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Most readers of this book will know the dominant 
paradigm in pest management, particularly insect 
management, called integrated pest management 
(IPM) (Kogan, 1998). Many, however, will have only 
a vague notion about economics. Although Kogan 
(1998) concluded that cost–benefit analyses should 
be the basis for IPM strategies, the role for econo-
mists or economically savvy entomologists is often 
unclear. Certainly, economics is concerned with costs, 
profits and money. But even more fundamentally, 
economics accounts for human values, especially 
those that can be measured, in efforts to explain 
production and consumption of goods and services.

Entomologists will recognize our own considera-
tion of human values when we define pests. An 
arthropod is a pest in situations (places and times) 
in which a human stakeholder (i) is harmed by it, 
(ii) loses benefits because of it or (iii) even just does 
not like it. An insect can be considered by humans 
to be positive or beautiful in one setting, but a pest 
in another, simply because of human values. For 
instance, European honey bees (Apis mellifera) are 
generally regarded as good for their honey and pol-
lination services. But they are considered pests if 
the hive is too close to people afraid of bee stings 
or if their invasiveness disrupts native ecosystems. 
Fundamentally, the willingness of people to pay for 
honey, pollination or removal of bees, in essence 
their values concerning bees, determines how these 
insects will be managed. How many jars of honey 
would someone accept in exchange for a hive being 
placed near her home? Would the production of  
10 million jars of honey be enough to compensate 
a community for accepting the risk of endangering 
populations of wild pollinators? An economist can 

help people (stakeholders) clarify and measure their 
values and use this information to decide how to 
allocate resources to manage common or potential 
pests to satisfy multiple objectives in their lives and 
businesses (National Research Council, 1999, 
2005). Halasa-Rappel and Shepard (Chapter 2) 
and Dickinson et al. (2016) describe how the meas-
urement of human values (economic valuation) can 
be used to allocate public resources to provide 
services that improve health and leisure in a com-
munity affected by mosquitoes.

Measurement of values, even straightforward 
monetary ones, is not easy (National Research 
Council, 1999, 2005). However, it is a necessary 
beginning. Zalucki et al. (2012) provide an exam-
ple of first steps needed to understand the econom-
ics of a pest at geographic scales considered by 
policy makers, regulators, funding agencies or any 
other stakeholders focused on national IPM. They 
determined that the management of Plutella xylos-
tella, a global pest of Brassica species, involves 
US$4–5 million in annual control costs and crop 
losses. For Brazil, Oliveira et al. (2014) estimated 
the total annual economic losses caused by insect 
pests infesting crops to be ~$17.7 billion. Oliveira 
et al. emphasized the need for new and improved 
data regarding the losses caused by insects and the 
need for systematic monitoring of these losses.

Oerke (2006) estimated the potential and actual 
losses of harvested crop yield for animal pests on six 
crops worldwide for the period 2001–2003. Animal 
pests include arthropods, nematodes, snails, slugs 
and vertebrates. The potential and actual percent-
age losses were: wheat (8.7, 7.9), rice (24.7, 15.1), 
maize (15.9, 9.6), potato (15.3, 10.9), soybean 
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(10.7, 8.8) and cotton (36.8, 12.3). The actual losses 
occur even with efforts to protect the crop. Thus, 
for these six field crops, typical pest management 
seemed to be most effective for rice and cotton and 
least effective for soybean and wheat. Oerke (2006) 
also estimated the value of pest management in 
2001–2003 by comparing the potential and actual 
losses due to animal pests by evaluating the mone-
tary production losses for barley, cottonseed, maize, 
oilseed rape (canola), potato, rice, soybean, cotton, 
sugarbeet, tomatoes and wheat. Oerke found that 
pest management reduced losses by 39% worldwide.

Economic loss due to pests (including such 
organisms as viruses as well as arthropods) in live-
stock has been estimated at nearly $9 billion annu-
ally (Pimentel et al., 2000). Looking specifically at 
insects, key pests, such as the stable fly Stomoxysis 
calcitrans, result in annual losses in the order of 
$2.2 billion to the cattle industry through reduced 
weight gain and decreased milk production in the 
US alone (Taylor et al., 2012). Economic loss due 
to this pest is significant in many other countries 
including Brazil (Grisi et  al., 2014) and Mexico 
(Rodríguez-Vivas et  al., 2017). In addition, live-
stock entomology has seen great success in control-
ling Cochliomyia hominivorax, the New World 
screwworm, using mass releases of sterile male 
insects (Vargas-Terán, 2005). In this example, the 
cost of implementation between 1958 and 1986 was 
high, estimated at $650 million in 2005. But, the 
economic benefits exceed $890 million annually in 
the US alone and greater than $1 billion dollars 
worldwide.

Similar to the cattle industry, the sheep industry 
has multiple markets for its products. In New 
Zealand, the sheep blowfly, Lucilia cuprina, was 
introduced in 1988 and resulted in an increase in 
the cost of fly control to $37 million annually for 
sheep farms with only 3–5% of the flock infested 
(Heath and Bishop, 1995). Sackett et  al. (2006) 
estimated a cost of $280 million annually to con-
trol flystrike. Lice also caused significant costs 
greater than $100 million. McLeod (1995) esti-
mated the cost was $161 million and $169 million, 
respectively, for the sheep blowfly, Lucilia cuprina, 
and various sheep lice, Linognathus pedalis, 
Linognathus ovillus and Bovicola ovis.

Insects are also important to human health and 
are disease vectors for many of the most important 
diseases humans face. In 2017, malaria infected 
more than an estimated 200 million people caus-
ing ~445,000 deaths worldwide (World Health 

Organization, 2017) causing an estimated $12 bil-
lion loss to Africa every year (https://www.malari-
afreefuture.org/malaria). The number of cases has 
increased over the past few decades, but case mor-
tality has decreased compared with a study from 
Hammer (1993) claiming 100 million infections 
with 1–2 million deaths annually. A report on the 
economics of malaria control by Hanson et  al. 
(2004) showed the cost effectiveness of different 
control tactics and found inexpensive ways to 
reduce malaria incidence include limiting transmis-
sion of disease from mother to child, improving 
current case management and use of insecticide-
treated nets. Other insect-vectored diseases cause 
significant mortality and morbidity to humans such 
as Dengue fever, affecting over 100 million people 
annually (Racloz et al., 2012), Chikungunya virus, 
Chagas disease and Zika virus. Therefore, the eco-
nomic cost of disease control is very significant 
globally. The economics of vector control is an 
interesting case because utilizing aggressive treat-
ment tactics against vectors early may result in 
more sustainable long-term control of diseases 
(Oduro et al., 2018).

