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Abstract

he second half of the 20th century and the beginning of the 21st century have witnessed

important changes in ecology, climate and human behaviour that favour the
development of urban pests. Most alarmingly, urban planners are faced now with the
dramatic expansion of urban sprawl, where the suburbs of our cities are growing into the
natural habitats of ticks, rodents and other pests. Also, many city managers now erroneously
assume that pest-borne diseases are relics that belong to the past.

All these changes make timely a new analysis of the direct and indirect impacts of present-
day urban pests on health. Such an analysis should lead to the development of strategies to
manage them and reduce the risk of exposure. To this end, WHO has invited international
experts in various fields — pests, pest-related diseases and pest management — to provide
evidence on which to base policies. These experts contributed to the present report by
identifying the public health risk posed by various pests and appropriate measures to prevent
and control them. This book presents their conclusions and formulates policy options for all
levels of decision-making to manage pests and pest-related diseases in the future.
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Foreword

Recent developments in pest-borne diseases, such as cases of West Nile fever in the United
States of America and the spread of Lyme disease in both Europe and North America,
have signalled strongly the crucial need to carefully assess the potential threat of urban
pests to public and environmental health. Also, modern living conditions, urban sprawl
and emerging changes in climate make the spread of pests and pest-borne diseases increa-
singly likely. The effects of these conditions and changes need to be properly monitored
and understood. Moreover, the lesson learned from the outbreak of severe acute respira-
tory syndrome (SARS) is that modern forms of transport enable infected travellers to
move quickly from one continent to another, with the ability to arrive at their destination
before any symptoms appear. This same speed of travel also enables pests to spread freely
and quickly from area to area in trucks, boats and planes. These factors, together with
increasing concern about pathogens undergoing mutation and changing their host spe-
cies and mode of transmission, need careful scientific evaluation.

This report considers the significance of the main urban pests and the medical conditions
they create, as well as the resulting economic cost of the burden of disease, when data
were available. It also proposes technical and policy options for governments that desire
to implement adequate surveillance and contingency plans.

The report is based on contributions from international experts in the fields of pests, pest-
borne diseases and pest management, invited by the WHO European Centre for
Environment and Health, Bonn. The office acted as secretariat for the working group.
WHO is very grateful for the contributions of these experts and believes that the recom-
mendations in the report, if implemented, will reduce the health hazards caused directly
and indirectly in Europe and North America by pests and unhealthy pest control prac-
tices.

Shortly before this report was finalized, one of the guiding spirits of the working group,
Professor Marco Maroni, died suddenly and unexpectedly. He was an internationally
renowned pesticide specialist and long-standing WHO advisor. He was not only the lead
author of Chapter 14, on pesticide risks and hazards, but he also contributed significantly
to the quality of the whole report, by constructive criticism and input during the mee-
tings. Professor Maroni’s charisma, devotion to public health, human qualities and cons-
tant availability to others (despite a fully booked agenda), along with his simplicity
(although he was immensely knowledgeable), were recognized by all those who approa-
ched him. We shall miss his presence and deeply lament his death.

Dr Roberto Bertollini
Director, Special Programme on Health and Environment
WHO Regional Office for Europe
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Executive summary

This report provides sound evidence that urban areas are being exposed increasingly to
pests and (through them) to pest-related diseases. This multi-faceted problem of increa-
sing exposure entails environmental, structural, institutional, regulative, managerial,
financial, scientific and climatic aspects. Solutions that will better protect public health,
by implementing improved pest and pest-related disease management, have been iden-
tified. These solutions address the need for legal action, education, institutional capacity
building and research at international, national and local levels.

The conclusions drawn are based on the currently available evidence but it is important
to understand that there are some major factors, such as the impact that climate change
will have on landscapes, ecosystems and the future patterns of vector borne diseases, that
are going to be very important in the future.

Climate change is particularly relevant because it is expected to alter not only the natu-
ral environment as a result of flooding or drought but also the urban environment as a
result of changes in land use.

Only the future will tell to what degree these factors will affect the risk of pest-related dis-
eases. Still, the conclusions drawn by this report will help and support national govern-
ments to understand better the public health relevance of urban pests and to be able to
prepare the ground for increased technical capacity and ability for action.

The evidence reviewed in this book is based on a review the current status of urban pests
and health in Europe and North America, and mostly draws from scientific evidence
produced and regulatory approaches developed within these countries. Still, the evidence
and regulatory approaches described may be of use for a wide range of countries, depen-
ding on their national context.

Legal requirements

A fundamental requirement for implementing the right (and effective) preventive and
control measures is having adequate legal requirements in place that allow appropriate
ministries and agencies to take appropriate action and that provide them with the autho-
rity to take these actions.

Planning and construction

By destroying the borders between urban and rural environments, urban sprawl makes
urban areas more susceptible to pests and the disease agents they carry. Since many zoo-
notic pathogens — that is, pathogens that can be transmitted to people from animals —are
more likely to be transmitted between vectors and their reservoir hosts in rural environ-
ments, the risk of infection increases as rural amenities, such as woodland and recreatio-
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nal areas, are promoted. This increase in the risk of infection is due to the likelihood of
inhabitants of inner-city areas coming into contact with such disease-bearing pests as ticks
and rodents. Also, city planners and developers often seek to integrate (visually and eco-
logically) construction projects, such as housing developments, single buildings and
recreational areas, with their natural surroundings; however, they often do so without
considering the risk of increased pest infestation. This risk could be reduced by:

1. regulations about city planning, landscaping, design of recreational areas and the like
taking into account the risks of pest infestation and disease transmission; and

2. construction regulations ensuring that new buildings are pest-proofed and do not
create conditions conducive to pest infestation.

Responsibilities

Because pest management involves health, environmental and occupational factors, it is
often difficult to decide which government department or agency should be responsible
for its activities. At the local level, it is often unclear which body is responsible for pest pre-
vention, surveillance and control. The following approach may help resolve the difficulty
in decision-making and the lack of clarity.

3. A single government department should have the ultimate responsibility for supervi-
sing monitoring programmes and implementing pest management measures; this
should be accompanied by the political will to implement programmes and measures.

4. With regard to pest management, adequate regulations should make clear the liabili-
ties of contractors, building managers, homeowners, apartment occupants and local
authorities.

Pesticide application

Potent pesticide products are often not only available to private individuals, but are also
often misused by them, due to a lack of knowledge or expertise. In this case, pesticides
may be applied when unnecessary, in wrong formulations, at wrong concentrations and
in wrong amounts. Even if used correctly, pesticides still hold a risk for both human
health and environmental health. They therefore require a technical risk—benefit analysis
before being applied. The following measures may help improve this situation.

5. Although regulations that cover the sale and use of pesticides exist throughout Europe
and North America, a stricter differentiation between professional and amateur pro-
ducts should be established and enforced, to prevent the general public from having
access to products that need to be used only by trained and competent operators.

6. Through scientifically based risk assessments and proper approval processes, pesticide
applications and the pesticides used should not pose an unacceptable risk to consumers,
operators or the environment. Proper risk assessments should be required and carried
out before pesticides are put on the market.
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Notification, approval and public awareness
Notification

Because of differences among European Union (EU) Member States, the notification sys-
tem in Europe is inconsistent. For example, Lyme borreliosis, the most frequent arthro-
pod-borne disease in Europe, is reportable in some EU Member States but not in others.
It is, therefore, extremely difficult to collate reliable epidemiological data. Also, where
diseases are reportable, notification rules often differ from country to country, making it
impossible to compare data. Finally, data are generally unavailable to the public, are not
presented in easily accessible databases or are not offered in a user-friendly form. The
following measures may help improve this situation.

7. At the international level, there should be an agreement on expanded and standardi-
zed notification requirements for pest-borne diseases, as well as other adequate mecha-
nisms to collect and analyse data centrally and to make biological and epideiological
data publicly available. Early notification, a clear requirement for developing adequate
public health policies, should enable Member States to be properly informed.

Approvals

In addition to international differences in the requirements for the approval of pesticides,
the complexity and cost of pesticide approvals are rising continually, which either cur-
rently prevents many companies from putting products on the market that could be more
efficient and cheaper than the existing ones or results in acceptable products of minor use
from being withdrawn from the market. This makes it likely that future choices of the
best available pesticide on the market for a particular application will be severely redu-
ced by the economics of the approvals process. It also means that competition in the mar-
ket for pesticides will be skewed towards large international companies able to afford to
have their pesticides approved. As a result of this, the range of pesticides available will
decrease, thereby reducing the options for treatment. Also, treatments of pests that are
either of minor or new importance “will not be carried out”, because it will be unprofi-
table to develop or obtain approval for pesticides for their control. The following is a step
towards remedying this situation.

8. The prohibitive costs associated with obtaining pesticide approvals should be reconsi-
dered and, when possible, lessened. This will allow for the competitive possibility of
registering more efficient and cheaper pesticides and pesticides that fulfil treatment
niches. Approval fees should not be inflated to cover unrelated needs.

Public awareness

Public information and education are fundamental to efficient and successful pest mana-
gement, with respect to both preventive and control measures. Most people are unaware
how their habits, their behaviour and changes in their homes can attract commensal pests
and provide ideal living conditions for these pests to thrive. They are also largely unaware
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that pests may carry pathogens and that simple personal measures can be taken to avoid
contact with pests. Moreover, they are largely unaware of how to handle pesticides. Thus,
public information is not only a basic need, but it is also economically sound, because it
contributes considerably to preventing pest infestations through private action. The fol-
lowing measure may help improve this situation.

9. Information should be developed for the public, to raise its awareness of how to pro-
tect itself through simple sanitary and behavioural measures. Such information should
also familiarize them with how to best store and use pesticides, which would also mini-
mize the risks associated with their storage and use.

Institutional capacities

Up-to-date data on the occurrence and distribution of pests and pest-related diseases are
generally scarce (or even non-existent) in the EU. In the past, government departments
and agencies dealt with pests and collected data. However, this form of activity has slo-
wly (but substantially) been reduced (or even discontinued) by budget cuts. Although
there has been a pest renaissance for several years, pertinent government agencies have
not been upgraded or established anew with adequate staff, equipment and funds to act
as surveillance units to collect epidemiological data. It is of general concern that in Europe
there are neither national nor international institutions responsible for collecting vector-
related information and coordinating pest control. The following measures may help
improve this situation.

10. WHO Regional Office for Europe Member States, through coordinated efforts of their
public health authorities, would benefit from: developing the capacity needed to iden-
tify pest-related risks in the urban environment (that is, identify pests and pest-borne
diseases that occur at present or have the potential to occur); determining and recor-
ding the prevalence of various infections; and keeping track of existing reservoirs of
host species and the geographical distribution of various pests and their transmission
dynamics. They would also benefit from keeping an updated list of high-risk areas.

11. Governments of the European Region — as well as other countries — would benefit
from ensuring that surveillance agencies and suitably educated staff are available. A
well-trained public health force, available and prepared for pest and pest-related dis-
ease management, is needed to protect the public from the threats to health associa-
ted with urban pests. For example, it is needed at vulnerable sites, such as ports and
airports. Educated specialists in such disciplines as medical entomology, medical zoo-
logy, toxicology, ecotoxicology and public health management are needed to: train
pest managers; help develop control programmes, including strategies and pesticide
use; reach agreements on action thresholds and defined control goals; and ensure that
harmonious cooperation takes place between all the stakeholders involved, including
government departments and agencies, local authorities, industry, consumer groups
and the public.
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12. At both the national and local levels, authorities in charge of vector-related informa-
tion should be clearly identified. The role of partners, as well as mechanisms for coor-
dinating partner efforts, should be defined and put in place. While there are European
agencies that collect information on disease, there is a need for a similar organization
that would collect information on vectors, because most data collection activities in
this area are carried out at a local level nationally and no coordination exists.

Research

The study of the various chapters in this report (such as those that cover ticks, mosqui-
toes and fleas) generally demonstrates that while the biology and behaviour of the pests
has been well studied, the epidemiology of the diseases they transmit, particularly in the
case of newly emerging diseases, are poorly understood. Though the need for unders-
tanding exists, scientists specialized in the classical disciplines of medical zoology and
medical entomology are becoming rare, as governments and universities progressively
shift their limited financial resources to other fields. Because of this shift in resources, not
only is research in the classical disciplines being neglected, but the knowledge that under-
pins it is also disappearing, slowly and irreversibly. Moreover, public health professionals
and physicians are often overly strained when confronted with pests and emerging pest-
borne diseases, and at universities there is rarely a specialist left who can be consulted.

The same is true of pest surveillance and pest control. Private pest management compa-
nies are becoming less and less (if at all) involved in research and development, and the
pest management industry generally concentrates on products for which there are ready
markets.

The following, the last item in this summary, is an important conclusion of this report.

13. Governments, public health programmes and the general public would benefit from
encouraging, supporting and promoting pest-related scientific research. This would
lead to refined knowledge of the biology, ecology and behaviour of pests and of the
epidemiology of pest-borne diseases, which is urgently needed, as are more efficient
and specific tools and active ingredients for pest surveillance and control.

Xl
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Introduction

The second half of the 20th century and the beginning of the 21st have witnessed impor-
tant changes in ecology, climate and human behaviour that favour the development of
urban pests. Most alarmingly, urban planners are faced now with the dramatic expan-
sion of urban sprawl, where the suburbs of our cities are growing into the natural habi-
tats of ticks, rodents and other pests. Also, many city managers now erroneously assume
that pest-borne diseases are relics that belong to the past.

Background

Changing times are accompanied by changing needs. Since the earliest of times, people
have lived in communities, using caves in prehistoric times and dwellings built for their
needs in more modern times. These communities strived to organize safe and secure sett-
lements based on commonly agreed principles that would allow them to function in an
orderly manner. Because the health and well-being of a community’s inhabitants are vital
parts of it functioning productively, specialized bodies were established to protect it from
external and internal threats.

By the 19th century, the major threats to community health were recognized as coming
from poor housing, poor management of sewage and drainage, foul air in industrialized
towns, unsafe drinking water, and inadequate control of pests. Early environmental
health practitioners fought to remedy these defects and spurred the founding of the envi-
ronmental health movement. In the 20th century, engineering and construction techniques
went a long way towards removing the problems of air pollution, sewage, drainage and
poor water quality in cities and towns. At the same time, the development of pesticides
that benefited public health made the control of pests much easier in increasingly urba-
nized areas. Subsequently, the new science of hazard (or risk) analysis filtered out a num-
ber of environmentally unacceptable products. Also, following major advances in medi-
cal research, antibiotics can now control most pest-borne diseases, while improved
sanitation practices and immunization programmes have further reduced the adverse
effects of infestation.

The development of cities and towns dramatically changed our lifestyle, especially our
increased reliance on motorized transport, and as a result we are now confronted with
problems caused by urban sprawl. As inner-city areas became crowded, degraded and
(in some cases) unsafe, urban sprawl began with the more affluent residents moving to
the new greener suburban areas, which were usually served by major transportation net-
works, such as railways and roads. These networks enabled the more advantaged people
in a community to live in the desirable leafy suburbs while working in the city centres.
Not only has this arrangement encouraged urban sprawl, but it has also changed the eco-
nomic and health balance in the community. This general evolution has been accompa-
nied by other macro-changes that affect the community, such as the globalization of natio-
nal economies, the ease with which people move from country to country, the
international exchange of goods and (more important) the first symptoms of global war-
ming.
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Since 1989, ministers responsible for health and the environment have met every five
years to receive updates on the major environmental factors that adversely affect public
health and to discuss them. During these discussions, they reviewed the options availa-
ble to address problem areas and then agreed on common commitments for action.

In June 2004, at the Fourth Ministerial Conference on Environment and Health, in
Budapest, Hungary, ministers of health and environment adopted a declaration that pro-
vides the political foundation for the present work. The declaration affirms that minis-
ters have:

< recognized the importance of properly assessing the economic impacts of different levels
of environmental degradation — in particular, the direct and indirect costs incurred by
society in addressing diseases related to the environment;

<recognized that the existing housing stock, the lifestyles of our people, the immediate
environment of dwellings and the social conditions of the inhabitants should all be
considered when developing healthy and sustainable housing policies;

erecognized that preventing ill health and injury is infinitely more desirable and cost
effective than trying to address the diseases;

<noted that large quantities of chemicals, currently produced and marketed with largely
unknown effects on human health and the environment, constitute a potential risk to
the people working with them, as well as to the general public; and

erecognized that delay in addressing a suspected health threat can have public health
consequences.

Based on these premises, ministers have:

erecommended that the WHO Centre for Environment and Health should continue to
provide Member States with evidence to support policy-making in environment and
health;

< called for initiatives and programmes aimed at providing national and local authorities
all over the Region with guidance on integrating health and environmental concerns
into housing policies; and

«committed themselves to contributing to developing and strengthening housing policies
that address the specific needs of the poor and the disadvantaged, especially with regard
to children.

The present report has been prepared so that the ministers responsible for public health
and the environment can better fulfil these commitments in an area of growing concern:
the possible threat to public health that stems from urban pests and attempts to control
them.

Public Health Significance of Urban Pests

Scope of this report

The main purpose of this report is to identify approaches to urban pest prevention and
control that beneficially reduce the impact of these pests on public health. Passive control
through improved design and construction of our cities and our housing stock is certainly
the most sustainable approach: when pests lack the conditions they need to breed, such
as food, drink, warmth and safe harbourages, they simply cannot survive in an area. This
very basic approach is valid for all pests. Unfortunately, suitable conditions often exist
where we live, work and play, which means that pests usually can coexist perfectly in our
environment and that passive measures have to be very specific to control either their
presence or development.

Humankind’s increasing desire to change its environment entails new risks from pests
and the diseases with which they are associated. An example of this is the rise in tick-
borne diseases. As cities expand and more houses are built on their wooded outskirts,
people will be more exposed to tick-borne diseases, such as borreliosis (especially Lyme
disease), tick-borne encephalitis and Rocky Mountain spotted fever. These severely dis-
abling diseases have been able to spread over the past 30 years, (in part) because of our new
lifestyles, despite the management techniques now available to control urban pests. These
techniques have developed significantly, due to the discovery of new pesticides and new
application methods.

Chapter 14 of this report reviews the main health risks associated with pesticides. It also
provides examples of models designed to estimate human exposure to pesticides used in
pest control activities. The science in this field is developing quickly.

Regulations are also evolving to make pest control less hazardous. As this report makes
clear, good pest control cannot be achieved through the sole use of chemicals. Chapter 15
gives a detailed description of the principles and basic techniques of integrated pest mana-
gement; it is the key concept that supports sustainable pest management practices and
should be enshrined in national regulations that deal with pest control.

This report discusses many urban pests, including such emerging ones as non-commen-
sal rodents. However, non-vector-borne health threats associated with pets, especially cats
(and cat allergens), have not been considered in the report. Similarly, feral cats and dogs
are not reviewed, because techniques for controlling them are very specific and (in many
countries) are seldom used by pest control managers. This is also why Chapter 9, on lice,
deals mainly with body lice, which are usually handled only by pest control staff in cases
of emerging outbreaks. Moreover, this chapter touches very briefly on head lice, because
they are usually controlled by medical or paramedical teams in schools, kindergartens
and day-care centres or by care providers at home.

This report focuses on the urban pest management challenges faced by developed coun-
tries in Europe and North America, its primary audience are public health authorities at
international, national and local levels. However, universities and other research bodies,
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the pest management industry, urban planners, architects, nongovernmental organiza-
tions, and consumer groups from the WHO European and North American regions will
find information of considerable relevance to their daily practices in the report. Although
evidence from the other regions of the world has not been reviewed in the context of this
report, there may still be relevant issues and elements that could be applicable depending
on the national context. Nevertheless, the information contained in this report should
not be extrapolated to these regions without careful consideration of the relevant litera-
ture that deals with their specifics.

The editors and authors of this report would be grateful for any comments and ques-
tions about it. The scope of this report is finite, because it is not possible to deal either
with all pests present in the urban environment or with all possible diseases carried or
transmitted by pests.

The process

At a meeting held in London, 26-28 June 2002, a steering committee (see Annex 2) was
established. It agreed on the scope and purpose of this report, a workplan and a schedule.
The institutions to be consulted were identified, as were the authors of the individual
chapters (see Annex 2). The basis for selecting authors was their credentials — their contri-
butions to peer-reviewed literature. To provide the most accurate epidemiological evi-
dence from both the North American continent and the WHO European Region, a team
of at least two authors, one from each geographical region, was created where it was belie-
ved to be relevant.

The authors were requested to adhere to the following guidance, which was decided
upon at the first meeting of the steering committee. Based on existing literature, authors
were invited to review both the distribution of urban pests and the prevalence of disea-
ses associated with them. In preparing their chapters, authors were asked to address in
some detail, existing management techniques, with special emphasis on the application
of integrated pest management. The literature on the health aspects of the use of pestici-
des, as well as methods for evaluating human exposure and assessing the risk of pestici-
des used during pest control activities, was also to be reviewed.

This report does not attempt to be a systematic review of the literature per se, but it does
attempt to use the most objective criteria to select the literature cited. In choosing litera-
ture on which to base the individual chapters, grey literature was not automatically exclu-
ded when it was the only source available to support hypotheses or to report on anecdo-
tal, but significant events. With regard to the literature cited, it is important to note that
the authors of the different chapters were asked to carefully evaluate this literature. In line
with this, each author was asked to provide the criteria he or she used to include or reject
a reference.

At a meeting of the steering committee, held in Bonn, 9-10 May 2005, the initial drafts
produced by the authors were examined. At this meeting, further guidance was provided
to the authors: to avoid overlaps, to include or delete paragraphs on specific subjects and
to ensure consistency.
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The final drafts were reviewed by the steering committee, at a meeting held in London,
23-24 April 2006. In addition to the members of the steering committee and the authors,
a representative of the European Centre for Disease Prevention and Control attended
the meeting. Comments at the meeting were provided to the authors, who then submit-
ted their final work to WHO within four weeks of the end of the meeting.

WHO then sent each chapter to peer reviewers (see Annex 2). These reviewers were
recommended both by the authors and by the WHO Regional Office for Europe or
WHO headquarters and were neither involved in the steering committee nor in the wri-
ting process. Where appropriate, the comments and suggestions of the peer reviewers
have been incorporated in the final report.
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1. Allergic asthma

Matthew S. Perzanowski, Ginger L. Chew,
Rob C. Aalberse and Frederic de Blay

Summary

Asthma is a major urban disease and a substantial burden from the standpoint of both the
quality of life for the many suffering from the disease and the economics of health care.
The global increase in the prevalence of asthma in the last half of the 20th century has
affected urban communities in many countries disproportionately. Asthma is an allergic
disease for more than 50% of adults and 80% of children. The evidence for a relations-
hip between allergic asthma and domestic exposure to cockroaches, mice and dust mites
is strong. These pests are common in urban environments, especially impoverished com-
munities, and play a significant role in the pathogenesis of urban asthma.

While exposure to allergens is necessary to develop an allergic response, the thresholds of
exposure needed for an allergic immune response and for exacerbation of asthma symp-
toms are unclear. Recent studies would suggest that the differences observed among stu-
dies on the quantity of allergen exposure that relates to disease might be due to the
influence of concurrent exposures that alter the immunological response (such as bacte-
rial products) and to genetic factors that affect an individual’s susceptibility to produce
immunoglobulin E antibodies to an allergen. Despite uncertainties in quantitative thres-
holds, studies have demonstrated a clear relationship between increasing domestic expo-
sure to allergens from cockroaches, mice and dust mites and an increased risk of allergic
sensitization and severe asthma.

