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Chapter 1: Fundamentals of Biological Pest 

Management 

1.1 Concept and Definition of Biological Pest Management 

Biological pest management is the deliberate use of living organisms, namely predators, 

parasitoids, pathogens, antagonists and competitors, to suppress the population density of a pest 

species to a level at which it no longer causes economically significant damage. The term 

encompasses both naturally occurring regulation exerted by indigenous natural enemies and 

human-directed interventions that enhance, augment or introduce such organisms into a 

cropping system. Unlike chemical control, which acts directly on the pest through toxic 

compounds, biological control operates through ecological mechanisms such as predation, 

parasitism, competition for resources and pathogenesis. 

The formal definition adopted by the International Organisation for Biological Control 

describes biological control as the use of living organisms to control pest organisms, reducing 

their density or impact below an economically or environmentally damaging threshold. Three 

defining features distinguish this discipline from other pest suppression methods. First, the 

causal agent is itself a living, self-replicating organism rather than a synthetic or extracted 

chemical. Second, the effect is density dependent, meaning the intensity of suppression tends 

to increase as pest density rises, which confers a self-regulating quality absent in most 

conventional interventions. Third, biological control seeks a sustainable equilibrium between 

pest and natural enemy populations rather than eradication. 

Biological pest management sits within the wider field of applied ecology and draws on 

population biology, entomology, plant pathology, microbiology and agronomy. It is 

distinguished from biopesticides in the narrow commercial sense, although microbial 

biopesticides such as formulations of Bacillus thuringiensis are considered a legitimate 

expression of biological control when the active ingredient is a living organism or its derivative. 

The unifying principle across all its forms is the exploitation of natural trophic and antagonistic 

relationships that already exist, or can be established, within an ecosystem to achieve durable 

pest regulation. 

The scope of the discipline extends across several taxonomic groups of natural enemies. 

Entomophagous insects, comprising predatory and parasitic species, form the largest and most 

widely studied category, followed by entomopathogenic microorganisms including bacteria, 

fungi, viruses and nematodes. Weed biological control, using phytophagous insects, mites or 

plant pathogens against invasive plants, and vertebrate predators such as insectivorous birds 

and bats represent additional dimensions of the field, although the present treatment 

https://olympickpublisher.in/
https://olympickpublisher.in/


 

2 Biological Pest Management: Principles, Practices and Applications 

concentrates primarily on arthropod pest management, which constitutes the core of applied 

biological control programmes worldwide. 

1.2 Historical Development of Biological Control 

The practice of using one organism to suppress another predates modern science by many 

centuries. Chinese citrus growers are recorded, as early as 300 CE, to have transferred colonies 

of the predatory ant Oecophylla smaragdina into orange orchards to control phytophagous 

insects, an early instance of augmentative biological control. Similar folk practices involving 

predatory insects and birds appear in agricultural traditions across the Middle East, Europe and 

Asia long before the underlying ecological principles were understood scientifically. 

The scientific era of biological control is generally dated to the late nineteenth century, when 

the vedalia beetle, Rodolia cardinalis, was imported from Australia into California in 1888 and 

1889 to control the cottony cushion scale, Icerya purchasi, which was devastating the citrus 

industry. Within two years the pest was reduced to negligible levels, and the episode became 

the founding case study of classical biological control, demonstrating that a deliberately 

introduced natural enemy could achieve control comparable to or better than chemical 

alternatives. The success catalysed a wave of exploration and introduction programmes across 

the citrus-growing world during the early twentieth century. 

The mid-twentieth century brought both expansion and reassessment. The widespread adoption 

of synthetic organic insecticides such as DDT after the Second World War temporarily eclipsed 

biological control, but the ecological consequences of heavy pesticide use, including resistance, 

resurgence and non-target effects, renewed scientific interest from the 1960s onward, 

particularly following the publication of Rachel Carson's Silent Spring in 1962. This period also 

saw the formalisation of integrated pest management as a conceptual framework, positioning 

biological control as one component within a broader, ecologically informed approach to crop 

protection rather than a standalone alternative to pesticides. 

Since the 1970s the discipline has matured considerably, incorporating population ecology, 

molecular taxonomy, quarantine science and risk assessment protocols that govern the safe 

introduction of exotic natural enemies. International bodies, including the International 

Organisation for Biological Control and national plant protection agencies, developed formal 

codes of conduct for the import and release of biological control agents during the 1990s, 

following documented instances of non-target impact from earlier, less rigorously screened 

introductions. Contemporary biological control now integrates classical, augmentative and 

conservation approaches within a rigorous scientific and regulatory framework, supported 

increasingly by molecular diagnostics and genomic tools for agent identification. 
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Figure 1.1 Major milestones in the historical development of biological pest management. 

1.3 Basic Principles of Biocontrol 

Biological control rests on ecological principles governing the interaction between populations. 

The density dependent relationship between a natural enemy and its host or prey is central. As 

pest numbers increase, natural enemies typically respond through a numerical increase in their 

own population, an increase in the rate at which each individual consumes or parasitises prey, 

or both. This dual response, described formally through functional and numerical response 

curves, allows natural enemy populations to track and dampen fluctuations in pest abundance 

over time, producing a stabilising effect on the agroecosystem. 

A second guiding principle concerns the trophic specificity of the control agent. Effective 

biological control agents are usually host specific or exhibit a narrow host range, which 

minimises non-target impacts while maximising the efficiency of pest suppression, since the 

agent's population growth is tightly linked to the availability of the target pest. Host specificity 

is now a mandatory criterion evaluated through pre-release host range testing before any 

classical biological control agent is approved for introduction in most countries. 

A third principle is the concept of natural enemy conservation and augmentation as 

complementary rather than competing strategies to introduction. Conservation preserves and 

enhances existing natural enemy populations through habitat management and reduced 

pesticide use, augmentation supplements natural populations through periodic releases of mass 

reared agents, and classical introduction establishes permanent, self-sustaining populations of 

exotic agents. These three approaches are not mutually exclusive; a well designed pest 

management programme frequently combines elements of all three depending on the pest, crop 

and agroecological context. 

A fourth principle, often termed the lag effect, recognises that natural enemy populations 

generally respond to pest population growth with a time delay, since reproduction and 

development require finite periods. This lag can permit a pest outbreak to temporarily exceed 

the economic injury level before natural enemy numbers catch up, which is why biological 
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control is frequently combined with monitoring and threshold-based decision rules rather than 

relied upon as the sole management tactic during periods of rapid pest increase. 

A fifth principle concerns the preservation of genetic and species diversity within natural enemy 

communities. A diverse assemblage of predators, parasitoids and pathogens acting together, 

sometimes described as a natural enemy guild, tends to provide more stable and resilient pest 

suppression than reliance on a single species, because different members of the guild often 

differ in their seasonal activity, microhabitat preference and response to environmental 

variation. Programmes that conserve this broader guild structure, rather than targeting a single 

introduced agent in isolation, are generally more robust against unpredictable climatic or 

management disturbances. 

Table 1.1 Fundamental Principles Governing Biological Control 

Principle Ecological Basis Practical Implication 

Density dependence Natural enemy response scales 

with pest density 

Provides self-regulating, 

sustained suppression 

Host specificity Narrow trophic range of the 

control agent 

Minimises non-target and 

environmental risk 

Trophic linkage Natural enemy fitness depends 

on host/prey availability 

Guides selection of 

compatible agent-pest pairs 

Lag effect Delayed numerical response 

of natural enemies 

Justifies combining biocontrol 

with threshold monitoring 

Equilibrium seeking Control aims at economic 

threshold, not eradication 

Supports long-term pest-

natural enemy coexistence 

1.4 Types of Biological Control 

Biological control is conventionally classified into three principal strategies distinguished by 

the origin of the agent and the manner of its deployment. Classical biological control, also 

termed importation biological control, involves the deliberate introduction of an exotic natural 

enemy, typically from the pest's region of origin, with the objective of establishing a permanent, 

self-perpetuating population that provides control indefinitely without further human 

intervention. This approach is most appropriate against invasive alien pests that have escaped 

the natural enemies present in their native range. 

Augmentative biological control involves the periodic release of natural enemies that are mass 

reared in insectaries and released either inoculatively, in small numbers intended to establish a 

population that builds up over a season, or inundatively, in large numbers intended to achieve 
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immediate suppression comparable to a chemical application. Augmentation is widely used in 

protected cultivation, such as greenhouses, and in field crops where indigenous natural enemy 

populations are insufficient or arrive too late relative to pest population growth. 

Conservation biological control, the third strategy, seeks to enhance the effectiveness of 

naturally occurring natural enemies already present in an agroecosystem through modification 

of the cropping environment and management practices. This includes provision of alternative 

food resources such as nectar and pollen, shelter through non-crop vegetation, and reduction of 

practices, particularly broad spectrum insecticide use, that are disruptive to natural enemy 

survival. 

A fourth, less formally delineated category is termed new association or neoclassical biological 

control, in which a natural enemy is introduced to control a pest with which it did not co-evolve, 

exploiting a broader host range than would be used in strict classical introductions. Total or 

classical biological control programmes are also sometimes distinguished from inoculative 

programmes purely on the criterion of permanence: where classical introductions aim at 

indefinite establishment, certain inoculative releases are repeated annually because the agent 

cannot overwinter or persist under local climatic conditions, blurring the boundary between 

classical and augmentative approaches in temperate regions. 

Table 1.3 Comparison of the Three Principal Biological Control Strategies 

Feature Classical Augmentative Conservation 

Agent origin Exotic, non-native Native or exotic, mass 

reared 

Native, already 

present 

Release frequency Once, or a few times Repeated, seasonal No release; habitat 

managed 

Time to establish 

control 

Slow, may take years Rapid, days to weeks Gradual, builds over 

seasons 

Typical cost structure High upfront, low 

recurring 

Recurring purchase 

cost 

Low cost, 

management-based 

Best suited to Invasive, exotic pests High-value, short-

cycle crops 

Diverse cropping 

systems 
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Figure 1.2 Principal strategies of biological pest management and their operational basis. 

1.5 Advantages and Limitations 

Biological control offers several advantages over conventional chemical pest suppression. It is 

generally self-sustaining once established, reducing recurring input costs over the long term. It 

avoids the development of pesticide resistance in the target pest, since natural enemies co-

evolve with fluctuating pest defences rather than relying on a fixed toxic mode of action. It 

poses minimal risk of chemical residues on produce or contamination of soil and water, and it 

preserves beneficial organisms including pollinators when agents are properly host specific. In 

many documented cases the benefit to cost ratio of classical biological control programmes has 

exceeded that of comparable chemical control strategies by a wide margin, with some analyses 

reporting returns of several hundred dollars for every dollar invested in agent introduction and 

establishment. 

The approach nonetheless carries limitations that must be weighed in programme design. 

Biological control is typically slower to act than a chemical application, making it less suited 

to situations requiring immediate suppression of an economically damaging outbreak. 

Establishment of introduced agents is not guaranteed and depends on climatic matching, 

availability of alternate hosts and absence of hyperparasitism or competition from resident 

species. Outcomes can be difficult to predict and quantify, complicating cost benefit analysis, 

and there remains a residual, carefully regulated risk of non-target effects if host specificity 

testing is inadequate, as illustrated by a small number of historical introductions that later 

affected non-target native species. 

Economic and logistical constraints also shape the practicality of biological control. Mass 

rearing facilities require sustained investment in infrastructure, skilled personnel and quality 
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control systems, and the shelf life of many living agents is short compared with formulated 

chemical products, complicating storage, transport and market distribution. Farmer adoption 

can further be limited by unfamiliarity with the technology, a perceived lack of immediate 

visible impact relative to a chemical spray, and the need for a degree of pest tolerance during 

the establishment phase of a biological programme. 

A balanced assessment recognises that biological control is rarely a complete substitute for all 

other pest management tools but functions most effectively as a foundational component of an 

integrated strategy, complemented where necessary by selective chemical, cultural or 

mechanical interventions applied in a manner compatible with natural enemy conservation. 

1.6 Role in Sustainable Agriculture 

Sustainable agriculture seeks to meet current food production needs without compromising the 

ecological capital available to future generations, and biological pest management contributes 

directly to this objective by reducing dependence on synthetic pesticides whose manufacture, 

transport and application carry substantial energy and environmental costs. By maintaining 

functional populations of natural enemies, farming systems retain a degree of built-in resilience 

against pest outbreaks, lowering the frequency and intensity of remedial interventions required 

across a growing season. 

Biological control also supports several ancillary ecosystem services central to sustainable 

production. Predators and parasitoids frequently share habitat requirements with pollinators, so 

conservation practices that favour natural enemies, such as flowering field margins, often 

simultaneously benefit pollination services. Reduced pesticide loads protect soil microbial 

communities and aquatic organisms in adjacent water bodies, while lower chemical input costs 

improve the economic resilience of smallholder farming systems that operate with limited 

capital reserves. 

These synergies position biological control as a keystone practice within agroecological and 

organic production systems, where synthetic pesticide use is restricted or prohibited by 

certification standards. Certification bodies for organic agriculture typically mandate that pest 

management rely primarily on cultural, biological and mechanical methods, making a 

functioning natural enemy community a practical prerequisite for economically viable organic 

crop production rather than an optional enhancement. 

At a landscape scale, biological control contributes to the broader goal of biodiversity 

conservation within working agricultural land, since the habitat modifications it requires, 

including hedgerows, cover crops and reduced tillage, tend to support a wider community of 

arthropods, birds and soil organisms than intensively managed monocultures. This landscape 

level perspective has become increasingly central to sustainable intensification strategies that 

aim to raise productivity while safeguarding the ecological processes on which long-term 

productivity depends, and it aligns closely with policy frameworks promoting climate-resilient 

and low-carbon agricultural development. 
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International development and policy bodies, including the Food and Agriculture Organization 

of the United Nations, have increasingly promoted biological control as a pillar of climate-

smart and low-input agricultural strategies, particularly for smallholder farmers in tropical and 

subtropical regions where the cost of imported chemical pesticides can represent a 

disproportionate share of production expenditure. National extension services in many 

countries now incorporate natural enemy conservation guidelines directly into farmer training 

programmes, reflecting a broader policy recognition that durable pest regulation is inseparable 

from the maintenance of functioning agroecosystems rather than an optional supplement to 

conventional practice. 

1.7 Major Success Stories 

A number of classical biological control programmes are recognised as landmark 

demonstrations of the discipline's potential. The cottony cushion scale programme in California, 

described earlier, remains the archetype, but comparably significant successes have followed in 

diverse regions and cropping systems, several of which are summarised below. 

Table 1.2 Selected Landmark Successes in Biological Pest Management 

Pest Natural Enemy Region / Crop Outcome 

Cottony cushion scale 

(Icerya purchasi) 

Vedalia beetle 

(Rodolia cardinalis) 

California, citrus Pest reduced to 

negligible levels 

within two years of 

release 

Cassava mealybug 

(Phenacoccus 

manihoti) 

Parasitoid wasp 

(Anagyrus lopezi) 

Sub-Saharan Africa, 

cassava 

Continental scale 

suppression, saving an 

estimated crop value 

in the billions of 

dollars 

Prickly pear cactus 

(Opuntia spp.) 

Cactus moth 

(Cactoblastis 

cactorum) 

Australia, rangeland Reclaimed over 

twenty million 

hectares of infested 

pastureland 

Coconut leaf-mining 

beetle (Promecotheca 

spp.) 

Hymenopteran 

parasitoids 

Pacific islands, 

coconut 

Sustained suppression 

restoring commercial 

coconut yield 

Sugarcane stem 

borers 

Trichogramma egg 

parasitoids 

South and Southeast 

Asia, sugarcane 

Substantial reduction 

in pesticide 



 

9 Biological Pest Management: Principles, Practices and Applications 

Pest Natural Enemy Region / Crop Outcome 

applications with 

maintained yield 

These cases share common features that inform contemporary programme design: careful 

identification of the pest's centre of origin and associated natural enemy fauna, rigorous host 

specificity screening prior to release, sustained post release monitoring, and, in several 

instances, favourable climatic matching between the natural enemy's native range and the 

introduction site. The cassava mealybug programme in particular is frequently cited as one of 

the most cost effective biological control interventions ever undertaken, having been 

coordinated across more than twenty African countries and credited with averting a food 

security crisis affecting tens of millions of people. 

Such successes continue to provide the empirical foundation on which the credibility and 

continued investment in biological pest management rests, and they inform the principles, 

classification and evaluation criteria examined in the chapters that follow, beginning with the 

ecological interactions between pests and their natural enemies that underlie every biological 

control programme regardless of scale. 

Chapter Summary 

This chapter established biological pest management as the deliberate use of predators, 

parasitoids, pathogens and antagonists to suppress pest populations below economically 

damaging levels through density dependent, self-regulating ecological mechanisms rather than 

direct toxicity. The discipline traces its scientific origin to the 1888 vedalia beetle introduction 

against cottony cushion scale in California and has since matured through periods of eclipse 

under synthetic pesticides and renewed growth following recognition of the ecological costs of 

chemical dependence. Three core strategies, classical, augmentative and conservation 

biological control, provide the operational framework through which natural enemies are 

introduced, mass released or conserved within agroecosystems. Each carries distinct advantages 

in sustainability and environmental safety, balanced against limitations in speed of action, 

predictability and establishment success. Landmark programmes such as the cassava mealybug 

campaign in Africa demonstrate the substantial economic and food security returns achievable 

when host specificity, climatic matching and sustained monitoring are properly integrated into 

programme design, and they set the empirical foundation for the ecological and applied 

principles developed in the remaining chapters of this book. 

Key Terms 

• Biological control - suppression of pest populations using living natural enemies 

• Classical biological control - introduction of an exotic natural enemy for permanent 

establishment 
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• Augmentative biological control - periodic release of mass reared natural enemies 

• Conservation biological control - habitat and management practices that favour resident 

natural enemies 

• Host specificity - the restriction of a natural enemy to one or a narrow range of host 

species 

• Economic injury level - the pest density at which control costs equal prevention benefits 

• Functional response - change in an individual natural enemy's consumption rate with 

prey density 

• Numerical response - change in natural enemy population size with prey density 

Review Questions 

• Define biological pest management and identify the three defining features that 

distinguish it from chemical control. 

• Describe the vedalia beetle introduction of 1888-89 and explain why it is considered the 

founding case study of classical biological control. 

• Differentiate classical, augmentative and conservation biological control in terms of 

agent origin and mode of deployment. 

• Discuss two advantages and two limitations of biological pest management relative to 

synthetic pesticide use. 

• Explain how biological control contributes to the goals of sustainable agriculture 

beyond direct pest suppression. 
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Chapter II: Ecology of Pest-Natural Enemy 

Interactions 

2.1 Pest Population Dynamics 

Pest population dynamics describes the pattern of change in the abundance of a pest species 

over time as governed by the interacting processes of natality, mortality, immigration and 

emigration. Understanding these dynamics is a prerequisite for designing effective biological 

control interventions, since the timing, magnitude and stability of natural enemy impact depend 

directly on the underlying growth pattern of the target pest population. Populations that grow 

exponentially under favourable conditions, unchecked by resource limitation or natural 

enemies, are described by the intrinsic rate of increase, a parameter that varies widely among 

pest species according to their reproductive biology and generation time. 

In practice, pest populations rarely grow without limit. Density dependent factors, including 

intraspecific competition for food and space, natural enemy pressure and disease, tend to slow 

growth as density increases, producing a logistic or sigmoid pattern that approaches a carrying 

capacity set by the resource base of the habitat. Density independent factors, such as 

temperature extremes, rainfall and other weather events, can cause abrupt population changes 

unrelated to current density and complicate the prediction of pest outbreaks from simple growth 

models alone. 

Applied population dynamics in biological control makes extensive use of life table analysis, 

in which survivorship and mortality are tracked stage by stage through the pest's life cycle to 

identify key mortality factors, sometimes called key factors, that most strongly influence 

generational change in abundance. Where a natural enemy is found to act as a key mortality 

factor, it becomes a priority candidate for conservation or augmentation, since strengthening its 

impact is likely to translate into a measurable reduction in pest density the following generation. 

Life table studies conducted across several seasons and locations also reveal how the relative 

importance of different mortality factors, including biotic agents and abiotic stress, shifts with 

changing environmental conditions. 

Population dynamics models also distinguish between r-selected pest species, characterised by 

rapid development, high fecundity and short generation times that permit explosive population 

growth under favourable conditions, and K-selected species, which develop more slowly, 

produce fewer offspring and tend to persist near the carrying capacity of their habitat. Most 

major arthropod crop pests, including aphids, whiteflies and many lepidopteran defoliators, 

display strongly r-selected life histories, which has direct implications for biological control 

programme design, since natural enemies deployed against such pests must themselves possess 

a sufficiently rapid numerical response to avoid being permanently outpaced by pest population 

growth. 

https://olympickpublisher.in/
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2.2 Predator-Prey Interactions 

Predator-prey interactions form one of the two principal categories of trophic relationship 

exploited in biological control, the other being host-parasitoid interactions discussed in the 

following section. A predator is an organism that kills and consumes multiple prey individuals 

during its lifetime to complete its own development and reproduction. Classic theoretical 

treatments of predator-prey dynamics, beginning with the Lotka-Volterra equations formulated 

independently in the 1920s, describe oscillating cycles of predator and prey abundance arising 

from the delayed numerical coupling between the two populations, although real agricultural 

systems are strongly modified by immigration, alternative prey and spatial heterogeneity 

relative to these simplified models. 

The stability of a predator-prey system in the field depends on several factors beyond the basic 

numerical coupling. Predators that exhibit a strong aggregative response, concentrating their 

searching effort in patches of high prey density, tend to produce more stable local control than 

predators that disperse uniformly regardless of prey distribution. The availability of alternative 

prey allows generalist predators to persist in the crop during periods of low target pest density, 

a property termed prey switching, which can either stabilise predator populations ahead of a 

pest resurgence or dilute predation pressure on the target pest, depending on the relative 

abundance and preference for alternative prey. 

Intraguild predation, in which one natural enemy preys upon another that shares the same prey 

resource, represents a further complication increasingly recognised as significant in complex 

natural enemy communities. Although intraguild predation can in principle weaken overall pest 

suppression by removing beneficial predators from the system, field studies frequently find that 

diverse predator assemblages still achieve stronger pest control than any single species alone, 

because complementary hunting strategies and microhabitat use among guild members 

outweigh the negative effect of occasional intraguild interactions. 

2.3 Host-Parasitoid Relationships 

A parasitoid differs fundamentally from a predator in that it develops on or within a single host 

individual, ultimately killing that host as an obligatory consequence of its own development, 

whereas a predator consumes many prey across its lifetime. Female parasitoids locate hosts 

through a sequence of host habitat location, host location and host acceptance, relying on 

chemical, visual and vibrational cues including plant volatiles induced by herbivore feeding, 

host frass and host movement. 

Parasitoids are further classified as solitary, where only one individual develops per host, or 

gregarious, where multiple offspring develop within or upon a single host. They are also 

distinguished as endoparasitoids, developing inside the host body, or ectoparasitoids, 

developing externally while feeding upon it, and as idiobionts, which paralyse or kill the host 

at the time of oviposition, or koinobionts, which allow the host to continue developing and 

feeding for a period after parasitism. These life history traits influence which developmental 

stage of the pest is most vulnerable to the parasitoid and the timing of releases in augmentative 

programmes. 

Host-parasitoid population dynamics are strongly influenced by the searching efficiency of the 

female parasitoid, formalised in Nicholson-Bailey type models as the area of discovery, and by 
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density dependent processes such as superparasitism, in which a host already parasitised 

receives additional eggs, generally reducing offspring survival and representing an inefficiency 

in searching behaviour under high parasitoid density. Successful biological control programmes 

using parasitoids typically favour species exhibiting high searching efficiency, synchrony with 

host phenology and a level of density dependence sufficient to regulate the host population 

without driving it, or the parasitoid population itself, to local extinction. 

 
Figure 2.1 Simplified trophic relationships linking crop, pests and natural enemies in an 

agroecosystem. 

2.4 Food Webs and Trophic Interactions 

An agroecosystem food web comprises multiple interconnected trophic levels: primary 

producers, represented by the crop and associated vegetation, herbivorous pests that consume 

plant tissue, and one or more levels of natural enemies that consume the herbivores or one 

another. Unlike a simple linear food chain, real agroecosystem food webs are characterised by 

omnivory, alternative prey linkages and multiple parasitoid or predator species exploiting 

overlapping resources, producing a web structure whose stability properties differ substantially 

from those of a two species interaction studied in isolation. 

Bottom-up and top-down forces both shape pest abundance within this web. Bottom-up effects 

arise from plant quality, nutrient status and induced chemical defences that influence herbivore 

performance, while top-down effects arise from the cumulative pressure exerted by the natural 

enemy community. Trophic cascades, in which a change at one level propagates through the 

web to affect a non-adjacent level, are increasingly documented in agricultural systems; for 

example, the removal of a top predator can release an intermediate predator from control, which 

in turn suppresses a shared prey population more strongly, illustrating that the net effect of 
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natural enemy diversity on pest suppression cannot always be predicted from a simple sum of 

individual species effects. 

Practical application of food web thinking in biological control emphasises conserving the full 

community of natural enemies and their associated resources, including non-pest herbivores 

that serve as alternative food for generalist predators early in the season, rather than focusing 

management exclusively on a single specialist agent. This community level perspective 

underlies conservation biological control practices such as maintaining flowering margins and 

reduced-disturbance field edges, which sustain the wider trophic structure that ultimately 

regulates the target pest. 

Molecular techniques, particularly DNA-based gut content analysis and stable isotope tracing, 

have substantially advanced the empirical study of agroecosystem food webs over the past two 

decades, allowing researchers to detect prey remains within a predator's digestive tract long 

after a feeding event and to reconstruct trophic linkages that are difficult or impossible to 

observe directly in the field. These tools have revealed that many generalist predators consume 

a far broader range of prey, including pest species not previously suspected, than earlier 

observational studies indicated, prompting a reassessment of the true contribution of common 

field predators such as ground beetles and spiders to pest suppression in several major cropping 

systems. 