Several economists have urged caution in applying 
simplistic approaches to determining the value of 
insect control tactics (Lichtenberg and Zilberman, 
1986; Lichtenberg et  al., 1988; Zilberman et  al., 
1991; Carrasco-Tauber and Moffitt, 1992; Chambers 
and Lichtenberg, 1994; National Research Council, 
2000). Norton and Mullen (1994) produced a 
good early summary of the economic value of IPM 
programmes in the US. They reviewed 61 studies of 
IPM programmes in cotton, soybean, vegetables, 
fruit, groundnut, tobacco, maize and alfalfa per-
formed over the previous 20 years. The emphasis of 
most was on field- and farm-level budgeting of IPM 
alternatives, particularly the use of sampling and 
economic thresholds to make decisions about pes-
ticide applications. Although pesticide use declined 
on average for seven out of the eight crops or crop 
types, 21% of the 61 studies found increased use of 
pesticides with the adoption of IPM programmes. 
Before 1994, IPM actually increased the average 
use of pesticides in corn production in the US (Norton 
and Mullen, 1994), but it is unclear whether this 
was mostly for weed, insect or pathogen control. 
Maize (Zea mays) production changed dramati-
cally after 1994 with the introduction of transgenic 
insecticidal traits (Bt maize) to manage key insect 
pests. For the field crops and fruits evaluated, net 
returns per hectare had an average 48% increase 
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with IPM programmes. The two extremes were 
tobacco with only a 1% increase and groundnut 
with a 100% increase. In this book, Rejesus 
(Chapter 3) and Norton et al. (Chapter 8) describe 
newer studies that evaluate the value of IPM pro-
grammes around the world.

Basic Economics of Management

At the beginning, we stated that economists start 
their work by measuring the value of goods, ser-
vices and even things that are often not easily rec-
ognizable as either, such as health, safety or a good 
environment. When goods and services are exchanged 
in economic markets prices are set by supply and 
demand, and entomologists and economists have 
an easier time determining the values that stake-
holders place on most things, at least for most 
purposes considered relevant to pest management. 
However, not all important resources and ecosys-
tem services are exchanged in markets. Furthermore, 
market prices do not always account for externali-
ties that impact resources and ecosystem services 
beyond the exchanged good or service. In these two 
cases, economic valuation must determine what 
people are willing to pay for goods, resources and 
services not available in a market. How much are 
people willing to pay for pollination services by 
wild insects? An answer to this question determined 
by economists through surveys can then help deci-
sion makers decide how much to spend to protect 
these pollinators.

But what do economists expect to do with this 
information? In positive economics, economists 
describe what is happening in a system of transac-
tions. However, with normative economics, econo-
mists identify what ought to be, given the goals of 
stakeholders. Traditional economics typically assumes 
that stakeholders are rational in some ideal sense, 
whereas in behavioural economics, the ideal 
assumptions are relaxed and the models and analy-
ses account for more realistic and complex human 
behaviours. Most analyses described in this book 
fall under the category of rational economics, but 
one theme of this book is the exploration of the 
complications that human behaviour beyond sim-
ple transactions bring to IPM (Musser et al. 1986).

The word ‘management’ in integrated pest man-
agement implies that a decision must be made by 
a stakeholder who has a stake in the outcome of 
the pest management. Many decisions are made 
based on a formal or informal economic evaluation. 

Even decisions based on a vague description of 
convenience can be associated with the economics 
of time use and labour. Some believe that entomolo-
gists have lost the focus on management or at least 
the economics that forms the basis for management 
(Mitchell and Hutchison, 2009). Note that not all 
economic studies are performed to influence man-
agement, but most retrospective or predictive 
analyses described in this book were meant to affect 
decisions and therefore management. Retrospective 
studies are almost always empirical: the 2-year 
field experiment or the analysis of large-scale data 
over the past 10 years. To influence decision making 
after the retrospective study, the assumption is made 
that the past can represent the future in some way 
or that the few fields studied represent all fields in 
a region. In predictive studies, we assume that we 
can know much about the future – or at least enough 
about the future to make better predictions with 
an economic model than we would without the 
model. Thus, in both retrospective and predictive 
cases, we make assumptions and hope that they are 
reasonable.

Every economic analysis of systems being man-
aged to limit the influence of pests must define four 
factors. First, the stakeholders and the perspective 
taken in the analysis must be determined. Then the 
goal of the analysis must be clarified to match the 
perspective of the stakeholder. Third, the time period 
(temporal scale) for the analysis must be chosen. 
Fourth, the spatial scale or extent must be defined. 
Furthermore, when modelling is performed, the 
system is defined to include some possible compo-
nents and exclude others. By system components, we 
mean the organisms, resources and practices that 
represent the public health, urban or agricultural 
system. Note that the temporal and spatial scales and 
the dimensions of the system are subjective choices 
that should always be justified based on logic, finan-
cial constraints and the information available.

Each IPM-related economic problem has stake-
holders that interact for the purposes of commerce, 
food production or public health. Farmers, govern-
ment agencies, private companies, universities, 
consumers and others can be stakeholders in an 
economic analysis. Usually, the number of stake-
holders is minimized to make the problem simpler 
to solve and to focus on decisions made by only 
one or two stakeholders. Society and social welfare 
are often used by economists to substitute and 
simplify all the stakeholders existing in a large sys-
tem of production and consumption. However, 
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entomologists and economists may want to take 
the different goals of several stakeholders into con-
sideration when evaluating solutions derived from 
simpler analyses.

The time period for the economic analysis is 
defined by the time horizon. For ex-ante economic 
analyses involving predictions of future costs and 
benefits arising from current decisions, subsequent 
activities must have a subjectively selected time 
horizon. The time horizon must be justified as the 
endpoint for the time-discounted economic analy-
sis. It can also be thought of as the endpoint defin-
ing the period during which a stakeholder will 
evaluate resource management decisions. If the 
economic analysis is for 1 year or season, then this 
has a 1-year time horizon. Typical time horizons 
for stakeholders concerned about managing insect 
resistance to insecticides, host-plant resistance, 
crop rotation, mating disruption and other tactics 
putting strong selection pressure on pests are 
10–20 years (Onstad and Mitchell, 2014). Longer 
time horizons may also be preferred by stakehold-
ers promoting classical biological control and other 
IPM approaches that redesign the agricultural or 
public health system (see section on ‘System Design’ 
below). All resource values after the time horizon 
are ignored as either too small (discounted too 
much) or irrelevant to the stakeholder (Mitchell 
and Onstad, 2014).

Entomologists often consider distant time hori-
zons in conceptual discussions, but rarely know 
how to incorporate these time horizons in rigorous 
evaluations of IPM. Another theme of this book is 
the demonstration of long-term analyses and the 
encouragement of their use by entomologists.

Because people tend to prefer immediate rewards 
over delayed rewards, particularly those delayed 
several years, ex-ante or predictive analyses use 
time discounting to reduce the value of future costs 
and benefits and calculate the present value. The 
present value or net present value (NPV) is com-
monly used in decision making in the present that 
accounts for the long-term consequences of a stra-
tegic plan. Financial markets use discount rates to 
determine the price of assets with future value. The 
discount rate is similar to the interest rate for a sav-
ings account in a bank. Mathematically, the discount 
rate r per year determines the discount factor f that 
converts a future cost or benefit into an equivalent 
present value: f(t) = [1/(1 + r)]t, where t is the num-
ber of years in the future. In the 10th year, the dis-
count factor is 0.74 and 0.51 for discount rates of 

0.03 and 0.07, respectively. In the 20th year, the 
discount factors decline to 0.55 and 0.26, meaning 
that a stakeholder will consider $100 in the 20th 
year the same as $26 to $55 in the present when 
making a decision. Thus, as r increases, for instance 
from 0.03 to 0.07, future values are discounted 
more strongly and the decision maker places less 
emphasis on, or has less concern for, the future 
compared with the current year.