Given the relationship between exposure and disease, removing these pests and their
allergens is a logical tactic for preventing disease and reducing symptoms, but current
methods need improved efficacy. Results from studies on avoiding allergens suggest cau-
tious expectations about the ease with which long-term clinically relevant allergen reduc-
tion can be accomplished. Also, public health practitioners should be aware that focusing
on one aspect of asthma control will not necessarily result in an improvement in the pre-
valence of asthma at the community level. A multifaceted approach to controlling aller-
gic asthma consists of using controller medications, avoiding irritants (such as ozone and
outdoor air pollution) and avoiding allergens. These more broadly defined asthma inter-
ventions, which include tailoring allergen reductions to an individual’s specific allergy
and providing education about effective methods for sustained integrated pest manage-
ment, may be effective in reducing the burden of asthma in urban communities.



Allergic asthma

1.1. Allergic asthma and urban environmental factors

In industrialized countries, asthma has emerged as one of the most common chronic dis-
eases of childhood, and in the United States of America and other countries it is the lea-
ding cause of hospital visits for children. WHO has estimated that 300 million people
worldwide have asthma (WHO, 2006). The prevalence of asthma varies from less than
1% in rural Africa, to 7-20% in western Europe, to as high as 25-40% in some cities in the
United States and suburban Australia (Fig. 1.1; Peat et al., 1995, ECRHS, 1996;
Yemaneberhan et al., 1997; Ng'ang’a et al., 1998; Ronmark et al., 1998; Gupta et al., 2004;
Nicholas et al., 2005). Asthma in the urban environment has been linked to allergic sen-
sitization — in particular, to pests in the indoor environment, including cockroaches,
rodents and dust mites. Other diseases are related to allergic sensitization, including aller-
gic rhinitis and atopic dermatitis. These diseases and asthma often occur in the same indi-
viduals, especially in childhood. Also, some pests, such as ticks and midges, can induce
anaphylactic reactions (Elston, 2004). While these other allergic responses to pests are
important in the urban environment, the scope of this chapter is limited to allergic asthma.

1.1.1. The association between asthma and allergy

Asthma, as defined by the Global Initiative for Asthma (GINA; originally established by
WHO and the National Institutes of Health in the United States), is:

... achronic inflammatory disorder of the airways in which many cells and cellular elements
play a role. Chronic inflammation causes an associated increase in airway hyperresponsive-
ness that leads to recurrent episodes of wheezing, breathlessness, chest tightness and cou-
ghing, particularly at night or in the early morning.

These episodes are usually associated with variable airflow obstruction that is often rever-
sible, either spontaneously or with treatment (WHO, 2003).

Asthma is an allergic disease for more than 50% of adults and 80% of children (WHO,
2003). In an urban environment, sensitization to pests, including rodents, cockroaches
and dust mites, is common among asthmatics. In the United States, the National
Cooperative Inner-City Asthma Study (NCICAS) found that 77% of mild or moderate
asthmatics 4-9 years of age were sensitized to at least one of the allergens tested, inclu-
ding a high prevalence of sensitization to cockroach and mouse allergens (Kattan et al.,
1997). Also, a similar study in Atlanta, Georgia, found that 80% of mild or moderate asth-
matic children had a positive allergy skin test to at least one allergen, primarily from coc-
kroaches and dust mites (Carter et al., 2001). Recently a study from inner-city New York
City found sensitization to mice, cockroaches and dust mites was common (about 15%)
in children as young as 2 years old (Miller et al., 2001a). However, rates of sensitization
to both dust mites and cockroaches vary between cities and ethnic groups within cities
(Stevenson et al., 2001).

The atopic march is a term that describes the process whereby an individual who is gene-
tically predisposed to allergy is exposed to an antigen, becomes sensitized and develops
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an allergic disease (Fig. 1.1; von
Mutius, 1998). This sensitiza-
tion is the result of an immuno-
globulin E (IgE) antibody-
mediated hypersensitivity
reaction to the specific allergen
(antigen). In this reaction, mast
cells are stimulated and release

Genetically predisposed
individual

Allergic sensitizak

Allergen exposure
(cockroach, rodent, dust mite)

histamine. This leads to a com-
plex inflammatory reaction that
involves multiple inflammatory
cell types. The diseases allergic
rhinitis, atopic eczema and
allergic asthma are all associated

Allergic asﬁmfl/

Exacerbation of
asthma symptoms

with immediate hypersensiti-  Fig. 1.1. Allergen exposure and the atopic march to asthma
vity to allergens.

1.1.1.1. Risk of developing allergic sensitization

For this discussion, atopy is defined as an individual’s tendency to “produce IgE antibo-
dies in response to ordinary exposure to low doses of allergens” (WHO, 2003). Allergic
sensitization can be assessed by two common methods: a skin test, in which an allergen
extract is placed on the skin and the skin is pricked (Bousquet & Michel, 1983), and a
measurement of allergen-specific IgE in the serum. In most communities without ende-
mic parasitic infections, the correlation between skin tests and serum IgE test results is
strongly positive (Bousquet & Michel, 1983; Eriksson, 1989). However, not all sensitized
individuals, as judged either by a skin test or serum IgE, have noticeable allergic symp-
toms.

Exposure to an allergen is essential for the development of allergic sensitization.
However, the quantity of allergen necessary for sensitization is not known and may
depend on the individual and the allergen itself. For sensitization to dust mites, there
does appear to be a dose—response relationship, with atopically predisposed individuals
exposed to more allergen being more likely to become sensitized (Platts-Mills et al., 2001).
In communities where most homes have concentrations greater than 10 pg of dust mite
allergen per gram of dust collected (pg/g), the response of a majority of the allergic indi-
viduals sensitized to mites appears to plateau, likely indicating a population-level satu-
ration in prevalence (Marks, 1998). The allergic response to cockroach allergens also
seems to show a dose—response relationship, with increased exposure associated with
increased symptoms (Rosenstreich et al., 1997). For exposure to cat and dog allergens,
there appears to be a protective effect of high-dose exposure early in life, with those chil-
dren exposed to the highest levels of pet allergen — that is, those living with pets — less
likely to become sensitized to pets (Ronmark et al., 1998; Hesselmar et al., 1999; Platts-
Mills et al., 2001; Ownby, Johnson & Peterson, 2002; Perzanowski et al., 2002). However,
this view is contradicted by several studies that report an increase in the development of
sensitization among pet owners (Lau et al., 2000; Melen et al., 2001; Almaqvist et al., 2003).
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Several determinants have been identified as risk factors for allergy. There is a genetic
component, which has been observed in studies of monozygotic and dizygotic twins
(Marsh, Meyers & Bias, 1981; Ownby, 1990; Duffy, Mitchell & Martin, 1998; Borish, 1999).
In general, studies seem to show that a child with one atopic parent is twice as likely as a
child with non-atopic parents to develop atopy, and a child with two atopic parents is
four times as likely (WHO, 2003). Compared with rural life, urban life has been shown
to be associated with an increase in atopy (Braback et al., 1994; Ronmark et al., 1999).
However, the variation in risk between urban and rural communities are difficult to attri-
bute, since lifestyle differences can include many determinants, such as exposure to ani-
mals, increased exposure to bacteria, housing type and physical activity, all of which have
been evaluated independently as risk factors for allergy (Crater & Platts-Mills, 1998).
While many studies have identified exposure to environmental tobacco smoke (ETS) as
arisk for developing asthma, the relationship between exposure to ETS and allergic sen-
sitization does not seem as clear (Rylander et al. 1993; Chang et al., 2000; Gold, 2000;
Ronmark et al., 1998).

The first few years of life are thought to be an important period in the development of
sensitization. Several studies have even suggested that prenatal exposure to allergens may
influence the immune response (Warner et al., 2000; Miller et al., 2001b). The develop-
ment of sensitization, as judged by skin test or serum IgE level, has been shown to occur
during the early years of life through the teenage years; however, exposure to new aller-
gens as an adult can lead to the development of new sensitizations (Dowse et al., 1985;
Sporik et al., 1990).

Exposure to some substances, referred to as adjuvants, can influence the development of
sensitization to environmental allergens. Two examples of environmental exposure that
are currently being studied for their potentially relevant immunomodulatory effects are
bacterial cell wall components and products of diesel combustion.

In the 20th century, increased cleanliness at the community level has generally resulted in
lower exposure to bacteria early in life. That this increased cleanliness is responsible for
a more allergic population is part of the proposed hygiene hypothesis. Measuring endo-
toxin, a lipopolysaccharide from Gram-negative bacteria, has been used to assess exposure
to bacteria. Experiments that use animal models have shown that exposure to high levels
of endotoxin, in conjunction with an allergen, leads to a non-IgE response, while low
doses of endotoxin and exposure to allergens result in an IgE response (Eisenbarth et al.,
2002). Cross-sectional studies have shown that rural children with high levels of endo-
toxin in their bedroom had a lower prevalence of allergic sensitization than those with
low exposure (von Mutius et al., 2000; Braun-Fahrlander et al., 2002). Also, recent birth
cohort studies from two American cities, Boston (Phipatanakul et al., 2004) and New
York (Perzanowski et al., 2006), have found exposure to endotoxin in the home to have
amodest inverse relationship to the allergic skin disease eczema in the first two years of
life.

In urban environments, exposure to diesel exhaust particulates is common. Components
of diesel particulates can shift an allergen-specific immune response to an enhanced IgE
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response. This has been demonstrated in people, where nasal challenges with diesel par-
ticulates increased the IgE antibodies to ragweed allergen (Diaz-Sanchez et al., 1997).
Due to difficulties in measuring diesel in epidemiological studies, few studies have dealt
with its associations with asthma. Higher levels of particulate matter and proximity to
traffic, which have been used as proxies for exposures that would include diesel exhaust
particulates, have been associated with asthma and other respiratory symptoms in seve-
ral studies (Riedl & Diaz-Sanchez, 2005).

1.1.1.2. Risk factors for developing asthma

As already mentioned, a primary risk factor for developing asthma is allergic sensitiza-
tion (Platts-Mills et al., 1997). Allergy to dust mites, cockroaches, mice, cats, dogs and the
fungus Alternaria have all been shown to be significantly associated with asthma (Call et
al., 1992; Peat et al., 1994; Sporik et al., 1995; Custovic et al., 1996a; Halonen et al., 1997,
Rosenstreich et al., 1997; Perzanowski et al., 1998; Ronmark et al., 1998; Phipatanakul et
al., 2000a; Matsui et al., 2004a). In fact, a strong association between asthma and allergy
has been reported in virtually all studies in westernized communities (Platts-Mills et al.,
1997). When evaluating asthma at an early age (before the age of 6 years), sensitization
to an inhaled allergen is a strong risk factor for asthma symptoms that persist into later
childhood (Martinez et al., 1995). As with allergic sensitization, having a family history
of asthma also contributes to the risk of becoming asthmatic (Bracken et al., 2002).
Exposure to ETS in the home is also associated with asthma (Gold, 2000). Moreover,
having two or more siblings in day care and frequent respiratory infections early in life
have been shown to be protective against asthma, and these findings are sighted as evi-
dence for the hygiene hypothesis (von Mutius et al., 1999; Ball et al., 2000). Furthermore,
exposure to 0zone has been associated with exacerbating asthma (d’Amato et al., 2005).
Psychosocial stress has also been associated with asthma (Wright, Rodriguez & Cohen,
1998). Finally, there also may be dietary and physical-activity components to the deve-
lopment of asthma (Crater & Platts-Mills, 1998; Sprietsma, 1999; Shore & Fredberg, 2005).

The current hypothesis for the genesis of asthma in children involves a complex interac-
tion, in the first years of life, between the two arms of the immune system: the innate and
adaptive pathways. Viruses and other immunostimulatory substances may modulate the
immune system’s response to non-pathogenic allergens, such as those from dust mites,
cockroaches and mice. This occurs at a critical point in lung growth and development in
children, and effects of this immune response could have permanent effects on lung func-
tion (Holt, Upham & Sly, 2005).

1.1.1.3. Exposure to allergens is a risk for exacerbating asthma

Exposure to allergens to which individuals are sensitized can exacerbate the severity of
asthma and trigger asthma attacks. A study of inner-city asthmatic children from seve-
ral cities in the United States found that those asthmatic children who were sensitized to
cockroaches and exposed to higher levels of cockroach allergen in the home had more
frequent asthma symptoms and hospital admissions for asthma (Rosenstreich et al., 1997).
Therefore, reducing exposure to allergens has been a major goal of asthma intervention
studies, the efficacy of which is discussed in section 1.7.
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1.1.2. The global asthma epidemic

The global epidemic of asthma, which occurred at the end of the 20th century, has been well
documented and appears to parallel changes in industrialized countries (Evans et al., 1987;
Sears & Beaglehole, 1987). Results from studies around the world clearly demonstrate an
overall global increase in the prevalence of asthma; however, some countries have reported
aplateau or even a decrease over the past decade (Eder et al., 2006) The frequency and occur-
rence of asthma varies among countries and communities within countries, but in most
industrialized nations about 7-10% of the population are affected. Australia, New Zealand
and urban communities in the United States, however, have reported 25-40% of their popu-
lation affected (Peat et al., 1995; ISAAC, 1998; Nicholas et al., 2005). A study of conscripts
from Finland (where military service is compulsory) over the years 1926-1989 showed an
increase in asthma, from less than 0.1% to 1.8%, among 18-year-old men, with the increase
starting in the 1960s (Haahtela et al., 1990). In Charleston, South Carolina, admissions for
asthma at the university hospital increased 20-fold among African-American males over a
40 year period, starting in 1960 (Crater et al., 2001). This association with industrialized
countries can be observed cross-sectionally in low-income countries as well. In Kenya, the
rural prevalence of paediatric asthma was found to be 2%, increasing to 6% in the more
urbanized villages and to 10% in Nairobi (Ng'ang’a, 1996; Odhiambo et al., 1998).

Much research effort has been focused on understanding the reasons for the global increase
in the prevalence of asthma; however, no clear cause has been demonstrated. The central
question is: what has changed as a result of (or in parallel with) industrialization over the
last several decades to cause an increase in asthma? In response to the question, there are
many hypotheses and propositions.

An initial proposition was that the reported increase in disease was not a real increase;
instead, it was simply a change in the way asthma was diagnosed or was an increased
awareness of the disease. While this may add to the overall increase in the prevalence of
asthma, a true increase in the disease is widely accepted and has been documented in the
literature (Evans et al., 1987; Sears & Beaglehole, 1987; Lundback, 1998).

Outdoor air pollution has been hypothesized as a cause for the increase in the prevalence
of asthma (Samet, 1995). Air pollution is known to be associated with the exacerbation of
asthma symptoms (Sandstrom, 1995); increased ozone has been associated with decrea-
sed lung function (Kinney et al., 1989); and exposure to diesel exhaust particulates has
been associated with increased allergic inflammation (Nel et al., 1998; Sydbom et al.,
2001).

However, one argument against air pollution causing the increase in asthma relates to
timing. The rise in the prevalence of asthma has not necessarily occurred in parallel with
an increase in outdoor air pollution, since environmental regulations in the 1970s have led
to a decrease in overall air pollution in the United States. Specifically, a report by Pope
and colleagues (2002) showed a moderate decrease in fine particles, with an aerodynamic
diameter smaller than 2.5 um (designated PM5), in many cities over the past 20 years.
Moreover, studies from Germany have shown an association between air pollution and
bronchitis, but not asthma (von Mutius et al., 1994; Braun-Fahrlander et al., 1997).
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Several hypotheses focus on the increase in asthma being caused by changes in lifestyle.
Trends in conserving energy in buildings in the last half of the 20th century have resul-
ted in people living in houses with less natural ventilation. This has led to an increase in
indoor air humidity and to a more stable climate for supporting dust mite growth (Platts-
Mills & de Weck, 1989). Increases in the use of carpets, a common dust mite reservoir,
have also contributed to the increase in dust mite allergens (Platts-Mills & de Weck, 1989).
In areas of the world currently reporting some of the highest prevalences of asthma, such
as suburban Australia, the United Kingdom and inner-city areas of the southern United
States, allergy to dust mites is one of the greatest risk factors for having asthma (Call et
al., 1992; Peat et al., 1994; ISAAC, 1998; Crater et al., 2001). Thus, an increase in expo-
sure to dust mites has been cited as a possible driver of the increase in asthma. However,
similar prevalence rates of asthma have been reported in areas of the world where,
because of low humidity, dust mites cannot live, such as northern Sweden and Los
Alamos in the United States (Sporik et al., 1995; Ronmark et al., 1999), and such rates
have also been reported in cities in the north-eastern United States, such as New York and
Boston, where the prevalence of asthma is high, but where dust mite allergy does not
contribute greatly to the profile of allergic sensitization (Rosenstreich et al., 1997).

The so-called hygiene hypothesis, which recently gained support, is another theory for the
increase in the prevalence of asthma. Originally proposed by Strachan to explain increa-
ses in allergic rhinitis in the latter part of the 20th century, this hypothesis has been exten-
ded to explain the increase in asthma (Strachen, 1989). It proposes that a cleaner living
environment for children in 20th century developed countries, including less exposure to
viruses and bacteria, has led to an overall shift in the immune response to the more aller-
gic T-helper cell 2. Decreased exposure to bacteria, both in the environment and in the
gut, has been proposed as a factor that contributes to the increase in the prevalence of
asthma (von Mutius et al., 2000; Bjorksten et al., 2001).

With respect to the relationship between asthma and pests, centuries ago exposure to
allergens of cockroaches, mice and rats was invariably associated with pathogens coming
from the human environment. Those exposed to these pests were also exposed to infec-
tious pathogens. Now, this link between pests and pathogens in the urban environment
has been greatly disrupted, and pests might induce only allergies (Tatfeng et al., 2005).

Decreased exposure to bacteria in early life may have contributed to the increase in allergy
that occurred in the late 19th century in the United Kingdom, when hay fever became
prevalent (Emanuel, 1988). In the United States, a cross-sectional study of adults found
a lower prevalence of hay fever among older adults. This was associated with an increa-
sed prevalence of infections, possibly suggesting a change in the prevalence of hay fever
associated with hygiene in the 20th century (Matricardi et al., 2002). Examined as an issue
of timing, contact with farm animals (a significant source of microbial exposure) for the
majority of individuals in the United States ended more than a century ago. While some
studies have found higher bacterial endotoxin levels in homes with pets, a recent study
of inner-city residents (n = 301) did not find a significant association (Heinrich et al., 2001;
Park et al., 2001; Wickens et al., 2003; Perzanowski et al., 2006).
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Conversely, it is debatable whether increased cleanliness resulted in the post-1950s
increase in asthma. To correspond with the increase in asthma, the proposed change to
cleaner living would have to have occurred within one generation. While it seems doubt-
ful that parents of today’s asthmatic children grew up in much dirtier environments than
those of their offspring, Matricardi, Bouygue & Tripodi (2002) have proposed a theory
whereby the increase in inner-city asthma is associated with increased hygiene, brought
on by delayed class-driven urbanization in urban poor communities. Although many of
the recent studies are compelling, the relevance of the hygiene hypothesis to the asthma
epidemic is still not well established scientifically.

Recently the trends towards a more sedentary lifestyle in industrialized countries have
been scrutinized as a possible cause of the increase in asthma (Crater & Platts-Mills, 1998).
Technological advances in indoor entertainment, such as television, became common in
households in developed countries in the 1960s, which along with today’s cable televi-
sion, video games, computers and video players, have resulted in children today spen-
ding a larger proportion of their time in sedentary activities than did prior generations.
A study of asthmatic children in inner-city Atlanta, Georgia, found that 82% of the chil-
dren had a television in their bedroom (Carter et al., 2001). Sedentary entertainment could
have the additive effect of both lack of exercise and longer exposure to indoor allergens
from sources such as dust mites, cockroaches, cats and dogs, which are known to be stron-
gly associated with asthma (Crater & Platts-Mills, 1998).

It is likely that causes for the increase in asthma include multifactorial features of wes-
ternized countries, with some contributing more than others in different communities.
What is clear is that there must be some commonality in the causes of the increase obs-
erved in different communities, given the similar time frames of the increases (Evans et
al., 1987; Sears & Beaglehole, 1987; Aberg, 1989; Haahtela et al., 1990; Crater & Platts-
Mills, 1998; ISAAC, 1998).

1.1.3. Public health impact of urban asthma

The public health impact of asthma in the urban environment is substantial, with the
prevalence in some communities estimated at close to one in three children (Peat et al.,
1995; Nicholas et al., 2005). While mortality from asthma is low, the day-to-day burden
for those with asthma is substantial, and the economic costs to society are high. As more
countries develop urban centres and adopt western lifestyles and methods of building
residential environments, the importance of understanding the effect of these changes
on urban pests and how they relate to health will only increase.

Findings from several studies show that the prevalence of childhood asthma in an urban
population could range from 8% to 22% and that the prevalence of allergy among asth-
matic children varies by community (50-80%) (Martinez et al., 1995; Kattan et al., 1997;
Ronmark et al., 1999; Lau et al., 2000; Carter et al., 2001). Among these atopic children
in an urban environment, many are allergic to urban pest allergens that can exacerbate
symptoms (Rosenstreich et al., 1997). Therefore, exposure to urban pests could affect
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4-17% (for example, from 50% of 8% to 77% of 22%) of children living in an urban envi-
ronment. One study in North America found that for every (United States) dollar spent,
asthma disease management has been shown to save US$ 3-4, by decreasing visits to
emergency departments (Rossiter et al., 2000). Overall, the long-term economic and qua-
lity-of-life benefits of decreasing the number of missed school and work days are diffi-
cult to assess, but they are surely positive.

1.2. Assessing allergen exposure
1.2.1. Questionnaire assessment

Several investigators have examined worldwide associations between home characteris-
tics, reported by residents, and dust mite allergen levels (Chan-Yeung et al., 1995; Munir
et al., 1995; Platts-Mills et al., 1997; Tobias et al., 2004). In warm and humid environ-
ments, the concentration of dust mite allergens is expected to be high in soft furnishings
throughout the year (Zhang et al., 1997). In more temperate climates, a seasonal variation
has been observed (Platts-Mills et al., 1987; Miyazawa et al., 1996; Chew et al., 1999a),
and several characteristics have been associated with exposure to dust mite allergens: alti-
tude, type of building, and presence and type of carpeting (Wickman et al., 1991; Arlian,
1992; Harving, Korsgaard & Dahl, 1993; van Strien et al., 1994, 2002; Chew et al., 1998;
Wickens et al., 2001; Basagana et al., 2002; Mihrshahi et al., 2002; Matheson et al., 2003).
In general, factors that lead to large dust mite populations will lead to high concentrations
of the allergen. However, some evidence exists for the passive transfer of dust mite aller-
gens from dust-mite-hospitable environments to inhospitable environments, such as auto-
mobiles (Neal, Arlian & Morgan, 2002).

In homes, a visual assessment is possible for cockroaches and mice, but not for micro-
scopic dust mites. A resident, a trained inspector, or both can make visual assessments
for cockroaches or mice. Inthe NCICAS, 937 homes were evaluated for cockroach and
rodent infestation by residents and trained evaluators (Crain et al., 2002). The percen-
tage of residents that reported problems with mice or rats in the past 12 months was
higher than that observed by the inspector (40% versus 9%), and the percentage of resi-
dents that reported problems with cockroaches in the past 12 months was higher than
that observed by the inspector (58% versus 15%. In another study, mouse allergen (>1.6
ug/g) had a significant association with resident reports of rodent infestation (odds ratio
(OR) = 3.38, P < 0.05), but not with inspector observations (Cohn et al., 2004). In a study
of inner-city children in Baltimore, 41% of homes had substantial amounts of a major
cockroach allergen, Blag 1 (> 1 unit/g), but only 18% had a cockroach infestation iden-
tified by a home inspector (Matsui et al., 2003). Although residents might not accurately
report cockroaches or rodents in their homes for a variety of reasons, the studies above
suggest that residents might be better informed than trained inspectors with regard to
previous infestations that could lead to high levels of allergen in the dust.

