effectively. Its underly-
ing assumptions remain in the rejected dimension, which probably ex-
plains why some recent interpretations include statements that do not
differentiate non-equilibrium from equilibrium ones for practical pur-
poses. Even non-equilibrium populations are considered to be regulated,
through ‘stochastic bounding’ (e.g. Murdoch & Briggs, 1996). The ap-
proach thus retains the emphasis onpopulation-levelprocesses andworks
down to the ecology of individuals, rather than the otherway round, as in
autecology (see Chapter 9).

Because there has been no deep-rooted shift in perspective, the
pre-release criteria developed from the alternative perspectives of non-
equilibrium and metapopulation dynamics do not differ significantly
from the earlier criteria, even though the spatial element of the environ-
ment and migration of natural enemies may have been incorporated. To
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illustrate: the characteristics envisaged for aneffectivenatural enemyhave
been related to the speedwithwhich they aggregate at isolated, high den-
sity patches of prey, which implies that one would need to measure the
rate at which a predator travels through a field in the absence of prey (e.g.
Kareiva, 1990), amongother things.What is beingassessedhere is the abil-
ity of the natural enemy to extinguish incipient outbreaks before the pest
is able to ‘swampout the regulatory capacityof the control agent’ (Kareiva,
1990). But the ability to accomplish control in this way may not require
the sort of aggregation characteristics predicted under demographic ecol-
ogy, and rate of movement between ‘patches’ may not be a primary influ-
ence on the dynamic. Until the primary causes of population change and
persistence are included in biocontrol analyses, the role of natural ene-
mies will not be well understood. In any case, the speed of movement in
the absence of prey tells one little about the ecology of the organism in
question, and especially not in relation to its ability to find pests and kill
them.Howmuch difference would itmake if a parasitoidmoved at 10 km
an hour or 20 km an hour? Probably very little when one considers that
egg production rates are so low inmany parasitoids (Donaldson&Walter,
1988; Fernando & Walter, 1999; Walter, 1988a). Again, unhelpful abstrac-
tions seem tobedriving interpretation and expectation,whichwarns that
ecological understanding should be sought elsewhere.

When the behaviour of individual natural enemies has been gener-
alised in relation to population processes, it has usually been cast in terms
of optimisation (e.g. Godfray, 1994; Luck, 1990). The behaviour of search-
ing natural enemies is therefore seen, from the optimisation perspec-
tive, to be a process of making decisions in the interests of maximis-
ing fitness. Because oviposition rate changes under such influences as
egg load, experience and learning (Collier et al., 1994; Jervis & Copland,
1996; Murdoch et al., 1997; Rosenheim & Rosen, 1991), these factors are
said to influence the ‘decisions’ made by the organisms. The behaviour
of the insects is therefore simulated with dynamic variable models. This
approach to generalisation brings new difficulties, most fundamental of
which is that optimisation cannot be practised by natural enemies (Pierce
& Ollason, 1987; Rapport, 1991). Whether the aim of maximising fitness
can drive behaviour and evolution is therefore also questionable, because
of the nature of complex adaptations and the structure of the genetic
and developmental system (Hengeveld, 1997; Walter, 1993c). Two addi-
tional complexities undermine the optimisation approach. For exam-
ple, the generalisations developed in this way transcend species-specific
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differences inbehaviourandecology,whichareprimary influencesoneco-
logical processes (Walter, 1995b). Also, the influences of experience and
learning are not yet tested in the field, where conditions are complicated
to the extent that these aspectsmayhave relatively little role in the ecology
of insect natural enemies. This has yet to be investigated.

Ecological dichotomies, continua and correlation
Numerous efforts have beenmade to characterise natural systems accord-
ing to features that are considered central in the ecology of organisms.
Most such generalisations take the form of ecological dichotomies, the
end points of which delimit a continuum. Criteria upon which they are
based include aspects of the environment (e.g. habitat stability, habitat
predictability, stage of succession), the nature of selection pressures as-
sumed to be acting on the organisms (e.g. r-selection vs. K-selection), or
the ecological strategies that organisms are considered to have evolved
(e.g. degree of competitiveness ofnatural enemy species (Myers et al., 1989;
Zwolfer, 1971)) or amount of immunity to parasitoids evolved in the host
species (Myers et al., 1989). Parasitoids, for example, have been charac-
terised according to their perceived status as being intrinsically superior
competitors, in the larval stage, or as being extrinsically superior as adults
searching for hosts (see Hassell, 1978). Also, generalist or polyphagous
species have been contrasted with specialists, as they are considered, for
example, to spread a web of interaction as opposed to comprising a more
discrete ecological entity (Hassell&Godfray, 1992, Lawton, 1986;Wratten,
1987, but see Chapter 7 for an alternative view).

Dichotomies that are even more arbitrary have also been developed.
They involve judgement of whether the ecology of the natural enemies is
influenced more by ‘intrinsic’ factors than by ‘extrinsic’ ones (e.g. Ehler,
1990, p. 123). Such abstractions are too restricted to represent or encap-
sulate accurately the vast number of factors that influence the ecology of
conspecific individuals, even before one takes account of the spatial het-
erogeneity of the environment (see Chapter 5). In any case, the distinction
between extremes of proposed ecological dichotomies tends to fall away
as one introduces more factors (and thus more realism) into the analysis
(Horn&Dowell, 1979).The lackof realismof ecologicaldichotomies is fur-
ther apparentwhenone considers that it is the interactionbetweenorgan-
ism (intrinsic) and environment (extrinsic) that is important, as stressed
in the autecological approach (Chapter 9), and that this interaction is
species specific and context specific. Ecological generalisations need to be
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designed to cope with the idiosyncrasy of species if they are to be robust
andworkable.

Once species have been assigned to a branch of a dichotomy, or to a
position along a continuum, the degree of biological control achieved
by species on that branch (or position) is contrasted with that achieved
by species on the other branch (or at another position). In this way life
history and population parameters are explored for correlations with
knownoutcomes (Waage&Greathead, 1988). Theprobability of establish-
ment after release may be dealt with in similar fashion. Other such uni-
dimensional correlations have been investigated. They involve such se-
ries of discrete character states as life stage of host attacked (Mills, 1994a),
species richness (Hawkins, 1993), whether parasitism is internal or exter-
nal (Mills, 1994a, p. 219), degree of concealment of the host (Hawkins,
1993), whether the association of host and natural enemy is old or new
(Ehler, 1990, p. 120; Hokkanen& Pimentel, 1984), whether the natural en-
emy is a ‘high density’ or ‘low density’ one (Mills, 1990; Myers et al., 1989;
Waage&Mills, 1992), and thedegree of resistance reputedly evolvedby the
host in the postulated ‘arms race’ betweenhost andparasitoid (Hokkanen
& Pimentel, 1984; Myers et al., 1989). Various demographic parameters
have also been analysed in this way, including fecundity, degree of egg
aggregation, voltinism, size, life span, and so on (e.g. Crawley, 1986;
Lane et al., 1999).

Again, in selecting a particular dichotomy or continuum all the other
ecological factors known to influence the local abundance of species sig-
nificantly are ignored, as pointed out by Andrewartha & Birch (1954,
1984) and Krebs (1995). Is this a reasonable degree of omission or is the
‘Bronowski cut’ removing too much that is relevant (Chapter 2)? Local
abundance varies somuchwith changes in environmental conditions that
even when the results of analyses do suggest that such measured fea-
tures as species richness, host mortality and biocontrol success rates do
co-vary, we should still be cautious. Correlation does not imply caus-
ation, and even indirect causation in such cases is unlikely if one is dealing
with by-products such as species diversity, population size, and so on
(see Chapter 5).

Several continua or sets of character states are sometimes combined
into some sort of synthesis, in efforts to make the abstraction more real-
istic, and to cope with more than two natural enemy species simulta-
neously (e.g. Mills, 1994a; Price, 1991). The theoretical structures devel-
oped by Price (1991) and Mills (1994a) are appealing, not least for their
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neatness. Price (1991) postulated a functional relationship between
the increasing ‘stability’ of different stages along successional gradients
(from herbs, to shrubs and then trees), the feeding habits of herbivores
(external feeding to concealed feeding), and the relative host specificity of
parasitoids. Too many exceptions exist and the treatment is too frugal in
biologicaldetail.Andevenwhen thedichotomies andcontinuaare related
logically to one another their product has never been sufficiently robust
to explain the ecology of organisms or to predict what they will achieve
within a new setting. Specifically, organisms comprise such a complex of
ecologically significant features that the variation in the combination of
features is immeasurable. Although we might expect an association be-
tween particular characteristics, that does not occur with sufficient regu-
larity for any such generalisation to be useful.

Emphasis on resources, and species considered typologically
An emphasis on resource quantity as the primary ecological driver is com-
mon to both population and community ecology (Walter, 1995b;Walter &
Hengeveld, 2000). Those pest individuals that do not suffer attack from
natural enemies, for example because they live within the canopy of their
host plant rather thanon theouter leaves of thatplant, are seenbypopula-
tion ecologists as livingwithin a ‘refuge’ and thus contributing to the sta-
bilisation of the population as a whole. Community ecologists treat host
orprey individualsas resources, andall ‘unusedresources’ needtobeelim-
inated for effective control, even those in refuges (Hochberg & Hawkins,
1992). Each approach is considered in turn.

The population ecology approach sees refuges in two ways. First, if
a low proportion of the pest population is in a refuge, the population
as a whole will be ‘highly exploitable’ by natural enemies (Hawkins
et al., 1993). In other words, a large proportion of pest individuals would
be exposed to attack. This makes intuitive sense, but how general a
phenomenon this could be is difficult to say, as sometimes ‘refuges’ them-
selves provide a source of natural enemies, for example those that invade
certain orchards (Caltagirone & Doutt, 1989), so the value of refuges
may be context specific. Furthermore, various problems exist in the
method used byHawkins et al. (1993) to estimate ‘refuge size’ (Myers et al.,
1994), andWilliams &Hails (1994) recognised that ‘refuge size’ cannot be
treated typologically, for it varies in relation to host density, parasitoid
density, or both simultaneously. ‘Refuges’ are therefore poor candidates
for developing robust general theories for biocontrol. The approach is
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weakened evenmorewhenall the other ecological factors that impinge on
pest andnatural enemies are taken into account (see previous subsection).

Refuges are considered important in a secondway by population ecol-
ogists. They are seen as being useful in stabilising the pest population, an
insight derived from population modelling (Luck, 1990). The main point
about suchageneral contention is thequestionofwhetherpopulationsta-
bility is as important a goal as frequently accepted. If not, as argued above,
then theonly considerationabout refuges relates to thepointsmade in the
preceding paragraph.

Biocontrol theorists who favour the community approach analyse
suites of species, within guilds or communities, for the biocontrol poten-
tial of the entire collective (e.g.Miller &Ehler, 1990, pp. 162–163). This ap-
proach focuses on the interplaybetween resource availability and resource
use by the particular combination of species, and this defines the primary
determinant of ecological structure. Attention is thus generally directed
at patterns of resource use among natural enemy species. For instance, a
relationshipmaybe soughtbetween the ‘structure’ of theguild, orpattern
of resource use, and the collective impact of the guild on the host popu-
lation (Miller & Ehler, 1990, p. 166). Some of the unstated assumptions
and implications of this approach need to be considered, to show how
realism is sacrificed when interspecific patterns based on resource use are
given prominence over the species-specific properties of organisms and
their role in determining ecological outcomes.

The species included in each guild are, in certain respects, dealt with
as equivalents because they are seen to have a ‘role’ relative to the other
member species. Such typology is unacceptable (see Chapters 5 and 6), in
part because each member species is assigned its ‘role’ as a resource user
in the guild without reference to the range of features known to impact
on the ecology of the individuals that comprise each of those species. For
anempirical exampleof this, seevanKlinken&Walter (1996),whodemon-
strated with reference to drosophilid flies that the coexistence or commu-
nity approach to explaining local ecology pushes aside those features of
each species that allow them to exist locally. Local existence is the prob-
lem, coexistence is not an issue (Sale, 1988; Walter, 1988b). Several adap-
tive complexes are likely to be involved in the existence of organisms in
any given area, as in their relationship to particular environmental con-
ditions. Any changes in local environmental conditions will change the
equation again. It is these interactions that dictate the locality-specific
ecology of each species. The local ecology of each species is played out
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mainly independently of the other species in the guild, except for any in-
cidental competitive interactions (see Chapter 5). In other words, the pre-
vailing environmental conditions,which influence the local abundance of
species significantly and differentially, are excluded from consideration
in the community approach to natural enemies. So are the species-specific
properties of the organisms involved (Chapter 5). Of most relevance, per-
haps, is the host-searching behaviour of the natural enemies, which influ-
ences directly which host species will be attacked by individuals of each
natural enemy species, and, to some extent, the intensity of the attack on
each host species. This begs the question of what signifies that a partic-
ular natural enemy species is a ‘member’ of the guild of interest? Some
parasitoids use the species of interest only as a minor host, others use it
incidentally, and so on. Clearly, they cannot be accorded equivalent sta-
tus in relation to the host population as a resource. The other criticisms of
the community approach outlined inChapter 5 are also relevant here, and
need to be appreciated in any judgement of the validity and utility of this
approach to biocontrol.

The ‘individualistic’ nature of the ecology of species reveals that guild
structure is a by-product of the primary interaction between individuals
of the various species represented and the environment, whether physical
or biological (see Chapter 5). That this primary role of the ‘autecological’
interactions is denied in the community and guild approaches is patent
in conclusions that claim, for example, that ‘parasitoid guilds are deter-
mined by three factors: the mode of parasitism, the host stage attacked,
and the form of parasitoid development’ (Mills, 1992). Because this state-
ment also ignores the fortuitous nature of speciation, it must accept im-
plicitly that speciation is an adaptive device, with natural selection acting
directly to produce a suite of species that will use the environment effi-
ciently (see Chapter 6). Insurmountable difficulties arise when working
from a complex pattern rather than from a fundamental process. An al-
most universal experience in ecology is that identified community pat-
terns are evanescent. The idiosyncrasy of species simply overrides them
sooner or later (see Miller & Ehler, 1990, p. 166, and Chapter 5). These
problems are best circumvented by working up from the fundamen-
tal processes associated with a focus on individual organisms and their
species-related adaptations (Chapters 5 and 6) towards the complex pat-
tern apparent at the time and place of interest.

The community approach sees pest populations as unused resources.
Partial biocontrol is thus taken as a problemofwhy anobvious abundance
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of resources (hosts) is notmore fully utilised by the natural enemy species
present. That explainswhy refuges fromparasitismare emphasised in ex-
planationsofwhypestpopulationsarenot loweredby thenatural enemies
present, and why other species in the natural enemy guild are considered
to complete the complement in the natural enemy community. Resources
are seen to be unused because a proportion of the pest population occu-
pies a ‘refuge’, and that refuge represents the niche of another natural en-
emy species (see, e.g., Hawkins, 1993; Miller & Ehler, 1990). A change in
fundamental principles offers amore realistic perspective on such refuges
(Chapter 9).

The topic of the role of species has another dimension that has been
developed to some extent in the biocontrol literature. This involves the
postulate that if a species is introduced for biocontrol and it has the same
‘role’ (or niche) as a species already present, onewill affect the other nega-
tively through interspecific competition. Biocontrol data sets have there-
fore been analysed in efforts to clarify such issues. Thenumbers of natural
enemy species introduced are examined in relation to success in establish-
ment or control, because the competitive effects from one are expected
to disrupt the biocontrol efficiency of others (Ehler & Hall, 1982). Excep-
tional cases, realistic alternatives (e.g. Keller, 1984) and theoretical ob-
jections (see Chapter 5) argue against the validity of such an approach.
Despite the published objections to the conclusions drawn from such
analyses, the original competition-based interpretations are still used in
developing practical guidelines (e.g. Waage &Mills, 1992). The incidental
nature of interspecific competition and its variable effects (Chapter 5) sug-
gest that this approach is unlikely to lead to realistic theory or robust prac-
tical measures.

Modelling to evaluate proposed determinants
of biocontrol success

What actually determines biocontrol success? Is it a feature of the control
agents alone, a combination of features of the pest as well as the biocon-
trol agents, or are aspects of the environment relevant aswell?Mathemat-
ical populationmodels are seen as crucial to evaluating the determinants
of biocontrol success and are frequently portrayed, intentionally or un-
intentionally, as the theoretical underpinning to ecology. The parameters
making up the structure of population models tend to be treated as the
only valid currency in ecological theorising, as part of the ecological laws
identified by Turchin (2001). This seems to lead readily to the view that
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population models can test interpretation and even verify it. Claims that
an author has demonstrated or proved a point need to be assessed criti-
cally when, in fact, they have developed a model only that is consistent
with the original verbal interpretation. This is not such a convincing feat
when the outcome of the equation is predetermined (Wangersky, 1978).
In otherwords,models are essentiallymathematical expressions that rep-
resent a particular body of theory, with the parameters merely represent-
ing conceptualisations of a limited number of ecological features. Alter-
native theories will support different models (see Walter & Hengeveld,
2000).

Several consequences stem from the demographic population mod-
elling approach. These are outlined below, and in general show how easy
it is to mould a biocontrol success to fit the predicted cause(s) or deter-
minant(s) of that success. This is an important detractant because almost
invariably it is the successful cases that are modelled in the verification
process, even though they are likely to represent a biased sample. They
are ‘self-selected’ because of their conventional history and rapid success.
These cases tend to be ones that have been relatively straightforward in
that a host-specific natural enemy (or one that is nearly so) has reduced
population levels soonafter introduction.However,mostprogrammesare
quite different from this, and the following points warrant consideration
in this regard.

1 The general biocontrol models borrowed from population ecology

assume that a character of the natural enemy species, or a particular

suite of characters, was responsible for conferring the recorded

biocontrol success. That character, or suite, is also assumed to be

‘demographic’ in nature (e.g. ‘r ’, the intrinsic rate of natural increase),

because that is the way in which the population models are set up.

These general models are used to search for characters that relate to

biocontrol success, implying that a single specifiable cause is

responsible for success and is common to other biocontrol successes,

perhaps even all of them. However, the reduction in pest densities may

not be related at all to the potential demographic ‘causes’ being

modelled. Could the lowered abundance imposed on the target

species, which is an end product of all ecological influences that act on

the target individuals, ever be traced to the measured demographic

properties of the biocontrol agents? This seems unlikely, since the

organism–environment interaction that is so crucial to the existence,

rate of reproduction, species-wide distribution and local abundance of
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the organisms is ignored (Hengeveld & Walter, 1999; Walter &

Hengeveld, 2000). The population ecology approach is likely to bolster

unjustifiably the image that the measured demographic parameters

have been the most significant influences in achieving biocontrol,

rather than the behavioural and physiological adaptations of

organisms, which undermines the realism claimed for most models

(e.g. Godfray & Waage, 1991; Murdoch & Briggs, 1996). Perhaps the

demographic approach to identifying key parameters would not be so

readily dismissed if the measured parameters stayed reasonably

constant, but this is not even true of the more tangible features, such as

‘r ’ and the functional response (see ‘Emphasis on population

stability’, above), so they are not likely to allow the development of

general insights about other systems.

2 Natural enemies with host-searching behaviour appropriate for

locating the target species are assumed to be easily recognised,

whether from field samples or laboratory tests. The inference that they

attack the target species habitually is also readily made, as reference to

almost all models of successful projects shows. This may not be such an

easy prediction to make accurately, for two reasons. First, field data

need to be comprehensive and extensive before incidental or sporadic

attack can be ruled out (see Chapter 7). If such ‘sporadic attackers’ are

introduced, they will not inevitably tackle the target species, even

though, to hopeful human observers, the target may represent an

abundant unused resource. If such organisms were to adapt to these

conditions, as is frequently assumed (Chapter 6), we would surely see

significantly more successes than we see now. Second, laboratory data

can be seriously misleading, especially when predators, egg parasitoids

and ectoparasitoids are involved. Many of these species are considered

to be polyphagous generalists, a view based mainly on records of

‘sporadic attacks’ in the field and on laboratory attacks (Chapter 7).

Laboratory attacks may not be a good indication that a species is a

habitual natural enemy of the pest in question.

3 No obvious relationship has yet been spelled out between theory in

ecology and any measure of success in biocontrol. ‘Success’ is not an

ecological phenomenon but a subjective economic judgement (Mills,

1994a, p. 214). Thus the only conclusion we can make about a successful

case is that the minimum requirements for success have been met (see

the two points above). Alternative avenues to generalisation are

available from this point and warrant investigation different from the

search for demographic correlates of success.

4 Modelling only successful cases ignores those situations (or aspects)

that are obviously contradictory, as pointed out by Caltagirone & Doutt
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(1989). These awkward observations stand firmly in the way of

generalisation, to the extent that Caltagirone & Doutt (1989) even label

the ‘undisputed prime example of a successful biological control

agent’ as exceptional in several ways.

5 Simulation of successful cases ignores the fact that each biocontrol

programme usually represents a series of specific problems, which

need both identification and solution. This seems to be the only way in

which to deal with any subject that provides such diverse challenges.

Although lessons can invariably be derived from successes, the research

behind the success may reveal more about the requirements for success

than about any correlates with success. Any such correlates may well be

much more general than the demographic correlates investigated thus

far, a point pursued further in Chapter 9.

The points outlined above suggest that biocontrol might have to be
viewed differently from the focus offered by demographic ecology, an is-
sue pursued in Chapter 9. Why projects have failed in the past also needs
consideration, to address the issues of how to fulfil theminimumrequire-
ments for a successful outcome, andwhetherwe shoulddomore thancon-
cern ourselves with the minimum requirements in our efforts to ensure
successful control. Finally, it may be necessary to consider two dynamics
inbiocontrol,namely the initial stagewhenthepestorganismisabundant
and later stages when the density has been lowered.

Adaptationist approach ignores primary processes
Biologists frequently treat theconceptofadaptation inarather trivialway.
Adaptation is inferredwithout justification, evidence, or recourse to prin-
ciple. This attitude or approach, labelled the ‘adaptationist program’, has
been criticised (e.g. Gould & Lewontin, 1979; Lewontin, 1978; Williams,
1966), but the practice remains. In population ecology, adaptation is gen-
erally treated as an ongoing process of optimisation, because individuals
are considered inevitably to compete with one another to the extent that
they have to allocate their foraging time optimally to patches of hosts of
different quality (e.g. Godfray, 1994; Hassell, 1986).

This approach to adaptation is based on the inappropriate dissociation
of ultimate (evolutionary) factors from proximate (behavioural) ones (see
Chapter 5). Optimisation is seen to drive, by natural selection, change to
thehost-searchingmechanism.How this is achieved remainsunspecified,
because ultimate explanations deal with the evolution of searching effi-
ciency through its influence on decisions by the natural enemies about



Selection of natural enemies: population and community criteria 231

which patches of hosts to visit and how long to spend in each (e.g. Waage
& Hassell, 1982). The proximate behavioural aspects themselves are seen
simply as descriptive, and not really useful to theory in population ecol-
ogy and biocontrol.

The failure of natural enemy behaviour to conform to expectations
generated by optimisation theory is seldomaccepted as a refutation of the
optimising principles, despite the questionable validity of those princi-
ples. Rather, more subtlety in the means of optimising is expected, and
sought. The real ecological consequences of behaviour are thus readily
missed. To illustrate: females of the eggparasitoidAnagrus delicatusDozier
usually leave a patch after parasitising less than 8% of available hosts
(Cronin & Strong, 1993). Bouskila et al. (1995) downplayed the ‘spreading
of risk’ explanation that was offered originally, and advocated thinking
of thewasps as being egg limited; they can detect variation in host quality
and to optimise their reproductive output oviposit only in selected high
quality hosts. Several points caution against invoking such abilities on
the part of the wasps: (i) The wasps cannot discern whether a host is al-
ready parasitised (Cronin & Strong, 1993), and superparasitism is not un-
common. If optimisationwas so important, would it not be expected that
mechanisms to detect earlier parasitism would have evolved before any
optimising abilities? (ii) Greater numbers of female wasps on a patch of
hosts result in higher parasitism rates, so host eggs rejected earlier must
be ‘judged’ suitable by other individual parasitoids. They are not tak-
ing these hosts as ‘second best’, because the wasps are unaware of previ-
ous parasitism. (iii) For parasitoids to adjust their behaviour according to
whether they will ultimately be egg limited or time limited implies they
have perfect knowledge of future host availability, which is impossible
(Rapport, 1991; Walter & Donaldson, 1994). Not surprisingly, populations
of wasps are likely to contain both egg-limited and time-limited individ-
uals (Heimpel & Rosenheim, 1998), so generalisations around this pro-
posed determinant of behaviour are unlikely to be robust (Walter &
Donaldson, 1994).

The acceptance of optimisation principles bolsters the view that an
‘evolutionary arms race’ persists between host and parasitoid (e.g. Lively,
1993; Myers et al., 1989). Although such views are questionable (see
Chapter 7), they are used to infer which host associations are likely to be
the most successful in biocontrol. For example, ‘natural enemies that are
relatively rare in the native environment may be the best biological con-
trol agents because they will readily attack the host . . .but the hosts will
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not have evolved resistance or tolerance to them’, and ‘[t]he species that
respond to artificially dense populations of hosts should be good biologi-
cal control agents’ (both fromMyers et al., 1989).

If host-searching behaviour is a complex mechanism that has as its
end (orultimategoal) the locationandparasitisationofhostswithwhicha
particular suite of chemical and physical characteristics can be associated
(see Chapters 5 and 9), then a ‘rare’ natural enemymay be only apparently
rare because it is a ‘sporadic attacker’ with a vast number of additional
representatives that are simultaneously attacking another species. If so,
increasing host density may simply increase the chance of incidental
parasitism, through accidental encounters or because of a coincidence of
unusual circumstances. Theprobability of establishment of such sporadic
attackers may be low compared with a species that is specifically adapted
to attack the target species anddoes so habitually rather than sporadically
(see Chapter 7).

Adaptation within local populations of species is expected under the
demographic paradigm (see Chapters 5 and 6). This has had two prac-
tical consequences in biocontrol, neither of which has proved beneficial
in practice. First, released natural enemies are expected to adapt to the
local area of release, at least to some extent (e.g. Caltagirone & Doutt,
1989; Roderick, 1992). If the released sample is representative of the
genetic variability in the species as a whole, it may adapt to some extent
through changes in frequencies of polymorphic alleles, but that repre-
sentsonly limitedadaptivepotential (seeClarke&Walter, 1995;Marohasy,
1996). Second, the importation of additional local ‘strains’ or ‘biotypes’
is unlikely to improve biocontrol prospects. No unequivocal example of
success by this means has been published; the only successes have been
a consequence of the fortuitous inclusion of a cryptic species that con-
trolled the pest (Clarke & Walter, 1995; see also Chapter 6). Fortuitous
successes are acceptable and welcome, but if the biocontrol success rate
is to be improved, reliable principle is more likely to help than is
serendipity.

In summary, too strong a belief in the powers of local adaptation
maydiscourage sound release practice, especially as regards ensuring that
the organisms for release will (i) attack the target habitually under field
conditions in the target area, (ii) persist and reproduce under the new
suite of climatic conditions, and (iii) become established through choice
of appropriate release sites and times. Coincidental matching of these
three sets of criteria is sufficient to explain how limited introductions
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of certain species not only establish, but also achieve successful control
(see Chapter 9).

Discussion

If the demographic approach to developing ecological generalisations for
biocontrol worked effectively, ecology would gain considerable kudos.
Besides the difficulties outlined above, three additional lines of reason-
ing warn why this popular approach to generalising about biocontrol
needs reorientation, and indicate that our expectations of ecological the-
ory need to be tempered (these expectations are reassessed in Chapter 9).
First, the demographic principles from which the approach has been de-
veloped (andwhich provide the only justification for the approach) donot
relate directly to individual organisms (see Chapter 5). Second, the evi-
dence available from ecological studies in general is not encouraging. For
instance, the role postulated for density dependence is highly question-
able, as indicated by the retreat of protagonists to the point where they
have even claimed it is important but not readily measurable as it may
be swamped by random environmental variation (Hassell, 1985, 1986).
Also, despite intense effort over almost a century, no robust patterns have
been detected in ecological ‘communities’ (e.g. Greig-Smith, 1986; see
also Chapter 5). Third, even the advocates of a greater role for ecological
theory in biological control admit that theory has not improved practice,
although they are optimistic that the demographic approach will yield
the desired improvements (e.g. Murdoch & Briggs, 1996).

Demographic ecology (population and community theory) has the po-
tential tomislead biological control, for it is based on premises that inap-
propriately direct understanding away from organisms and their species-
specific adaptations, generate unreasonable expectations and maintain
the focus on the same general approaches to ecological research. Eco-
logical theory must be adapted to accommodate individual organisms
in their natural setting as well as the idiosyncrasy of species. It must
desist from imposing the expectations and desires of humans on nat-
ural systems. The determinism and idealism of demographic ecology im-
pose on natural systems too much that is clearly not there. Demographic
ecology is consequently far too optimistic about the prospects for pre-
dicting what will happen in circumstances that are all too obviously in-
fluenced by the vagaries of unpredictably changing climatic and other
factors.
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Persistence with demographic principles is, in itself, not a problem,
but perhaps more progress could be made in applied ecology if that ap-
proach were not portrayed as the only ‘legitimate’ one to the general
problem. This is a consequence of the hegemony of demographic ecology
(Chapter 5).Finally, theautecological approachtoecology,whichprovides
an alternative to the demographic one (Hengeveld & Walter, 1999), sug-
gests that the idealism inherent in demographic ecology cannot support
the desired practical benefits.