Mitchell and Hutchison (2009) and Mitchell and 
Onstad (2014) describe a variety of techniques 
used to evaluate the economics of IPM. The most 
frequently used method for evaluating alternatives 
for pest management is budgeting analysis (Norton 
and Mullen, 1994). Enterprise budgeting is a listing 
of all income and expenditures related to an activ-
ity to provide an estimate of profitability. Usually 
these are per hectare crop budgets and per animal 
livestock budgets that include all input costs, reve-
nues and net returns for all production practices. 
Fixed and variable costs are considered. Norton 
and Mullen (1994) noted that one problem with 
enterprise budgets is that differences in farmers and 
farm management may not be adequately consid-
ered in a sample of farmers divided into users and 
non-users of either IPM or the new set of manage-
ment options. Therefore, care should be taken when 
drawing conclusions about the groups defined for 
the economic evaluation. Partial budgeting is often 
used when more than one enterprise or major activ-
ity is changed with the adoption of new IPM. 
Partial budgeting is also simpler because only the 
benefits and costs expected to change significantly 
with the new IPM are accounted for. However, 
both kinds of budgeting analyses may overestimate 
the economic effects of changes in insecticide use or 
some other simple insect control tactic (National 
Research Council, 2000). These methods consider 
only a small subset of control options and only 
short-term alternatives that do not consider changes 
in farm design.

Another component of economic analyses is the 
measurement of attitudes towards risk by stake-
holders. Some people and organizations are risk 
neutral, but many are risk averse. By risk averse, we 
mean that the decision maker would prefer to 
receive a smaller certain benefit than a larger 
expected benefit if there is uncertainty. Many farm-
ers are described as risk averse in their decision 
making regarding insect management. However, 
one could say that farmers are overall risk takers 
due to the wide variety of climatic, financial and 
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pest-related factors that make farming generally very 
risky. But Musser et al. (1986) have suggested that 
farmers do not consider risk to be important with 
regard to pest management. Generally, the public 
and government agencies are risk averse when mos-
quito control and public health are being evalu-
ated. Loss aversion, greater value placed on losses 
than on the same magnitude of benefits, also can 
influence decision making (Liu and Huang, 2013).

Pannell et al. (2000) questioned (i) the predomi-
nant use of static frameworks to formally analyse 
risk; (ii) the predominant focus on risk aversion; 
and (iii) the idea that explicitly probabilistic models 
are likely to be helpful to farmers in their decision 
making. They concluded that there is very little 
value in accounting for risk aversion for the types 
of strategic problems most commonly modelled 
by agricultural economists. Pannell et  al. (2000) 
believe that risk averse farmers want information 
and advice on how to respond tactically to dynamic 
pest problems. This perspective implies that inte-
grating good strategic plans involving biological 
control, host-plant resistance and landscape design 
with advice for seasonal use of additional tactics 
that protect farmers from unusually high pest pres-
sure could generally lower risk that occurs from 
multiple factors.

Pannell (1991) showed that uncertainty in pest 
density does lead to higher optimal insecticide use 
for risk averse farmers. However, Pannell (1991) 
also determined that uncertainty in other factors 
influencing livestock and crop production could 
cause a lower optimal level of insecticide use. 
Similar results were obtained for Bt maize adoption 
with benefits relative to risk dependent on a variety 
of factors (Hurley et  al., 2004). Mitchell et  al. 
(2002) explored the risks farmers experience when 
planting refuges for insect resistance management.

System Design

Pest management consists of two types of activities 
that change a system so that stakeholders can 
achieve their goals. Most management relies upon 
control of inputs such as fertilizers, pesticides, 
release of biotic agents, harvesting, pruning and 
other factors chosen with timing and amounts 
determined based on monitoring or informal obser-
vation (Ruesink, 1976). Control tactics manipulate 
the labour, energy and schedules used to provide, 
change or remove resources from the system. In 
essence, if a farmer or consultant makes a decision 

about deploying a tactic in the middle of a pest 
outbreak or activity, this is control. The other option 
in management is designing the system: either cre-
ating a new system structure or restructuring some 
of the components within an existing system. We 
often take the system’s design (structure, configura-
tion, number of ponds, trees, plants, etc.) for granted 
when we propose adjusting seasonal inputs for 
controlling insects. Could the system be designed 
better to reduce the need for control or to make 
control more efficient? Can long-term economic 
benefits lead to radical system changes?

Figure 1.1 presents a conceptual diagram of how 
control and design influence a system (Onstad, 
1985). The two central rectangles represent two 
possible states of the system being managed. These 
could be a farm, an agricultural field or a city with 
mosquitoes. The internal elements are different in 
the same sense that the physical environment of 
real systems may be different after restructuring 
land and water and any other component imple-
mented for the long term (Onstad, 1985). Changes 
in arrows within the rectangles signify that flows 
between elements will likely change with restruc-
turing. The arrows outside the rectangles indicate 
that resources flow into the systems and outputs 
flow away from the system. The small, double tri-
angle marks on the arrows remind us that control 
adjusts the rates of these flows.

Several authors have advocated for a greater role 
for design in agro-ecosystem management (Caswell 
et al., 1972; Koenig and Tummala, 1972; Haynes 
et al., 1980; Edens and Haynes, 1982). Choices for 
control are obviously influenced by a system’s struc-
ture. The traditional example of a design change is 
the selection of a crop variety based on host-plant 
resistance to pests (Onstad, Chapter 5). Classical 
biological control has been one of the most impor-
tant aspects of design by adding a new natural enemy 
to a system requiring pest management (Naranjo 
et al., Chapter 4). The same can be said of conser-
vation biological control with the modification of 
the local environment to promote natural enemies 
(Naranjo et  al., Chapter 4). Many other compo-
nents could be altered, including planting site, row 
spacing, irrigation network, inclusion of trap crop 
and crop rotation plan. In public health, cities 
could be designed to limit the sources of water for 
mosquitoes or include predators in ponds to attack 
larvae. In some cases, design has the disadvantages 
of being more difficult to implement and of not 
being profitable over the short term. There may be 
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more opportunities for redesigning annual crop-
ping systems than perennial ones. The economic 
rewards, however, are just as important with peren-
nial cropping systems, because design usually has 
the advantage over control of having a greater 
effect over the long term (Hoyt and Gilpatrick, 
1976; Westigard, 1979).

One major change in design is to convert from a 
conventional system to an organic or similar sys-
tem. Note that organic systems must be certified by 
a third party to obtain the typical price premiums 
for organically branded products. Zentner et  al. 
(2011) evaluated a variety of organic and conven-
tional systems of field crops in Canada over 
8 years. Some systems included crop rotations over 
6  years. Zentner et  al. (2011) concluded that the 
organic systems, several years after the certification, 
were more profitable as long as the organic price 
premiums existed. Walsh et  al. (2011) performed 
an economic evaluation of an experimental orchard 
with apple and pear trees. Part of the orchard was 
managed under conventional plans while the other 
part was managed under organic production rules. 
They concluded that organic production took more 
time than conventional production due to the labour 

required for weed control and the additional pesti-
cide applications. Benefits were estimated to be 
lower in the organic sections primarily because of 
lower organic fruit yields, with the higher expenses 
required for chemicals and labour also contributing 
(Walsh et al., 2011).