Because of the range of housing stock across the world, some home characteristics are
not consistently associated with mouse or cockroach allergens (Phipatanakul et al., 2000b;
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Rauh et al., 2002; Stelmach et al., 2002a, 2002b; Chew et al., 2003; Cohn et al., 2004; Matsui
et al., 2005). For example, the United States National Survey of Lead and Allergens in
Housing, which included information from buildings in 75 locations, found that the level
of mouse allergens was higher in high-rise buildings (five storeys or more) than in low-
rise apartments (one to four storeys) (Cohn et al., 2004). This finding is not directly appli-
cable to some cities, such as New York City, where the majority of the housing in low-
income neighbourhoods is greater than five storeys. In fact, shorter apartment buildings
(fewer than eight storeys in New York City) were more likely to have high levels of
mouse allergen in the kitchen and bed dust than taller high-rise buildings) (OR = 10 and
6.25, for kitchen and bed dust, respectively) (Chew et al., 2003). This highlights the impor-
tance of considering the geographic factors that influence allergen levels within the home.
However, some predictors, such as resident reports of mice or cockroaches, are consis-
tently associated with high levels of their respective allergens (Chew et al., 1998;
Phipatanakul et al., 2000a; Rauh et al., 2002; Cohn et al., 2004; Matsui et al., 2004a). The
use of a standardized questionnaire, such as that employed by the large analysis and
review of European housing and health status (LARES) project, can enable the survey of
larger populations and comparisons across study sites when allergen measurements are
not feasible, but care must be taken in the interpretation, for the reasons noted in this sec-
tion (WHO Regional Office for Europe, 2006).

1.2.2. Pest counts

Before immunoassays were developed, exposure to dust mites was assessed by trained
acarologists who identified and counted dust mites in house dust. Subsequently, mite
counts were shown to correlate with allergen concentrations in the dust (Platts-Mills et
al., 1992). Other investigators have made measurements of faecal pellets (which contain
guanine) and found significant associations with dust mite allergens (Tovey et al., 1981;
van Bronswijk et al., 1989), but the development of allergen assays has enabled cost- and
time-effective assessments of exposure that do not depend on the expertise of acarolo-
gists. The main problem with bypassing the identification step is that many environments
have more than one type of dust mite (Arlian et al., 1992; Montealegre et al., 1997; Warner
et al., 1998), and the use of a single dust mite allergen immunoassay (see section 1.2.3)
could preclude finding meaningful etiological agents of allergic disease.

Correlations between cockroaches and cockroach-allergen levels in urban homes have
been observed; a major cockroach allergen, Bla g 2 (from the German cockroach, Blatella
germanica), was positively correlated with cockroaches collected on sticky traps in
bedrooms (r =0.63, P<0.001) and in kitchens (r = 0.53, P < 0.001) (McConnell et al., 2003).
A study of low-income suburban homes found that the number of cockroaches collected
on sticky traps correlated best with the allergens in dust sampled two months after trap
collection (Mollet et al., 1997). Of note is that cockroach allergen was still detectable in kit-
chen and bed dust samples, even when no cockroaches were detected.

1.2.3. Allergen assays

Serum IgE antibodies from allergic individuals have been used to identify the relevant
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(allergenic) proteins from allergen sources. Enzyme-linked immunosorbent assays
(ELISAs) were subsequently developed to measure these relevant proteins (from cockroa-
ches, mice, rats and dust mites) in dust and air samples (Chapman et al., 1987; Pollart et al.,
1991a; Renstrom et al., 1997; Ferrari et al., 2004). The ELISAs differ somewhat depending
on which allergen is being measured, but most use a sandwich method with primary mono-
clonal capture antibodies bound to a plastic surface. The quantity of an allergen-specific
secondary antibody is detected by a colorimetric enzymatic reaction. These immunoassays
demonstrate a high degree of sensitivity and specificity, with nanogram quantities of pro-
tein detectable with little cross-reactivity between allergens. Since ELISAs involve an anti-
body or antigen interaction, they are susceptible to interference from contaminants in the
dust samples (Woodfolk et al., 1994; Chew et al., 1999b). With the antibodies used in the
ELISA, rapid screens have been developed and enable a quick assessment of allergen levels
in the home or workplace without the use of major laboratory facilities. The results from
the rapid test are not as quantitative as those obtained by ELISA, but they do correlate well
with those obtained by ELISA (Chapman, Tsay & Vailes, 2001; Lau et al., 2001).

1.2.4. Dust sampling

Dust collected from floors and furniture has been used to assess exposure in many studies
(Gelber et al., 1993; Platts-Mills et al., 1997). Typically, a vacuum cleaner modified with
a dust collection device mounted on the nozzle is used. Sometimes, the dust is sieved to
remove large particles, which would not become airborne easily. The dust is extracted in
a buffered solution with a detergent and assayed for allergens by the ELISA, guanine or
rapid screen methods (van Bronswijk et al., 1989; Tsay et al., 2002). This provides a rela-
tively easy technique for assessing allergens in the dust of individual homes.

1.2.5. Airborne sampling

Airborne dust can be collected on filters, extracted and assayed for allergens by ELISA.
Samples have been collected at high flow rates for short periods of time (less than an hour)
and at low flow rates for longer periods of time (a week). Small pumps worn on a belt can
be used to better assess an individual’s exposure. One important consideration in airborne
sampling is causing a disturbance in the room being sampled, because allergens from dif-
ferent animals travel on particles of different sizes, which affect how easily they become
airborne and how quickly they settle out of the air.

1.2.6. Comparison of various methods of allergen exposure assessment

Identifying a method that accurately assesses what has been deposited in a person’s air-
way over a lifetime is extremely difficult. Even a study that assesses exposures in the
homes of individuals from birth on a regular basis and then assesses other exposure loca-
tions, such as day-care centres and schools, will not completely determine lifetime expo-
sure. The reasons for this are as follow.

Moderate temporal fluctuations occur in allergen concentrations in homes, even on a
month-to-month basis (Chew et al., 1999a). Therefore, a sample collected once (or even
once a year) may not truly represent the fluctuations in exposure to allergens seen over
the time period between samples.
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Peak exposures to some allergens — for example, to cat allergens for non-cat owners —
may occur in locations outside of the home (Custovic et al., 1996b).

Due to the lack of large temporal variations in allergen concentrations within one home
(except in some intervention studies), apportioning the risk from exposure to allergens
that occurred early versus late in life is difficult.

When considering how accurately a dust sample reflects the allergen that deposits in a
lung, the allergen under study must be considered. The particles that mite and cockroach
antigens travel on are not easily made airborne; therefore, correlations between dust and
undisturbed airborne sampling are poor (Platts-Mills et al., 1997; Tovey et al., 1981).
Although, cockroach allergens can be carried on particles with a wide range of sizes,
depending on the amount of air disturbed (de Blay et al., 1997; de Lucca et al., 1999), most
of the Bla g 1 allergens tend to be associated with particles greater than 10 pm in aero-
dynamic diameter. The recent development of intranasal samplers has detected Bla g 1
in residences with a low level of disturbed air (de Lucca et al., 1999), but most research
has shown that a considerable disturbance is necessary to measure airborne cockroach
allergens (Swanson, Agarwal & Reed, 1985; de Blay et al., 1997). Exposure to dust mite
allergens most likely occurs in close contact with the reservoirs; allergen is probably inha-
led either when a person’s head is close to bedding or when children are playing on car-
pets (Custovic et al., 1999). Vacuum cleaning can also increase exposure (de Blay et al.,
1991, 1997).

To assess exposure to dust mite and cockroach allergens, dust sampling is probably a bet-
ter method than airborne sampling. Since dust mite allergens are not measurable without
disturbance, the dose—response relationship between exposure and sensitization has been
stronger when the exposure was assessed with a settled dust sample than with an air-
borne sample (Sporik et al., 1990; Platts-Mills et al., 1997). The fact that cockroach aller-
gen is associated mainly with larger particles might in part explain why studies have
found that relationships among exposure, sensitization and asthma are most strongly
associated with exposure in bedrooms, where residents spend prolonged periods of time
(Sarpong et al., 1996; Rosenstreich et al., 1997; Gruchalla et al., 2005).

Previous studies have found variability between the quantity of pet allergen in airborne
and settled dust, due in large part to the ease with which the particles on which cat and
dog allergens become airborne. Cat and dog allergens have the ability to travel on smal-
ler particles and can be detected in air even three hours after disturbance (Luczynska et
al., 1990; de Blay et al., 1991; Custovic et al., 1996b, 1997). Therefore, previous correlations
between airborne samples and dust samples were often poor. Recently, though, a good
correlation between a major cat allergen (Fel d 1), measured in the air and in the dust, was
demonstrated when the airborne samples were collected over a 24-hour period (Custis et
al., 2003). It is likely that the longer sampling period better reflects an average exposure.
Karlsson and colleagues (2002) collected settled dust in a Petri dish over a period of a week
and found a good correlation with personal air sampling, and this may provide an alter-
native to long-term airborne sampling. These findings could be extended to rodent aller-
gens, which travel on particles with similar aerodynamic properties (Ohman et al., 1994).

Public Health Significance of Urban Pests

1.3. Cockroaches and asthma
1.3.1. Allergic sensitization to cockroach allergens

In the 1960s and 1970s, researchers found that sensitivity to cockroaches was common
among atopic populations (Bernton & Brown, 1967; Kang et al., 1979; Kang & Chang,
1985). Specifically, sensitivity to crude extracts of cockroach allergens among allergic indi-
viduals ranged from 20% in Boston to 53% in Chicago. Not all cockroach allergen extracts
are the same, and this in part explains some of the variation in the prevalence of allergy
to cockroaches in the earlier studies. German cockroach whole body extracts correlate
well with faecal extracts (r = 0.88, P< 0.001) (Musmand et al., 1995). Specific cockroach
antigens that elicit an IgE response in a majority of cockroach-allergic individuals have
been identified. Pollart and colleagues (1991b) found that twice as many cockroach aller-
gic asthmatics had IgE antibodies against Bla g 2 (an allergen from German cockroa-
ches), compared with those against Bla g 1 (an allergen found in several different types
of cockroaches). Furthermore, an estimated 60—70% of cockroach-sensitive individuals
have IgE antibodies to the allergens Bla g 4 and Bla g 5 (Arruda et al., 2001).

1.3.2. Cockroach sensitization and asthma

In many areas of the world, sensitization to cockroach allergens has been associated
with asthma (Platts-Mills et al., 1997; Eggleston, 2001). In inner cities in the United
States, more asthmatic children with cockroaches reported or observed in their home
were sensitized to cockroach allergens than those without exposure to cockroaches (75%
versus 53%, P<0.01) (Crain et al., 2002). A study of urban, suburban and rural atopic
patients found a higher prevalence of cockroach sensitivity among patients with a pri-
mary diagnosis of asthma (49.6%) than among those with a primary diagnosis of aller-
gic rhinitis (30.3%) (Garcia et al., 1994). Also in this study, no difference was observed
between the prevalence of sensitivity to cockroach allergens in urban and rural envi-
ronments. This finding is in contrast to previous studies in Poland and the United
States, which reported a high degree of sensitization to cockroach allergens among
urban dwelling asthmatics (Matsui et al., 2003; Stelmach et al., 2002b). Nonetheless,
sensitivity to cockroach allergens appears to be important in the pathogenesis of asthma
in areas with cockroaches.

1.3.3. Asthma and the exposure of sensitized individuals to cockroaches

Exposure to cockroach allergens in early life has been associated with recurrent asthma-
tic wheezing in children with a family history of atopy (Litonjua et al., 2001). This was
also observed in the first year of life, when allergy-specific IgE to inhaled allergens typi-
cally cannot be detected, suggesting a potential role for a non-allergic mechanism of air-
way inflammation due to exposure to cockroach allergens (Gold et al., 1999). Also, the
combination of exposure and sensitization to cockroach allergens has been shown to
increase rates of hospitalization, missed school days and days with wheezing among asth-
matic children (Rosenstreich et al., 1997). Moreover, recent evidence suggests that the
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combination of exposure and sensitization to cockroach allergens is a stronger risk fac-
tor for asthma morbidity in the inner cities of the United States than is exposure and sen-
sitization to allergens produced by dust mites, cats or dogs (Gruchalla et al., 2005).

1.4. Rodents and asthma
1.4.1. Sensitization and symptoms

Most of what is known about allergic reactions to mice and rats originates from occupa-
tional studies. Symptoms of allergy, including rhinitis, conjunctivitis and asthma, have
been reported by workers in animal laboratories, notably those that work with rats and
mice (Taylor, Longbottom & Pepys, 1977; Renstrom et al., 1994; Hollander et al., 1997,
Lieutier-Colas et al., 2002). In the 1970s, British researchers reported that five people who
worked with laboratory animals developed asthma within two weeks to two years of star-
ting to work with mice and rats (Taylor, Longbottom & Pepys, 1977). Within a year of
developing asthma, all five workers experienced asthma symptoms after only a few minu-
tes of exposure to the animals. These studies were among the first to show that urinary
proteins from rats and mice, rather than fur, elicited stronger positive skin prick tests and
bronchial hyperreactivity. In a multi-site study of 650 people who worked in animal labo-
ratories in the Netherlands, Sweden and the United Kingdom, researchers found that
9.7% of the workers were sensitized to rat urinary allergens (Heederik et al., 1999). They
also found a higher risk of sensitization to rats associated with high exposure to rat aller-
gens.

Recently, researchers realized that mouse and rat allergens might also contribute to the
development or exacerbation (or both) of childhood allergic asthma. Polish researchers
found that 61% of inner-city children exposed to detectable levels of mouse allergen were
skin prick positive to these allergens, whereas only 14% of children with levels below the
limit of detection were sensitized to mice (Stelmach et al., 2002a). In 2000, a study of 499
children in the United States with asthma found that 18% were allergic to mouse aller-
gen and that those with exposure to Mus m 1 (an allergen in mouse urine) > 1.6 pg/gin
kitchen dust were more likely (OR = 2.2) to become sensitized to the mouse allergen than
those with a lower level of exposure (Phipatanakul et al., 2000a). Among the same cohort
of children, allergy to rats was also prevalent (21%), and those with sensitization and
exposure to rat allergens experienced more unscheduled medical visits, hospitalizations
and days with diminished activity due to asthma (Perry et al., 2003). While the terms
urban and suburban are somewhat subjective, it is of interest to report that mouse aller-
gens measured in suburban homes in the United States have also been associated with
sensitization to mouse allergen, as judged by a skin prick test (Phipatanakul et al., 2005).
Specifically, quartile increases in bed dust Mus m 1 (median: 0.76 pg/g; interquartile
range: 0.16-3.20 pg/g) were associated with a greater likelihood of having a positive skin
prick test (OR = 1.4). This finding suggests that even low levels of mouse allergen can
pose a risk of developing allergic sensitization. Furthermore, Polish researchers found
that children of workers in animal laboratories were also allergic to mice and rats, sug-
gesting that passive transfer of rodent allergens from work to the home might be a bio-
logically relevant exposure pathway (Krakowiak, Szulc & Gorski, 1999).

Public Health Significance of Urban Pests

1.4.2. Exposure

1.4.2.1. Size characteristics of airborne mouse and rat allergens

Occupational studies are the source of most of the size characterization of particles that
bear rodent allergens. Dutch researchers conducted ambient and personal air sampling
in seven laboratory animal facilities and found that rat and mouse allergens were contai-
ned mainly on particles larger than 5.8 um in aerodynamic diameter (Hollander et al.,
1998). In a French study of 12 rat breeding facilities, different tasks resulted in varying
levels of exposure to allergens (Lieutier-Colas et al., 2001). Rat n 1 is an allergen from
rats, and changing cages and feeding the rats were associated with an average level of
91.1 ng Rat n 1 per m® of air compared with an average level of 0.4 ng Rat n 1 per m3
of air for office duties. Both the Dutch and French researchers found that the greater the
number of animals in a room, the higher the allergen level. In the United Sates, 13 rooms
of amajor animal handling facility were sampled for airborne mouse allergen (Mus m 1),
and the particles were size fractionated (Ohman et al., 1994). Among the rooms without
mice, most of the Mus m1 was contained on 0.4-10-pum-diameter particles. However,
most of the Mus m 1 in rooms with a high density of mice was found on particles lar-
ger than 10 um in aerodynamic diameter.

1.4.2.2. Residential exposures

Mouse allergens have been measured in dust and, to some extent, air samples from homes
in urban and suburban environments where children reside. In some studies, Mus m 1
was measured with a monoclonal antibody ELISA, in others, mouse urinary proteins
(MUP), which include Mus m 1, were measured with polyclonal antibody-based ELISAs
(Phipatanakul et al., 2000a; Chew et al., 2003; Cohn et al., 2004), but the two allergen
measurements were highly correlated (r = 0.96, P < 0.001) (Chew et al., 2003). Mus m 1
levels in bed dust were as high as 294 pg/g, with a median level of 0.5 pg/g in a multi-site
study of asthmatic children living in inner cities across the United States (Phipatanakul
et al., 2000a). In a national survey of American homes (urban, suburban and rural), the
median MUP level in bed dust was 0.25 pg/g (Cohn et al., 2004). The median MUP level
was 0.5 pg/g for bed dust in low-income New York City homes (Chew et al., 2003), which
was slightly higher than that (median = 0.23 pg/g) for Polish inner city homes (Stelmach
et al., 2002a). Mouse allergen levels have been found to be consistently higher in kitchen
dust than in bed dust. The level of mouse allergen in the air of homes where children
reside is usually lower than that in occupational settings; however, the levels can be rela-
tively high (Chew, Correa & Perzanowski, 2005; Matsui et al., 2005). While one study
observed that mouse allergen levels were lower among cat owners, all studies found asso-
ciations between problems reported by residents with rodents and increased levels of
mouse allergens. Reasons for differences in home characteristics being predictive of
mouse allergen levels are explained in greater detail in section 1.2.1.

Unlike mouse allergens, rat allergens in house dust have not been associated positively with
sensitization (Perry et al., 2003; Phipatanakul et al., 2005). The reason for this disparity
could be that significant rat allergen exposure might also occur outside of the home, such
as in subways, schools and restaurants, and that home measurement of this allergen might
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not be representative of total exposure. Although the same could be said for mouse aller-
gen, it appears that a significant exposure to mouse allergen does arise from homes.
Nevertheless, high levels of mouse allergen (= 2 pg/g) were found in 78% of New York
City school classrooms during at least one sampling season (Chew, Correa & Perzanowski,
2005) and ranged from 0.3 pug/g to 118 ug/g in 12 urban Baltimore schools (Amr et al., 2003).

1.5. Dust mites and asthma
1.5.1.Sensitization and asthma

The evidence for a causal role of exposure to allergens in the pathogenesis of perennial
asthma has been better established for dust mite allergens than any other inhaled aller-
gen (Platts-Mills et al., 1992). In communities where exposure to dust mites is prevalent,
dust mite allergens are often among the most common allergens to which atopic indivi-
duals are sensitized (Platts-Mills et al., 1997). A birth cohort study by Sporik and collea-
gues (1990) found that children exposed to high levels of dust mite allergens in their
homes in the first year of life were more likely to develop sensitization to dust mite aller-
gens and that those exposed to the highest levels were the most likely to develop asthma.
This established a dose—response relationship between exposure to dust mite allergens
and sensitization. This relationship was also observed in a German study (Lau et al., 2000;
Ili et al. 2006). Sensitization to dust mites has been observed to be strongly associated
with asthma in many areas of the world, including Australia, the United Kingdom, the
mid-Atlantic and southern United States and especially New Zealand, which reports
some of the highest residential dust mite allergen concentrations in the world (Sporik et
al., 1990; Peat et al., 1994; Squillace et al., 1997; Wickens et al., 1997). Sensitization to the
storage mites of the genera Tyrophagus, Glycyphagus, Lepidoglyphus and Blomia has also
been associated with allergic disease (van Hage-Hamsten & Johansson, 1998). Further
evidence for the causality of exposure to dust mite allergens exacerbating asthma comes
from studies that have shown successful improvement in asthma patient symptoms when
exposure to dust mite allergens were reduced. The efficacy of avoiding allergens is dis-
cussed in detail in section 1.7.

1.5.2. Factors associated with exposure to dust mite allergens

Dust mites are found in the bedding, pillows, mattresses, carpets and upholstered furni-
ture of homes, where they feed on scales from human skin (Tovey et al., 1981). They
absorb water from the air, and therefore require a relative humidity above 50% to survive
(Arlian, 1992). This restricts the environments inhabitable by mites and is a major
controlling factor in the geographical distribution of dust mites. Reducing indoor air
humidity has recently been used with some success as a mite eradication strategy (Arlian,
Neal & Vyszenski-Moher, 1999; Arlian et al., 2001). In major cities of the north-eastern
United States, multifamily buildings are often overheated during the winter, which leads
to low humidity air indoors and precludes the proliferation of dust mites (Chew et al.,
1999a). Mite genera vary geographically, with Dermataphagoides being more common in
temperate climates and Blomia being found only in tropical climates (Arlian, Morgan &
Neal, 2002).

Public Health Significance of Urban Pests

1.6. Proposed thresholds of exposure to allergens
associated with allergic asthma

1.6.1. Studies examining thresholds of exposure relevant to disease

Prior exposure to an allergen is necessary for an immediate hypersensitivity immune
response; however, the quantity of allergen necessary for sensitization appears to depend
on the allergen in question, concurrent exposure to other substances that stimulate the
immune system and the genetic predisposition of the individual being exposed. In exa-
mining thresholds of exposure to pests or (more specifically) allergens from those pests
that lead to allergic disease, it is first necessary to consider allergic sensitization and symp-
toms of allergic diseases as separate outcomes. The level of allergens in homes necessary
for allergic sensitization — that is, development IgE antibodies — is probably less than is
necessary for precipitating asthma symptoms (Platts-Mills et al., 1992). For example, for
dust mite allergens, the proposed threshold of exposure for sensitization is fivefold lower
than that for asthma symptoms (Sporik et al., 1990).

The strongest scientific evidence for a threshold level of exposure to an allergen exists
for dust mite allergens; however, the levels proposed by Sporik and colleagues (1990) have
been debated by subsequent studies (Warner et al., 1996). Due to the design of studies
conducted to date, mostly cross-sectional and lacking controls (non-asthmatics), the thres-
holds for developing sensitization to cockroach and mouse allergens have not been well
established. Recent studies suggest that the differences observed between studies that eva-
luated the risk of exposure to mite allergens may likely be due to the influence of concur-
rent exposures that alter the immunological response and genetic factors that affect an
individual’s susceptibility to produce IgE antibodies in response to an allergen (see sub-
section 1.1.1.1) (Kleeberger & Peeden, 2005).