Chapter 5 contrasted demographic principles with autecological ones.
If autecology is more realistic than demographic ecology, it should
provide practical guidance for biocontrol. This would be a significant
advance, as the ‘pragmatic school’ of biocontrollers lacks theoretical di-
rection from realistic principles. Chapter 9 shows that autecology does
provide the required guidelines, but also warns that ecologists’ expecta-
tions of theory are overextended.Weneed to temper our expected abilities
in applied ecology, but we can enhance our performance considerably by
noting the principles of autecology, applying them with care, and by not
allowingourexpectations toexceed the limitationsofour current abilities
in ecology.
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Autecological research on pests and
natural enemies

[T]here should be applicable ecological theory to help choose natural
enemies, plan their release, and perhaps alter the agroecosystem.

w. w. murdoch & c. j. briggs (1996, p. 2001)

Introduction

The point made by Murdoch and Briggs in the text above is of central
importance to improving pest management practice in general and bio-
control in particular. The difficulty lies in deciding upon the appropriate
direction to take in seeking that theory (Chapters 4–6). Demographic the-
ory in ecology currently holds a monopoly in attempts to understand the
ecology of pests andnatural enemies (Chapters 5–7) and to apply theory to
biocontrol practice (Chapter 8). Autecology has seldom been mentioned
as an alternative source of theory and insight. A problem for autecology
is its frequent misrepresentation as simple natural history observation.
Even when natural history observation has been mentioned as useful, it
has been portrayed as intuitive observation whose utility is to fill in gaps
of fact.

This chapter therefore examines how a changed perception of aut-
ecology can provide a scientifically sound andhelpful theoretical basis for
enhancing biocontrol theory and practice. Autecology is based on the in-
tegration of physiological, behavioural and ecological principles into an
evolutionary framework that is consistentwith suchprinciples andwhich
has its basis in the recognition concept of species (see Chapter 6). Natural
selection provides a common basis for these principles, but is not seen as
an agent of optimisation. Natural selection acts directly on the mecha-
nisms,not theirpostulatedefficiencywithinacompetitivelydrivenworld.

[235]
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Autecology is thus built explicitly on the notion that ecology represents
the expression of behavioural and physiological processes in nature, in
similar spirit to Kennedy’s (1967) view that behaviour is the expression of
physiological process. This approach cannot promise to fulfil the type of
predictive role currently envisaged for ecological theory by demographic
theoreticians, a point elaborated further in thebodyof the chapter. Suffice
to say the more realistic approach provided by autecology deals expli-
citly with individual organisms in nature and thereby defines different
limits to prediction in ecological systems. Although demographic ecol-
ogypromisesgreaterpredictive ability thandoes autecology (Hengeveld&
Walter, 1999; Walter & Hengeveld, 2000), it has not delivered in this re-
gard. It is the subject matter that specifies the limits to predictive abil-
ity within a discipline and these limits exist independently of hope or
desirability.

The issue of what makes a successful biocontrol agent has yet to be
tackled in any detail from the autecological perspective, except in the
mostgeneral terms.Aspects of autecology are evident in thepragmatic ap-
proach to biocontrol as it is currently practised, because species are dealt
with on a case-by-case basis. In other words, species are accepted as being
most realistically treated individualistically (see Chapters 5 and 6). How-
ever, ‘pragmatic biocontrol’ has not been formally linkedwith the princi-
ples of autecology, presumably because autecological theory has not been
well developed and, until recently, had no evolutionary underpinning
(Chapters 5 and 6). The rest of this chapter introduces a general approach
to investigating natural enemies from the autecological perspective.

Because the autecology of parasitoids and predatory insects is not well
known, the development and justification of general ideas in autecology
cannot be achievedwith reference to biocontrol agents alone. I have there-
fore drawn examples from other organisms, mainly pest species, to illus-
trate the potential that autecology holds for pest management in gen-
eral and biocontrol in particular. This chapter thus also links back to
Chapter 7, in which polyphagy was discussed in some detail.

The chapter is divided into two principal sections. The first introduces
the autecological principles relevant to understanding the ecology of
parasitic and predatory (together comprising ‘entomophagous’) insects.
Theemphasishere is onecological relationshipsdeemedrelevant through
theirdefinition in termsof (i) the individual and the species, (ii) organisms
and their environment, (iii) behaviour and the environment, and (iv) the
movement of individuals related to ecological scale. The second section
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introduces a practical approach to the pre-release evaluation of biocontrol
agents, by going through a three-step procedure that is designed to en-
sure the natural enemy released has the appropriate characteristics to at-
tack the pest species habitually in the field. The discussion section draws
together the points made and considers the nature of ecological general-
isations andwhat is likely to be predictable in biological control.

Entomophagous insects and autecological principles

Behaviour, physiology, environment and successful projects
The significance of behaviour, physiology and the environment to de-
veloping general ecological principles has been downplayed. They are
widely considered to be somewhat peripheral to the development of
demographic generalisations (Chapter 5). More specifically, behavioural
and physiological mechanisms are seen to be proximate factors rather
than ultimate or evolutionary ones (Chapter 5). However, recent devel-
opments in evolutionary theory provide a basis for redressing this mis-
conception (Chapter 6). Although demographic ecologists do recognise
that behaviour, physiology and the environment are relevant at the pre-
release evaluation stage, these aspects are seen as ‘practical criteria’ (e.g.
Godfray & Waage, 1991, p. 434) and are thus portrayed as aspects that
are straightforward to understand, by simply gathering the appropriate
facts.

Admittedly, behavioural and environmental ‘matching’ has been read-
ily achieved in successfulbiocontrolprogrammes,but thatmaybeencour-
aging the illusion that such aspects of an organism’s ecology are readily
understood. The understanding of just how organisms match their eco-
logical circumstances presents special problems. As yet only rudimentary
theory is available (Hengeveld &Walter, 1999; Walter & Hengeveld, 2000)
to deal with this process, although it underlies the idiosyncratic species
distributions, local ecologies and responses to climatic influences that
represent the most consistent patterns detectable in ecology (Hengeveld,
1990;Walter & Paterson, 1994).

Failure to develop autecology may go part way to explaining the
high proportion of unsuccessful biocontrol programmes, because demo-
graphic theory removes the focus from the organism and organism–

environment interaction and directs it at hypothetical equilibria
(Chapter 5). The minimum requirements of a successful biocontrol
programme have not been met in so many instances because the reality
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in understanding autecology is different from its portrayal as a simple
fact-gathering exercise in natural history observation. This implies that
biocontrol failure has not necessarily resulted from a failure to identify
thedemographicallydefined characteristics that best correlatewithmeas-
ures of biocontrol success. Failure to consider autecological principles
provides a more likely explanation (although not all failures will be
explicable in this way).

Emphasis on individual organisms
Autecological theory suggests that if natural enemies are abundant
enoughintheenvironmentandhaveamechanismthatenables themto lo-
cate individuals of the target species, evenwhen it is at low densities, they
are likely to suppress the pest population. The phrase ‘abundant enough’
draws attention to suchbiological features of the natural enemy species as
survival of all life stageswithin the area of interest, aswell as reproductive
success andmovement into or away from the area. The continuousmove-
ment of the natural enemies, which is considered in a subsequent subsec-
tion, is fundamental to understanding their presence and abundance as
well as their impact on the pest species within the area of interest. This
emphasis on individuals deflects attention from such abstractions as
population, equilibrium, stability, and so on.

The autecological perspective advocates concentrating on the funda-
mental point that the natural enemy must match the environment into
which it is to be introduced. Biotic factors comprise aspects of that envi-
ronment and include such features as the host or prey species, the host
plants on which they are found, vegetation structure, and so on. The dif-
ficulty is the identification of the primary components of the match be-
tween organism and environment, for they are diverse, frequently subtle
and sometimes inconvenient to investigate. For example, themechanisms
that require study may be behaviours that involve distance attraction of
natural enemies to their host or prey, or to the host plant upon which the
target organism feeds. In addition, they may be subtle impositions of the
physical environment on individuals of a particular life stage. The ulti-
mate test is the natural enemy in the field, a situation that is impossible
to emulate in the laboratory or to predict with generalmodels, for param-
eter estimation is technically close to impossible for conditions still alien
to a species (Hengeveld, 1999). Empirical investigation of environmental
matching is considered in the followingmajor section.
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Figure 9.1. Lifetime track of an individual organism (Drake et al., 1995). Repro-
duced with permission.

Individuals, species and ecological scale
Chapter 6 details howphysiological and behaviouralmechanisms of indi-
vidual organisms, within their usual environmental context, dictate the
limits of species. A duality thus exists between the conceptualisation of
the species and the individuals that make up each species. The most im-
portant practical consequence of this duality is for our understanding of
the appropriate scales of observation and interpretation in ecology. The
geographical distribution of the species dictates one scale of ecological re-
solution, which is the geographical extent to which the activities of the
individuals are generally confined. This scale reveals the extremes with
which the individuals can cope and the range of environmental settings
that are inhabitable. The species-specific adaptations, as manifest in the
behavioural and physiological properties of individuals, dictate a second
scaleof observation, the local regionwithinwhich the individuals of inter-
est to the ecologist will carry out their life and reproductive processes. An
important part of the lifeline of individuals (Rose, 1997) is their lifetime
track (Drake et al., 1995; Howard, 1960) (Fig. 9.1). The lifetime track will
reflect species-specific traits. Interpretation of local ecology thus entails
an understanding of the reproductive limits of species, the geographical
scope of the activities of the individuals that comprise the species, their
adaptations as they relate to host organisms and other features of the en-
vironment, and their lifetime track.

The individual-based view of ecology just outlined is underpinned by
the recognition concept of species, and justifies the emphasis on species-
specificity in ecology (Chapter 6), as opposed to the suppressionof species’
unique features in the search for general patterns among emergent
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phenomena such as postulated population equilibria, population stabil-
ising mechanisms and guild structure. Emphasis on individuals and the
lifetime track they follow as they move within the environmental setting
introduces complexities aroundwhich ecological generalisationshave yet
to be developed.Movement has generally been treated in its own right, as
migration, anddemographic ecology has incorporatedmovementmainly
with respect to such aspects as life history strategies (e.g. Southwood,
1988), patch quality and optimisation (Hassell & Southwood, 1978), and
population stability (Jones et al., 1996). Demographic ecology sees a dis-
junction between the behavioural processes that relate to movement, on
the one hand, and the ecological processes that are considered important,
on the other (e.g. Jones et al., 1996, p. 318). Autecology works in the op-
posite direction, from behavioural processes to ecological consequences,
after the style of Lima & Zollner (1996) for instance, but without being
built upon ideas relating todecision-makingbyorganisms,maximisation
of fitness, andmetapopulation dynamics (see Chapters 5 and 6).

Movement of individuals
Organisms that undertake, in large numbers, more than just local move-
ments are treated as migrants per se. Migration is generally associated
with particular physiological conditions of the participating individuals
andwith specificbehaviours, sometimes in relation to currents ofwind, as
occurswith the invasion of brownplanthoppers into Far Eastern rice pad-
dies (Fig. 9.2) and bollworms into Australian cotton (Fig. 9.3). Suchmove-
ments are ‘undistracted’ in that the organisms do not respond to their
usual resources or home ranges (Dingle, 1996). Othermovements, in con-
trast, are local and appetitive (Kennedy, 1992), and include foraging and
territorial behaviours. Because appetitivemovements tend to be governed
by resources and home range, they generally do not result in significant
displacement of individuals, and have been classified as ‘station keeping’
(Dingle, 1996).

Between these two extremes, another type of movement has been
characterised. This has usually been thought of as ‘dispersal’, however,
strictly dispersal is a population consequence, soDingle (1996) prefers the
term ‘ranging’, to indicate exploratory movement by individuals. Rang-
ing differs from migration in that it ends, by definition, when suitable
habitat or territory is located. In terms of ecological consequences, the
most significant aspect of this behaviour is that the movement is undi-
rected, but away from the habitat of origin (den Boer, 1990b). The general
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Figure 9.2. Wind-assisted summer migration pathways of the brown planthop-
per (Nilaparvata lugens), a pest of rice, from China to Korea and Japan. ‘A’ is a
suspected source area, ‘B’ is an area of sporadic overwintering, and the solid line
demarcates the main rice-growing area of temperate east Asia, into which mi-
gration takes place regularly. The winds represent those recorded during a mass
migration episode. After Kisimoto & Sogawa (1995) and Kisimoto & Rosenberg
(1994). Reproduced with permission from Drake et al. (1995).

view is that individuals undertake such movement when conditions be-
come unfavourable. Thatmay be true of migration per se, but despite the
safe assumption that ‘all animals will try to flee from sites where condi-
tions are becoming adverse’, the ranging of terrestrial arthropods can-
not be considered merely an ‘escape from adverse conditions’ (den Boer,
1990b). Many organisms respond positively to environmental conditions
that favour theirmovement, despite their immediate surroundings being
favourable for their survival and reproduction. Thus, ‘aerial dispersal oc-
curs each year and everywhere’ (den Boer, 1990b).

How do the movements of natural enemies match these categorisa-
tions?The studyof parasitoid orpredatormovementusually concentrates
on foraging among localised groups of hosts within a small area, and
is frequently interpreted functionally in terms of optimisation (e.g. van
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Figure 9.3. Recorded migration pathways of the native Australian bollworm,Helicoverpa
punctigera. Modified from Gregg (1994).

Alphen & Vet, 1986; Waage, 1979) or in terms of population stabilisation
(Jones et al., 1996). This approach is too restrictive, for individuals may be
displaced considerable distances, as in the mymarid egg parasitoids that
seasonally re-invade islets up to a kilometre from source sites (Antolin
& Strong, 1987; Strong, 1988) (Fig. 9.4). Consequently, the distinction
between foraging and ranging is not an easy one to make. Furthermore,
egg-laden female waspsmaymove away from an area containing suitable
hosts (Cronin & Strong, 1993; Fernando, 1993), which is a behaviourmore
closely aligned with migration, so again distinctions are blurred. Many
parasitoids have been found to move over distances more usually associ-
atedwithmigration.For instance, aparasitoidof locust eggs, Scelio fulgidus
Crawford,moveswithwind systems in the upper air (100–300m) (Farrow,
1981). This tendency seems not to be solely related to the distribution and
nomadic life style of the host, for many other microhymenopteran para-
sitoids were recorded in the aerial samples taken by Farrow and the other
authors he cited. That individuals ignore suitable resources (or habitat) in
thisway is not restricted toparasitoids or insects, but is evident also in ver-
tebrates (Howard, 1960).

Rather than dwelling on general categorisations of movement, let
us bring into focus again the behaviour of individuals and examine it
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Figure 9.4. Evidence of the migratory behaviour of the mymarid egg parasitoid Anagrus
delicatus, which seasonally recolonises islets off the Florida coast after winter extinction
of its planthopper hostProkelisiamarginata. After Strong (1988). Copyright 1988, reprinted
with permission from Elsevier Science.

for its ecological consequences. Information about movement of natural
enemies is still scant, so other types of insects will also be considered.
The contention developed is that in insect natural enemies, as well as
pests, there is an ongoing movement of individuals that results in their
being continuously redistributed within the area of ecological interest.
Furthermore, ongoing movement into the area of interest, as well as out
of it, also adds to this redistribution. The extent of such redistribution (or
‘shuffling’;Howard, 1960) has the consequence that levels of parasitismor
predation, and their spatial distributions,will bebestunderstood froman
integration of information on (i) themovements of individual natural en-
emies, which is a species-specific aspect of their behaviour (e.g. den Boer,
1979; Jones et al., 1996; Meijer, 1974; van Huizen, 1979), (ii) reproduction
and survival rates of the natural enemies under the conditions in the
locality of interest, and (iii) their host or prey relationships.
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Ecological consequences
The ongoing redistribution of organisms, described above, takes place
within generations as well as over a geographical scale considerablymore
extensive than is usually included in interpretations of ‘local ecology’,
including studies of optimisation relative to patches of resources or
considerations of population stability. The ecological implications of
suchmovements have yet to be worked into general theory. They occur at
a scale and intensity that is not as readily detectable as mass movements
over considerable distances (Davis, 1984). Also, they are not as easily
followed as are the small-scale foraging movements of organisms. Nev-
ertheless, their ecological impact is fundamental. Consider the winter
moth, for example. Female winter moths are flightless and have to walk
up tree trunks to reach oviposition sites in the vicinity of leaf buds.
Moths can easily be prevented from ascending trees, by placing barriers
around the trunk. Holliday (1977) banded a subset of trees within an
apple orchard to modify the spatial pattern of winter moth oviposition,
and thus monitor the influence of larval feeding on their resources. His
subsequent sampling showed, however, that the larvae had redistributed
themselves by means of aerial ballooning on silken threads to the extent
that their distribution was even across the orchard. Larval density was
thus almost completely dependent on larval dispersal.

Suchwithin-generation redistributions takeplace in other species that
had been considered largely sedentary until investigated in an appropri-
ateway, including codlingmoth (Schumacher et al., 1997), tent caterpillars
(Wellington, 1977), chrysomelid forestry pests (Clarke et al., 1997), newly
emerged Trichogramma evanescenswasps (Smits, 1982, cited by Smith, 1996)
and drosophilid flies (Kimura et al., 1978). Although individuals of some
species do leave their natal site only at relatively low frequencies (e.g.
some cerambycid beetles (Davis, 1981, 1984, 1986) and tussock moth lar-
vae (Harrison, 1997)), the hypothetical species whose movement can be
ignored in efforts to understand its ecology has been derided as that ‘ill-
conceivedAutochthone, themythical animal that nevermigrates’ (Taylor,
1986). Even in carabids, a large proportion of the population (up to 60%)
walks away from suitable habitat, despite flight being the major process
in post-diapause redistributional movements (den Boer, 1970).

The movements considered above are unexpected in relation to
current ecological theory, because individuals leave resources that are os-
tensibly suitable, as judged by other individuals staying there (e.g. Davis,
1981, 1984, 1986; Vorley & Wratten, 1987). The physiological ‘trigger’ for
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individual insects leaving such situations is not known, but hormonal
influences have been implicated in vertebrates (Howard, 1960).We should
not interpret this behaviour, or its ecological consequences, in terms
of the maximisation of fitness, for mistakes are frequent. Significant
numbers of carabids land in habitats unsuitable for reproduction, but
cannot leave because of flight muscle autolysis (van Huizen, 1977). Para-
sitoids oviposit into hosts from which successful emergence is precluded
(Carroll & Hoyt, 1986), and herbivorous insects oviposit on to unsuitable
host plants (Thompson, 1988). Further, population density, and thus
density-dependent influences, are not likely to be significant, for ‘the
number [of carabids] taking part in dispersal by flight are similar for both
sparse and numerous species’ (den Boer, 1990b). The same would be true
ofmany other species (e.g. Davis, 1981, 1984, 1986).

Individuals, movement and ecological models
Models of population change, in time and across space, that are developed
from a basis in individual behaviour and physiology will look different
from those developed around the feedback influences of density, but have
been attempted only for invading species (Lensink, 1997; Van den Bosch
et al., 1992). Invaders are more readily studied from this perspective, be-
cause the consequences of their ‘redistributional’ movements are fairly
easily measured while the population is expanding into new areas. The
post-release movement of natural enemies has been measured directly in
several cases, as well as indirectly (e.g. Follett & Roderick, 1996).

Rates of movement are species specific and take place regardless of
suitable hosts (or habitat) being abundant (or available) in the area which
the individuals had left (den Boer, 1990b; Howard, 1960). Rates of inva-
sion of such species are indicative of the scale over which redistribution
is likely to occur in non-expanding populations of the species. This
point needs to be checked for insects generally, and natural enemies
specifically, but it holds for at least some vertebrates (Van den Bosch
et al., 1992). Lensink (1997) did record locality-specific differences in
invasion rates, but whether they reflect differences in scale of movement
or differences in reproductive output is not yet clear. The distribution
of some natural enemy species expands relatively slowly, at least in
terms of the aims of biocontrol deadlines. An example is the coccinel-
lid Curinus coeruleus Mulsant on Indonesian (Soehardjan, 1989) and
Hawaiian (Follett & Roderick, 1996) islands. Data from Indonesia have
apparently not been published, and the Hawaiian measurements were



246 Specific directions in ecological research for IPM

taken after the species had already distributed itself widely across the
archipelago. Since rates of distribution change were estimated indirectly
by means of genetic analysis, alternative explanations of the population
genetics structure cannot yet be ruled out entirely (Follett & Roderick,
1996).

Note also that individuals ‘must contend with a shifting set of trans-
itory habitats which can suddenly change from suitable to unsuitable
between consecutive generations’ (Wellington, 1977), and that these con-
ditions are species specific and may change even within a generation.
We therefore need to consider the ecology of all organisms from the view-
point of the geographical setting of suitable environments for the species
in question.

For long-distance migrants the geographical setting may well be the
continental species distribution. In any case, the ecology of a diversity
of species, from mammals and birds (e.g. Lensink, 1997; Van den Bosch
et al., 1992) to insects of all sizes (e.g. Kisimota & Sogawa, 1995; Parmesan
et al., 1999; Rainey, 1989), is known to be understandable only if this geo-
graphical perspective is added to the suite of properties considered to be
fundamental to ecological interpretation. Furthermore, the geographical
distribution of a species will inevitably shift with time as a result of the
colonisation of new areas and the local extinction of other populations
(e.g. Hengeveld, 1990).

Adaptation and ecological interpretation
The outline of ecological scale, above, suggests that an appropriate under-
standing of the ecological consequenceswe termpresence and abundance
demands the integration of an area-wide consideration with the perspec-
tive from a finer focus that considers the ecological consequences of the
adaptations of organisms inparticular localities.Herewefinddifferential
abundance in relation to spatially and temporally changing environmen-
tal conditions (including biological influences, as detailed in Chapter 5).
A common oversight in ecology is to treat the environment of a locality as
providingequivalentphysical conditions forall the species that live in that
area, as is done for instance in interpretations of ‘community structure’
(Chapter 5), and in biocontrol models that seek demographic correlates
of success (Chapter 8). That this is inappropriate is readily demonstrated
(Fig. 9.5; see also Chapters 5 and 8).

To deal with the problem of species carrying adaptations that are
idiosyncratic and individualistically adapted to a particular suite of
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Figure 9.5. Various environmental factors impinge on organisms. Several such factors
are represented here, as they impinge on a pest species of interest as well as a nat-
ural enemy. Should factors 1–4 reach values that decrease the survival and reproduction
of the prey, but simultaneously increase the survival and reproduction of the natural
enemy, then relatively higher rates of parasitism or predation can be expected. One
would therefore expect rates of natural enemy-induced loss to change with time and
across space. This view is acknowledged by practitioners through their development of
augmentative release programmes to overcome the negative effects on natural enemies
of environmental influences.

environmental conditions (which includes also biological components;
Chapter 5), two developments in ecology have been necessary. First came
the logical reorientation in the conceptually intricate area of species and
individuals, as detailed above. The second development necessitated a
move away from the emphasis on resource use as a point for develop-
ing generalisations. Rather, the specific adaptations shared by individ-
uals of the same species dictate the relationship between organisms and
environment, which is independent of those other species postulated to
‘share’ a common pool of resources and thus ‘community membership’
(Chapter 5).

With theory shifting focus from resources as a common currency for
which species compete, the abstraction of the environment into an abi-
otic sector and a biotic one is not useful, particularly when the biotic is
almost always equated with demographic influences related to resource
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use (Walter & Hengeveld, 2000). The important aspect is to understand
the species-specific relationships between individuals and the suite of
physico-chemical and biotic aspects of the environment with which their
survival and reproductive mechanisms interact. Frequently, physical fac-
tors relate to physiological tolerance limits and biological ones to be-
havioural responses to environmental sense data (e.g. Bernays & Wcislo,
1994; Dusenbery, 1992), and that dictates which parts of the environ-
ment those individuals will inhabit. Harrison (1997) noticed that such in-
fluences of adaptation on population levels are neither ‘top-down’ nor
‘bottom-up’, which are the avenues usually pursued by ecologists. Again,
this view of abundance being primarily a consequence of the interaction
between the adaptations carried by organisms and their local environ-
ment is consistentwith theprinciplesof the recognitionconceptof species
(Walter & Zalucki, 1999).

Pre-release evaluation of biocontrol agents

The release of biocontrol agents into a new environment and their suc-
cessful colonisation are events crucial to success in biocontrol. The ini-
tial small size and limited distribution of the newly liberated population
place it at risk from various influences that would not affect a large popu-
lation in the sameway. For example, environmental variability or evende-
mographic stochasticity may cause extinction (Kareiva, 1990). To increase
chances of success at this point,weneed to characterise the environmental
relationship of the organisms. This will often be subtle, especially in en-
vironments that are not strongly seasonal or with organisms that survive
adverse conditions in ways that are not obvious.

Autecology provides at least the beginnings of theory for biological
control to accommodate these problems, as expanded below. In brief, it
suggests a three-step research protocol for the pre-release investigation of
natural enemies. The research is not aimed at selecting the species that
shows most potential, the goal at which demographic ecology aims. Aut-
ecology intends tomake sure that only natural enemies that are function-
ally equipped for the target situation are considered.Other species are un-
likely to perform adequately. The three steps are (i) the establishment of
species status, (ii) confirmation that the host relationship with the target
pest is functional, and (iii) definition of the environmental relationships
of the natural enemy species. These are dealt with in turn.
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Behavioural systems that delimit species gene pools
The importance of defining the limits of species unambiguously before
release has already been emphasised (Chapter 6). Such procedures are also
important forprovidingaclear recordofwhatwasdone in theprogramme
andallowaccurate interpretationofanyproblemsthatmaydevelopsubse-
quently. For example, if successful biocontrol suddenly fails or if levels of
success have been incorrectly portrayed, meaningful corrective measures
can be taken only on the basis of the appropriate scientific understanding
(Clarke, 1990; Sabrosky, 1955). In the case of multiple introductions, one
should be confident of whether the same species or different species are
being introduced when ‘biotypes’ or ‘strains’ are considered. Such situ-
ations, if not resolved at the outset, are likely to confound interpretation
of the outcome, andwill also leave unnecessary complications for any bio-
control efforts thatmight beneeded subsequently (Clarke&Walter, 1995).

Behaviour of individuals: habitat and host range
A minimum requirement for successful biocontrol is a natural enemy
species that will, upon release into the environment, habitually attack in-
dividuals of the target species. This requirement is frequently acknow-
ledged, but only infrequently investigated in an appropriate way prior to
release. An additional complication lies in there being alternativemodels
of the behavioural basis that underlies patterns of host relationships. The
different practical consequences of these alternatives are not widely dis-
cussed, which impedes the development of appropriate theory.

Natural enemieswill habitually attack individuals of the target species
only if the multiple steps of their host-searching behaviour correspond
with the cues that are associated with the ‘target’ organism and its sur-
roundings. Correspondence will occur if the natural enemy is primarily
adapted toencounter individualsof the ‘target species’, or ispreadapted to
attack the pest species through its adaptation to another species, perhaps
a close relative. Successful controlwithorganisms that attack thepest inci-
dentallywill inevitably be far less likely, even if (i) thepest does represent a
readily available unused resource, and (ii) the natural enemy occasionally
does attack the pest in large numbers.

The ecological correspondence between natural enemy and pest is
not simply a question of natural enemy behaviour. Their coincidence in
the field may be influenced by additional factors, such as the synchrony
between the natural enemy and the target. That could derive through
diapause (Quicke, 1997), although diapause may in some cases have to be
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broken to maintain synchrony (e.g. Gilkeson & Hill, 1986; Hoy, 1990). An
alternative host may be necessary to bridge periods when the target host
is not available (e.g. Corbett & Rosenheim, 1996; Doutt & Nakata, 1973;
Vorley & Wratten, 1987), but here timing is essential and the alternative
hosts must be primary ones or ones to which the natural enemy species
is preadapted. Incidental hosts may not serve as well, but this has not
been investigated. ‘Timing’ may also be achieved by natural enemies im-
migrating from areas or situations well outside of the biocontrol system
(Corbett & Rosenheim, 1996). Suchmigration introduces a perspective on
persistence that differs from that usually espoused in biocontrol. Instead
of hinging interpretation around the persistence or coexistence of nat-
ural enemy and pest populations, emphasis is switched to the persistence
and reproduction of individuals within the context of the ecological scale
dictated by the species-specific properties of the individuals concerned, as
well as the ‘provision’ of resources within that context.

The scale of operation of individuals of thenatural enemy species of in-
terestmaywell be different from that of the target species. In an open sys-
temthismay result inproblemswhen thenatural enemies are introduced,
for the number of introduction points and their distributionwould affect
the timeneeded for complete spatial coverage tobe achieved (e.g. Follett&
Roderick, 1996). The scale of operation of individuals may be locality spe-
cific (e.g. Lensink, 1997), so localities that differ in climate or vegetation,
for instance, may warrant different release strategies (or landscape man-
agement; Corbett & Rosenheim, 1996). Local extinctions and the need for
re-invasionmay cause problems subsequently. Release strategies in closed
systems (or systems that are effectively closed to the natural enemies be-
ing released, through time constraints for example) will need an appro-
priate spatial plan for success. Practitioners may also have to consider the
scale dictated by the geographical distribution of the species concerned,
when the distribution of the introduced natural enemy does not coin-
cide with the pest’s distribution, for example. Additional natural enemy
species that are ‘climatically complementary’ (e.g. DeBach, 1974, pp. 70,
171;Huffaker&Kennett, 1966; Rochat&Gutierrez, 2001)would be needed
to achieve complete coverage of the pest’s distribution. Climatic condi-
tions in the areas not covered by the introduced natural enemy will indi-
cate the climatic regions that may repay additional exploration. Climatic
matching is considered in the following subsection.

A good start has been made in integrating biocontrol aims with an
understanding of the behavioural and physiological aspects of natural
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Figure 9.6. Diagrammatic representation of Salt’s (1935) hierarchical model of host-
searching behaviour by parasitoids.

enemy biology that relate to their host use and habitat requirements.
These efforts (e.g. Lewis et al., 1990; Vinson, 1998) are essentially auteco-
logical in that they work from the level of the individual organism (and
its properties) towards the consequences for population size. Approaches
that embrace optimality in explaining host relationships do not fall into
this category, for they ignore physiological and behavioural mechanisms,
and their interpretation is reliant on a competitive view of natural selec-
tion that is ongoing and directional (Chapters 5 and 6).

Two generalmodels for host-searching behaviour have been proposed.