Farnsworth et  al. (2016) found that when an 
invasive insect is being managed, organic berry 
growers may not be able to recover economically as 
fast as conventional growers. The spotted wing 
drosophila, Drosophila suzukii, is an economically 
important pest that is native to south-east Asia but 
has become established in North America and 
many countries in Europe (Asplen et  al., 2015). 
Spotted wing drosophila invaded the California 
raspberry (Rubus sp.) industry causing considera-
ble revenue losses and management costs in the 
first years following invasion. Few of the tactics 
eventually used to control spotted wing drosophila 
were needed to prevent injury from other pests 
prior to the invasion. All growers lost about 5% of 
revenue in the first few years. Conventional growers 
eliminated these losses by the fifth year by imple-
menting effective chemical control programmes. 
Organic berry growers, who by design do not have 
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Fig. 1.1. Representation of landscape or environmental design and seasonal control of inputs and outputs as two 
aspects of pest management.
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access to the same chemical controls, continued to 
lose money at the same rate through the sixth year. 
They can mitigate losses only by applying expen-
sive insecticides registered for organic use and by 
performing labour-intensive field sanitation.

Spotted wing drosophila prefer ripening fruit, 
laying eggs under the fruit’s skin resulting in unmar-
ketable fruit (Atallah et  al., 2015). An economic 
analysis by Del Fava et  al. (2017) used partial 
budget analysis to investigate the expected NPV of 
different IPM systems. Following the invasion of 
spotted wing drosophila into northern Italy in 2009, 
a conventional IPM strategy was employed while 
flies were at relatively low density. However, popu-
lations continued to increase and reached much 
higher densities in 2014 compared with previous 
years. At higher densities, and damage, the system 
was redesigned to include exclusion nets, despite 
significant implementation cost. The new design 
achieved better management relative to the conven-
tional IPM strategy. Examining 2  years of data 
(2014 and 2015), Del Fava et  al. (2017) showed 
that exclusion nets (‘upgraded IPM’) resulted in 
increases of profit up to €2.5 million.

A final example for considering system redesign 
as opposed to simply control involves the coffee 
berry borer, Hypothenemus hampei, which chal-
lenges coffee production globally. Atallah et  al. 
(2018) developed a bioeconomic model evaluating 
coffee berry borer control and other economic ben-
efits associated with shade-grown coffee in 
Colombia. Analysis found that shade-grown coffee 
lowered temperatures in the microclimate inhab-
ited by the coffee berry borer slowing development 
and reducing the number of generations per year. 
When infested by H. hampei, shade-grown coffee 
provided higher economic benefit, relative to sun-
grown, but only for a range of shade (15–30% 
shade). In the absence of the insect or if shade was 
outside the optimal range, sun-grown coffee was 
more profitable. Additional benefits from shade-
grown coffee systems include better nutrient cycling 
(ecosystem service) and revenue from timber. 
Furthermore, shade-grown coffee, when produced 
under certain conditions, can usually demand a 
price premium in many organic or sustainably 
grown markets. Without the price premium, rarely 
is shade-grown coffee more valuable than sun-
grown (Atallah et  al., 2018). With higher premi-
ums, the range of tolerable shade cover increases 
above 15–30%. As climate change increases tem-
perature, leading to an increase in coffee berry 

borer generations per year and population density, 
evaluating different systems, such as shade-grown 
coffee production, may need to be considered.

Rusesink (1976) stated that control has received 
the attention in pest management, but he predicted 
that design would play a bigger role in the future. 
In our concluding chapter, we will summarize our 
thoughts about how much consideration design has 
received over the 40 years since Ruesink’s prediction.

Economic Studies for the Major 
Approaches to IPM

In this section, we provide an overview of the types 
of costs involved in major approaches to IPM. We 
separate pest management into two categories (tak-
ing the perspective of a farmer): those efforts that 
primarily have significant annual costs and those 
with mostly sunk costs. Of course, other stakehold-
ers (including society) may require different per-
spectives and analyses. For example, most of the 
costs for an insecticide are sunk for corporation 
but annual for the farmer. Both categories require 
extensive research and development prior to imple-
mentation. Benefits and costs to the farmer may be 
easy to determine on an annual basis, but externali-
ties for society, both positive and negative, add 
complexities for different analyses. Furthermore, 
the descriptions below are ideal. In most economic 
analyses, some factors are missing.

Design changes and choices  
made for the long term

Classical biological control

Naranjo et  al. (Chapter 4) provide details about 
many economic analyses of classical biological 
control and conservation of natural enemies (see 
section below). Most of the costs of these efforts 
occur before a seasonal pest outbreak. These pro-
grammes can also often provide benefits to many 
farmers or citizens in a region much like area-wide 
IPM (Koul et al., 2008).

For classical biological control involving introduc-
tion of non-native natural enemies, public research 
and development efforts that should be included in 
economic analyses include foreign exploration and 
collection, the maintenance of quarantine facilities in 
the country collecting the foreign species, controlled- 
environment experimentation on the targeted pest 
and non-target organisms, mass rearing of the 
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 natural enemy before release, preliminary field 
studies, storage and delivery. Field evaluations after 
formal release should also be considered as valua-
ble efforts worthy of inclusion in analyses.

Choice of livestock breed and crop variety

The primary decision is the choice of species to 
produce on a farm. The secondary selection is the 
animal breed or crop variety. Whether these decisions 
are made annually or only once every 5–10 years, 
the underlying costs of research and development 
must be considered in economic analyses (Onstad, 
Chapter 5). Host-plant resistance involves invest-
ments in public and private research and develop-
ment. Often private investments are represented by 
higher costs of seed or rootstock, but the public 
costs are often unknown and end up being subsi-
dies for farmers. Similar types of costs should be 
considered in analyses of livestock IPM. Because 
arthropods can evolve resistance to highly effective 
host resistance (Onstad and Knolhoff, 2014), the 
benefits of resistance in livestock and crops may 
decline over time.

Schedule for crop or livestock  
paddock rotation

A long-term schedule for rotation of crops or relo-
cation of livestock from paddock to paddock is a 
good tactic to consider in IPM (Lechenet et  al., 
2014; Khakbazan et al., 2015). Economic evalua-
tions need to be especially careful in selecting the 
time horizon and the spatial scale. The time hori-
zon should account for at least one full rotation of 
all crops or paddocks. But this would only be one 
replicate. Therefore, either the time horizon must 
be extended to account for multiple full sets or one 
full set over time should be performed at multiple 
locations to create more replicates. If the pest dis-
perses easily across an area with various states of the 
rotation or fields without rotation, then the evalua-
tion likely must deal with this phenomenon as well.