1.6.1.1. Dust mites

Based on findings from a prospective birth cohort in 1990, Sporik and colleagues propo-
sed a threshold level of the dust mite allergen Der p 1 (from the house dust mite
Dermatophagoides pteronyssinus) sufficient for sensitization (2 pg/g) and a threshold for
an increased risk of asthma (10 pg/g) (Sporik et al., 1990). However, subsequent studies
have proposed that exposure to much lower concentrations is sufficient for sensitization
in a sizeable fraction of the population (Munir et al., 1995; Warner et al., 1996). Exposure
to dust mite allergens in the home does appear to have a dose—response relationship, with
those individuals exposed to more allergen being more likely to become sensitized to mite
allergens, especially among those with atopic mothers (Platts-Mills et al., 2001; Cole
Johnson et al., 2004; Brussee et al., 2005; Kerkhof et al., 2005). In communities where dust
mite allergen in most homes is greater than 10 pg/g, the population response appears to
plateau, leading to the majority of allergic individuals being sensitized to mite, likely
indicating saturation (Marks, 1998).

As discussed in subsection 1.6.1, the response to exposure to dust mite allergens, as well
as to other allergens, is likely influenced by environmental exposures and the genetic pre-
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disposition of the individual, and this can explain differences in thresholds reported from
different studies. A recent study in a birth cohort in Manchester, England, found that
increasing exposure to dust mite allergens was associated with an increased risk of sen-
sitization, but that effect was dampened if the children were also exposed to higher levels
of endotoxin. However, the modifying effect of endotoxin was only observed in children
with a specific genetic polymorphism in a gene for an endotoxin binding receptor
(Simpson et al., 2006). From this example, it is clear that defining allergen exposure thres-
holds is complicated by other environmental exposures and by individual genetic sus-
ceptibilities.

1.6.1.2. Cockroaches

To date, exposure thresholds for developing IgE to cockroach allergens have not been
well established. However, two studies examined exposure to cockroach allergens and
its relationship to the risks of developing asthma and asthma symptoms. In a prospective
study of children with allergic parents who lived in the Greater Boston area (urban and
suburban), those exposed to between 0.05 unit/g and 2 units/g of cockroach allergen (Bla
g 1 or Bla g 2) were eight times more likely to develop asthma than those exposed to less
than 0.05 unit/g (Litonjuaetal., 2001). Those children exposed to 2 units/g or more were
even more likely to develop asthma. A study of inner-city asthmatics in the United States
found that asthmatics who were sensitized to cockroach allergens and were exposed to
more than 8 units/g of allergen (Bla g 1) had more severe asthma symptoms (Rosenstreich
etal., 1997).

1.6.1.3. Rodents

Population-based studies on exposure to mouse allergens, sensitization and asthma are
limited to cross-sectional studies. One study of rat allergens found that sensitization was
common among inner-city asthmatics (22%); however, it was not associated with rat aller-
gen measured in the house dust at the same time (Perry et al., 2003). In the same cohort
of asthmatic children, investigators found that those children exposed to greater than the
median level of mouse allergen in the kitchen (Mus m 1 >1.6 pg/g) were twice as likely
to be sensitized to mouse allergen (Phipatanakul et al., 2000a). A study conducted in a
suburban community where exposure to mouse allergen was substantially lower (median
Mus m 1: 0.02 ug/g in the bedroom) also found an increasing risk of sensitization with
increasing exposure (OR in quartile of exposure) (Matsui et al., 2004a). A larger effect
was seen in an occupational study of exposure to airborne mouse allergens and sensiti-
zation to them (OR = 1.7 for each increase in quintile of exposure) (Matsui et al., 2004b).
A recent study of the homes of inner-city asthmatics found that many homes had air-
borne mouse allergen levels in the range of those found in occupational settings (Matsui
et al., 2005). Two caveats for application of these thresholds are that the studies do not
take into account past exposure to allergens — that is, cross-sectional associations —and
that individuals with allergen levels below these thresholds were also sensitized.
Although specific monoclonal antibodies have been developed for detecting rat allergens
in environmental samples (Ferrari et al., 2004), establishing the levels of rat allergen asso-
ciated with development of sensitization may be hindered by the cross-reactivity of
human IgE antibodies to mouse and rat allergens (Spitzauer, 1999; Renstrom et al., 2001).

Public Health Significance of Urban Pests

1.7. Public health recommendations

Asthma and other allergic diseases are typically treated with medications to control cur-
rent symptoms, prevent future exacerbations, or both. Reduction of clinical symptoms is
also successfully achieved for some individuals who use allergen-specific immunothe-
rapy (Abramson, Puy & Weiner, 2003). In the field of asthma research, an emerging stra-
tegy for reducing or preventing symptoms has been to reduce exposure to allergens in
the home. However, findings on the efficacy of current allergen-avoidance strategies are
conflicting. Table 1.1 summarizes current levels of scientific evidence in clinical trials of
allergen avoidance (Shekelle et al., 1999).

A previous report by WHO defined prevention with respect to asthma and allergic dis-
ease in the following terms (WHO, 2003). Primary prevention is the “prevention of
immunological sensitization (i.e., the development of IgE antibodies)”. Secondary pre-
vention is “preventing the development of an allergic disease” (such as atopic eczema,
atopic dermatitis, allergic rhinitis or allergic asthma) after the onset of sensitization, but
before the development of clinical symptoms. Tertiary prevention is the “treatment of
asthma and allergic diseases”.

1.7.1. Avoiding allergens to decrease asthma symptoms (tertiary prevention)

A successful demonstration of how avoiding exposure to allergens can reduce asthma
symptoms occurs annually when asthmatics allergic to pollen have fewer symptoms out-
side of the pollen season (Custovic & Wijk, 2005). Specifically ragweed pollen can fluc-
tuate by orders of magnitude, and during the non-peak season allergic individuals have
fewer asthma symptoms and also produce less allergen-specific IgE (Creticos et al., 1996).
The reduction of domestic allergens seems a logical strategy against asthma for the fol-
lowing three reasons (Creticos et al., 1996; Platts-Mills et al., 1997).

Asthma is strongly associated with sensitization to inhaled allergens found in the home.

An increase in the severity of asthma among sensitized individuals is observed with
increasing domestic levels of most of these allergens.

Asthma symptoms and IgE decrease for pollen allergic asthmatics outside of the pollen
season.

However, many efforts at tertiary prevention that have attempted to reduce allergen
exposure in the home environment have been ineffective in reducing symptoms, espe-
cially when a single allergen or single exposure site was targeted (O’Connor, 2005).

The longest history of studies of tertiary intervention to reduce indoor allergens exists
for dust mites. Initial studies with small numbers of patients achieved successful impro-
vement of asthma symptoms, by removing the patient to a geographical location or hospi-
tal room without dust mites (Platts-Mills et al., 1982; Boner et al., 1985). With varying
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success, subsequent strategies have focused on reducing mites and their allergens in
homes (Marks, 1998; O’Connor, 2005). The method most commonly used is encasement
of mattresses and pillows in an allergen impenetrable fabric.

Recently, there has been considerable debate in the literature on asthma about the efficacy
of dust mite allergen avoidance, especially with regard to encasement-only strategies
(Platts-Mills, 2004; Custovic & Wijk, 2005; O’Connor, 2005; Schmidt & Gotzsche, 2005).
In 2004, an update of a meta-analysis evaluated the efficacy of control measures for house
dust mites in reducing asthma (Gotzsche et al., 2004). This report concluded that current
methods of avoiding dust mite allergens were ineffective and should not be recommen-
ded. However, subsequent criticisms of the meta-analysis charged it with a narrow inclu-
sion criteria and a lack of sufficient control for studies that demonstrated a reduction in
allergen exposure (Platts-Mills, 2004; Custovic & Wijk, 2005; O’Connor, 2005). The
authors of the meta-analysis also reported a positive reference bias in narrative reviews
on the subject — that is, reviewers preferentially citing studies with positive effects
(Schmidt & Gotzsche, 2005). Recently a well-designed placebo control trial was conduc-
ted in which dust mite mattress encasements were distributed through a physician’s office
as a single avoidance measure — that is, no other avoidance measures were advocated
(Woodcock et al., 2003). This study found no statistically significant improvement among
the patients exposed to avoidance measures relative to the placebo controls. What seems
clear from the meta-analysis and the recent placebo control trial is that targeting single
allergens or single domestic exposure locations for allergen avoidance is not sufficient to
reliably reduce symptoms (O’Connor, 2005).

Although some recent studies have shown that allergen interventions can effectively
reduce mouse and cockroach allergens, allergen reduction below levels that are thought
to be clinically important may not be sustainable (Eggleston et al., 1999; Gergen et al.,
1999; Williams, Reinfired & Brenner, 1999; McConnell et al., 2003). The challenge of
reducing exposure to cockroach and rodent allergens in urban homes is formidable (see
Chapter 2, on cockroaches). Unlike dust mites, for which infestations are typically loca-
lized in bedding, carpeting and soft furniture, cockroaches and mice are more mobile,
and their infestations are more dispersed. In urban locales, a special challenge is posed
by infestations that may span an entire multifamily apartment building (Chew et al., 1998,
2006; Eggleston et al., 1999; Hynes et al., 2004). A study by Eggleston and colleagues
(2005) of inner-city asthmatics, which included cockroach abatement for infested house-
holds, resulted in a significant decrease in cockroach allergen in the abatement group,
while the control group had no change. While the abatement group had significantly
fewer daytime asthma symptoms than the controls at the end of the one-year trial, no
other measures of asthma symptoms, lung function or visits for acute attacks of asthma
were significantly different among the members of the abatement group compared with
controls. The authors speculated that lack of significant improvements might have been
due to inclusion criteria that did not cover more severe asthmatics and did not require
that the patients were allergic to cockroaches. Also, the reduction of cockroach allergens
by 40% may not have resulted in low enough exposure for clinical relevance.

When evaluating strategies for avoiding allergens, several important features of the rela-
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Table 1.1. Summary of evidence: domestic allergen exposure, asthma and preventative strategies

Source of allergens

Study type Outcome of interest Dust mites Cockroaches | Rodents
Association between Sensitization High exposure is associated High exposure is associated

exposure to domestic with development of sensitization with sensitization in cross-sectional studies.
allergens and allergic in prospective studies

sensitization and asthma

among sensitized individuals.

Development Sensitization is associated with Sensitization is associated with asthma.
of asthma the development of asthma.2
Asthma exacerbation Current exposure is associated with more severe asthma -

Efficacy of current Allergen reduction Ib. Effective: allergen impermeable Ib. Effective, but difficult to maintain:
methods for reducing bed covers and replacing integrated pest management,
allergens in the home carpets with hardwood floor. which includes education of families
to maintain reduced allergen levels.
IIb. Effective: wash bedding in hot
water and use of high-efficiency
particulate air vacuum cleaners

(Custovic & Wijk 2005).
Efficacy of avoiding Primary prevention la. Not effective: allergen Not tested Not tested
domestic allergens (development of atopy) impermeable bed covers alone.

for preventing asthma
and asthma exacerbation Ib. Potentially effective: studies
have been of short duration or
included interventions in addition
to allergen avoidance, making
the contribution of allergen
reduction difficult to determine,
S0 more studies with longer
duration and follow-up to older
ages are needed.

Ib. Effective: multifaceted, allergen- (patient-)specific, comprehensive avoidance.

Secondary prevention Studies to date have focused Not tested Not tested
(development of asthma on primary and tertiary prevention

after atopy)

Tertiary prevention la. Not effective: mattress or pillow

(reduction of asthma encasement alone.

symptoms)

Results are from one study, so more studies of this type are needed to verify findings.

aDust mite birth cohort studies have shown conflicting evidence on whether dust mite allergen exposure is a risk factor for the deve-
lopment of asthma (Sporik et al., 1990; Lau et al., 2000).

Note. Categories of clinical evidence based on Shekelle et al. (1999) are shown for allergen avoidance: la. = evidence from a meta-
analysis of randomized controlled trials (RCT); Ib. = evidence from at least one RCT; Ila. = evidence from at least one trial without
randomization; I1b.= evidence from at least one other type of quasi-experiment; I11. = evidence from non-experimental descriptive
studies; and 1V.= evidence from expert committee reports or opinions or clinical experience or respected authorities. Although there
are no 11 or IV levels of evidence referenced in the table, they are part of the Shekelle scale and are included in this note, so readers
will not erroneously think that level 11 is the least rigorous level of evidence.
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tionship between allergen exposure and asthma must be considered. First, as a popula-
tion, allergic asthmatics are sensitized to a variety of allergens, and reduction of allergens
to which an individual is not sensitized is unlikely to yield any significant changes in their
clinical symptoms. Therefore, the use of clinical allergy testing to determine the allergens
to which an asthmatic is sensitized, is recommended (National Heart, Lung and Blood
Institute, 1997; WHO, 2003; Johansson & Haahtela, 2004; O’Connor et al., 2004). A study
of low-income urban asthmatics found that patients were often not evaluated for sensi-
tization or did not receive any education in avoiding allergens (Busse, Wang & Halm,
2005).

A second important feature of the relationship between allergen exposure and asthma is
the sensitization of many asthmatics to multiple allergens, and reduction of exposure to
only one of these allergens may prove ineffective in reducing symptoms, due to conti-
nued exposure to other relevant allergens that exacerbate the disease. As O’Connor and
colleagues (2004) point out in a review of allergen-avoidance strategies, exposure to other
asthma triggers, such as ETS, should also be included in avoidance strategies, since they
may perpetuate symptoms. Therefore, avoidance measures should be global, by inclu-
ding all of the allergens to which an individual is sensitized and exposed, as well as other
respiratory irritants.

A third important feature of the relationship between allergen exposure and asthma is the
occurrence of exposures in multiple locations; therefore, targeting one location for aller-
gen reduction may not be sufficient. For example, while encasing mattresses and pillows
to reduce exposure to dust mite allergens is the most common strategy, dust mites are
also found in the bedding, carpets, upholstered furniture and curtains. Thus, more com-
prehensive avoidance strategies include washing bedding weekly in hot water to kill live
mites and remove allergens, removing carpets and fabrics, and reducing the amount of
upholstered furniture (Eggleston, 2005). Custovic & Wijk (2005) summarized the scien-
tific evidence for mite-allergen-avoidance strategies and reported that while some
methods have level | and Il evidence,! the majority have not been tested in randomized,
placebo-control trials and are only expert opinions. An additional problem with evalua-
ting comprehensive interventions is that truly blinding the participants to multiple chan-
ges in their homes is impossible and could lead to a bias in evaluating changes in partici-
pants, as compared with controls.

The fourth important feature of the relationship between allergen exposure and asthma
is the unknown magnitude of allergen reduction required to have a clinical effect. Few,
if any, studies resulted in the complete removal of allergens from a domestic environ-
ment. Reductions can be evaluated as a percentage of the reduction or as a reduction
below a threshold. Given that an individual’s response is also likely to be due to under-
lying genetic factors and other concurrent exposures, it is difficult to know which is more
relevant.

1 Categories of clinical evidence can be divided into levels, where level I is evidence from a meta-analysis of randomized controlled
trials or evidence from at least one RCT and level 11 is evidence from at least one trial without randomization or evidence from at
least one other type of quasi-experiment.
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While many of the previous allergen-avoidance studies have not demonstrated clinical
efficacy, a recent study with a more comprehensive intervention had positive findings.
Published in 2004, a large environmental allergen-avoidance study of asthmatic children
living in several inner-city communities in the United States did find an improvement in
asthma symptoms for the group that avoided allergens, as compared with the control
group (Morgan et al., 2004). Children with moderate to severe asthma, only half of whom
reported taking medication to control their asthma, were enrolled. Specifically, the chil-
dren in the allergen-avoidance group had fewer symptoms than controls in both the year
of allergen avoidance and the subsequent year. The children in the allergen-avoidance
group also had significantly fewer complications due to asthma than did controls. An
aim of the study was to provide parents with the knowledge, skills, motivation and equip-
ment for comprehensive, sustained environmental remediation. Within the group that
avoided allergens (as well as within the control group), a significant decrease in symp-
tom days, unscheduled visits to a health facility and hospitalizations was found for those
children whose cockroach and dust mite allergens were reduced more than 50%. This
study may be particularly relevant in that it was conducted in impoverished urban com-
munities. While there is enthusiasm for the findings of this study, the message overall
seems to be that to be clinically effective, avoidance must be tailored to the allergens to
which an individual is allergic, must include all of the relevant allergens and exposures
and must include a successful education component that empowers families to keep aller-
gen levels low.

Some studies provided asthma or environmental caseworkers (or both) to help families
mitigate allergies and asthma. Although the results were promising (de Blay et al., 2003;
Laforest et al., 2004; Krieger et al., 2005; Perez et al., 2006), the duration of the benefits
is limited by the study duration, which in some cases was only 12 months. Reducing the
severity of asthma also relies on comprehensive asthma management, including control-
ler medications, which work over a period of time to treat the underlying inflammation
of the airways. Caseworker management of allergen-avoidance measures seems particu-
larly compelling, given the difficulties with allergen-avoidance strategies administered
through a clinic (Busse, Wang & Halm, 2005). Further studies with similar avoidance
strategies are needed to confirm these findings, but home-based allergen avoidance
conducted by trained staff (rather than advice in a doctor’s office) may lead to more effec-
tive and prolonged avoidance.

Another important factor to consider in the efficacy of allergen avoidance is the benefit
relative to the cost, which has not been evaluated for most studies. The effective multi-
faceted American study described previously found that the intervention cost was US$27
per additional symptom-free day (Kattan et al., 2005); however, health care costs would
be expected to vary greatly by country and should decrease over time, if allergen reduc-
tion is sustained. Future studies should include cost-benefit analyses of allergen avoi-
dance.

In summary, based on the evidence that exposure to allergens is associated with asthma
symptoms in allergic individuals and that, for asthmatics allergic to pollen, symptoms
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decrease with a substantial reduction (orders of magnitude) in the pollen allergen, domes-
tic allergen reduction for the tertiary prevention of asthma is compelling. However, the
efficacy of methods currently used for allergen reduction and whether they should be
recommended for asthmatic individuals are controversial (O’Connor, 2005). While sin-
gle-allergen, single-site allergen-avoidance strategies (such as the use of allergen imper-
meable mattress covers) do not seem effective on their own, recent evidence has shown
that multifaceted domestic avoidance measures, which include targeting multiple aller-
gens and multiple sites, have some benefit among children who live in urban environ-
ments.

1.7.2. Primary and secondary prevention

The goals of primary and secondary prevention of allergic asthma are, respectively, pre-
venting the onset of allergic sensitization and preventing the development of asthma after
having developed allergic sensitization (WHO, 2003). As with tertiary prevention, the
scientific basis for the hypothesis that avoiding allergens is an effective primary preven-
tion measure is that exposure to allergens (or a certain threshold amount of those aller-
gens) is necessary for developing sensitization. Therefore, reducing exposure to allergens
before the development of sensitization should, in theory, prevent the onset of sensitiza-
tion and thus allergic asthma.

Far fewer studies have focused on primary or secondary prevention than on tertiary pre-
vention. Several recent and ongoing well-designed cohort studies with varying levels of
intervention intensity have reported mixed results on the efficacy of primary prevention.
Some studies suggest that in utero exposure to allergens or other modulators of the deve-
loping immune and respiratory systems may play a role in the development of asthma,
indicating the potential need for measures that avoid them during pregnancy (Wright,
2004). Thus, many of the longitudinal studies on primary prevention have included pre-
natal interventions. It is important to note that some of the studies have reported results
at ages 2 and 3 years only, an age before asthma can be reliably diagnosed. More conclu-
sive results on primary and secondary prevention will be available when the children in
these cohorts are older. Given the relevance of primary and secondary prevention to this
chapter, the findings to date are discussed in detail below. These studies have not focu-
sed specifically on secondary prevention, except by including means to measure both sen-
sitization and asthma. In theory, a study could be ineffective in demonstrating primary
prevention, where children become sensitized, but effective in secondary prevention,
where atopic children do not become asthmatic.

1.7.2.1. Limited avoidance of dust mite allergens

To date, primary prevention studies of domestic environments have focused on avoiding
dust mite allergens, and not on cockroach or rodent allergens. The approaches of the ran-
domized, controlled trials described in the following subsections (1.7.2.2 and 1.7.2.3) vary
from simply furnishing mattress impermeable covers to multifaceted methods for eradi-
cating exposure to dust mites in sites throughout the home. A study in the Netherlands
that only used mattress covers found that children in the group with covers (called the
active group) had fewer episodes of night cough without a cold (one symptom of deve-
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loping asthma) at age 2 years than did controls (called the placebo group), but no diffe-
rences in sensitization or other symptoms at ages 2 or 4 years (Koopman et al., 2002;
Corver et al., 2006). One complication reported by the authors of this study was an unex-
plained lower dust mite allergen level (2- to 10-fold) in the cohort (active and placebo)
than reported previously in the Netherlands (Brunekreef et al., 2005). A multinational
European study that used mattress covers and education on mite allergen reduction also
found no difference in sensitization or symptoms indicative of developing asthma at age
2 years (Horak et al., 2004). It is important to note that many of the homes still contai-
ned carpets (a reservoir for dust mites) at the follow-up assessment. Also, mite allergen
levels were not measured, so the effect of avoiding exposure to allergens could not be eva-
luated. Two other European studies, using mattress encasement and education, have
attempted primary prevention of sensitization in older, high-risk children. Children in
the active group of both a cohort of toddlers and preschool children (mean age: 3 years)
and a cohort of 5-7-year olds who were at risk of developing sensitization (atopic parent
or sensitized to other aeroallergens) were less likely than controls to develop sensitiza-
tion to dust mite allergens (Arshad et al., 2002; Tsitoura et al., 2002). Both of these stu-
dies demonstrated effective primary prevention of sensitization, but only over a short
period of time. Further follow-up at later ages is required to determine the long-term
efficacy.

1.7.2.2. Comprehensive avoidance of dust mite allergens

Dust mite allergen levels were lowered for the active group in more stringent environ-
mental interventions. In a Manchester, England, intervention study, homes received aller-
gen impermeable covers for both the mother’s bed and the child’s bed, a high filtration
vacuum cleaner, vinyl flooring in the child’s bedroom (after removing carpets), bedding
that was washed weekly in hot water and washable toys. At age 3 years, there was no
significant difference in the symptoms reported, but airway resistance was significantly
better in the active group. Unexpectedly, the children in the active group were signifi-
cantly more likely than the children in the control group to be sensitized to dust mite
allergens at age 3 years (\Woodcock et al., 2004).

A less stringent intervention study in Australia also reduced allergen levels significantly
(Marks et al., 2006). Dust mite avoidance measures in the active group included allergen
impermeable covers, weekly washing of bedding in hot water and education about dust
mite avoidance. At age 5 years, there was no difference in the prevalence of asthma,
eczema or atopy between the active and placebo groups. The authors cited several rea-
sons for the failure of the intervention, including that while allergen levels were signifi-
cantly reduced in the active group, they may not have been low enough to be clinically
relevant. They also discussed the possible need for a multifaceted intervention, as was
discussed in the previous section on tertiary prevention.

1.7.2.3. Multifaceted primary prevention studies

From the studies discussed in the previous two sections, it appears that reducing exposure
to allergens alone may not be a sufficient avoidance measure for primary prevention —
at least for outcomes in the early years of life. A large multifaceted trial in Canada inclu-
ded control of house dust mites in multiple locations in the home, a reduction in expo-
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sure to pet allergens, avoidance of exposure to ETS, encouragement of extended (4
months) breastfeeding and the introduction of partially hydrolysed formula as a breast-
milk substitute. While there was no difference in atopy by age 2 years, those children in
the active group were significantly less likely to have possible or probable asthma (Becker
etal., 2004). At age 7 years, the children in the active group were significantly less likely
than children in the placebo group to have asthma (diagnosed by a study physician)
(Chan-Yeung et al., 2005). While lung function testing did not reveal a difference in the
prevalence of bronchial hyperreactivity between the active and control groups, the active
children were significantly less likely to have bronchial hyperreactivity with symptoms
of wheezing. Another study, a controlled trial from the Isle of Wight, used allergen avoi-
dance and either the mother maintained a diet with a low level of allergens while breast-
feeding or fed the child hydrolysed formula (Arshad, Bateman & Matthews, 2003). This
relatively small study reported that at the age of 8 years the children in the active group
were significantly less likely than the children in the control group to wheeze, have noc-
turnal cough or be atopic (skin test positive to several food and inhaled allergens).