2.5 Functional and Numerical Responses 

The functional response describes the relationship between prey or host density and the rate at 

which an individual natural enemy consumes or parasitises that prey or host, and was formally 

classified by the ecologist C. S. Holling into three principal types. A Type I response rises 

linearly with prey density before reaching an abrupt plateau, and is typical of some filter feeding 

organisms. A Type II response rises at a decelerating rate to an asymptote, reflecting the time 

an individual predator or parasitoid must spend handling each prey item, and is the most 

commonly observed pattern among insect predators and parasitoids; because its per capita 

attack rate is highest at low prey density, a Type II response alone can be destabilising and may 

fail to prevent pest outbreaks. 

A Type III response is sigmoid, rising slowly at low prey density, accelerating at intermediate 

density and then decelerating toward an asymptote at high density, often as a consequence of 

the natural enemy learning to search more effectively as encounters accumulate or switching 

preference toward the more abundant prey type. Because the attack rate is disproportionately 

low at low prey density, a Type III response is generally considered stabilising, since it allows 

the pest population a degree of low-density refuge while still exerting strong control once 

density rises, a property considered desirable when selecting or evaluating a candidate 

biological control agent. 

The numerical response describes the corresponding change in the natural enemy's own 

population size, occurring through increased reproduction, aggregation by immigration, or 

both, in response to increasing prey density. The combined functional and numerical response 

determines the total impact, sometimes termed the total response, exerted by a natural enemy 

population on its prey across a range of densities, and this combined response is a central 
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quantity estimated in laboratory and field studies used to evaluate and compare candidate 

biological control agents before large scale release. 

 
Figure 2.2 Idealised functional response curves (Type II and Type III) describing per capita 

consumption rate against prey density. 

Table 2.3 Characteristics of the Three Functional Response Types 

Type Shape Attack Rate at Low 

Density 

Stability 

Contribution 

Type I Linear rise then abrupt 

plateau 

Constant up to 

threshold 

Neutral; uncommon 

in insect natural 

enemies 

Type II Decelerating rise to 

asymptote 

High (proportionally) Destabilising; can 

permit pest escape 

Type III Sigmoid (S-shaped) Low, rising with 

density 

Stabilising; provides 

low-density pest 

refuge 

2.6 Environmental Factors Affecting Biocontrol 

The performance of natural enemies in the field is strongly modulated by abiotic and biotic 

environmental conditions, and this sensitivity has direct consequences for programme design 

and site selection. Temperature affects development rate, longevity, searching activity and 

fecundity of both pests and their natural enemies, and because these effects are frequently not 

proportional between the two interacting species, changes in temperature can alter the balance 
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of control achieved, sometimes favouring the pest and sometimes the natural enemy depending 

on their respective thermal optima. 

Humidity and rainfall influence the persistence and infectivity of microbial control agents in 

particular, since many entomopathogenic fungi and viruses require free moisture or high 

relative humidity for spore germination or viral transmission, while heavy rainfall can 

physically dislodge natural enemies or wash spray-applied agents from the crop canopy. 

Photoperiod governs diapause induction in many temperate natural enemy species, which must 

be synchronised with the availability of the target pest to avoid a mismatch between predator 

or parasitoid activity and pest population growth. 

Agronomic and landscape factors constitute a further category of environmental influence. 

Pesticide residues, even from products marketed as compatible with integrated pest 

management, can exert sublethal effects on natural enemy behaviour, longevity or fecundity 

that are not captured by simple mortality bioassays. Habitat complexity at the field and 

landscape scale, including the proportion of semi-natural vegetation surrounding a crop, has 

been repeatedly correlated with higher natural enemy abundance and diversity, while highly 

simplified, intensively managed landscapes tend to support weaker biological control services, 

a relationship now well established across a wide range of crops and regions. 

2.7 Biodiversity and Ecosystem Services 

Biological pest control is formally recognised as a regulating ecosystem service, defined as a 

benefit that people obtain from the natural functioning of ecosystems, alongside services such 

as pollination, water purification and climate regulation. The magnitude of pest control service 

delivered to a given field is influenced by the diversity, abundance and composition of the 

surrounding natural enemy community, which is in turn shaped by regional and local 

biodiversity, land use history and habitat connectivity. 

Empirical research across many cropping systems generally, though not universally, finds that 

greater natural enemy diversity is associated with more consistent and resilient pest 

suppression, attributed to complementarity among species that differ in their attack strategy, 

phenology, or microhabitat preference, such that the community as a whole controls a broader 

spectrum of pest species and life stages than any individual natural enemy could alone. This 

relationship, sometimes termed the insurance hypothesis of biodiversity, suggests that diverse 

natural enemy communities buffer pest control services against the loss or decline of any single 

species. 

Valuing this ecosystem service in economic terms has become an active area of applied 

research, with estimates of the annual global value of biological pest control by natural enemies 

now placed in the tens of billions of dollars. Recognition of this economic value has 

strengthened the policy case for conserving semi-natural habitat within agricultural landscapes 

and for accounting for the ecosystem service losses associated with broad spectrum pesticide 

use, reframing natural enemy conservation not merely as a pest management tactic but as an 

investment in a quantifiable and economically significant ecological asset. 

Land sharing and land sparing represent two contrasting strategies for reconciling biodiversity 

conservation with agricultural production at the landscape scale, and both carry implications 

for biological pest control. Land sharing integrates non-crop habitat within and around 
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farmland, typically at the cost of some yield per unit area, while land sparing concentrates 

production intensively on a smaller area to free adjacent land for conservation. Evidence to date 

suggests that the pest control service benefits of land sharing are realised primarily at short 

range from the habitat feature, meaning that fine-scale habitat interspersion within a farm, such 

as hedgerows and beetle banks distributed throughout a field, generally delivers greater 

biological control benefit than an equivalent area of habitat concentrated at a distant landscape 

margin. 

Table 2.1 Environmental Factors Influencing the Effectiveness of Biological Control 

Factor Primary Effect Management Implication 

Temperature Alters development rate and 

activity of pest and natural 

enemy 

Match agent selection to local 

thermal regime 

Humidity / rainfall Governs persistence of 

microbial agents; can dislodge 

organisms 

Time microbial applications to 

humid conditions 

Photoperiod Triggers diapause; can 

desynchronise agent and pest 

Select agents with compatible 

seasonal biology 

Pesticide residues Sublethal effects on 

behaviour, longevity, 

fecundity 

Use selective products; 

observe re-entry intervals 

Landscape complexity Determines regional pool of 

natural enemies 

Conserve semi-natural habitat 

near cropland 

Table 2.2 Key Distinctions Between Predators and Parasitoids 

Attribute Predator Parasitoid 

Number of prey/hosts 

consumed per individual 

Many, across lifetime One (per individual offspring) 

Timing of host/prey death Immediate upon capture Delayed, after larval 

development 

Body size relative to prey/host Usually larger than prey Usually smaller than host 

Host/prey specificity Often generalist Frequently host specific 

Typical taxonomic examples Coccinellidae, Chrysopidae, 

Araneae 

Braconidae, Ichneumonidae, 

Trichogrammatidae 

Table 2.4 Examples of Bottom-Up and Top-Down Influences on Pest Populations 
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Force Source Example Effect 

Bottom-up Plant nutrient status Higher nitrogen foliage 

increases aphid fecundity 

Bottom-up Induced plant defence Reduced herbivore 

performance after prior 

feeding damage 

Top-down Predator pressure Reduced aphid density where 

ladybird abundance is high 

Top-down Parasitism Reduced adult emergence 

where parasitoid activity is 

high 

Metapopulation theory, describing a species as a network of local populations connected by 

dispersal across a fragmented landscape, has become an influential framework for 

understanding both pest and natural enemy persistence in agricultural landscapes subject to 

regular disturbance from tillage, harvest and pesticide application. Under this framework, local 

extinction of a natural enemy population within a single field following disturbance need not 

represent a permanent loss of biological control capacity, provided that recolonisation from 

source populations in undisturbed refuge habitat, such as the field margins and semi-natural 

areas discussed in Chapter 8, occurs at a rate sufficient to re-establish an effective natural enemy 

presence before the pest population causes economic damage. 

Spatial and temporal scale considerations are therefore central to interpreting ecological studies 

of pest and natural enemy interaction, since a pattern of population dynamics observed within 

a single field over one season may differ substantially from the pattern observed across a wider 

landscape or over multiple years, a distinction with direct practical consequences for how 

conservation and monitoring programmes are designed and how confidently short-term, small-

scale research findings can be generalised to inform larger-scale biological control programme 

decisions. 

Table 2.5 Common Sampling Methods Used to Study Pest-Natural Enemy Interactions 

Method Best Suited To Main Limitation 

Sweep netting Foliage-dwelling arthropods Poor for ground/soil-dwelling 

species 

Pitfall trapping Ground-active predators Biased by activity level, not 

just density 

Yellow sticky traps Flying pests and parasitoids Attracts a non-representative 

subset of taxa 

Life table rearing Stage-specific mortality 

sources 

Labour-intensive, needs 

repeated sampling 
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Method Best Suited To Main Limitation 

Molecular gut-content 

analysis 

Cryptic or nocturnal feeding 

events 

Requires specialised 

laboratory capacity 

Chapter Summary 

This chapter examined the ecological foundations that determine whether a natural enemy can 

regulate a pest population effectively under field conditions. Pest population dynamics, 

governed by density dependent and density independent processes, set the baseline against 

which natural enemy impact must be measured through life table analysis and identification of 

key mortality factors. Predator-prey and host-parasitoid interactions differ fundamentally in the 

number of individuals consumed per lifetime and the timing of host or prey death, with 

searching behaviour, aggregation and intraguild interactions shaping the net outcome for pest 

suppression. Functional and numerical responses, particularly the stabilising Type III pattern, 

provide a quantitative basis for evaluating candidate agents, while food web and biodiversity 

perspectives emphasise that pest control typically emerges from a diverse community of 

interacting natural enemies rather than a single species acting in isolation. Environmental 

factors, from temperature and humidity to landscape complexity, modulate all of these 

interactions and must be accounted for when selecting agents and designing conservation 

measures, themes that recur throughout the remaining chapters covering specific groups of 

natural enemies. 

Key Terms 

• Density dependence - regulation of population growth rate as a function of population 

size 

• Key factor analysis - life table method identifying the mortality factor most responsible 

for generational population change 

• Functional response - relationship between prey density and per-individual consumption 

or parasitism rate 

• Numerical response - change in natural enemy population size in relation to prey or host 

density 

• Intraguild predation - predation between natural enemies sharing the same prey resource 

• Trophic cascade - propagation of an ecological effect across non-adjacent levels of a 

food web 

• Ecosystem service - a benefit provided to people by the natural functioning of 

ecosystems 

• Idiobiont / koinobiont - parasitoid strategies that arrest or permit continued host 

development after parasitism 

Review Questions 

• Explain how density dependent and density independent factors differ in their influence 

on pest population growth. 
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• Distinguish predators from parasitoids in terms of the number of prey or hosts consumed 

and the timing of death. 

• Describe the three types of functional response identified by Holling and explain why a 

Type III response is considered stabilising. 

• Discuss how landscape complexity influences the strength of biological control as an 

ecosystem service. 

• What is intraguild predation, and why does it not necessarily weaken overall pest 

suppression in diverse natural enemy communities? 

• Outline the role of life table analysis in identifying priority natural enemies for 

conservation or augmentation. 
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Chapter III: Predators in Biological Pest 

Management 

3.1 Major Groups of Insect Predators 

Predatory arthropods occupy a central role in biological pest management because of their 

abundance, taxonomic diversity and broad distribution across nearly every cropping system 

worldwide. Predators are found within several insect orders, most prominently Coleoptera, 

Neuroptera, Hemiptera, Diptera, Odonata and Dermaptera, as well as within the classes 

Arachnida, principally spiders and predatory mites, and to a lesser degree among vertebrates 

such as insectivorous birds, bats and amphibians that contribute supplementary pest suppression 

at the field margin. 

Coleoptera, the beetles, contribute the family Coccinellidae, the ladybird beetles, among the 

most economically important predatory groups, alongside Carabidae, the ground beetles, and 

Staphylinidae, the rove beetles, both of which are significant predators of soil-dwelling and 

ground-active pest stages. Neuroptera, the lacewings and their relatives, are voracious predators 

particularly in their larval stage. Hemiptera contributes several predatory families, including 

Anthocoridae, the minute pirate bugs, and Reduviidae, the assassin bugs, alongside 

phytophagous families that also contain predatory members, a nutritional flexibility termed 

zoophytophagy. 

Arachnida contributes two major predatory groups of agricultural significance. Spiders, order 

Araneae, are generalist predators present in almost all cropping systems and frequently among 

the most abundant natural enemies by biomass, employing hunting strategies ranging from web 

construction to active pursuit. Predatory mites, principally within the family Phytoseiidae, are 

of outsized importance relative to their small size, providing highly effective control of plant-

feeding mite pests, particularly spider mites, in crops ranging from strawberries to ornamentals 

and top fruit. 

Taken together these groups form a functionally diverse predator guild whose members differ 

in body size, hunting strategy, prey range and habitat association, from soil surface hunters such 

as carabid beetles to canopy dwelling aerial predators such as lacewings and predatory bugs. 

This functional diversity is increasingly recognised as central to robust, season-long pest 

suppression, since different guild members become active at different times, target different 

pest life stages and respond differently to weather and management disturbance, collectively 

providing a more resilient level of biological control than any single predator species could 

deliver alone. 

https://olympickpublisher.in/
https://olympickpublisher.in/
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Figure 3.1 Major taxonomic groups of predatory arthropods used in biological pest 

management. 

3.2 Predatory Insects and Mites 

Predatory insects vary considerably in the developmental stage at which predation occurs. In 

holometabolous groups such as Coleoptera and Neuroptera, both larval and adult stages are 

frequently predaceous, although the larval stage is often the more voracious and ecologically 

important of the two, as exemplified by lacewing larvae, sometimes called aphid lions, which 

consume substantially more prey per individual than the adult stage. In hemimetabolous groups 

such as Hemiptera, nymphal and adult stages share a broadly similar predatory habit, differing 

mainly in the size and number of prey items that can be subdued. 

Predatory mites within the family Phytoseiidae are classified into functional types based on 

their dietary breadth and habitat preference, ranging from specialist predators restricted to a 

narrow range of tetranychid mite prey to generalist types capable of feeding on pollen, fungal 

spores and a range of small arthropod prey in the absence of their preferred target. This dietary 

flexibility allows generalist phytoseiid species to persist in a crop at low pest density, providing 

an early, standing population ready to respond numerically once a pest mite population begins 

to increase, a property that makes them particularly valuable in conservation biological control 

programmes. 

Body size and mouthpart morphology strongly influence the range of prey an insect predator 

can exploit. Chewing mouthparts, present in Coleoptera and Neuroptera larvae, allow direct 

consumption of prey tissue, whereas piercing-sucking mouthparts, present in predatory 

Hemiptera, allow extraoral digestion in which digestive enzymes are injected into the prey and 
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the liquefied contents withdrawn, a feeding mode that permits predatory bugs to subdue prey 

considerably larger than themselves relative to their own body mass. 

Reproductive strategy also differs markedly among predatory insects and mites in ways relevant 

to their use in augmentative programmes. Many predatory mites and small predatory bugs have 

short generation times and high fecundity under warm conditions, enabling rapid population 

buildup following release, while larger predators such as adult ground beetles have longer 

generation times and lower reproductive rates, making them better suited to conservation 

approaches that rely on sustaining an existing resident population rather than repeated mass 

release. 

3.3 Ladybird Beetles, Lacewings and Predatory Bugs 

Ladybird beetles, family Coccinellidae, are among the most recognisable and widely studied 

predatory insects, with both larvae and adults consuming large numbers of soft-bodied prey, 

particularly aphids, scale insects, whiteflies and mites. Species such as the seven-spot ladybird, 

Coccinella septempunctata, and the multicoloured Asian ladybird, Harmonia axyridis, have 

been used extensively in classical and augmentative biological control programmes, although 

the latter has also raised concerns regarding non-target impacts on native coccinellid species 

following its introduction and subsequent spread across parts of North America and Europe, 

illustrating the importance of rigorous risk assessment even for apparently beneficial generalist 

predators. 

Lacewings, principally the green lacewings of the family Chrysopidae and brown lacewings of 

the family Hemerobiidae, are valued for the exceptional prey consumption capacity of their 

larvae, which are capable of feeding on aphids, mites, whitefly nymphs, small caterpillars and 

insect eggs, giving them a broader prey range than many other specialist predators. Because 

adult green lacewings of some species feed primarily on nectar, pollen and honeydew rather 

than prey, conservation practices that provide floral resources can substantially enhance adult 

survival and egg laying, indirectly boosting the predatory impact of the following larval 

generation. 

Predatory bugs within Hemiptera contribute several biologically important families. 

Anthocoridae, the minute pirate bugs, are effective predators of thrips, mites and small insect 

eggs and are widely used in augmentative release programmes in protected cropping. Miridae 

contains several genera used commercially against whitefly and other greenhouse pests, while 

Reduviidae, the assassin bugs, and Pentatomidae, certain predatory stink bugs, contribute 

broader spectrum predation in field crops, often targeting larger caterpillar and beetle prey that 

smaller predatory insects cannot subdue. 

Table 3.1 Selected Predatory Groups and Their Principal Prey 
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Group Family Principal Prey Typical Use 

Ladybird beetles Coccinellidae Aphids, scales, 

whiteflies, mites 

Conservation and 

augmentative release 

Lacewings Chrysopidae / 

Hemerobiidae 

Aphids, mites, small 

larvae, eggs 

Augmentative release, 

greenhouse and field 

Minute pirate bugs Anthocoridae Thrips, mites, insect 

eggs 

Protected cropping 

augmentation 

Predatory mites Phytoseiidae Spider mites, thrips, 

pollen (facultative) 

Conservation and 

inundative release 

Ground beetles Carabidae Soil-stage pests, weed 

seeds 

Conservation, 

reduced tillage 

systems 

Spiders Various families Broad generalist 

arthropod prey 

Conservation, habitat 

management 

3.4 Feeding Behaviour and Prey Selection 

Predatory feeding behaviour proceeds through a general sequence of prey location, pursuit or 

ambush, capture, subjugation and consumption, though the relative emphasis on each stage 

varies with the predator's hunting strategy. Active hunters, such as many carabid beetles and 

wolf spiders, search continuously for prey across the substrate, while ambush predators, such 

as crab spiders and certain mantid species, remain stationary and rely on prey encountering their 

position, and web-building spiders extend this ambush strategy through a constructed capture 

structure that intercepts flying or walking prey. 

Prey selection is influenced by relative body size, prey defensive behaviour, chemical cues and 

the predator's own hunger state and prior experience. Optimal foraging theory predicts that 

predators should preferentially select prey that maximises net energy gain relative to handling 

time and capture risk, a prediction broadly supported by field and laboratory studies showing 

that many predators exhibit size-selective and species-selective feeding even when multiple 

prey types are simultaneously available. Learning also plays a documented role, with several 

predator species showing improved capture efficiency and altered prey preference following 

repeated exposure to a particular prey type. 

Prey defensive traits exert reciprocal selective pressure on predator behaviour. Chemical 

defences, such as the alkaloids sequestered by some aphid species or the noxious secretions of 

certain beetle prey, can deter otherwise capable predators, while physical defences, including 
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waxy coatings, spines or rapid escape responses, favour predators with specialised handling 

adaptations. Some predatory species have evolved counter-adaptations to specific prey 

defences, such as coccinellid larvae able to tolerate the waxy secretions of woolly aphids, 

illustrating a degree of predator-prey specialisation that can inform the selection of appropriate 

biological control agents for particular pest species. 

Intraspecific and interspecific competition for prey resources further shapes feeding behaviour 

under field conditions. Cannibalism, particularly of eggs and early instars, is documented in 

several predatory groups including coccinellids and predatory mites, and tends to increase under 

conditions of high predator density and limited prey availability, functioning as a density 

dependent regulatory mechanism within the predator population itself. Understanding these 

behavioural dynamics assists practitioners in setting appropriate release rates for augmentative 

programmes, since excessive release density can trigger cannibalism and dispersal that reduce 

the effective pest suppression achieved per released individual. 

 

Figure 3.2 General sequence of predatory feeding behaviour from prey location to 

consumption. 

3.5 Important Predator Species 

A number of predatory species have achieved particular prominence in applied biological 

control owing to their broad commercial availability, ease of mass rearing or documented field 

efficacy. Chrysoperla carnea, the common green lacewing, is mass produced and released 

globally against aphids and other soft-bodied pests in field and protected crops. Orius insidiosus 

and related anthocorid species are widely deployed against thrips in greenhouse production, 

while Phytoseiulus persimilis, a specialist predatory mite, remains one of the most effective and 

commercially significant biological control agents available for two-spotted spider mite in 

protected cultivation. 

Among ladybird beetles, Cryptolaemus montrouzieri, the mealybug destroyer, is widely used 

against mealybug infestations in citrus, vineyards and ornamentals, while Rodolia cardinalis, 

discussed in Chapter 1 as the agent responsible for the founding success of classical biological 

control, remains established and active in citrus growing regions more than a century after its 
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original introduction. Predatory mite species within Neoseiulus and Amblyseius genera are 

similarly deployed extensively against a range of mite and thrips pests across horticultural crops 

worldwide. 

Selection of an appropriate predator species for a given pest problem depends on several 

practical criteria beyond raw predatory capacity, including compatibility with prevailing 

climatic conditions, availability of mass rearing technology, ease of transport and storage, 

compatibility with other elements of an integrated pest management programme, and, where 

relevant to protected cropping, ability to establish and persist within the enclosed greenhouse 

environment. Species that satisfy these practical criteria alongside strong predatory 

performance have generally become the mainstay of the commercial biological control industry. 

Table 3.3 Commercially Important Predator Species 

Species Common Name Target Pest Typical System 

Chrysoperla carnea Common green 

lacewing 

Aphids, soft-bodied 

insects 

Field and protected 

crops 

Orius insidiosus Minute pirate bug Thrips Greenhouse 

vegetables 

Phytoseiulus 

persimilis 

Predatory mite Two-spotted spider 

mite 

Protected cultivation 

Cryptolaemus 

montrouzieri 

Mealybug destroyer Mealybugs Citrus, vineyards, 

ornamentals 

Neoseiulus 

californicus 

Predatory mite Spider mites, thrips Strawberry, 

ornamentals 

3.6 Predator Conservation 

Conservation of resident predator populations relies on management practices that provide 

food, shelter and favourable microclimate while minimising direct and indirect mortality from 

agricultural operations. Provision of floral resources through flowering strips, cover crops or 

intercropping supplies nectar and pollen that supports adult survival and reproduction in many 

predator groups whose larvae are strictly carnivorous but whose adults benefit from 

supplementary feeding, a category that includes many lacewings, hoverflies and certain 

predatory beetles. 

Structural habitat features, including hedgerows, beetle banks, grass margins and reduced 

tillage, provide overwintering refuge and alternative prey for ground-active predators such as 

carabid beetles and spiders, allowing these populations to persist through periods when the crop 
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itself offers little shelter or food. Reduction of tillage intensity in particular has been repeatedly 

shown to increase ground beetle and spider abundance by preserving soil structure and reducing 

direct mechanical mortality during field operations. 

Pesticide selectivity is a further central pillar of predator conservation. Broad spectrum 

insecticides frequently cause substantial direct mortality among predator populations, and 

sublethal exposure can additionally impair movement, feeding rate and reproduction even 

where outright mortality is avoided. Selective products that target specific pest taxa or modes 

of action with reduced activity against natural enemies, together with careful timing of any 

necessary application to avoid periods of peak predator activity, allow growers to manage 

residual pest pressure without eliminating the standing predator community that provides 

background suppression throughout the season. 

Landscape-scale conservation extends these field-level practices to the broader farm and 

surrounding countryside, recognising that many predator species disperse across field 

boundaries and depend on a mosaic of habitat types to complete their annual life cycle. 

Maintaining a diversity of semi-natural elements, including woodland edges, permanent 

grassland and wetland margins, within a few hundred metres of cropped fields has been shown 

to increase the regional source population of predators available to recolonise fields following 

disturbance, complementing the within-field measures described above and underscoring that 

predator conservation is most effective when addressed at multiple spatial scales 

simultaneously. 

 

Figure 3.3 Complementary spatial scales of predator conservation, from field-level practices 

to landscape habitat. 

3.7 Field Applications 

Field application of predatory natural enemies takes several practical forms depending on crop 

type, pest pressure and production system. In open field annual crops, conservation biological 
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control through habitat management is generally the dominant and most cost-effective 

approach, given the difficulty and expense of achieving adequate coverage through 

augmentative release across large field areas. In perennial and high-value crops such as citrus, 

vineyards and top fruit, a combination of conservation practices and periodic inoculative release 

of specific predators, particularly against localised or sporadic pest problems such as mealybug 

or scale infestations, is common. 

Protected cropping, including greenhouse vegetable and ornamental production, represents the 

sector with the most extensive and technically developed use of augmentative predator release, 

owing to the enclosed environment's exclusion of natural immigration, the high value of the 

crop, and market and regulatory pressure to reduce pesticide residues. Standardised release 

protocols specifying predator species, release rate, timing relative to pest detection and method 

of introduction, whether through direct release, slow-release sachets or banker plant systems 

that sustain a standing predator population on a non-crop host, have been developed for the 

major greenhouse cropping systems. 

Monitoring is integral to successful field application of predatory biological control, since 

establishment and impact must be verified through regular scouting using methods such as 

visual counts, yellow sticky traps or beat sampling, allowing growers to assess whether predator 

numbers are tracking pest density and whether supplementary release or corrective action is 

required. Effective field application ultimately depends on integrating predator-based control 

within the broader crop management programme, coordinating irrigation, fertilisation and any 

necessary pesticide use to remain compatible with the biology and requirements of the released 

or conserved predator community. 

Table 3.2 Practices Supporting Predator Conservation in the Field 

Practice Primary Benefit Example Application 

Flowering field margins Adult nectar/pollen resource Lacewing and hoverfly 

conservation 

Reduced tillage Overwintering refuge, less 

mortality 

Carabid beetle conservation 

Beetle banks Dry season/winter shelter Cereal and vegetable field 

systems 

Selective pesticide use Reduced direct/sublethal 

mortality 

Compatible with 

augmentative release 

Banker plant systems Sustains standing predator 

population 

Greenhouse vegetable 

production 
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Vertebrate predators, though outside the primary arthropod focus of this chapter, make a 

documented contribution to pest suppression in many cropping systems and are increasingly 

incorporated into conservation biological control planning alongside arthropod predators. 