Khakbazan et al. (2015) performed a 4-year field 
study on Prince Edward Island, Canada, to deter-
mine the economic effects of converting from con-
ventional potato production to organically managed 
systems. Seven organically managed rotations and 
one conventional rotation were evaluated. Each 
organic crop rotation included potato as the main 
cash crop and at least one other cash crop in a 
4-year rotation. Organically managed cash crops 

generated higher net revenues than the conven-
tional potato system only if the average organic 
price premium was applied, because of lower yields 
and higher costs (Khakbazan et al., 2015). A tradi-
tional potato–cereal–green manure rotation pro-
duced economic benefits similar to most of the 
organic rotations.

Costs and benefits to consider in an economic 
evaluation of rotations would include the fixed and 
variable costs of maintaining planting, cultivation 
and harvesting equipment for multiple crops, extra 
labour for moving livestock from paddock to pad-
dock, fencing and possibly greater management 
costs due to complex planning, scheduling and 
marketing. In addition, if resistant crops are included 
in rotations or paddocks, then the costs and bene-
fits of these must also be considered.

Because simple rotations, particularly those with 
just two crops, may select for rotation resistance in 
the pest, the dynamics of evolving resistance should 
also be considered in economic evaluations. Onstad 
et al. (2003) used a model that simulated the popu-
lation dynamics and genetics of Diabrotica virgif-
era virgifera in a landscape of maize, soybean 
(Glycine max) and winter wheat (Triticum aesti-
vum) where evolution of resistance to crop rotation 
may occur. Behavioural resistance has evolved in 
this major pest of maize in areas where 85–90% of 
farmers rotate maize to soybean and back to maize 
every 3 years (2-year schedule). Onstad et al. (2003) 
economically evaluated six alternative management 
strategies over a 15-year time horizon, as well as a 
strategy involving a 2-year rotation of maize and 
soybean in 85% of the landscape. Generally, resist-
ance to crop rotation evolved in fewer than 15 years 
(15 pest generations), and the rate of evolution 
increases as the level of rotated landscape (selection 
pressure) increases. The two most successful strate-
gies for delaying resistance were the use of trans-
genic insecticidal maize in a 2-year rotation and a 
3-year rotation of maize, soybean and wheat with 
unattractive wheat (for oviposition) preceding 
maize. Economically, a 2-year rotation of soybean 
and transgenic insecticidal maize was a robust solu-
tion to the problem, if the technology fee charged 
for the host-plant resistance in maize was not too 
high (Onstad et al., 2003).

Physical design of landscape

The physical landscape and structural components 
and configuration of farms can greatly influence 
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IPM. This is true for production of annual crops or 
perennial crops (orchards, vineyards, tree planta-
tions) and livestock farms. When we evaluate the 
economics of public health programmes in cities, 
we should also consider the influence of land-
scapes. Note that the important landscape compo-
nents could be terrestrial or aquatic depending on 
the pest and its natural enemies.

For conservation biological control usually 
involving the promotion of native natural enemies, 
public research and development efforts that should 
be included in economic analyses include extensive 
field testing of best practices in habitat alteration, 
alteration of productive resources for natural ene-
mies and away from other uses, and any costly 
adjustments in other private agricultural practices 
or in public health plans. Ecological engineering is 
a new term being used to describe habitat manipu-
lation and landscape design (Gurr et al., 2004).

Control based on decisions during a season

Augmentative biological control

With augmentative biological control, pathogens, 
parasitoids or predators are released into fields or 
farms every season or year. Industry, grower coop-
eratives or government agencies make the major 
investments up front that permit the annual pro-
duction of natural enemies in a production facility 
(Tauber et  al., 2000). These stakeholders need to 
understand the long-term returns on the invest-
ments. For the farmers or other users of the sea-
sonal control, the investment in the production 
facilities can be seen as sunk costs that determine, 
to some extent, the cost of the purchased batch of 
biological control agents. Augmentative biological 
control requires annual rearing, storage and deliv-
ery of living organisms (McEwen et al., 1999). After 
delivery of biological control agents to a farm, 
costs are incurred to spread the natural enemies 
throughout the fields. Again, these organisms must 
be stored and handled carefully on the farm. Even 
when augmentative biological control applied sea-
sonally is part of a predetermined schedule/design, 
the large quantity of biological control agents released 
in inundative efforts require significant annual costs, 
which are not usually part of classical biological con-
trol programmes.

Because the cost of rearing natural enemies is 
frequently taken for granted or forgotten in evalu-
ations of augmentative biological control, we provide 

a short review of several papers that describe these 
costs. Vieira et  al. (2017) determined the cost of 
rearing a parasitoid that attacks eggs of pests in the 
genus Spodoptera. They found that the cost of rear-
ing the parasitoid on an alternate Lepidopteran 
host in the family Pyralidae was only $0.0002/
parasitoid versus the $0.0004/parasitoid when 
reared on Spodoptera frugiperda. Galleria mel-
lonella can be a serious pest of hives of A. mellifera, 
causing millions of dollars in damage to the honey 
industry in the 1980s in the United States (Dougherty 
et  al., 1982). Dougherty et  al. (1982) discovered 
that the nucleopolyhedrosis virus of this pest has 
similar virulence after production either in vitro or 
in vivo. They calculated that the cost of in vitro 
production was much less than a dollar per ten-frame 
hive. In a series of papers, Coudron and others 
demonstrated the feasibility of rearing predaceous 
stink bugs (Pentatomidae) on artificial, insect-free 
diets to produce effective biological control agents 
(Wittmeyer and Coudron, 2001; Coudron et  al., 
2002; Coudron and Kim, 2004). In comparison 
with the conventional rearing on Trichoplusia ni, a 
natural prey, they found that developmental times 
were prolonged and net reproductive rate was 
lower on an insect-free diet. However, the studies 
showed that the cost of rearing approached 1.1 
times the cost of rearing on T. ni.

Insecticides and chemicals used to attract, 
confuse or repel pests

Chemical insecticides, both synthetic and derived 
from natural sources, are typically sold seasonally 
to farmers or public health officials who often use 
the products according to perceptions or measure-
ments made during the season. The manufacturers 
of the chemicals invest in research, development 
and production. A recent estimate of the cost of 
developing one commercial insecticide is $286 mil-
lion over an 11-year period (Sparks and Lorsbach, 
2017). (For a view of biopesticides, see the over-
view provided by Bailey et al., 2010.) The insecti-
cide users pay a price for each product partially 
based on the costs incurred by the corporations. 
Onstad et al. (Chapter 7) discuss much more about 
insecticides.

Semio-chemicals are pheromones and kairomones 
and other natural chemicals used to disrupt or trap 
the pest population. Clearly, pheromone trapping and 
mating disruption are tactics involving these chemi-
cals. If these are applied on a schedule determined 
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before the beginning of the season, then this approach 
could be considered part of the design or long-term 
management plan. However, when the extent of 
their use is based on seasonal knowledge, then 
farmers and other users may consider the econom-
ics to be similar to those for insecticidal control. 
The manufacturers of the chemicals invest in 
research, development and production.

Note that insects can evolve resistance to any of 
these chemicals over the long term (Onstad 2014). 
Thus, some economic analyses may account for 
declining benefits due to evolution.