In summary, to date the studies on primary prevention of asthma, by avoiding allergens,
do not allow for a conclusion on the efficacy of this approach. As with tertiary preven-
tion, dust mite covers alone do not appear to be sufficient (Koopman et al., 2002; Horak
etal., 2004). In one study, stringent dust mite control in the domestic environment resul-
ted in better lung function, but increased atopy at age 3 years, a finding that must be exa-
mined in greater detail when the children reach an age at which a reliable diagnosis of
asthma can be made (Woodcock et al., 2004). Multifaceted interventions, which include
extended breastfeeding, delayed introduction of allergic foods and reduced exposure to
ETS, appear to offer some protection (Arshad, Bateman & Matthews, 2003; Chan-Yeung
et al., 2005). While exclusive breastfeeding and reduced exposure to ETS also can be
recommended for health reasons other than asthma (Arshad, 2005), the relative contri-
bution of allergen avoidance in these types of studies is difficult to determine. Continued
follow-up of the children in these studies at a later age and more comprehensive studies
are needed to better understand the potential long-term efficacy of allergen avoidance as
a component of primary prevention of asthma.

1.7.3. Targeting housing conditions of high-risk groups

In light of the high prevalence of asthma, it seems reasonable to focus public health efforts
on urban communities, especially impoverished communities. The ramifications of gen-
trification of these neighbourhoods are myriad and include displacement of low-income
communities to fringe areas that could have equally poor or worse housing conditions
(Kennedy & Leonard, 2001; Higgins, Wakefield & Cloutier, 2005). Certainly, a holistic
approach is necessary to improve housing conditions without marginalizing those at risk
of developing asthma.

Public Health Significance of Urban Pests

1.8. Conclusions

Asthma is a major disease of the urban environment and a substantial burden from the
standpoint of both the quality of life for the many suffering from the disease and the eco-
nomics of health care. The global increase in the prevalence of asthma in the last half of
the 20th century has disproportionately affected urban communities in many countries.
The evidence that relates asthma and domestic exposure to cockroaches, mice, and dust
mites is clear. These pests are common in urban environments and play a significant role
in the pathogenesis of urban asthma. Removing these pests and their allergens is a logi-
cal tactic for preventing disease and reducing symptoms, but this tactic needs improved
efficacy. Results from studies on avoiding allergens suggest cautious expectations about
the ease with which long-term clinically relevant allergen reductions can be accomplis-
hed. However, the burden of asthma in urban communities may be effectively reduced
through more broadly defined asthma interventions that include allergen reduction tai-
lored to an individual’s specific allergy, education about effective methods for sustained
integrated pest management and general education about asthma.
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2. Cockroaches

Michael K. Rust

Summary

Cockroaches are one of the most significant pests found in apartments, homes, food-
handling establishments, hospitals and health care facilities worldwide. Indoor species,
especially the German cockroach, exploit conditions associated with high-density human
populations and impoverished living conditions. In some areas of the United Kingdom
and Europe, the oriental and brownbanded cockroach may also be present. Poor sanita-
tion, disrepair of a structure and clutter contribute to large populations of cockroaches.
In these situations, their medical importance requires the implementation of aggressive
integrated pest management (IPM) programmes. To minimize the likelihood of insecti-
cide resistance in cockroach populations and human exposure to insecticides, strategies
that include baiting and built-in pest control should be adopted.

Cockroach species that are found outdoors, such as the American, smokybrown and
oriental cockroach, require IPM programmes that focus on altering and removing sui-
table habitats and that use baits and possibly even biological control options. The primary
focus is directed outdoors to prevent them from gaining access to structures.
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2.1. Introduction

Of the 3500-4000 species of cockroaches only about 50 have been reported as pests of
human structures and dwellings worldwide (Cochran, 1999). Many of them are only occa-
sional intruders or unwanted guests in commerce and do not pose a serious threat of beco-
ming established indoors. Of the 69 species recorded from North America, 24species are
invasive, including all the major pest species (Atkinson, Koehler & Patterson, 1991). In
fact, all of the major domiciliary pest species of cockroaches in North America and
Europe are invasive and have relied on human activities and commerce to spread throu-
ghout the world. This review will focus on the five pest species most commonly found in
urban settings in Canada, Europe and the United States: the German cockroach (Blattella
germanica), the American cockroach (Periplaneta americana), the oriental cockroach
(Blatta orientalis), the brownbanded cockroach (Supella longipalpa) and the smokybrown
cockroach (Periplaneta fuliginosa). A four-year survey of a military installation in North
Carolina found the following species in housing and food preparation areas: German
cockroaches (84.8% of the observations), American cockroaches (14.7%), brownbanded
cockroaches (0.5%), oriental cockroaches (0.2%), and smokybrown cockroaches (0.1%)
(Wright & McDaniel, 1973). A survey of 219 hospitals in the United Kingdom revealed
the following: oriental cockroaches only (58%); German cockroaches only (0.5%); orien-
tal and German cockroaches (4.5%); oriental, German and American cockroaches (0.5%);
and oriental, German and brownbanded cockroaches (0.5%) (Baker, 1990). The average
ratio of cockroach pest species, German cockroach, brownbanded cockroach, and orien-
tal cockroach, in Zurich, Switzerland, was, respectively, 17.45 to 3.75 to 1.00 for the years
1994-1998 (Landau, Muller & Schmidt, 1999).

Other species — such as the Australian cockroach (Periplaneta australasiae), brown coc-
kroach (Periplaneta brunnea), Asian cockroach (Blattella asahinai) and the Turkestan coc-
kroach (Blatta lateralis) —will at times, in specific localities or tropical conditions, become
a significant problem. Health concerns with these species, however, are either unknown
or of much less importance in temperate climates and will not be addressed.

Some important life history and biological parameters are summarized in Table 2.1 for
the five most important cockroach pest species. Details of the biology and life histories of
these species have been published in several sources; these include the German cockroach
(Cornwell, 1968; Ebeling, 1975; Appel, 1995; Ross & Mullins, 1995), the American coc-
kroach (Cornwell, 1968; Ebeling, 1975; Ross & Mullins, 1995), the oriental cockroach
(Cornwell, 1968; Ebeling, 1975), the smokybrown cockroach (Cornwell, 1968; Appel &
Smith, 2002), and the brownbanded cockroach (Cornwell, 1968; Ebeling, 1975). The fol-
lowing information about these species will emphasize information published since these
reviews.

2.1.1. German cockroach
Once thought to have originated from Africa, the German cockroach probably spread

from an area in East and South-East Asia (Roth, 1985). It is now a cosmopolitan pest
because of changes in human travel, commerce and the urban environment. The advent

Fig. 2.1. Adult male cockroaches of the five most
important urban pest species
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of heating and cooling systems in buildings and of indoor cooking is probably a major
contributor to its rapid spread and importance as an indoor pest throughout the world.
Studies in Shanghai, China, support this view. Because Shanghai households are not well
heated in the winter, lack cooking facilities and have inadequate amounts of food and
water for German cockroaches, less than 6% of them are infested with cockroaches
(Robinson, 1996b). The German cockroach, however, is the main pest species in Shanghai
restaurants with heating sources.

The German cockroach is associated with indoor human activity, rarely being encoun-
tered outdoors. Alexander, Newton & Crowe (1991) found it in about 6% of outdoor
situations in the United Kingdom. In public housing in France, it is the most common
species found indoors (Rivault & Cloarec, 1997), but it is less likely to be found in single-
family dwellings. It is typically found in areas associated with food preparation and sto-
rage, such appliances as stoves and refrigerators, and refuse containers. Areas that pro-
vide dark harbourage, such as under a stove or refrigerator and in cracks and crevices in
close proximity to food and water, are ideal sites for German cockroaches. Rivault &
Cloarec (1995) found that some environmental factors, such as population density, type
of structure and cleanliness, partly explain the presence or absence of the German coc-
kroach, concluding that it was a complex and multifactorial problem. Whyatt and col-
leagues (2002) also found that the quality of housing was a predictor of whether pests
were sited and treated. However, less is known about the specific preferred microhabi-
tats and the micro-distribution within structures (Appel, 1995).

Adult German cockroaches are about 1.3-1.6 cm long and pale brown to tan. The two
black stripes on the prothorax — the anterior part of the insect’s thorax, which bears its first
pair of legs — help to easily distinguish this species from the similar sized brownbanded

important urban pest species
Source: Photo by D.-H. Choe.

Fig. 2.2. Adult female cockroaches of the five most

Source: Photo by D.-H. Choe.
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Fig. 2.3. Nymphal cockroaches of the five most impor-
tant urban pest species
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cockroach (Fig. 2.1-2.3). The development
of nymphs occurs rapidly, and three to four
generations are possible each year (Table
2.1). The female carries the ootheca (egg
case) until it is almost ready to hatch. These
empty egg capsules are frequently scattered
around infested structures, aiding in its
identification (Fig. 2.4).

In recent years, studies have demonstrated
the important role of German cockroach
faeces in human allergies and asthma.
Stejskal (1997) found that the mean density
of faecal material decreased in the follo-
wing order: shelter, edges of arena, area
around the edges and remainder of the
open area. The deposition of faeces may

Source: Photo by D.-H. Choe.  play some role in the orientation of coc-

Table 2.1. Life history and biological parameters of important domiciliary cockroaches

Species Indoors/ | Harbourage preferences Temperature | Adult | Adult Generation | Number
(common name) | outdoors preferences | size lifespan | interval of oothecae
(°C) (mm) | (days) (days) and size (mm)

Blattella germanica | Indoors Food preparation areas, kitchens, | 20-26.7 10-15 |9 153 Q41 ~36 eggs
(German cockroach) food storage areas, bathrooms, d128 d40 (8

areas combining warmth

and moisture
Periplaneta Indoors/ Sewer systems, steam tunnels, 24-31 34-40 | @ 125-706| 9150-450 | ~18 eggs
americana oudoors/ | zoological parks, greenhouses, J125-362 8)
(American cockroach) areas that combine heat

and moisture
Blatta orientalis Indoors/ Dense vegetation, water meter 20-29 25-30 |9 34-181 | 9 216 ~16 eggs
(oriental cockroach) | outdoors | boxes, crawl spaces under d112-160| 3 185 (10)

structures/basements, cellars,

areas that combine damp

and cool conditions
Periplaneta Indoors/ Trees, under logs, stones and 15-30 25-38 | 9218 Q320 ~26 eggs
fuliginosa outdoors | flower pots, sewer systems, d215 J388 (11-14)
(smokybrown greenhouses
cockroach)
Supella Indoors Elevated closets, storage 26-30 11-14 | Q60 Q56 16 eggs
longipalpa areas, cupboards, animal d115 d54 (4-5)
(brownbanded rearing facilities, warm areas
cockroach)
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Source: Cornwell (1968); Ebeling (1975); Appel & Smith (2002).
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kroaches and their aggregation around har-
bourages and as sources of allergens. Adult
males, non-gravid females and gravid
females produce an average of 9.6, 9.1 and
2.7 faecal pellets a day, respectively. Adult
females consistently produce more allergen
Bla g 1 in their faeces than do males (Gore
& Schal, 2005): in their lifetime, adult fema-
les will produce about 25000 to 50000 units
of the allergen, compared with about 2000
to 3000 units for males. Mated non-gravid
females and adult males are extremely
mobile, moving about 75 m in five days
(Demark & Bennett, 1995). This may have
tremendous implications for the manage-
ment of allergens within structures. It also
highlights the problem of trying to remove  Fig. 2.4. Oothecae of the five most important
faecal material from indoor environments. urban cockroach species

Source: Photo by D.-H. Choe.
Studies on the feeding behaviour of first
instars (immature insects in their first nymphal developmental stage) suggest that facul-
tative coprophagy (feeding on faecal matter) permits them to molt into second instars
with minimal foraging (Kopanic et al., 2001). The first instars survived significantly lon-
ger and also gained more nutrients than did first instars not fed faeces. Survival of the
second instars did not increase when fed faecal matter. In addition, the quality of adult
diet affects the nutritional content of faecal matter and the development of first instars.
More important, feeding on anal secretions (proctodeal feeding) by first instars facilita-
ted the horizontal transfer of slow-acting pesticides, such as hydramethylnon (see sub-
section 2.6.2.1, on baits). This data clearly indicates that slow-acting pesticides should be
recommended in baiting programmes.

Numerous researchers have shown that the aggregation pheromone produced by coc-
kroaches to attract other cockroaches has potential uses in pest-control programmes,
because this multi-component pheromone will cause immature cockroaches (nymphs) to
aggregate and will arrest their activity on faecal deposits. The exact characteristics of the
pheromone remain unknown, but it holds promise as an aid to help reduce pesticide use.

Cockroach traps have been baited with various food attractants and so-called pheromo-
nes. Traps have never demonstrated control of German cockroaches. Their effectiveness
depends on their placement and not on attractive semiochemicals (chemicals that trans-
fer a signal from one organism to another). Nojima and colleagues (2005) reported the
structure of the volatile sex pheromone blattellaquinone of the German cockroach. Field
tests indicated that males were attracted to sticky traps baited with synthetic blattella-
quinone. This may be a new promising attractant for monitoring traps, increasing their
effective range.
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2.1.2. American cockroach

The American cockroach is probably of tropical African origin, where it lives both inside
and outside of structures. Adult males and females will readily fly, especially in warm
tropical conditions. The adult female’s ability to survive 90 days with water and no food,
the deposition of oothecae and extended nymphal developmental periods probably contri-
buted to their spread in maritime commerce before the age of steam powered ships. The
American cockroach is now cosmopolitan and a significant pest in tropical and subtro-
pical climates.

Indoors, the American cockroach will inhabit food preparation and storage areas, but
they are not as common as German cockroaches. In buildings, they are found around
steam and heating pipes and in areas associated with high temperature and humidity
(Appel, 1995). They can be troublesome in greenhouses, damaging plants and feeding on
pest insects. Outdoors American cockroaches frequent palm trees and vegetation around
structures (Roth, 1981). Their close association with latrines, cesspools, sewers and dumps
increases the likelihood of them transmitting human pathogens. In the arid south-wes-
tern United States, they are commonly found in sewer systems.

Adult male and female American cockroaches are among the largest cockroach species
found in urban settings. They are about 4 cm long on average and are reddish brown
except for a pale brown band around the edge of the prothorax. The cerci — that is, pai-
red appendages on the rear-most segments, which serve as sensory organs — are extre-
mely long and slender (Fig. 2.1-2.3). In the field, the nymphs of American and oriental
cockroaches are difficult to separate without a hand lens, and the initial identification
often depends on the habitat where they are collected.

Outdoor surveys that use traps can be biased and depend on the species in the area. Appel
(1984) has shown that American cockroaches are more likely to be trapped than are smo-
kybrown cockroaches. However, traps with nymphal smokybrown cockroaches repel
American cockroaches, resulting in an under-representation of American cockroaches in
those areas of sympatry — that is, geographical areas where the different species of coc-
kroach overlap without interbreeding — where smokybrown cockroaches predominate.

2.1.3. Oriental cockroach

The oriental cockroach is probably indigenous to North Africa, inhabiting climates that
combine summer heat and moderate winter temperatures. Oriental cockroaches are a
major domiciliary pest in England and are found in northern cities of the United States
and throughout Europe. In the United Kingdom, the favourite localities in structures for
oriental cockroaches are the cellar, boiler room and heating ducts (Cornwell, 1968).
Surveys of pest control service technicians throughout the United Kingdom indicated
that oriental cockroaches were found indoors (in all questionnaires) and outdoors about
60% of the time (Alexander, Newton & Crow, 1991). In the Czech Republic and in
Slovakia, the prevalence of oriental cockroaches has been declining, probably because of
changes in building practices (Stejskal & Verner, 1996). In Hungary, apartments older
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than 60 years were infested with oriental cockroaches, whereas new apartments (less than
10 years old) were infested with German cockroaches. Oriental cockroaches have also
been reported in sewers in Germany (Pospischil, 2004) and Hungary (Bajomi, Kis-Varga
& Banki, 1993). In Germany, they are also pests in public baths, bakeries and breweries
(Pospischil, 2004). In the south-western United States, they are primarily found outside
structures, around water meter boxes and woodpiles and under uplifted concrete walks
(Cornwell, 1968). Adult populations peak in late June and July. Oriental cockroaches
have been observed feeding on garbage, dead insects, slugs, bird droppings and turf grass,
but areas where pets are fed outdoors frequently become heavily infested. In central
California, they were found in 7.1% of sewers inspected, whereas they are rarely encoun-
tered in sewers in southern California (Rust et al., 1991).

Cold hardiness probably contributes to its northern distribution. Oriental cockroaches
are not limited by temperature throughout much of the United Kingdom and western
Europe, if it can avoid short-term exposures to extremely low temperatures (le Patourel,
1993). Outdoor populations may survive in urban areas if heated buildings provide attrac-
tive harbourages. During a two-week acclimation to 10°C, none of the nymphs success-
fully molted. Acclimation, however, did result in increased survival at low temperatu-
res. Critical temperatures for formation of ootheca, viability and successful hatch are
between 15°C and 20°C (le Patourel, 1995). If the temperature is reduced to around
15°C, the populations can be arrested and will decline.

Oriental cockroaches remain close to preferred harbourages and existing refuge (Mielke,
1996). Nymphs are most likely to initiate movement to new harbourages, depending on
the distance. Increased temperature (29-38°C) and relative humidity between 48% and
70% decreases activity and increases the radius of movement. In the eastern United States,
oriental cockroaches remained near preferred harbourages, aggregating around crawl
spaces and vents under structures and with only 2% moving indoors (Thoms & Robinson,
1986). Consequently, locating refuge and aggregation sites is essential to control them.

2.1.4. Smokybrown cockroach

The smokybrown cockroach is commonly found in the south-eastern United States,
except in central and southern Florida where it is replaced by the Australian cockroach
(Atkinson, Koehler & Patterson, 1991). It is also found outdoors in some coastal areas of
California. The lower and upper temperature limits on their development are 15 °C and
35 °C, respectively (Benson, Zungoli & Smith, 1994). The distribution could extend to all
subtropical areas of the world, and isolated infestations could survive in any modern city
(Appel & Smith, 2002).

Adults are dark shiny tan to ebony and 25-38 mm long (Fig. 2.1 and Fig. 2.2). The unpat-
terned pronotum — that is, the upper or dorsal surface of the prothorax — is distinguis-
hable among the other species of pestiferous Periplaneta. Both sexes have full wings,
unlike female oriental and Turkestan cockroaches that are brachypterous — that is,
having very short or rudimentary wings. Early instars are easily recognized by distinc-
tive white-banded antennae, white mesonotum (the dorsal portion of the mesothorax)
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and whitish first two abdominal nota (the dorsal parts of the first two abdominal seg-
ments). Compared with other outdoor species, the ootheca is large (Fig. 2.4).

Outdoors, smokybrown cockroaches are likely to be found in woodpiles, bark, leaf
mulch, tree holes, planters and utility vaults. They feed on fruit, dead insects, worms and
pet food. They will infest water-meter boxes, but are rarely found in sewer systems.
Smokybrown cockroaches will occasionally invade structures; however, sustained indoor
breeding populations are rare. The proximity of preferred habitats close to homes is
responsible for domestic infestations (Brenner & Pierce, 1991). Catches in indoor traps
positively correlate with outdoor catches (Smith et al., 1995). Preferred indoor harbou-
rages include empty spaces of porch and carport ceilings, exterior walls of furnace rooms
and empty spaces of water damaged walls (Appel & Smith, 2002).

Like the oriental cockroach, the smokybrown cockroach has a restricted small outdoor
home range (less than 280 m2) and restricted movements near harbourages, such as under
decks and within debris that offers dark hiding places (Appel & Rust, 1985). Traps or baits
in these areas dramatically reduce populations, eliminating the need for perimeter spraying.

The incidence of smokybrown cockroaches in urban habitats has led to the development
of a cockroach habitat index (Smith et al., 1995). Such factors as the number of trees, pets,
residents, age of the house and the obvious cockroach harbourages were the most impor-
tant indicators of infestation. Such items as mulched and bushy landscapes next to retai-
ning walls and sheds are especially attractive. The index can help target sites for a com-
prehensive IPM programme, including insecticide treatment and habitat modification.

The volatile sex pheromone of the smokybrown cockroach has been isolated and identi-
fied as periplanone D (Takahashi et al., 1995). It elicits low activity in American coc-
kroach, in Periplaneta japonica and in oriental cockroach males. Periplanone D may prove
useful in monitoring traps, especially since smokybrown cockroaches are less likely to be
trapped than American cockroaches.

2.1.5. Brownbanded cockroach

The brownbanded cockroach is an occasional indoor pest, especially in such heated struc-
tures as animal rearing facilities, apartments and homes in which temperatures are higher
than normal human comfort (Ebeling, 1975). First reported in Germany in 1954, it has
only been periodically reported as a problem (Mielke, 1995; Pospischil, 2004). It has been
only sporadically reported in Budapest, Hungary (Stejskal & Verner, 1996). Also, rarely
encountered in the United Kingdom, it has been reported with German cockroaches in
only 0.5% of 219 hospitals surveyed (Baker, 1990). However, recent reports from profes-
sionals in pest control suggest that it is becoming a more important pest in the United
Kingdom. Additional surveys and careful identification of indoor pest species are needed.

Little research has been conducted on this species, in part because it is infrequently
encountered. Liang and colleagues (1998) reported that the synthetic sex pheromone
supellapyrone is highly attractive to males in the field, increasing male trap catches 6-28
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times. This might provide a useful monitoring tool in situations where brownbanded
cockroaches are a problem.

2.2. Health hazards
2.2.1. Surveys and public opinion

Cockroaches typically rank as one of the most common and objectionable insects encoun-
tered by homeowners, especially in low-income housing. In a survey of 315 inner-city
and low-income women in New York City, 66% of them reported seeing cockroaches
(Whyatt et al., 2002). Greater than 75% of apartment tenants considered cockroaches a
serious problem (Wood et al., 1981). In three cities in the eastern United States —
Baltimore, Roanoke, and Norfolk — surveys of tenants of public housing indicated that
83% felt that cockroaches were a serious problem (Zungoli & Robinson, 1984).
Cockroaches were more important than other negative factors in these buildings, such as
leaky faucets, broken windows and trash in the yard. Only the presence of mice was
considered worse. In a similar study of London residents, more than 80% of the residents
from uninfested apartments felt that cockroach infestations were worse than poor secu-
rity, dampness, poor heating and poor repair (Majekodunmi, Howard & Shah, 2002).
Again, only infestations of mice were considered worse. Residents with cockroach infes-
tations were slightly more tolerant of the problem than residents that did not have coc-
kroaches. Only 2% of the respondents mentioned asthma or allergies as a potential health
concern associated with cockroaches. A survey by Davies, Phil & Peltranovic (1986) of
apartment residents in Toronto, Canada, indicated that about 50% of them had cockroach
infestations, 89% considered them a health hazard and 94% considered them a source of
anxiety. In a household survey in Kentucky, 63% of the respondents listed seeing 0 to 1
cockroach as their tolerance threshold. Less than 10% of the respondents would tolerate
seeing more than five cockroaches (Potter & Bessin, 1998).