1 The original model was pioneered by Salt (1935) and was essentially

hierarchical in that each step focused the activities of the searching

wasp within the environment (Fig. 9.6), such that successive steps

eliminated non-host species (Flanders, 1953). Subsequent addition of

the behavioural components, and the environmental sense data that

influenced them, made the model more realistic when it was

formalised as the ‘find and attack’ cycle by Lewis et al. (1976) and

Vinson (1977).

2 The ‘reliability–detectability of information’ model (Fig. 9.7) was

developed specifically in relation to semiochemicals used by searching

natural enemies (Tumlinson et al., 1992; Vet & Dicke, 1992). Its

acknowledged basic premise is that the great variability and dynamic

nature of these cues requires a highly sophisticated and flexible

response system. The generalisation is developed around the

differential properties of the information used by the insects, as well as

the ability of natural enemies to learn and the variability inherent in

their behaviour (Lewis et al., 1990; Vet et al., 1990).

These two models have now been united, by Vinson (1991, 1998) into
a single functional model (Fig. 9.8) along the lines of the concept of
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Figure 9.7. The reliability–detectability of semiochemicals model depicted by Vet &
Dicke (1992). Reprinted with permission from the Annual Review of Entomology c© 1992.

fertilisation mechanisms (Fig. 6.3, Chapter 6). A few deletions, modifica-
tions and additions to this schememake amore accurate generalmodel of
whatmight be termed ‘parasitisationmechanisms’ and ‘predationmech-
anisms’ (Fig. 9.9). This proposed amalgamation is consistent with
the more recent behavioural models developed by weed biocontrol
practitioners for their specificity testing of herbivores intended for intro-
duction againstweeds (Marohasy, 1998;Wapshere, 1989). It pays attention
to the complexity of the mechanism and its sequential nature, the diver-
sity ofmodes of information that areused (Vinson, 1977), the environmen-
tal context of the information used by the natural enemy individuals, and
their behavioural responses. This model thus extends the more simple
‘long-distance/close range’ dichotomy that tends tobeused indiscussions
of semiochemicals and host finding by parasitoids.

The host-finding mechanism of parasitoids, and probably even
‘generalist’ predators (e.g. Obata, 1986), is complex in that it has many
steps that follow a distinct sequence, starting with detection of a long-
distance component (Lewis &Norlund, 1984), the localisation of the host,
and its acceptance or rejection. Each of these steps is in turn complex,
being comprised of subcomponents. The mechanism thus ‘ensures’ a
particular end result. As such it is a catenary sequence in which each
component fulfills a particular requirement that is triggered by reaction
to cues from the environment and host (see Wapshere, 1989). Together
these steps lead sequentially and ultimately to deposition of an egg into
or on to a site with particular characteristics, and that would usually
support development.
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Figure 9.8. A composite model of the ‘parasitisation mechanism’ of parasitoids. This
incorporates aspects of the models depicted in Figs. 9.6 and 9.7. Reprinted from Vinson
(1998), copyright 1998, with permission from Elsevier Science.

The general reconstruction of Fig. 9.9 carries several consequences for
understanding parasitism and predation of pest organisms in the field
(Walter, 1993c; Walter & Donaldson, 1994). First, the system is unlikely
to undergo change locally. Reputed cases of local adaptive change there-
fore need re-inspection, as does the perception of ready evolution of host-
adapted ‘strains’. Second, the parasitisation mechanism is likely to be
species wide, as evolutionary change is expected only in small popula-
tions put under severe stress, such as when the usual hosts are absent
(Mayr, 1963; Walter, 1993c). Third, the mechanism should be seen against



Figure 9.9. General model of the sequential physiological and behavioural processes that result in parasitism of the usual hosts of
a parasitoid species. An act of parasitism involves the detection, localisation and recognition of an appropriate host within the usual
environmental context of the organisms concerned. The model has been developed from schemes proposed by Vinson (1991, 1998).
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the background of a dynamic and heterogeneous environment, within
which the movement of individual organisms must be taken into ac-
count. Fourth, natural enemy individuals follow ‘paths’ or ‘trajectories’
within the environment, under the influence of components of the para-
sitisation (or predation) mechanism and the surrounding environment.
‘Patches’ of hosts (and ‘patch quality’) may not influence their behaviour
as much as predicted by the premises of demographic ecology. Rather,
the information available to the organisms as they move through the en-
vironment may influence rates of parasitism more than the traditional
density-related processes are thought to. Fifth, the ‘reliability vs. de-
tectability’ distinction is important in relation to location of hosts, but
genetic change in response to reliability or detectability of signal should
perhapsnot be expected, as the signals change in relation to suchdynamic
aspects as host population density. Finally, learning is unlikely to take
precedence over genetically fixed behaviours (Vinson, 1998), because vari-
able conditions in nature are likely to limit the utility of learning asmuch
as they are supposed to limit the utility of fixed responses.

In short, we are dealing with a functional interaction rather than an
incidental interaction, like competition (Walter, 1993a), and it is expected
to be under stabilising selection (for reasons see Chapter 6). The ‘para-
sitisation mechanism’ model therefore removes those influences that in-
trude from the demographic perspective, including the view that signi-
ficant local adaptive change is ongoing and that hosts and parasitoids are
engaged in ‘evolutionaryarmsraces’ (Chapter6).Concepts likeoptimality,
often expressed as ‘maximisation of reproductive success’, and character-
isations of behaviour derived from population models, such as searching
efficiency and handling time, are therefore also of questionable utility.

The widely accepted notion that natural enemies can recognise the
habitat of their host also warrants re-examination. Rather, the organisms
recognise information stimuli that may derive from a diversity of sources
and which may be physical or biological in origin. They respond accord-
ingly andmay thusmove into thehabitat of the host. Themost frequently
documented stimuli are plant-associated chemicals. Response to these
takes the parasitoid closer to the vicinity of potential hosts, but that does
not imply that the insects can recognise or respond to the ‘habitat’ of their
host. The ‘parasitisation mechanism’ approach is more consistent with
behavioural observation, and explains why hosts on some plants are at-
tacked less frequently, or not at all (Lewis &Norlund, 1984), andwhy even
unsuitable hosts are persistently attacked (Carroll & Hoyt, 1986), as seen
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also in herbivorous species (Thompson, 1988). That is, the species may be
found in different biotopes across its distribution, but this does not imply
local adaptation to the different biotopes (Walter &Hengeveld, 2000).

The ‘parasitisation mechanism’ concept provides leads for investiga-
ting and interpreting the observed host relationships and predation pat-
terns of natural enemies. Although this is frequently portrayed as amun-
dane matter, it is where mistakes frequently intrude, especially in quests
for general ecological patterns across species or for evidence supportive
of general models (Chapter 8). This implies that the variability in host
relationships that is frequently claimed for species in the literature needs
scrutiny, especially since it has been accorded an important place in de-
veloping models of host-searching behaviour and the interpretation of
predation. Several categories of observations on parasitoid–host relation-
ships and predator–prey relationships are relevant in this context.Misin-
terpretation at this level impacts negatively on biocontrol actions, as ex-
panded in the treatment of each such category in the points below.

1 Behavioural variation
Variation in behaviour and consequently in host relationships does occur
at times to a measurable extent. This may be internally dictated, by
physiological condition for example. Physiological stressmay, in turn, be
externally imposed,byenvironmentalor laboratory conditions.Although
the observed outcome does indicate a degree of behavioural variation,
placing emphasis on that variation at the expense of the usual regularity
of the parasitisationmechanismmaymislead.

2 Incidental parasitism and predation
The results of field sampling that is too limited also lead to inappropriate
extrapolations about the usual host or prey species of the natural enemy
of interest. For example, if a fewparasitoid individuals are reared fromthe
‘pest’ in its countryoforigin, theassumption is frequentlymadethatpara-
sitoidsof that specieshavehost-findingbehaviour thatwill inevitably lead
them to that host species. Such an assumption is not necessarily valid. In-
cidental parasitism and predation occurs in the field for various reasons,
and may even happen at a relatively high level on occasion, for whatever
reason.Mass releaseof suchorganisms isunlikely to leadtosuccessful con-
trol; the released insects may seldom actually locate and destroy individ-
uals of the target pest species, or they may not reproduce well on them,
asmay have happenedwith the leucaena psyllid predator described in the
following point. And the nature of the host (or prey)-finding mechanism
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is such that the released organisms are unlikely to adapt gradually to the
pest species.

3 Factitious laboratory hosts
Laboratory evidence is frequently exposed to unacceptable extrapolation,
to the detriment of biocontrol practice. A natural enemy species may be
assumed to have potential as a biological control agent after successful
laboratory rearing on the pest. This seems to be common with egg para-
sitoids, notably Trichogramma species, and ectoparasitoids (Sayaboc, 1994),
since the eggs and larvae of these organisms do not actually face the im-
mune response of the host. The immune system is not well developed in
theeggstage (Salt, 1968), andectoparasitoids feed fromtheoutsideof their
host. Consequently, both types of parasitoids can be reared successfully
from many factitious hosts in the laboratory. They do so because in the
laboratory theywill ovipositquite readily into insects that theydonotnor-
mally attack in the field, presumably because confinement removes the
need for them to use the long-distance components from their searching
behaviour, a point recognised by weed biocontrol practitioners in their
pre-release work (Marohasy, 1998; Wapshere, 1989). Trichogramma species
are considered to bemore (micro-)habitat specific thanhost specific (Pinto
& Stouthamer, 1994; Smith, 1996), but this view needs critical appraisal.
Factitious hosts and the unresolved status of strains undoubtedly cloud
the issue considerably.

Once such host-specific natural enemies are released into the field the
tacit assumption is that they, having been judged to be polyphagous or
generalist, will locate and attack the target pest. Perhaps this perception
is aided by the additional beliefs that insects as minute as Trichogramma
do not habitually undertake extended movement, and that the pest is
so abundant as to represent an unused resource that is bound to be en-
countered by the parasitoids. Experience frequently shows that these as-
sumptions donot necessarily hold (Chapter 8). ‘Generalist’ predatorsmay
also be subject to such misjudgements. The leucaena psyllid predator
Curinus coeruleus (Coccinellidae) remained uncommon in Hawaii for over
60 years, following its 1922 introduction from Cuba against the coconut
mealybug. It persisted at low levels, on various scale insects and aphids,
until the Cuban leucaena psyllid Heteropsylla cubana Crawford became
established in the early 1980s, when the coccinellid became abundant
(Follett & Roderick, 1996). The common failure of the many ‘generalist’
predator species introduced in many parts of the world after the success
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of the vedalia beetle (Lounsbury’s ‘ladybird fantasy’; Caltagirone&Doutt,
1989) may be explained, at least in part, by an inappropriate matching of
predator to prey species.

Artificially selected lines of natural enemies are also advocated, and
some have been used in control (Hoy, 1990). The limits to what can be
achieved by this approach are going to be dictated by the way in which
the overall searchingmechanismof the laboratory-selected organisms op-
erates under field conditions. Distortion of the mechanism may not in-
hibit host or prey findingunder laboratory circumstances, but under field
conditions themechanismmaywork ineffectively, or not at all.

4 New associations
The interpretation offered in the previous point may shed light on an-
other debatable issue in the biocontrol literature, that surrounding the
use of so-called ‘new associations’ as opposed to ‘old associations’. New
associations are those combinations of natural enemy and host species
thathavebeenbrought togetherbyhumans and thereforehavenot shared
an evolutionary history. The host species involved in old associations are
expected to have evolved more resistance to the parasitoid (Ehler, 1990;
Myers et al., 1989). The ‘age of association’ issue is unlikely to lead to
effective or useful generalisation, because adaptive change to host rela-
tionships ismore likely to take place under special circumstances than ac-
cording to the ‘arms race’ model (Chapter 6). However, a natural enemy
speciesmay, through preadaptation, have the appropriatemechanism for
successful attack of the pest, andno reason should preclude its use. So one
cannot generalise about ‘new associations’, except to say that the location
of suchpreadaptednatural enemies is likely to be almost entirely a chance
affair and with no certainty that such preadapted natural enemies will
exist for each pest species.

5 Partial success
Another practical issue is that partial or incomplete control by natural en-
emies is sometimes seen as a problem of why an obvious abundance of re-
sources (hosts or prey) is not more fully utilised by the natural enemies
that are present. The community ecology approach suggests that a species
(ormore than one)with a different niche should be used to boost the com-
munity or guild (e.g. Hochberg & Hawkins, 1992). But additional species
will work only if they fulfil the autecological environmental match, not
because their ‘niche’ is empty (Chapter 5). In some biocontrol projects
a part of the pest population is considered invulnerable to parasitism,
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through its location on a particular plant part not searched by the estab-
lished parasitoids or because it is of an age class that is not parasitised
(Chapter 8). Again, this is not a problem of guilds, although it may be a
problem requiring additional species that match environmental condi-
tions and search the ‘refuge’. For example, only one of several trichogram-
matid species testedbyBrowning&Melton (1987) actually searchedwhere
the eggs of the relevant pest species were hidden. Also, different species
maypredominate at different vertical levels of vegetation, asTrichogramma
pretiosumRiley is usually recovered close to thegroundwhereasT.minutum
Riley is mainly higher in the vegetation (Thorpe, 1985). However, results
from field sampling (e.g. Newton, 1988) frequently reveal just how inher-
ently variable such vertical patternsmay be.

Conclusions for this section
The implications of the points raised in this section are clear. The appro-
priate evidence to support the choice of parasitoid or predator species for
biocontrol should be gathered prior to selecting agents. The speciesmust
have a parasitisation (or predation) mechanism that ensures the pest is
going to be a habitual host (or prey species) of that parasitoid (or predator)
in the environment of release. Further, the development of general the-
ories in biocontrol will only be as good as the evidence about the organ-
isms that is cited in support or contradiction of hypotheses and interpre-
tations that relate to biocontrol. In particular, good evidence about their
species status, host relationships and other adaptations that relate them
to the environment is required.

Considering parasitic and predatory interactions from the perspective
of individuals directs attention at the identification of the adaptive as-
pects related to their interactionsandwhether thatbehaviourwill lead the
natural enemies to the target organisms in the field. It also focuses atten-
tion on the survival of the natural enemy individuals in a locality and on
howwell theywill performreproductively.Whether successful biocontrol
agents have characteristics additional to those just mentioned will have
to be assessed in terms of their ovarian physiology, and their consequent
patterns of ovipositional activity andmovement (Antolin & Strong, 1987;
Cronin & Strong, 1994; Donaldson &Walter, 1988; Fernando, 1993; Reeve,
1988; Strong, 1988;Walter, 1988a). The shift of attention to the behaviour,
in thefield, of individual natural enemies shouldhelp to introduce amore
accurate spatial dimension to biocontrol theory and thus to interpret-
ations of what characteristics of individual behaviourmay lead to desired
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patterns of parasitism in the field. These aspects are mediated by adap-
tive features that are primarily physiological and behavioural, and which
are species specific (Donaldson & Walter, 1988; Fernando & Walter, 1999;
Walter, 1988a).

Environmental relationship: selecting the time
and locality for release

The approach to the problem of matching organisms to environmental
conditions in another locality is influenced by whether one is making in-
oculative or inundative releases of natural enemies. Inoculative release re-
quires a climatematch thatwill ensure continuous survival across seasons,
whereas inundation does not have this requisite. The latter demands, in-
stead, synchrony of release with the availability of suitable hosts, and the
coordination of release with physical conditions that are appropriate for
the organisms. Neither of these is easily achieved, as shown by experience
with Trichogrammawasps (Smith, 1996).

Prevailing climate clearly affects the impact of natural enemies, for one
ormore of a variety of reasons. Climatematching has been approximated
through selecting source areas for particular natural enemies that have
a climate similar to that in the target area, and is seen as a ‘first rule of
thumb’ inbiocontrol (Myers et al., 1989).Nevertheless, negative impacts of
climate resulting in the poor performance of released agents is frequently
discounted, presumably because no obvious connection between climatic
conditions and performance could be discerned. Practitioners tend to be
convinced only in those cases in which extreme climatic conditions have
had an obvious impact, such as occurs with drought or very low tempera-
tures (Myers et al., 1989).

1 Climatematching
The original approach to climatematchingwas based principally on intu-
ition.More recently, climatediagramshavebeenused for comparative, ex-
planatory andpredictivepurposes. For instance, Samways’ (1989) compar-
ison of thematch between (i) the expanded distribution of the coccinellid
Chilocorus nigritus (Fabricius), (ii) the climatic types covered by its distri-
bution, and (iii) the climatic types within localities where it was intro-
duced intensively but did not establish (Fig. 9.10) explains the limits to
this species’ expanded distribution and why further efforts at establish-
ing the species outside that area would not be worthwhile. The original
distribution of the species was within the Indian subcontinent, within
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Figure 9.10. Limit to the distribution (hatched area) of the coccinellid Chilocorus
nigritus in southern Africa. Despite intensive introductions from rearing facilities the
species did not establish in the central Transvaal, eastern Cape or western Cape.
Reprinted from Samways (1989) with permission from Blackwell Science and The Royal
Society.

which ithadbeen confinedbygeographical barriers. This example is valu-
able in demonstrating the scope of the autecological approach in applied
insect ecology. Other examples may not prove so straightforward (e.g.
McGeoch &Wossler, 2000). That autecological approaches, methods and
models canbe improved throughbetterunderstandingof thevarious sub-
tleties involved in theway inwhich organisms interact with climatic vari-
ables can be demonstrated as follows.

1 Although the predacious carabid beetle Bembidion fumigatum has a

fragmented distribution in southern Europe, the fragmentation is

somehow related to prevailing temperatures, for beetles within the

various localities occur under similar temperature conditions

(Fig. 9.11).

2 Figure 9.5 illustrates in general terms why different species within an

area are differentially affected by local climatic conditions. That is, in

part, a consequence of each species being sensitive in particular ways to

ambient physical conditions. Various parts of the life cycle may be

involved, as may different physiological processes. Plants have been

better investigated from this perspective, and work on the bluebell in
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Figure 9.11. Distribution and temperature regime of the carabid Bembidion fumigatum.
Despite a fragmented distribution of the species, it can be seen that individuals in differ-
ent areas are exposed to similar thermal conditions. Solid areas on the map and dots on
the graph represent precise locality data. There is less certainty about hatched areas and
triangles. Reprinted from Coope (1986) with permission from the Royal Society.
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Table 9.1.The ecological requirements of bluebells (Hyacinthoides non-scripta)
dictate which areas will be suitable for their growth and reproduction. Here, only

two biological processes are considered, and then in relation to only two physical

factors. That is enough to indicate just howmuch ‘autecological factors’ influence

local ecology (or presence and abundance of a species in a locality). Other factors that

would need consideration include edaphic factors, as well as mycorrhizal and light

requirements and the time of their availability relative to relevant stages of the

life cycle

Biological process Season Moisture level Temperature

Seed ripening Spring Low >26 ◦C
Seed germination Autumn High <11 ◦C

western Europe (Thompson & Cox, 1978) shows how subtle the

physical influences may be. Table 9.1 shows the temperature and

moisture demands of bluebells. Note that only two physical features

are included and two physiological processes, but the consequences are

clear. The species has restricted physical requirements, and these limit

its distribution to particular parts of western Europe. Many other

factors influence the survival and reproduction of bluebells, including

light availability, mycorrhizal composition of the soil, and so on

(Gonzalez Sierra et al., 1996; Merryweather & Fitter, 1995; Pigott,

1990), so the species specificity of this organism’s requirements is

assured, as is the circumscribed circumstances within which it can

survive.

3 The evidence that physical influences affect local ecology in insects is

starting to build again after decades of disinterest. In particular, Ford

(1982) drew together the evidence to show that even small changes in

average temperature in a locality were sufficient to affect the presence

and abundance of species. How subtle those influences may be has not

really been explored, but characterising the physical environment of

natural enemies may not be as straightforward as commonly assumed.

Preliminary evidence indicates, for example, that minimum

temperature may not be the most significant influence on survival of

overwintering Aphytis lingnanensis pupae, but that the level of winter

maxima may be critical, as sufficient warming may be needed after

exposure to the lowest temperatures (DeBach et al., 1955).

4 To invoke physical influences, as above, is not to deny that biological

influences may be just as significant. Herbivorous and parasitic

organisms cannot, for example, exist in areas where their host
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requirements are not met, even if the physical environment is suitable

(e.g. Hengeveld, 1990). The important aspect to note from this example

is that although a biotic influence is considered important, it is not a

demographic or density-related influence (Chapter 5).

The issues and examples covered above indicate that the accurate
matching of an organism to a new locality is not as straightforward as it
is frequently portrayed. Some species, upon introduction to a new area,
expand readily across fairly broad geographical fronts, but most species
do not establish readily or do not expand rapidly andwidely (Carey, 1996;
Lodge, 1993), andpresumably such situations arewell represented among
the introduced natural enemies that have failed to establish. Specialised
requirements of this nature need not preclude species from being used in
biocontrol; they mean only that a more informed approach to deploying
natural enemies needs to be developed.

New techniques in climate matching are available, such as the soft-
ware package CLIMEX (Sutherst et al., 1995), but their use seems gener-
ally to have been restricted to well-known pests with wide distributions,
which presumably have wide tolerances (e.g. Worner, 1988). However, a
good match seems to be achieved more by adjusting the model’s param-
eters to a known distribution than by refining the basic data to generate
the fit independently. The effective use of such models will undoubtedly
depend a great deal on understanding the organisms’ ecology more pre-
cisely. Perhaps the questionwe need to consider in this respect is whether
we know enough about the process of climate matching to be confident
not to persist with a species that is predicted to be unsuitable because of a
mismatchbetween its characteristics and the climate in the area of release.
Some agents have performed well in areas where this was not expected at
all (e.g. McGeoch & Wossler, 2000), so reliance on models in this way is
doubtful, but it is a goal at which to aim.

2 Biocontrol and the climatic dynamic
Biological control takes place within the context of the climatic dynamic.
Environmental conditions change, and such changes are likely to af-
fect parasitoid (predator) and host (prey) differentially (Fig. 9.4). The
complicating influence of this dynamic is generally omitted from bio-
control models, but it does suggest alternative explanations for various
biocontrol-relatedphenomena, asoutlinedbelow.These suggestionshave
not been tested, but if the basic premises upon which they are built are
sound, their validity or otherwise does warrant empirical scrutiny.
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High population densities are generated when survival and repro-
duction are enhanced under particularly favourable conditions (see
Chapter 5). Nevertheless, the influence of climate in such cases is fre-
quently downplayed, even if the appropriate research and analysis has
not been conducted. Population densities, originally elevated during
favourable environmental conditions, may be maintained at high densi-
ties even when themore suitable environmental conditions pass and sur-
vival rates and reproductive success drop somewhat. Replacement-level
reproduction should hold populations to the high levels, attained during
thegoodperiod,until environmental conditions lower survival andrepro-
ductive output. Alternatively, high levels may be forced down by natural
enemies, as in successful biocontrol and drastic overfishing. Even if the
predation pressure is reduced (as in the cessation of fishing), populations
maynot automatically increase again,because reproductive successwould
remainat replacement level. Thiswould explainpost-biocontrol densities
of pests remaining relatively low even in the face of reduced predation or
parasitism rates. This interpretation also accounts for the continuedneed
of natural enemy input, by inoculation, under circumstances where envi-
ronmental conditions are artificially, and incidentally, maintained bene-
ficial for pests through agronomic and husbandry practices, as in citrus
orchards.

3 Lessons from invasion research
A commonly perceived problem in biocontrol is a lack of precision and
predictability: ‘unless biological control is both more reliable and pre-
dictable, itwill not begenerally adopted and integrated into IPMsystems’
(Tauber et al., 1984). To this end, Kareiva (1990) advocates the study of in-
vasions into communities and the influence of competition after release,
so that we can predict disasters in advance, and presumably also predict
success inbiocontrol introductions, for they arehuman-assisted invasions
designed for agricultural benefit.

As usual in ecology (e.g. see Chapter 5), invasion research is practised
under different systems of thought. Demographic interpretations are
available (Williamson, 1996), as are autecological ones (Hengeveld, 1990).
Consequently, we have different perceptions ofwhat is achievable in deal-
ingwith invasions.Demographic ecology supports the view thatKareiva’s
(1990) aim for prediction can be achieved, even though it is acknowledged
that the ability to predict from this basis is still elusive (Lodge, 1993).
By contrast, autecology considers, from experience to date, that such
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predictions are not likely to be possible, because of the species-specificity
of organisms’ characteristics and the context-dependence of the expres-
sion of those characteristics. The essential problem is that although we
might know what parameters to measure (e.g. Samways, 1989; Van den
Bosch et al., 1992), we cannot predict the values they will assume in a new
area. The experience of the introduction itself is likely to remain the only
way in which to achieve any degree of certainty (Hengeveld, 1992).

Discussion

The autecological principles and approach outlined in this chapter argue
against thecommonperception thata robustgeneralmodel forbiocontrol
will provide a basis for selecting among species for release andwill predict
outcomes of natural enemy releases (e.g. Greathead, 1994). Instead, aut-
ecology bases its generalisations around the species-specific adaptations
of organisms, andhow they function in the interaction between organism
and environment. This emphasis provides a basis for understanding how
individuals of a species will match the environment in which they are in-
tended for release, and thusprovides themost appropriatebasis for assess-
ing the likelihood that theywill establishandsurvive in theareaof release.

Four basic points made in this chapter further legitimise the auteco-
logical approach to biocontrol.

1 The autecological approach provides an alternative, realistic starting

point for conducting pre-release investigative procedures, for

developing generalisations about natural enemies in relation to

biocontrol, and for interpreting what it is that makes a natural enemy

successful in biocontrol.

2 Understanding the autecology of pests and biocontrol agents is not

simply an exercise in fact-gathering natural history. Autecology

provides a valid scientific alternative to demographic theory. It is based

on alternative premises to those underpinning demographic theory.

The autecological premises relate to individual organisms, their

species-specific properties and their functional interaction with their

surroundings, and provide a strong contrast to those underlying

demographic interpretations. Demographic premises relate less to

individual organisms and species than to postulated population and

community equilibria and non-equilibria.

3 The complex physiological and behavioural adaptations of natural

enemies dictate how individual organisms of each species ‘operate’ in
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nature and thus influence the abundance of pest organisms within a

particular locality, or under a particular set of circumstances.

4 An autecological interpretation of organisms in nature is amenable to

modelling, as indicated by the availability of successful

individual-based models (Lensink, 1997; Van den Bosch et al., 1992).

The autecological solution proposed here is predicated on the view
that the search for workable biocontrol theory from a demographic per-
spective has been driven by an idealistically influenced notion of nature
as an economy. Natural systems are not economies, and they cannot be
altered or organised after the fashion of an economy. The orientation
in ecology needs to be shifted from what we wish we could achieve to
what the nature of ecological systems will allow us to achieve. Externally
imposed limitations to prediction are a reality to biologists, as evidenced
by the lack of such predictive abilities despite the considerable research
effort so far expended. A significant consideration at this point is that the
approach one takes to the issue of how to improve biocontrol practice also
relates very much to one’s view of scientific methodology (see Chapter 2).
For instance, Waage (1990, p. 149) has claimed: ‘The main purpose of a
scientific approach to classical biological control is . . . to improve success;
the improvement of understanding is a desirable but secondary aim’.
The approach taken in the present book suggests that an inversion of the
statement above would put us in a better position to break the influence
of some of the traditional approaches,which show few signs of improving
practice. To some extent, we need to start afresh, from more realistic
premises about organisms in nature.

The complex functional interactions that dictate the behaviour of in-
dividuals in the field are likely to constitute the strongest basis for reli-
ablegeneralisations.A typical suchgeneralisation is themodelof thepara-
sitisation mechanism (Fig. 9.9), which was developed from the work of
Vinson (1998) and others. Nevertheless, the best chance of successfully ex-
tending our biocontrol capabilities will be if we begin with realistic prin-
ciples about individual organisms, and then work outwards towards an
understanding of the system as a whole. For example, the parasitisation
mechanism and climatic requirements (see Hengeveld, 1990, for exam-
ple) of species deemed to be serious biocontrol candidates can be tested,
and canbeused topredict thefinal distributionof specieswith expanding
ranges (Chapter 9), including introduced natural enemies. Species should
therefore not be seen to have failed to establish or spread because they are
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‘not adaptable’ or ‘not very good colonizers’ (e.g. Caltagirone & Doutt,
1989); they should be judged on appropriate evidence about their prop-
erties and the local environment.

The practical implications of all this are that species need to be ap-
proached somewhat differently than from the currently popular demo-
graphic perspective. Although the individuals that make up each species
are variable in their features, whether in their morphology, molecular
constitution or behaviour, this should not be overemphasised, for in the
ecological sphere their similarities far outweigh most such differences.
The species status of populations being considered for biocontrol needs
rigorous testing, and full documentation; this should be seen as a mini-
mum requirement, to put the science on a firm base and to render
biocontrol as efficient as possible (Paterson, 1991). Institution of such an
approach would require funding bodies and practitioners to forego spec-
ulative projects in favour of well-researched ones, and to forego the urge
to commit smaller sums to certain natural enemies only because they are
readily available in culture. The short-term costs of a rational, scientific
approach to biocontrol will pay off in the long term.

Themostbasicpredictionwecanderive fromautecology is that theeco-
logical properties of individuals that are potentially part of the same gene
pool in nature should be stable across space and through time,which pro-
vides a basis for extrapolating information andmaking predictions about
aspects of the ecology of these organisms (i) from one place of derivation
to another, (ii) from place of derivation to place of release, (iii) from one
place of introduction to another, or (iv) from one time to another. How-
ever, thepopulation consequencesof theseproperties and the interactions
theymediatewill varywith locality andtime, as environmental conditions
vary (Walter, 1995b). Inotherwords, thepopulation consequences of anat-
ural enemy’s activity in its area of endemicity cannot necessarily be ex-
pected to bemirrored in areas where it is introduced (e.g.Waage, 1990).