Genetic control

Brown et al. (Chapter 6) describe economic analy-
ses for genetic control. Genetic modification of a 
pest population involves extensive research and 
development requiring at least as much investment 
in facilities and rearing as augmentative biological 
control. The additional costs for genetic control 
certainly are due to the need to maintain colonies 
of different phenotypes not just one colony for the 
species. Greater oversight by government regula-
tory agencies and non-profit organizations likely 
increase costs even more compared with biological 
control. Again, economic analyses may need to 
account for declining benefits of genetic control as 
resistance evolves.

The Challenge and the Opportunity

We chose the title of this book carefully. The word 
‘integrated’ was added not just because of the 
background to the term IPM and a minor necessity 
to match the acronym and title. We firmly believe 
that the theory and practice of IPM are critical to 
the future of our society. We also strongly believe 
that integration of tactics and redesigning systems 
without consideration of economics is foolish and 
counterproductive. Although some entomologists 
may believe that the practice of IPM has not come 
close to the ideals imagined in the 1960s and 
1970s, new solutions have been developed. Even 
since Kogan’s (1998) review, area-wide pest man-
agement (Koul et  al., 2008) and insect resistance 
management (Onstad, 2014) have added new dimen-
sions to IPM. Area-wide management emphasizes 
the advantages of larger spatial scales and coordi-
nated, if not cooperative, efforts. Insect resistance 
management is essentially long-term, area-wide IPM 
(Onstad, 2014).

We have asked all authors to highlight three 
themes in their chapters. The first is the real and 
potential roles of design in pest management. If 
nothing else, this will prevent us from taking design 
for granted. The second theme is the value of taking 
a long-term perspective. As noted above, stakehold-
ers may need our help viewing the costs and bene-
fits over several decades after a decision is made. 
The third theme for the book is the consideration 
of the influence of human behaviour in IPM. We do 
not mean the standard transactional economic 
behaviour measured in the simplest analyses. We 
mean the extra behaviours considered by behav-
ioural economists, and those that make our analy-
ses more difficult. Do the customers and users of 
IPM behave in ways, individually or socially, to 
make IPM more difficult to implement in agricul-
ture or public health? Should more research focus 
on this area? How can education contribute to bet-
ter IPM? We will attempt to summarize any conclu-
sions that can be drawn about these three themes 
in our concluding chapter.

Ten years ago, Onstad and Knolhoff (2009) col-
lected data to determine how frequently economic 
evaluations of insect IPM occur. They used CAB 
Abstracts, a bibliographic database, to survey ento-
mological journals representing the discipline of 
economic entomology: Journal of Economic 
Entomology (JEE), Journal of Medical Entomology, 
Bulletin of Entomological Research and Journal of 
Applied Entomology. Half of the articles surveyed 
were published by JEE. Onstad and Knolhoff 
(2009) found that less than 1% of research papers 
published between 1972 and 2006 (almost 2% in 
JEE) included economic evaluations of pest man-
agement tactics. At least 85% of these analyses were 
performed by entomologists, not economists. 
Onstad and Knolhoff (2009) concluded that eco-
nomic entomologists may need to take steps to 
enhance the research that supports these evalua-
tions, if they ultimately want to determine the value 
of different kinds of tactics for farmers and society.

To determine if activity had changed since 2007, 
we performed a similar survey of the journals Crop 
Protection and JEE for the period 2010–2015 using 
Scopus, another bibliographic database. JEE pub-
lished 1744 articles during this period and we 
obtained 145 hits on the term ‘economic’ in our 
search. Of these, only 18 articles reported on an 
economic evaluation; 6 out of the 18 had an econo-
mist as an author. For Crop Protection, 1601 arti-
cles were published. We obtained 139 hits with 
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~40% being entomological in this multi-disciplinary 
journal. Only 9 articles during 2010–2015 had eco-
nomic analyses of insect problems; 2 of 9 had an 
economist as an author. The percentage <1% of 
articles reporting economic analyses matched the 
results of Onstad and Knolhoff (2009). The propor-
tion in JEE declined slightly from a long-term 2% 
to 1%. Before 2008, at least 85% of these analyses 
were performed by entomologists, not economists; 
after 2010, the percentage declined to 67%.

Rejesus (Chapter 3) and Norton et al. (Chapter 8) 
present many examples of IPM programmes around 
the world. The complex economic analyses reviewed 
in these two chapters provide insight into what has 
worked and what difficulties must still be over-
come. Economic journals do publish most of these 
more sophisticated methods, but, as Norton and 
Mullen (1994) noted, these journals should not  
be expected to contain or represent most of the 
empirical studies that use established methods. 
Thus, entomologists and others interested in sur-
veying the conclusions drawn from empirical eco-
nomic studies must explore non-economic journals, 
documents and sites on the internet to complete 
their work.

Arthur (2010) stated that the top research need 
for stored product entomology is the integration of 
economic analyses into applied management pro-
grammes for insect pests. These pests impact the 
viability of a wide range of businesses including 
farms, flour mills, food warehouses, distribution 
centres and retail stores. Arthur (2010) hoped that 
economic analyses could improve decision making 
tools and provide cost–benefit evaluations for indi-
vidual facilities. We support Arthur (2010) and 
hope that economic analyses can become more 
common because they are critical to IPM and ento-
mology (Mitchell and Hutchison, 2009).

References

Arthur, F.H. (2010) Stored product entomology in the 
United States: perspectives for the future. American 
Entomologist 56(4), 218–220.

Asplen, M.K., Anfora, G., Biondi, A., Choi, D.S., Chu, D. 
et al. (2015) Invasion biology of spotted wing 
Drosophila (Drosophila suzukii): a global perspective 
and future priorities. Journal of Pest Science 88, 
469–494.

Atallah, J., Teixeira, L., Salazar, R., Zaragoza, G. and 
Kopp, A. (2014) The making of a pest: the evolution of 
a fruit-penetrating ovipositor in Drosophila suzukii 
and related species. Proceedings of the Royal 

Society of London B: Biological Sciences 281(1781), 
20132840.

Atallah, S.S., Gómez, M.I. and Jaramillo, J. (2018) A bio-
economic model of ecosystem services provision: 
coffee berry borer and shade-grown coffee in 
Colombia. Ecological Economics 144, 129–138.

Bailey, K.L., Boyetchko, S.M. and Langle, T. (2010) Social 
and economic drivers shaping the future of biological 
control: a Canadian perspective on the factors affect-
ing the development and use of microbial biopesti-
cides. Biological Control 52, 221–229.

Carrasco-Tauber, C. and Moffitt, L.J. (1992) Damage con-
trol econometrics: functional specification and pesti-
cide productivity. American Journal of Agricultural 
Economics 74, 158–162.

Caswell, H., Koenig, H.E., Resh, J.A. and Ross, Q.E. 
(1972) An introduction to systems science for ecolo-
gists. In Patten, B.C. (ed.) Systems Analysis and 
Simulation Ecology, Vol. 2. Academic Press, New York.

Chambers, R.G., and Lichtenberg, E. (1994) Simple 
econometrics of pesticide productivity. American 
Journal of Agricultural Economics 76, 407–418.

Coudron, T.A., and Kim, Y. (2004) Life history and cost 
analysis for continuous rearing of Perillus bioculatus 
(Heteroptera: Pentatomidae) on a zoophytogenous 
artificial diet. Journal of Economic Entomology 97, 
807–812.