Insectivorous birds have been shown through exclusion experiments to reduce caterpillar and 

other arthropod pest densities in crops ranging from coffee to apple orchards, while bats provide 

substantial nocturnal predation pressure on moths and other flying pest insects, with several 

studies estimating the value of bat-mediated pest suppression in maize and cotton production at 

a level comparable to that provided by some arthropod natural enemy groups. Provision of nest 

boxes, roosting habitat and reduced pesticide use similarly supports these vertebrate predator 

populations as part of a broader habitat management strategy. 

Ongoing research into predator functional traits, including body size, hunting mode, and 

thermal and moisture tolerance, is increasingly used to predict which predator species are likely 

to perform well under specific cropping system and climatic conditions, supporting more 

evidence-based selection of conservation and augmentation targets than reliance on general 

taxonomic categories alone, an approach that parallels the trait-based frameworks increasingly 

applied across ecological research more broadly and that is expected to inform predator-based 

biological control programme design with growing precision in the years ahead. 

Chapter Summary 

Predators contribute broad-spectrum, generally polyphagous suppression of crop pests across 

nearly every taxonomic group of natural enemy, from beetles and lacewings to predatory bugs, 

mites and spiders. Their feeding behaviour follows a common sequence from prey location to 

consumption, shaped by hunting strategy, prey defensive traits and competitive interactions 

including cannibalism, all of which have practical implications for release rate and timing in 

augmentative programmes. Ladybird beetles, lacewings and predatory bugs represent the most 

economically significant groups in applied use, complemented by highly effective specialist 

agents such as phytoseiid predatory mites. Conservation of resident predator populations 

through floral resources, structural habitat and selective pesticide use remains the most broadly 

applicable strategy across field cropping systems, while augmentative release finds its most 

developed application in protected cultivation. The species-specific and site-specific nature of 

predator selection, established through the practical criteria discussed in this chapter, sets the 

stage for the parallel discussion of parasitoids in the following chapter, which exploit a 

fundamentally different but complementary mode of natural enemy action. 

Key Terms 

• Zoophytophagy - the capacity of an organism to feed on both plant and animal material 

• Extraoral digestion - digestion of prey outside the predator's body via injected enzymes 

• Optimal foraging - behavioural theory predicting prey choice that maximises net 

energetic gain 
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• Banker plant system - a non-crop plant sustaining a natural enemy population within a 

crop system 

• Phytoseiidae - the mite family containing most commercially important predatory mites 

• Ambush predator - a predator that remains stationary and relies on prey encountering it 

Review Questions 

• List the major insect orders and arachnid groups that contain economically important 

predators, with one example family from each. 

• Explain how mouthpart morphology influences the range of prey a predator can exploit. 

• Compare the ecological roles of ladybird beetles, lacewings and predatory bugs in crop 

pest suppression. 

• Describe the general sequence of predatory feeding behaviour and identify two factors 

that influence prey selection. 

• Discuss three habitat management practices that support conservation of resident 

predator populations. 

• Why is augmentative predator release most extensively developed in protected cropping 

systems rather than open field crops? 
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Chapter IV: Parasitoids and Their Applications 

in Biocontrol 

4.1 Definition and Characteristics of Parasitoids 

A parasitoid is an organism that develops on or within a single host individual, consuming it 

progressively over the course of development and ultimately killing it, a life history strategy 

that occupies an intermediate position between true parasitism, in which the host typically 

survives, and predation, in which many prey are consumed across a predator's lifetime. Only 

the immature stages of most parasitoid species are parasitic; adults are typically free-living, and 

in many groups the adult female additionally requires host feeding, in which she consumes host 

haemolymph or tissue directly to mature her eggs, alongside the reproductive parasitism 

performed by her offspring. 

Parasitoids are overwhelmingly concentrated within two insect orders, Hymenoptera and 

Diptera, with Hymenoptera contributing the vast majority of species used in applied biological 

control. The parasitoid life history is estimated to have evolved independently numerous times 

across the insect phylogeny and is now thought to characterise a substantial proportion of all 

described insect species, reflecting its remarkable evolutionary success as a strategy for 

exploiting other arthropods as a developmental resource. 

Several characteristics distinguish parasitoids as biological control agents from predators 

discussed in the preceding chapter. Because each parasitoid offspring, or each brood of 

offspring in gregarious species, requires only a single host individual, parasitoid reproductive 

output is tightly coupled to host density in a manner that produces precise, often strongly density 

dependent regulation. Parasitoids are frequently more host specific than predators, a trait that 

enhances safety in classical introductions but also means that a single parasitoid species is rarely 

sufficient to control multiple unrelated pest species within the same cropping system. 

4.2 Major Parasitoid Groups 

Hymenopteran parasitoids are distributed across a large number of families with differing host 

ranges and biology. The superfamily Ichneumonoidea, comprising the families Ichneumonidae 

and Braconidae, contains many of the most economically significant parasitoids of lepidopteran 

and coleopteran larvae. The superfamily Chalcidoidea contains numerous small-bodied 

families of substantial applied importance, including Trichogrammatidae, Aphelinidae, 

Encyrtidae and Eulophidae, many of which parasitise eggs or early instars of a wide range of 

pest groups. 
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The superfamily Platygastroidea, including Platygastridae and Scelionidae, contains 

predominantly egg parasitoids attacking Hemiptera and other insect eggs, while 

Proctotrupoidea and several smaller superfamilies contribute additional specialised parasitoid 

lineages of more localised applied significance. Within Diptera, the family Tachinidae stands 

out as the principal dipteran parasitoid group, attacking a broad range of larval and adult insect 

hosts, particularly among Lepidoptera and Orthoptera, using oviposition strategies that range 

from direct egg deposition on the host to production of live larvae that actively seek out a host 

after hatching. 

Parasitoid groups are further classified functionally according to the host stage attacked, 

distinguishing egg parasitoids, larval parasitoids, pupal parasitoids and adult parasitoids, and 

according to the number of parasitoid species that can develop from a single host, distinguishing 

solitary from gregarious parasitoids as introduced in Chapter 2. These functional categories, 

combined with taxonomic identity, determine which parasitoid group is best matched to a given 

pest's vulnerable life stage and inform the selection of candidate agents for a specific crop 

protection problem. 

 

Figure 4.1 Major hymenopteran and dipteran parasitoid groups used in applied biological 

control. 

4.3 Trichogramma, Braconidae and Ichneumonidae 

Trichogramma species, family Trichogrammatidae, are minute egg parasitoids, typically under 

one millimetre in body length, that attack the eggs of a wide range of lepidopteran pests, 

including major agricultural pests such as corn borers, cotton bollworms and sugarcane stem 
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borers. Their small size, short generation time and amenability to mass rearing on factitious 

hosts such as the eggs of the Angoumois grain moth or Mediterranean flour moth have made 

Trichogramma the most widely produced and released group of parasitoids worldwide, with 

augmentative release programmes established across large areas of field crops in Asia, Latin 

America and parts of Europe. 

Braconidae represents one of the largest parasitoid families and includes numerous genera of 

major economic importance. Cotesia species parasitise lepidopteran larvae, including 

significant pests of brassica and cereal crops, while Aphidius species are specialist parasitoids 

of aphids, widely used in augmentative biological control within protected cropping. 

Diachasmimorpha and related braconid genera are used against fruit fly larvae in tropical fruit 

production, illustrating the breadth of host groups exploited across this single family. 

Ichneumonidae, among the most species-rich families in the entire insect class, parasitise a 

broad range of hosts, predominantly larval and pupal Lepidoptera, Coleoptera and 

Hymenoptera, generally attacking larger-bodied hosts than Trichogrammatidae and often 

exhibiting solitary rather than gregarious development. Certain ichneumonid genera, such as 

Diadegma attacking the diamondback moth, a major global pest of brassica crops, have become 

important components of integrated pest management programmes in regions where the pest 

has developed resistance to multiple chemical insecticide classes, underscoring the continued 

relevance of parasitoid-based control even against pests with substantial pesticide resistance 

history. 

Table 4.1 Principal Parasitoid Families and Their Applied Significance 

Family Host Stage Attacked Representative 

Genus 

Target Pest Group 

Trichogrammatidae Egg Trichogramma Lepidopteran borers 

Braconidae Larva Cotesia, Aphidius Caterpillars, aphids 

Ichneumonidae Larva / pupa Diadegma Diamondback moth 

Aphelinidae Nymph / adult Aphelinus, Encarsia Aphids, whiteflies 

Encyrtidae Nymph / larva Anagyrus Mealybugs, scales 

Tachinidae Larva / adult Cotesia relatives 

(Diptera) 

Lepidoptera, 

Orthoptera 

4.4 Host Selection and Parasitism 
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Host selection by a female parasitoid proceeds through a sequence of behavioural steps that 

begins with host habitat location, guided by long-range chemical and visual cues associated 

with the host plant or general environment, followed by host location within that habitat, relying 

on cues such as herbivore-induced plant volatiles, host frass, silk or honeydew, and concluding 

with host acceptance, in which the female evaluates the individual host through antennal contact 

and ovipositor probing before committing to oviposition. 

Herbivore-induced plant volatiles, chemical compounds released by plant tissue in response to 

herbivore feeding, have emerged as a particularly important class of host location cue, since 

they provide a reliable, amplified signal of host presence that many parasitoid species have 

evolved to exploit, sometimes described within the framework of the plant as an indirect 

defence mechanism that recruits natural enemies to its own benefit. Learning also contributes 

to host selection efficiency, with several parasitoid species shown to improve their response to 

particular volatile blends following an initial successful oviposition experience. 

Host acceptance and subsequent physiological interaction between parasitoid and host are 

influenced by host defence mechanisms, principal among which is the host's cellular immune 

response, encapsulation, in which host haemocytes surround and wall off the parasitoid egg, 

potentially preventing successful development. Successful parasitoid species have evolved 

counter-adaptations, including venom injected at oviposition, virus-like particles, and in a 

number of braconid and ichneumonid lineages, integrated polydnaviruses that suppress host 

immune function and alter host development to favour parasitoid survival, representing one of 

the most striking examples of molecular coevolution documented between any pair of 

interacting organisms. 

4.5 Life Cycles 

Parasitoid life cycles proceed through egg, larval and pupal stages within or upon the host, 

followed by emergence of the free-living adult, with the overall duration strongly influenced 

by temperature, host species and host stage at parasitism. Idiobiont parasitoids arrest host 

development at the time of parasitism, typically through venom-induced paralysis, so that the 

host provides a static resource whose size is fixed at oviposition, whereas koinobiont parasitoids 

permit the host to continue feeding and developing after parasitism, allowing the host to grow 

and provide a larger resource before the parasitoid larva completes its own development and 

ultimately kills it. 

Voltinism, the number of generations completed per year, varies considerably among parasitoid 

species and is a critical parameter for programme design, since a parasitoid must be capable of 

completing sufficient generations within a growing season to track pest population growth. 

Many Trichogramma species complete a generation in seven to ten days under warm conditions, 

permitting multiple generations within a single crop cycle, whereas larger-bodied ichneumonid 

parasitoids of longer-lived hosts may require several weeks per generation and complete only 

one or two generations annually. 
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Synchrony between parasitoid and host phenology is essential for effective field performance 

and is achieved through mechanisms including diapause, in which the parasitoid enters a 

dormant state timed to coincide with host availability, and host stage preference, in which the 

parasitoid's own developmental requirements restrict successful parasitism to a particular 

window of host vulnerability. Mismatches in this synchrony, whether arising from climatic 

variation or from the introduction of a parasitoid into a region with different seasonal conditions 

than its origin, are a recognised cause of reduced field performance in both classical and 

augmentative programmes. 

 

Figure 4.2 Generalised parasitoid life cycle from oviposition to adult emergence. 

4.6 Mass Production 

Mass production of parasitoids for augmentative release requires a reliable, cost-effective 

source of host material on which the parasitoid can develop, a requirement met either through 

rearing of the natural host itself or through use of a factitious host, an alternative, more easily 

reared species accepted by the parasitoid as a suitable oviposition substrate. Trichogramma 

production, for example, relies heavily on factitious hosts such as the eggs of stored-product 

moths, which can be produced at large scale and low cost using standardised diet-based rearing 

systems, substantially reducing the cost of parasitoid production relative to rearing on the 

natural field host. 

Production systems require careful management of rearing density, temperature, humidity and 

photoperiod to maximise parasitoid yield per unit of host material while maintaining consistent 

quality across production cycles. Overcrowding during rearing can reduce individual parasitoid 

body size and fecundity, while suboptimal temperature regimes can distort sex ratio in 

haplodiploid hymenopteran parasitoids, in which unfertilised eggs develop as males and 

fertilised eggs as females, making sex ratio a key quality parameter actively monitored in 

commercial production. 
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Quality control protocols for mass produced parasitoids typically assess emergence rate, sex 

ratio, body size, longevity and, where feasible, a bioassay of parasitism performance against 

the target pest, since laboratory adaptation across many rearing generations can gradually erode 

field performance traits such as searching efficiency and host range fidelity, a phenomenon 

documented in several long-running commercial rearing programmes and addressed through 

periodic introduction of field-collected genetic material to refresh the rearing colony. 

4.7 Release Strategies 

Parasitoid release strategies mirror the broader distinction introduced in Chapter 1 between 

inoculative release, in which a relatively small number of parasitoids is released with the 

expectation that the population will build up over subsequent generations, and inundative 

release, in which large numbers are released to achieve an immediate parasitism effect 

comparable to a pesticide application. The choice between these strategies depends on the 

parasitoid's generation time relative to the crop cycle, the severity and timing of pest pressure 

and the economic value of the crop, with inundative release generally favoured for high-value, 

short-cycle crops where speed of effect is critical. 

Release timing is typically calibrated against pest monitoring data, with parasitoids introduced 

at the point when the target host stage first becomes available in sufficient density to sustain the 

released population, since premature release when hosts are scarce can result in parasitoid 

starvation or dispersal before the pest population develops, while delayed release may allow 

the pest to exceed the economic injury level before adequate parasitism is achieved. Release 

rate, typically expressed as parasitoids released per unit area, is calibrated from field trial data 

correlating release density with achieved parasitism rate for the specific crop and pest system. 

Method of release varies with parasitoid biology and crop system, ranging from direct field 

release of adult parasitoids from transport containers to distribution of parasitised host material, 

such as Trichogramma-parasitised host eggs affixed to release cards that are hung within the 

crop canopy and allow gradual, protected emergence of the parasitoid over several days. Aerial 

release by drone or aircraft has become increasingly common for large-area field crop 

applications, particularly for Trichogramma release in extensive sugarcane and maize 

production systems, substantially reducing the labour cost associated with manual ground 

release. 

4.8 Applications in Crop Protection 

Parasitoid-based biological control has been integrated into crop protection programmes across 

a wide range of agricultural systems. Augmentative release of Trichogramma species against 

lepidopteran stem borers and bollworms is practised at large scale in sugarcane, cotton and 

maize production across South and Southeast Asia and parts of Latin America, frequently 

coordinated through farmer cooperative or government extension programmes that manage 

centralised parasitoid production facilities. Protected cropping systems rely heavily on aphid 

parasitoids such as Aphidius colemani and whitefly parasitoids such as Encarsia formosa, both 
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introduced and maintained through standardised commercial release protocols in greenhouse 

vegetable and ornamental production. 

Classical biological control using parasitoids has produced some of the discipline's most 

significant successes, including the cassava mealybug programme referenced in Chapter 1, in 

which the encyrtid parasitoid Anagyrus lopezi achieved continental-scale suppression of an 

invasive pest across sub-Saharan Africa. Similar classical parasitoid introductions have 

achieved durable control of citrus blackfly, various scale insect pests and the diamondback moth 

in different world regions, establishing self-sustaining parasitoid populations that continue to 

provide control without further intervention decades after the original introduction. 

Effective integration of parasitoid-based control into a broader crop protection programme 

requires attention to compatibility with other management tactics, particularly pesticide use, 

since many parasitoids, owing to their small body size and exposed searching behaviour, are 

highly sensitive to insecticide residues, often more so than the predators discussed in the 

previous chapter. Selective product choice, restricted application timing and physical refuge 

such as untreated field margins are commonly employed to preserve parasitoid activity within 

an integrated programme, a theme developed further in Chapter 9 in the context of integrated 

pest management. 

Table 4.2 Release Strategy Selection Criteria for Augmentative Parasitoid Programmes 

Criterion Favours Inoculative Release Favours Inundative Release 

Crop value Lower value, extensive area High value, intensive 

production 

Crop cycle length Longer season, perennial Short cycle, rapid turnover 

Pest pressure at release Low to moderate High, requiring rapid effect 

Parasitoid generation time Short, allows buildup Any, since immediate effect 

sought 

Cost tolerance Lower recurring cost 

acceptable 

Higher input cost justified by 

value 

Table 4.3 Comparison of Idiobiont and Koinobiont Parasitoid Strategies 

Feature Idiobiont Koinobiont 

Host state after parasitism Paralysed or killed 

immediately 

Continues feeding and 

developing 
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Feature Idiobiont Koinobiont 

Typical host stage attacked Eggs, pupae, concealed stages Actively feeding larvae 

Resource available to 

offspring 

Fixed at time of oviposition Grows after parasitism, often 

larger 

Need to overcome host 

immunity 

Lower, host physiology halted Higher, host remains 

physiologically active 

Example family Many Trichogrammatidae Many Braconidae, 

Ichneumonidae 

Post-release monitoring of augmentative parasitoid programmes typically combines direct 

assessment of parasitism rate, achieved by collecting and dissecting or rearing out samples of 

the host population, with broader crop damage and yield assessments that allow programme 

managers to relate the level of parasitism achieved to the economic outcome for the grower. 

Where parasitism rates fall persistently below the level required for adequate pest suppression, 

adjustments to release rate, timing or parasitoid species selection are made in subsequent 

seasons, reflecting an adaptive management approach that is now standard practice in well 

established augmentative biological control programmes. 

Regulatory oversight of parasitoid introduction and mass release has strengthened considerably 

in recent decades, particularly for classical introductions of exotic species, requiring 

documented host range testing, environmental risk assessment and, in many jurisdictions, 

formal government approval prior to release. Even for augmentative release of already-

established, commercially available parasitoid species, quality standards governing production 

facilities and product labelling have become increasingly formalised, reflecting the maturation 

of the biological control industry into a regulated agricultural input sector comparable in rigour, 

though differing substantially in underlying science, to the regulation applied to chemical 

pesticide products. 

Hyperparasitism, in which a secondary parasitoid develops at the expense of a primary 

parasitoid rather than the original herbivorous host, represents a complicating ecological 

interaction relevant to both natural and augmentative parasitoid populations, since high rates of 

hyperparasitism can substantially reduce the effective pest suppression delivered by a primary 

parasitoid population despite apparently healthy overall parasitism rates recorded during 

monitoring, if that monitoring does not distinguish successful primary parasitoid emergence 

from hyperparasitoid emergence. Facultative hyperparasitism, in which a species can act as 

either a primary or secondary parasitoid depending on circumstance, further complicates simple 

classification of some parasitoid community members and requires careful taxonomic and 

biological verification during both research and applied programme monitoring. 
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Molecular identification methods, including DNA barcoding, have become an increasingly 

important tool in parasitoid biology and applied programme management, since morphological 

identification of many parasitoid species, particularly the small-bodied Chalcidoidea prominent 

in Table 4.1, requires specialised taxonomic expertise not always readily available, and since 

molecular methods can additionally resolve cryptic species complexes, groups of 

morphologically near-identical species with potentially quite different host ranges and 

biological traits, that would otherwise be misidentified as a single species with important 

consequences for both classical biological control risk assessment and augmentative 

programme quality control. 

Table 4.4 Diagnostic Traits Used to Distinguish Cryptic Parasitoid Species 

Trait Category Example Character Utility 

Morphological Wing venation, antennal 

segmentation 

Traditional, requires expertise 

for small taxa 

Molecular DNA barcode sequence 

divergence 

Resolves species 

indistinguishable 

morphologically 

Biological Host range, voltinism Reveals functional differences 

within a species complex 

Behavioural Courtship signal, oviposition 

cue response 

Supports species boundaries 

in some genera 

Chapter Summary 

Parasitoids represent a distinct and highly effective mode of biological control, distinguished 

from predators by their single-host developmental strategy and typically greater host specificity. 

Concentrated within Hymenoptera and, to a lesser extent, Diptera, major families including 

Trichogrammatidae, Braconidae and Ichneumonidae provide agents adapted to virtually every 

host life stage and a wide range of pest taxa. Host selection behaviour, mediated by plant 

volatiles and refined through learning, together with physiological adaptations to overcome host 

immune defences, underlies the precision with which parasitoids locate and exploit their hosts. 

Life cycle traits, particularly voltinism and synchrony with host phenology, determine a species' 

suitability for a given cropping system, while mass production technology, centred on factitious 

host rearing for species such as Trichogramma, has enabled augmentative release at a scale 

matched by few other categories of natural enemy. Release strategy, whether inoculative or 

inundative, and careful integration with pesticide use together determine the field success of 

parasitoid-based programmes, which continue to provide some of the most cost-effective and 

durable achievements in the history of applied biological control. 
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Key Terms 

• Parasitoid - an organism that develops on or within a single host, killing it as an 

obligatory outcome 

• Host feeding - direct consumption of host tissue or haemolymph by an adult female 

parasitoid 

• Idiobiont / koinobiont - parasitoid strategies arresting or permitting continued host 

development 

• Encapsulation - host immune response that surrounds and neutralises a parasitoid egg 

• Polydnavirus - a symbiotic virus injected by some parasitoids that suppresses host 

immunity 

• Factitious host - an alternative, more easily reared host species used in mass production 

• Voltinism - the number of generations a species completes within a year 

• Inoculative / inundative release - low-density establishment release versus high-density 

immediate-effect release 

Review Questions 

• Define parasitoid and distinguish this strategy from both predation and conventional 

parasitism. 

• Describe the three-stage behavioural sequence of host selection and the role of 

herbivore-induced plant volatiles. 

• Explain the difference between idiobiont and koinobiont parasitoid strategies and their 

consequences for host development. 

• Why has Trichogramma become the most widely mass produced parasitoid group 

worldwide? 

• Discuss the factors that determine whether an inoculative or inundative release strategy 

is appropriate for a given crop system. 

• Using the cassava mealybug programme, explain how classical parasitoid introduction 

can achieve continental-scale pest suppression. 
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Chapter V: Microbial Agents for Pest 

Management 

5.1 Entomopathogenic Bacteria 

Entomopathogenic bacteria are microorganisms capable of causing disease in insect hosts, 

exploited in biological control primarily through ingestion of bacterial cells, spores or the toxic 

proteins they produce. The most widely applied group, Bacillus thuringiensis, is treated 

separately in section 5.5 owing to its outsized commercial and agricultural significance, but 

numerous other bacterial genera contribute to microbial pest management, including Bacillus 

sphaericus and Lysinibacillus sphaericus, used against mosquito larvae, and Bacillus popilliae, 

the causative agent of milky disease in scarab beetle grubs, one of the earliest bacterial 

biopesticides developed for commercial use. 

Bacterial pathogenicity in insects generally proceeds through ingestion of bacterial spores or 

cells, followed by germination within the alkaline midgut environment characteristic of many 

insect groups, release of toxic proteins or enzymes that disrupt the gut epithelium, and 

subsequent bacterial proliferation within the haemocoel leading to septicaemia and host death. 

Some entomopathogenic bacteria act primarily through the toxic effect of pre-formed protein 

toxins with minimal requirement for bacterial multiplication within the host, while others 

depend on active bacterial invasion and growth following initial gut disruption. 

Applied use of entomopathogenic bacteria other than Bacillus thuringiensis remains 

comparatively narrow, concentrated in specific niches such as mosquito and blackfly larval 

control using Lysinibacillus sphaericus, valued for its persistence in organically enriched 

breeding sites, and soil grub control using milky disease bacteria, valued for long-term 

persistence in soil following a single application, though slower to establish effective control 

than faster-acting alternatives. Ongoing research into novel entomopathogenic bacterial strains, 

including symbiotic bacteria associated with entomopathogenic nematodes discussed in section 

5.4, continues to expand the range of bacterial agents available for pest management. 

5.2 Entomopathogenic Fungi 

Entomopathogenic fungi are unusual among insect pathogens in typically infecting the host by 

direct penetration of the cuticle rather than through ingestion, a route that allows them to infect 

sap-feeding insects such as aphids and whiteflies that do not readily consume foliar-applied 

agents. Infection begins with adhesion of a fungal spore to the host cuticle, followed by 

germination, penetration through the cuticle using a combination of mechanical pressure and 

cuticle-degrading enzymes, proliferation within the haemocoel, and ultimately host death, after 
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which the fungus typically emerges through the cuticle to sporulate and produce infective 

propagules for subsequent transmission. 

The principal genera of applied significance include Beauveria, particularly Beauveria 

bassiana, used against a very broad range of pest insects including beetles, whiteflies, thrips 

and grasshoppers, Metarhizium, particularly Metarhizium anisopliae and Metarhizium acridum, 

the latter developed specifically for locust and grasshopper control, and Lecanicillium species, 

used principally against aphids and whiteflies in protected cropping. These fungi are broadly 

characterised as facultative pathogens, capable of surviving saprophytically in soil or plant 

material in the absence of a host, which contributes to their persistence in the field environment 

between infection events. 

Efficacy of entomopathogenic fungi is strongly dependent on environmental humidity, since 

spore germination and cuticle penetration typically require free moisture or high relative 

humidity, a constraint that has historically limited field performance in arid conditions and 

motivated the development of oil-based formulations that improve spore survival and 

germination under drier conditions. Temperature also influences infection rate and speed of kill, 

with most commercially significant species performing optimally within a moderate 

temperature range and showing reduced efficacy at temperature extremes, a consideration that 

informs both product selection and application timing in field deployment. 

 

Figure 5.1 Generalised infection cycle of an entomopathogenic fungus. 