The points just made imply that the ecology of natural enemies can-
not be characterised as being limited only by intrinsic factors or by extrin-
sic ones, because it is the interaction between both types of factors that
is important. Natural enemies that are perceived to be limited by intrin-
sic factors should not ‘be expected to display the same limitation when
introduced into a new region’, as Ehler (1990, p. 123) claims they should.
Since one is dealing here with complex adaptations with several compo-
nents, including distance components, close-up recognition, and so on,
it is a complex sequence expressedwithin the environmental context that
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needs to beunderstood. That context and the adaptations impose the par-
ticular scale at which each functional aspect of behaviour will take place.

In summary, autecology stresses the primary importance of the adap-
tive features carried by the individuals that make up a species. This,
in turn, directs research emphasis and interpretation at the organism–

environment interaction and emphasises the species-specificity of the
complex adaptations that mediate those interactions, as well as the
functional interactions that take place between individuals of different
species. Considering the interaction from the perspective of individuals
directs attention at the identification of the adaptive aspects of that be-
haviour and, in the case of natural enemies, at whether that will lead to
parasitism or predation of the target organisms in the field, and whether
those individuals will survive in the locality of interest and howwell they
will perform there reproductively.
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Synopsis, practical implications,
andmodern society

The twentieth century’s only claim to have benefited humanity rested
on the enormous triumphs of a material progress based on science and
technology. Paradoxically, this era ended in a rejection of these by sub-
stantial bodies of public opinion and people claiming to be thinkers in
theWest.

e. hobsbawm (1994, redraft of original statement, p. 11)

Introduction

In this chapter the major conclusions from the preceding chapters are
linked, to illustrate the advantages of a generalist approach to the inter-
action between insect ecology and pest management. In general, a much
narrower view tends to be prosecuted today, often indirectly through
research programmes being artificially constrained by short-term pro-
ductivity demands and bureaucratic impositions on the one hand, and
technocratic leanings in researchers on the other. Two themes especially
relevant to the future of insect ecology research for pestmanagement pur-
poses are developed from this synopsis.

The first theme is developed to support the proposition that effective
pest management is going to rely on the appropriate use of strong sci-
entific principles. Unfortunately we live in times when the advantages of
logic and scientific principles are being sacrificed, with the ‘shift from the
modernist culture that reified the liberating power of science to a culture
of so-called post-modernism – a post 1960’s culture that has shrugged off
the emancipatory certainties of science and erected commercial market-
place values and pluralistic images in its stead’ (Hill &Turpin, 1994). Con-
sequently, the value of research is increasingly judged by ‘intellectually

[273]
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facile considerations of marketability’ as science is put to national and
economic utility (Hill & Turpin, 1994). Similarly, education systems suf-
fer and opportunities open for expediency in its various guises. The com-
ments on this decay and its negative implications for society are made to
help tokeepthestrongpointsofour scientificheritage inservice.Thepub-
lic suspicion that increasingly surrounds science provides an added rea-
son to present this argument. Perceptions of science failing inmany areas
are widespread (Allaby, 1995; Hobsbawm, 1994; Holton, 1993; Perutz,
1991;Rees, 1993); examples are theproblemsofdisposingofnuclearwaste,
the emergence of uncontrollable pests resistant to the very pesticides that
were supposed to eliminate the problem, malaria and other diseases re-
emerging as an everyday threat, and the regular forecasting of ‘doomsday’
scenarios consequent upon the activities of society. Blaming science for
these problems is unfortunate for various reasons, and the nature of sci-
ence and its utility and limitations need to be seen in a much broader
context. Science seldom produces a solution that has no ancillary effects,
some of which may be undesirable. Frequently, but not always, these by-
products are known before technologies are implemented, but decisions
by this stage have usually moved from the realm of science to the so-
ciopolitical context (Allaby, 1995, p. 117). In any case, scientific evidence
informs decisions, it does not take them. Medawar (1984, p. 24) exempli-
fied the point, thus: ‘If the termination of a pregnancy is now in ques-
tion, scientific evidence may tell us that the chances of a defective birth
are 100 per cent, 50 per cent, 25 per cent, or perhaps unascertainable.
The evidence is highly relevant to the decision, but the decision itself is
not a scientific one, and I see no reason why scientists as such should be
specially well qualified to make it’. Romesburg (1981) is succinct on this:
‘[s]cience uses fact as its standard for selection, whereas planning uses
values’.

The second theme is developed from the groundwork laid by the first.
It extracts the practical implications of what has been said in all the pre-
ceding chapters. How should we set off, in general terms, to solve seri-
ous pest management problems? These views are offered at the risk of
being presumptuous, for there have beenmany exciting pest control suc-
cesses and there are many highly competent people in pest management.
Ageneral framework is nevertheless needed to capture the essence of good
pestmanagement practice, and the derivation of such an ‘organising’ tool
needs some sort of provocative initiation.
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Synopsis of early chapters

Chapters 2–9 cover a diverse range of topics for a book on pest manage-
ment. Each aspect was deliberately selected to illustrate the general ar-
gument that is developed from chapter to chapter. This highlights the
practical relevanceof fundamental theoretical principles, drawn fromsev-
eral relevant sources, for the practice of pest management. Two general
points emerge. First, if an idea is changed at a basic level of understand-
ing, derivative interpretationswill inevitably be affected. In turn, the pest
management actions that rely on that understandingwill also be affected.
Second, improvements in underlying interpretations are already avail-
able in some areas, for example in species theory and ecology, and are
likely in others too. One can ignore such fundamental understanding and
logical dependence, but few succeed in producing lasting understanding
or efficient practice with such a laissez-faire attitude to knowledge. The
three penultimate chapters (Chapters 7–9) concentrate on specialist top-
ics, including the ecology of polyphagous pests and theoretical underpin-
nings for biological control, to illustrate how the application of the prin-
ciples developed earlier (Chapters 5 and 6) can assist pest management
in practical ways. These principles are, however, also applicable to other
areas of pest management, such as interpreting and predicting abun-
dance, development of pheromone-based technologies and use of trap
crops, but the specific consequences have yet to beworked out in detail for
them.

Chapter 2 summarises the idea that one’s very view of method in sci-
ence is likely to influence the way in which one approaches theory, in-
terpretation and derivative practice. Although scientific method tradi-
tionally falls within the realm of philosophy, that should not discourage
participants in pest management from considering the practical lessons
this aspect of philosophy has to offer. Errors that arise from faulty logic
or conflation, for example, remain errors even if one dismisses theory
lightly. Such errors will ultimately be recognised for what they are, even
if that does not happen immediately. The main practical lesson from
this chapter is in the deconstruction of interpretation for scientific test-
ing. There aremany approaches to developing and extending knowledge,
but the scrutiny of underlying principles and the subsequent develop-
ment of risky empirical tests areparticularly strongweapons in advancing
understanding.
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The history of insect pest management, covered in Chapter 3, re-
veals periodic change in general attitudes to pests and in the consequent
approaches to pest management. Such general attitudes, or intellectual
frameworks, are generally referred to as paradigms, a concept introduced
into the pest management literature by Perkins (1982). Inspection of the
progression of paradigms in pestmanagement, from the time of the earli-
est available records to the changeswehave seenover thepast fewdecades,
reveals several points relevant to developing a framework for pest man-
agement. First, more recent shifts in attitudes have frequently been sub-
tle, not as obvious to us as some of the early changes. Detection of current
difficulties is thus likely to require dedication of thought and active pur-
suit of the problems if their consequences are going to be appreciated and
widely understood. Second, difficulties with any particular approach to
pest management, as seen with the chemical paradigm, cannot be rem-
edied by a simple return to previous approaches andmethods. Changes to
society and the expectations of society are reflected in changes to agricul-
tural production. New solutions have to be found to satisfy the changed
expectations. The interaction between science and society in the develop-
ment of social expectations is likely to prove critical in this respect. For
this, we need an education system that works effectively to openminds to
the general strengths of logic and the scientific approach to analysis and
synthesis. Current trends inmanyparts of theworldwork against such an
aim, as academics are forced to compete for students and thus undermine
their own conception ofwhat is educationallyworthwhile (Hill & Turpin,
1994).

Integrated pest management is the current pest management para-
digm (e.g. Perkins, 1982), but definitions of IPMare generally quite vague.
They do not, for instance, say much about the intricate structure of IPM,
and they give no idea of the overall social and scientific context of IPM.
Chapter 4 therefore develops a detailed statement about the scientific
structure of one aspect of IPM, that of understanding pest ecology and
developing applications with reference to the ‘IPM chain’ (Table 4.1).
Although Table 4.1 provides considerable detail, only the entomological
influences in agricultural systems are considered. For a more complete
picture the other major influences, socioeconomic, botanical and so on,
also need to be incorporated.

Twoparticularly relevantpoints emerge fromconsiderationof the IPM
chain: (i) IPMactually represents a complex socialphilosophy; (ii) entomo-
logical understanding for purposes of IPM is driven in only a general way
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by IPM,with details of the research necessarily being influenced by biolo-
gical theories. Consequently, the derivation of the entomological know-
ledge upon which effective IPM can be built is not discussed at any depth
in IPM-related texts. Although the type of information required is often
described, ecological theory is usually presented in the form of popula-
tion dynamics theory, although community and ecosystems approaches
are sometimes advocated. Population ecology is almost invariably dealt
with as if that is the only approach to understanding ecology; indeed the
premises of population ecology are all too often treated as fact. However,
the fundamentals of population ecology are increasingly questioned in
the scientific literature, a point elaborated and explored in Chapter 5.

A survey of approaches to insect ecology (Chapter 5) shows that there
are several directions in ecological research. Each is built upon different
fundamental premises, and each has different implications for aspects of
the practice of pest management. Only one approach, autecology, deals
specifically with individual organisms and their species-specific adapta-
tionswithin their usual habitat. Autecology thus copes, at a fundamental
level, with the unique character and ecology of each species, as well as the
variable influences, both through time and across space, of the environ-
ment on the local ecology of a species. The other approaches to ecology–

population, community and ecosystem ecology–seek principles that
transcend environmental variability and the ecologically relevant differ-
ences among species. So far, such overarching principles have proved
elusive, and theproblems that autecologyhasbeendeveloped toovercome
can explain why such desirable principles do not exist, or, at least, will
never work effectively in practice.

Autecology is predicated upon an understanding of species. Although
most biologists feel comfortable with the concept of species and use it
confidently, Chapter 6 demonstrates that ‘species’ is a term with several
meanings, and an awareness of the subtleties that separate these mean-
ings is important for the most realistic understanding of organisms in
nature. The consequences for agricultural applications are significant.
Chapter 6 spells out these subtleties and their significance in relation to
thebehaviourandphysiologyof individualorganisms, especially thoseas-
pects related to sexualbehaviour,because that iswhatdefines speciesmost
realistically and reliably. Reconstruction of the circumstances that force
species formation is thereforepossible. The crucial nature of this informa-
tion lies inourbeingable to identify theenvironmental circumstancesand
primary driving forces providing the directional selection that ultimately
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guided adaptive change in the species of ecological interest. The iden-
tification of the primary adaptations of organisms is crucial to under-
standing the ecology of a given species within a particular environmen-
tal context. This point drives much of the interpretation that follows in
Chapter 6.

The methods used in detecting the limits to species are reviewed in
Chapter 6. This is a process that is not as straightforward as frequently
portrayed or implied, because the procedure is not strictly technological.
Instead, the role of technology is to assist in answering specific questions
about species limits. Carefully phrased questions basedupon themost ro-
bust principles will generate more appropriate data than will questions
based on discredited premises. In other words, the mere application of
technology will not inevitably provide the data needed to clarify a partic-
ular issue. The onus falls squarely on the researcher to phrasemeaningful
questions. Failure to do somaywell yield data that are uninterpretable or,
worse still,misleading.Factsdonot inevitably emerge fromthis typeof re-
search; rather, understanding needs to be eked out through formulating
meaningful specific questions and then addressing them with appropri-
ate techniques.

Chapters 7–9 illustrate and explore the consequences of accurately
interpreting species status for understanding pest and beneficial organ-
isms. They provide illustrations of how a difference in the premises about
species can alter ecological interpretation and thus approaches to pest
management. Themost appropriate action is easily missed or overlooked
if an inappropriate theoretical lead is followed. The material covered in
Chapters 7–9 is a small subset of the material that could have been in-
cluded, but it should illustrate the strengths of the approach advocated.
First, polyphagous or generalist species are covered (Chapter 7), as this is
anaspect crucial tomuch furtherunderstanding in evolutionandecology,
and also to the improvement of pest management.

To illustrate: thedichotomous classificationof organisms intogeneral-
ists and specialists is frequently used to aid ecological understanding and
to help develop theory for pest management purposes. Such an approach
is entirely inappropriate for understanding ecology and for generating
further ecological generalisations. Even the arrangement of species along
a continuum from specialists, or monophages, through to generalists,
or polyphages, is neither realistic nor useful. The terms ‘polyphage’,
‘generalist’ and so on are not in themselves so bad; the trouble is that
they are somewhat arbitrary classifications that remain without strict
definition and so are used inconsistently. The real problem arises from
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ecological generalisations being sought around these categorisations, in
which situations they are then likely to mislead. Similarly, the terms do
not reveal enough about the ecology of the species deemed to fall within
orbetweenthese typological categories.Tounderstandtheecologyof such
species forpredictive andmanipulativepurposes, theirhost/prey relation-
ships need to be understood from a functional perspective, a newbasis for
which is outlined in Chapter 7.

The approach recommended in Chapter 6, and exemplified in
Chapter 7, can be applied to pest management practice. This is done
in Chapter 9 with reference to biological control practice involving
insect pests. To provide a counterpoint for Chapter 9, in Chapter 8 the
current approach to biocontrol theory and practice is outlined. Current
approaches have devolved from demographic ecology principles, which
were criticised in general terms in Chapter 5. In Chapter 8, the specific
demographic developments within biocontrol are criticised from several
angles, to provide added justification for the autecological developments
offered in Chapter 9, and to help in the assessment of the differences
between the two approaches and selection between them. Without a
contrast, the distinction is easily lost. Indeed, blurring of the distinction
is sometimes practised, perhaps inadvertently, and this contributes to the
maintenance of the status quo in theory development.

In Chapter 9 autecological principles are used to show how best to
develop generalisations for applied ecological purposes. This approach
cautions with regard to the extent of prediction in applied ecology be-
cause ecological theory cannot transcend the unique nature of species
and the context-dependence of their ecology. Predatory insects and para-
sitoids are examined from the perspective of the functional interactions
that link themwith their prey or hosts. Such interactions are complex and
of a physiological and behavioural nature, so this approach to ecological
generalisation is built from a consideration of the individual within its
usual environmental context. Species are relevant, but only to the extent
that individuals derive their physiological andbehavioural characteristics
from their parents, both members of the same species gene pool. Func-
tional interactions are thus species specific and specieswide. Climatic and
other influences are then incorporated to provide a theoretical basis for
the location and selection of natural enemies. Prediction of the popula-
tion dynamics and biocontrol performance of released natural enemies is
not possible, and is not built into the theory as it is in demographic ap-
proaches.Therefore theprocessingofadditional candidates, coupledwith
effective post-releasemonitoring, is recommended.
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In summary, the role of science in the management of insect pests is
specified in the early chapters, and then expanded and exemplified in the
later chapters. However, the role of science takes place within a broader
context than thatof science itself.Today that context is ademocratic social
one, although that may well change. The consequences of the current so-
ciopolitical context are examined in the following section,mainly to show
how the principles and practices advocated in this book have a place in
modern society. This is warranted because current attitudes leave science
in an uncertain position, as indicated by Hobsbawm’s quotation at the
beginning of the chapter.

Sacrifice of scientific principles inmodern society

‘Applied science’ is often portrayed in social forums, and in parts of the
IPM literature, as clinical, factual and disciplined. Conversely, and often
through omission or by implication, the unruly relative of application,
‘pure science’, is commonly seen as a luxury, perhaps one that society car-
ries at too great a cost because it is not put immediately to direct and
obvious use (see Allaby, 1995, Chapter 25). That such views are espoused
even by those whose professional activities are covered by the umbrella of
‘science’ demonstrates justhowmuch individuals forget about thevarious
advantageous roles that science has played in the development andmain-
tenance ofmodern society.

Indeed, the scientific way of thought continues to provide rational di-
rection for society in many facets, and also plays a cultural role as sig-
nificant as any other cultural activity that we may favour (Baltimore,
1978). The damage to science fromwithin is compounded by various anti-
scientific and anti-rationalist sentiments. These latter issues are covered
in the detailed books of Holton (1993) and Allaby (1995). This section
examines aspects of the denigration of science and how IPM is being
negatively affected. The main point made is that a sacrifice of scientific
principles is inimical to rationally developed IPM strategies, and that it is
important that all interested in improving theperformanceof IPMshould
understand and appreciate the role of science and scientific principles in
this endeavour.

The damage fromwithin
Generally, both the research and development sides of science have suf-
fered funding cuts since the 1960s. Naturally, questions of priority and
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participation have been discussed (e.g. Brooks, 1978). More recently, eco-
nomic rationalismhas been inunquestioned ascendence, andwith it have
come the most intense demands for immediate practical outcomes that
scientists have yet seen. This pressure poses serious risks for science in
all manner of ways (see Allaby, 1995). Where application is concerned,
ecology (including IPM) may well suffer disproportionately, for specifi-
cation of desired outcomes is frequently rather vague; and, in any case,
measurement of the effectiveness of any remedial actions is not straight-
forward or is not even monitored (Botsford & Jain, 1992; Perkins, 1982,
p. 138).

The impact on IPMof the viewsoutlined above is potentially insidious,
damaging fromwithin the scientific basis of the IPM approach. Competi-
tors for limited research funds can readily undercut one another’s bids,
promote their immediate research interests as of greater relevance, or in-
vulnerably inflate their promises of success, frequently without fear of
detection because outcomes cannot be specified accurately. Even the sym-
pathetic expression of a need for understanding sometimes masks a bi-
ased attitude against scientific investigation, perhaps to silence opposi-
tion. The proposals and actions of individuals need to be assessed if an
accurate judgement is to be made of their attitudes to science, their un-
derstanding of scientific method, and even their willingness to sacrifice
scientific principle for personal gain.

Notwithstanding these issues, or even in the face of them, almost all
scientists would acknowledge that science does not provide a ‘quick fix’
for any problem.However, the specification ofwhat falls into the category
of ‘quick fix’ is unlikely to be universally agreed, for different scientists
see science, and the relationship between application andunderstanding,
in different ways (see Chapter 2). Those who emphasise utility at the ex-
pense of understanding, even if only tacitly, will certainly have different
attitudes to application from those who give prominence to understand-
ing. Applied ecology may well be further undermined, for it suffers the
added complexity of a diversity of viewpoints of what ecological aspects
need to be understood in any given system (see Chapter 5). These are is-
sues that warrant deep consideration, active decisions and further devel-
opment in applied ecology.

The development of scientific innovation, principle and theory has,
until recently, been seen as an individualistic pursuit. Elements in soci-
ety and even within science now oppose this view. Individuality, even in-
dividual excellence, is increasingly pushed aside and is sometimes even
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denigrated as egocentric. Administrators strive to homogenise expec-
tations across units and individuals, to unify directions and objectives
(Hill & Turpin, 1994). This development is aided by perceptions of ‘big
science’ being the only good science, togetherwith the view that thework
of research teams is the only way forward. The concentration of funds in
this way tends to concentrate power within the research establishment.
Many areas of research will not be served well in such a way, and ecology
may be especially at risk since there is no clear best road ahead (Weiner,
1995). Research teams can clearly be effective if they are led well, by sci-
entists who are suitably generalist across the necessary subdisciplines
(Lindsay, 1986; Petrie, 1976), but such leadership lapses if a democratisa-
tion of scientific priorities is allowed to predominate. Damage through
democratisation is likely to be more comprehensive if the process is ex-
tendedbeyond researchers, formany arehappy topronounce andvote but
few are likely to understand enough about the ways and principles of sci-
ence to decide wisely. And here, even in general terms, we find the poten-
tial for erroneous policy (Holton, 1993, p. 148).

The information age and the sacrifice of understanding
The ‘information age’ is widely heralded, but uncritical acceptance of this
slogan is likely to contribute substantially to a viewof science that is some-
what medieval (Chapter 2). Unfortunately, such slogans seem to pervade
the development of policy and the financing of many scientific endeav-
ours that involveapplication, formany feelwehave longhadenough facts,
and that what we need to do now ismore amatter of finding the required
information, transmitting it and applying it (e.g. Surtees, 1977). Indeed,
Holton (1993) points out that it is yet again currently fashionable to talk of
the ‘end of science’ (e.g. Horgan, 1996), not because of public or economic
attitudes killing science, but because of a feeling that the basic questions
have been answered. But anyonewho is satisfied, for example, with an ex-
planation of biodiversity based solely onDarwin’s formulation of natural
selection (e.g. Horgan, 1996, pp. 112–114) has not only to be thinking en-
tirely in terms of naive induction (Chapter 2), but also very superficially
(see Chapters 5–9 for examples of unresolved fundamental issues in ecol-
ogy and evolution). Predicting the ‘end of science’ has in any case a fairly
long history (see, e.g., Holton, 1993).

Few who herald the ‘information age’ consider seriously enough the
issues relating to the quality and scientific relevance of the information
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withwhichwe deal, as well as to the basic need for synthesis, understand-
ing and the extension of knowledge. Insight, wisdom and effectiveness in
society do not come simplywith the possession of information.Neverthe-
less, economic rationalism is easily convinced that information is a com-
modity. If one equates data with information this is perhaps not that un-
realistic, especially if one wishes to mould the information to suit one’s
‘product’. Even so, the quality of such data and its realistic evaluation and
interpretation remain an issue.

Outstanding counters to the widespread seduction of the information
age are found in the small book by Lewontin (1991) and a recent article
of Commoner (2002), which outline the still little-appreciated limita-
tions of the Human Genome Project. Consider also the rush for molec-
ular data in many phylogenetic studies, which often enough tramples
accurate perceptions we previously had from the organisms themselves
(e.g. Fryer, 1996). Current attitudes to technology and information hark
back to naive induction and its limitations. Perhaps the greatest tragedy
here is that the ascendency of technology and its associated specialisa-
tion is likely to subvert real intellectual advances inmanydisciplines. This
is not to suggest that technological specialities have no place in science.
Rather, the appropriate use of such technology in scientific advance re-
quires careful consideration and the appropriate integration of informa-
tion. Although this may sound obvious to many, it is clearly lacking in
someexceptionallywell-fundedprojects (seeCommoner, 2002;Lewontin,
1991).

To emphasise information but turn one’s back on understanding, es-
pecially in the education of applied scientists of the future, is to condemn
others to unenlightened prosecution of worn principles. When it comes
to the application of understanding, society should be doing its collective
utmost to shed the ‘weight of unreliable knowledge’ (Romesburg, 1981).
To achieve maximum efficiency in solving pest-related problems, even
if that be measured in economic terms, the ultimate goal should be solu-
tions based on rational, scientific understanding. Applied scientistsmust
therefore be educated in away thatwill show themhow to assess the qual-
ity of available information, how to integrate it, how to extend it reliably
and how to apply it (see Romesburg, 1981). ‘Applied’ ecologists, like ecol-
ogists in general, should be both theoreticians and empiricists (Weiner,
1995). The rest of this chapter expands aspects of this final point, specifi-
cally in relation to improving IPM.
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The practical solution of pestmanagement problems

Practical solutionshavebeenachieved inmanypestmanagementprojects,
but rates of successful intervention could undoubtedly be enhanced con-
siderably. The earlier chapters provide background to a suite of scien-
tific principles that should help in the development of a general approach
to improving IPM outcomes. The scope of a general model has been
spelled out by Dent (1991, 2000), with particular areas being expanded in
Chapter 4. The suggestions made below about pest management relate
mainly to those comments about improving pest management that ap-
pear in the general IPM literature. This direction has been chosen on pur-
pose, mainly to illustrate the subtlety of some of the alternatives that are
available to the development of a pest management framework.

Statements to IPM scientists and practitioners about improving IPM
practice frequently draw responses that relate to issues of economy. In
short: ‘Afine suggestion, but funding isunlikely’. Thatmaybe the current
state of affairs, but it need not be the future of IPM. Successful IPM is de-
sirable, both environmentally and economically. If IPM can be improved,
and the endless repetition of expensive, avoidable mistakes and unneces-
sary failures avoided, then ‘getting it right’ has to be a sound investment,
even if considered solely in economic terms.We cannot afford to think any
differently from this, and the rest of the chapter is written in that spirit.
Somehow the legitimate place of ecologically sound pest management in
the overall economyhas tobe established if society is going tobenefit fully
fromthe implementationof IPM,and institutional andother supportwill
be needed. But these are different issues and they have been pursued by
others (e.g. Carson, 1962;Dent, 2000; Pimentel, 1997; Pimentel et al., 1980;
Rees, 1993; Stoner et al., 1986; Zalom, 1993).

1 Emphasis on specific understanding
IPM projects are complex: ‘There is never a universal recipe, nor is there
a definitive conclusion as the outcome is never the same, either in time or
in space. In no case is there a definitive solution’ (Labeyrie, 1988, p. 23).
This statement implies that the unthinking repetition of successful tech-
niques is likely to run into theproblems typically encounteredwhendeal-
ingwithcomplexsystems, includingchanges to importantvariables,non-
linear interactions between variables, and cascades of influences.

Appreciation of the fact that IPM solutions will differ across com-
modities, and across localities for a single commodity, will save one from
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the fallacy of reliance upon the methods of successful case histories (see
Chapter 8 and Hilborn & Ludwig, 1993). Concentrating on successes and
trying to extrapolate general rules from ‘how they worked’ is an inad-
equate approach based on too many groundless assumptions; for exam-
ple: (i) that pest systems and pest management interventions will in-
evitably ‘work’ in the same way; (ii) that other problem situations are not
subject tonovelproblems,flawsordifficulties; (iii) thatone candevelop, in
purely inductive fashion, an appreciation of the existence of general prin-
ciples and an understanding of how they operate, simply by examining a
number of cases, each ofwhich, in itself,maynot be fully understood; and
(iv) that success in applied entomologymay be achieved in a certain num-
ber of cases simply because so many attempts are made across the world.
Although one can extract some generalities from such an approach, they
are likely to representminimumrequirements, not underlyingprinciples
(Chapters 2 and 8). What is quite clear from the history of applied ecol-
ogy is that successful advances in application have come from advances in
fundamental understanding, such as that detailed by Sinclair & Solemdal
(1988) in relation to fisheries in the late nineteenth century. It seems te-
dious that this lesson has to be learned countless times in connection
with applied ecology. In IPM terms, why dowe have to relive Lounsbury’s
‘ladybird fantasy’ in various incarnations? Why does society and its insti-
tutions learn so poorly from previous mistakes? Before the most appro-
priate application of knowledge can be made, one requires at least a ba-
sic understanding of the situation, and particularly one needs to be aware
of the subtleties that might undermine successful application. To repeat,
‘applied solutions’ that are truly scientific are based, first and foremost,
on understanding. Before themost appropriate application of knowledge
can be identified, in pest management for example, one requires an ad-
equate understanding of several facets of the situation. This statement
clearly does not advocate doing nothing to alleviate pest incursions be-
fore full understanding is achieved. That would be impractical and fool-
hardy; rather, ‘the challenge in applied ecology is often to reach the best
possible decisions on thebasis of present information’ (Allaby, 1995, p. 60;
Newman, 1993, p. 2). Such necessities should not, however, be used as an
excuse for turning application in ecology to professional ‘ad hoc-ery’ and
unquestioned acceptance of current theories, a real danger given today’s
sociopolitical climate and its negative influences on education.

The alternative is to build interpretation and application around fun-
damental understanding, that is, to build the generalised approach from
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first principles. This is taking place in IPM (Chapter 4), but progress is
slow.Theproblemwith IPM, as pointed out above, is that its success is not
easily demonstrated. By contrast, powered flight or spanning rivers with
bridgesdemands agivenoutcome that canbe readily judgedbyall, at least
if aesthetics are disregarded. Shortcuts that undermine the success of the
technology are thus readily detected. Practitioners of IPM have no such
widely appreciated measures. Any intervention or technology can there-
fore be claimed to have been successful (Chapter 4), as in several biological
control programmes deemed to be ‘landmark cases’, but which could not
have been successful in the way claimed (e.g. Clarke, 1990). This is a prob-
lem that needs to be redressed in IPM.

2 IPMneeds coordination of functions
The idea that there should be a formal model to reflect the general struc-
ture of IPM is relatively recent (see Chapter 4) and it illustrates the need
for various and distinct roles to be fulfilled if an IPM project is to suc-
ceed.Althoughresearchand implementationareusually treated indepen-
dently in the literature, the distinction between them seems frequently
to be lost when the practical and financial details of a programme are de-
cided. The entire suite of roles portrayed in Table 4.1 consequently falls
easily and seemingly tacitly to researchers or to implementers, without
any clear devolution of particular tasks. Lack of a clear general procedure
at the start of IPMprogrammes seems to reflect a lack of direction or lead-
ership within relevant governmental agencies and industry bodies. Con-
sider the narrowly circumscribed role of the research entomologist in the
insecticide industry. Entomologists screen potential toxins, which others
may develop or locate, for their killing power against different species.
Yet other entomologists, with expertise of particular crops and pests, are
responsible for testing application rates under field conditions, and the
development of application technology is yet a further distinct field.
Compare the place of the research entomologist herewith the diffuse role
they have inherited with the development of IPM. The need to bring to-
gethermultidisciplinary teamshasbeen frequentlymentioned, but agen-
eralprocedure fordoingso inspecific situations is apparentlynotavailable
(Dent, 2000).

Perhaps themostmajor omission in the development and deployment
of pestmanagement lies in the lack of coordination across all aspects that
impingeon theacquisitionofknowledgeand thedesignand implementa-
tionof strategies (Dent, 1991, p. xv). Inpractice,most individuals currently
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chargedwithpestmanagement programmesmayhave expertise in one or
two areas represented in Table 4.1, but are seemingly expected to have the
knowledgeandvision to cover theother areas relevant to implementation.
Alternatively, they may have to claim such abilities to gain funding. How
such a coordination role is set up is likely to be crucial to the success of
IPM. Dent (2000) is one of the few who have explicitly tackled this issue,
but he did not favour the ‘team leader’ approach because ‘the success or
failure of the approach is totally dependent on the skills of the leader . . .

and even a good leader would have problems with understanding, assim-
ilating and making use’ of the range of contributions. This seems to be a
difficulty thatneeds tobeaddresseddirectly rather thanavoided,however.
Without leadership the conjunction of specialist research and application
cannot be achieved.