In addition to the direct health problems associated with cockroaches (such as allergic
responses, transport of pathogenic organisms and contamination of food), improper appli-
cations of insecticides and a heavy reliance on aerosols and the application of liquid sprays
to surfaces may create potential human exposure problems. More than 90% of the pesti-
cides applied in apartments are directed at cockroaches (Whyatt et al., 2002). Fischer and
colleagues (1999) reported several cases in sensitive areas, such as schools and health care
facilities, where house dust contained detectable amounts of the pesticides pyrethrum,
piperonyl butoxide, chlorpyrifos and cyfluthrin. Three insecticides, acephate, chlorpyri-
fos and propetamphos, were detected on both target and non-target surfaces in schools
treated for cockroach infestations (Williams et al., 2005). In apartments infested with
German cockroaches, air samples of the residences (n = 60) found that more than four
pesticides used for cockroach control were present. In 18 of 60 cases, eight different pes-
ticides were detected in the air, clearly suggesting an over-reliance on chemical measu-
res to control cockroaches in these housing units. No explanation was given for the pos-
sible source of the dichlorodiphenyltrichloroethane (DDT) and chlordane found in air
samples (Whyatt et al., 2002).
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Data collected throughout the United States suggest that pesticide applications in schools
may produce acute illness among school employees and students (Alarcon et al., 2005).
The authors indicate that these are “albeit mainly of low severity and with relatively low
incidence rates”. Of the 2593 cases of illness examined, about 35% resulted from the insec-
ticides. Of the 406 cases with more detailed information, 69% were associated with pes-
ticides used in schools. The most common active ingredients reported were diazinon,
chlorpyrifos, and malathion.

2.2.2. Allergy and asthma overview

In recent years, cockroach pest management has focused on the association between
asthma and the presence of cockroach allergens (see Chapter 1 of this report). Educational
intervention and attempts to lower the source of cockroach allergens resulted in about a
60% reduction in cockroaches in the intervention group, compared with the non-inter-
vention group (McConnell et al., 2005). Although allergen loads in bedding were redu-
ced by these efforts, kitchen levels remained high.

Even low numbers of cockroaches can produce significant amounts of allergen. Over
their lifetime, adult female German cockroaches can produce 25 000 to 50 000 units
(Gore & Schal, 2005). In spite of reductions in cockroach numbers, the amount of aller-
gen or cockroach dust often remains for longer than 6 months, even with aggressive clea-
ning (Eggleston, 2003). In summary, best pest management strategies seem to signifi-
cantly reduce allergen, but not to below the disease threshold (8 U/g of house dust)
(Katial, 2003). Clearly, additional research and new approaches are needed.

Numerous studies have shown the association between (and potential significance of)
cockroaches in lower-income households and asthma among children (Brenner, 1995;
Baumbholtz et al., 1997). Rosenstreich and colleagues (1997) write that “exposure to coc-
kroach allergen has an important role in causing morbidity due to asthma among inner
city children”.

2.2.3. Food contamination and disease transmission

Cockroaches present a potential health problem to people and their companion animals.
Brenner (1995) and Baumholtz and colleagues (1997) have provided extensive reviews of
literature on the pathogens associated with cockroaches, including such pathogens as
viruses, bacteria, fungi and molds. Table 2.2 is a summary and update of the important
pathogenic bacteria, viruses and fungi reported for cockroaches. Fathpour, Emtiazi &
Ghasemi (2003) collected German, American and brownbanded cockroaches from hospi-
tals, houses and poultry sheds in Iran. Of the 80 cockroaches tested, about 70% were
contaminated with Salmonella spp., many of which were resistant to antibacterial drugs.

Indirectly, cockroaches may affect human health by transmitting disease to agricultural
products that ultimately end up in the human food supply. In the past 20 years, the pre-
sence of German cockroaches has increased dramatically in Czech and Slovak dairies
(Stejskal & Verner, 1996). Oriental cockroaches have been a problem in pig farms for
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Table 2.2. List of pathogenic microbes isolated from cockroaches

Bacteria

Alcaligenes faecalis

Bacillus subtilis

Campylobacter enteritis

Campylobacter jejuni

Clostridium novyi

Clostridium perfringens

Enterobacter aerogenes

Escherichia coli (B. orientalis, Auer, Asperger &
Bauer, 1994; B. germanica, Tarry & Lucas, 1977)
Klebsiella pneumoniae

Listeria monocytogenes (B. orientalis,
Hechmer & van Driesche, 1996)
Mycobacterium leprae

Nocardia spp.

Proteus mirabilis

Proteus morganii

Proteus rettgeri

Proteus vulgaris

Pseudomonas aeruginosa

Salmonella spp. (B. germanica, P. americana,
S. longipalpa, Rosenstreich et al., 1997)
Salmonella bareilly

Salmonella bovismorbificans

Salmonella bredeney

Salmonella enterica serotype Oranienburg
Salmonella enterica serotype Panama
Salmonella enteritidis (B. orientalis,

Auer, Asperger & Bauer, 1994)
Salmonella newport

Salmonella paratyphi B

Salmonella typhimurium (B. germanica,

P. americana, B. orientalis, Zurek & Schal, 2004)
Serratia marcescens

Shigella dysenteriae

Staphylococcus aureus (B. orientalis, Auer,
Asperger & Bauer, 1994)

Streptococcus faecalis

Streptococcus pyogenes

Vibrio spp.

Yersinia pestis

Source: Compiled from Brenner (1995); more recent citations (shown in parentheses) are included.

Fungi and moulds
Alternaria spp.
Aspergillus niger
Aspergillus flavus
Aspergillus fumigatus
Candida krusei
Candida parapsilosis
Candida tropicalis
Cephalosporium acremonium
Cladosporium spp.
Fusarium spp.
Geotrichum candidum
Mucor spp.
Penicillium spp.
Rhizopus spp.
Trichoderma viride
Trichosporon cutaneum

Helminths
Ancylostoma duodenale
Ascaris lumbricoides
Ascaris spp.

Enterobius vermicularis
Hymenolepis spp.
Necator americanus
Trichuris trichiura

Protozoans
Entamoeba histolytica
Giardia spp.

Viruses
Poliomyelitis
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decades, and they may spread porcine parvoviruses (Tarry & Lucas, 1977). In addition,
German cockroaches may serve as an important mechanical vector of porcine verotoxi-
genic Escherichia coli. As a result, Zurek & Schal (2004) recommend the incorporation of
cockroach IPM into disease prevention and control programmes in the pig-farming
industry. Kopanic and colleagues (1994) reported that American cockroaches collected
at feed mills and poultry hatcheries were positive for Salmonella spp., raising concerns
about infecting hatched chicks and farm flocks. Fischer and colleagues (2003) reported
that nymphs of oriental cockroaches were capable of transmitting paratuberculosis
(Mycobacterium avium ssp. paratuberculosis) and avian tuberculosis (Mycobacterium avium
ssp. avium) in their faeces. Isolates from the cockroaches and their faeces were virulent to
chickens.

American cockroaches, feeding on the faecal matter of opossums that carried Sarcocystis
falcatula, were potential carriers to non-American psittacine birds, especially cockatoos
and cockatiels. The birds contracted the disease by either eating infected cockroaches or
possibly contaminated food (Clubb & Frenkel, 1992).

Even though numerous studies have demonstrated the ability of cockroaches to pick up
and later excrete or transfer pathogens, definitive evidence that cockroaches are vectors
for human disease is still lacking. However, the prevalence of cockroaches near human
and animal wastes, human food, and human environments creates sufficient concern
about their role as vectors. This potential health threat necessitates the control of coc-
kroaches in food handling areas, hospitals, animal-rearing facilities, zoos and human resi-
dences.

The incidence of cockroaches in commercial food-handling establishments exceeds 50%.
In New York City, 53% of the 18 000 food establishments inspected in 1976 had insect
infestations (Dupree, 1977). In a random survey of 100 commercial food-handling esta-
blishments in Los Angeles, 62 were infested with German cockroaches. All of them had
professional pest control service (Rust & Reierson, 1991). It is likely that as many as 70%
of all food-handling establishments have cockroach infestations.

2.3. Public costs
2.3.1. Cost of health-related conditions

In the United States, there were more than 21000 pest control companies in 1997, with
an estimated annual income of US$ 4.5 billion. Some 300000 retail food outlets, 500000
commercial restaurants and kitchens, and 70000 hotels and motels were under service
contract (Potter & Bessin, 1998). In 2004, some 19000 pest control companies generated
US$ 6.5 billion —a 6% increase over revenue generated in 2003 (Curl, 2004). The impor-
tance of cockroaches for the pest control industry in the United States has declined in
recent years, but cockroaches still represent 22% of service sales (Anonymous, 2002; Curl,
2004). Possibly US$ 1 billion are spent on professional services in the United States each
year to control cockroaches.
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The costs of medical problems associated with cockroaches are difficult to estimate.
Asthma affects 15 million Americans, approximately a third being under 8 years of age
(Benson & Marano, 1998). Children allergic to cockroach allergen and exposed to high
levels had a 3.4 times higher rate of hospitalization for asthma than other children. This
group also had 78% more unscheduled visits to health care providers because of asthma.
They also missed significantly more days of school than did other children (Rust &
Reierson, 1991). An estimate of the national economic burden of asthma in the United
States in 2000 is US$ 14.5 billion (Krieger et al., 2002). The actual medical and societal costs
associated with cockroach-related asthma might be a considerable portion of that cost.

2.3.2. Cost of control and management

The costs of cockroach control services vary greatly, depending on the pest species and
locality. Because it is generally assumed that cockroach IPM programmes cost more than
conventional pest control services, a comparison of conventional programmes with IPM
programmes is insightful. In 1998, in the north-eastern United States, conventional pest
control services cost US$ 65 an hour, whereas IPM services were US$ 80 an hour (Rambo,
1998). However, it is assumed that IPM should actually reduce the frequency of visits and
consequently the labour costs in the long term. Williams and colleagues (2005) reported
that after all costs were considered, conventional service was US$ 8.57 per unit and IPM
was US$ 7.49 per unit. In their study, cockroach infestations were very low in schools,
and costs would probably have increased if they had been more severe.

Brenner and colleagues (2003) set up an IPM-based programme for low-income house-
holds in New York City, involving monitoring, baiting, cleaning and structural repairs.
The costs for IPM were US$ 46-69 per unit in the first year and US$ 24 per unit in the
following year. In comparison, conventional chemical controls cost US$ 24-46 per unit
and involved no repairs or structural modifications to the apartments. In IPM program-
mes, the number of cockroach infestations declined by 50% over six months.

In public housing in Portsmouth, Virginia, the costs of conventional crack-and-crevice
treatments with sprays and dusts were compared with vacuuming, baits and insect
growth regulators (IGRs) for controlling German cockroaches (Miller & Meek, 2004).
The average costs for IPM and conventional treatments were US$ 4.06 and US$ 1.50 per
unit, respectively. After eight months, cockroach populations decreased about 80% in
IPM units, compared with a 300% increase with conventional treatments.

In 2006, in the United States, the cost of treating an apartment was about US$ 150 and
buildings typically cost US$ 1200 or more to treat. Commercial accounts, such as restau-
rants, typically cost US$ 250 a month to treat.

2.4. Impact of poverty

The physical and sanitary conditions of a dwelling greatly affect the likelihood of coc-
kroach infestations, especially of German cockroaches. Bradman and colleagues (2005)
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reported on a study of pregnant Latina women and their children in 644 homes in an
agricultural community in Salinas Valley, California. These were mostly multiple dwel-
ling units that were characterized by high residential densities (39% had more than 1.5
persons per room). In the United States, only 3% of Hispanic households and 0.5% of all
households experience this level of crowding. About 60% of the Salinas Valley house-
holds had cockroaches and 32% had rodents. The chances of having cockroaches increa-
sed with the presence of peeling paint, water damage and high residential density.

In New York City, the frequency of cockroach sightings and allergens is related directly
to the level of housing problems and level of disrepair (Rauh, Chew & Garfinkel, 2002).
Indicators of disrepair include holes in ceilings or walls, peeling paint, water damage,
leaking pipes, and lack of gas or electricity in the past six months. In a study of asthma-
tics from Connecticut and Massachusetts, low socioeconomic indicators and minority sta-
tus were associated with a high likelihood of cockroach allergens in house dust (Leaderer
etal., 2002). Elevated cockroach allergen levels increased as the number of families living
in habitations increased.

In addition to the disrepair and poor sanitary conditions associated with poverty that pro-
mote cockroach infestations, inner-city children are exposed to heavy applications of pes-
ticides (Landrigan et al., 1999). In 1997, the number of gallons of chlorpyrifos applied in
New York City exceeded the total number of pesticides applied in any other county in
that state. In housing projects in the East Harlem section of New York City, chlorpyri-
fos, cyfluthrin and lesser amounts of bendiocarb were applied on a monthly basis. The use
of illegal pesticides, such as aldicarb, Chinese chalk, and methyl parathion, is another
problem encountered in impoverished neighbourhoods.

The quality of the indoor environment is especially important, because 75% of children
between the ages of 5 and18 years spend 16 hours or more in the home (Bonnefoy et al.,
2003). Consequently, conditions that contribute to cockroach infestations and control
measures to eradicate them will greatly impact children living under conditions of
poverty.

2.5. Impact of new housing technology

Changes in housing have clearly had an effect on the prevalence and species of cockroach
infesting structures. In Hungary, for example, changes in construction practices, com-
mon ventilation systems, false ceilings, wall coverings, and heating and sewage pipes have
contributed to German cockroaches becoming the main pest species in structures (Bajomi,
Kis-Varga & Banki, 1993). Similarly, in food-processing plants in the Czech Republic and
Slovakia, the upsurge of German cockroaches has been attributed in part to central hea-
ting (Stejskal & Verner, 1996). The increase in kitchens in different types of buildings,
such as clubs, cinemas, offices and shops and all types of factories after the Second World
War has been cited as the cause of an increase in German cockroach infestations.
Cornwell (1968) discounted the increase in central heating as a major reason for its spread
in the United Kingdom.
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Building practices, such as hollow-wall voids, drop ceilings and voids under cabinets,
attics and built-in appliances, provide suitable harbourage for cockroaches. The elimi-
nation of these harbourages is the primary goal of so-called built-in pest control or insect
proofing. The use of inorganic dusts to eliminate cockroaches in harbourages and voids
has long been advocated and is a successful means of controlling German cockroaches
(Ebeling, 1975). Inorganic dusts are preferred, because they retain their insecticidal acti-
vity as long as the dust deposits remain intact and do not clump or cake. Repellent dusts,
such as silica aerogel, are typically applied at the time of construction to prevent coc-
kroaches from establishing themselves in wall and sub-cabinet voids. Non-repellent dusts,
such as boric acid, are applied to existing infestations to provide remedial control. Non-
repellent dust, however, will not scatter existing infestations. Non-repellent dusts should
be routinely reapplied when flats are being refurbished to accommodate new occupants.
One important advantage of built-in treatments is that the dusts are applied in areas not
readily accessible to people and pets. Contrary to common belief, relative humidity does
not strongly affect the toxicity of most insecticidal dusts, especially inorganic dusts. In
fact, as boric acid dusts and silica aerogel dust plus synergized pyrethrin are wetted, their
toxicity actually increases.

In many cities throughout Europe and the United States, formerly state-owned and mana-
ged housing projects are being converted into privately owned dwellings. These conver-
sions present special problems in providing IPM programmes, because of the inability to
inspect, monitor and treat all units within a building complex. In these units, inorganic
dusts should be reapplied when flats are renovated between occupants. Community action
plans and education programmes will be important in implementing IPM under these
conditions. Also, cooperation is essential to ensure that all flats are treated.

2.6. IPM of cockroaches

Basic IPM programmes to control cockroaches were initiated in the 1980s and 1990s
(Robinson & Zungoli, 1995). Unfortunately, as Robinson (1996a) notes, “In spite of the
need, the potential benefits, and sufficient development time, the concept of IPM has not
been developed fully for household and structural pests.” Since these initial attempts,
most of the research has focused on the reduction of cockroaches and allergens in struc-
tures. Some pest control companies have incorporated baits into their cockroach control
programme and simply renamed the service IPM.

IPM programmes to control cockroaches are poorly understood. Even though 67.8% of
pest management professionals (PMPs) thought that IPM was necessary to carry out their
pest control mission, less than 25% felt that the average pest control professional unders-
tood what IPM is. The PMPs also thought that there was no universal or clear definition
of IPM in the industry (Anonymous, 1995). The challenge is to provide effective and eco-
nomical uses of pesticides and alternative technologies that control and eliminate pests
in the living space (Robinson, 1996a). The programmes must be economically and aes-
thetically acceptable and must address specific attitudes of the target audience if they are
to be successful (Robinson & Zungoli, 1995).
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Outdoor IPM programmes have drawn less attention. A checklist of factors that contri-
bute to smokybrown cockroach infestations, such as the age of the structure, the presence
of woodpiles, railroad ties and tool sheds, and the number of pets, has been developed to
identify structures and sites to be treated. By incorporating habitat removal, granular and
gel bait treatments, and some spot sprays, greater than 80% reductions were achieved with
less total insecticide used, compared with conventional perimeter sprays. In addition, these
programmes were able to reduce the number of visits that the pest-management techni-
cian made to the structure. Additional research and refinements of IPM programmes indi-
cate that baiting consistently provided excellent reductions, and combination treatments
that targeted different habitats were especially effective. The application of insecticide to
targeted sites is the most cost-effective and environmentally sound approach to control
smokybrown cockroach infestations (Smith et al., 1998; Appel & Smith, 2002).

Among the goals of IPM programmes are reducing the amount of insecticide applied
and reducing unnecessary treatments. Careful monitoring identifies areas that do not
need to be treated. In their two-year control programme based on tenant observations,
Rivault & Cloarec (1997) estimated that more than 50% of flats were unnecessarily trea-
ted. Monitoring of schools with traps revealed that a number of them were unnecessarily
treated for German cockroaches (Williams et al., 2005). Also, the actual amount applied
to control the cockroaches can be reduced. About 6 g of insecticide were applied per unit
in the IPM approach, compared with about 140 g in conventional treatments (Miller &
Meek, 2004). Greene & Breisch (2002) reported a 93% reduction in the total amount of
insecticide applied after the adoption of an IPM programme (Table 2.3). Similarly,
Williams and colleagues (2005) reported that 99.9% less insecticide was applied in their
IPM programmes.

In addition to using less insecticide, IPM programmes incorporate alternative strategies.
In a pilot project in Toronto, Canada, most tenants showed improved knowledge about
IPM concepts and selected non-spray chemical treatments, such as baits, resulting in
reductions in the numbers of cockroaches in about 67% of the units (Campbell et al.,
1999). In Seattle, Washington, a comprehensive project was implemented to improve
indoor environmental quality for children with asthma (Krieger et al., 2002). To control
the cockroaches — in addition to treating with bait — daily cleaning, structural repairs,
and the removal of clutter, food and sources of standing water were initiated.

2.6.1. Cockroach control: sanitation practices

The removal of potential clutter, debris, harbourage sites and food sources is frequently
stressed in cockroach control programmes. Demonstrating that these efforts have a signi-
ficant impact on cockroach control is extremely difficult and few well-designed field stu-
dies have been conducted. Lee & Lee (2000) reported that increased sanitation in homes
resulted in better bait performance (0.5% chlorpyrifos bait) at 12-week post-treatment
evaluations of American cockroach infestations. When German and American cockroa-
ches are provided alternative food along with toxic bait in laboratory studies, the time
required to kill cockroaches is consistently longer than with unfed cockroaches (Appel,
Eva & Sims, 2005).

Public Health Significance of Urban Pests

Table 2.3. Effect of IPM on insecticide applications and cockroach control

Service category Before IPM (1988) After implementing IPM (1999)
Pesticide-treatment requests (total) 14 659 954

Spray application requests 2661 0

Cockroaches requests only 10 647 733

Pesticide applications (%) 99.6 60.3

Total pesticides (g) 4426 305.8

Note. Control services considered pertain to buildings under the United States General Services Administration
in the National Capitol Region (Washington, DC, Maryland and Virginia).
Source: Adopted from Greene & Breisch (2002).

Sanitation is only a part of a more comprehensive IPM programme to remove preferred
cockroach harbourages and resources, and cleaning alone will not reduce cockroach
populations. In conjunction with structural repairs and built-in pest control, improved
sanitation will stress cockroaches, making them more susceptible to baits and crack-in-
crevice treatments.

2.6.2. Cockroach control: pesticide applications

2.6.2.1. Baits

The development of baits has revolutionized cockroach control, especially against the
German cockroach (Reierson, 1995). This new paradigm has been widely accepted by
both the professional pest control community and the public. Nearly 69% of homeowners
preferred baits to sprays, and 33.5% thought that baits were the least hazardous method
of control (Potter & Bessin, 1998).

Operational factors are also important to the success of baiting programmes (Reierson,
1995). Durier & Rivault (2003) found that applying numerous discrete droplets of bait
were better than one large spot of bait against high densities of German cockroaches; at
low densities, a single spot of bait was adequate. Providing many bait stations helped
reduce aggression among cockroaches and allowed greater access to bait in their lab study.
In addition to greater numbers of bait placements, the location of the bait station may be
extremely important. Appel (2004) found that bait consumption decreased if it was pla-
ced on surfaces treated with repellents, such as some pyrethroid insecticides. When repel-
lents were applied to solid cockroach baits, there was decreased consumption. This did
not occur on gel baits.

Baiting outdoors often presents special problems, because of rainfall, irrigation and high
humidity. Thoms & Robinson (1987a) reported that hydramethylnon bait molded in high
humidity conditions in outdoor bait trials against oriental cockroaches, but still mana-
ged 69.3-97.8% reductions in cockroaches. Gel baits that contained fipronil and imida-
cloprid provided 96—-99% control of American cockroaches in sewers for 6 months or lon-
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ger. Resurgence of cockroaches appeared to result from a loss of bait and not degradation
of active ingredient (Reierson et al., 2005).

Baits are an important component of cockroach IPM programmes. However, a common
misconception is that the use of baits alone is IPM. Nothing could be farther from the
truth. Effective IPM involves a systematic approach and process (see Chapter 15 of this
report).

2.6.2.2. Crack-and-crevice treatments

The method of applying insecticides greatly affects its bioavailability to pests and people
(Rust, 1995, 2001). Applications of small amounts of non-repellent insecticides to cracks
and crevices are effective against such insects as cockroaches and silverfish, because these
insects prefer to hide in small dark spaces. Non-repellent insecticides are more likely to
be encountered by cockroaches than repellent insecticides that flush them out of hiding
areas. Small crevices are ideal sites to place gels baits, dusts and liquid sprays.

Crack-and-crevice treatments will quickly reduce the numbers of foraging cockroaches,
but will not eliminate breeding populations in voids and outdoor sites. These spot treat-
ments are most effective when applied in conjunction with structural repairs, void treat-
ments and sanitation. Spot treatments to cracks and crevices reduce the amount of insec-
ticide applied indoors and also reduce the likelihood of exposing people and pets to
insecticides (Rust, 2001). These treatments are designed to be preventive and should only
be made when visual monitoring or traps indicate the presence of cockroaches.

2.6.2.3 General surface treatments

Indoors, baiting and other less pervasive methods have largely replaced the use of spot,
baseboard and surface sprays. Nevertheless, perimeter and spot treatments have a place
in IPM, especially in treating peridomestic species outdoors, where the application of bait,
structural modifications or built-in controls is problematic. The activity of insecticides
against eight pest species, including American, oriental and smokybrown cockroaches, is
(in order of most active to least active) as follows: pyrethroid, carbamate and organo-
phosphate (Valles, Koehler & Brenner, 1999). Encapsulated diazinon and chlorpyrifos
applied to perimeters of homes and in crawl spaces provided about 95% reductions of
oriental cockroaches for at least 12 weeks (Thoms & Robinson, 1987a).