5.3 Baculoviruses 

Baculoviruses are a family of double-stranded DNA viruses highly specific to insects, 

particularly Lepidoptera, and are notable among microbial control agents for their exceptionally 

narrow host range, in many cases restricted to a single host species or a small number of closely 

related species, a property that confers an outstanding safety profile with respect to non-target 

organisms and human health. The family is divided into nucleopolyhedroviruses and 
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granuloviruses, distinguished by the structure of the protective occlusion bodies in which virus 

particles are embedded following host death. 

Infection occurs when a susceptible larva ingests occlusion bodies present on foliage, which 

dissolve in the alkaline environment of the larval midgut, releasing virus particles that infect 

midgut epithelial cells before spreading systemically through the host's tissues. Infected larvae 

typically show reduced feeding within days of infection, followed by death within one to two 

weeks depending on virus dose, host species and temperature, often accompanied by a 

characteristic liquefaction of internal tissues that releases large numbers of new occlusion 

bodies onto the plant surface, from which subsequent transmission to other larvae occurs. 

The narrow host specificity of baculoviruses, while advantageous for environmental safety, also 

constrains their applied use to situations where a single target pest dominates the pest complex, 

since a baculovirus product effective against one lepidopteran pest typically provides no control 

of co-occurring pests from other taxonomic groups. Commercially significant baculovirus 

products have nonetheless achieved substantial market success against pests including the 

cotton bollworm, various armyworm species and the codling moth, particularly in production 

systems where residue restrictions or resistance to chemical alternatives favour a highly 

selective biological option. 

5.4 Entomopathogenic Nematodes 

Entomopathogenic nematodes, principally within the genera Steinernema and Heterorhabditis, 

are microscopic roundworms that actively seek out insect hosts in the soil environment and 

cause death rapidly through a mutualistic association with symbiotic bacteria, Xenorhabdus in 

the case of Steinernema and Photorhabdus in the case of Heterorhabditis, which the nematode 

carries within its intestine and releases into the host haemocoel following entry. The free-living 

infective juvenile stage locates a host using chemical and thermal cues, enters through natural 

body openings or, in Heterorhabditis, by direct cuticle penetration using a specialised tooth 

structure, and releases its bacterial symbiont, which multiplies rapidly and kills the host through 

septicaemia typically within twenty four to forty eight hours. 

Following host death, the nematode feeds on the proliferating bacteria and host tissue, 

completes several generations within the host cadaver, and eventually produces a new cohort 

of infective juveniles that disperse into the surrounding soil in search of further hosts, a 

reproductive strategy that allows a single successful infection to generate a substantial local 

population increase. This rapid, bacterially mediated killing mechanism distinguishes 

entomopathogenic nematodes from most other microbial control agents in terms of speed of 

action, with visible host mortality often occurring markedly faster than typical fungal or viral 

infection. 

Entomopathogenic nematodes are particularly effective against soil-dwelling and cryptic insect 

pests that are difficult to reach with conventional foliar-applied agents, including white grubs, 

weevil larvae, fungus gnat larvae and various soil-stage lepidopteran and dipteran pests, and 

are compatible with application through standard irrigation equipment provided that 
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formulation and water quality guidelines are observed to maintain infective juvenile viability. 

Susceptibility to desiccation and ultraviolet radiation restricts their use largely to soil and other 

protected microhabitats, since infective juveniles applied to exposed foliar surfaces typically 

survive only briefly under field conditions. 

5.5 Bacillus thuringiensis 

Bacillus thuringiensis, commonly abbreviated Bt, is a gram-positive, spore-forming bacterium 

that produces crystalline protein toxins, termed Cry and Cyt proteins, during sporulation, and 

represents the single most commercially significant microbial biopesticide in global use, 

accounting for the majority of the microbial biopesticide market by value. Different Bt 

subspecies and strains produce distinct combinations of crystal proteins with differing target 

specificity, allowing formulated products to be matched to particular pest groups, most 

prominently Lepidoptera, but also including strains active against Coleoptera and Diptera, 

notably mosquito and blackfly larvae. 

Following ingestion by a susceptible larva, Bt crystal proteins are solubilised in the alkaline 

midgut, proteolytically activated, and bind to specific receptor proteins on the midgut epithelial 

cell membrane, causing pore formation that disrupts osmotic balance, leads to cell lysis and 

ultimately gut paralysis and cessation of feeding, followed by death within one to several days, 

often accelerated by subsequent bacterial septicaemia once the compromised gut barrier permits 

bacterial invasion of the haemocoel. This mode of action, dependent on specific receptor 

binding, underlies the strong target specificity that makes Bt products compatible with a wide 

range of beneficial and non-target organisms lacking the corresponding gut receptors. 

Beyond its use as a formulated microbial spray, the genes encoding Bt crystal proteins have 

been transferred into numerous crop species through genetic engineering, producing transgenic 

Bt crops that express the toxin constitutively within plant tissue, a technology now cultivated 

across a substantial area of global cropland, particularly in maize and cotton. While transgenic 

Bt crops and formulated Bt sprays share the same underlying toxin biology, they differ 

substantially in their deployment, regulatory pathway and resistance management requirements, 

with structured refuge strategies, involving planting of non-Bt crop area to sustain susceptible 

pest populations, developed specifically to delay the evolution of pest resistance to the 

transgenic trait. 

Table 5.1 Principal Groups of Microbial Biological Control Agents 

Agent Class Route of Infection Speed of Kill Representative 

Genus 

Entomopathogenic 

bacteria 

Ingestion Days Bacillus thuringiensis 
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Agent Class Route of Infection Speed of Kill Representative 

Genus 

Entomopathogenic 

fungi 

Cuticle penetration Days to weeks Beauveria, 

Metarhizium 

Baculoviruses Ingestion One to two weeks Nucleopolyhedrovirus, 

granulovirus 

Entomopathogenic 

nematodes 

Active entry (natural 

openings/cuticle) 

24-48 hours Steinernema, 

Heterorhabditis 

5.6 Mechanisms of Microbial Action 

Microbial control agents achieve host mortality through mechanisms that differ fundamentally 

from the direct consumption or oviposition characteristic of predators and parasitoids, instead 

exploiting toxin production, enzymatic tissue degradation, competitive resource exploitation 

within the host, or, in the case of nematode-bacterium complexes, a coordinated symbiotic 

attack. Toxin-mediated mechanisms, exemplified by Bt crystal proteins, act rapidly and with 

high target specificity determined by receptor binding, whereas invasive mechanisms, 

exemplified by fungal cuticle penetration and subsequent haemocoel colonisation, generally act 

more slowly but across a broader host range within the susceptible taxonomic group. 

A number of microbial agents additionally produce secondary metabolites that contribute to 

pathogenicity beyond the primary infection mechanism, including insecticidal and 

immunosuppressive compounds produced by entomopathogenic fungi during host colonisation, 

which can suppress the host's cellular and humoral immune defences and facilitate more rapid 

fungal proliferation. Similarly, the bacterial symbionts of entomopathogenic nematodes 

produce a range of antimicrobial compounds that suppress competing microorganisms within 

the host cadaver, preserving the nutrient resource for the developing nematode population and 

illustrating the layered biochemical complexity underlying apparently straightforward 

microbial pathogenicity. 

Host defence mechanisms against microbial infection include physical barriers such as the 

cuticle and peritrophic membrane lining the gut, cellular immune responses including 

phagocytosis and encapsulation of invading microorganisms by haemocytes, and humoral 

responses including production of antimicrobial peptides and activation of the phenoloxidase 

cascade that produces melanin deposition around infection sites. The ongoing evolutionary 

interaction between pathogen virulence mechanisms and host immune defences shapes both the 

natural epizootiology of insect disease and the practical efficacy of formulated microbial 

biopesticides under field conditions. 

5.7 Formulation and Application 
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Formulation of microbial control agents addresses the central practical challenge of preserving 

the viability and infectivity of a living organism through production, storage, transport and field 

application, while also improving handling characteristics, application compatibility and field 

persistence relative to the raw biological material. Common formulation types include wettable 

powders and water dispersible granules for fungal and bacterial spores, oil-based and 

emulsifiable concentrate formulations that improve fungal spore survival under low humidity, 

and aqueous suspensions or gel carriers for entomopathogenic nematode infective juveniles, 

which must remain hydrated throughout the formulation and application process. 

Application timing and method are calibrated to the biology of the specific agent and the target 

pest's behaviour. Fungal and bacterial products are typically applied during periods of higher 

humidity, such as early morning or evening, to maximise spore germination and survival, while 

ultraviolet-sensitive agents, including many fungal spores and baculovirus occlusion bodies, 

benefit from formulation additives such as UV protectants or from application timed to avoid 

peak solar radiation. Nematode products are generally applied as a drench or through irrigation 

systems directly to the soil or growing medium, since their soil-dwelling target pests and their 

own vulnerability to desiccation on exposed surfaces make foliar application generally 

unsuitable. 

Compatibility with other crop protection inputs is a further formulation and application 

consideration, since microbial agents can be sensitive to co-applied fungicides, certain 

adjuvants or irrigation water quality parameters such as chlorine content and pH, any of which 

can reduce viability if not properly managed. Manufacturers and extension services typically 

provide compatibility guidance and recommended tank-mix restrictions, and growers 

integrating microbial biopesticides into an existing spray programme are generally advised to 

verify compatibility before combining products, particularly where a new microbial agent is 

introduced into an established chemical input regime. 

 

Figure 5.2 Principal considerations in formulating microbial biological control agents for 

field use. 
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5.8 Advantages and Limitations 

Microbial biological control agents share several advantages that have driven their expanding 

commercial adoption. Many exhibit high target specificity relative to broad spectrum chemical 

pesticides, reducing impact on beneficial predators, parasitoids and pollinators when properly 

selected and applied. Most are compatible with organic production standards, degrade readily 

in the environment without persistent chemical residues, and, particularly for fungal, bacterial 

and viral agents that can establish epizootics within a pest population, offer the potential for 

secondary, self-perpetuating spread beyond the initially treated area under favourable 

environmental conditions. 

Limitations centre principally on environmental sensitivity and speed of action. Efficacy of 

most microbial agents is strongly dependent on humidity, temperature and ultraviolet exposure, 

producing greater variability in field performance than is typical of chemical pesticides 

formulated for consistent activity across a broad range of environmental conditions. Speed of 

kill is generally slower than fast-acting chemical insecticides, an important consideration where 

rapid arrest of feeding damage is required, and target specificity, while generally advantageous, 

can also be a practical limitation where a pest complex includes multiple taxonomically diverse 

species not addressed by a single narrow-spectrum microbial product. 

Storage stability presents an additional practical constraint, since living microbial agents 

generally have shorter shelf life than chemical formulations and often require refrigerated 

storage and transport to maintain viability, adding cost and logistical complexity to distribution, 

particularly in regions lacking reliable cold chain infrastructure. Continued advances in 

formulation technology, strain selection for improved environmental tolerance and integration 

guidance for combining microbial agents with compatible chemical and biological tactics are 

progressively addressing these limitations, supporting the continued growth of microbial 

biopesticides as a central pillar of modern integrated pest management. 

Table 5.2 Advantages and Limitations of Microbial Biological Control Agents 

Aspect Advantage Limitation 

Host specificity Minimal non-target impact May not address a mixed pest 

complex 

Environmental persistence No harmful chemical residue Sensitive to UV, humidity, 

temperature 

Speed of action Acceptable for preventive use Generally slower than 

chemical control 



 

48 Biological Pest Management: Principles, Practices and Applications 

Aspect Advantage Limitation 

Storage Compatible with organic 

systems 

Often requires refrigeration, 

shorter shelf life 

Secondary spread Potential for self-sustaining 

epizootics 

Unpredictable, not guaranteed 

under field conditions 

Table 5.3 Illustrative Commercial Applications of Microbial Agents 

Agent Example Target Cropping System 

Bacillus thuringiensis kurstaki Lepidopteran larvae Vegetables, field crops, 

forestry 

Beauveria bassiana Whiteflies, thrips, beetles Vegetables, ornamentals, 

coffee 

Metarhizium acridum Locusts, grasshoppers Rangeland, grain crops 

Codling moth granulovirus Codling moth larvae Pome fruit orchards 

Steinernema feltiae Fungus gnat larvae, thrips 

pupae 

Protected ornamentals, 

mushrooms 

Heterorhabditis 

bacteriophora 

White grubs, weevil larvae Turf, nursery stock 

Research into the interaction between microbial biopesticides and the wider natural enemy 

community has clarified that many microbial agents are broadly compatible with predator and 

parasitoid conservation, since their typically narrow host range and mode of action distinct from 

broad spectrum chemical toxicity generally spare non-target beneficial arthropods, making 

microbial control a natural complement to the predator and parasitoid-based strategies 

discussed in Chapters 3 and 4 within an integrated programme. Some interactions nonetheless 

require care, since certain entomopathogenic fungi can infect non-target arthropods including 

some predatory and parasitoid species under laboratory conditions, reinforcing the importance 

of pre-registration host range and non-target testing analogous to that applied to classical 

biological control agents. 

Resistance to microbial control agents, though generally emerging more slowly than resistance 

to single-target synthetic insecticides owing to the more complex, multi-component mode of 

action characteristic of many microbial agents, has nonetheless been documented in a number 

of pest populations subject to sustained, intensive Bt exposure, particularly in regions with 
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extensive transgenic Bt crop cultivation, prompting the structured refuge strategies discussed 

in section 5.5 and continued research into next-generation Bt proteins and combination 

approaches, including stacking multiple distinct Cry proteins within a single transgenic event, 

intended to delay or prevent resistance evolution through a similar logic to multi-mode-of-

action resistance management long practised with conventional synthetic insecticides. 

Environmental risk assessment for microbial biopesticide registration typically evaluates non-

target organism impact, including effects on beneficial predators and parasitoids, pollinators 

and aquatic organisms, alongside human health toxicology and environmental fate data, 

following regulatory frameworks that, while generally requiring less extensive data than for 

novel synthetic active ingredients given the historical safety record of most major microbial 

agent classes, still represent a substantial development cost and timeline consideration for new 

microbial biopesticide products entering the commercial registration pathway in most major 

agricultural markets. 

Table 5.4 Data Typically Required for Microbial Biopesticide Registration 

Data Category Example Requirement 

Identity Strain characterisation, taxonomic 

confirmation 

Efficacy Field trial data against labelled target pests 

Non-target safety Testing on representative beneficial/aquatic 

species 

Human health Toxicology and allergenicity assessment 

Environmental fate Persistence and dispersal characterisation 

Chapter Summary 

Microbial control agents, comprising entomopathogenic bacteria, fungi, viruses and nematodes, 

exploit fundamentally different infection mechanisms from predators and parasitoids, acting 

through toxin production, cuticle penetration, ingestion-based viral infection or coordinated 

nematode-bacterium attack respectively. Bacillus thuringiensis remains the dominant 

commercial agent, valued for its receptor-mediated specificity and dual deployment as both a 

formulated spray and a transgenic crop trait, while entomopathogenic fungi and nematodes 

extend microbial control to sap-feeding and soil-dwelling pests inaccessible to many other 

control strategies, and baculoviruses offer an exceptionally narrow host range well suited to 

specific lepidopteran targets. Formulation technology addressing the central challenge of 

preserving living agent viability, combined with careful attention to environmental conditions 
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and application timing, determines whether the substantial biological potential of these agents 

translates into consistent field performance, a trade-off between specificity, environmental 

sensitivity and speed of action that practitioners must weigh against the faster but less selective 

alternative offered by conventional chemical pesticides. 

Key Terms 

• Entomopathogen - a microorganism that causes disease in insects 

• Cry protein - crystalline toxin produced by Bacillus thuringiensis during sporulation 

• Occlusion body - protective protein structure embedding baculovirus particles 

• Infective juvenile - the free-living, host-seeking stage of an entomopathogenic 

nematode 

• Epizootic - a disease outbreak spreading naturally through a host population 

• Symbiotic bacterium - bacterium carried by entomopathogenic nematodes that kills 

the host 

• Refuge strategy - non-Bt crop area planted to delay resistance evolution in transgenic 

Bt systems 

Review Questions 

• Compare the route of infection used by entomopathogenic fungi with that used by 

Bacillus thuringiensis. 

• Explain the mutualistic relationship between entomopathogenic nematodes and their 

symbiotic bacteria. 

• Why do baculoviruses offer an unusually high degree of environmental safety 

compared with broader-spectrum microbial agents? 

• Describe two formulation strategies used to improve the field persistence of microbial 

biopesticides. 

• Discuss the principal limitations of microbial control agents relative to chemical 

pesticides and how formulation technology addresses them. 

• How does the mode of action of Bt crystal proteins explain their high degree of target 

specificity? 
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Chapter VI: Botanical and Biochemical 

Approaches to Pest Control 

6.1 Plant-Derived Pesticides 

Plants have evolved an extensive array of secondary metabolites over millions of years of 

coevolution with herbivorous insects, producing chemical defences that deter feeding, disrupt 

development or cause direct toxicity to attacking herbivores. Plant-derived pesticides, 

sometimes termed botanicals or phytochemical pesticides, harness these naturally occurring 

compounds, extracted or formulated from plant material, as crop protection products, 

occupying a position within biological pest management that overlaps with but is distinct from 

the living-organism-based strategies discussed in preceding chapters, since the active agent is 

typically a chemical compound rather than a self-replicating organism. 

The use of plant material for pest control considerably predates modern agriculture, with 

documented historical use of pyrethrum-containing chrysanthemum flowers in ancient Persia 

and China, and neem-based preparations in traditional Indian agriculture extending back many 

centuries. Contemporary interest in plant-derived pesticides has intensified substantially since 

the late twentieth century, driven by consumer demand for reduced chemical residues, 

regulatory pressure on synthetic pesticide registration, the emergence of pest resistance to 

conventional insecticide classes, and the compatibility of many botanicals with organic 

certification standards. 

Plant-derived pesticides are broadly classified according to their chemical origin and mode of 

action into several categories, including botanical insecticides that cause direct toxicity, 

essential oils and volatile plant extracts, antifeedants that deter rather than kill, and repellents 

that prevent pest colonisation of the treated crop without necessarily causing mortality. This 

chapter addresses each category in turn, before examining the underlying biochemical 

mechanisms, compatibility with natural enemies and the broader prospects and limitations of 

botanical approaches within an integrated biological pest management programme. 

Global production and use of plant-derived pesticides remains considerably smaller in scale 

than synthetic chemical pesticide use, but the sector has grown substantially over the past two 

decades, supported by expanding regulatory frameworks for biopesticide registration in many 

countries and increasing commercial investment in standardised extraction and formulation 

technology that addresses the variability historically associated with crude plant preparations. 

Market growth has also been supported by the increasing integration of botanical pesticides into 

export-oriented horticultural production, where importing countries frequently impose strict 

maximum residue limits for synthetic active ingredients, making botanicals with rapid 
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degradation and favourable residue profiles an increasingly attractive option for growers 

targeting premium international markets, particularly in fruit, vegetable and cut flower value 

chains supplying retailers with their own additional residue standards beyond regulatory 

minimums. 

6.2 Botanical Insecticides 

Botanical insecticides are plant-derived compounds that exert direct toxic or growth-disrupting 

effects on target pest insects, generally through mechanisms distinct from those employed by 

conventional synthetic insecticides. Pyrethrins, extracted from the flower heads of 

Chrysanthemum cinerariifolium, remain among the most widely used botanical insecticides 

globally, acting on the voltage-gated sodium channels of insect nerve cells to cause rapid 

paralysis and a characteristic knockdown effect, combined with relatively rapid environmental 

degradation under ultraviolet light that limits persistence but also limits residual non-target 

exposure. 

Rotenone, historically extracted from the roots of Derris and related leguminous plant genera, 

acts as a mitochondrial respiratory inhibitor and was once widely used against a broad range of 

chewing and sucking insects, though its use has declined substantially in many jurisdictions 

following concerns regarding toxicity to fish and other non-target aquatic organisms, and, in 

some regions, evidence linking chronic exposure to neurological effects in mammals, 

illustrating that a botanical origin does not automatically confer a favourable overall safety 

profile relative to synthetic alternatives. 

Sabadilla, derived from the seeds of Schoenocaulon officinale, and ryania, derived from the 

stem wood of Ryania speciosa, represent additional historically significant botanical 

insecticides with alkaloid-based modes of action affecting nerve membrane function, though 

both have seen substantially reduced commercial use relative to pyrethrins and neem-based 

products discussed later in this chapter. Contemporary botanical insecticide development has 

increasingly focused on standardising active compound content through improved extraction 

and analytical methods, addressing the batch-to-batch variability that historically limited the 

reliability and regulatory acceptance of crude botanical preparations. 

Synthetic pyrethroids, chemically derived from the natural pyrethrin structure but modified to 

improve environmental stability and potency, represent a distinct category of conventional 

synthetic insecticide rather than a botanical product, though their development illustrates the 

broader influence of botanical chemistry on modern insecticide design; this chapter's treatment 

of botanical insecticides is restricted to naturally sourced, minimally modified plant-derived 

active ingredients consistent with biopesticide and organic production standards. 

6.3 Essential Oils and Plant Extracts 

Essential oils, volatile aromatic compounds extracted from plant tissue through steam 

distillation or solvent extraction, exhibit insecticidal, repellent and antifeedant properties 

attributed to a complex mixture of terpenes, terpenoids and phenolic compounds that act on 
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multiple physiological targets within the insect, including octopamine receptors, 

acetylcholinesterase and the respiratory system, in contrast to the single, well-defined molecular 

target typical of most synthetic insecticides and many purified botanical insecticides. 

Commercially significant essential oils in pest management include clove oil, thyme oil, 

rosemary oil and various citrus-derived oils rich in d-limonene, applied both as standalone 

biopesticide products and as active or synergistic components within broader formulated 

products. Because essential oil constituents typically act through multiple simultaneous 

mechanisms, the development of pest resistance to essential oil-based products has generally 

been slower to emerge than resistance to single-target synthetic insecticides, an advantage 

increasingly emphasised in resistance management strategies incorporating botanical rotation 

partners. 

Efficacy of essential oil products is strongly influenced by volatility, which determines both the 

speed of action and the duration of residual effect following application, generally favouring 

contact and fumigant activity over persistent residual control, and by formulation technology, 

since encapsulation and emulsification methods can substantially extend the field persistence 

of otherwise highly volatile active compounds. Application is typically most effective against 

soft-bodied, exposed pest stages such as aphids, mites and thrips, with reduced efficacy against 

concealed or heavily sclerotised pest life stages that present a smaller surface area for contact 

or fumigant exposure. 

Plant extracts beyond essential oils, including aqueous and alcoholic extracts of numerous plant 

species used in traditional and smallholder pest management, continue to be investigated for 

standardised commercial development, though variability in active compound concentration 

across plant source material, extraction method and storage conditions remains a persistent 

challenge for consistent field performance, generally addressed in commercial products through 

standardisation to a defined minimum concentration of the principal active constituent. 
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Figure 6.1 Principal categories of plant-derived pest control compounds by chemical origin 

and mode of action. 

6.4 Antifeedants and Repellents 

Antifeedants are compounds that suppress feeding behaviour in a target pest without necessarily 

causing direct mortality, acting through disruption of the insect's gustatory chemoreceptors or 

induction of an aversive physiological response following ingestion of a small quantity of 

treated plant tissue. Because antifeedants do not rely on lethal toxicity, they offer an alternative 

resistance management profile to conventional toxic insecticides and are of particular interest 

for pests capable of rapidly evolving metabolic resistance to toxic compounds, since a purely 

behavioural mode of action presents a different selective pressure than direct mortality. 

Repellents function through a related but distinct mechanism, deterring pest colonisation or 

oviposition on the treated crop, generally through detection of the repellent compound before 

feeding contact occurs, in contrast to antifeedants, which typically require some initial contact 

or sampling of treated tissue. Repellent botanical products have found particular application in 

reducing oviposition by pest moths and reducing colonisation by aphids and whiteflies, 

complementing rather than replacing agents with direct toxic or pathogenic activity within an 

integrated management programme. 

Azadirachtin, the principal active compound in neem extracts discussed further in section 6.5, 

exhibits pronounced antifeedant activity in addition to its growth-regulating and toxic effects, 

illustrating that many botanical compounds act through multiple simultaneous mechanisms 

rather than a single discrete mode of action, a property that complicates simple mechanistic 
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classification but often enhances overall field performance by attacking the pest through several 

physiological pathways at once. 

Practical deployment of antifeedants and repellents within an integrated pest management 

programme typically emphasises their preventive rather than curative role, applied proactively 

ahead of anticipated pest pressure to deter colonisation, rather than as a remedial treatment once 

substantial pest populations and associated crop damage are already established, reflecting their 

generally lower direct kill efficacy relative to conventional toxic botanical or synthetic 

insecticides. 

6.5 Neem and Other Important Botanicals 

Neem, derived principally from the seeds of Azadirachta indica, represents the most 

extensively researched and commercially developed botanical pesticide in current use, valued 

for a combination of antifeedant, growth-regulating, repellent and, at higher concentrations, 

direct toxic activity against a very broad range of pest insects and mites. The principal active 

compound, azadirachtin, is a complex tetranortriterpenoid that interferes with insect moulting 

by disrupting ecdysone hormone regulation, causing incomplete or failed moults, reduced 

fecundity and impaired development across a wide range of susceptible pest species, 

particularly when applied against immature life stages. 

Neem-based products are formulated from several distinct plant fractions, including neem seed 

kernel extract, cold-pressed neem oil and purified azadirachtin concentrates, differing in 

azadirachtin content, additional bioactive compound composition and consequent spectrum and 

speed of activity. Neem's broad activity spectrum, encompassing hundreds of documented pest 

species across Lepidoptera, Hemiptera, Coleoptera, Thysanoptera and Acari, combined with 

generally favourable compatibility with many natural enemies discussed in section 6.7, has 

made it a cornerstone botanical input in integrated and organic pest management programmes 

across tropical, subtropical and temperate cropping systems alike. 

Beyond neem, several other botanicals have achieved notable commercial or regional 

significance. Karanja, derived from Pongamia pinnata seed oil, shares some chemical and 

biological similarity to neem and is widely used in South Asian agriculture. Custard apple seed 

extracts, garlic-based formulations, and extracts derived from tobacco, though the latter now 

largely superseded by purified nicotinoid-related synthetic compounds owing to acute 

mammalian toxicity concerns, illustrate the taxonomic breadth of plant sources that have 

contributed to the historical and contemporary botanical pesticide toolkit. 