Coudron, T.A., Wittmeyer, J. and Kim, Y. (2002) Life history 
and cost analysis for continuous rearing of Podisus 
maculiventris (Say) (Heteroptera: Pentatomidae) on a 
zoophytophagous artificial diet. Journal of Economic 
Entomology 95, 1159–1168.

Del Fava, E., Ioriatti, C. and Melegaro, A. (2017) Cost–
benefit analysis of controlling the spotted wing dros-
ophila (Drosophila suzukii (Matsumura)) spread and 
infestation of soft fruits in Trentino, northern Italy. Pest 
Management Science 73, 2318–2327.

Dickinson, K.L., Hayden, M.H., Haenchen, S., Monaghan, 
A.J., Walker, K.R. and Ernst, K.C. (2016) Willingness 
to pay for mosquito control in Key West, Florida and 
Tucson, Arizona. American Journal of Tropical 
Medicine and Hygiene 94, 775–779.

Dougherty, E.M., Cantwell, G.E. and Kuchinski, M. 
(1982) Biological control of the greater wax moth 
(Lepidoptera: Pyralidae), utilizing in vivo- and in vitro-
propagated baculovirus. Journal of Economic 
Entomology 75, 675–679.

Edens, T.C. and Haynes, D.L. (1982) Closed system 
agriculture: resource constraints, management options, 
and design alternatives. Annual Review of Phytopa
thology 20, 363–395.

Farnsworth, D., Hamby, K.A., Bolda, M., Goodhue, R.E., 
Williams, J.C. and Zalom, F.G. (2017) Economic anal-
ysis of revenue losses and control costs associated 
with the spotted wing drosophila, Drosophila suzukii 
(Matsumura), in the California raspberry industry. 
Pest Management Science 73, 1083–1090.



12 D.W. Onstad and P.R. Crain

Grisi, L., Leite, R.C., Martins, J.R., Barros, A.T., 
Andreotti R., et al. (2014) Reassessment of the 
potential economic impact of cattle parasites in 
Brazil. Revista Brasileira de Parasitologia Veterinária 
23, 150–156.

Gurr, G.M., Wratten, S.D. and Altieri, M.A. (2004) 
Ecological Engineering for Pest Management: 
Advances in Habitat Manipulation for Arthropods. 
CSIRO Publishing, Canberra.

Hammer, J.S. (1993) The economics of malaria control. 
The World Bank Research Observer 8, 1–22.

Hanson, K., Goodman, C., Lines, J.D., Meek, S., Bradley, 
D. and Mills, A. (2004) The economics of malaria con-
trol interventions. Global Forum for Health Research. 
World Health Organization, Geneva, Switzerland.

Haynes, D.L., Tummala, R.L. and Ellis, T.L. (1980) 
Ecosystem management for pest control. BioScience 
30, 690–696.

Heath, A.C.G. and Bishop, D.M. (1995) Flystrike in New 
Zealand. Surveillance Wellington 22, 11–13.

Hoyt, S.C. and Gilpatrick, J.D. (1976) Pest management 
on deciduous fruits: multidisciplinary aspects. In: 
Apple, J.L. and Smith, R.F. (eds) Integrated Pest 
Management. Plenum Press, New York.

Hurley, T.M., Mitchell, P.D. and Rice, M.E. (2004) Risk 
and the value of Bt corn. American Journal of 
Agricultural Economics 86, 345–358.

Khakbazan, M., Henry, R., Haung, J., Mohr, R., Peters, 
R. et al. (2015) Economics of organically managed 
and conventional potato production systems in 
Atlantic Canada. Canadian Journal of Plant Science 
95, 161–174.

Koenig, H.E. and Tummala, R.L. (1972) Principles of eco-
system design and management. IEEE Transactions 
on Systems, Man, and Cybernetics 2, 449–459.

Kogan, M. (1998) Integrated pest management: historical 
perspectives and contemporary developments. 
Annual Review of Entomology 43, 243–270.

Koul, O., Cuperus, G.W. and Elliott, N. (2008) Areawide 
Pest Management: Theory to Implementation. CAB 
International, Wallingford, UK.

Lechenet, M., Bretagnolle, V., Bockstaller, C., Boissinot, 
F., Petit, M.-S. et al. (2014) Reconciling pesticide 
reduction with economic and environmental sustain-
ability in arable farming. PLoS ONE 9(6), e97922. 
DOI:10.1371/journal.pone.0097922

Lichtenberg, E., and Zilberman, D. (1986) The econo-
metrics of damage control: why specification matters. 
American Journal of Agricultural Economics 68, 
261–273.

Lichtenberg, E., Parker, D.D. and Zilberman, D. (1988) 
Marginal analysis of welfare effects of environmental 
policies: the case of pesticide regulation. American 
Journal of Agricultural Economics 70, 867–874.

Liu, E.M. and Huang, J. (2013) Risk preferences and pes-
ticide use by cotton farmers in China. Journal of 
Development Economics 103, 202–215.

McEwen, P.K., Kidd, N.A.C., Bailey, E. and Eccleston, L. 
(1999) Small-scale production of the common green 
lacewing Chrysoperla carnea (Stephens) (Neuropt., 
Chrysopidae): minimizing costs and maximizing out-
put. Journal of Applied Entomology 123, 303–305.

McLeod, R.S. (1995) Costs of major parasites to the 
Australian livestock industries. International Journal 
for Parasitology 25(11), 1363–1367.

Mitchell, P.D., Hurley, T.M., Babcock, B.A. and Hellmich, 
R.L. (2002) Insuring the stewardship of Bt corn: ‘A car-
rot’ versus ‘A stick’. Journal of Agricultural and 
Resource Economics 27, 390–405.

Mitchell, P.D. and Hutchison, W.D. (2009) Decision mak-
ing and economic risk in IPM. In: Radcliffe, E.B., 
Hutchison, W.D. and Cancelado, R.E. (eds) 
Integrated Pest Management: Concepts, Tactics, 
Strategies and Case Studies. Cambridge University 
Press, Cambridge, UK.

Mitchell, P.D., and Onstad, D.W. (2014) Valuing pest 
susceptibility to control. In: Onstad, D.W. (ed.) Insect 
Resistance Management: Biology, Economics and 
Prediction, 2nd Edn. Academic Press, London, 
pp. 25–53.

Musser, W.N., Wetzstein, M.E., Reece, S.Y., Varca, P.E., 
Edwards, D.M. and Douce, G.K. (1986) Beliefs of 
farmers and adoption of integrated pest manage-
ment. Agricultural Economics Research 38, 34–44.

National Research Council (1999) Perspectives on 
Biodiversity: Valuing Its Role in an Everchanging 
World. The National Academies Press, Washington, 
DC. https://doi.org/10.17226/9589

National Research Council (2000) The Future Role of 
Pesticides in US Agriculture. National Academies 
Press, Washington, DC.

National Research Council (2005) Valuing Ecosystem 
Services: Toward Better Environmental Decision
Making. The National Academies Press, Washington, 
DC. https://doi.org/10.17226/11139

Norton, G.W. and Mullen, J. (1994) Economic evaluation 
of integrated pest management programs: a literature 
review. Virginia Cooperative Extension Publication 
448-120, Blacksburg, VA.