The use of IGRs as surface sprays or in total release aerosols has always been of interest,
because of their low toxicity to mammalians. However, because of their modest efficacy
against cockroaches, they have never gained acceptance. In a recent study, noviflumuron
sprays applied in infested apartments provided up to 90% reductions of German coc-
kroaches at four weeks post-treatment (Ameen et al., 2005).

Also, in the control of German cockroaches, residual sprays of chlorfenapyr provided
80% reductions in infested apartments at eight weeks post-treatment (Ameen, Kaakeh
& Bennett, 2000). Chlorfenapyr is a pro-insecticide —that s, it is only activated to its toxic
form in the cockroach’s body — that shows promise as an alternative treatment for field
strains with high levels of mixed function oxidase, resulting in insecticide resistance.
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These indoor perimeter applications are designed to provide preventive control, and they
should only be used when visual monitoring or traps indicate the presence of cockroaches.
Special precautions should be taken to reduce the likelihood of people, pets and non-tar-
get organisms being exposed.

2.6.2.4. Alternative strategies

There will always be situations and sensitive areas where the use of insecticides is unfea-
sible, impractical or prohibited. Cockroach infestations in equipment such as cash regis-
ters, computers, televisions and radios or in such places as museums, health care facilities,
airplanes, ships and vehicles might be difficult to treat with conventional strategies.
Alternative approaches have been successful, but have been used on a limited basis.

For use in museums, a simple procedure that uses special polyester bags, nitrogen gas
and an oxygen scavenger to produce anoxic atmospheres (less than 0.1% oxygen) readily
kills cockroaches (Rust et al., 1996). Adult American, German, and brownbanded coc-
kroaches are killed with 6-hour exposures, whereas nymphs of all three species are killed
within 24 hours. The most resistant stage is the ootheca. The American, German, and
brownbanded cockroach oothecae require exposures of 120, 24, and 72 hours, respectively,
to produce 100% mortality.

Most household insect pests are extremely sensitive to high temperatures. At 51.7°C, a
30-minute exposure kills 100% of adult male German cockroaches (Rust & Reierson,
1998). In field studies, it was possible to control German cockroaches by heating food-
handling areas in buildings to 46°C for 45 minutes (Zeichner et al., 1996). The heat treat-
ment successfully reduced chemical treatments by 60%. Even though it was expensive, the
treatment was considered a success because of the repeated failures with conventional
chemical controls prior to heating.

2.7. Insecticide resistance
2.7.1. Physiological insecticide resistance

As long as insecticides are an integral part of pest management programmes, the poten-
tial for development of physiological resistance to them will be significant, especially for
the control of German cockroaches. Also, insecticide resistance in other cockroach spe-
cies has appeared in recent reports. German cockroaches have developed resistance to
many of the organophosphates, carbamates and pyrethroids extensively used against them
(Cochran, 1995). Resistance to some insecticides, such as pyrethrins, bendiocarb, diazi-
non and chlorpyrifos, was widespread in 1989, but resistance to such pyrethroids as per-
methrin, cyfluthrin and cypermethrin was found in only a few strains. Of 30 strains col-
lected in the field from three continents, 15 had a more than twofold resistance to
pyrethroids and 12 were also resistant to chlorpyrifos and propoxur (Hemingway et al.,
1993). By 1998, at least one gene for resistance to cypermethrin was common in strains col-
lected in the field. Of 57 strains in which the gene frequencies were determined, 31 were
resistant (Cochran, 1998). A full range of resistance mechanisms, including esterase- and
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oxidase-based metabolism and nerve insensitivity, was found in these strains.

Cross-resistance continues to be an obstacle to finding alternative treatments when resis-
tance develops. Holbrook and colleagues (2003) found that about 13 of 19 strains collec-
ted in the field showed some level of resistance to fipronil. Also, there was a direct rela-
tionship to resistance to cyclodienes. However, when fipronil was fed in baits, there was
more than enough active ingredient to kill even the most tolerant individuals in their
study. Even though the use of dieldrin in Denmark was discontinued over 30 years ago,
resistance to it persists. Kristensen, Hansen & Vagn Jensen (2005) reported four strains
collected in the field resistant to dieldrin and cross-resistant to fipronil. The mutation
confers about 15-fold resistance to fipronil.

Strategies that rotate the use of different insecticides have often been recommended to
counteract resistance. Applications of organophosphates may be most effective when used
before pyrethroids in a rotational programme. Rotating on each generation and using a
third insecticide or mixture of insecticides may be the best strategy to prevent high-level
resistance to any one compound. The importance of developing effective rotational sche-
mes diminished with the advent of baits in control programmes. However, the appea-
rance of the cross-resistance to fipronil and behavioral resistance to baits has made this an
important topic again.

2.7.2. Behavioural resistance

Even though numerous studies have shown the existence of physiological insecticide resis-
tance in cockroaches, there have been few examples of behavioral resistance. In one such
example, a strain of German cockroach was shown to have an aversion to feeding on glu-
cose in the diet and, consequently, did not consume toxic baits containing glucose (Silverman
& Bieman, 1993). Subsequently, strains collected in the field in the Republic of Korea and
the United States were also shown to have this glucose aversion (Silverman & Ross, 1994).

These studies suggest that the rotation of baits with different active ingredients will not
be enough to prevent reduced performance. It will be necessary to also monitor food pre-
ferences and make necessary changes to prevent avoidance. This is extremely important,
because of the central and pivotal role that baits play in cockroach IPM programmes.

2.8. Biological control

The incorporation of natural predators, parasitoids (insects whose larvae are parasites
that eventually kill their hosts) and pathogens to control peridomestic (undomesticated
animals that, nevertheless, live in close proximity to humans) cockroaches has been a
long-term goal of IPM (Suiter, 1997). The use of biological predators is especially attrac-
tive in sensitive situations where insecticide applications may be inappropriate, such as
animal rearing facilities, zoos, sewers, and greenhouses. Lebeck (1991) has provided an
excellent review of the hymenopterous (insects having two pairs of membranous wings
and an ovipositor specialized for stinging or depositing eggs) natural enemies of coc-
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kroaches and those species most likely to be used in biological control. The most promi-
sing parasitoids are the cockroach wasp (Aprostocetus hagenowii), against Periplaneta spp.,
and the encyrtid wasp Comperia merceti (family Encyrtidae), against the brownbanded
cockroach. Some transitory predator wasps (family Evaniidae), such as the emerald coc-
kroach wasp (Ampulex compressa) are difficult to rear, and their large size probably makes
them unacceptable candidates in indoor settings. Thoms & Robinson (1987a) reported
that 60% of the homeowners killed the evaniid parasitoid Prosevania punctata when they
encountered it. Outdoor releases may be more appropriate for the evaniid parasitoids,
because of their size and wasp-like behaviour (Lebeck, 1991).

The efficacy of evaniid parasitoids used to control cockroaches is mixed. The evaniid
parasitoid P. punctata and the cockroach wasp were collected at a field site in Virginia
from oothecae of oriental cockroaches (Thoms & Robinson, 1987b). None of the oothe-
cae placed inside the structure and observed was parasitized, even though adult P. punc-
tata were regularly collected indoors. In the study, about 51% of oothecae recovered from
outdoor sites were parasitized, 15% by P. punctata and 36% by cockroach wasps. Thoms
and Robinson postulated that the cockroach wasp may be more efficient because the deve-
lopment time is 24—64 days, compared with 37-337 days for P. punctata. Also, about 30-93
adult cockroach wasps emerge per ootheca compared with 1 adult for P. punctata.
Moreover, the cockroach wasp is smaller and less conspicuous than P. punctata. In ano-
ther study, releases of cockroach wasps in sewers did not become established or provide
control of American cockroaches (Reierson et al., 2005).

Releases of the encyrtid wasp C. merceti in indoor facilities to control the brownbanded
cockroach have probably been the best-studied effort of the biological control of coc-
kroaches. In an insect rearing facility, Coler, Van Driesche & Elkinton (1984) reported
increased parasitism by C. merceti and decreased brownbanded cockroach trap catches.
Initially cockroach populations were low, and cockroaches were added to increase popu-
lations, resulting in 70-90% parasitism of oothecae. Cockroach populations increased for
awhile and then decreased to low levels. For studies of low-level populations of brown-
banded cockroaches, augmentation may be necessary. In follow-up studies, Hechmer &
Van Driesche (1996) reported that two populations of the parasitoid C. merceti had main-
tained themselves on two separate indoor brownbanded cockroach populations without
supplemental releases for 10 years. Levels of parasitism ranged from 36% to 93%. Lebeck
(1991) believes that C. merceti has pest management potential, especially with overwhel-
ming releases.

Even though some reviews suggest that fungi and nematodes may be promising biologi-
cal control agents (Suiter, 1997), desiccation, spore viability and avoidance of bait stations
have been a problem. Koehler, Patterson & Martin (1992) found that the time required to
kill 50% of the cockroaches exposed to Steinernema carpocapsae nematodes was related
inversely to the moisture of their preferred habitats. German and brownbanded coc-
kroaches were the most susceptible. American, oriental and smokybrown cockroaches
were less susceptible. Nematodes, however, require moisture and the delivery of viable
nematodes in relatively dry habitats of German and brownbanded cockroaches is pro-
blematic.
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2.9. Conclusions

Cockroaches present an unnecessary threat to public health, especially in multifamily
dwellings and commercial food-handling establishments. IPM programmes must be desi-
gned to accommodate the pest species and each situation. No two programmes will be
identical; however, they all should incorporate the following six steps.

e It is essential to identify the pest species and locations where indoor and outdoor infes-
tations are breeding or gaining access to structures. The use of commercial traps is an
important first step in determining the extent and severity of the problem. Traps can
locate sites that need corrective measures. Traps have never been shown to be effective
in controlling cockroaches, especially German cockroaches. Trap counts provide a
quantitative mechanism upon which to base treatments and evaluate the success of the
IPM programme. Trapping can also reduce unnecessary treatments and thereby reduce
the amount of insecticides applied.

= The development of a community action plan is necessary, so that the tenants, landlords
and proprietors actively participate in the IPM programme. The tenant’s assistance and
cooperation in removing clutter, food and water sources and in permitting access to
their flats is essential. For example, treating infested appliances is essential to prevent
cockroaches from moving between flats when tenants move. The other participants,
such as landlord or caretaker, have responsibility for maintaining and repairing the
structure and surrounding property and for providing adequate trash removal. Also,
personnel responsible for repairing structural deficiencies and for treating cockroach
infestations must provide tenants and landlords with progress reports and positive feed-
back.

= Control strategies should involve: prevention (built-in pest control); elimination of
potential pest harbourages, such as clutter and cracks and crevices and voids; and pre-
vention of cockroach movement across common pipes and conduits. The application of
non-repellent dusts to voids should be repeated when flats are refurbished between
occupancies. In addition to improving living conditions, structural repairs help reduce
potential cockroach harbourages and movement within buildings. Cleaning and sanita-
tion can be important in removing harbourage sites and sources of food and water. This
is especially important in multifamily dwellings, where cockroaches can rapidly spread
and the tenants do not feel directly responsible for the problem.

< When necessary, applications of insecticidal sprays, dusts and gel baits should be applied
to cracks, crevices and voids where cockroaches harbour. Non-repellent insecticides
should be used to avoid scattering cockroaches and slow-acting baits might be used
indoors whenever possible to improve the control of early instars. When possible, contai-
nerized baits should be used, especially in extremely sensitive situations, such as schools
and health care facilities. Applications should be made to minimize potential exposure
to people and pets. Insecticides should only be applied where warranted, by monitoring
with traps or visual inspections.
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< In some situations, large blocks of flats or entire buildings will need to be treated. It is
essential, therefore, that the IPM action plan embraces both the tenants and landlords.
Failing to treat all of the units will leave potential refuges for reinfestation. Unsuccessful
results are discouraging and encourage future noncompliance by tenants and landlords.

< Post-treatment evaluations are essential to determine if the IPM action plan has cor-
rected the problems and controlled the cockroaches. These evaluations need to be sha-
red with tenants and landlords to ensure continued cooperation and support. Input
from the tenants and landlords allows the treatment team to evaluate and alter the
action plan as needed. The programme must be economically and aesthetically accep-
table and must address the needs of the target audience if is to be successful.
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3. House dust mites

David Crowther and Toby Wilkinson

Summary

Less than a millimetre in size, house dust mites are found worldwide, primarily in human
dwellings. They themselves are harmless, but they give rise to potent allergens associa-
ted with several diseases, notably asthma. The major component of their diet is scales
from human skin (dander), which is in plentiful supply in a typical home —for example,
in mattresses and bedding, carpets, and upholstered furniture. However, mites are also
dependent on both temperature and relative humidity, and they cannot survive if hygro-
thermal conditions are unfavourable. The observed variability in mite populations and
allergen levels, both between and within different regions, can be related, at least in part,
to the variability in hygrothermal conditions found within dwellings. In turn, these
conditions are affected by the complex interaction of such factors as climate, type of buil-
ding construction (particularly in relation to the standards of ventilation and insulation
provided) and occupant behaviour (in relation to moisture production, as well as to hea-
ting and ventilating habits).

Modifying the domestic hygrothermal environment in an appropriate manner thus has
considerable potential to be an effective method of controlling house dust mites. Many
issues are involved, however, and there are several other methods of control, including
various forms of cleaning (particularly steam cleaning), temperature control (such as elec-
tric blankets), physical methods (such as barrier fabrics) and pesticides. Whether the aim
is to prevent mite infestation from occurring or to control an infestation once it has occur-
red, it is essential to adopt an integrated approach.
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3.1. Introduction

House dust mites (HDMs) are microscopic organisms that live where scales from human
skin, the major component of their diet, accumulate. Although they can be found in
schools, offices and other workplace environments, they are more commonly found in
dwellings, where a variety of habitats, particularly bedding and carpets, can provide
favourable conditions in terms of:

ematerial properties

e relative security from disturbance, competition and predation
«food supply (human skin scales or dander)

etemperature and relative humidity.

The physical spaces provided by modern mattresses (whether of spring or foam cons-
truction), duvets, pillows (whether feather or synthetic), carpets and upholstered furni-
ture are well suited to support mite development. The interconnected air gaps and inter-
stices provided are:

the right size for them to crawl into

edark (they are photophobic)

< difficult to extract them from (due to their ability to cling to fibres)
< close to sources of the food they require.

Given these conditions, their distribution within the built environment depends prima-
rily on temperature and relative humidity. Since HDMs are unable to drink liquid water,
they absorb the water they need from the atmosphere. They thus need high levels of rela-
tive humidity to survive.

HDMs do not attack, bite or transmit disease to people, nor are they a sign of poor
hygiene. However, their faecal pellets contain a number of potent allergens known to
trigger and possibly cause allergic disease, such as perennial rhinitis, eczema and, most
important, asthma. Although the HDM has not historically been considered to be an
urban pest, the increasing prevalence of these diseases, especially asthma, justifies its
consideration in this context.

3.1.1. Biology and ecology

3.1.1.1. Origins and natural history

Mites are arthropods within the class Arachnida. HDM is primarily used to describe three
species of mite, Dermatophagoides pteronyssinus, Dermatophagoides farinae and Euroglyphus
maynei.l The allergens these mites produce are probably the most important allergens

1 Unlike with many other urban pests, a sound system of common names does not exist for HDMs. For example, the names “American
mite” and “European mite” are rarely used by acarologists, because they are misleading — neither species is exclusive to the region
named and both have a worldwide distribution. Therefore the system of nomenclature based on binomial Latin names is used for
HDM species throughout this chapter.
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associated with asthma worldwide (Tovey, 1992). In temperate climates, D. pteronyssinus
and D. farinae are the most abundant species (Arlian et al., 1998). E. maynei is common,
but under-researched; some evidence, however, shows that it can be clinically important
(Mumcuoglu, 1977; van Hage-Hamsten & Johansson, 1989).

HDMs belong to the family Pyroglyphidae. Mites belonging to this family are normally
associated with birds, mammals and stored products (van Bronswijk, 1981). It is likely
that HDMs were originally nest dwellers that moved to occupy peoples’ beds at the time
of the first settlements (Colloff, 1998). HDMs (and mites in general) are very difficult to
identify, largely due to their small size. A number of guides that specialize in mites found
in dust exist — for example, by Fain (1990) and by Colloff & Spieksma (1992).

3.1.1.2. Life cycle

The life-cycles of HDMs consist of five major stages: egg, larva, protonymph, tritonymph
and adult. Development time from egg to adult under optimal conditions, 25°C and 75%
relative humidity, takes about 25 days. The speed of HDM development depends largely
on temperature (see subsection 3.1.3.3).

As the HDM s progress through each stage of life, they become larger and display more
taxonomic features. Each active stage is separated by a quiescent phase that lasts for a
third to a half the time of the preceding active period (Arlian, Rapp & Ahmed, 1990).
D. farinae is able to survive adverse conditions, particularly low relative humidity, by for-
ming a prolonged, so-called drought-resistant quiescent protonymph stage. The quies-
cent protonymph of D. farinae consumes 28.5 times less oxygen per hour than an active
protonymph. It has a water exchange half-life of 160 days, compared with just 20 hours
for an active protonymph and 28 hours for an adult (Arlian et al., 1983).

Current research indicates that D. pteronyssinus does not form a drought-resistant quies-
cent protonymph stage similar to D. farinae. Arlian, Rapp & Ahmed (1990) found that
quiescent D. pteronyssinus protonymphs were not formed even at low humidities,
although they suggested that a combination of unfavourable conditions may trigger a
quiescent protonymph stage. De Boer & Kuller (1997) observed that the quiescent phase
of D. pteronyssinus was relatively brief and to their knowledge, not prolonged. De Boer,
Kuller & Kahl (1998) reported that in the carpeted ground floor of Dutch houses,
D. pteronyssinus adults remained active throughout the winter.

At 25°C and 75% relative humidity, the difference between the development time of
males and females is non-significant (Arlian, Rapp & Ahmed (1990). The lifespan of adult
males, however, was found to be 77 days, compared with 45 days for unmated adult fema-
les and 31 days for mated adult females. During their adult lifespan, D. pteronyssinus
females have been shown to produce between 40 and 80 eggs (Colloff, 1987). D. farinae
females are able to live considerably longer than D. pteronyssinus females (100 and 31 days,
respectively). The reproductive period and number of eggs produced were similar for
both species. After death, the bodies of HDMs dried thoroughly, allowing them to per-
sist in the environment for a considerable period of time before breaking down.
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3.1.1.3. Food

As well as skin scales, pollen, spores of microorganisms, fungal mycelia and bacteria have
all been found in the gut of Dermatophagoides spp. (van Bronswijk, 1981). A person typi-
cally produces 0.5-1.0 g of dead skin a day, although a large proportion of this will be
removed via the cleaning of clothes and bed sheets and the vacuuming of carpets. Food
is not normally considered to be a constraint on HDM population growth, although its
scarcity after washing or vacuuming could conceivably impede HDM population growth
and allergen production (de Boer, 1998).

It is thought that freshly shed skin scales may be dry and indigestible and that mites pre-
fer older skin scales with a higher moisture content (Maunder, 1990). Also, fungal growth
on skin scales can affect their nutritional value. Van Bronswijk (1981) reported that D.
pteronyssinus grew better on skin that had previously been partially digested by the fun-
gus Aspergillus amstelodami than skin with no fungal treatment. However, Douglas &
Hart (1989) concluded that no experimental studies provided definite evidence of this,
although they did show that small quantities of the fungus Aspergillus penicillioides may
be of nutritional value. De Saint Georges-Gridelet (1987) reported that the fungus
Aspergillus repens also increases the nutritional value of skin scales to the mites by redu-
cing the fat content and adding vitamins B and D.

Mites kept in the laboratory are normally fed yeast-based food, which is often supple-
mented with different types of animal protein. Experiments indicate that the type of food
used can affect the rate of HDM growth (Hart et al., 2007). This can have a significant
impact on the comparability of laboratory trials.

3.1.1.4. Limiting factors

In most situations, HDM populations are primarily limited by temperature and relative
humidity (van Bronswijk, 1981). HDM habitats, such as carpets and especially mattres-
ses, provide vast amounts of space for these mites. HDMs and food are more commonly
found near the top surfaces of spring and foam mattresses (de Boer & Kuller, 1994; Hay,
1995). However, HDMs may be present throughout solid foam mattresses, providing
food and suitable hygrothermal conditions are available (de Boer & Kuller, 1994). Food
quality is also likely to have an effect on mites. Arlian (1992) found that feeding rates are
affected by the moisture content of food; this could have implications for nutritional
uptake and the speed of reproduction. The carrying capacity of an artificial yeast- and
liver-based mite food has been found to be about 12000 mites per gram of culture
(Wilkinson et al., 2002). Food is only likely to become a limiting factor when HDMs expe-
rience prolonged favourable hygrothermal conditions. The food quality is also likely to
vary considerably between habitats; carpet dust, for example, contains considerably more
grit than mattress dust. Although fungi provide nutritional benefits to HDMs, at very
high levels of relative humidity they also can kill mites, either by producing toxins or as
a result of the physical effect that a large quantity of fungi has on the HDM habitat
(Arlian et al, 1998; van Asselt, 1999). The impact of predation is also thought to be mini-
mal in the domestic environment (see section 3.3.8).
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3.1.1.5. Habitats within the home

HDMs occupy a wide range of habitats in the home, including mattresses, bedding, car-
pets, soft furnishings, gaps in laminate floors, clothes and toys. It is difficult to generalize
about where HDMs are most abundant within houses, since population size may be
influenced by a number of factors, including variations in microclimatic conditions.
Mattresses and carpets, however, are generally considered to be the main living and bree-
ding grounds for HDMs. The mattress forms a complex hygrothermal environment,
containing areas that are more and less favourable to mites than room conditions
(Pretlove et al., 2001). Mattresses are not always the dominant HDM habitat. Arlian,
Bernstein & Gallagher (1982) found a living room carpet in Ohio, which supported a
population of HDMs (primarily D. farinae) seven times larger than that found in the mat-
tresses. Other soft furnishings may also support HDMs. Mitchell and colleagues (1969)
found that mite density was greater in frequently used furniture than in pieces rarely
used. This is likely to be due to the greater number of skin scales supplying food for
HDMs and the higher moisture content of furniture used regularly.

D. pteronyssinus and D. farinae show behavioural differences that enable them to occupy
different niches within the same habitat. VVan Bronswijk (1981) reported findings from
astudy by Wharton that noted that although D. pteronyssinus and D. farinae occupied the
same niche, D. farinae tended to crawl on top of the substrate while D. pteronyssinus
remained beneath it. Generally, HDMs are found closer to the surface of the mattress,
although de Boer (1990a) observed that HDMs are also present deep inside a mattress, not
just near the surface.

3.1.2. Distribution in Europe and North America

HDM s inhabit a wide geographical range. Their distribution is well understood in
Europe and North America, although comprehensive studies in other parts of the world
are limited. D. farinae is generally the most dominant species in North America and
other continental regions with prolonged dry weather, while D. pteronyssinus is abundant
in temperate areas with constantly higher humidity levels, such as the United Kingdom
(Platts-Mills & Chapman, 1987).