Judging from practice in other applied fields, this lack of a coordina-
ting role is unusual, and itmust lead tomassive inefficiencies, wasted op-
portunities and poor economic outcomes. In engineering, for example,
planning is conducted independently of executive functions,with both of
these processes each having at least three subsidiary spheres of operation.
Furthermore, the executive function is closely coordinated to ensure the
planned product is delivered (e.g. Calvert, 1986). Although the extension
of knowledge by research is seen as fundamental to improving methods
in general, the research function is considered independent of planning
and execution. Researchers have their task, and thosewho coordinate and
apply the techniques are independent of the researchers, although their
future activities are likely to be influenced by research results. Just who is
responsible for translating research into practice is often an uncertain is-
sue, and it seems that such a translating or development role should be a
separate task altogether (Calvert, 1986).

Although civil engineering is unlikely to provide a very close analogy
for IPM developments, the comparison is worth making, if only to em-
phasise the point that even when a product, a new building for instance,
is readily definable and can have specifications clearly set, a coordinating
role is a necessity. In pest management, where the product is far more ab-
stract and difficult to specify, the coordination role is left out of the equa-
tion. Frequently researchers are expected to perform the coordination,
linkage and communication. When this is the case, the development of
adequate understanding is going to suffer, or the application will suffer,
so this situation needs to be rectified. One area in which IPM differs sub-
stantially from civil engineering is in the research component, since each
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situation or problem in IPM will be unique to some extent. Reference to
the IPM chain (Table 4.1) indicates that as far as the developmental side
of research is concerned, a coordinator may prove as necessary as one for
implementation. The ‘discovery’ side of research, even if it is aimed at en-
hancing IPM, is likely to be left more independent (see below).

In pest management, the analysts of problems, designers of control
strategies and coordinators of implementation and research all require
intellectual strengths and experience in several areas of endeavour (see
Table 4.1). The solution to this problem cannot simply be furnished by the
demand for interdisciplinary research, which is frequently stated or im-
plied in the general IPM literature (e.g. Burn et al., 1987;Dent, 1991, 2000).
Although interdisciplinary research will be needed in almost all fields of
endeavour covered in Table 4.1, specialist input and specialist research is
going to be essential in various areas of the overall research agenda. And
some of themost specialised research is likely to be interdisciplinary (e.g.
pheromone research).

Effective coordination will rely on a sensitive understanding of the di-
versity of research requirements and the subtleties behind those require-
ments. Coordinators will have to be sufficiently well placed scientifically
to appreciate the assumptions upon which a proposed study of pests or
beneficials is to be based, and to identify the assumptions that underpin
the general approach suggested for dealing with the problem, as well as
those basic to the design of a specific controlmeasure to be implemented.
Perceptive participants will therefore prove invaluable, for coordinators
will be hampered if the participants in each link of the chain are not on
top of the diversity of theory and techniques within their area of respon-
sibility (Petrie, 1976).

The above interpretation of the structure and execution of an IPM
project raises several significant points, besides cost. Many of these have
been recognised, and many implemented. But no programme seems to
have attended effectively to all of the issues that are now raised; certainly,
they have not been translated into a helpful and workable generalised
scheme.

3 Desired end points and the direction of science
Solving problems through an understanding of the system in ques-
tion, and based upon the application of scientific principles, places con-
straints on the participants. These constraints are not present when
‘curiosity-driven’ research is conducted. Specifically, a desired application
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or end product maintains the direction of the investigative science
(Wigglesworth, 1955), to a considerable degree at least. This is frequently
misunderstood tomean that the path of the research has to be dictated by
that endpoint.Mixing intentions and the role of science in thisway is un-
acceptable, but is nevertheless a common failure of modernmanagement
in science. Indeed,maintenance of the originality of scientists involved in
extending knowledge is critical to success in IPM. Society needs fund-
ing mechanisms that harness the strongest aspects of scientific enquiry,
diversity and difference of opinion, for excitement and competition are
importantmotors in scientific advance, whether that be between individ-
uals or collaboratinggroups (Chapter 2). In corollary,what isnotneeded is
amechanism that directs funding selectively to powerful groups (Weiner,
1995) or to the lowest bidder, the one who is prepared to make baseless
promises of an immediate outcome.

Managers, if science needs them, should heed the warning of Fox
(1994): ‘Science is not fixed, rather it is a vital entity, basic or applied, and
its lugubrious progress is more easily crippled by attempts to regularize
it than not’. Freedom and resources for exploration are vital; indeed, ex-
ploration of what may appear to be side tracks may ultimately prove the
only way forward, even when application is pre-eminent. Science mean-
ders, simply because we still lack a reliable method or guaranteed algo-
rithm for this process, sowehave tomake dowith the fallible capacities of
human thinking (Holton, 1993, p. 137). The real issue is what understand-
ing is relevant, and howmuch is relevant? These difficult questions verge
on the impossible, for continued scientific probing may well turn up un-
derstanding that could lead to better IPM. Universally effective biocon-
trol may yet be developed against tephritids, for example. How are we to
know? Failure to understand or acknowledge the validity of this element
to IPM, and science in general, seems to be a central one of the technolo-
gical mind and currently popular views on running economies.

4 The place of reductionist science in IPM
Disillusion with ‘reductionist science’ is fairly widespread (Allaby, 1995,
pp. 120–122), and is evident in the general IPM literature. It is even evi-
dent in the best synthetic IPM texts. For instance, Dent (1991, p. xv) sug-
gests: ‘[W]ehave lostdirectionand theholistic perspectiveof the subject in
the rush to carry out specialist research and develop specific control tech-
niques’.Hedoesexplain, though, that in-depthenquiry into thecomplex-
ities andsubtletiesof insectbiologyandecology isneeded,buthe still feels
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adangerexists in that the researchcanget so far removed fromtheoriginal
objectives that the final results are inapplicable (see also Newman, 1993,
p. 2). Several influences have undoubtedly led to this state of affairs, in-
cluding the perception that specialist research has usurped money to the
detriment of development of usable products. It may also reflect the fail-
ure of ecological theory to deliver usable outcomes despite prodigious ef-
forts. A vibrant autecological theorymaywell help to bolster the scientific
basis of IPM and the useful role of reductionist science.

Frequently, applied sciences such as IPM are being identified as
‘holistic’ and therefore good, and thus independent of reductionist sci-
ence (e.g. Tait, 1987). However, such a view centres on a naive caricature.
One cannot achieve in other ways what reductionist science can achieve
(and here ‘reductionist science’ is used non-pejoratively). Workable IPM
systems are dependent on understanding, much of which can be derived
only throughreductionist research. It is abasicprincipleof IPM,or at least
it should be, that one understand the components of the system.

‘Reductionist science’wasnever setup to solveproblems inwhichmul-
tiple causation is endemic (Hilborn & Stearns, 1982), as in systems invol-
ving the testing of pest management applications. Reductionist science
cannot solve suchproblems, it canonlymakepredictions aboutoutcomes.
And those predictionswill always be based upon assumptions, which are,
unfortunately, usually unstated in practice.

Ideally, one would like to set up large-scale experiments that are more
‘systemsoriented’ to test outcomes (seeTable 4.1), but that introduces spe-
cialdifficulties, ones that cannotbeblamedonreductionist science.Kogan
(1988) suggests that the inherent difficulties of very large-scale experi-
ments in pestmanagementmay outweigh progressmade towards achiev-
ing the intended objectives. He writes that ‘the flow of irrelevant data
can be overwhelming’. Obtaining sufficient replication from such an ap-
proach tobe confident of identifying causative factors presents difficulties
that also should not be overlooked, a point that may be more readily ap-
preciated by those who have estimated, from preliminary sampling, the
sample sizes needed in ecological fieldwork to reduce error to acceptable
levels (e.g. Southwood, 1978,p. 21), in samplingpestdensities for example.
Thequestionofhowtodealwith thisdifficulty remains, but systemsmod-
els have beendeveloped to explore the consequences of IPMactions (Dent,
1991; Tait, 1987). Here we also enter the sphere of ‘scientific uncertainty’
(Shrader-Frechette, 1996) and theneed for scientists tobe awareof the lim-
its of their science so as not to create unrealistic expectations (Botsford &



Synopsis, practical implications, and modern society 291

Jain, 1992; Hilborn & Ludwig, 1993; Ludwig, 1994; Slobodkin, 1988). Not
all issues can be dealt with in a scientifically rigorous way, and when at-
tempts are made to ‘raise management targets to the level of scientific
hypotheses . . . we only confuse the issue and give managers a false sense
of assuredness’ (Drew, 1994).

In summary, ‘reductionist science’ is an integral and indispensable
part of the IPM chain. Its role is to extend knowledge, and should not be
conflated with other roles that are also essential to achieving a working
end product. It should not be seen as a competitor to other essential parts
of the chain, which share complementary roles with it.

5 IPMneeds scientists as well as engineers
Scientists are increasingly seen as a fundamental cause of IPM not being
developed ormore widely deployed, mainly because it is they who do not
participate in defining what are seen to be the real problems and con-
straints of the endusers (e.g. Surtees, 1977). ‘Natural scientists continue to
show a strong distaste for becoming involved in the social and policy sci-
ences; modellers are unwilling to engage in practical field experiments;
economists have a tendency to view the scientific and political aspects of
a problem as of lesser importance’ (Tait, 1987, p. 203). Why should scien-
tists be forced to participate as hinted at above, as a potential solution to
implementing IPM effectively? The extension of knowledge (Chapter 2) is
frequently conflated with the application of knowledge when the role of
the scientist is considered, when in fact research scientists extend know-
ledge while engineers apply it.

The implementation of IPM requires dedicated ‘environmental
engineers’ to do the task of coordinating, directing and managing the
integration and application of knowledge (Dent, 1991, p. xv). For exam-
ple, one could hardly expect an IPM programme to be developed by an
entomologist conducting interdisciplinary research on pheromones and
pheromonal function, just as an ‘IPM engineer’ could not be expected to
launch an effective study of a particular pheromone system. This suggests
that a more vocational type of education is needed for practitioners, as is
available in other areas of applied science (e.g. engineering, medicine);
at least, a satisfactory understanding of the overall structure of IPM and
the diversity of roles is needed, so that each individual knows their place
in the entire scheme, along the lines of Browning’s (1998) ‘general prac-
titioner plant doctor’. Currently, conflation of several issues, as outlined
in various parts of this book, clouds roles, confuses direction and inhibits
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progress. Successful IPM needs an active interface, probably even more
than one (Table 4.1), between science and practice in the field.

The citrus industry, in different countries, has developed various suc-
cessful solutions to this problem (e.g. Papacek&Smith, 1998). Amajor dif-
ficulty with IPM in industries that are not organised in some such way is
that research at particular levels of the IPM chain tends to be dropped. It
may be seen, for instance, as duplication, or even as unnecessary. In such
cases, an analysis of the situation against the backdrop of the ‘IPM chain’
model proposed in Table 4.1 should help to organise ideas and to relate
suggested means of achieving control to specific assumptions. In reality,
scientists who have no model against which they can justify their views
maywell be pushed into the position ofmaking promises thatwould suc-
ceed only by chance or serendipity. Usually, a rational analysis would re-
veal such weaknesses, but such analyses are seldom sought. In one sense
Tait (1987) is correct when he writes of the ‘unbalanced supremacy of the
scientific paradigm’, for science cannot solve certain problems associated
with the application of technology and, indeed, has not made claims in
this regard.

6 Selection ofmanagement techniques
No theoretical development can reveal exactlywhichmeans of population
suppression ismost likely towork against a particular pest, orwhich com-
bination of techniques should be used. The few attempts to link ecologi-
cal theory to control method are not compelling. Even if the suggestions
are taken in thebroadestpossibleway, theyprovide little insight.The frus-
tration of having no workable scheme is compounded by the attempts
that have beenmade yielding conflicting conclusions (Dent, 1991, p. 445).
Whether an effective system is possible is still an open question. On the
one hand, population dynamics theory in particular is seen to have good
potential for predicting future problems (Cherrett, 1977) and choice of ap-
propriate control strategies (Conway, 1981). On the other hand, autecolo-
gical theory (Chapter 5) suggests that such refined levels of prediction are
unlikely in ecology (Hengeveld &Walter, 1999), nomatter how desirable.

Control decisions aremore frequently influenced by economic consid-
erations, with this approach simply eliminating relatively expensive op-
tions. An economic analysis has discounted sterile insect release against
sheepblowflies inAustralia (Spradbery, 1994), andbiological control is fre-
quently favoured against weeds on extensive areas of relatively low qual-
ity land. In this connection, the point of ‘empowered users’ conducting
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research, or even deciding on research priorities for others to carry out,
warrants comment. Empowering of users is increasingly seen as impor-
tant in the extension of IPM technology to growers. This approach has
clearly achieved a great deal (e.g. Matteson et al., 1994). However, discov-
eries relevant to the growers’ understanding of and confidence with the
technology, which form an integral part of the empowerment process,
should not be confused with discoveries related to original scientific un-
derstanding and the experimentation and synthesis of knowledge that
place the discovery in context. Growers may indeedmake significant dis-
coveries, but exploring the consequences is usually a very different issue.

Closing comments

Integrated pest management can be improved substantially if we can de-
velop a structure for it that incorporates all relevant aspects realistically,
and if the various roleswithin that structure are specifiedunambiguously.
For particular IPMprojects the targeted outcomehas to be clearly andun-
ambiguously specified.Researchanddevelopmentdesigned to contribute
to the desired outcomehas to be coordinated responsibly by an individual
with the appropriate vision and breadth, to ensure that the entire suite
of underlying assumptions is appreciated, and the necessary ‘diversions’
in research direction are appreciated for what they are. The tension be-
tween research and application needs to be resolved satisfactorily. Inte-
grated pest managementmeasures are readily undermined by lack of un-
derstanding, even in relatively well-studied systems (some of the reasons
for this arediscussed inChapters 5–9). Applicationmust go ahead, but the
research needed to underpin effective IPM needs support, at all levels of
the IPM chain.
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585–595.

King, W. V. & Gahan, J. B. (1949). Failure of DDT to control house flies. Journal
of Economic Entomology 42, 405–409.

Kirsch, J. A. W. & Poole, W. E. (1967). Serological evidence for speciation in the

grey kangaroo,Macropus giganteus Shaw, 1790 (Marsupialia:

Macropodidae).Nature 215, 1097.

Kisimoto, R. (1976). Synoptic weather conditions inducing long-distance

immigration of planthoppers, Sogatella furciferaHorvath and
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relationships, Complex adaptation,
Local adaptation)

as ongoing process, 176
basis for generalisation in ecology,

97
biocontrol agents, 229
causal explanation in biology, 97
characteristic of species, 219
climate change, 144
displaced individuals, 144
diversity across species

resource-related, 175
ecological consequences, 7, 246
ecological interpretation, 135
environmental context, 144
environmental dichotomies

unrealistic, 181
functional interpretation, 131
geographical distribution, 163
host-finding mechanism, 145, 168
host relationships, 99, 135, 145, 170
host switching in culture, 122
insecticide resistance, 99
intraspecific variation, 148, 169, 175
IPM, 170
life cycle (closure), 145, 187
life system, 99
mechanism vs. process, 131, 134
need to understand species, 99
polyphagy, 192–194
population size important, 144, 145

primary adaptation identification, 278
recognition concept, 148
SMRS, 143, 145
speciation significance, 278
species concepts, 134
species-specificity of life cycle

adaptations, 194
specific conditions, 168
subspecies, 164

Adaptationist program (see also
Optimising selection)

criticism, 230
Adaptive strategies

species and typology, 181
African hamerkop

speciation in isolation of ancestral
species, 140

Agricultural production
cosmetics of produce, 53
relative to urbanisation, 52

Agroecosystem
boundaries, couplings and migration,

105, 106
concept and role in IPM, 60, 93
limited set of dynamic properties, 93,

106
AIDS – historical interpretation of

discovery, 21
Aircraft – insecticide application, 52
Alfalfa butterfly – supervised insect

control, 61
Allelochemicals – see Secondary plant

metabolites
Allopatric populations

implications for IPM, 129
potential for mating, 129
SMRS structure, 160, 162
species limits, 129, 160, 161
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Allopatric speciation
isolation concept of species, 135, 137
local adaptation, 174
recognition concept of species, 135

Allozyme electrophoresis
asymmetry of outcomes, 158
Bemisia tabaci complex, 178
fixed genetic differences, 158
method of choice in species studies,

157
population genetics principles, 158
principles and methods, 157, 158
Rhagoletis pomonella, 136
samples from sympatry, 158

Alsophila pometaria (Geometridae) – host
specialisation, 188

Amblypelta (bugs) – polyphagy and
ecology, 203

Anagrus delicatus (parasitoid)
migration, 243
spreading of risk, 231

Ancient Greeks – knowledge and science,
22

Anopheles gambiae complex
chromosomes and hybrids, 154
cryptic species complex, 152, 154
new species cryptic to PCR test, 157
viable offspring from interspecific

crosses, 156
Anopheles maculicornis

cryptic species complex, 115
Antelope

SMRS stable, 146
specialisation, 186

Aonidiella aurantii (red scale insect)
biocontrol in California citrus, 119
species identification problems, 120

Aphids – asexuality, 166
Aphytis species (parasitoid)

asexuality and species stability, 166
biocontrol of Aonidiella, 119
biocontrol in California citrus, 119
cryptic species, 150
SMRS, 150
species identification problems, 120, 121
temperature effects and biocontrol, 163

Apple maggot fly – see Rhagoletis pomonella
Apples – IPM in Nova Scotia, 59
Application of technique/technology, 2,

41
Application of

understanding/knowledge, 2, 40, 41
Applied ecology (see alsoApplication

of . . . , Applied science)
advances come from understanding,

285

avoidance of scientific investigation,
18

balance of nature, 47
diversity of ecological theory, 281
dual meaning, 2
economic influences, 30
evolutionary interpretation, 135
failure to test original explanations,

29
(misleading) research priorities, 39
need for ecological and evolutionary

theory, 70
outcomes vaguely specified, 281
relationship to empiricism, 29, 280

Applied science (see alsoApplied ecology)
and theory, 19
application of technology, 42
application of

understanding/knowledge, 19, 40,
42, 291

as factual science, 3, 29
education in scientific method, 42
end product maintains direction, 289
extension of knowledge, 40, 42, 291
IPM, 18
problem solving, 40
quality of knowledge, 41
refuge from scientific method, 19
relationship to pure science, 19
reliance on scientific method, 19, 70
urgency for solution, 19

Area-wide control
history, 64
insecticide resistance, 65
IPM, 64
genetically modified plants, 65

Arsenical insecticides (see also Lead
arsenate, Calcium arsenate, Paris
green, London purple), 48

earliest use, 45
need for ingestion by pest, 49
people poisoned by, 48

Artificial selection
natural enemies and biocontrol, 258

Asexual organisms
aphids, 166
automixis, 166
behavioural definition, 167
complex adaptations, 166
derived condition in insects, 166
do not form gene pools/genetic species,

131
ecological contingency, 166
ecological definition, 167
environment, 166
evolutionary stability, 131, 166
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genetic variation, 166
interpreting origins complicated, 166
low diversity, 131
mites, 166
natural enemies, 165
non-functional males, 165
Ooencyrtus submetallicus, 165
parasitoids, 165
polyploidy and weevils, 166
sexuality of ancestors, 166
species limits not relevant, 167
species-rich groups, 166
sporadic sex, 165
structural definition, 167
taxonomic categorisation, 132
Wolbachia infection, 165

Assumption
and inductive method, 29
failure to scrutinise assumptions, 29
fundamental assumptions (unstated

and most strongly defended), 34
role in generalisation, 17
universal in scientific interpretation, 30

Auditory signals
cryptic species, 150, 161
playback experiments, 161
SMRS, 150

Autecology (see also Environmental
matching)

abiotic (physical) environment, 248,
263

adaptations (characteristic of species),
219, 246, 247

alternative to demographic ecology, 92,
266

as major component of ecological
theory, 6

as natural history, 92, 108, 235, 238
as theory for pragmatic biocontrol, 234,

236
behaviour and ecological consequences,

240
behavioural and physiological

mechanisms, 236
biocontrol, 237, 238, 248, 258, 259, 268,

267–269
biotic environment, 248, 264
changing climate and elevated

populations, 265
climate matching and biocontrol, 261,

264
community ecology as alternative, 100
complex adaptations, 109
crucial questions, 117
ecology is context specific, 219, 222
environment of organisms, 110

environmental dynamics, 245, 246
geographical scale/distribution, 245,

246, 263
heterogeneity and physiological

adjustment, 110
heterogeneity and spatial adjustment,

110, 111
host-finding behaviour, 251
history, 107
Hyacinthoides non-scripta, 263
idiosyncrasy of species, 7, 236, 246, 247
individuals and species, 247, 277
individuals and species-specific

characters, 7, 96, 107
individuals respond to subset of

environment, 110
interactions, 7, 96, 107, 222, 228, 236,

247
invasion research, 265
IPM, 10, 107
local ecology, 277
mathematical modelling, 267
migration, 245, 246
movement of individuals, 239, 240
predictive ability, 236, 266, 279, 292
quality of data/interpretation, 117
recognition concept of species, 94, 235,

239
spatial scale is biogeographic, 110
species-specificity, 110, 222, 245, 246,

277
species theory as basis, 109
temperature, 263
theoretical structure/development, 93,

110
unused resources and biocontrol, 258,

259
useful in applied ecology, 92

Authority – and scientific method, 22
Automixis – asexual organisms, 166
Autumnal moth – outbreaks and plant

diversity, 182

Bacon, Francis
scientific method, 22
subtlety of thought, 23

Baconian method – see Empiricism
Bactrocera fruit flies

biosecurity risks, 196
cryptic species, 195–197
geographical distribution restricted,

195, 197
host relationships (Thailand), 196–199
SMRS not well known, 196–197
species-specificity of adaptations, 197
taxonomic separation, 195–196
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Bactrocera tryoni (Queensland fruit fly)
ecology investigated on cultivated

hosts, 200
polyphagy and ecology, 203
polyphagy and prediction, 202
preadaptation and prediction, 202
primary hosts not known, 200

Balance of nature
biological control, 66
ecosystem stability, 106
influence in applied ecology, 47
in modern ecology, 94
IPM, 106
theological origin, 47

Bali – early cultural pest control in rice, 46
Basic science – see Pure science
Beetles (Coleoptera)

cryptic species, 18
environmental matching, 145
Pleistocene fossils and climate change,

144
Behaviour

autecology, 235
ecological consequences, 239
ecological principle, 237
expression of physiological process, 236
functional response, 216
host relationship variation, 256
host shifts, 174
inferred from population processes, 221
monophagy, 173
optimisation and decision-making, 221
optimisation overlooks ecological

consequences, 231
polyphagy, 173
searching efficiency, 216

Behavioural resistance to insecticides
cryptic species, 152, 153

Bembidion fumigatum (carabid)
distribution fragmented, 261, 262
environmental constancy, 261, 262

Bemisia argentifolii
host relationships, 179
virus transmission capacity, 179

Bemisia tabaci
cryptic species, 178
host relationships, 179
strains, 179
virus transmission capacity, 179

Benzene hexachloride (BHC), 52, 58
Biocontrol – see Biological control
Biodiversity

biocontrol, 69
facile natural selection explanation, 282
IPM, 69

selected for (isolation concept), 140
sexual species, 131

Biogeography – seeGeographical
distribution

Biological control (see also Biological
control success/failure, Natural
enemies, Pre-release evaluation,
Host-finding mechanism, Functional
response, Numerical response, Host
patch, Holling’s disc equation)

ad hoc attempts, 164
adaptation of agents, 229, 268
aim, 212
alternative to chemicals, 60
Aonidiella in Californian citrus, 119,

120
artificial selection on natural enemies,

258
as applied population ecology, 213
as trial-and-error art, 207
augmentative releases, 209
autecology, 234, 235, 237, 238, 250, 259,

266, 269
balance of nature, 66
behaviour in field, 259
behavioural and physiological

mechanisms of organisms, 209
behavioural models of host

relationships, 173
biodiversity issues, 69
Californian citrus, 207
Chilo in maize, 122
climatic conditions, 250
climatic dynamic, 264
climate matching, 66, 237, 260
coevolutionary arms race, 231
community ecology, 93, 207, 225
contrasted with insecticide, 208
cryptic species’ significance, 164
demographic characters not relevant,

238
demographic ecology, 212, 228, 233,

235
demographic theory has not improved

practice, 233
density dependence and population

stability, 212, 214
determinates of success, 228
determinism, 212
Diatraea in sugarcane, 122, 123
earliest history (China), 46
early antagonism, 49
ecological performance, 259
ecological/evolutionary understanding,

82, 171
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economic considerations, 67, 207, 209
empty niche, 227
environmental impacts/factors, 208,

212, 214
environmental relations of organisms,

248
habitual attack of target, 232, 237
host relationships, 259
Icerya purchasi, 49
incidental association of natural

enemies, 256, 257
interactive development of theory and

practice, 9
intercropping, 203
interspecific competition, 227
introduction strategy and scale, 250
inundative releases, 209
invasion research, 265
Lantana and species status, 118
lessons from failure, 230
local adaptation, 232
low success, 67
Loxostege in South Africa, 121
maintenance of low equilibrium, 214
mathematical models and theory, 60,

211, 227, 228
mimetic methods, 82
multiple introductions

(species/strains), 164, 227, 249
negative environmental impacts, 208
nineteenth century, 49
partial success and unused resources,

258
pest population depression, 213, 214
pests as unused resources, 201, 257
polyphagous natural enemies, 257
population ecology/theory, 207, 211
post-release adaptation, 232
post-release extinction/persistence,

232, 248
pragmatic approach and autecology,

236
pragmatic approach and theory, 234
pre-release evaluation, 207, 209
pre-release host testing (statutory), 208
prediction to enhance success, 208
prediction weak, 265, 266
primary influences of ecology need

consideration, 221
principles and theory stagnation, 210
refuge from natural enemies, 224, 259
release conditions/strategy, 232, 260
resource emphasis, 225, 257
Salvinia in Australia, 124, 168
scientific method, 267, 268

scientific principles sacrificed, 211
scientific underpinning, 164, 249
serendipity, 232
series of specific problems, 230
species identification, 117, 120, 121, 122,

123, 124
species idiosyncrasy, 260
species limits, 168
species stability, 147
stability of host associations, 184, 185
strains of natural enemies, 232
success, 66, 207
success and ecological dichotomies,

222, 223
success as two-step process, 213, 230,

265
target species selection, 209
theory, 207, 235
theory and practice weakly linked, 209,

229
thrips and spider mites on cotton, 204
transient dynamics ignored, 214
understanding polyphagy, 201
unused resources and partial success,

258
vertebrate predators, 208

Biological control failure
incidental host associations, 256, 257

Biological control success (see also
Ecological dichotomies)

autecology, 238
correlation is not causation, 223
economic criteria, 229
environmental matching, 66, 237, 238,

260
host relationships, 243
limited lessons from success, 230
migration, 243
minimum requirements, 229, 230, 249,

250, 259
natural enemy ecology, 238
not an ecological judgement, 229
prey relationships, 243
prime example is exceptional, 230
rare natural enemies, 231
reproduction rate, 243
survival rate, 243

Biological interpretation – based on
function, 135

Biological invasions
Frankliniella schultzei, 182
polyphagy, 182

Biosecurity
polyphagy and prediction, 202
preadaptation and prediction, 202
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Biotic factors – as non-demographic, 264
Biotope – species in different biotopes,

256
Biotype – see Strain andHost race
Birds – possible cryptic species

complexes, 127
Blood flow – change in interpretation,

30
Bluebell – see Hyacinthoides non-scripta
Boll weevil

chemical sterilisation, 63
early IPM, 58
eradication, 64
insecticide resistance, 58
reproduction–diapause control, 63
sterile insect release, 63, 65

Bollworms (Helicoverpa,Heliothis)
persistent pests, 70
polyphagy and pest status, 9

Botanical pesticides – see Plant-derived
insecticides

‘Bronowski cut’
ecological dichotomies, 223
in scientific interpretation, 33, 134

Brown planthopper (Nilaparvata)
as pest, 169
migration and rice, 240, 241
on Leersia and IPM, 74

Butterflies
visual signals, 149

By-products
poor generalisations, 131

Cabbage looper – insecticide resistance,
57

Calcium arsenate, 48, 49, 50
boll weevil, 58

Caledia captiva
hybrid zone, 134

Carabid beetles
generalist predators as prey specialists,

200
migration, 244, 245
migration mistakes, 245
prey specialists, 204
primary requirements, 204

Carbamates, 58
boll weevil, 58

Carson, Rachel
attitude to pesticides and alternative

control, 56, 57
IPM, 69

Cerambycid beetles
cryptic species, 178
migration, 244

Ceteris paribus clause, 35
Ceutorhynchus inaffectatusweevils

host-finding mechanism, 187
monophagy, 187

Character displacement
ecological pattern distorted early, 205

Chelonus texanus (parasitoid)
identification problems, 121
Loxostege biocontrol, 121

Chemical paradigm, 49
cheap control, 53
consumer attitude to pests, 52
ecological research declines, 53
economic competition, 53
expansion of chemical industry, 53
green revolution, 53
increased agricultural production, 52
industrial capital, 52
lead arsenate experience, 48, 52
less complex than alternatives, 53
influence of World Wars, 50, 52
plant breeding, 53

Chemical signals
cryptic species, 150
SMRS, 150

Chemical specialists
Locustamigratoria, 183
neurosensory specialisation, 183
polyphagy, 183