Cultivation and supply chain considerations significantly affect the availability and cost of 

botanical pesticides derived from specific plant species, since neem seed availability, for 

example, depends on regional tree cultivation and seasonal harvest, introducing a supply 

variability not encountered with synthetically manufactured pesticide active ingredients. Efforts 

to establish dedicated neem plantations and standardised collection and processing 

infrastructure in major producing regions, including India and parts of Africa, have 

progressively improved supply reliability and product consistency over recent decades. 
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Table 6.1 Major Botanical Pesticides and Their Principal Characteristics 

Botanical Plant Source Primary Mode of 

Action 

Typical Target 

Pyrethrins Chrysanthemum 

cinerariifolium 

Sodium channel 

disruption 

Broad-spectrum, fast 

knockdown 

Azadirachtin (neem) Azadirachta indica Growth/moulting 

disruption, 

antifeedant 

Broad-spectrum, 

immature stages 

Rotenone Derris spp. Mitochondrial 

respiratory inhibition 

Chewing and sucking 

insects 

Essential oils (e.g. 

clove, thyme) 

Various aromatic 

plants 

Multi-target 

neurotoxic/fumigant 

Soft-bodied, exposed 

pests 

Karanja Pongamia pinnata Similar to 

azadirachtin 

Broad-spectrum 

6.6 Biochemical Mechanisms 

Botanical pesticides act through a diverse array of biochemical mechanisms reflecting the 

chemical diversity of their plant-derived active compounds, in contrast to the comparatively 

narrower range of molecular target classes exploited by conventional synthetic insecticides. 

Neurotoxic mechanisms, exemplified by pyrethrin action on sodium channels and certain 

essential oil constituents acting on octopamine receptors and acetylcholinesterase, disrupt nerve 

impulse transmission, generally producing rapid paralysis or knockdown. Endocrine-disrupting 

mechanisms, exemplified by azadirachtin's interference with ecdysone-regulated moulting, 

produce delayed but often highly effective disruption of insect development and reproduction. 

Metabolic inhibition mechanisms, exemplified by rotenone's action on mitochondrial electron 

transport, disrupt cellular energy production and are generally effective across a broad 

taxonomic range, reflecting the conserved nature of core metabolic pathways across animal 

taxa, a feature that also underlies the comparatively greater mammalian and non-target toxicity 

concerns associated with some metabolic inhibitor botanicals relative to more selectively acting 

compounds such as azadirachtin, whose target pathway differs more substantially between 

insects and vertebrates. 

Behavioural mechanisms, including antifeedant and repellent action discussed in section 6.4, 

generally operate through the insect's chemosensory system, disrupting normal gustatory and 

olfactory processing of host plant cues rather than causing direct physiological damage, and 

frequently exhibit dose-dependent transitions from purely behavioural deterrence at low 

concentration to direct toxic effects at higher concentration, a pattern well documented for 

azadirachtin and several essential oil constituents. 
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Synergistic interactions among multiple compounds present within a crude or semi-purified 

botanical extract are increasingly recognised as contributing to overall field efficacy beyond 

what would be predicted from the principal active compound alone, a phenomenon sometimes 

described as the entourage effect in botanical pesticide research, which has informed a shift in 

some product development away from single-compound purification toward standardised 

whole-extract formulations that retain this synergistic activity while still ensuring consistent 

minimum potency. 

6.7 Compatibility with Natural Enemies 

Compatibility with predators, parasitoids and microbial agents discussed in earlier chapters is 

a central consideration in evaluating botanical pesticides for use within an integrated biological 

pest management programme, since a botanical product that suppresses the target pest while 

also harming beneficial natural enemies undermines the broader biological control strategy. 

Azadirachtin-based neem products have generally demonstrated favourable, though not 

absolute, compatibility with many natural enemy groups, attributed in part to their behavioural 

and growth-regulating mode of action, which tends to have a less acute direct toxic effect on 

adult natural enemies than on the more physiologically vulnerable immature pest stages 

typically targeted. 

Pyrethrin-based products, in contrast, generally exhibit broader-spectrum toxicity affecting 

many beneficial arthropods alongside target pests, reflecting their non-selective mode of action 

on the insect nervous system common to both pest and beneficial species, and are consequently 

used with greater caution within programmes seeking to conserve natural enemy populations, 

typically restricted to situations requiring rapid knockdown of an acute pest outbreak rather 

than routine preventive application. Essential oil-based products show variable compatibility 

depending on specific formulation and application rate, generally requiring product-specific 

evaluation rather than blanket assumptions based on botanical origin alone. 

Standardised compatibility testing protocols, often modelled on guidelines developed by 

organisations such as the International Organisation for Biological Control, assess both direct 

mortality and sublethal effects on natural enemy behaviour, longevity and reproduction 

following exposure to a candidate product, providing growers and programme managers with 

an evidence base for selecting botanical products compatible with concurrent or planned 

biological control releases. Timing of application relative to natural enemy release or activity, 

and spatial separation through targeted rather than blanket application, provide additional 

practical tools for reducing non-target impact even when using a botanical product with 

documented natural enemy toxicity. 
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Figure 6.2 Relative compatibility considerations for major botanical pesticide classes within 

an integrated natural enemy conservation programme. 

6.8 Prospects and Limitations 

The prospects for expanded use of botanical and biochemical approaches within biological pest 

management are shaped by continuing consumer and regulatory pressure favouring reduced-

residue and organic-compatible crop protection options, ongoing advances in extraction, 

standardisation and formulation technology that address historical consistency limitations, and 

growing scientific understanding of the specific biochemical mechanisms underlying botanical 

activity, which supports more rational product development and combination strategies than 

the largely empirical approach that characterised earlier generations of botanical pesticide use. 

Significant limitations nonetheless constrain the pace and extent of this expansion. Botanical 

pesticides generally exhibit lower and more variable potency than synthetic alternatives, often 

requiring higher application rates and more frequent reapplication to achieve comparable 

control, with associated cost and labour implications. Environmental degradation, particularly 

rapid photodegradation of many botanical active compounds under field ultraviolet exposure, 

limits residual activity and can necessitate more frequent application than growers accustomed 

to persistent synthetic products may find practical or economical. 

Supply chain and standardisation challenges, particularly for botanicals sourced from wild-

harvested or smallholder-cultivated plant material, continue to affect product consistency and 

availability at commercial scale, though this constraint is progressively easing as dedicated 

cultivation and processing infrastructure expands for the most commercially significant 

botanicals, particularly neem. Regulatory frameworks for botanical pesticide registration, while 

generally less stringent in data requirements than for novel synthetic active ingredients given 

the extensive historical use record of many botanicals, still require documented efficacy, safety 
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and quality control data that can present a barrier to market entry for smaller producers, 

particularly in regions with less developed biopesticide-specific regulatory pathways. 

On balance, botanical and biochemical approaches are best understood not as a wholesale 

replacement for the living-organism-based biological control strategies discussed elsewhere in 

this book, but as a complementary category of tools that extends the range of pest management 

options compatible with natural enemy conservation, organic production and reduced chemical 

residue objectives, most effective when integrated thoughtfully alongside predators, parasitoids 

and microbial agents within a coordinated programme rather than deployed as an isolated tactic. 

Table 6.2 Prospects and Limitations of Botanical Pesticide Adoption 

Factor Prospect Limitation 

Regulatory environment Streamlined biopesticide 

pathways in many countries 

Data requirements still a 

barrier for small producers 

Consumer demand Growing preference for low-

residue produce 

Price premium may limit 

adoption 

Technology Improved extraction and 

standardisation 

Historical batch variability 

persists in some products 

Field performance Multiple modes of action 

slow resistance 

Lower potency, faster 

degradation than synthetics 

Supply Expanding dedicated 

cultivation (e.g. neem) 

Dependent on regional plant 

material availability 

Table 6.3 Biochemical Mechanism Categories and Representative Compounds 

Mechanism 

Category 

Physiological Target Representative 

Compound 

Speed of Effect 

Neurotoxic Sodium channels, 

octopamine receptors 

Pyrethrins, thymol Rapid (minutes to 

hours) 

Endocrine-disrupting Ecdysone-regulated 

moulting 

Azadirachtin Delayed (days) 

Metabolic inhibition Mitochondrial 

electron transport 

Rotenone Moderate (hours to 

days) 

Behavioural / sensory Chemosensory 

receptors 

Antifeedant 

terpenoids 

Immediate 

deterrence, delayed 

mortality 

Formulation science has become an increasingly important determinant of botanical pesticide 

field performance, since the same active compound can differ substantially in efficacy, 
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rainfastness and residual activity depending on whether it is delivered as a simple aqueous 

suspension, an emulsifiable concentrate, a microencapsulated formulation or a controlled-

release granule. Microencapsulation in particular has extended the field persistence of 

otherwise highly volatile or photolabile botanical compounds, including several essential oil 

constituents and azadirachtin itself, by physically shielding the active compound from 

ultraviolet degradation and volatilisation until release is triggered by mechanical abrasion or 

gradual diffusion at the leaf surface. 

Resistance management considerations increasingly inform how botanical pesticides are 

positioned within a broader crop protection programme, since reliance on a single active 

compound class, whether botanical or synthetic, over successive pest generations creates 

selective pressure favouring resistant individuals. Rotation of botanical products with different 

mechanisms of action, and combination of botanicals with unrelated synthetic or microbial 

modes of action within a structured resistance management programme, is now widely 

recommended by extension services and product manufacturers, mirroring resistance 

management practice long established for conventional synthetic insecticides. 

Consumer and grower education regarding realistic performance expectations for botanical 

pesticides represents a practical adoption consideration distinct from the technical and 

regulatory factors discussed above, since growers transitioning from conventional synthetic 

insecticides accustomed to rapid, highly visible knockdown effects may initially perceive 

botanical products as underperforming if application timing, rate and frequency are not adjusted 

to reflect the generally slower action and shorter residual activity characteristic of most 

botanical active compounds, underscoring the importance of extension and technical support 

accompanying botanical product introduction rather than treating adoption as a simple one-for-

one substitution decision. 

Table 6.4 Typical Application Rates and Pre-Harvest Intervals for Selected Botanicals 

Botanical Product Typical Application 

Interval 

Pre-Harvest Interval 

Pyrethrin-based spray 5-7 days under high pest 

pressure 

0-1 day (rapid degradation) 

Azadirachtin (neem) 

formulation 

7-10 days, preventive 

schedule 

0-3 days 

Essential oil-based spray 3-5 days (short residual) 0 day, typically exempt 

Rotenone-based product 7-14 days Varies by jurisdiction; use 

restricted in many regions 

Traditional and indigenous knowledge systems continue to inform contemporary botanical 

pesticide research and development, with many currently investigated plant species and 

preparations having been identified initially through ethnobotanical documentation of 

longstanding smallholder farming practice rather than through systematic laboratory screening 
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alone, underscoring the continued scientific value of documenting and, where appropriate and 

with proper recognition and benefit-sharing arrangements, formally evaluating traditional pest 

management practices as a complement to more conventional laboratory-driven botanical 

pesticide discovery pipelines. 

Chapter Summary 

Botanical and biochemical approaches extend biological pest management beyond living 

natural enemies to include naturally derived chemical compounds with insecticidal, antifeedant 

or repellent activity. Botanical insecticides such as pyrethrins act rapidly through neurotoxic 

mechanisms, essential oils act through multiple simultaneous physiological targets, and 

antifeedants and repellents provide behavioural rather than lethal control, while neem, and its 

principal active compound azadirachtin, stands out for its broad activity spectrum and generally 

favourable compatibility with conserved natural enemy populations. Underlying biochemical 

mechanisms span neurotoxic, endocrine-disrupting, metabolic and behavioural pathways, often 

acting synergistically within a single crude extract. Compatibility with predators, parasitoids 

and microbial agents varies considerably by product class and must be assessed specifically 

rather than assumed from botanical origin alone, while prospects for continued growth in this 

sector depend on ongoing improvements in standardisation, formulation and regulatory 

pathways that address the persistent limitations of lower potency, faster environmental 

degradation and variable supply relative to synthetic alternatives. 

Key Terms 

• Botanical pesticide - a crop protection product derived from plant secondary metabolites 

• Azadirachtin - the principal insecticidal and growth-disrupting compound in neem 

• Antifeedant - a compound that suppresses feeding without necessarily causing mortality 

• Essential oil - a volatile aromatic plant extract with multi-target biological activity 

• Ecdysone - the insect moulting hormone disrupted by azadirachtin and related 

compounds 

• Entourage effect - enhanced activity from multiple compounds acting synergistically 

within a crude extract 

Review Questions 

• Distinguish botanical insecticides, antifeedants and repellents in terms of their effect on 

pest behaviour and survival. 

• Explain the mode of action of azadirachtin and why it produces delayed rather than 

immediate pest mortality. 

• Compare the natural enemy compatibility of neem-based products with that of 

pyrethrin-based products. 
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• Discuss the main biochemical mechanism categories through which botanical pesticides 

act. 

• What supply chain factors affect the availability and consistency of botanical pesticides 

such as neem? 

• Outline the principal limitations that currently constrain wider adoption of botanical 

pest control compounds. 
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Chapter VII: Mass Rearing and Augmentative 

Biological Control 

7.1 Principles of Mass Production 

Mass production is the systematic, large scale rearing of natural enemies under controlled 

conditions to supply the quantities of predators, parasitoids or microbial agents required for 

augmentative biological control programmes, and represents the industrial infrastructure that 

translates the ecological principles discussed in earlier chapters into a practically deployable 

crop protection input. Successful mass production systems must simultaneously achieve high 

output volume, consistent product quality, acceptable unit cost and preservation of the 

biological traits, particularly searching efficiency and host specificity, that determine field 

performance following release. 

The design of a mass production system begins with selection of an appropriate rearing method 

matched to the target organism's biology, distinguishing in vivo rearing, in which the natural 

enemy is produced on its natural or a closely related host or prey species, from in vitro rearing, 

in which development occurs on an artificial diet without a living host, an approach available 

for a smaller number of species but offering substantial cost advantages where technically 

feasible by eliminating the parallel cost of host or prey production discussed in section 7.3. 

Economies of scale strongly influence the economic viability of mass production, since fixed 

costs associated with rearing infrastructure, climate control and skilled technical staff are more 

readily amortised across larger production volumes, favouring the emergence of specialised 

commercial insectaries and government or cooperative production facilities over small, 

dispersed on-farm production except for the simplest rearing systems. Standardisation of 

rearing protocols, including defined temperature, humidity, photoperiod, diet composition and 

rearing density, is essential to achieving the batch-to-batch consistency required for reliable 

field performance and regulatory compliance. 

Genetic management of rearing colonies constitutes a further foundational principle of mass 

production, since colonies maintained across many generations under artificial rearing 

conditions are subject to genetic drift, inbreeding and inadvertent selection for traits favourable 

to laboratory rearing but not necessarily to field performance, a phenomenon termed 

domestication or laboratory adaptation. Best practice mass production programmes periodically 

introduce field-collected genetic material into production colonies and monitor key 

performance traits over successive generations to detect and correct performance decline before 

it compromises programme effectiveness. 
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7.2 Rearing of Predators and Parasitoids 

Rearing systems for predatory insects and mites are generally organised around continuous 

production cycles that maintain overlapping generations to ensure a steady supply of the 

release-ready life stage, typically the adult or, for some predators, a late nymphal or larval stage 

capable of establishing quickly following release. Predatory mite production, exemplified by 

commercial rearing of Phytoseiulus persimilis and related phytoseiid species, is typically 

conducted on detached bean leaves or similar plant substrates infested with a factitious spider 

mite prey population, maintained within climate-controlled rearing rooms under conditions 

optimised for both predator and prey reproduction. 

Parasitoid rearing, as introduced in Chapter 4, depends critically on a reliable host supply, 

whether the natural target pest or a factitious alternative host, with production scheduling 

coordinated between host and parasitoid life cycles to ensure host material of the appropriate 

developmental stage is available when needed by the parasitoid colony. Trichogramma 

production exemplifies a mature, highly standardised rearing system, typically employing 

factitious moth egg hosts produced on grain-based diets, with parasitised egg cards processed 

through automated or semi-automated systems for packaging and distribution. 

Rearing container and cage design must accommodate the specific behavioural requirements of 

the species being reared, including adequate space for mating behaviour, oviposition substrate 

appropriate to the species' natural egg-laying preference, and, for predators requiring live prey, 

a delivery mechanism that prevents prey escape while permitting normal predatory behaviour. 

Overcrowding within rearing cages is a persistent technical challenge, since excessive rearing 

density can trigger increased cannibalism, reduced individual body size and fecundity, and 

elevated disease transmission within the colony, requiring careful empirical optimisation of 

stocking density for each species and life stage. 

Automation has progressively transformed large scale rearing operations for the most 

commercially significant species, incorporating mechanised diet dispensing, environmental 

control systems with continuous monitoring and, for some operations, robotic or semi-

automated harvesting and packaging systems that reduce labour cost and improve consistency 

relative to fully manual rearing methods, though smaller scale and regionally specific rearing 

operations, particularly in developing country contexts, frequently continue to rely on labour-

intensive manual methods owing to lower capital investment requirements and locally available 

labour cost structures. 

 

Figure 7.1 General workflow of a mass production system for augmentative biological control 

agents. 
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7.3 Host/Prey Production 

Production of host or prey organisms required to sustain predator and parasitoid rearing 

colonies represents a substantial component of overall mass production cost and logistical 

complexity, frequently exceeding the direct cost of natural enemy rearing itself, particularly for 

species reared on the natural target pest rather than a factitious alternative. Factitious host and 

prey species, selected for ease and low cost of mass production rather than natural occurrence 

in the field, have consequently become central to the economic viability of many commercial 

rearing programmes, exemplified by the widespread use of stored-product moth eggs as a 

factitious host for Trichogramma production. 

Selection of a suitable factitious host or prey species requires that the alternative organism be 

biologically acceptable to the natural enemy for successful development, since not all natural 

enemies will oviposit in or feed upon an unfamiliar host or prey species even when nutritionally 

adequate, and requires that the factitious species itself be amenable to low-cost, high-volume 

production, typically favouring organisms with short generation times, high reproductive rates 

and tolerance of crowded rearing conditions, such as stored grain pests and certain flour moth 

species commonly used across multiple parasitoid rearing programmes. 

Artificial diet development, where technically achievable, offers a further pathway to reducing 

host or prey production cost by eliminating the need to maintain a living host or prey colony 

altogether, though successful artificial diet formulation, matching the specific nutritional 

requirements of the target species while remaining cost-effective at production scale, has been 

achieved for only a subset of commercially important natural enemies and remains an active 

area of applied research, particularly for predatory mites and certain parasitoid groups where 

natural prey or host rearing remains the dominant commercial approach. 

Synchronisation of host or prey production with natural enemy rearing schedules requires 

careful production planning, since a mismatch, whether a shortage of host material relative to 

natural enemy demand or an oversupply that increases production cost without corresponding 

output, directly affects both the cost and consistency of the overall rearing operation, making 

integrated production scheduling a core operational competency of successful commercial 

insectaries. 

Table 7.1 Common Factitious Hosts and Prey Used in Commercial Mass Rearing 

Natural Enemy Factitious Host/Prey Rearing Substrate 

Trichogramma spp. Angoumois grain moth eggs Stored grain / artificial diet 

Phytoseiulus persimilis Two-spotted spider mite Bean leaves 

Chrysoperla carnea Flour moth eggs / artificial diet Diet trays 

Cryptolaemus montrouzieri Citrus mealybug on sprouted 

potato 

Potato / squash substrate 
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Natural Enemy Factitious Host/Prey Rearing Substrate 

Parasitic nematodes Wax moth larvae (Galleria 

mellonella) 

Artificial diet 

7.4 Quality Control 

Quality control in mass production programmes encompasses a set of standardised assessments 

applied throughout the production process and at the point of dispatch to verify that the natural 

enemy product meets defined specifications for identity, viability, biological performance and 

freedom from contamination, providing the assurance necessary for growers and programme 

managers to rely on consistent field results from batch to batch. Core quality parameters 

typically include species and, where relevant, strain identity confirmed through morphological 

or molecular verification, emergence or hatch rate, sex ratio for sexually reproducing species, 

body size, and longevity under standard holding conditions. 

Biological performance testing extends quality control beyond basic viability metrics to 

functional bioassays that assess the released organism's capacity to perform its intended 

biological control function, such as parasitism rate against a standard host population within a 

defined time period for parasitoids, or prey consumption rate under standard conditions for 

predators, providing a more direct predictor of field efficacy than emergence or survival data 

alone, though such functional bioassays are more resource-intensive to conduct routinely and 

are consequently often applied on a sampling basis rather than to every production batch. 

Contamination control addresses the risk of unintended organisms, including pathogens, 

parasites of the reared species itself, or unwanted arthropod contaminants, entering the 

production system and compromising both product quality and, in some cases, the safety of the 

released product with respect to non-target organisms or the introduction of new pest or disease 

problems into the receiving environment. Standard operating procedures covering facility 

hygiene, incoming material inspection and colony health monitoring form the operational 

foundation of contamination control in well managed rearing facilities. 

Formal quality control standards and certification schemes, developed by industry bodies and, 

in some jurisdictions, incorporated into regulatory requirements for biological control product 

registration, have progressively standardised quality expectations across the commercial 

biological control industry, supporting greater grower confidence and facilitating international 

trade in biological control products, though the degree of formal standardisation still varies 

considerably between regions and between well established commercial species and newer or 

less widely produced agents. 

7.5 Storage and Transportation 

Storage and transportation present distinctive technical challenges for living biological control 

products that do not apply to conventional chemical pesticide formulations, since the product 

must remain viable, and ideally close to its optimal biological condition, throughout a supply 
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chain that may extend from a production facility to a distant grower over a period of hours to 

several days. Temperature management is generally the single most critical factor, with most 

natural enemy species requiring cool, but not freezing, storage conditions that slow metabolic 

rate and extend viable shelf life without inducing cold injury, the specific optimal temperature 

range varying considerably by species and life stage. 

Diapause induction, a physiological dormancy state naturally employed by many insect species 

to survive unfavourable seasonal conditions, has been exploited commercially for a number of 

natural enemy species to extend storage duration substantially beyond what is achievable 

through simple cold storage of non-diapausing individuals, allowing production to be 

decoupled to some degree from immediate release demand and providing a buffer against 

fluctuations in order volume, though not all commercially important species have a technically 

exploitable diapause response suitable for this purpose. 

Packaging design must balance protection of the product during transit, adequate ventilation 

and, for some species, provision of a small food or moisture source to sustain the organism 

during transport, against cost and practicality constraints for shipment at commercial scale. 

Specialised packaging formats have been developed for different product types, including bran 

or vermiculite carrier material for small predatory insects and mites, parasitised host egg cards 

for Trichogramma and similar egg parasitoids, and aqueous suspension formulations for 

entomopathogenic nematodes, each designed to maintain product viability under the specific 

physiological requirements and handling conditions typical of that product category. 

Cold chain logistics, encompassing refrigerated transport and storage from production facility 

through distribution to final grower receipt, represent a significant cost and infrastructure 

requirement, particularly challenging in regions lacking well developed refrigerated transport 

networks, and constitute a recognised barrier to wider adoption of augmentative biological 

control in some developing country contexts, motivating ongoing research into more 

temperature-tolerant formulations and localised, decentralised production models that reduce 

the transport distance and associated cold chain dependency between production and point of 

use. 

7.6 Field Release Methods 

Field release methods for mass produced natural enemies range from simple manual release, in 

which the product is distributed directly by hand or hand-held applicator across the crop, to 

mechanised and increasingly automated methods designed to improve coverage uniformity, 

reduce labour cost and enable release across larger field areas than manual methods can 

practically achieve. Selection of release method depends on the natural enemy's mobility and 

dispersal behaviour following release, the crop's canopy structure and field scale, and the 

release density required to achieve the intended level of pest suppression. 

Ground-based mechanised release systems, including modified agricultural sprayers adapted 

for delivery of living organisms rather than liquid chemical formulations, and specialised 

release equipment such as blower-based distribution systems for predatory mites carried on 
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inert carrier material, have extended the practical scale at which augmentative release can be 

conducted in field crops, reducing per-unit-area labour cost relative to fully manual distribution 

while maintaining acceptable release uniformity across the treated area. 

Aerial release, using either fixed-wing aircraft, helicopters or, increasingly, unmanned aerial 

vehicles commonly termed drones, has become an important release method for extensive field 

crop applications, particularly for Trichogramma release in large-scale sugarcane, maize and 

cotton production, where the scale of production area makes ground-based release impractical 

or prohibitively costly. Drone-based release technology in particular has expanded rapidly in 

recent years, offering precise, georeferenced release capability, reduced labour requirement and 

the ability to access field areas difficult to reach by ground equipment, though payload capacity 

constraints currently limit the release volume achievable per flight relative to larger aircraft. 

Protected cropping systems typically employ release methods adapted to the enclosed 

greenhouse environment, including direct release from shaker bottles or dispensing devices 

distributed at intervals through the crop, slow-release sachets that provide a continuous, 

extended-duration release of predatory mites or other agents over several weeks, and banker 

plant systems that establish a self-sustaining natural enemy population within the greenhouse 

on a non-crop host plant, providing ongoing natural enemy recruitment into the crop without 

requiring repeated manual release. 

 

Figure 7.2 Principal field release methods for augmentative biological control agents, by scale 

and technology. 

7.7 Inoculative and Inundative Releases 

Inoculative and inundative release strategies, introduced in Chapters 1 and 4, are distinguished 

operationally by release density, expected persistence and the mechanism by which pest 

suppression is achieved. Inoculative release introduces a comparatively small number of natural 

enemies with the expectation that the released population will establish, reproduce and increase 

over one or more generations within the growing season, achieving control through this 

population growth rather than through the direct impact of the initially released individuals 

alone, and is generally the more cost-effective strategy where the released species can persist 

and reproduce successfully within the target cropping system. 
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Inundative release introduces a much larger number of natural enemies calculated to achieve 

an immediate, direct level of pest suppression comparable to a single chemical pesticide 

application, without reliance on subsequent population growth of the released agent, and is 

generally favoured for high-value crops requiring rapid, predictable control, for pest situations 

where the released species cannot reliably establish a persistent population under local 

conditions, such as many temperate greenhouse applications using tropical-origin natural 

enemy species, or where crop cycle duration is too short to allow meaningful population buildup 

from an inoculative release. 