Oduro, B., Grijalva, M.J. and Just, W. (2018) Models of 
disease vector control: when can aggressive initial 
intervention lower long-term cost? Bulletin of 
Mathematical Biology 80, 788–824.

Oerke, E.-C. (2006) Crop losses to pests. Journal of 
Agricultural Science 144, 31–43.

Sparks, T.C. and Lorsbach, B.A. (2017) Perspectives on 
the agrochemical industry and agrochemical discov-
ery. Pest Management Science 73, 672–677.

Oliveira, C.M., Auad, A.M., Mendes, S.M. and Frizzas, 
M.R. (2014) Crop losses and the economic impact of 
insect pests on Brazilian agriculture. Crop Protection 
56, 50–54.

Onstad, D.W. (1985) Options for design and control in the 
management of a tortricid leafroller (Choristoneura 

https://doi.org/10.17226/9589
https://doi.org/10.17226/11139


Major Economic Issues in Integrated Pest Management 13

rosaceana) in apple orchards. PhD Dissertation. 
Cornell University, Ithaca, NY.

Onstad, D.W. (2014) Insect Resistance Management: 
Biology, Economics and Prediction, 2nd edn. 
Academic Press, London.

Onstad, D.W. and Knolhoff, L.M. (2009) Finding the eco-
nomics in economic entomology. Journal of Economic 
Entomology 102, 1–7.

Onstad, D.W. and Knolhoff, L.M. (2014) Arthropod resist-
ance to crops. In: Onstad, D.W. (ed.) Insect Resistance 
Management: Biology, Economics and Prediction, 
2nd edn. Academic Press, London, pp. 293–326.

Onstad, D.W., Crowder, D.W., Mitchell, P.D., Guse, C.A., 
Spencer, J.L. et al. (2003) Economics versus alleles: 
balancing IPM and IRM for rotation-resistant western 
corn rootworm (Coleoptera: Chrysomelidae). Journal 
of Economic Entomology 96, 1872–1885.

Pannell, D.J. (1991) Pests, pesticides, risks and risk 
aversion. Agricultural Economics 5, 361–383.

Pannell, D.J., Malcolm, B. and Kingwell, R.S. (2000) Are 
we risking too much? Perspectives on risk in farm 
modelling. Agricultural Economics 23, 69–78.

Pimentel, D., Lach, L., Zuniga, R. and Morrison, D. (2000) 
Environmental and economic costs of nonindigenous 
species in the United States. BioScience 50(1), 
53–66.

Racloz, V., Ramsey, R., Tong, S. and Hu, W. (2012) 
Surveillance of dengue fever virus: a review of epide-
miological models and early warning systems. PLoS 
Neglected Tropical Diseases 6(5), 1648.

Ruesink, W.G. (1976) Status of the systems approach to 
pest management. Annual Review of Entomology 21, 
27–44.

Sackett, D., Holmes, P., Abbott, K., Jephcott, S. and 
Barber, M. (2006) Assessing the economic cost of 
endemic disease on the profitability of Australian beef 
cattle and sheep producers. MLA Report AHW 87.

Tauber, M.J., Tauber, C.A., Daane, K.M. and Hagen, K.S. 
(2000) Commercialization of predators: recent les-
sons from green lacewings (Neuroptera: Chrysopidae: 
Chrysoperla). American Entomologist 46, 26–38.

Taylor, D.B., Moon, R.D. and Mark, D.R. (2012) Economic 
impact of stable flies (Diptera: Muscidae) on dairy and 
beef cattle production. Journal of Medical Entomology 
49, 198–209.

Vargas-Terán, M., Hofmann, H.C. and Tweddle, N.E. 
(2005) Impact of screwworm eradication programmes 
using the sterile insect technique. In: Dyck, V.A., 

Hendrichs, J., Robinson, A.S. and Vieira, N.F. (eds) 
Sterile Insect Technique. Springer, Dordrecht, The 
Netherlands, pp. 629–650.

Rodríguez-Vivas, R.I., Grisi, L., Pérez de León, A.A., 
Silva Villela, H., Torres-Acosta, J.F.D.J. et al. (2017) 
Potential economic impact assessment for cattle par-
asites in Mexico. Review. Revista Mexicana de 
Ciencias Pecuarias 8(1), 61–74.

Vieira, N.F., Pomari-Fernandes, A., Lemes, A.A.F., 
Vacari, A.M., De Bortoli, A.S. and de Freitas Bueno, A. 
(2017) Cost of production of Telenomus remus 
(Hymenoptera: Platygastridae) grown in natural and 
alternative hosts. Journal of Economic Entomology 
110(6), 2724–2726.

Walsh, C.S., Ottesen, A.R., Newell, M.J., Hanson, J.C. 
and Leone, E.H. (2011) The effect of organic and con-
ventional management programs on apple and Asian 
pear tree growth, productivity, expenses and reve-
nues in a hot, humid climate. Acta Horticulturae 903, 
665–672.

Westigard, P.H. (1979) Integrated pest management of 
insects and mites of pear. In: Boethel, D.J. and 
Eikenberry, R.D. (eds) Pest Management Programs 
for Deciduous Tree Fruits and Nuts. Plenum Press, 
New York, pp. 151–202.

World Health Organization (2017) World Malaria Report 
2017. Licence:CC BY-NC-SA 3.0 IGO. Geneva, 
Switzerland.

Wittmeyer, J.L. and Coudron, T.A. (2001) Life table param-
eters, reproductive rate, intrinsic rate of increase, and 
estimated cost of rearing Podisus maculiventris 
(Heteroptera: Pentatomidae) on an artificial diet. 
Journal of Economic Entomology 94, 1344–1352.

Zalucki, M.P., Shabbir, A., Silva, R., Adamson, D., Shu-
Sheng, L. and Furlong, M.J. (2012) Estimating the 
economic cost of one of the world’s major insect 
pests, Plutella xylostella (Lepidoptera: Plutellidae): 
just how long is a piece of string? Journal of Economic 
Entomology 105, 1115–1129.

Zentner, R.P., Basnyat, P., Brandt, S.A., Thomas, A.G., 
Ulrich, D. et al. (2011) Effects of input management 
and crop diversity on economic returns and riskiness 
of cropping systems in the semi-arid Canadian 
Prairie. Renewable Agriculture and Food Systems 
26, 208–223. DOI:10.1017/S1742170510000591

Zilberman, D., Schmitz, A., Casterline, G. and 
Lichtenberg, E. (1991) The economics of pesticide 
use and regulation. Science 253, 518–522.


	1 Major Economic Issues in Integrated Pest Management 
	Basic Economics of Management
	System Design
	Economic Studies for the Major Approaches to IPM
	Design changes and choices made for the long term
	Classical biological control
	Choice of livestock breed and crop variety
	Schedule for crop or livestock paddock rotation
	Physical design of landscape

	Control based on decisions during a season
	Augmentative biological control
	Insecticides and chemicals used to attract, confuse or repel pests
	Genetic control


	The Challenge and the Opportunity
	References