Chemical sterilisation
boll weevil, 63

Chilo – biocontrol, 122
Chilocorus nigritus (coccinellid)

climate matching, 260
geographical distribution, 260, 261

China
early legal imposition of locust control,

46
early pragmatic approach to pest

management, 47
origins of insecticide use, biocontrol,

cultural control, 45
Chlorinated hydrocarbons – pesticide

resistance and boll weevil, 58
Chromosome banding patterns
Anopheles gambiae hybrids, 154
asymmetry in test outcomes, 160
homosequential across cryptic species,

128, 160
species limits, 160

Chrysomelid beetles
migration, 244

Citrus (see also Aonidiella, Aphytis, Icerya)
biocontrol origins in China, 46
IPM worldwide, 59, 65
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Climate
influence on population dynamics, 96
tropical rainforest variable, 197

Climate change
biocontrol, 264
community ecology, 101
environmental matching, 145
geographical distribution, 144
subspecies distribution, 164
sympatric speciation, 136

Climate matching
biocontrol, 260
Chilocorus nigritus, 260, 261
dismissed readily, 260
models, 264
not straightforward, 264

Climatic influences in ecology –
dismissed readily, 265

Co-adaptation between males and
females

genitalia, 133
fertilisation mechanism/SMRS, 133, 145
mating signals/receivers, 133

Coccinellid beetles
generalist predators as prey specialists,

200
mismatch with prey species, 258
mixed diet as emergency feature, 200
prey specialists, 204, 257
primary requirements, 204

Coccophagus (parasitoid)
cryptic species, 150
SMRS, 150

Codling moth
insecticide resistance, 57
migration, 244

Coevolutionary arms race (see alsoRed
Queen Hypothesis)

biocontrol success, 223, 231
Cold War metaphor, 172
herbivore, 172
inconsistent with recognition concept,

184
new associations of natural enemies,

258
parasitoid, 172
patterns of host use do not match, 172
poor model but popular, 172
predator, 172
premises are weak, 172
specialists and host defence, 175

Cold fusion experiment and scientific
progress, 81

Colorado potato beetle – see Leptinotarsa
decemlineata

Common sense
in history, 20
interspecific competition, 40
misleading science, 20, 39

Communication
sexual signals, 141
part of SMRS, 141

Community ecology (see also
Demographic ecology)

alternative to autecology, 100
balance of nature, 101
basis for biocontrol, 211
basis for IPM theory, 93
biocontrol, 93, 258
climatic change, 101
coexistence, 102
communities are

temporary/by-products, 101, 107
consequence of autecological

interactions, 7
criticisms, 101
defined by resource use, 102
definition, 92
emergent properties, 240
environmental conditions excluded,

226
existence vs. coexistence, 225
expansive claims, 100
generalisations not robust, 101
group selection, 102
history is complex, 101
host-finding mechanisms downplayed,

226
interspecific competition weak, 101
local conditions and different species,

246, 247
major component of ecological theory,

6
membership definition problematic,

226
not characteristic of species, 219
patterns weak, 233
principles shared with population

ecology, 211
relationship to population ecology, 92
resource emphasis, 224, 225
resource partitioning, 101
resources are finite, 101
species as equivalents, 225
species as typological units that

interact, 94, 102
species-specific properties excluded,

226
structure as by-product, 226
unused resources and biocontrol, 258
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Compere, George – Aphytis in biocontrol,
120

Competitive exclusion – ecological
pattern distorted, 205

Competitive selection (see alsoOptimising
selection)

specialisation not explained, 177
Complex adaptations

adaptive change, 168
context of subcomponents, 148
directional selection, 145
ecological consequences, 7, 168
geographical distribution, 148
host-finding mechanisms, 168
host relationships, 148, 174
in asexual organisms, 166
key to understanding adaptation, 148
local adaptation, 174
local ecology, 225, 269
optimising selection, 221
recognition concept, 148
single origin, 148
SMRS, 143, 174
species-specific and species-wide, 109,

187
stabilising selection, 146
stability, 109

Constraints
defined by expectation, 186
local adaptation, 174
negative explanation, 147
optimisation/competitive selection, 187

Consumers – attitudes to pests, 52
Continuous adaptation

biocontrol, 232
demographic ecology, 171
genetic variation, 163
geographical distribution, 137
hybridisation, 147
intraspecific variation, 171
isolation concept of species, 147, 167, 171
local phenomena as speciation, 179
monophagy, 189
polyphagy, 171, 189
seen as universal, 163
specialisation not explained, 177
sympatric speciation, 137

Control techniques
early diversity, 46
no principles for selection, 68, 70, 81, 82

Copper aceto-arsenite – see Paris green
Cotesia flavipes (parasitoid)

biocontrol of stemborers, 122, 123
identification problems, 122, 123
possible cryptic species complex, 127

Cotton
IPM in Australia, 66
IPM in USA, 59, 65
sterile insect technique and boll weevil,

65
Cotton stainer – IPM difficulties and

cryptic species, 118
Cottony cushion scale insect – see Icerya

purchasi
Criticism

fundamental assumptions most
strongly defended, 34

superficial criticism commonplace,
34

Cross-mating tests
Bemisia tabaci complex, 178
diagrammatic representation, 154
eliminate early steps of SMRS, 156
experiment duration, 156
interpreting results, 154
relative to species concept, 155, 156
species limits, 154
Trichogramma, 156, 162
viable interspecific hybrids, 156

Cryptic species
Anopheles species complexes, 115, 152,

154
anticipating occurrence, 148, 149, 150
Aphytis, 150
approaches to resolving species

complexes, 151
are ‘true’ species, 119
as intraspecific phenomena, 180
auditory signals, 150, 161
Bactrocera fruit flies, 195–197
behavioural resistance to insecticides,

152, 153
Bemisia tabaci, 178
birds, 127
cerambycid beetles, 178
chemical signals, 150
choice of populations to test, 194
chromosomes homosequential, 128
Coccophagus, 150
confound effective IPM, 129
confusion with ‘strains’/‘host races’,

163
crabs, 127
differential pest status, 161
differential response to pheromone

traps, 161
ecological monophagy, 180
ecologically unique, 118, 119
European corn borer, 178
evolution, 149
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fish, 127
fruit flies, 178
Gonipterus scutellatus, 178
Helicoverpa armigera, 193, 194
Helicoverpa punctigera, 38, 193, 194
herrings, 152
host associated ‘races’, 16
interpretation of host/prey

relationships, 180
interpreting evolution, 149
IPM consequences, 161, 163, 164, 165,

201, 204
isolation concept, 148
lepidopterous pests, 178
Leptinotarsus decemlineata, 178
local adaptation, 180
malaria vectors, 152
Merophyas divulsana, 161
molecular diagnostics, 130
morphologically not

detectable/identical, 118, 127, 155
mosquitoes, 115, 150
moths, 150, 152, 161
on path to full species, 180
parasitoid, 150, 152, 155
polyphagy, 195–197, 201, 204
present in many taxa, 118
recognition concept, 148
relevance to ecology and IPM, 8, 115, 118,

119, 120–125
speciation, 162
species complexes and generalists, 178
species-specific behaviour, 152
species-specific insecticide resistance,

152
species-specific vector competence, 152
species-specificity of control, 115
species-wide generalists, 180
strains, 232
structural discontinuities, 128
sympatric speciation, 180
tactile communication, 149, 150
techniques related to theory, 126
Tetranychus urticae, 178
Trichogramma, 150
unrecognised complexes still common,

118
visual signals, 149

Cultural control of insect pests
earliest history, 46
eradication of pests, 64
nineteenth century, 49

Curinus coeruleus (coccinellid)
post-release expansion, 245
prey species and abundance, 257

primary prey and population
consequences, 257

Cuticular lipids – tests of functional
significance, 161

Cyrtobagous
biocontrol of Salvinia, 124, 168
identification problems, 124
species limits, 168

Cytogenetics – see Chromosome banding
patterns

Cytoplasmic incompatibility –
intraspecific sterility, 155

Dark ages
knowledge and science, 22
religion and pest management, 46

Darwin, Charles
and scientific method, 15
constraints on thought, 147
continuous adaptation, 146
downplayed species-wide characters,

147
intraspecific variation emphasised, 147
speciation gradual and ongoing, 148
theology and fixity of species, 147

DDT
cotton, 58
early advantages, 50, 52
human health, 52
illustrations of early use, 51
negative effects, 52
production levels, 53
resistance ofHelicoverpa armigera, 193

Decision-making – grower participation,
64

Deductive method, 22
and testing validity of interpretation,

24
Whewell, 28

Defence (immune) systems – specialist
resource users, 175

Demographic ecology
biocontrol, 212, 228, 233, 235
climate unpredictable, 233
conjunction of population and

community ecology, 92
criticisms, 233
currently pre-eminent theory in

ecology, 108
density dependence role questionable,

233
determinism, 233
ecological dichotomies, 222
ecological parameters variable, 229
emergent properties, 239, 240
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Demographic ecology (cont.)
empty niche and sympatric speciation,

175
environmental dichotomy (biotic vs.

abiotic), 247
environmental variability ignored in

principle, 277
focus on biotic (demographic)

influences, 92
generalist–specialist continuum, 175
host-finding behaviour, 255
human desire, 233, 234, 236, 267
idealism in biology, 94, 233, 234
intraspecific variation in adaptations,

109, 171
invasion research, 266
isolation concept of species, 171
metapopulation ecology, 220
migration, 240, 244
nature as economy, 267
non-equilibrium ecology, 220
ongoing adaptation, 171
optimism for biocontrol improvement,

233
organism–environment interaction

ignored, 228
organisms marginalised, 219, 233, 237
physical disturbance, 92
physico-chemical factors

de-emphasised, 92
polyphagy, 171
prediction, 236, 292
regional influences on local ecology,

220
resource emphasis, 224
species idiosyncrasy ignored in

principle, 233, 277
Density dependence (see also Population

ecology)
as important but not measurable, 233
biocontrol, 212
not characteristic of species, 219
postulated role questionable, 213, 233
pre-release evaluation in biocontrol, 214
weak ecological generalisation, 218, 219

Density independence
as ecological ‘noise’, 212
key factors in population dynamics, 212

Derris dust – early use, 48
Determinism

ecological theory and biocontrol, 212
Developing countries

use of synthetic organic insecticides, 53
Diapause

diapause control and boll weevil, 59
synchrony with host, 249, 250

Diatraea (stemborer) – biocontrol, 122
Dieldrin, 52, 57
Diet

dietary self-selection, 200
mixed diet not necessarily beneficial,

189
Directional selection

complex adaptations, 145
environmental change, 145
illustrated, 144
SMRS, 145

Disjunct oligophagy
precipitate explanation, 180
unrecognised cryptic species, 180

Dispersal – seeMigration
Diurnal organisms

nature of SMRS, 149
Diversity – see Biodiversity
DNA analyses

advantages over allozyme
electrophoresis, 157

Dodo – speciation in isolation of ancestral
species, 140

Drosophilamelanogaster
SMRS stable, 146

Drosophila willistoni group of species
degrees of genetic differentiation, 162

Drosophilidae
community ecology, 225
existence vs. coexistence, 225
migration, 244

Ecological amplitude
generalists, 175

Ecological dichotomies/continua
basis for ecological generalisation, 222
biological detail omitted, 224
ecological generalisation, 279
ecological succession, 224
generalist vs. specialist, 175, 278
ignore all other ecological factors, 223
ignore environmental heterogeneity,

222
ignore idiosyncrasy of species, 222, 279
ignore organism–environment

interaction, 222
lack realism, 222
misrepresent adaptive process, 181
monophagy vs. polyphagy, 189
not robust, 224
restrictive, 222
syntheses of character states, 223, 224
too restrictive, 222

Ecological equilibrium – disrupted, 92
Ecological fitting – see Environmental

matching of organisms
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Ecological hierarchy
attempts to incorporate species, 106
exclusion of individual organisms, 92
exclusion of species, 92
history, 100
IPM research, 92

Ecological interpretation/generalisation
(see also Ecological dichotomies)

environmental dichotomies, 174
evolutionary origins, 206
flawed evolutionary principles, 170
group selection, 170
idiosyncrasy of species, 222, 223
numerical response weak, 218
teleology, 170
typology, 170

Ecological laws, 227
Ecological monophagy

cryptic species, 180
precipitate explanation, 180
species-wide generalists, 180

Ecological pattern
character displacement (birds and

snails), 205
competitive displacement (squirrels),

205
eliminated by environment change,

205
persistent mistakes, 205
testing accuracy, 204

Ecological principles
early IPM, 59
need for sound principles for IPM, 3,

170
relationship to IPM not specified, 2

Ecological research
decline during chemical paradigm,

53
diversity of research directions, 112,

116
empiricism (factual), 117
IPM, 66, 116

Ecological sampling – error and sample
size, 290

Ecological scale
biocontrol releases, 250
individuals and species, 239

Ecological species concept – subjective
designation, 132

Ecological stability
criticism, 106
generated by diversity, 106

Ecological theory (see alsoAutecology,
Demographic ecology, Population
ecology, Community ecology,
Ecosystem ecology)

alternative approaches available, 7, 90,
98, 99

balance of nature, 47
behavioural and physiological

mechanisms, 209, 237
biocontrol (not linked), 211, 229
climatic response, 237
climate unpredictable, 233
complexity, 7
disagreement among ecologists, 7,

95
diversity of theory, 277
dominated by demographic ecology,

108
ecology of species, 100
environment, 237
evolutionary basis, 110
expectations unrealistic, 234
human expectations superimposed,

233
idiosyncrasy (individuality) of species,

110, 233, 237
individual organisms in natural

setting, 233
in terms of paradigm, 32
intraspecific variation, 112
major components, 7
mathematical models, 227
pest control method selection, 292
population ecology, 277
practical benefits few, 290
problems with principles, 211
relation to evolutionary theory, 7, 94,

97, 99, 110, 112
strong principles needed, 102
theological influences, 101
underlying assumptions, 95
underpinned by species theory, 109

Ecological understanding
accuracy of pattern documentation,

204
based on adaptation, 135
cryptic species’ relevance, 8, 115, 118
development of pest control

techniques, 2
for IPM needs scrutiny, 66, 72
inaccurately portrayed for IPM, 66
intraspecific variation, 169
IPM consequences, 62, 66, 67, 68, 84,

201–203
persistent pest species, 70
specialist–generalist dichotomy, 177
species concept relevant, 167
supervised insect control, 61
taxonomy’s significance, 117
to underpin pest management, 58
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Ecology
and factual information, 23
and scientific method, 23
as basis for IPM, 1
consequent upon evolutionary origin,

184
disputation over evidence, 36
ecological hierarchy, 91
fragmented and multifaceted

discipline, 90
individuals, adaptations and

environment, 7
not mature as a science, 35
polyphagous species, 9
risk from funding concentration, 282
sound theory needed, 88, 89
species – seeAutecology
understanding species limits as basis, 8

Economic injury levels – see Economic
thresholds

Economic justification
biocontrol research, 268
influence on science, 273, 274
research on polyphagous species, 205

Economic rationalism – evolutionary
understanding, 206

Economic thresholds
cornerstone of IPM, 74
detrimental to IPM, 60
history of concept, 61
research has short useful life, 85
retains emphasis on insecticides, 60,

74, 75
Economics

and avoidance of scientific principle, 5,
78

and incomplete theoretical
development of IPM, 2

and research priorities, 40
basis for IPM, 60, 74
benefits of biocontrol, 207
influence on chemical paradigm, 52
influence on scientific

method/interpretation/application,
30

insecticide resistance, 58
justification of science in IPM, 284
mistakes in species identification, 119
pure science as a luxury, 3

Ecosystem ecology (see also
Agroecosystem)

alternative to community concept, 103
as theory for IPM, 93, 105
criticism, 104, 105, 106
diversity generates stability, 106

ecological stability and balance of
nature, 105, 106

energy transfer and generalisation,
104

environmental variability ignored,
277

history of concept, 103
limnology, 104
major component of ecological theory,

6
migration, 104
physico-chemical environment, 92,

103
reductionist concept, 103
relative to Clementsian

‘superorganism’, 103
relative to population dynamics, 103
spatial entity/boundaries, 103, 104
species ecology, 105
species idiosyncratic (individualistic),

106, 277
species irrelevant, 104
species play role, as units, 107
subjectively designated entity, 103
transfer rates (matter, energy,

nutrients), 104
Ectoparasitoids – host-finding

mechanism, 229
Education

competition for students, 276
conservation of knowledge, 42
extension of knowledge, 42
gaps in IPM knowledge, 2
growers, 64
influenced by empiricism, 29
in scientific method, 42
needed for supervised insect control,

61
problem identification and solving, 30
scientific method, 276

Egg limitation
parasitoids, 231
optimisation, 231

Egg parasitoids – host-finding
mechanism, 229

Egypt – earliest insecticide use, 45
Einstein, Albert

on theory, 25
richness of theory, 115

Electrophoresis – seeAllozyme
electrophoresis

Empiricism, 25
and entrenchment of ideas, 30
and generalisation, 23
and John Stuart Mill, 23



Index 361

and molecular technology, 29
as canaliser of thought, 24
as scientific method, 23
evolutionary understanding as

diversion, 206
faulty and rejected, 25
in (applied) ecology, 29, 117
influence in education, 29
in Human Genome Project, 29
IPM, 23, 70, 80, 81
in modern science, 29
learned by default, 30

Encarsia perniciosi
asexuality, 166
biocontrol ofQuadraspidiotus, 121
evolutionary stability, 166
identification problems, 121

Enchenopamembracids
host-associated egg dormancy, 186
host relationships, 186
life cycle synchrony with host, 186

Endosulfan – Helicoverpa armigera
resistance, 193

Enlightenment – diversity in pest
management, 47

Environment (see also Physical
environment, Ecological
dichotomies)

asexual organisms, 166
change and directional selection, 145
complex adaptations, 146, 148
context for functional mechanisms, 142
context for host associations, 177
dynamics unpredictable, 246
ecological principles, 237
efficient resource use and teleology, 146
fertilisation system, 141
Helicoverpa punctigera, 193
influence on population dynamics, 96
SMRS, 141, 143
speciation, 138, 148
species-specificity of conditions, 246,

247
treated unidimensionally, 181
tropical rainforest variable, 197

Environmental change – elimination of
ecological pattern, 205

Environmental dichotomies
abiotic vs. biotic, 247
ecological generalisation, 174
interspecific competition, 174

Environmental factors
as single survival probability, 212
biocontrol, 212
natural enemy autecology, 213

Environmental heterogeneity
correlation with polyphagy, 176
host-finding mechanisms, 255

Environmental matching of organisms
beetles since Pleistocene, 145
biocontrol success, 66, 237, 260
biotic factors, 238
climate change, 145
geographical distribution, 145
physical influences on ecology, 263
primary factors, 238
species requirements, 145
species-specific, 247
species tolerances, 145
stages of life cycle, 187

Environmental movement
attitude to pesticides and alternative

control, 57
Epistemology – see Scientific method
Eradication

boll weevil, 64
by insecticides, 53
concentrate on secondary pests, 40
cultural control, 64
early projects, 62
IPM, 64, 69
pheromone monitoring, 64
total population management, 62

Ethics – application of technology, 10, 274
European corn borer

cryptic species, 178
preadaptation and prediction, 202

Evolutionary ecology
IPM, 82
species/speciation peripheral, 109

Evolutionary interpretation
applied ecology, 135
polyphagy and chemical specialists,

183
Evolutionary maintenance

natural selection as competitive
process, 185

origins more important, 184
Evolutionary origin

adaptation related to environment, 185
basis for ecological understanding, 206
dictates ecology of organisms, 184
recognition concept, 185
specialisation, 185

Evolutionary stability
asexual organisms, 131
complex adaptations, 109, 146, 187
host-finding mechanisms, 253
major (complex) adaptations, 184
prediction, 268
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Evolutionary theory/principles
flawed ecological interpretation, 170
IPM, 170
population ecology, 98
process of evolution, 15, 17
relationship to ecological theory, 7, 94

Extension entomology, 45
Extinction – risk for specialists, 175

Facts
and historical interpretation, 20
conservation of knowledge, 42
ecological research, 23
empiricism, 23
IPM, 66, 70, 79
polyphagous species, 15, 18
as opposed to theoretical information,

20, 21
relationship with theory/scientific

method, 15, 23
Falsification

conclusiveness of, 36
elimination of alternative hypotheses,

38
in scientific method, 36
naive falsification, 39

Far East – early diversity of pest control
techniques, 46

Fertilisation
life cycle closure, 145
not fortuitous, 141
requires mechanism, 141

Fertilisation mechanism (see also
Specific-mate recognition system)

co-adapted genitalia, 133
co-adapted mating signals/receivers,

133
environmental context, 141
gamete ‘design’, 133
reproductive synchrony, 133
SMRS as component, 141
species limits, 130
subsidiary steps and sequence, 141

Fish
possible cryptic species complexes, 127

Fitness
across hosts in polyphagous species,

189
cannot predict evolutionary trajectory,

188
consequence of behavioural

mechanisms, 188
future evolutionary change, 176
insecticide resistance, 168
no influence on what organisms do, 188

polyphagy, 176
polyphagy and host location efficiency,

182
Fitness maximisation

efficiency in resource use, 174
migration, 245
polyphagy, 36, 175
through host preference, 177
through optimisation, 221

Fixation of genes
geographical distribution, 148
small population, 143

Fixed genetic (allozyme) differences
electrophoresis, 158
species limits, 158, 159

Food web (chain) – species play role, as
units, 107

Forest organisms
nature of SMRS, 149

Frankliniella schultzei – polyphagy and
biological invasions, 182

Fruit fly – see Tephritidae
Functional interpretation

adaptation as mechanism, 131
basis of biology, 135
environmental context, 142
mating signals and species limits, 161
species concepts, 135
steps in SMRS, 142

Functional response
behaviour and physiology, 216
differentiation from numerical

response difficult, 218
inundative release of natural enemies,

216
kill rate of natural enemies, 215
searching efficiency and host density,

218
significance vs. numerical response, 216
variable, 217, 218

Fundamental principle, 25

Galen – interpretation of blood flow (see
alsoHarvey), 30, 33

Gamete design – fertilisation mechanism,
133

Geckos – hybridisation and species limits,
133

Gene flow (see also Positive assortative
mating)

assumed for morphologically defined
species/taxa, 129

geographical distribution, 128
habitat, 128
host plant, 128
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mating behaviour, 128, 129
species limits, 128
time of mating, 128

Gene pools
as species, 7
not formed by asexual organisms, 131

Gene-centred view of life
ideological influences, 30, 31

Generalisation
all assumptions not usually specified,

15
and alternative interpretation, 18
and empiricism, 23
and inductive method, 22
as assumptions, theory, hypothesis, 17
availability of alternative

interpretations, 18
crucial role in science, 17
generalisations for different parts of

IPM chain, 78
Generalist predators

as prey specialists, 200
attraction to crops, 204
mixed feeding as emergency measure,

200
numerical response superior to

specialists, 217
principal vs. substitute food, 200
trophic safety net, 200

Generalists (see also Polyphagy)
adaptive advantage, 175
as opportunists, 175
as polyphages, 169
benefits, 175
categorisation not useful, 188
de-emphasis of behaviour, 177
diet composition, 175
ecological amplitude increased, 175
emphasis on resource use, 177
generalist–specialist continuum, 175,

181
‘generalist’ predators as host plant

specialists, 189
generational turnover, 175
geographical distribution, 175
group selection, 175
label conferred prematurely, 177
not as common as expected, 177
not consistent with recognition

concept, 189
population increase on alternative

resources, 175
primary behaviours, 189
primary habitat associations, 189
primary host/prey relationships, 189

primary requirements, 189
resource use/availability, 175
spiders not generalists, 188, 189
typology, 181
unrecognised cryptic species, 178, 180

Genetic theory – sequence data, 29
Genetic variation

continuous adaptation, 163
ease of documentation, 163
host relationships constrained, 181, 185
large amount in species gene pool, 186
small sample of organisms

representative, 186
Genetically modified organisms

area-wide control, 65
place in IPM, 68, 69

Geographical distribution
adaptation, 163
Bactrocera species, 195
Bembidion fumigatum, 262
biocontrol, 250, 260, 261
climate change, 144
complex adaptations, 148
dynamic, 246
ecological scale, 239, 246
environmental constancy and

fragmented distribution, 261, 262
fixation of genes, 148
fragmented distribution, 261–263
gene flow, 128
generalists, 175
Helicoverpa species, 192, 193
host-finding mechanism, 253
Hyacinthoides non-scripta, 261, 263
hybrid disadvantage, 146
life cycle requirements, 187
local ecology, 261, 263
mating behaviour species-wide, 139
Pleistocene beetles, 144
polyphagy and population dynamics,

182, 192, 193
reinforcing selection, 138, 139
speciation, 163
species-specific environmental

conditions, 246
stabilising selection, 144
stability of host-preference hierarchy,

184
stability of major adaptations, 184
subspecies, 164
sympatric speciation, 136

Geology – dispute over evidence, 36
Glasshouse – IPM, 65
Gonipterus scutellatus (weevil) – cryptic

species, 178
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Granary construction – retard pest
increase, 46

Grape planthoppers
IPM and community ecology, 100
parasitoids migrate from alternative

hosts, 100
Grassland organisms – nature of SMRS,

149
Greece – earliest pest management, 46
Green revolution – chemical paradigm, 53
Green vegetable bug – see Nezara viridula
Group selection

community ecology, 102, 107
flawed ecological interpretation, 170
generalists and ecological amplitude,

175
reproductive isolation, 140
speciation, 140

Grower participation
decision-making, 64
education, 64, 66
research, 64, 81

Guild – see Community ecology
Gypsy moth – see Lymantria dispar

Habitat
and SMRS, 143
autecology, 110
dynamics unpredictable, 246
gene flow, 128
isolating mechanism, 132
nature of fertilisation

mechanism/SMRS, 149
species-specificity, 246

Habitat relationships
species concept relevant, 167

Handling time
estimated indirectly from population

consequences, 218
key attribute of natural enemies, 216

Hardy–Weinberg equilibrium
species limits, 159

Harvey, William
interpretation of blood flow (see also

Galen), 30, 33
Head lice – insecticide resistance, 57
Helicoverpa armigera (see also Bollworm)

Bt transgenic cotton, 193
cryptic species tests, 192
defined only morphologically, 150
ecology investigated on cultivated

hosts, 200
geographical distribution, 189–193
heritability of host-related behaviour,

192

host plants/relationships, 15, 16, 17,
189–193

insecticide exposure/resistance, 193
insecticide use, 67
molecular diagnostics, 193
primary pest, 67
Sonchus oleraceus as primary host, 192
species-specific ecology, 189–194
subspecies, 192
trap crops, 192

Helicoverpa punctigera (see also Bollworm)
cryptic species tests, 38, 192
defined only morphologically, 150
ecology investigated on cultivated

hosts, 200
environmental conditions, 193
geographical distribution, 189–193
host relationships, 15–18, 28, 38, 170,

182, 189–193
insecticide exposure/susceptibility,

192
insecticide use, 67
IPM-related research, 38, 40
key pest, 67
local and sink populations, 193
migration, 193, 240, 242
molecular diagnostics, 193
morphologically defined, 129
pattern of host use, 38
polyphagy, 129, 170
population persistence, 182
secondary hosts as ecological safety net,

199, 200
species limits, 129
species-specific ecology, 189–194
testing host relationships (and

polyphagy), 36, 37, 38
trap cropping and primary hosts,

203
Helicoverpa species

much research, little understanding,
112

Heliothis (see also Bollworm,Helicoverpa)
as secondary pests, 58

Hellebore – early use, 48
Herbivore (see alsoHost relationships)

chemical specialists, 182
coevolutionary arms race, 172
diversification and host-finding

behaviour, 174
treated typologically, 181

Herbivorous insects
diversified after plant diversification,

184
stability of preference hierarchy, 184
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Herrings
cryptic species, 152, 155
specialisation, 186

Hessian fly – cryptic species, 118
Heteropsylla cubana (psyllid bug)

primary prey for Curinus coccinellids,
257

Heteroptera
cryptic species, 118
persistent pest, 70
polyphagy and pest status, 9

Historical records
ecological/evolutionary interpretation,

203
History

AIDS research, 22
as a factual pursuit, 20
DDT and chemical paradigm, 52
earliest pest management, 45, 48
guide for future action, 44
IPM, 44, 48, 69
of theory and designing tests, 36
to understand influence of early

interpretations, 44
Holling’s disc equation, 216
Homo sapiens – single point of origin,

148
Honeybee

dance language and alternative
explanations, 27, 37

foraging behaviour, 37
Host defence

ectoparasitoids, 257
egg parasitoids, 257
rare natural enemies, 232
specialists, 175

Host patch
host-finding mechanisms, 255
migration, 240
optimal foraging, 230
specification complicated, 216

Host plant/species
assumed equivalence across host

species, 182
herbivore’s functional relationship,

193, 194
incidental hosts, 191
judging relative status, 190, 191
minor hosts and host lists, 181
primary host species, 191, 192
role in SMRS, 143
treated typologically, 181

Host preference
contrasted with host recognition, 177
correlated with performance, 177

Host race (see also Strains)
arbitrary designation, 163
may represent cryptic species, 163, 164
not self-defining (see Species), 163
Rhagoletis pomonella, 136
species concepts, 137
sympatric speciation, 136
types of uses, 163

Host recognition – contrasted with host
preference, 177

Host relationships (see also Polyphagy,
Monophagy, Chemical specialists)

adaptation/alternative interpretations,
135, 170, 253

Bactrocera species, 196–200
behavioural and physiological

processes, 170, 181, 186
behavioural models (alternatives), 173,

249
behavioural variation, 256
biocontrol success, 243
chemical suitability vs. host lists, 187
complex sequence, 252
cryptic species, 180
ectoparasitoids, 257
egg parasitoids, 257
Enchenopamembracids, 186
environmental circumstances, 181
evolutionary stability, 253, 255
gene flow, 128
generalisation development, 177
Helicoverpa armigera, 189–194
Helicoverpa punctigera, 170, 189–194
herbivores, 169
host-finding behaviour matches host

cues, 249
incidental associations, 232, 256, 257
intercropping, 203
intraspecific variation, 169
laboratory evidence, 257
life cycle relevance, 186
life cycle synchrony with host species,