Release rate calculation for both strategies is derived from field trial data correlating release 

density with achieved pest suppression for the specific natural enemy, target pest, crop and 

regional context, typically expressed as a recommended number of individuals released per unit 

area or per plant, with adjustment for pest population density at the time of release, since higher 

pest pressure generally requires a correspondingly higher release rate to achieve an adequate 

ratio of natural enemies to pests. Repeated release scheduling, particularly common in 

inundative programmes for continuously cropped protected cultivation systems, requires 

ongoing monitoring to determine appropriate release interval and adjust rate in response to 

observed pest and natural enemy population trends. 

Economic analysis comparing inoculative and inundative strategies must account not only for 

the direct cost per release but for the full programme cost over a growing season or multiple 

seasons, since inoculative programmes, despite requiring smaller individual releases, may 

require more sophisticated monitoring and, where establishment fails, corrective supplementary 

release, while inundative programmes incur predictably higher recurring input costs but 

generally lower monitoring and management complexity, a trade-off that growers and 

programme managers must evaluate against the specific economic and agronomic context of 

their operation. 

Table 7.2 Inoculative Versus Inundative Release: Key Operational Differences 

Attribute Inoculative Release Inundative Release 

Release density Low High 

Reliance on population 

growth 

Yes, essential to success No, effect from initial release 

Typical repeat frequency Infrequent, seasonal Frequent, may be weekly 

Cost per application Lower Higher 

Best suited crop type Longer cycle, perennial Short cycle, high value, 

protected 

7.8 Evaluation of Release Programmes 
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Systematic evaluation of augmentative release programmes is essential to verify that the 

intended level of pest suppression is being achieved, to identify opportunities for improved 

cost-effectiveness, and to provide the evidence base needed to justify continued or expanded 

programme investment to growers, funding bodies and regulatory authorities. Evaluation 

typically combines direct measures of natural enemy establishment and activity, such as 

recovery sampling to confirm presence and abundance of the released species following release, 

with indirect measures of programme outcome, including pest population density, crop damage 

level and, ultimately, yield and economic return relative to appropriate comparison treatments. 

Experimental design for release programme evaluation faces particular challenges related to 

field-scale replication and the difficulty of establishing untreated control areas within a working 

commercial farming operation, often addressed through before-and-after comparison across 

multiple seasons, paired comparison between treated and untreated fields under broadly similar 

conditions, or larger scale regional evaluation comparing areas with and without an established 

programme, each approach carrying particular strengths and limitations with respect to the 

statistical confidence that can be placed in the resulting conclusions. 

Cost-benefit analysis represents a central component of programme evaluation from a grower 

and policy perspective, typically comparing the direct cost of natural enemy production and 

release against the value of pest damage avoided and, where applicable, additional benefits such 

as reduced pesticide expenditure, reduced pesticide residue related market access constraints 

and broader ecosystem service benefits associated with reduced chemical input use, with well 

documented classical and augmentative programmes, including several referenced in earlier 

chapters, reporting benefit to cost ratios substantially exceeding those typical of conventional 

chemical pest management. 

Long-term monitoring and adaptive programme management, incorporating evaluation 

findings into ongoing adjustment of release rate, timing, species selection or complementary 

habitat management practice, distinguishes mature, well managed augmentative biological 

control programmes from ad hoc or one-time interventions, reflecting the broader principle, 

introduced throughout this book, that effective biological pest management is best understood 

as an ongoing, adaptively managed ecological process rather than a discrete, one-time treatment 

analogous to a single pesticide application. 

Table 7.3 Common Indicators Used to Evaluate Augmentative Release Programmes 

Indicator Category Example Measure Purpose 

Establishment Recovery sampling of 

released species 

Confirms survival and 

persistence 

Biological impact Parasitism/predation rate Measures direct control 

efficacy 

Pest population Density relative to economic 

threshold 

Assesses suppression 

adequacy 



 

71 Biological Pest Management: Principles, Practices and Applications 

Indicator Category Example Measure Purpose 

Crop outcome Damage level, yield Links biological effect to 

economic result 

Economic Benefit-cost ratio Justifies continued 

programme investment 

Table 7.4 Typical Storage Conditions for Common Biological Control Products 

Product Type Storage Temperature Approximate Shelf Life 

Predatory mites (non-

diapausing) 

8-10 degrees C 3-7 days 

Trichogramma parasitised 

egg cards 

10-15 degrees C 5-10 days 

Entomopathogenic nematodes 

(suspension) 

2-6 degrees C 4-8 weeks 

Adult lacewings (diapause-

induced) 

4-6 degrees C Several months 

Microbial spore formulations Refrigerated / as labelled 6-24 months (dry formulation) 

Capacity building and technology transfer represent a further dimension of augmentative 

biological control programme development, particularly in regions establishing mass rearing 

capability for the first time, typically requiring investment in technical training, quality 

assurance systems and initial infrastructure, often supported through government extension 

services, international development programmes or partnership with established commercial 

producers in other regions. Successful capacity building programmes generally combine 

technical training in rearing methodology with parallel development of grower education and 

market linkage activities, recognising that production capability alone does not guarantee 

successful adoption without corresponding grower awareness, demonstrated field efficacy and 

reliable distribution channels connecting production facilities to end users. 

Regional and decentralised production models, in which smaller-scale rearing facilities are 

established closer to end-use locations rather than relying exclusively on centralised, large-

volume commercial insectaries, have gained increasing attention as a strategy for reducing 

transport time, cold chain dependency and cost, particularly for augmentative agents with short 

shelf life or limited tolerance of extended transport, with several government and cooperative 

extension programmes in Asia and Latin America having established networks of smaller 

regional production units supplying local growers directly, an approach that trades some 

economy of scale for improved product freshness and reduced logistical vulnerability. 
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Table 7.5 Common Causes of Reduced Field Performance in Augmentative Programmes 

Cause Contributing Factor Mitigation 

Laboratory adaptation Many generations under 

artificial rearing 

Periodic introduction of field-

collected stock 

Poor storage/transport Temperature abuse, extended 

transit time 

Validated cold chain, 

diapause-based storage 

Incorrect release timing Mismatch with pest 

phenology 

Monitoring-based release 

scheduling 

Insufficient release rate Underestimated pest pressure Field-validated, density-

adjusted release rates 

Workforce training and technical skill development within mass rearing facilities represent an 

often underappreciated determinant of production consistency and quality, since successful 

rearing of living organisms at commercial scale depends heavily on staff experience in 

recognising early signs of colony stress, disease or genetic decline that automated monitoring 

systems may not reliably detect, particularly for the more behaviourally and biologically 

complex predator and parasitoid species discussed earlier in this chapter, making sustained 

investment in technician training and staff retention a practical priority for any organisation 

seeking to establish or expand mass production capability. 

Chapter Summary 

Mass rearing and augmentative release constitute the industrial and logistical backbone that 

converts the biological potential of predators, parasitoids and other natural enemies into a 

practically deployable crop protection tool. Principles of mass production, including method 

selection, economies of scale and genetic colony management, underpin rearing systems for 

both natural enemies and the factitious hosts or prey that frequently sustain them, while rigorous 

quality control ensures that production output meets the standards required for reliable field 

performance. Storage and transportation technology, including diapause-based extended 

storage and cold chain logistics, bridges the gap between production and field application, 

where release method selection, ranging from manual distribution to drone-based aerial 

application, and the choice between inoculative and inundative strategies are matched to crop 

system and pest pressure. Systematic evaluation, combining establishment monitoring, 

biological impact assessment and economic analysis, closes the loop by generating the evidence 

needed to refine and justify continued investment in augmentative biological control 

programmes, themes that connect directly to the classical and conservation strategies examined 

in the following chapter. 
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Key Terms 

• Factitious host/prey - an alternative species used in place of the natural host or prey for 

cost-effective rearing 

• In vivo / in vitro rearing - production on a living host versus on an artificial diet 

• Laboratory adaptation - unintended selection for rearing-favourable traits over 

successive captive generations 

• Diapause - a physiological dormancy exploited to extend storage life of a reared agent 

• Cold chain - the temperature-controlled supply chain preserving product viability from 

production to release 

• Banker plant system - a non-crop plant sustaining a natural enemy population within a 

protected crop 

• Recovery sampling - field sampling conducted to confirm establishment of a released 

natural enemy 

Review Questions 

• Explain why factitious hosts and prey are widely used in commercial mass rearing rather 

than the pest's natural host alone. 

• Describe the main quality control parameters used to assess a mass produced natural 

enemy product before release. 

• Why is temperature management particularly critical to the storage and transport of 

living biological control agents? 

• Compare manual, mechanised and aerial release methods in terms of scale and 

appropriate crop system. 

• Distinguish inoculative and inundative release strategies in terms of release density and 

reliance on population growth. 

• What indicators would you use to evaluate the success of an augmentative parasitoid 

release programme, and why? 



 

© 2026. This book is published as open access under the Creative Commons Attribution 4.0 International License  

(CC BY 4.0).  

Hegade A. M. and Dhainje P. M. (2026). Biological Pest Management: Principles, Practices and Applications. 

https://doi.org/10.5281/zenodo.22659447 

Chapter VIII: Classical and Conservation 

Biological Control 

8.1 Classical Biological Control 

Classical biological control, introduced in Chapter 1 as importation biological control, involves 

the deliberate introduction of an exotic natural enemy, sourced typically from the target pest's 

region of geographic origin, with the intent of establishing a permanent, self-sustaining 

population that provides indefinite pest suppression without further human intervention. The 

strategy is grounded in the ecological observation that many of the world's most damaging 

agricultural pests are themselves invasive species that have been introduced, deliberately or 

accidentally, into new regions where they escaped the coevolved natural enemies that regulate 

their populations within their native range. 

The theoretical foundation of classical biological control rests on the enemy release hypothesis, 

which proposes that invasive species often achieve higher population densities and greater 

ecological impact in introduced ranges precisely because of this escape from natural enemy 

regulation, implying that reuniting the pest with an effective natural enemy from its native range 

can restore a comparable level of population control to that observed in the pest's original 

habitat. This theoretical grounding distinguishes classical biological control from augmentative 

approaches, which do not depend on this specific evolutionary and biogeographic relationship 

between pest and agent. 

A successful classical biological control programme typically proceeds through several defined 

phases: exploration in the pest's native range to identify candidate natural enemies, taxonomic 

and biological characterisation of promising candidates, quarantine-based host specificity and 

safety testing, formal regulatory approval, mass rearing and release, and long-term post-release 

monitoring to confirm establishment and assess impact. Each phase carries substantial 

scientific, logistical and regulatory requirements, and modern classical biological control 

programmes typically require several years from initial exploration to confirmed, evaluated 

field impact, reflecting the rigour now applied to a process that in earlier decades was 

sometimes conducted with considerably less formal safety assessment. 

The economic and ecological returns from successful classical biological control programmes 

are frequently substantial and durable, since a single successful introduction, once established, 

continues to provide control indefinitely at negligible ongoing cost, in contrast to augmentative 

or chemical approaches that require recurring investment each season. This favourable long-

term cost structure, combined with the landmark successes discussed in Chapter 1 and revisited 

in the case studies of section 8.8, continues to justify the substantial upfront investment required 

for rigorous programme development. 

https://olympickpublisher.in/
https://olympickpublisher.in/


 

75 Biological Pest Management: Principles, Practices and Applications 

8.2 Introduction and Establishment of Natural Enemies 

The exploration phase of a classical biological control programme involves systematic surveys 

within the presumed native range of the target pest to identify associated natural enemies, 

informed increasingly by molecular phylogeographic research that can more precisely delineate 

a pest's actual centre of origin than earlier reliance on taxonomic and historical record alone, 

since accurate origin identification substantially improves the likelihood of locating natural 

enemies with strong coevolutionary adaptation to the specific pest population subsequently 

causing damage in the introduced range. 

Host specificity testing, conducted under secure quarantine conditions before any field release 

is permitted, evaluates the candidate agent's host range against a carefully selected test plant or 

test insect list representative of species present in the receiving environment that are 

taxonomically or ecologically related to the target pest, providing the primary evidence base 

for regulatory decisions regarding release approval. Testing protocols have become 

progressively more rigorous and standardised over recent decades, incorporating both no-

choice tests, in which the candidate agent is offered only a non-target species, and choice tests, 

in which the target pest and non-target species are offered simultaneously to assess relative 

preference. 

Establishment of a released classical biological control agent depends on a combination of 

factors including climatic matching between the agent's native range and the release site, 

availability of the target host at a density and phenological timing compatible with the agent's 

requirements, absence of significant biotic resistance from resident hyperparasitoids, predators 

or competitors, and, for sexually reproducing species, release of a sufficient founding 

population to avoid genetic bottleneck effects and Allee effects associated with very small 

initial populations, which can prevent successful mate finding and reproduction even when 

environmental conditions are otherwise favourable. 

Post-release monitoring, continued over multiple years following initial release, assesses 

establishment success, subsequent population spread and, ultimately, impact on the target pest 

population and any measurable effects on non-target species, providing the evidence base used 

both to evaluate the specific programme and to refine risk assessment and agent selection 

methodology for future classical biological control introductions. Documented establishment 

failure, which occurs in a substantial proportion of classical biological control introduction 

attempts despite careful pre-release assessment, continues to be studied to improve predictive 

understanding of the factors most strongly associated with successful establishment. 
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Figure 8.1 Sequential phases of a classical biological control programme from exploration to 

long-term monitoring. 

8.3 Conservation Biological Control 

Conservation biological control, the third principal strategy introduced in Chapter 1, seeks to 

enhance the abundance and effectiveness of naturally occurring, already-present natural 

enemies through modification of the agricultural environment and management practices, rather 

than through introduction or mass release of additional organisms. The strategy is grounded in 

the recognition that most agricultural landscapes already support a substantial resident 

community of predators, parasitoids and pathogens whose pest suppression potential is 

frequently constrained not by absence but by inadequate food, shelter or reproductive resources, 

or by direct mortality from management practices, particularly broad spectrum pesticide use. 

Conservation biological control is distinguished from classical and augmentative approaches 

by its focus on habitat and management rather than organism supply, and is consequently often 

the most broadly applicable and lowest-cost strategy available to growers, since it requires no 

purchase or release of biological material and can frequently be implemented through 

modification of existing farm management practices rather than requiring new specialised 

inputs or technical expertise beyond that needed for habitat management planning. 

The conceptual framework underlying conservation biological control identifies three general 

categories of intervention: provision of resources, including food, shelter and overwintering 

sites, that are limiting for natural enemy populations; reduction of factors directly or indirectly 

harmful to natural enemies, particularly pesticide-related mortality; and modification of the 

physical or temporal structure of the cropping system, such as intercropping, crop rotation or 

reduced tillage, to create conditions more favourable to natural enemy persistence and activity. 

Sections 8.4 through 8.6 examine each of these categories in more detail. 

Evidence for the effectiveness of conservation biological control has accumulated substantially 

over recent decades through both controlled field experiments and, increasingly, large scale 

landscape studies comparing pest suppression across farms and regions differing in habitat 
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complexity and management intensity, generally though not universally supporting the 

conclusion that conservation practices measurably enhance natural enemy abundance, diversity 

and, in a substantial proportion of studied systems, associated pest suppression and yield 

outcomes, providing an increasingly robust evidence base supporting policy and extension 

recommendations promoting conservation biological control adoption. 

8.4 Habitat Manipulation 

Habitat manipulation encompasses a range of practices that modify the structural and 

compositional characteristics of the agricultural landscape to favour natural enemy populations, 

operating at spatial scales ranging from within-field modifications, such as intercropping and 

cover cropping, to field margin interventions, such as hedgerows and beetle banks, to broader 

landscape-scale management of the proportion and configuration of semi-natural habitat within 

the surrounding farming region. Effective habitat manipulation requires understanding of the 

specific resource requirements and dispersal behaviour of the target natural enemy community, 

since generic habitat interventions do not uniformly benefit all natural enemy species or life 

stages. 

Intercropping and crop diversification practices, including strip cropping and companion 

planting, can enhance natural enemy abundance through several mechanisms, including 

provision of alternative prey or hosts that sustain natural enemy populations during periods of 

low target pest density, physical or chemical disruption of pest host-finding behaviour, and 

creation of a more structurally complex habitat that provides additional shelter and 

microclimate refuge compared with a uniform monoculture, though the magnitude and 

consistency of these benefits vary considerably depending on the specific crop combination, 

pest complex and natural enemy community involved. 

Reduced tillage and cover cropping practices support ground-dwelling natural enemies, 

particularly carabid beetles and spiders, by preserving soil structure, reducing direct mechanical 

mortality during cultivation operations and maintaining a more continuous, less disturbed 

habitat across the cropping cycle, benefits that have been documented across a wide range of 

temperate and tropical cropping systems and that align conservation biological control 

objectives with broader soil health and sustainable agriculture goals discussed in Chapter 1. 

Beetle banks, raised, permanently vegetated strips constructed within or at the margin of large 

arable fields, exemplify a purpose-designed habitat manipulation intervention specifically 

intended to provide overwintering refuge for ground beetles and spiders in intensively managed 

field crop landscapes lacking natural refuge habitat, and have been shown in numerous studies, 

particularly across European arable systems, to support substantially elevated densities of these 

predator groups relative to comparable fields without beetle bank provision. 

8.5 Flower Strips and Refuges 

Flower strips, deliberately sown or naturally regenerated strips of flowering vegetation 

established at field margins or within crop fields, provide nectar and pollen resources that 
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support the adult stage of many natural enemy groups whose larvae are strictly carnivorous but 

whose adults require supplementary carbohydrate and protein resources for survival, flight and 

egg maturation, a nutritional requirement particularly well documented among parasitic 

Hymenoptera, hoverflies and lacewings, several of which have been shown to exhibit 

substantially increased longevity and fecundity when floral resources are available compared 

with a pollen- and nectar-deprived environment. 

Species selection for flower strip establishment requires careful consideration of flowering 

phenology, to ensure resource availability across the full period when natural enemy support is 

needed, flower morphology, since some natural enemies, particularly small parasitoid wasps 

with short mouthparts, can access nectar only from flowers with shallow, open corollas, and the 

risk of simultaneously benefiting pest species, since some flowering plants can also provide 

resources that enhance pest survival or reproduction, requiring evidence-based selection of 

plant species demonstrated to favour natural enemies preferentially over the target pest 

complex. 

Refuge habitats, encompassing a broader category of non-crop vegetation including grass 

margins, hedgerows and uncultivated field corners, provide overwintering and sheltering 

resources complementary to the floral resources supplied by flower strips specifically, together 

constituting a habitat mosaic that supports natural enemy populations across their full annual 

life cycle rather than during the growing season alone. The spatial arrangement of these refuge 

habitats relative to the crop, generally favouring closer proximity and finer-scale interspersion 

over larger but more distant habitat blocks, has been shown in landscape ecology research to 

strongly influence the magnitude of pest control benefit realised within the adjacent cropped 

area. 

Economic considerations affecting flower strip and refuge adoption include the opportunity 

cost of land removed from direct crop production, establishment and maintenance cost, and, in 

many jurisdictions, availability of agri-environmental subsidy schemes that provide direct 

financial compensation for habitat provision, reflecting growing policy recognition of the 

public ecosystem service value generated by these interventions beyond the direct pest control 

benefit realised by the individual grower, a policy dimension discussed further in relation to 

sustainable agriculture in Chapter 1. 
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Figure 8.2 Spatial scales and components of habitat manipulation for conservation biological 

control. 

8.6 Reduction of Pesticide Impacts 

Reduction of pesticide impacts on natural enemy populations constitutes one of the three 

general categories of conservation biological control intervention introduced in section 8.3, and 

is frequently the single most impactful and immediately actionable measure available to 

growers, since broad spectrum pesticide applications can rapidly eliminate natural enemy 

populations that habitat management practices have taken considerably longer to build up, 

effectively negating the benefit of other conservation investments if not carefully coordinated. 

Selective pesticide use, favouring products with a narrower spectrum of activity that spares 

major natural enemy groups while still achieving adequate control of the target pest, represents 

the primary tactical approach to reducing pesticide-related mortality, supported by an 

expanding body of selectivity data generated through standardised laboratory and semi-field 

testing protocols, such as those developed by the International Organisation for Biological 

Control, that allow growers and advisers to compare the relative natural enemy compatibility 

of available pesticide products for a given crop and pest situation. 

Application timing and technique further influence the degree of natural enemy impact 

independent of product selection, since applications timed to avoid periods of peak natural 

enemy activity, and application methods that minimise off-target drift and residue on natural 

enemy refuge habitat such as field margins, can substantially reduce sublethal and indirect 

exposure even when a less selective product must be used. Economic threshold-based decision 

making, discussed further in Chapter 9, similarly reduces overall natural enemy exposure by 

limiting pesticide application to situations where pest density genuinely justifies intervention, 

rather than routine calendar-based or preventive application regardless of actual pest pressure. 
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Sublethal effects of pesticide exposure on natural enemy behaviour, longevity and reproduction, 

increasingly recognised as significant even at exposure levels below those causing direct 

mortality, have become an important additional dimension of pesticide impact assessment, 

since a natural enemy population that survives pesticide exposure but exhibits impaired 

searching behaviour, reduced fecundity or disrupted host location ability may provide 

substantially reduced field-level pest suppression despite apparently acceptable survival in 

standard mortality-based toxicity testing, prompting continued refinement of pesticide risk 

assessment methodology to incorporate these more subtle but ecologically significant effects. 

Table 8.1 Strategies for Reducing Pesticide Impact on Conserved Natural Enemies 

Strategy Mechanism Example 

Selective product choice Narrower target spectrum Insect growth regulators vs 

broad-spectrum neurotoxins 

Threshold-based application Fewer, better-justified 

applications 

Economic injury level 

monitoring 

Timing adjustment Avoids peak natural enemy 

activity 

Application outside 

pollinator/predator flight 

periods 

Spatial refuge Limits exposure of margin 

habitat 

Untreated field margins and 

buffer strips 

Sublethal effect screening Identifies behavioural, not just 

lethal, risk 

Semi-field and extended 

laboratory bioassays 

8.7 Ecological Engineering 

Ecological engineering, a term increasingly applied within conservation biological control to 

describe the deliberate, evidence-based design of agricultural landscapes and cropping systems 

to enhance natural pest regulation, extends habitat manipulation from an empirical, largely trial-

based practice toward a more systematic engineering discipline grounded in explicit 

understanding of the ecological mechanisms linking specific habitat and management 

interventions to measurable pest suppression outcomes. The approach draws on principles from 

landscape ecology, behavioural ecology and agronomy to design multifunctional cropping 

systems that integrate pest regulation alongside other production objectives, rather than treating 

conservation biological control as an add-on separate from core crop management decisions. 

Push-pull systems represent a particularly well documented application of ecological 

engineering principles, combining a repellent or deterrent intercrop planted within the main 

crop to disrupt pest host location, the push component, with an attractive trap crop planted at 

the field margin to draw pests away from the main crop and, in some systems, simultaneously 

support natural enemy populations, the pull component. The push-pull system developed for 
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cereal stem borer and striga weed management in East African maize production, combining 

desmodium intercropping with Napier grass border planting, stands as one of the most 

extensively adopted and thoroughly evaluated ecological engineering interventions in tropical 

smallholder agriculture. 

Design of ecologically engineered cropping systems increasingly incorporates explicit 

consideration of the full pest and natural enemy community rather than a single target pest 

species, recognising that habitat and cropping system modifications intended to benefit one 

natural enemy group may have neutral or even negative consequences for another, requiring an 

integrated, systems-level design process rather than optimisation for a single component of the 

broader biological control community. Decision support tools and modelling frameworks are 

increasingly used to support this systems-level design process, allowing evaluation of 

alternative habitat configurations and cropping system designs before field-scale 

implementation. 

8.8 Case Studies 

The cassava mealybug programme, discussed in Chapters 1 and 4, exemplifies classical 

biological control at continental scale, with the introduction of the encyrtid parasitoid Anagyrus 

lopezi into sub-Saharan Africa achieving sustained suppression of an invasive pest across more 

than twenty countries following a carefully coordinated exploration, testing and release 

programme, and remains among the most extensively documented and cost-effective classical 

biological control programmes ever conducted, credited with substantial food security and 

economic benefit across the affected region. 

The push-pull system for cereal stem borer and striga management in East Africa, introduced 

in section 8.7, illustrates conservation and ecological engineering approaches operating in 

combination with additional pest and weed management benefits, having been adopted by 

several hundred thousand smallholder farming households across Kenya, Uganda, Tanzania 

and neighbouring countries, with documented yield increases and reduced reliance on 

purchased chemical inputs, representing a rare example of an ecological engineering 

intervention achieving substantial adoption at smallholder farming scale rather than remaining 

confined to research trials or high-input commercial systems. 

European arable landscape studies evaluating beetle bank and flower strip provision across 

large multi-country research networks have documented consistent increases in ground beetle, 

spider and parasitoid abundance associated with these interventions, translating in several 

studied systems into measurable reductions in aphid and other pest populations and 

corresponding reductions in insecticide application frequency, providing some of the most 

rigorously replicated evidence available for the field-level effectiveness of conservation 

biological control interventions in intensively managed temperate agriculture. 

The vedalia beetle introduction against cottony cushion scale, discussed extensively in Chapter 

1 as the founding case of classical biological control, continues over a century later to provide 

a valuable long-term case study in agent persistence, with the established vedalia beetle 
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population continuing to provide effective, self-sustaining pest suppression in California citrus 

without further intervention, illustrating the exceptional durability achievable by a successfully 

established classical biological control agent when host specificity and ecological compatibility 

are well matched at the outset of the programme. 

Table 8.2 Summary of Major Classical and Conservation Biological Control Case Studies 

Case Study Strategy Type Region Key Outcome 

Cassava mealybug / 

Anagyrus lopezi 

Classical Sub-Saharan Africa Continental-scale pest 

suppression 

Push-pull maize 

system 

Conservation / 

ecological 

engineering 

East Africa Yield increase, 

reduced chemical 

input 

European beetle 

banks and flower 

strips 

Conservation Europe Increased natural 

enemy abundance, 

fewer sprays 

Vedalia beetle / 

cottony cushion scale 

Classical California, USA Durable control since 

1888-89 

Table 8.3 Comparison of Classical and Conservation Biological Control 

Feature Classical Conservation 

Agent origin Exotic, deliberately 

introduced 

Native, already resident 

Primary intervention Import, test, release, establish Habitat and management 

modification 

Regulatory burden High (quarantine, host-range 

testing) 

Low to moderate 

Time to measurable benefit Years Months to a few seasons 

Ongoing cost after 

establishment 

Minimal Low, tied to habitat 

maintenance 

Best suited to Invasive, exotic pest problems Broad-spectrum, resident pest 

complexes 

International governance of classical biological control has developed considerably since the 

1990s, with instruments such as the International Plant Protection Convention's guidelines for 

the export, shipment, import and release of biological control agents providing a harmonised 

framework that many national plant protection authorities have incorporated into domestic 

regulation, reducing inconsistency between countries and supporting more predictable 
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international collaboration on shared invasive pest problems that cross national boundaries, a 

common occurrence given that invasive pests rarely respect political borders once established 

in a region. 

Climate change is increasingly recognised as a factor relevant to both classical and conservation 

biological control planning, since shifting temperature and precipitation patterns can alter the 

geographic range within which a given natural enemy species performs effectively, potentially 

affecting the long-term persistence of previously well established classical introductions and 

altering the optimal habitat management recommendations for conservation biological control 

in a given region, a theme explored further in Chapter 10 in the context of emerging trends and 

future perspectives for the discipline as a whole. 

Community and participatory approaches to conservation biological control, in which groups 

of neighbouring growers coordinate habitat management decisions across adjoining farms 

rather than each grower acting independently, have shown particular promise for landscape-

scale interventions whose effectiveness depends on habitat configuration across an area larger 

than any single farm, exemplified by coordinated hedgerow and flower strip networks 

established through several European agri-environmental cooperative schemes, illustrating that 

the landscape-scale conservation principles discussed in section 8.4 often require institutional 

and social coordination mechanisms alongside the underlying ecological knowledge to be 

implemented effectively at the spatial scale where their benefits are most fully realised. 

Table 8.4 Common Reasons for Classical Biological Control Establishment Failure 

Factor Effect on Establishment 

Climatic mismatch Agent poorly adapted to release-site conditions 

Insufficient founding population Allee effects prevent mate 

finding/reproduction 

Host phenology mismatch Agent active when target host stage is 

unavailable 

Biotic resistance Hyperparasitism or competition from resident 

species 

Genetic bottleneck in source stock Reduced adaptive capacity of released 

population 

Monitoring and long-term stewardship of established classical biological control agents, 

extending well beyond the initial post-release confirmation period discussed in section 8.2, 

remains an important though frequently under-resourced ongoing responsibility, since even a 

successfully established agent population can decline over subsequent decades in response to 

changing land use, climate conditions discussed in section 8.7, or the arrival of new competing 

or hyperparasitic species, meaning that periodic reassessment of long-established programmes, 

rather than a one-time assumption of permanent, unattended success, is increasingly recognised 
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as good practice for sustaining the durable benefits that classical biological control is capable 

of providing. 

Farmer and land manager engagement in the design and maintenance of conservation biological 

control interventions has proven, across the case studies discussed in this chapter and the 

broader conservation biological control literature, to be as important a determinant of long-term 

programme success as the underlying ecological design itself, since habitat features such as 

flower strips and beetle banks require ongoing maintenance, including periodic replanting, 

weed management and protection from incidental damage during routine field operations, that 

depends on sustained grower commitment beyond the initial establishment investment, 

reinforcing the theme, echoed throughout this book, that durable biological pest management 

outcomes depend on the integration of sound ecological science with practical, socially 

embedded farm management practice. 

Chapter Summary 

Classical and conservation biological control represent complementary strategies operating at 

opposite ends of the intervention spectrum, from the deliberate, rigorously regulated 

introduction of an exotic natural enemy intended for permanent establishment, to the low-cost 

enhancement of already-present natural enemy communities through habitat and management 

modification. Classical biological control depends on careful exploration, host specificity 

testing and post-release monitoring to achieve durable, self-sustaining pest suppression, 

exemplified by landmark successes such as the cassava mealybug and vedalia beetle 

programmes. Conservation biological control operates through habitat manipulation, floral 

resource provision and pesticide impact reduction, increasingly formalised within the systems-

level framework of ecological engineering exemplified by push-pull cropping systems. Both 

strategies, supported by an expanding evidence base from field and landscape-scale research, 

illustrate that durable pest regulation is achieved not through a single intervention but through 

deliberate, evidence-informed design of the relationship between pests, natural enemies and the 

agricultural landscape they share, a principle that directly informs the integration of biological 

control within the broader pest management framework examined in the following chapter. 

Key Terms 

• Enemy release hypothesis - the proposition that invasive species benefit from escaping 

coevolved natural enemies 

• Host specificity testing - quarantine-based evaluation of a candidate agent's host range 

before release 

• Allee effect - reduced population growth at low density, relevant to establishment of 

small founding populations 

• Beetle bank - a permanently vegetated field strip providing overwintering refuge for 

ground predators 
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• Push-pull system - a cropping design combining a repellent intercrop and an attractive 

trap crop 

• Ecological engineering - systematic, mechanism-based design of landscapes to enhance 

natural pest regulation 

Review Questions 

• Explain the enemy release hypothesis and its role in justifying classical biological 

control introductions. 

• Describe the sequential phases of a classical biological control programme from 

exploration to monitoring. 

• Distinguish the three general categories of conservation biological control intervention. 

• Why must flower strip species be selected carefully rather than any flowering plant 

being suitable? 

• Explain the push and pull components of the East African cereal stem borer 

management system. 

• Using two case studies from this chapter, compare the evidence base supporting 

classical versus conservation biological control. 
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Chapter IX: Integration of Biological Control 

with IPM 

9.1 Concept of Integrated Pest Management 

Integrated Pest Management, commonly abbreviated IPM, is a decision-making framework that 

combines multiple pest management tactics, including biological, cultural, mechanical, 

physical and chemical methods, applied in a coordinated manner guided by ecological 

understanding of the pest, crop and surrounding agroecosystem, with the objective of 

maintaining pest populations below economically damaging levels while minimising adverse 

effects on human health, non-target organisms and the environment. IPM emerged during the 

1960s and 1970s as a direct response to the ecological and economic problems associated with 

reliance on calendar-based, prophylactic chemical pesticide application, including pest 

resurgence, secondary pest outbreaks, resistance evolution and the destruction of natural enemy 

populations that had previously provided background pest suppression at no direct cost to the 

grower. 

The conceptual foundation of IPM rests on treating the cropping system as an ecological unit 

within which pest population dynamics are influenced by a web of interacting biotic and abiotic 

factors, rather than viewing pest control as a series of independent, reactive treatments against 

isolated pest problems. This ecological framing directly incorporates the population dynamics, 

natural enemy interactions and environmental influences discussed in Chapter 2, positioning 

biological control not as an alternative to be considered only when chemical options are 

unavailable or restricted, but as a foundational, actively managed component of the overall pest 

management strategy from the outset of programme design. 

IPM programmes are typically structured around a hierarchy of preferred interventions, 

prioritising preventive measures, including resistant crop varieties, cultural practices and 

conservation of natural enemies, followed by monitoring-based decision making to determine 

whether and when additional intervention is warranted, and reserving curative treatments, 

particularly broad spectrum chemical pesticides, for situations where preventive and biological 

measures prove insufficient to maintain pest populations below the economic threshold 

discussed in section 9.3. This hierarchy reflects both ecological reasoning, favouring 

approaches that preserve rather than disrupt the broader pest regulation capacity of the 

agroecosystem, and practical risk management, recognising that preventive and biological 

approaches generally carry lower environmental and long-term resistance management risk 

than reactive chemical intervention. 

https://olympickpublisher.in/
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Adoption of IPM varies considerably across regions, crops and farming systems, influenced by 

factors including grower knowledge and training, availability of monitoring infrastructure and 

biological control products, extension service capacity, market and regulatory incentives, and 

the specific pest complex and economic context of the cropping system in question, with more 

sophisticated, technology-intensive IPM implementation generally more prevalent in high-

value horticultural and protected cropping systems than in extensive, lower-margin field crop 

production, though simplified, locally adapted IPM approaches, including several discussed in 

this chapter's case studies, have achieved substantial adoption even within resource-constrained 

smallholder farming contexts. 

9.2 Compatibility of Biological Control and Pesticides 

Achieving compatibility between biological control agents and pesticide use, where pesticide 

application remains necessary within an IPM programme, requires systematic consideration of 

product selectivity, application timing and method, and spatial arrangement of treated and 

untreated areas, building directly on the pesticide impact reduction principles introduced in 

Chapter 8 within the specific context of a broader integrated programme that may include 

planned biological control releases alongside occasional necessary pesticide use. 

Selective pesticides, exhibiting reduced toxicity toward major natural enemy groups relative to 

the target pest, include several chemical classes with modes of action specific to particular pest 

taxa, such as insect growth regulators that disrupt moulting in immature insects with limited 

effect on many adult natural enemies, and certain reduced-risk synthetic and biopesticide 

products discussed in Chapters 5 and 6, whose narrower spectrum of activity aligns naturally 

with IPM compatibility objectives. Standardised selectivity testing, generating a documented 

evidence base for the relative natural enemy compatibility of registered pesticide products, has 

become an increasingly important resource supporting grower and adviser decision making in 

IPM programme design. 

Temporal and spatial separation strategies provide additional tools for managing biological 

control and pesticide compatibility even when a fully selective product option is unavailable, 

including timing necessary applications to periods of lower natural enemy activity or before 

planned biological control releases, and maintaining untreated refuge areas, such as field 

margins or alternating treated strips, that preserve a natural enemy source population capable 

of recolonising treated areas following pesticide application. Application technology 

improvements, including targeted or spot application methods that reduce the total treated area 

and associated natural enemy exposure relative to blanket field-wide application, further 

support compatibility objectives within a well designed IPM programme. 

Resistance management considerations intersect closely with biological control compatibility, 

since rotation among pesticide classes with different modes of action, a standard resistance 

management practice, can inadvertently increase natural enemy exposure to a wider range of 
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active ingredients over a growing season compared with reliance on a single, well characterised 

selective product, requiring IPM programme design to jointly optimise resistance management 

and natural enemy conservation objectives rather than treating them as entirely separate 

considerations. 

Table 9.1 Compatibility Considerations for Combining Pesticides with Biological Control 

Consideration Compatibility-Favouring Approach 

Product selectivity Choose narrow-spectrum, natural-enemy-

sparing products where available 

Application timing Apply during periods of lower natural enemy 

activity 

Spatial coverage Use targeted/spot treatment rather than blanket 

application 

Refuge provision Maintain untreated margins as natural enemy 

source areas 

Sequencing with releases Apply necessary treatments before, not after, 

planned releases 

9.3 Economic Thresholds 

The economic threshold, closely related to the economic injury level introduced in Chapter 1, 

is a pest density at which control action should be initiated to prevent the pest population from 

reaching the economic injury level, the density at which the cost of damage caused equals the 

cost of control, before that damaging level is actually reached, accounting for the time lag 

between the decision to intervene and the point at which the intervention takes effect. Economic 

thresholds provide the quantitative decision rule at the core of monitoring-based IPM 

implementation, replacing calendar-based or purely precautionary pesticide application with an 

evidence-based trigger tied directly to actual pest pressure and its associated economic risk. 

Establishment of a reliable economic threshold for a given pest, crop and region requires 

substantial underlying research, including quantification of the relationship between pest 

density and yield loss, current commodity price and control cost, and the population growth 

rate expected between monitoring and potential intervention, parameters that can vary 

considerably across seasons, cultivars and regions, requiring economic thresholds to be 

periodically revalidated rather than treated as permanently fixed values once established for a 

given pest and cropping system. 
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Incorporation of biological control activity into economic threshold calculation represents an 

increasingly sophisticated refinement of the basic threshold concept, recognising that a given 

pest density accompanied by substantial natural enemy activity, evidenced through observed 

predation or parasitism rates during monitoring, poses a lower risk of reaching damaging levels 

than the same pest density in the absence of natural enemy activity, supporting development of 

dynamic or natural-enemy-adjusted thresholds that avoid unnecessary intervention when 

biological control is already exerting meaningful suppression, though such dynamic thresholds 

require more sophisticated monitoring data than simple pest count thresholds and have 

consequently seen more limited practical adoption to date. 

Communication and training around economic threshold concepts represent a persistent 

practical challenge in IPM extension, since threshold-based decision making requires growers 

to tolerate a defined, non-zero level of pest presence and associated minor damage rather than 

pursuing the reflexive, zero-tolerance pest elimination approach often associated with calendar-

based conventional pest management, a behavioural and perceptual shift that extension 

programmes across many regions have found requires sustained farmer education, 

demonstration and, in many cases, direct field-level experience before full grower confidence 

in threshold-based decision making is achieved. 

9.4 Monitoring and Pest Surveillance 

Monitoring and pest surveillance provide the empirical foundation on which threshold-based 

IPM decision making depends, encompassing systematic, repeated assessment of pest and, 

where feasible, natural enemy population density using standardised sampling methods 

appropriate to the specific pest and crop, including visual counts, sweep netting, sticky trap 

catches, pheromone trap monitoring for many lepidopteran pests, and soil sampling for below-

ground pest stages, each method offering particular advantages and limitations with respect to 

sampling efficiency, cost and the specific pest life stage or behaviour it is best suited to detect. 

Sampling design, including determination of appropriate sample size, spatial distribution of 

sampling points across a field, and sampling frequency relative to pest generation time and rate 

of population change, must balance statistical reliability against the practical labour and time 

cost of monitoring, with sequential sampling methods, in which the number of samples taken 

is determined adaptively based on results obtained as sampling proceeds, offering an efficient 

approach that has been developed and validated for a number of major agricultural pests to 

minimise unnecessary sampling effort while maintaining adequate decision-making 

confidence. 

Technological advances have substantially expanded monitoring capability in recent years, 

including automated pheromone trap systems with remote reporting capability, image 

recognition software for automated pest identification and counting from trap or field 

photographs, and, increasingly, integration of monitoring data with weather-driven pest 
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development models that allow prediction of pest emergence and population growth timing 

ahead of direct field observation, supporting more proactive rather than purely reactive 

monitoring-based decision making, developments explored further in the emerging technology 

discussion of Chapter 10. 

Natural enemy monitoring, though historically less standardised and less consistently 

incorporated into routine IPM decision making than pest monitoring, is increasingly recognised 

as an essential complement to pest surveillance, since accurate assessment of the biological 

control contribution already present within a field is necessary to avoid unnecessary 

intervention against pest populations that natural enemies are already effectively regulating, 

directly supporting the dynamic, natural-enemy-adjusted threshold concept introduced in 

section 9.3. 

 

Figure 9.1 The IPM decision cycle integrating monitoring, threshold evaluation and tactic 

selection. 

9.5 Cultural, Mechanical and Biological Methods 

Cultural control methods modify agronomic practice to reduce pest establishment, survival or 

population growth, including crop rotation, which disrupts the life cycle of pests with limited 

dispersal ability or strong host plant fidelity by removing the host crop from a given field for 

one or more seasons, resistant or tolerant crop variety selection, which reduces pest 

performance or damage impact through the plant's own genetically determined defensive traits, 

and adjustment of planting date, density or fertilisation regime to reduce crop susceptibility 

during periods of peak pest pressure or to desynchronise crop growth stages from pest 

population peaks. 
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Mechanical and physical control methods provide direct, non-chemical suppression or 

exclusion of pest populations, including hand removal or mechanical destruction of pest life 

stages, physical barriers such as row covers and netting that exclude pest access to the crop, and 

trapping methods, including pheromone-based mass trapping and colour-based sticky trapping, 

that can provide direct population reduction in addition to their monitoring function discussed 

in section 9.4, particularly valuable in situations, such as organic production, where chemical 

control options are restricted. 

Biological methods, comprising the predators, parasitoids, microbial agents and botanical 

compounds examined in Chapters 3 through 6, integrate within this broader cultural and 

mechanical toolkit as a further, ecologically grounded management tactic, with the specific 

combination and sequencing of biological, cultural and mechanical methods within a given IPM 

programme determined by the particular pest complex, crop and regional context, since no 

single universal combination of tactics is optimal across all cropping systems. 

Synergistic interaction among cultural, mechanical and biological methods is a central design 

objective of well integrated IPM programmes, since practices such as reduced tillage and cover 

cropping simultaneously provide cultural pest suppression benefits, such as disrupted pest 

overwintering, and conservation biological control benefits, such as enhanced ground predator 

habitat, discussed in Chapter 8, illustrating that effective IPM design frequently identifies 

practices that advance multiple management objectives simultaneously rather than treating each 

tactic category as an independent, separately optimised intervention. 

Table 9.2 Illustrative Cultural and Mechanical IPM Tactics and Their Biological Control 

Synergy 

Tactic Primary Pest Management 

Effect 

Synergy with Biological 

Control 

Crop rotation Disrupts pest life cycle 

continuity 

Reduces reliance on chemical 

intervention 

Resistant varieties Lowers pest performance on 

host 

Reduces overall pest pressure 

on natural enemies 

Reduced tillage Physical/cultural pest 

suppression 

Enhances ground predator 

habitat 

Trap cropping Diverts pests from main crop Can concentrate natural 

enemies near trap crop 
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Tactic Primary Pest Management 

Effect 

Synergy with Biological 

Control 

Row covers/netting Physical pest exclusion Reduces need for pesticide 

application 

 

Figure 9.2 Categories of pest management tactics integrated within an IPM programme. 

9.6 Selective Pesticide Use 

Selective pesticide use within IPM extends beyond the natural enemy compatibility 

considerations discussed in section 9.2 to encompass a broader decision framework governing 

when, whether and how chemical intervention is deployed as one component of an integrated 

programme, guided by the principle that pesticide use should be reserved for situations where 

monitoring-based threshold evaluation indicates that other components of the IPM programme, 

including biological, cultural and mechanical methods, are insufficient to maintain pest 

populations below the economic threshold. 

Product selection criteria within a selective use framework prioritise, in addition to natural 

enemy compatibility, factors including efficacy against the specific target pest and life stage, 

resistance risk and compatibility with existing resistance management programmes, 

environmental persistence and off-target movement risk, and worker and consumer safety 

considerations, with decision support tools, including selectivity databases and integrated pest 
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management guidelines published by many national agricultural extension services, 

increasingly available to support growers and advisers in navigating this multi-criteria selection 

process. 

Reduced-risk pesticide categories, including many biopesticides discussed in Chapters 5 and 6 

alongside newer synthetic chemistries developed specifically with reduced environmental and 

non-target impact profiles, have expanded the range of options available for selective use within 

IPM programmes, supported by increasingly favourable regulatory pathways in many 

jurisdictions that recognise and incentivise development of pesticide products meeting defined 

reduced-risk criteria, including reduced acute toxicity, reduced environmental persistence and 

reduced non-target organism impact relative to conventional broad spectrum alternatives. 

Application stewardship, encompassing correct dose calibration, appropriate application 

equipment and technique, adherence to recommended re-entry and pre-harvest intervals, and 

documentation of applications for both regulatory compliance and programme evaluation 

purposes, represents the operational dimension of selective pesticide use that translates product 

selection decisions into actual field-level outcomes, with inadequate stewardship capable of 

undermining the intended benefits of even a carefully selected, genuinely selective pesticide 

product. 

9.7 IPM Case Studies 

Cotton IPM programmes across several major production regions, including South Asia, 

provide a widely documented case study in the transition from calendar-based, high-frequency 

chemical spraying toward monitoring and threshold-based integrated management 

incorporating conservation and augmentative biological control alongside cultural practices 

such as trap cropping, with documented outcomes including substantial reductions in 

insecticide application frequency and associated production cost, alongside preserved or 

improved yield relative to conventional spray-intensive management, though sustained 

adoption has required ongoing farmer training and, in several documented programmes, 

structured farmer field school extension approaches to support the more knowledge-intensive 

decision making that threshold-based IPM requires relative to simpler calendar-based spraying. 

Greenhouse vegetable production, particularly in Northern European protected cropping 

systems, illustrates a highly technically developed IPM case study integrating augmentative 

release of multiple predator and parasitoid species discussed in Chapters 3 and 4, selective 

biopesticide use, and structural and cultural management of the enclosed greenhouse 

environment, achieving substantial, in some crops near-complete, reduction in synthetic 

chemical pesticide use while maintaining commercial yield and quality standards, supported by 

the relatively controlled, enclosed nature of the greenhouse environment that facilitates natural 

enemy establishment and reduces the immigration of new pest pressure relative to open field 

cropping systems. 
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Rice IPM programmes across South and Southeast Asia, building on foundational farmer field 

school extension methodology developed from the 1980s onward, have demonstrated 

substantial reductions in insecticide use, in several documented cases without corresponding 

yield loss, through farmer training in pest and natural enemy identification, threshold-based 

decision making and conservation of the naturally rich predator and parasitoid community 

typically present in flooded rice ecosystems, illustrating the potential for IPM adoption at very 

large smallholder farming scale when supported by sustained, participatory extension 

investment. 

Across these varied case studies, several common success factors emerge, including sustained 

investment in farmer training and extension capacity, availability of validated, locally adapted 

economic thresholds and monitoring protocols, institutional or market support, whether through 

government programmes, cooperative organisation or premium market access, that helps offset 

any transitional cost or yield risk associated with adopting a more knowledge-intensive 

management approach, and, critically, demonstrated field-level evidence of comparable or 

improved economic outcome relative to conventional chemical-intensive management, without 

which sustained grower adoption has generally proven difficult to achieve regardless of the 

underlying ecological soundness of the IPM approach being promoted. 

Table 9.3 Comparative Overview of Major IPM Case Studies 

Case Study Region Key Biological 

Control Element 

Documented 

Outcome 

Cotton IPM South Asia Conservation + 

augmentative 

predators/parasitoids 

Reduced spray 

frequency, maintained 

yield 

Protected vegetable 

production 

Northern Europe Augmentative 

predator/parasitoid 

release 

Near-complete 

reduction in synthetic 

pesticide use 

Rice IPM / farmer 

field schools 

South and Southeast 

Asia 

Conservation of 

resident predator 

community 

Reduced insecticide 

use without yield loss 

Push-pull maize 

system 

East Africa Habitat manipulation, 

natural enemy support 

Yield increase, 

reduced chemical 

input 

 



 

 

95 Biological Pest Management: Principles, Practices and Applications 

9.8 Sustainable Crop Protection 

Sustainable crop protection extends the IPM framework discussed throughout this chapter 

toward an explicit, long-term commitment to production systems that maintain economic 

viability while minimising negative environmental and social impacts across the full life cycle 

of crop protection decision making, incorporating biological control not merely as one available 

tactic but as a central, actively cultivated ecosystem service that reduces the system's overall 

dependence on external chemical inputs over time. 

Policy frameworks in many regions have progressively formalised sustainable crop protection 

objectives, including pesticide reduction targets, mandatory or incentivised IPM adoption 

requirements linked to agricultural subsidy schemes, and expanded biopesticide and biological 

control agent registration pathways intended to reduce regulatory barriers to adoption of lower-

risk pest management tools, reflecting policy recognition that the ecosystem service value of 

biological control, discussed in Chapter 2, extends beyond the direct economic interest of the 

individual grower to encompass broader public environmental and health objectives. 

Climate change adaptation is an increasingly important dimension of sustainable crop 

protection planning, since shifting pest distributions, altered natural enemy phenology and 

changing frequency of extreme weather events affecting both pest outbreak risk and natural 

enemy performance require IPM programmes to be periodically revisited and adapted rather 

than treated as static, permanently validated protocols, a theme that connects directly to the 

broader discussion of emerging trends and future perspectives addressed in the concluding 

chapter of this book. 

Ultimately, the integration of biological control within IPM and the broader pursuit of 

sustainable crop protection represent the practical culmination of the ecological principles, 

natural enemy biology and applied programme design examined throughout this book, 

demonstrating that durable, economically viable pest management is achieved not through 

reliance on any single tactic in isolation, but through the thoughtful, ecologically informed 

combination of biological, cultural, mechanical and, where necessary, selective chemical 

methods within an adaptively managed, monitoring-driven decision framework. 

Table 9.4 Indicative Reductions in Chemical Pesticide Use Reported Across IPM Case 

Studies 

System Reported Change in 

Chemical Input 

Yield Effect 

South Asian cotton IPM Substantial reduction in spray 

frequency 

Maintained or improved 
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System Reported Change in 

Chemical Input 

Yield Effect 

Northern European 

greenhouse vegetables 

Near-complete substitution in 

many crops 

Maintained 

South/Southeast Asian rice Marked reduction in 

insecticide applications 

No significant loss 

East African push-pull maize Reduced reliance on 

purchased inputs 

Increased 

Farmer decision-making psychology and risk perception play an underappreciated role in the 

pace and durability of IPM and biological control adoption, since growers accustomed to the 

perceived certainty of routine chemical application often weigh the risk of an unexpected pest 

outbreak under a threshold-based system more heavily than the documented average cost 

savings and yield parity demonstrated in controlled trials, a behavioural pattern that extension 

programmes increasingly address through peer demonstration, farmer-to-farmer learning 

networks and structured field-level experience that builds direct confidence in threshold-based 

decision making beyond what technical training or written guidance alone typically achieves. 

Value chain and market-level factors additionally shape IPM adoption incentives, since produce 

buyers, particularly in export horticulture and premium domestic retail channels, increasingly 

impose maximum residue limit compliance and, in some cases, explicit sustainability or 

integrated production certification requirements that create direct commercial incentive for 

growers to adopt biological control and reduced-chemical IPM practices beyond what 

production cost considerations alone would motivate, illustrating how downstream market 

structure can accelerate or, where such incentives are absent, constrain the practical spread of 

the IPM approaches documented in this chapter's case studies. 