186
local adaptation, 174
long distance/close range dichotomy,

252
monophagy as adaptation, 99
new vs. old associations, 258
optimisation negates mechanism, 177
oviposition mistakes, 245
parasitoids, 145, 169
patterns do not match coevolutionary

theory, 172, 184
patterns of host species use in field, 170,

191
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Host relationships (cont.)
phylogenetic analysis, 172, 173
physiological context of herbivores, 177
plant husbandry influence, 202, 203
Platycotis vittatamembracids, 186
polyphagy and forecasting

populations/invasions, 202
polyphagy and relative status of hosts,

191
polyphagy as adaptation, 99
preadaptation, 249, 258
preference hierarchy, 191
primary hosts and physico-chemical

features, 200
primary hosts of Bactrocera tryoni, 200
primary vs. incidental hosts

(generalists), 189, 191
recent advances in understanding, 172
secondary hosts as ecological safety net,

199, 200
secondary plant metabolites, 173
sequential evolution, 184
specialisation expected, 186
specialists and biocontrol, 217
species concept relevant to

understanding, 167
species-wide distribution, 253
sporadic attack, 249
stability in biocontrol, 184
substandard host use, 188
synchrony with host/prey, 249, 250
taxonomic conservatism, 181
unexpected, ephemeral use of hosts,

202
variability and isolation concept, 167
yucca moth, 172

Host shifts
behaviour, 174
history in Rhagoletis pomonella, 136, 203
strong evidence required, 168
yucca moth, 172

Host specificity/Host specialists – see
Monophagy, Specialists

Host-associated cryptic species, 150, 152,
161, 193, 195–197, 205

Host-finding mechanism (see also
Proximate mechanism)

adaptive change, 168
artificial selection, 258
assumed easily characterised, 229
behavioural models and biocontrol,

251
biocontrol theory, 209, 214
Ceutorhynchus inaffectatusweevils, 187
(complex) adaptation, 145, 168

demographic ecology, 255
distance attraction, 255
ectoparasitoids, 229
egg parasitoids, 229
field tests, 229
find-and-attack cycle, 251
flexibility in polyphagous species,

190
functional response, 215
handling time, 216
herbivore diversification, 174
Holling’s disc equation, 216
host habitat recognition, 255
host patch, 255
independently specifiable, 187
information reliability and

detectability, 251, 252
ignored in community approach,

226
ignored in optimisation approach,

230
intercropping, 203
laboratory data, 229
monarch butterflies, 187
monophagous species, 187
natural enemy searching and pest

distribution, 259
optimality, 251
parasitisation mechanisms, 251, 252,

253, 254
polyphagous species, 187–190, 201
predation mechanisms, 251, 252, 253,

254
predators, 229
primary hosts and physico-chemical

features, 200
searching efficiency, 216
species concept relevant, 167

Housefly – see Musca domestica
Huffaker, C.B. (see alsoHuffaker Project)

influence in early IPM, 60
Huffaker Project

insecticide reduction, 62, 67
IPM, 62
success, 62
systems modelling included in IPM,

60
Human anatomy – disputation over

evidence, 36
Human Genome Project

economic influences on the project, 30
empiricism, 29
limitations, 283

Human population – demand/need for
IPM, 69
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Hyacinthoides non-scripta (bluebell)
geographical distribution, 261, 263
life cycle and ecological fitting, 261, 263
local ecology, 261, 263

Hybrid corn – preferred over selected
lines for economic reasons, 30

Hybrid disadvantage
isolating mechanism, 132
isolation concept of species, 138
speciation, 138

Hybrid sterility
elimination of rarer genotype, 164
subspecies, 164

Hybridisation
as by-product, 148
continuous adaptation, 147
deleterious genes selected out, 146
extinction of more rare population, 146
frequency, 133, 165
geckos, 133
geographical distribution, 146
hybrid zones, 133, 134
insignificant for evolution, 165
isolation concept of species, 138, 149
isolating mechanisms, 138
mating behaviour, 138
mosquitoes, 133
non-arbitrariness of species, 133
reinforcing selection, 138
reproductive isolation, 138
speciation, 138
sympatric speciation, 165

Hypothetico-deductive method –
alternative to empiricism, 28

Icerya purchasi – biocontrol in California,
49

Idealism in biology – demographic
ecology, 94

Ideology in science – gene-centred view of
life, 30, 31

Illusion
in art and science, 24
in images, 25, 26

Incipient species – speciation, 162
Individual organisms

adaptation, gene pool, species, 100
autecology, 107, 247, 251
ecological scale, 239
life history theory, 98
life system, 98
lifeline, 239
lifetime track, 239
not accommodated in demographic

ecology, 92

not part of ecological hierarchy, 92
population consequences, 245
population ecology, 91, 96, 98
properties, interactions and ecology,

97, 109
relationship to species, 110

Individual selection
specialist resource users, 175
speciation, 140

Induced pests
and IPM, 62

Inductive method, 22
alternative interpretation/perception,

24, 37
cannot be formalised, 22
creative role in science, 28
information age, 283
knowledge synthesis and extension,

283
logically faulty, 25
polyphagy, 28
verification, 25, 28, 29
Whewell, 28

Industrial production – insecticides,
50

Information – quality and reliability, 6
Information age

influence on science, 282
information as commodity, 283
information at cost to understanding,

283
naive induction, 283
quality of information/data, 282, 283

Inorganic insecticides – 48
Insect society

alternative interpretations of evolution,
24

sociality and benefits, 27
Insecticide reduction – Huffaker Project,

62, 67
Insecticide resistance

adaptation, 99
area-wide management, 65
cryptic species, 164
early occurrence, 56
economic consequences, 58
fitness, 168
local adaptation, 168
loss of resistance allele, 168
minor genetic change, 168
negative pleiotropic effects, 168
persistent monitoring, 60
population genetics, 164
rapid development, 57
reversion to wild type, 168
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Insecticides (mainly synthetic organics)
as panacea, 53
beneficial organisms, 56
contact synthetic organics, 49
control temporary, 57
current use/reliance, 1, 67
decline in other insecticides, 52
environmental issues, 56
eradication of pests predicted, 53
failure of expert knowledge, 61
global production, 67
government subsidised in developing

countries, 56
history of use, 45, 47, 48, 49
humans affected, 56
influence on plant breeding, 53
industrial production of arsenicals, 50
IPM, 65
modern approaches and techniques, 59
nineteenth century, 48
preferred by producers, 74
relationship to economic thresholds, 74
replaced other control methods, 53
research on alternative control low

priority, 57
residues and chronic effects, 52
residues and mandatory safety tests, 48
sales and advertising, 53, 54, 55
search for new compounds, 52
secondary pests and pest resurgence,

58
temporary control, 57, 63
tolerance levels for humans, 56
uncritical exploitation, 49
use in wilderness and suburbs, 53
wastage and supervised control, 61

Integrated pest management
adaptation and IPM, 170
adoption and external

pressure/political will, 68
adoption rates low, 61, 66, 67, 68
advances from understanding, 285
agroecosystem, 60, 93
allopatric populations, 129
alternative control options lacking, 62,

68
application vs. extension of

understanding, 2, 70
applied science, 18
area-wide control, 64
autecology and species-based approach,

107, 110
Bactrocera fruit flies, 197
balance of nature, 106
biological concepts, 69
biological theories and research, 277

chain of logically related activities, 76,
80, 84, 86, 87

citrus, 292
civil engineering as analogy, 281
community ecology as theoretical basis,

93, 100
competing theories, 79
competition for funds, 281
complexity, 1, 6
complex social philosophy, 276
conflict in research needs/control

demands, 78, 83
continuum of strategies, 61
cooperation – problem solving, 75, 79,

80, 87
coordination: research and application,

73, 286–288
cryptic species, 8, 115, 118, 127, 129, 161,

164, 165, 193, 194, 202
curative vs. preventive IPM, 60
definitions (vague/broad), 59, 65, 74,

75, 276
denigration of science, 280
direction wanted after chemical

paradigm, 59
diversity of early control methods, 49,

74
diversity of early opinions, 44
diversity of meanings, 59
diversity of participants, 18, 79
diversity of social activities, 75
during enlightenment, 47
dynamics: ecological vs. production

system, 85
ecological/evolutionary basis, 10, 59,

62, 66, 73, 80, 82, 89, 90, 110, 116, 170,
171, 202–204

ecological basis needs scrutiny/is
lacking, 66, 68, 72

ecological research endures, 84, 85
economic basis, 60, 74
economic limitations/expensive error,

284
ecosystem research, 93, 105, 106
education in scientific method, 276
effectiveness vaguely specified, 281
emphasis: application vs. problem

solving, 79
engineers required, 291
entomological components, 75, 76
eradication of key pest, 64
extension entomology and public

opinion, 45
factors hindering uptake, 67
facts/information emphasised, 4, 5, 20,

66, 70, 75, 79–81
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failures, 66
forecasting population

trends/invasions, 202
general models, 284
generalised cover term, 78
genetic engineering, 68
grower participation/research, 64, 293
Helicoverpa armigera, 192, 193
historical lessons, 69
history, 44–48, 58–61, 69
immediate solutions required, 78, 83,

285
implementation rates, 65
induced pests, 62
inflated promises, 281
interdisciplinary, 73
insecticides, 60, 65, 74, 75
integration of entomological research,

6
integration of information, 6
integration of techniques, 6, 73, 88
interdisciplinary research, 288
internal dispute, 68
intraspecific variation, 169
knowledge finite, 70
life systems, 98
large-scale experiments, 290
logical dependence down IPM chain,

76, 77, 84, 86, 87
luck, 165
mathematical/systems models and

research, 62, 83
mimetic approach, 3, 5, 70, 79, 284,

285
multidisciplinary teams, 286, 288
need to improve success rate/uptake, 3,

67
negative connotations for theory, 20
new solutions needed, 276
nineteenth century, 49
outcomes vaguely specified, 281, 286
paradigm for IPM research, 45, 70,

276
performance criteria required, 60
place in society, 284
polyphagous species, 169, 197, 201, 202
population ecology as theoretical base,

93
population regulation, 94
predation by thrips in cotton, 204
problem identification and solving, 10,

70, 72, 75, 79, 80
production goals and IPM, 69
program plan required overall, 79
project structure/diversity, 44, 62, 73,

76–78, 83, 87, 112

quality of information, 9
recognition concept implications, 147
reductionist science, 68, 70, 289–291
requirements dynamic, 69, 85
research and ecological hierarchy, 91
research funds, 68
research priorities, 77, 81, 86
research requirements, 69, 70, 75–77,

83, 88, 90
research vs. implementation, 286–288
roles vaguely specified, 286
scientific basis undermined, 78, 281
scientific influences on direction, 69
scientific method/tests, 19, 39, 81, 275
scientific uncertainty and limits to

science, 291
scientific underpinning needed, 164,

275, 283
scientists and failure, 291
secondary pests as priorities, 40
selection of control option, 68, 70, 81,

82, 292, 293
social activity, 78
socioeconomic influences, 5, 44, 68, 69
species concepts relevance, 167, 277
species identification, 115, 277
species studies/ecology, 77, 91, 100, 277
species-specificity of early control

methods, 49
species-wide monitoring, 64
success, 58, 60, 65, 67
success and autecology, 107
succession of hosts, 202
supervision by entomologist, 61
system design, 70, 84, 85
systems analysis, 62, 290
taxonomy significant, 115, 117
technology used blindly, 67
teleological treatment of organisms,

80
theoretical requirements, 2, 3, 10, 73,

79
theory relevance and assumptions, 41
tolerance of pests, 65
total population management

incorporated, 64
trap crops, 192, 203
vocational education, 291

Interaction
as basis for ecology, 7
autecological, 96
between individuals and local habitat, 7
functional vs. incidental, 255

Intercropping
behavioural mechanisms, 203
testing effectiveness, 203
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International Biological Program (IBP) –
early IPM, 60

Interspecific competition
basis for community ecology, 101
demographic treatment, 92
environmental dichotomies, 174
generalists forego competitive

superiority, 175
incidental interaction, 255
IPM, 40
multiple introductions in biocontrol,

227
parasitoid characterisation, 222
secondary pests, 40
sympatric speciation, 137
weak ecological force, 96, 101

Intraspecific competition – natural
selection, 174

Intraspecific variation
across species’ distribution, 109
adaptation (continuous), 169, 171
cryptic species, 127
demographic ecology, 109, 171
ease of documentation, 206
ecological understanding, 169
emphasis, 268
host relationships, 169
IPM, 169
isolation concept of species, 171
local adaptation, 175
not fundamental property of

organisms, 97
not primary in understanding

adaptation, 148
polyphagy, 171
poor basis for generalisation, 97
related to ecological theory, 112
resource use, 169, 175
testing interpretation, 171
warrants scrutiny, 256

Inundative release of natural enemies
functional response, 216

Invasions
biocontrol, 265
demographic vs. autecology research,

265
influence of competition, 265
migration rates, 245
population consequences, 245

IPM – see Integrated pest management
Isley, D. – supervised insect control, 61
Isolating mechanisms (see also Isolation

concept of species)
habitat, 132
hybrid disadvantage, 132
hybridisation, 138

interspecific sterility, 132
mating behaviour, 132, 138
mating times, 132, 138
reinforcing selection, 138
sterility, 155

Isolation concept of species (see also
Isolating mechanisms, Reinforcing
selection)

allopatric speciation, 135, 137
continuous adaptive change, 147, 167
cross-mating test results, 155, 156
cryptic species, 148
definition, 132
dumbbell model of speciation, 138
emphasis: hybridisation and

reproductive isolation, 149
environmental conditions, 138
flaws, 138, 140
focus in mating studies, 162
hybrid disadvantage, 138
hybridisation, 138
isolating mechanisms, 132
local adaptation, 167
mating behaviour, 138
pleiotropy, 138
population size, 137
recognition concept of species, 135
reinforcing selection, 138
relational concept, 132, 140
satellite populations, 138
selection for biodiversity, 140
speciation, 137, 138, 139, 140, 162
speciation functional, 140
stresses reproductive isolation, 132
variability in host relationships, 167

Jarrah leaf miner
allozyme frequency differences, 159
host-associated cryptic species, 152

Karoo caterpillar – see Loxostege frustalis
Key factors controlling populations

density dependence, 212
IPM, 62

Knipling, E.F.
introduction of DDT, 62
total population management, 62

Knowledge
application of knowledge, 18, 70
as finite/infinite, 23, 34, 35, 70
conservation of knowledge, 42
extension of knowledge, 18, 40, 41, 42,

70
reliability and testing among

alternatives, 37



Index 371

Ladybird fantasy – reliving the fantasy,
285

Lantana camara – species status and
biocontrol, 118

Larval performance
chemical specialists, 182
natural selection, 182
variation across host species, 182, 186

Lead arsenate, 49, 50
influence on chemical paradigm, 48,

52
Leafhopper

cryptic species, 118
more host-specific than anticipated,

182
Learning

host-finding behaviour, 251
influence on optimisation, 222
testing in field needed, 222

Legislation – in science (PBWEE), 63
Lepidopterous pests – cryptic species, 178
Leptinotarsa decemlineata (Colorado potato

beetle)
changing pest management and

research priorities, 49
cryptic species, 178
insecticide resistance, 57
Paris green introduction, 48

Leptograpsus crabs
adaptive polymorphism, 127
cryptic species, 127

Life cycle (closure)
adaptation and directional selection,

187
as abstract generalisation, 186
central to evolution, ecology,

biogeography, 186
continuity in usual environment, 186
diversity of ecological circumstances,

197
during adaptive process, 145
ecological fitting, 261, 263
fertilisation, 145
fit with local seasonality, 197
parasitoids, 145
spatiotemporal ecological mechanism,

186
species-specific, 187
stochasticity overcome, 197

Life cycle requirements
host relationships, 186
overlooked in evolutionary studies,

176
synchrony with host, 186, 249, 250

Life history theory/strategies
criticism, 148

individual organisms, 98
migration, 240
parameters correlated with biocontrol

success, 223
population ecology, 98
specialist–generalist continuum, 181

Life system
adaptation, 97, 99
biocontrol theory, 211
failure to generalise, 98
individual organisms, 98
IPM, 98
migration, 97
spatial processes, 98

Life table analysis
biocontrol prediction, 215
biocontrol theory, 211
not predictive, 218

Litigation against pests, 46
Local adaptation

allopatric speciation, 174
biocontrol, 232
complex adaptations, 174
constraints, 174
cryptic species, 180
host-finding mechanisms, 253
host relationships, 174
insecticide resistance, 168
isolation concept of species, 147,

167
optimising selection, 147
precipitate explanation, 180
SMRS, 174
soft selection too weak, 184
sympatric speciation, 147, 174

Local ecology
adaptive complexes, 225
complex adaptations, 269
conditions different to co-occurring

species, 246
drosophilids and existence, 225
independent of other guild members,

226
species-specific adaptations, 246

Local population
speciation, 162

Locusts – early control in China, 46
Logic

linkage among theories, 37
Logistic equation – see Population,

Metapopulation ecology
London purple, 48
Lotka–Volterra competition equations –

see Population ecology
Loxostege frustalis (Karoo caterpillar)

biocontrol in South Africa, 121
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Lymantria dispar (gypsy moth)
introduction of lead arsenate, 48

Madagascan partridge
speciation in isolation of ancestral

species, 140
Malaria

cryptic species of vectors and
differential transmission, 119, 152

insecticide resistance of vectors, 57
vector control, 115

Male production sporadic
Ooencyrtus submetallicus, 165

Mathematical models
analytical models (intermediate

complexity), 216
and scientific method, 21
as biocontrol theory, 211, 227
assumptions and IPM research, 83
autecology, 267
biocontrol predictions, 215
biocontrol success, 228, 229
demographic parameters variable,

229
early history of IPM, 60
hidden assumptions, 84
IPM, 62
little influence on biocontrol, 211
pre-release evaluation in biocontrol,

211
refuges stabilising populations, 225
relationship to theory, 228
simulation models (situation-specific),

216
theory in biological control, 60
verification in ecology, 228, 229

Mating behaviour/time
allopatric populations, 129
fertilisation system, 141
gene flow, 128
hybridisation, 138
isolating mechanisms, 132, 138
isolation concept of species, 138
reinforcing selection, 138
reproductive isolation, 132
speciation, 138
species limits, 130
species-wide, 139

Mating signals
behavioural analysis, 160
structural/functional analysis, 160,

161
tests for recognition of potential mates,

161
Mercury insecticides, 48

Merophyas divulsana (lucerne leaf roller)
cryptic species, 161
differential pest status, 161
differential response to pheromone

traps, 161
Metapopulation ecology

equilibrium dynamics, 96
problems with mathematical models,

95
reliance on logistic theory, 96
spatial processes, 96
to overcome criticisms of population

ecology, 220
Microsatellite loci

discriminating individuals, 159
species limits, 160

Middle East – early diversity of control
techniques, 46

Migration
behaviour and physiology, 240
biocontrol success, 238, 243
brown planthopper (rice), 240, 241
carabid beetles, 244, 245
cerambycid beetles, 244
chrysomelid beetles, 244
codling moth, 244
continuous redistribution of

organisms, 243, 244
demographic ecology, 240, 244
density effects, 245
drosophilid flies, 244
egg parasitoids, 242, 243
from favourable areas/habitat, 241–245
Helicoverpa punctigera, 240, 242
hormonal influences, 245
IPM, 104
life system, 97
lifetime track of individual, 239
mistakes, 245
natural enemies, 238, 241, 243
numerical response, 216
predicting invasions, 202
rates and species-specificity, 245
refuge populations, 202
relative to ecosystem, 104
scale greater than local, 244
species ecology, 104
tent caterpillar, 244
Trichogramma assumptions, 257
Trichogramma evanescens, 244
tussock moth, 244
understanding host relationships, 202
winter moth, 96, 244

Mill, John Stuart – scientific method, 23,
28
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Mites
asexuality, 166
generalist predators on specific host

plants, 189
insecticide resistance, 57
predation by thrips in cotton, 204

Models (behavioural)
biocontrol, 173
host relationships, 173
prey relationships, 173

Molecular diagnostics/markers (see also
DNA analyses, Microsatellite loci)

cryptic species, 130
defining species limits, 157
Helicoverpa species, 193
species identification, 157
utility after species limits understood,

158
voucher specimens, 130

Molecular technology – empiricism, 29
Monarch butterflies

host-finding mechanism, 187
monophagy/oligophagy, 187

Monophagy
adaptation, 99
as specialist, 169
behavioural and physiological

mechanisms, 173
ecological contrast with polyphagy, 169
not a character of organisms, 189
ongoing adaptation, 189
pests, 169

Morphological differentiation –
speciation, 162

Mosquitoes
cryptic species, 150
cryptic species of vectors and

differential transmission, 119
hybridisation and species limits, 133
insecticide resistance, 57
SMRS, 150
species-specific behaviour, 152
species-specific insecticide resistance,

152
species-specific vector capacity, 152

Moths (Lepidoptera) (see also Merophyas,
Jarrah leaf miner)

chemical communication, 149
cryptic species, 118, 149, 150, 152, 161
pheromones, 149
SMRS, 150

Musca domestica – insecticide resistance, 57
Mycorrhizal fungi – specialisation, 186
Myths in science, 21
Myzus persicae – (a)sexuality, 165

National Science Foundation (NSF) –
early IPM, 60

Natural enemies (see also Biocontrol
success, Pre-release evaluation,
Host-finding mechanism, Functional
response, Numerical response, Host
patch, Holling’s disc equation)

aggregation and host density, 218
artificial selection, 258
asexuality, 165
behaviour inferred from population

processes, 221
characteristics of successful natural

enemies, 209
ecological and evolutionary

understanding, 171
ecologically significant features, 238
factitious laboratory hosts, 257
generalist vs. specialist, 222
idiosyncrasy of species, 226
incidental attack, 232
introduction sequence, 209
migration, 241, 245
movement rate in absence of prey, 221
number of species for introduction,

209
optimisation of behaviour, 221
properties correlated with biocontrol

success, 223
properties correlated with

establishment probability, 223
rarity, 232
variables influencing their ecology, 218

Natural history
for species-related ecology, 108
used pejoratively for autecology, 92,

235
Natural selection (see alsoOptimising

selection, Directional selection,
Stabilising selection, Evolutionary
origin, Evolutionary maintenance)

and pest management, 57
autecology, 235
competitive/optimising process, 108,

147, 185
efficiency and fitness, 174, 235
facile explanation of biodiversity, 282
intraspecific competition, 174
larval performance across host species,

182
resources and efficiency, 174
secondary hosts as ecological safety net,

200
selecting for speciation, 180
teleological inferences, 139
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Natural theology, 30
Nezara viridula (southern green stink bug)

biocontrol in Australia and Hawaii, 124,
125

pheromone ‘strains’, 128, 161
pheromones, 141
SMRS, 141, 143

Niche
empty niche and biocontrol, 227
empty niche and specialisation, 175
relative to species as interacting units,

107
small niche for specialists, 175

Nilaparvata planthoppers – see Brown
planthopper

Nocturnal organisms – nature of SMRS,
149

Non-equilibrium – and criticisms of
equilibrium interpretation, 220

Numerical response
aggregation and increase in natural

enemies, 215–217
differentiation from functional

response, 218
generalists superior, 217
host/prey switch, 216
migration, 216
origin of natural enemies not specified,

216
reproduction, 216
significance vs. functional response,

216
specialists have time delay, 217
weak generalisation, 217

Objectivity – and scientific method, 24
Oecophylla smaragdina – biocontrol in

citrus, 46
Oligophagy (see also Polyphagy)

disjunct oligophagy, 180
Olive fly – host-specific pest, 169
Ooencyrtus submetallicus (parasitoid)

asexuality, 165
sporadic male production, 165

Optimising selection (see alsoNatural
selection, Ultimate mechanisms)

Anagrus delicatus leaves suitable hosts,
231

behavioural mechanisms’
consequences overlooked, 177, 231

competitive basis, 230
constraints and expectation, 186
criticism of, 94, 148, 221, 231
dissociated from behavioural

mechanisms, 230

driven by ‘relative efficiency’, 108
evolution of behavioural mechanisms,

108
fitness maximisation, 221
foraging on host patches, 230
host-finding behaviour, 251
inconsistent with natural enemy

behaviour, 231
local adaptation, 147
migration, 240
natural enemy behaviour, 221
perfect knowledge required, 231
polyphagy, 171, 177, 190
population ecology, 94
r and K selection, 82
ultimate cause in behaviour, 108
vs. spreading of risk, 231

Organic produce – increasing demand,
57

Organophosphates – 52
boll weevil and resistance, 58

Oriental fruit fly – see Bactrocera
Orthoptera – polyphagy, 200
Ostrich – speciation in isolation of

ancestral species, 140
Oviposition mistakes

peripheral to understanding future
evolution, 194

relative to host-finding mechanism,
255, 256

Papilio zelichaon (anise swallowtail)
geographical stability in host

preference, 184, 185
Paradigm

as scientific ‘way of seeing’, 31
as theory and not immutable, 33
assessment (test), 34
change, 32
contradictory observations, 32
core not readily tested directly, 34
defined by fundamental assumptions,

32
dispute among scientists, 32
inductive role in development, 33
influence on research questions, 32
‘nested set’ of theories, 34
no recipe for development, 33
recognition of, 35
shift in insect pest management, 59
structure, 34

Parasitism rate
host relationships, 243
migration, 243
not host density related, 218
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reproduction, 243
secondary influence in ecology, 96
survival, 243

Parasitoids (see alsoHost relationships)
asexuality, 165
change to host-finding mechanism, 145
coevolutionary arms race, 172
cryptic species, 118, 149, 150, 152, 155, 163
egg limitation, 231
egg production rate, 221
host relationships, 145, 169
larval survival mechanisms, 145
life cycle, 145
movement rate, 221
SMRS, 150
spreading of risk, 231
strains, 163

Parathion, 52
in cotton, 58

Paris green, 49
influence on economic entomology,

48
Leptinotarsa decemlineata, 48
original use, 48

Passer (sparrows) – positive assortative
mating, 127

Pasteur, L. – theoretical understanding
for applied purposes, 2, 19

Pattern analysis
often overlooks underlying process, 203
polyphagous species, 15

PBWEE – see Pilot Boll Weevil Eradication
Experiment

PCR-based tests – seeMolecular markers
Pecan – IPM in USA, 59
Pest management (see also IPM)

and natural selection, 58
early history, 46, 47
early religious influences, 46

Pest resurgence
synthetic organic insecticides, 58

Pest species
ecological understanding, 70
polyphagy and host use, 190, 191
some remain intractable, 70

Pest status
differential across cryptic species, 161
polyphagy and host use, 190, 191

Pesticides – see Insecticides
Pheromones

cryptic species, 149, 161
difficulty in developing technology, 4
finance, 67
functional mechanisms and evolution,

94

low implementation, 67
Merophyas divulsana, 161
monitoring in eradication programme,

64
Nezara viridula, 128, 141, 161
pheromone ‘strains’, 128, 161
tests of functional significance, 161
traps and boll weevil, 58

Phylogenetic analysis – host
relationships, 173

Phylogenetic species concept – subjective
designation, 132

Physical environment
persistence/stability, 174
unidimensional treatment, 174

Physico-chemical environment
de-emphasised in demographic

ecology, 92
ecosystem ecology, 92

Physics – as a mature science, 35
Physiology

ecological consequences, 235, 239
ecological principles, 235
functional response, 216
handling time, 216

Phytoseiid mites – seeMites
Pilot Boll Weevil Eradication Experiment

(PBWEE)
dispute over evidence, 64
legislation in science, 63
sterile insect release, 63

Plant breeding – synthetic organic
insecticides, 53

Plant-derived insecticides, 45, 47
Planthoppers (see also Nilaparvata, Grape

planthoppers, Ribaudodelphax)
cryptic species, 118, 155
polyphagy and pest status, 9
species inseparable morphologically,

155
Platycotis vittata (membracid)

reproductive summer diapause, 186
synchrony with host plant, 186

Pleiotropy
insecticide resistance, 168
isolation concept of species, 138
SMRS, 145, 146
speciation, 138, 145
species stability, 146

Pluralism in ecology – methodological
weakness, 102

Polanyi, M. – on nature of knowledge,
34

Politics – agreement on AIDS virus
discovery, 22
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Polymorphic loci
ambiguity in interpretation, 159
asymmetry of experimental outcomes,

159
species limits, 159

Polyphagy (see alsoGeneralist)
adaptation to specific environmental

circumstances, 190
advantages over specialisation, 175
agricultural pests, 201
alternative interpretations, 28, 86, 171
arbitrary concept, 177
as a by-product, 183
as generalists, 169, 174, 279
as realistic descriptor, 200
assumed equivalence of host species,

182
autumnal moth, 182
Bactrocera fruit flies, 196–199
behavioural variation/plasticity, 171,

182
biocontrol (assumptions), 257, 258
biosecurity and prediction, 202
chemical specialists, 182, 183
concept not tested, 183
consistent with isolation concept, 171,

176
contrast with recognition concept, 9
cryptic species (host-associated), 150,

152, 161, 193, 194, 195, 205
definition varies widely, 177
demographic ecology, 171
dietary self-selection, 200
disadvantages, 188
economics and scientific investigation,

205
ecological consequences for pests,

190, 191
ecological contrast with monophagy,

169
ecological correlates, 176
ecological flexibility, 174
ecological interpretation outwardly

simple, 9
ecology investigated on cultivated

hosts, 200
ectoparasitoids, 229
egg parasitoids, 201, 229
evolutionary interpretations, 171
factual information, 15, 18
feeding deterrents, 176
fitness benefits/maximisation, 36, 175
fitness on alternative resources, 176,

189
Frankliniella schultzei, 182

functional interpretation of host use,
171, 201

functional mechanisms and evolution,
94

generalist predators as prey specialists,
257

geographical distribution and
population dynamics, 182

geographical stability of major
adaptations, 184

Helicoverpa spp., 170, 182, 190
host-acceptance thresholds

(neurological), 201
host-finding efficiency, 182
host-finding mechanism, 171, 173, 182,

187–190, 189, 201
host list criteria, 205
inductive method, 28
intraspecific variation, 171
IPM relevance, 169, 201
less common than expected, 180
life cycle refocus, 197
Locustamigratoria, 183
major/minor hosts and preference,

181
mixed feeding as emergency, 200
negative host records, 194
not a character of organisms, 189
observations do not test interpretation,

9
ongoing adaptation, 171, 176, 189
optimising selection, 171, 177
orthoptera feed from diversity of hosts,

200
pattern of host use, 15, 38, 190, 191
performance correlation with

preference, 177
persistence on secondary hosts, 202
pest status, 9, 169
physiological inefficiency, 174
population dynamics and alternative

hosts, 182
population increase and crop invasion,

191
population persistence in locality, 190
preadaptation, 205
precipitate explanation, 194
predators, 229
premises, 176
primary adaptation not obvious, 99
primary host relationships, 189, 205
primary requirements significant,

204
quantification of relative host use, 194,

205
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relationship to ecological
circumstance, 189

resource abundance, diversity, quality,
175

resource use, 175
scientific test, 36, 37, 38
secondary hosts/prey as ecological

safety net, 199, 200
species as units of resource use, 174
species limits, 129, 150
species-specific ecology, 193, 194, 203,

204
substandard hosts, 188
successional host use, 191, 202
survival mechanism, 36
terminological limitation, 183
testing assumptions/hypothesis, 190,

191, 193, 194
thrips, 204
trap cropping, 203, 204
uncritical addition of species to host

list, 194
vague description, 194
web of interaction, 222

Popper, K. – scientific method, 36
Population dynamics – see Population

ecology
Population ecology (see alsoDemographic

ecology, Population regulation, Life
system)

ad hoc adjustment to theory, 97
adaptation, 94, 97, 248
basis for biocontrol, 211
basis for IPM, 93
biotic vs. abiotic environment, 95
by-product of individual behaviour,

107, 110, 111
climate and timing, 96
consequent on evolutionary origins, 184
criticisms, 96, 97, 98
demographic principles, 96
density dependence vs. independence,

95
distributional edge and lower densities,

187
dynamics as consequence of

autecological interaction, 7
ecological hierarchy, 91
ecosystem dynamics, 103
environmental influences, 96
evolutionary theory, 98
favourable climate and high densities,

265
forecasting, 202
individual organisms, 96, 97, 98

intraspecific variation, 97
IPM research, 93
life history theory, 98
local adaptation does not compensate,

187
metapopulation ecology, 220
natural laws, 94, 95
non-equilibrium concept unrealistic,

220
optimising selection, 94
organisms marginalised, 220
polyphagy and alternative hosts,

182
polyphagy and geographical

distribution, 182
‘population’ as a by-product, 97, 107,

111
population models and individual

organisms, 92
population parameters and biocontrol

success, 223
predation and low densities, 265
premises treated as fact, 277
primary cause persistence and change

excluded, 221
primary host species, 182
primary prey and population

consequences, 257
principal theory in ecology, 6, 277
problems: density dependence and

biotic regulation, 95
problems: mathematical models, 95
regional influences on local ecology,

220
regulation of non-equilibrium

populations, 220
relationship to community ecology, 92,

211
resource availability/quality, 96
spatial processes, 98
stabilisation and refuges for host/prey,

224
stochastic bounding of

non-equilibrium populations, 220
top-down vs. bottom-up, 248
winter moth, 96

Population equilibrium – see Population
regulation, Population ecology,
Metapopulation ecology

Population genetics (principles)
allozyme electrophoresis, 158
insecticide resistance, 164

Population outbreaks
autumnal moth and low plant

diversity, 182
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Population regulation/stabilisation (see
also Population ecology,
Metapopulation ecology)

abstract mathematical quality, 219
balance of nature, 94
behaviour seen relative to population

consequences, 219
biocontrol, 212
density dependence not inevitable, 219
emergent property, 240
environmental variability ignored, 219
equilibrium as a simple average, 96
generalisation weak, 219
IPM, 94
irrelevant to biocontrol success, 220
migration, 240
problems with concept, 95

Positive assortative mating
functional interpretation, 135
species concept, 135

Preadaptation
host associations, 249, 258
interferes with prediction, 202
yucca moth host relationships, 172

Precipitate explanation
disjunct oligophagy, 180
ecological monophagy, 180
local adaptation, 180
polyphagy, 194
sympatric speciation, 137, 180

Predation (see also Prey
requirements/relationships, Host
relationships)

coevolutionary arms race, 172
demographic treatment, 92
migration, 243
prey relationships, 170, 243
prey-finding mechanism, 229
reproduction, 243
secondary influence in ecology, 96
survival, 243

Prediction (see also Pre-release evaluation)
autecology, 238
biocontrol, 265
human desire, 233, 234, 236, 267
invasions, 265
polyphagy, pest status, population

trends, invasion, 202
Pre-release evaluation (natural enemies)

(see alsoHost patch)
analytical models, 216
autecological approach/prediction,

248, 266
climate matching, 261, 263, 264
community (holistic) theory, 211
criteria of effective natural enemy, 211

density dependence and population
stability, 212, 214

eliminate detrimental species, 210
empirical (pragmatic) approach,

210
environmental relationships, 248
failure to predict, 210
functional response, 215
habitual attack, 259
handling time as key attribute, 216
holistic approach questionable, 213
Holling’s disc equation, 216
host relationships functional, 248
host stage as key attribute, 216
host/prey specialists, 217
laboratory quantification, 214
justification, 209, 210
life table analysis, 215
mathematical models, 211, 215
movement speed in absence of

prey/hosts, 221
numerical response, 215
population (reductionist) theory, 211,

213
predictive (theoretical) approach,

210–213
relative to ecological aims of

biocontrol, 211
reproductive rate, 214
retrospective assessment, 215
searching efficiency as key attribute,

214, 216
species status, 248
total response, 215

Prey requirements/relationships
alternative interpretations of

adaptation, 170
behavioural models, 173
cryptic species, 180
robust generalisation, 177
species concept relevance, 167

Primary host plants
Bactrocera species, 196–199

Primates
SMRS stable, 146

Probability
and application of technology, 10

Problem identification (definition) and
solving, 5

applied and pure science, 40
IPM, 71, 72, 80
omission from textbooks, 2

Process (see also Proximate mechanism,
Ultimate mechanism)

evolutionary, 15, 17
mechanistic, 15, 17
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Proximate (behavioural) mechanism
as descriptive study, 109, 231
as opposed to ultimate explanation, 15
dissociated from ultimate

(evolutionary) factors, 230
fact-gathering science, 231, 237

Pure science
as speculative, 3
as unwarranted expense, 3, 280
problem solving, 40
relationship with applied science, 19

Pyrethrum – early use, 48

Quadraspidiotus perniciosi
biocontrol in Germany, 121

r and K selection
biocontrol success, 222
biocontrol theory, 211
flawed concept, 82
optimising selection, 82
selection of control options, 82

Race – see Strain
Recognition concept of species

adaptation, 148, 248
autecology, 94
coevolutionary arms race, 184
complex adaptation, 148
cross-mating test results, 155, 156
cryptic species, 148
defined, 133
ecological theory, 239
host specialist evolution, 188
implications for IPM, 147
inconsistent with generalist concept,

189
logical alternative to isolation concept,

132, 140
non-relational concept, 133
post-speciation stability, 147
reproductive isolation as by-product,

133
speciation, 140, 141, 145, 146
species delimited by fertilisation

mechanism, 133
usual habitat, 133

Red Queen Hypothesis (see also
Coevolutionary arms race)

specialists and host defence, 175
Red scale insect – see Aonidiella aurantii
Reductionist science

interdisciplinary, 74
IPM, 68, 74, 289–291
multiple causation, 290

Refuge
from parasitism/predation, 224, 227

population stabilisation, 224, 225
source of natural enemies, 224
typological treatment, 224, 227
variation, 224

Reinforcing selection (see also
Reproductive isolation, Isolation
concept)

hybridisation, 138
isolating mechanisms, 138
isolation concept of species, 138
limited geographical influence, 138,

139
mating behaviour, 138
reproductive isolation, 138
speciation, 138
weak influence, 146

Religious perceptions of pests, 46
Renaissance

and modern science, 22
religion and pest management, 46

Reproduction rate
biocontrol success, 243

Reproductive isolation (see also Isolation
concept, Reinforcing selection)

achieved in allopatry, 139
as by-product of individual behaviour,

130, 161
defining criterion for species limits,

126, 130
functional interpretation, 130
group selection, 140
hybridisation, 138
integrity of gene pool, 140
isolation concept, 149
logical flaws, 139
mating behaviour/time, 132
quantification, 162
reinforcing selection, 138
relational interpretation, 140
species criterion, 137
sympatric speciation, 137
teleology, 139

Reproductive synchrony
fertilisation mechanism, 133

Reproductive–diapause control
boll weevil, 63

Research (see also Scientific method)
direction from textbooks, 3
grower participation, 81
interdisciplinary, 73

Resource partitioning
criticisms, 94
species as ecological units, 94, 107

Resource use
central in demographic ecology and

evolution, 176
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Resources (see alsoHost patch)
autecological perspective, 247
availability and quality in population

dynamics, 96
availability to generalists, 175, 176
biocontrol, 201, 224, 225, 249, 258
demographic ecology (common

currency), 224, 225, 247
efficient resource use and speciation,

140, 174
genetic integrity of gene pool, 140
interspecific patterns of use, 225
intraspecific variation (resource use),

169
polyphagy, 175, 191
primary ecological driver, 224
sympatric speciation, 137, 175
unused resources as empty niche, 227

Retroduction – see Inductive method
Rhagoletis pomonella (apple maggot fly)

allele frequencies, 136, 159
gene flow, 136
history of host shift, 136, 203
host plant range, 136
host races, 136
plant husbandry and sympatric

speciation, 203
switch to apples, 136
sympatric speciation, 136

Rhopalosiphummaidis (aphid) –
(a)sexuality, 165

Ribaudodelphax (planthopper)
viable offspring in interspecific crosses,

156
Rice

brown planthopper migration, 240,
241

earliest cultural control, 46
IPM and irrelevance of economic

thresholds, 60
IPM in Indonesia, 65
successful IPM, 60

Rockefeller Foundation
gene-centred view of life, 31

Roman – early pest control, 46
Rotation of crops – nineteenth century, 49
Rotenone – early use, 48
Russell, Bertrand

limits to scientific understanding, 15

Salvinia fern
biocontrol in Australia, 123, 168
identification problems, 123

San Jose scale insect – see Quadraspidiotus
perniciosus

Sanitation in crops – nineteenth century,
49

Scelio fulgidus (parasitoid) – migration,
242

Scholastics – scientific method, 22
Science

anti-rationalism, 280
anti-science, 280
cultural role, 280
damage from within, 280
diversity of opinion as strength, 289
economic benefit demanded, 281
funding, 280, 289
individualistic pursuit, 281
limits to scientific understanding, 15
management, 289
no quick fixes, 281
promise of miraculous outcomes, 10
public perception, 4
quality, 19
rejection by society, 273, 274
relationship with technology, 19
research leadership, 282
research teams, 282
role in IPM, 69
role in modern society, 10, 78
technological specialities, 283
undermined by information age, 282

Scientific interpretation/understanding
ad hoc adjustment to theory, 35
application of knowledge, 41
barriers to change, 32
biocontrol failure, 249
biology based on function, 97
by-products are not explanatory, 97
‘Bronowski cut’ (exclusion of aspects),

33, 34
common sense unreliable, 39
conceptualised as paradigm, 31
constructing and prioritising tests,

36
differences among scientists, 31
different levels of criticism, 34
dispute over evidence, 36, 64
extension of knowledge, 41
external influences (e.g. economic), 30,

32
failure to consider alternatives, 37
intrusion of prestige/authority, 80
knowledge (fundamental, focal and

tacit), 34, 37
pattern recognition and habits of mind,

32
planning decisions, 274
priorities to test, 37
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Scientific method
advances in, 20
all research directed by deduction, 24
alternative interpretation, 24, 27, 28,

37, 64
as currently employed, 23
as fact-gathering, 5, 21, 282
as intuitive, 5
authority, 22
biocontrol, 267
competing theories, 37, 38, 79
competing theories as cooperation, 79
contradictory evidence (ignored), 28
Darwin on method, 15
distinction between discovery and

proof, 23
education, 42, 276
empiricism, 23, 29
end of science, 282
entrenchment of ideas, 30
general method in science, 20
hypothetico-deductive method, 28
ignored in IPM, 5, 37
induction and deduction, 22, 37
interaction: hypothesis vs. observation,

31
learning to perceive, 24
paradigmatic influences, 32
polyphagy, 194
rejection of general method, 20
reliance on fundamental principle, 205
risky empirical test, 275
scrutiny of underlying principles, 275
sensory data and objectivity, 24
serendipity, 206

Scientific principle
IPM, 170, 273
negation of scientific principle, 4
sacrifice for individual gain, 281
sacrificed in biocontrol, 211
selection of pest control technique, 68,

70, 81, 82, 292, 293
Scientific relevance – economics, 40
Scientific revolutions

in biology, 30
in physics, 30

Scientific test/investigation
acceptability of test, 36
and quality of IPM, 39
cold fusion experiment, 81
complexity of testing alternative

hypotheses, 38
ignored in applied science, 18
inappropriate experimental design, 38
naive falsification, 39

needed in IPM, 81
paradigm core, 35
polyphagy andHelicoverpa punctigera, 38
provisional acceptance of hypothesis,

38
putting theory at risk, 38
rapid scientific advance, 81

Scientific theory – see Theory
Scientific uncertainty – limits of science,

290
Scientists – external influences, 21
Screwworm fly – sterile insect release, 63
Searching efficiency

estimated indirectly from population
consequences, 218

key attribute of natural enemies, 216
relative to host density, 218, 219

Secondary host plants – as ecological
safety net, 199, 200

Secondary pests
as management priorities, 40
induced by synthetic organic

insecticides, 58
Secondary plant metabolites

defence against herbivory, 172, 173, 184
functions diverse, 172, 173
herbivore behaviour and physiology,

173
specialist vs. generalist herbivores, 176
toxins and taxonomic conservatism, 181

Self-incompatibility – sterility as species
criterion, 155

Sequential evolution – herbivorous host
relationships, 184

Sexual organisms – species
diversification, 131

Sexual signals – see Specific-mate
recognition system

Shrimps in sponges
specialisation, 186

Sibling species – see Cryptic species
Silent Spring – see Carson, Rachel
Smith, H.S. – chemical control

temporary, 57
SMRS – see Specific-mate recognition

system
Snails (aquatic) – character displacement,

205
Socioeconomic influences – IPM, 68
Sociology of science – influence on

scientific method, 30
Soft selection – not expected to drive local

adaptation, 184
Sonchus oleraceus – primary host of

Helicoverpa armigera, 192
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Sorghum – IPM in USA, 59
Southern green stink bug – see Nezara

viridula
Spatial processes

autecology, 110
complex adaptation, 109
ecosystem ecology, 103
ignored in population ecology, 96
life systems, 98
metapopulation theory, 96
population ecology, 99

Specialist (see alsoMonophagy,
Oligophagy, Generalist)

allelochemicals, 176
Alsophila pometaria (geometrid), 188
antelope, 186
as monophagy, 169
Atlantic herring, 186
biocontrol, 217
consequence of specific adaptation, 188
costs of specialisation, 175
de-emphasis on constraints, 185
defence (immune) responses, 175
ecological factors, 187
empty niche/unused resource, 181
evolution of, 175, 176, 185
extinction risk, 175
fitness, 176
generalist predators as host plant

specialists, 189
individual selection, 175
life cycle stages, 186, 187
mortality risks, 175
mycorrhizal fungi, 186
niche restriction, 175
plant chemistry, 187
post-speciation stabilisation, 186
preadaptation, 186
predicting evolution, 176
predominate over generalists, 176, 187
reasons to expect it, 186
recognition concept provides

alternative, 185, 188
selective advantage a problem, 188
speciation, 186
spiders, 188, 189
sponge-inhabiting shrimps, 186
synchrony: life cycle and environment,

186
teleology, 175
typology, 175, 181

Speciation (see also Species)
adaptive device in communities, 226
by-product, 146, 180
cryptic species, 162

Darwin, 148
degrees of genetic differentiation, 162
dumbbell model, 138
efficiency of resource use, 140
environmental conditions, 138
functional change in SMRS, 143
functional under isolation concept, 140
geographical distribution, 163
group selection, 140
hierarchical process, 162
hybrid disadvantage, 138
hybridisation, 138
incipient species, 162
individual selection, 140
in isolation of ancestral species, 140
in progress (premature claims), 179
isolation concept, 137, 138, 139, 140, 162
local population, 162
mating behaviour, 138
morphological differentiation, 162
not inevitable end point, 165
peripheral to evolutionary ecology, 109
pleiotropy, 138, 145
population size, 141, 143
positive assortative mating, 135
recognition concept, 140, 141, 145, 146
reinforcing selection, 138
relational interpretation, 140
relative to species concept, 135, 137
satellite populations, 138
single, localised origin, 148
small epicentre, 145
small population, 143, 145
speciation genes (postulated), 162
‘structural’ species, 162
subspecies, 162–164
teleology, 146

Species (see alsoRecognition concept,
Cryptic species)

adaptive terms, 134
alternative concepts, 116, 126
and semantics, 131
as (species) gene pools, 7, 100, 110, 164
as interacting ecological units, 94, 102,

107
basis for understanding adaptation,

99
diversity of meanings, 277
ecological hierarchy, 106
ecological interpretation, 278
ecological scale, 239
ecology (see alsoAutecology), 100
ecology differs across localities, 268
functional analysis of behaviour, 128
idealism, 137
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idiosyncrasy and autecology, 7, 106,
109, 110

idiosyncrasy and ecological
dichotomies, 222, 223

idiosyncrasy and local ecology, 261, 263
idiosyncrasy of natural enemies, 226
importance of species ecology, 6
individualistic response to climate, 103
in population genetics terms, 100
IPM consequences, 277, 278
isolation concept, 137
labels for populations, 92
life systems, 98
morphological approach, 128, 129
nominal entities, 126, 127, 128
non-arbitrary entities in nature, 126,

127, 133, 177
not accommodated in demographic

ecology, 92
not part of ecological hierarchy, 92
not perceived by non-humans, 141
not relevant to ecosystem ecology, 104
not selected for, 146
ongoing adaptive divergence, 128
peripheral to evolutionary ecology, 109
population genetics, 103
positive assortative mating, 127
relationship to individual organisms,

110
reproductive isolation as criterion, 130,

137
self-defined by mating behaviour, 103,

116, 127, 177
sexual species relative to asexuals, 8, 116
species-defining vs. local characters, 109
species-specific characters vs. variation,

268
stability (space and time), 146
sterility as criterion, 155
structural (taxonomic) approach, 128,

162
tests of species status, 8
theory/technology interaction, 278
treated superficially, 179
treated typologically, 137, 181

Species concepts
ad hoc adjustment to theory, 35
adaptation as process, 131, 135
as arbitrary, 132, 135
asexual organisms not covered, 131
conflation, 131
Darwinian concept, 135
ecological interpretation, 167
ecological species concept, 132
exclusion of function, 135

habitat association interpretation, 167
host-finding mechanisms, 167
host relationships, 167
methodological implications, 131
phylogenetic species concept, 132
positive assortative mating, 135
prey requirements, 167
speciation, 135

Species ecology (see alsoAutecology)
area-wide control, 65
environmental matching, 145
IPM research, 91, 93, 100
need for general theory, 108
often anecdotal, 108
pejorative connotations, 108
varies with locality, 219

Species identification – see Species limits,
Taxonomy

Species limits (see also Positive assortative
mating)

a priori test groups, 152
allopatric populations, 129, 160, 161
allozyme electrophoresis, 157
Anopheles gambiae complex, 153
arbitrary decisions, 178
assumed for ‘taxonomic’ species, 129
auditory signals, 161
basis for understanding ecology, 8, 112
behaviour and population genetics

theory, 119
behavioural observations in nature, 153
biocontrol relevance, 168
chromosome banding patterns, 160
chromosome inversion homozygosity,

160
complexity of tests, 8
cross-mating tests, 154
defined by individual recognition, 150
demarcated incidentally by mating

behaviour, 141
difficult to ascertain, 179
direct tests, 153
experimental tests, 151
fertilisation mechanisms, 130
fixed genetic differences, 158, 159
functional significance of signal

differences, 161
gene flow discontinuities, 128
Hardy–Weinberg equilibrium, 159
hypotheses to test, 151, 152
indirect tests and asymmetry of

outcomes, 153
investigation often indirect, 116
isolating mechanisms, 132
lax approach common, 117
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Species limits (cont.)
mating behaviour/signals, 130, 161
microsatellite loci, 160
molecular markers/techniques, 157
no correlation with molecular

measures, 160
non-arbitrary, 163
not applicable to asexuals, 167
pheromone trap differential attraction,

161
polymorphic loci, 159
polyphagous species, 129, 150
reasons for testing populations, 152, 153
relevance of mating behaviour, 116
scoring hybrids in nature, 153
sexual behaviour in usual habitat, 8, 128
SMRS in natural context, 153
sporadic sexuality, 165
sterility not appropriate criterion, 156
sympatric speciation, 136
taxonomy and cryptic species, 119
techniques relate to theory, 116, 126, 153
testing taxonomic hypotheses, 150
Tetranychus urticae, 178
uncertainty of structural criteria, 150

Species recognition
criticism, 141

Species specificity
characters overlooked in evolutionary

studies, 176
control in early pest management, 49
life cycle, 186, 194, 197
local environment, 246, 247
malaria vector control, 115
polyphagous species, 194, 197

Species stability
asexual organisms, 166
biological control, 147
evolutionary maintenance

de-emphasised, 185
evolutionary origins emphasised, 185
pleiotropy, 146
stabilising selection, 146

Species status – see Species limits
Species theory

basis for autecology, 109
Species-wide generalist

ecological monophagy, 180
Species-wide monitoring

IPM, 64
Specific-mate recognition system (SMRS)

adapted to species’ usual habitat, 149
adaptive change in small populations,

145
allopatric populations, 160, 162
antelope, 146

Aphytis, 150
auditory signals, 150
behaviour and physiology, 142
chemical signals, 150
co-adaptation between sexes, 145
Coccophagus, 150
complex adaptation, 143
conditions for adaptive change, 143
cross-mating tests, 156
diagrammatic representation, 142
differences between species, 143
directional selection, 145
disrupted sequence, 143
diurnal organisms, 149
Drosophilamelanogaster, 146
environmental context, 141, 142
fixed sequence, 143
forest organisms, 149
functional steps, 142
grassland organisms, 149
heterogeneous/dynamic environment,

133
host plant role, 143
hybridisation, 165
local adaptation, 174
mosquitoes, 150
moths, 150
motile organisms, 133
Nezara viridula, 141, 143
nocturnal organisms, 149
parasitoid, 150
pleiotropic effects, 145, 146
primates, 146
speciation, 143
species recognition not equivalent, 141
specifiable non-relationally, 162
specific signals, 143
stabilising selection, 143
stability (space and time), 146
subset of fertilisation system, 133, 141
subsidiary steps and sequence, 141
subspecies, 164
tactile signals, 150
Trichogramma, 150
usual habitat (environment), 133, 143

Spider mites – seeMites
Spiders

as ecological specialists, 188, 189
‘capture technique’ specialists, 188, 189
diet focused by trapping technique,

188, 189
prey specialists, 200, 204
primary requirements, 200, 204
web placement, 188

Spontaneous generation – ancient pest
management, 46
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Spreading of risk
Anagrus delicatus, 231
vs. optimisation, 231

Squirrels
competitive exclusion, 205
conservation, 205
primary habitat requirements, 205

Stabilising selection
complex adaptations, 146
geographical distribution, 144
illustrated, 144
SMRS, 143
species stability, 146

Statistical test
and scientific method, 20

Sterile insect release technique
cotton in USA, 65
doubts about efficacy, 63
Pilot Boll Weevil Eradication

Experiment, 63
screwworm fly, 63

Sterility
cytoplasmic incompatibility, 155
in intraspecific crosses, 155
isolating mechanism, 132, 155
self-incompatibility in plants, 155
species criterion (and criticism), 155, 156
sympatric speciation, 137

Strains (see alsoHost race)
biocontrol, 124, 164, 232, 249
cryptic species, 178, 232, 257
host-finding behaviour, 253
multiple strains in biocontrol, 164
Nezara viridula, 128
pheromone strains, 128
subjective designation, 8

Subspecies
adaptation, 164
ecological differentiation, 164
geographical distribution, 164
hybrid sterility, 164
SMRS, 164
speciation, 162
utility as a category, 164

Subspecific categories
species/speciation, 162, 163
uses of these categories, 163

Sugarcane black bug
IPM difficulties and cryptic species, 118

Sulphur
earliest use, 45
in cotton, 58
modern use, 48

Sumerians – early insecticide use, 45
Sun rise

and verification, 27

Supervised insect control – 61
Survival rate – biocontrol success, 243
Sympatric speciation

alternative interpretation, 136, 165
confused by cryptic species, 127, 180
continuous adaptation, 137
criticism, 137
generalist species, 175
host races, 136
hybridisation, 165
increasingly accepted, 136
interspecific competition, 137
intersterility, 137
lack of evidence, 135
local adaptation, 147, 174
plant husbandry alternative (Rhagoletis
pomonella), 203

precipitate explanation, 137, 180
reliant on historical information, 136
reproductive isolation, 137
Rhagoletis pomonella, 136
specialisation on unused resources, 137,

175, 181
species definition, 136
species treated typographically, 137,

181
teleological, 165
uncertain status of populations, 136
unlikely, 135

Synecology – see Community ecology
Synthetic pyrethroids, 193
Syrphids

as prey species specialists, 200, 204
generalist predators, 200, 204
primary requirements, 204

Systems analysis/models in IPM, 62,
290

Szent-Györgyi, A. – new interpretation,
33

Tactile communication
cryptic species, 149, 150
SMRS, 150

Taxonomic conservatism
constraints on genetic variation, 181
host plant relationships, 181
role of toxins, 181

Taxonomy (see also Species limits, Cryptic
species)

cryptic species, 118, 125, 126
functional analysis of behaviour, 128
relevance of species theory, 167
requisite for investigating species

limits, 8
significance for ecology, 117
significance for IPM, 115, 117, 119–125
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Technology
deployment and governmental

responsibility, 10
IPM, 67
relationship with science, 19
technocratic influences on science, 273
technological fundamentalism, 47
technology emphasis vs. problem

solving, 80
Teleology

costs to resource specialisation, 175
efficient resource use and speciation,

146
flawed ecological interpretation, 170
isolation concept of species, 140
natural selection, 139
reproductive isolation, 139
selection for new species, 140, 146, 180
sympatric speciation, 165

Tent caterpillars – migration, 244
Tephritidae

cryptic species, 118, 178
persistent pests, 70
polyphagy and pest status, 9

Terminalia catappa
primary host plant of Bactrocera, 197

Test – see Scientific test
Tetranychus urticae

cryptic species, 178
Textbooks

and empiricism, 30
concentrate on successful application

of techniques, 2
omission of problem identification and

solving, 2
provide minimal research direction, 3

Thelytoky – seeAsexual organisms
Theory

as generalisation, 17
as opposed to facts/objectivity, 21
Einstein on theory, 25
historical developments and

assumptions, 36
interpreting adaptation/speciation, 135
negative connotations in IPM research,

20
relationship with facts, 15, 20, 21
requirements for IPM, 79
research questions, 39
tests of assumptions/predictions, 35, 36

Thrips
omnivory and spider mite suppression,

204
polyphagy and species-specific ecology,

204

secondary hosts as ecological safety net,
200

spatiotemporal patchiness of hosts,
200

Tobacco leaf infusions as early pesticide,
48

Tolerance of pests, 53, 65
Tomato hornworm – insecticide

resistance, 57
Total population management (TPM)

alternative paradigm to IPM, 59, 62
eradication of key pest, 62
socioeconomic influences, 69
subsumed by IPM, 64

Total response of natural enemies
functional and numerical response,

215
unrealistic abstraction, 218

Trade-offs
evolution of specialists, 176

Trap crops
against boll weevil, 58
polyphagy and primary hosts, 203,

204
Trianthema pilosa

as host forHelicoverpa punctigera, 16, 17
Trichogramma (parasitoids)

biocontrol assumptions, 257
cross-mating tests, 156, 162
cryptic species, 150
factitious laboratory hosts and host

relationships, 257
host-finding behaviour, 259
mass-release requirements, 260
migration, 244
SMRS, 150

Trissolcus (parasitoids)
biocontrol ofNezara, 124, 125
identification problems, 125

Tropical rainforest
not uniform environment with even

climate, 197
restricted distribution of polyphagous
Bactrocera, 195, 197

Tussock moth – migration, 244
Typhus – insecticide resistance in vector,

57
Typology

community ecology, 225
costs to resource specialisation, 175
flawed ecological interpretation, 170
generalist–specialist continuum, 181
herbivores and host plants, 181
refuges in biocontrol, 224, 227
unused resources (empty niche), 181
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Ultimate (evolutionary) mechanism
as opposed to proximate mechanism,

15
dissociated from proximate factors,

230
more meaningful than proximate, 108

Uniparental – seeAsexual organisms

van Gogh, Vincent – reason, 39
Variation – see Intraspecific variation
Varietal control – nineteenth century,

49
Venturia canescens

asexuality, 166
evolutionary stability, 166

Verification
as basis for induction, 25, 29
as cornerstone of empiricism, 23
biocontrol success, 228
does not yield certainty, 28, 36
mathematical models in ecology, 228

Viable offspring from interspecific
matings, 156

Visual signals – cryptic species, 149

Weevils – asexuality and polyploidy, 166
Whewell, William

complementarity of induction and
deduction in science, 28

Winter moth
population dynamics, 96
redistribution of larvae, 244
secondary hosts as ecological safety net,

200
Wolbachia

asexuality of host, 165
Woodworth, C.W. – supervised insect

control, 61

Yucca moth
host relationships, 172
host shift, 172
preadaptation, 172