Chapter Summary 

Integrated Pest Management provides the overarching decision framework within which 

biological control, examined throughout this book as predators, parasitoids, microbial agents 

and botanical compounds, is deployed alongside cultural, mechanical and, where necessary, 

selective chemical methods to maintain pest populations below economically damaging levels. 

Compatibility between biological control and pesticide use, achieved through selective product 

choice, careful timing and spatial management, together with threshold-based monitoring and 

surveillance, replaces reflexive, calendar-based intervention with an evidence-driven decision 

process that actively conserves the pest regulation capacity already present within the 

agroecosystem. Case studies from cotton, protected vegetable production, rice and East African 

maize systems demonstrate that well designed, adequately supported IPM programmes can 

substantially reduce chemical pesticide dependence while maintaining or improving yield and 
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economic outcomes across both intensive commercial and smallholder farming contexts. This 

integration of biological control within a broader sustainable crop protection framework 

represents the practical synthesis toward which the ecological principles and applied natural 

enemy biology developed throughout this book are directed, setting the stage for the concluding 

chapter's examination of emerging technologies and future directions poised to further advance 

the discipline. 

Key Terms 

• Integrated Pest Management (IPM) - a coordinated, multi-tactic framework for 

maintaining pests below economically damaging levels 

• Economic threshold - the pest density at which control action should begin to prevent 

reaching the economic injury level 

• Selective pesticide - a product with reduced toxicity toward natural enemies relative to 

the target pest 

• Sequential sampling - an adaptive monitoring method adjusting sample size based on 

results obtained 

• Cultural control - agronomic practice modification that reduces pest establishment or 

population growth 

• Farmer field school - a participatory extension approach used to build IPM decision-

making capacity 

Review Questions 

• Explain how IPM's tactic hierarchy positions biological control relative to chemical 

intervention. 

• Distinguish the economic threshold from the economic injury level and explain why the 

two differ. 

• Describe three monitoring methods used in pest surveillance and the type of pest 

information each provides. 

• Discuss two strategies for maintaining pesticide-biological control compatibility within 

an IPM programme. 

• Using one case study from this chapter, explain the biological control element's 

contribution to the documented outcome. 

• Why is farmer training frequently identified as a critical success factor for sustained 

IPM adoption? 
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Chapter X: Emerging Trends and Future 

Perspectives in Biocontrol 

10.1 Molecular Approaches in Biological Control 

Molecular techniques have progressively transformed biological control research and practice 

over the past two decades, extending capability well beyond the morphological and behavioural 

methods that historically dominated the field, and are increasingly integrated across nearly 

every stage of programme development discussed in earlier chapters, from candidate agent 

identification during classical biological control exploration to quality control verification in 

mass rearing programmes. DNA barcoding, using short standardised gene regions to distinguish 

species, has proven particularly valuable for resolving cryptic species complexes among 

parasitoids, discussed in Chapter 4, where morphologically near-identical species can differ 

substantially in host range and biological performance. 

Population genetic and phylogeographic analysis has refined understanding of the geographic 

origin of invasive pest species, directly improving the precision of classical biological control 

exploration efforts discussed in Chapter 8, since accurate identification of a pest's true source 

population, which molecular data can reveal even where historical introduction records are 

incomplete or inaccurate, substantially increases the likelihood of locating natural enemies with 

genuine coevolutionary adaptation to the specific pest lineage causing damage in the introduced 

range. 

Molecular gut content and metabarcoding analysis, briefly introduced in Chapter 2, has 

expanded rapidly as a research tool for characterising trophic interactions within complex 

natural enemy communities, allowing researchers to detect prey and host DNA within a predator 

or parasitoid's digestive system long after feeding, and increasingly applied at community scale 

through high-throughput sequencing to characterise entire food web structures across multiple 

natural enemy species simultaneously, generating a far more complete picture of realised 

trophic interactions than direct field observation alone could achieve. 

Genomic sequencing of major biological control agents, now completed or underway for a 

growing number of commercially and ecologically significant species, is generating detailed 

information on genes underlying host specificity, insecticide or environmental stress tolerance, 

and reproductive biology, providing a foundation for more precisely targeted agent selection, 

improved mass rearing protocols informed by genomic understanding of colony health and 

diversity, and, as discussed in section 10.2, new possibilities for genetic improvement of 

biological control agents themselves. 

10.2 Genomics and Biotechnology 

https://olympickpublisher.in/
https://olympickpublisher.in/


 

 

99 Biological Pest Management: Principles, Practices and Applications 

Genomics and biotechnology are increasingly applied not only to characterise existing 

biological control agents but to actively enhance their performance, through approaches 

including marker-assisted selection within mass rearing programmes to preserve desirable traits 

and counteract the laboratory adaptation concerns discussed in Chapter 7, and, more 

ambitiously, genetic modification of natural enemies or their associated microbial symbionts to 

enhance specific performance traits such as insecticide tolerance, host range precision or 

environmental stress resistance. 

Paratransgenesis, the genetic modification of a symbiotic microorganism associated with a 

target insect rather than the insect itself, has emerged as a particularly promising 

biotechnological approach relevant to biological control, exemplified by research modifying 

bacterial symbionts of entomopathogenic nematodes discussed in Chapter 5 to enhance 

virulence or environmental persistence, offering a potentially more tractable genetic 

engineering target than the natural enemy's own, often more complex, genome. 

Genetically engineered crops expressing biological control-relevant traits represent a further 

significant biotechnology application, extending beyond the transgenic Bt crops discussed in 

Chapter 5 to include crops engineered to produce volatile compounds that attract natural 

enemies, a strategy sometimes termed indirect plant defence engineering, drawing directly on 

the herbivore-induced plant volatile biology discussed in Chapter 4, with early field trials 

demonstrating enhanced parasitoid attraction to engineered volatile-emitting crop varieties, 

though commercial deployment of such volatile-engineered crops remains at an early 

developmental stage relative to the more mature transgenic Bt technology. 

Regulatory and public acceptance considerations surrounding genetically modified natural 

enemies and associated biotechnology remain substantial and, in many jurisdictions, 

considerably more restrictive than regulation applied to conventional, non-modified classical 

or augmentative biological control agents, reflecting broader societal and regulatory caution 

regarding intentional environmental release of genetically modified organisms, a factor likely 

to significantly influence the pace and geographic pattern of future biotechnology-enhanced 

biological control adoption regardless of the underlying technical feasibility of specific 

applications. 
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Figure 10.1 Emerging technology domains shaping the future development of biological pest 

management. 

10.3 RNA Interference and Biopesticides 

RNA interference, commonly abbreviated RNAi, is a naturally occurring gene regulation 

mechanism that can be exploited to silence specific genes essential to pest survival, 

development or reproduction by introducing double-stranded RNA molecules matched to the 

target gene sequence, offering a novel mode of action distinct from the toxin, pathogen and 

predation-based mechanisms examined throughout this book, with the potential for very high 

target specificity determined by precise genetic sequence matching between the RNAi molecule 

and the target pest's own genome. 

RNAi-based biopesticide products, delivered either as topically applied sprays or expressed 

within genetically engineered crop tissue analogous to transgenic Bt technology discussed in 

Chapter 5, have progressed from laboratory research toward early commercial development for 

a small but growing number of target pests, including certain coleopteran pests for which 

effective conventional biological control options have historically been more limited than for 

the lepidopteran and hemipteran pests that dominate much of the existing predator, parasitoid 

and microbial agent toolkit. 

Technical challenges affecting RNAi biopesticide development include achieving reliable and 

cost-effective double-stranded RNA delivery into target pest tissue, since insect gut and cellular 

barriers can degrade or block uptake of RNA molecules before they reach their intended target, 

variable RNAi response efficiency across different pest species and even different populations 

of the same species, and environmental stability of RNA molecules under field application 
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conditions, each representing an active area of ongoing formulation and delivery technology 

research. 

The specificity advantage of RNAi technology, while generally favourable for non-target and 

environmental safety, also means that RNAi products, similar to the narrow-host-range 

baculoviruses discussed in Chapter 5, are typically effective against only a single or a small 

number of closely related target pests, limiting their standalone utility against complex, multi-

species pest problems and positioning RNAi biopesticides as a complementary addition to, 

rather than a wholesale replacement for, the broader biological control toolkit examined 

throughout this book. 

10.4 Microbiome-Based Pest Management 

The insect microbiome, comprising the diverse community of bacteria, fungi and other 

microorganisms associated with an insect host, has emerged as a significant new frontier in pest 

management research, following growing recognition that microbiome composition can 

substantially influence host nutrition, immune function, pesticide resistance and, in some 

documented cases, susceptibility to entomopathogens discussed in Chapter 5, opening novel 

intervention possibilities distinct from the direct predation, parasitism and pathogenesis 

mechanisms that have historically defined biological control. 

Symbiont disruption strategies, aiming to suppress or eliminate microbial symbionts on which 

a target pest depends for essential nutritional functions, have shown particular promise against 

certain sap-feeding pests such as aphids and whiteflies, which rely heavily on obligate bacterial 

symbionts to supplement nutritionally incomplete plant sap diets, with several research 

programmes demonstrating that symbiont disruption can significantly impair pest fitness and 

reproduction, offering a potential novel control mechanism complementary to the natural 

enemy and microbial agent-based approaches discussed in earlier chapters. 

Microbiome manipulation is also being investigated as a tool for enhancing the performance of 

beneficial organisms themselves, including research into optimising the gut microbiome of 

mass reared predators and parasitoids to improve rearing efficiency, stress tolerance and post-

release field performance, and into the plant microbiome's role in modulating the herbivore-

induced plant volatile signalling discussed in Chapter 4, suggesting that soil and plant 

microbiome management may offer an additional, currently underexploited lever for enhancing 

natural enemy attraction and retention within conservation biological control programmes. 

Practical application of microbiome-based pest management remains at a comparatively early 

research stage relative to the more established biological control strategies examined 

throughout this book, with most current work concentrated in laboratory and controlled 

greenhouse research rather than validated field-scale deployment, though the rapid pace of 

microbiome research across agricultural and biomedical science more broadly suggests this 

field is likely to mature considerably over the coming decade. 
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Table 10.1 Emerging Technology Domains and Their Relationship to Established Biological 

Control Strategies 

Emerging Technology Relevant Established 

Strategy 

Potential Contribution 

DNA barcoding / 

metabarcoding 

Classical biocontrol, food web 

ecology (Ch. 2, 8) 

Improved species ID and 

trophic interaction mapping 

Paratransgenesis Microbial agents (Ch. 5) Enhanced symbiont-mediated 

virulence 

RNA interference Microbial/biopesticide agents 

(Ch. 5, 6) 

Novel, highly specific gene-

silencing control 

Microbiome manipulation Predators, parasitoids, 

microbial agents 

Nutritional disruption; 

improved rearing performance 

AI-based monitoring IPM surveillance (Ch. 9) Automated, predictive pest 

and natural enemy detection 

 

Figure 10.2 From bioprospecting to field deployment: the extended discovery-to-application 

pipeline for next-generation biocontrol agents. 

10.5 Artificial Intelligence and Precision Biocontrol 

Artificial intelligence and machine learning technologies are being applied across an expanding 

range of biological control applications, building directly on the monitoring and surveillance 

technology trends introduced in Chapter 9, including image recognition systems trained to 

automatically identify and count pest and natural enemy specimens from trap or field 
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photographs, substantially reducing the labour cost and expertise requirement historically 

associated with manual monitoring, and predictive modelling systems that integrate weather 

data, pest and natural enemy population trends and crop phenology to forecast pest outbreak 

risk and optimal biological control intervention timing ahead of direct field observation. 

Precision agriculture technology, including satellite and drone-based remote sensing, ground-

based sensor networks and geographic information system mapping of field-level variation in 

pest pressure and habitat quality, is increasingly integrated with biological control programme 

design, supporting spatially targeted rather than uniform field-wide intervention, whether for 

release of augmentative agents at higher density in areas of documented higher pest pressure, 

or for habitat manipulation and conservation biological control planning informed by fine-scale 

landscape data on existing semi-natural habitat distribution discussed in Chapter 8. 

Autonomous and robotic release technology, extending beyond the drone-based aerial release 

methods introduced in Chapter 7, is under active development for applications including 

automated, sensor-guided release of predators and parasitoids calibrated in real time to detected 

pest density, and robotic systems for automated collection and processing of monitoring trap 

data, pointing toward an increasingly automated future for augmentative biological control 

programme implementation, particularly relevant to addressing labour cost and availability 

constraints affecting agricultural production in many regions. 

Data integration and decision support platforms, combining monitoring data, weather forecasts, 

pest and natural enemy population models and economic threshold calculations discussed in 

Chapter 9 into unified digital tools accessible to growers and advisers, represent a further 

significant trend, with several commercial and public sector platforms now offering integrated 

decision support specifically for biological control and broader IPM programme management, 

though the accuracy and practical value of such tools remain dependent on the quality and 

regional specificity of the underlying biological and economic data on which their predictions 

and recommendations are based. 

10.6 Climate Change and Biological Control 

Climate change presents both significant challenges and, in some contexts, new opportunities 

for biological pest management, operating through multiple interacting mechanisms including 

altered pest and natural enemy geographic distribution as temperature and precipitation patterns 

shift, altered phenological synchrony between pests and their natural enemies as discussed in 

the context of parasitoid life cycles in Chapter 4, and changed frequency and intensity of 

extreme weather events affecting both pest outbreak dynamics and natural enemy population 

persistence. 

Range shifts driven by changing climatic conditions are altering the distribution of both pest 

species and their associated natural enemies, in some documented cases creating novel 

geographic mismatches where an invasive pest expands into a new region faster than its 

coevolved natural enemies can follow, and in other cases creating new opportunities for 

classical biological control introduction as previously climatically unsuitable regions become 



 

 

104 Biological Pest Management: Principles, Practices and Applications 

suitable for establishment of natural enemy species with the poleward or altitudinal range 

expansion of their associated pest. 

Phenological mismatch, in which the timing of pest emergence or peak activity shifts differently 

than the corresponding timing of natural enemy activity in response to changing seasonal 

temperature patterns, has been documented in a number of temperate agricultural systems and 

represents a particular concern for conservation and classical biological control programmes 

that depend on close temporal synchrony between pest vulnerability and natural enemy activity, 

as discussed in relation to parasitoid voltinism and diapause timing in Chapter 4, potentially 

requiring ongoing adaptive management and, in some cases, reassessment of previously 

effective natural enemy species selection as climatic conditions continue to shift. 

Adaptive strategies for climate-resilient biological control increasingly emphasise conservation 

of natural enemy functional diversity, discussed in Chapter 2, on the basis that a diverse natural 

enemy community is more likely to include species capable of maintaining effective pest 

suppression across a wider range of future climatic conditions than reliance on a narrower set 

of natural enemy species optimised for current climatic conditions alone, alongside continued 

monitoring and periodic reassessment of established classical biological control programmes to 

detect and respond to climate-driven changes in agent performance or establishment status. 

Table 10.2 Climate Change Mechanisms Affecting Biological Control and Possible Adaptive 

Responses 

Mechanism Effect on Biocontrol Adaptive Response 

Range shift Pest-natural enemy 

geographic mismatch 

Reassessment of classical 

agent selection 

Phenological mismatch Disrupted pest-natural enemy 

synchrony 

Diversify natural enemy 

community, monitor timing 

Extreme weather events Disrupted establishment, 

population crashes 

Conservation of resilient, 

diverse natural enemy guilds 

Altered pest voltinism More generations per season 

in warmer climates 

Adjust augmentative release 

frequency and rate 

10.7 New-Generation Biocontrol Agents 

A new generation of biological control agents is emerging from the convergence of the 

technological trends discussed throughout this chapter, including next-generation microbial 

strains selected or engineered for enhanced environmental tolerance and virulence, extending 

the entomopathogenic bacteria, fungi, viruses and nematodes examined in Chapter 5, novel 

RNAi-based biopesticide products discussed in section 10.3, and improved natural enemy 
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strains developed through marker-assisted selection within mass rearing programmes to 

enhance traits such as searching efficiency, temperature tolerance or insecticide resistance 

relevant to compatibility with residual chemical use within integrated programmes. 

Nanotechnology-based formulation approaches represent a further area of active development 

relevant to next-generation biocontrol agents, including nanoencapsulation techniques that can 

improve the environmental stability, controlled release and field persistence of microbial 

spores, botanical active compounds discussed in Chapter 6, and RNAi molecules, addressing 

several of the formulation and application limitations discussed in earlier chapters through 

material science innovation applied to biological control product delivery. 

Synthetic biology approaches, extending beyond the paratransgenesis applications discussed in 

section 10.2, are being explored to engineer entirely novel biological control functions, 

including microorganisms designed to produce specific pest-active compounds not found in 

nature, and gene drive systems capable of spreading a genetic trait rapidly through a target pest 

population, a particularly powerful but also particularly contentious technology given its 

potential for irreversible, self-propagating environmental impact, currently subject to extensive 

ecological risk assessment research and international governance discussion before any field 

application would be considered for agricultural pest management use. 

Bioprospecting for novel natural enemy species and strains continues alongside these 

biotechnology-driven approaches, with ongoing exploration of previously under-surveyed 

regions and taxonomic groups, including further characterisation of the substantial diversity of 

entomopathogenic fungi and nematodes present in many tropical soil environments, continuing 

to expand the pool of candidate agents available for both conventional classical and 

augmentative biological control programme development discussed throughout earlier chapters 

of this book. 

Standardisation and interoperability of the digital data streams generated by AI-based 

monitoring and precision agriculture platforms discussed above represent a practical, if less 

prominently discussed, challenge for realising the full potential of these tools, since biological 

control decision support benefits substantially from integrating pest, natural enemy, weather 

and crop management data across multiple sources and, ideally, across multiple growers and 

seasons to build robust predictive models, a level of data integration that remains hampered in 

many regions by inconsistent data formats, limited data-sharing infrastructure and, in some 

cases, grower reluctance to share proprietary farm-level data even where aggregated, 

anonymised analysis would benefit the broader biological control research and extension 

community. 

10.8 Future Challenges and Opportunities 

The continued advancement of biological pest management faces several substantial challenges 

alongside the opportunities presented by the emerging technologies discussed throughout this 

chapter. Regulatory frameworks in many jurisdictions have struggled to keep pace with the 

rapid technical development of novel approaches such as RNAi biopesticides and genetically 
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engineered natural enemies, creating uncertainty that can slow commercial investment and 

adoption even where the underlying technology shows strong technical promise, suggesting 

continued need for regulatory science investment and international harmonisation efforts 

building on the classical biological control governance frameworks discussed in Chapter 8. 

Capacity building and technology access disparities between well resourced commercial 

agricultural systems and resource-constrained smallholder farming contexts, discussed in 

relation to mass rearing infrastructure in Chapter 7, risk widening as the most technically 

sophisticated emerging approaches, including genomics-informed agent selection, AI-based 

monitoring platforms and biotechnology-enhanced agents, become concentrated in regions and 

production systems with the greatest existing technical and financial capacity, underscoring the 

continued importance of international development investment, technology transfer and 

appropriately scaled, locally adapted innovation, exemplified by successes such as the East 

African push-pull system discussed in Chapter 8, alongside more capital-intensive emerging 

technology development. 

Public perception and acceptance of biotechnology-enhanced biological control approaches, 

particularly those involving genetic modification, will likely continue to significantly influence 

the pace and pattern of adoption regardless of underlying technical merit, requiring continued 

investment in transparent science communication and stakeholder engagement alongside the 

technical research and development discussed throughout this chapter, a dimension of 

biological control advancement that is as much social and institutional as it is scientific and 

technical. 

Looking forward, the trajectory of biological pest management appears set to continue the trend, 

evident throughout the history traced in Chapter 1 and the applied programme development 

examined across this book, toward increasingly precise, ecologically informed and 

technologically sophisticated integration of living organisms and biologically derived 

compounds within sustainable crop protection systems, building on more than a century of 

accumulated scientific understanding while continuing to adapt to new pest challenges, new 

technological capability and the ongoing imperative of feeding a growing global population 

within the ecological constraints of a changing climate. 

Table 10.3 Summary of Future Challenges and Corresponding Opportunities in Biological 

Pest Management 

Challenge Corresponding Opportunity 

Regulatory uncertainty for novel technologies International harmonisation building on 

classical biocontrol governance 

Technology access disparity Appropriately scaled innovation and 

technology transfer 
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Challenge Corresponding Opportunity 

Public acceptance of biotechnology Transparent science communication and 

stakeholder engagement 

Climate-driven agent performance shifts Diversified, adaptively managed natural 

enemy communities 

Complex multi-species pest problems Integration of complementary conventional 

and emerging tools 

 

Figure 10.3 Converging pressures shaping the future trajectory of biological pest management. 

Interdisciplinary collaboration, spanning entomology, plant pathology, molecular biology, data 

science, agricultural economics and social science, is increasingly recognised as essential to 

translating the emerging technologies discussed in this chapter into field-ready, adopted 

biological control practice, since technical innovation alone, without corresponding attention to 

economic viability, regulatory pathway and grower-level usability, has repeatedly proven 

insufficient to achieve meaningful practical adoption across the history of biological control 

innovation traced throughout this book. Research funding structures and academic-industry 

partnership models are gradually adapting to support this more integrated, translationally 

focused mode of research, though continued institutional investment will be required to fully 

realise the practical potential of the technologies surveyed in this chapter. 

Education and workforce development represent a further, often underemphasised requirement 

for realising the future potential of biological pest management, since the increasingly 

sophisticated, multidisciplinary skill set required to develop, deploy and manage emerging 
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biocontrol technologies, spanning molecular biology, data analytics and traditional field 

entomology alike, is not yet widely available within existing agricultural extension and 

technical workforce pipelines in many regions, suggesting that university curricula, vocational 

training programmes and extension service capacity building, alongside the technical research 

and development discussed throughout this chapter, will play a decisive role in determining 

how quickly and how broadly the next generation of biological control advances translates into 

improved crop protection outcomes worldwide. 

Table 10.4 Indicative Development Stage of Selected Emerging Biocontrol Technologies 

Technology Approximate Development 

Stage 

Primary Remaining Barrier 

DNA barcoding for agent 

identification 

Mature, routinely applied Cost and access in some 

regions 

Transgenic Bt crops Mature, widely 

commercialised 

Resistance management, 

public acceptance 

RNAi biopesticides Early commercial Delivery efficiency, cost 

Paratransgenesis Advanced research Regulatory pathway, field 

validation 

Gene drive systems Early research, high scrutiny Ecological risk, governance 

framework 

AI-based monitoring 

platforms 

Early to mid commercial Data quality, regional model 

calibration 

Bringing together the ten chapters of this book, biological pest management emerges as a 

mature yet continually evolving discipline, grounded in the ecological principles of population 

dynamics and trophic interaction established in its earliest chapters, expressed through the 

diverse biology of predators, parasitoids and microbial agents, realised at practical scale 

through mass rearing and augmentative release, and increasingly woven into the broader fabric 

of integrated and sustainable crop protection. The emerging technologies surveyed in this final 

chapter do not represent a departure from that foundation but its natural extension, applying 

new tools to long-standing ecological questions in pursuit of the same fundamental objective 

that has motivated the discipline since the vedalia beetle programme of 1888: durable, 

ecologically sound regulation of pest populations achieved by harnessing the natural 

relationships that already exist, or can be thoughtfully established, between organisms sharing 

the same agricultural landscape. 
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Investment trends across the agricultural biotechnology sector provide a useful indicator of 

where commercial confidence in these emerging technologies currently concentrates, with 

venture capital and major agrochemical company investment in recent years flowing 

disproportionately toward microbial biopesticide innovation and precision agriculture and AI-

based decision support platforms relative to the more nascent and technically uncertain RNAi, 

paratransgenesis and synthetic biology approaches discussed earlier in this chapter, a pattern 

likely to shift over the coming decade as the technical and regulatory maturity of these earlier-

stage technologies continues to develop, but one that offers a realistic near-term guide to which 

emerging approaches are likely to reach meaningful commercial and field-level scale soonest. 

Chapter Summary 

Emerging molecular, genomic and biotechnological approaches, including DNA barcoding, 

paratransgenesis, RNA interference and microbiome manipulation, are extending the biological 

control toolkit developed across this book's earlier chapters, offering novel modes of action and 

improved precision in agent identification, selection and enhancement. Artificial intelligence 

and precision agriculture technology are transforming monitoring and decision support, 

building directly on the IPM surveillance principles discussed in Chapter 9, while climate 

change presents both significant challenges to established natural enemy performance and 

synchrony, and new considerations for adaptive, climate-resilient programme design. New-

generation biocontrol agents, incorporating nanotechnology, synthetic biology and continued 

bioprospecting, point toward an increasingly sophisticated future for the discipline, tempered 

by substantial regulatory, capacity and public acceptance challenges that will shape the pace 

and equity of adoption across different agricultural contexts. Taken together, these emerging 

trends do not replace but rather extend and refine the foundational ecological principles, natural 

enemy biology and applied programme design examined throughout this book, reaffirming 

biological pest management's continued central role in the pursuit of sustainable, resilient global 

crop protection. 

Key Terms 

• DNA barcoding - species identification using short, standardised genetic sequences 

• Paratransgenesis - genetic modification of a symbiotic microorganism rather than its 

host insect 

• RNA interference (RNAi) - gene-silencing technology used to disrupt pest-essential 

gene function 

• Symbiont disruption - suppression of a pest's essential microbial symbionts to impair its 

fitness 

• Gene drive - a genetic system designed to spread a trait rapidly through a target 

population 

• Phenological mismatch - disrupted timing synchrony between interacting species under 

climate change 
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• Precision agriculture - technology-driven, spatially targeted management of variable 

field conditions 

Review Questions 

• Explain how DNA barcoding has improved classical biological control exploration and 

parasitoid taxonomy. 

• Describe the mechanism of RNA interference and discuss one technical challenge 

limiting its field application. 

• How might microbiome manipulation contribute to pest management beyond 

conventional natural enemy-based approaches? 

• Discuss two ways artificial intelligence is being applied to biological control monitoring 

and decision support. 

• Explain phenological mismatch and why it is a particular concern for climate change 

adaptation in biological control. 

• What factors, beyond technical feasibility, will likely shape the pace of adoption of 

emerging biocontrol technologies? 
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