Within mattresses in the United Kingdom, D. pteronyssinus is usually the most abundant
mite species, followed by E. maynei, although there is some variation in the proportions
of these two species (Rao et al., 1975; Blythe, Williams & Smith, 1974). In general, studies
have recorded no or very few D. farinae in samples and speculate that conditions within
the United Kingdom may be too cool and damp for the survival of this species (Blythe,
Williams & Smith, 1974; Abbott, Cameron & Taylor, 1981; Hart & Whitehead, 1990;
Wanner et al., 1993).

Walshaw & Evans (1987) stated that there was a strong correlation between the density
of E. maynei within a mattress and social class, increasing numbers of mites being found
as social class declined. However they did not examine this relationship with D. ptero-
nyssinus. Colloff (1991a) also showed that E. maynei occurred more frequently in samples
from homes that he assessed as being damp.
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In other areas of Europe and in Australia and New Zealand, D. pteronyssinus is usually
the dominant species (Blythe, 1976; Crane et al., 1998; Dharmage et al., 1999), although
this is not always the case. Solarz (1997) found that in mattress dust samples from the
Czech Republic, D. farinae was the dominant species, representing 62.7% of the total mite
population, while D. pteronyssinus comprised 28.8% and E. maynei 1.4%.

In contrast to Europe and Australasia, D. farinae is generally the most abundant species
of HDM in the United States of America (Wharton, 1976; Arlian, Bernstein & Gallagher,
1982), although D. pteronyssinus is also present. Mulla and colleagues (1975) found that in
California D. pteronyssinus was more common than D. farinae. In the homes they exami-
ned, 29% supported D. pteronyssinus alone, compared with 21% supporting D. farinae
alone and the remainder supported both species. The houses they surveyed were all
within 24 km of the Pacific Ocean. They noted that D. pteronyssinus numbers were grea-
test near the coast while D. farinae numbers increased in abundance further inland (see
section 3.2.2).

3.1.3. House dust mite physiology

A total of 72% male and 74% female HDM weight is water (Arlian, 1975). D. pteronyssi-
nus females weigh 5.8 = 0.2 ug, males being considerably smaller, weighing 3.5+ 0.2 ug.
HDMs have a high ratio of surface area to volume, which means they risk becoming
dehydrated. Critically, HDMs are unable to drink liquid water; instead, they absorb the
water they need from the air, so that they need high levels of relative humidity to sur-
vive,

3.1.3.1. Water balance
HDMs obtain their water in four ways, through:

1. ingestion with food

2. production of metabolic water from the oxidation of carbohydrates and fats
3. passive absorption, through the outer surface of the body

4. active absorption from unsaturated air, via the supracoxal gland.

Water is simultaneously lost in four ways:

1. by transpiration or evaporation to ambient air from the supracoxal gland

2. by evaporation through the permeable surfaces of the body

3.in digestive secretions and reproductive fluids

4. during other functions, such as feeding, excretion and oviposition (Arlian, 1992).

Of the four ways HDMs obtain water, first, the moisture content of the food that mites
eat tends to be in equilibrium with ambient air. Arlian (1977) reported that above the cri-
tical equilibrium humidity (CEH; see subsection 3.1.3.2), the feeding rate increased for
both D. pteronyssinus and D. farinae; below the CEH, water gained by feeding was less
than 9% of that transpired. The results of the study indicate that the moisture content of
the food only has a small role to play in providing mites with the water they require.
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Second, Arlian (1977) also concluded that HDMs are unlikely to obtain significant
amounts from the oxidization of carbohydrates and fats and, third, passive absorption
through the outer surface of the body does occur, but only slowly (Arlian & Veselica,
1982). Finally, the active uptake of water is facilitated by a pair of glands, the supracoxal
glands. These glands secrete a hygroscopic salt solution that contains sodium chloride
and potassium chloride (Wharton, Duke & Epstein, 1979); the secretion flows down a
duct, eventually reaching the HDM mouth. Providing the relative humidity exceeds the
CEH, the salt solution experiences a net gain in water. Wharton, Duke & Epstein (1979)
found that the rapid uptake of water took place after three hours, when they moved dehy-
drated D. farinae from a low relative humidity environment and placed them in a high
relative humidity environment.

Of the four ways HDMs lose water, first, when relative humidity is below the CEH, the
salt solution dries out, eventually blocking the gland and thus preventing further water
loss (Wharton, Duke & Epstein, 1979). Arlian & Wharton (1974) observed that, in D. fari-
nae it took 14 hours for transpiration from the supracoxal gland to become negligible.
Second, mites and mite eggs are able to lose water through the outer surface of the body,
but only slowly. Increasing temperature, however, increases the permeability of the cuti-
cle and results in a more rapid water loss (Arlian & Veselica, 1982). Third, digestive secre-
tions and reproductive fluids are only likely to account for a small proportion of the loss.
Finally, at low relative humidity, HDMs generally feed less, and their reproductive rate
is reduced (Arlian, 1992). Also, their rate of excretion and oviposition is reduced.

3.1.3.2.CEH

CEH is very important in understanding how HDM s survive, especially in relation to
their water balance. CEH is most commonly defined as the relative humidity below which
mites are unable to maintain their water balance and lose water more rapidly than they
can gain it. Arlian & Veselica (1981a) found that CEH for D. farinae varies with tempe-
rature. CEH also appears to vary according to the state of hydration of the HDMs (Arlian
& Veselica, 1981a). At 25°C, Arlian & Veselica found the CEH for D. farinae to be 58%,
which was significantly lower than the CEH of 70% found previously by Larson (1969).
Arlian & Veselica (1981b) suggested that this was probably due to differences in experi-
mental methods, their mites being dehydrated for significantly longer than Larson’s.

A similar situation was reported for D. pteronyssinus. Arlian (1975) found the CEH at
25°C to be 73%, using mites that had not been pre-dehydrated. De Boer & Kuller (1997)
and then De Boer alone (1998), using pre-dehydrated mites, found the CEH at 16°C to
be between 56-58% relative humidity and at 20°C to be between 58—-60% relative humi-
dity. When HDMs are exposed to brief daily spells of elevated humidity above CEH,
they can survive in otherwise detrimental conditions, as Arlian, Neal & Bacon (1998)
found for D. farinae and de Boer, Kuller & Kahl (1998) found for D. pteronyssinus. This
has significant implications for their survival and for preventive environmental control
measures.

3.1.3.3. Influence of temperature
In the domestic environment, the rate of HDM population growth is related to tempe-
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rature (Arlian et al., 1983; Colloff, 1987). Temperature primarily affects the rate of HDM
growth, although it also plays a vital role (together with the moisture content of the air)
in determining relative humidity, which affects HDM survival. Extremes of tempera-
ture can have detrimental effects on HDM population growth. High temperatures of
51°C for 6 hours or 45°C for 24 hours (both at 60% relative humidity) will cause the
death of D. pteronyssinus (Kinnaird, 1974). D. pteronyssinus is relatively resistant to low
temperatures; a six-hour exposure to temperatures of —15°C results in only 60% morta-
lity (compared with 100% mortality in D. farinae). Increasing the time of exposure to
cold also causes an increase in mortality, with only 15% of mites surviving after a three-
week exposure at —1°C (van Bronswijk, 1981). However, a small number of D. pteronys-
sinus eggs wrapped in a duvet with an insulation value of 1.35 m2-K/W (13.5 togs) were
able to survive being frozen for 48 hours in a conventional —18°C freezer (T. Wilkinson,
unpublished data, 2002). This has implications for HDM control (see section 3.3.5).

Arlian & Dippold (1996) examined the effect of temperature on the life-cycle of D. fari-
nae and compared it with a similar study on D. pteronyssinus (Arlian, Rapp & Ahmed,
1990). They found that D. pteronyssinus was able to develop under a far wider range of
temperatures than D. farinae.

Increasing the temperature from 23°C to 35°C has been shown to accelerate develop-
ment by 2.3 times (Arlian, Rapp & Ahmed, 1990). Despite this, the greatest population
growth for D. pteronyssinus occurs at 25°C and 75% relative humidity, since higher tem-
peratures also affect other survival factors. At 35°C, for example, both fecundity and lon-
gevity were significantly reduced, compared with 23°C (Arlian, Rapp & Ahmed, 1990).
As temperature increases, CEH also increases (Arlian & Veselica, 1981a).

3.2. Impact of the domestic environment

Van Bronswijk (1981) described how the domestic environment evolved over time in
ways that favoured the HDM. At the turn of the 19th and 20th centuries, house dust on
floors and in furniture and mattresses was crowded with arthropods, both dust feeders
and their predators. This was due to a plentiful supply of organic dust (from the use of
straw and horsehair in furniture and mattresses, for example) and high relative humidi-
ties. Despite this biological abundance, however, there is no record of Dermatophagoides
spp. being present at this time. By the 1930s, domestic environments were warmer, drier
and cleaner, but relative humidity and organic dust levels were still high enough to sup-
port a range of arthropods, usually in high numbers. According to Bronswijk (1981),
there is some evidence that HDMs were present, but only in small numbers. Since then,
the trend towards warmer, drier and cleaner domestic environments has continued, to the
extent that there are now few other arthropod survivors in house dust apart from HDMs,
which can thus enjoy an assured source of food (human skin scale — the principal remai-
ning organic component of house dust) without hindrance from competitors or predators.
Only if relative humidities in domestic environments continued to decline would their
future be endangered. Unfortunately, for reasons that will be explained, this has not hap-
pened and the modern home is consequently providing an ecological niche for HDMs
that, without intervention, is currently encouraging their proliferation.
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3.2.1. Impact of the hygrothermal environment

As explained in section 3.1, HDMs need a particular combination of temperature and
relative humidity to survive, even if food is plentiful. However, these ideal hygrothermal
conditions are by no means universal in dwellings. Several studies have found marked
differences in mite numbers or allergen concentrations (or both) between dwellings, ran-
ging from high to non-existent, even within the same region. Moreover, these differen-
ces can be related to differences in indoor climate (Voorhorst, Spieksma & Varekamp,
1969; Korsgaard, 1983a, 1983b; Hart & Whitehead, 1990; Kuehr et al., 1994; van Strien et
al., 1994; Sundell et al., 1995). Outside the field of building science, it is not generally
appreciated quite how much hygrothermal conditions can vary between dwellings, varia-
tions that make all the difference between whether HDMs survive or not. Indeed, many
appear to believe that HDMs are ubiquitous and found in all homes within a region,
when this is rarely the case.

The three principal factors that affect hygrothermal conditions within a dwelling are:
1. climate —that is, hygrothermal conditions outside the home;

2. building construction — in relation to, for example, airtightness, insulation standard
and heating provision; and

3. occupant behaviour — in relation to, for example, moisture production from cooking,
washing and drying and the extent to which windows are opened for ventilation.

3.2.2. Impact of climate

Climate alone can account for some (but not all) of the observed differences in mite
concentrations and asthma prevalence between countries and regions. As summarized
by Arlian (1989), the percentage of mite-positive homes in a geographical area tends to
be determined by average annual outdoor relative humidity. Within the United States,
nearly 100% of homes are mite-positive in humid areas, such as New Orleans, while less
than 10% are mite-positive in drier areas, such as Denver. Similarly, Colloff (1991b) revie-
wed several studies that found mite concentrations and mite hypersensitivity to be higher
in coastal locations than in continental interiors. In addition, mites and asthma have been
found to be less prevalent at high altitudes (Vervloet et al., 1982; Charpin et al., 1988) and
in colder climates (Munir, 1998).

In general, mite proliferation is likely to be lowest in geographical areas with cold win-
ters (whether due to high latitude or high altitude) where homes are heated. This is
because cold air cannot contain as much moisture as warm air and, during winter, warm
moist air from inside a dwelling is continually exchanged (assuming adequate ventila-
tion) with cooler air that contains less moisture. When this cooler, dryer air is heated, the
relative humidity inside the dwelling falls. The extent to which it falls depends on the
coldness of the outside air, the level of ventilation and the temperature to which the
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thermostat controlling the heating is set: the colder the outside air, the more the ventila-
tion and the warmer the indoor temperature, the lower the resultant relative humidity.
Once relative humidity falls below about 50%, HDM populations start to dwindle (Arlian
etal., 1998, 2001).

Unlike winter, the higher outdoor temperatures of summer limit the ability to reduce
mite populations in this way. As a result, marked seasonal variations are typically obser-
ved in HDM populations, with peaks in late summer and autumn, when indoor condi-
tions are most favourable for proliferation, and troughs in late winter and spring, when
conditions are least favourable (Voorhorst, Spieksma & Varekamp, 1969; van Bronswijk,
1981; Arlian et al., 1983; Platts-Mills et al., 1987). However, the precise timing of these
peaks and troughs tends to vary with climatic conditions from year to year and also tends
to differ from region to region (Colloff, 1991b). Voorhorst, Spieksma & Varekamp (1969)
showed that while this seasonal variation is easiest to see in damp homes, it can also be
detected in dry homes, but here the peaks are orders of magnitude lower. Although a
few mites may survive to take advantage of the favourable conditions of summer or
autumn, if the conditions of winter and spring are dry enough too few of them will sur-
vive to cause medical problems.

Several acarologists — such as van Bronswijk (1981) and Arlian and colleagues (2001) —
have suggested that HDM populations might be controlled by exploiting the natural sea-
sonal culling effect and modifying the hygrothermal environment within homes during
the critical winter months. Korsgaard (1979, 1983b), in particular, suggested that, if car-
ried out regularly, this might lead to permanent reductions in mite populations (and even
eradication). He was also clear about the key to such reductions being adequate winter
ventilation. Thus successful culling can only be achieved if both (a) winters are cold or dry
enough and (b) the standard of ventilation in winter is sufficiently high. In other words,
even in cold winter regions, the natural culling of mites can be overridden by inadequate
ventilation, allowing mite populations to survive and even prosper. This helps to explain
the variation in the mite numbers found in homes within cold winter regions.

In winter, continental interiors are typically drier than coastal areas, making the seaso-
nal culling of mites easier to achieve. The critical factor is the amount of moisture contai-
ned in the air brought in from outside to ventilate a dwelling. This can be low, either
because the outside air temperature is low or because the air is dry due to other geogra-
phical factors. In cold winter regions, whether coastal or not, the laws of physics limit the
amount of moisture in the air during this period. In regions with mild or warm winters,
however, air sufficiently dry to allow seasonal culling is more likely to occur in conti-
nental interiors than by the coast, which is burdened by the additional moisture in the
sea air.

The natural seasonal culling of mites is most difficult to achieve in humid tropical and
subtropical regions, where there is no part of the year when the outside air is either cold
or dry enough. This helps to explain the high mite concentrations and asthma prevalence
in such cities as Sydney, Singapore and Caracas (Colloff, 1991b). On the other hand,
Avrlian (1989) reported considerable variation in mite density in humid regions, for rea-
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sons that are not yet understood. Colloff (1991b) reported that mites in climates where
conditions are nearly ideal all year round appear to be more susceptible to the effects of
minor hygrothermal fluctuations than mites accustomed to temperate climates. It is also
possible that they suffer more from competition and predation in such constantly humid
climes.

The association between mite concentration and the variation in hygrothermal environ-
ment within dwellings is thus primarily relevant to geographical areas that experience
several months a year with either cold or dry (or both) outdoor conditions. Fortunately,
this still accounts for a high proportion of those affected worldwide by mite-related ill-
ness.

3.2.3. Impact of building construction

Although seasonal culling of mites is possible in many parts of the world, whether or not
it is achieved in practice depends on several other factors, including those that relate to
building construction. In addition to climate, two aspects affect the hygrothermal envi-
ronment within a dwelling:

1. the integrity of the building envelope and its ability to keep out excessive moisture
2. the ventilation and heating system it provides.

3.2.3.1. The building envelope

The presence of excessive moisture is almost certainly the cause of more building defects
than any other single factor and, in the worst cases, can adversely affect the health of its
occupants (Eldridge, 1976). The Committee on Damp Indoor Spaces and Health (2004)
summarized the extent to which this is recognized as a significant public health problem.
The various ways in which the building envelope can fail to keep out moisture are des-
cribed by Singh (1994), who provided many illustrations of how excess moisture can get
into (or arise within) and accumulate within a building; in many cases, this occurs because
of simple failures of maintenance, such as broken roof tiles, damaged water pipes, spilla-
ges and overflowing cisterns. If not dealt with adequately, it is clear that the resulting
increase in humidity is likely to lead to higher HDM proliferation. Other examples relate
to common mistakes in design or construction, such as the excessive use of impermeable
membranes that do not allow moisture trapped within the building envelope to evapo-
rate outwards.

A particular problem of the building envelope is how its design responds to moisture
from the ground. Several studies have found that relative humidity and HDM prolife-
ration are higher in dwellings where the ground floor consists of a concrete slab in direct
contact with the ground (Wickman et al., 1994, for example). With this type of cons-
truction, it is often difficult to achieve the comprehensive seal required to prevent mois-
ture penetration and rising damp. At the same time, it can be sufficiently impermeable
to trap indoor moisture — for example, from leaks, accidental spillage or condensation.
If the floor covering is absorbent — a carpet, for example — it can act as a reservoir, lea-
ding to long-term dampness and high relative humidities. If the concrete slab is not ade-
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quately insulated, especially around the outer edges, the floor will also tend to be signi-
ficantly colder than the rest of the room, raising relative humidity locally and increasing
the risk of condensation. Even if floor level temperatures at the edges are too low to sup-
port mite population growth, the dampness created will raise relative humidity within the
room as a whole.

One would expect building envelope failures to increase with building age, and some stu-
dies have found an association between dwelling age and HDM concentrations
(Voorhorst, Spieksma & Varekamp, 1969; Hart & Whitehead, 1990). However, there
appear to be few studies that relate building envelope failures to dwelling type.

3.2.3.2. The ventilation and heating system

A building’s ventilation and heating system can significantly affect the hygrothermal
environment within it and hence, HDM population growth. Since the Second World
War, new dwellings, aided by modern technology, have generally become more airtight
(Mage & Gammage, 1985) and with rising fuel prices, householders have become ever
more energy conscious. As a result, ventilation standards have fallen and since water
vapour is continuously produced in the home, indoor relative humidity levels have ten-
ded to rise. At the same time, expectations of thermal comfort have risen, with occupants
relying more on heating systems to provide warmth in winter than on clothing, as before.
Studies have shown that human beings are insensitive to gradual changes in relative
humidity (McIntyre, 1980, for example), so that the higher levels of relative humidity
resulting from inadequate ventilation tend to go unnoticed. The perceived need for ven-
tilation has thus fallen and householders are increasingly reluctant to ventilate and lose
expensively heated air. Furthermore, adequate ventilation in many modern homes can
only be provided by the conscious act of opening a vent or window, which, given this
reluctance, tends not to happen, especially in the crucial winter months when the need
for it, in terms of culling mites, is greatest. The combination of more airtight dwellings
and lower ventilation standards are often suggested as principal reasons for the rise in
the prevalence of asthma in cold winter countries (Harving et al., 1991; Wickman et al.,
1991; Lovik, Gaarder & Mehl, 1998).

In contrast to modern dwellings, older dwellings tend to be leakier and much less air-
tight. In this way, adequate background ventilation is provided involuntarily by various
means — for example, through the multiple cracks around loose-fitting doors and win-
dows and open chimneys, which are very efficient ventilation stacks, even with no fire.
Because of far less tolerance than before of uncontrolled air movements — so-called
draughts — older housing is being gradually rehabilitated. This is significant, because
older housing constitutes the largest fraction of the housing stock in most high- and
middle-income countries. The need for adequate background ventilation should thus be
recognized for all types of construction.

The health benefits of adequate ventilation are obvious. They relate to reduced exposure
not only to mite allergens, but also to other indoor airborne pollutants that would other-
wise accumulate. Although the health benefits of higher standards of insulation are simi-
larly obvious, in this case the effect on mite populations is not so clear-cut. The time it
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takes a HDM to develop from an egg to an adult increases rapidly as room temperature
falls below 23°C, thereby significantly slowing population growth even when room rela-
tive humidity is high (van Bronswijk, 1981). Raising room temperature thus tends to
shorten egg-to-adult development time and to favour mite population growth. On the
other hand, raising room temperature, assuming the moisture content of the room air
stays constant, has the simultaneous effect, by the laws of physics, of lowering room rela-
tive humidity, which is unfavourable for HDM population growth. The two effects thus
tend to cancel each other. Modelling studies suggest that the favourable effect on mite
growth of the rise in room temperature that results from improved insulation and hea-
ting systems tends to be outweighed by the unfavourable effect of the fall in relative
humidity (Pretlove et al., 2005). This is to be welcomed, since it means that modifying
the hygrothermal environment without sacrificing the health benefits of providing affor-
dable warmth can potentially control mite populations.

The key is the provision of adequate ventilation. Although this necessarily involves some
loss of energy, this can be lessened in some cases by technological means (see section 3.3.2).
However, even without such active interventions, studies have shown that ventilation
heat loss can be relatively modest (Marsh, 1996). Adequate ventilation is thus not neces-
sarily incompatible with energy efficiency.

3.2.4. Occupant behaviour

As used here, occupant behaviour refers to how householders use their homes. This factor
is far more significant than is generally realized and contributes to the large variations in
hygrothermal conditions found in different households, even in identically constructed
and located dwellings. To begin with, typical household moisture production can vary
from less than 7 to more than 14 litres a day (Garratt & Nowak, 1991), according to:

«the number of occupants and how much of the day they spend at home
their moisture producing activity, mainly washing, cooking and bathing.

The many householders, particularly in the United Kingdom, that still hang wet laundry
up to dry indoors illustrates the last point. Hygrothermal conditions are then affected by:

«the extent to which windows are kept tightly shut in winter to conserve heat
<whether internal doors (especially to kitchen and bathroom) are kept open or shut
= the temperature at which the thermostat is set and the number of hours heating is on.

Occupant behaviour can often override the influence of building construction or climate.
Such behaviour can be simply the result of varying personal preferences or acquired
habits (whether consciously or unconsciously applied), but it can also be the result of
socioeconomic and cultural influences. Moreover, there is often confusion in househol-
ders’ minds as to what constitutes so-called healthy behaviour. For example, excessively
dry air can irritate sensitized respiratory airways, so that patients or their parents may
seek to raise relative humidity to alleviate symptoms, without being aware that this
increases the risk of mite proliferation. As Platts-Mills and colleagues (1996) observed,
occupant behaviour, in relation to the effects on hygrothermal conditions within buil-
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dings, is becoming an increasingly complex topic to study.

One specific factor is worth examining in more detail with reference to indoor relative
humidity. It often tends to be high in low-income households, due to a low level of ven-
tilation being maintained to preserve heat, but at the same time indoor temperatures
tend to be low, due to the lack of affordable warmth (Boardman, 1991). As noted in sub-
section 3.2.3.2, low temperatures inhibit mite population growth and if indoor tempera-
tures are kept low enough for long enough, this is likely to prevent mites from prolife-
rating, even though the relative humidity is high. The fact that mite growth is inhibited
by low room temperatures may partly explain the different results obtained in studies of
childhood asthma prevalence and socioeconomic status. While some studies have found
a positive association (Cesaroni et al., 2003; Almgvist, Pershagen & Wickman, 2005),
others, particularly in the United Kingdom where low bedroom temperatures have until
recently been common, have not (Prescott-Clarke & Primatesta, 1998). With rising living
standards and wider access to affordable warmth, indoor temperatures in low-income
housing can be expected to rise. In general, as noted earlier, this will be beneficial, but in
the coldest households it may remove the inhibiting effect of low temperatures on mite
population growth. Unless moisture production in such households is curtailed simulta-
neously, near ideal conditions for mite proliferation could be created — in which case, a
clearer association between childhood asthma prevalence and socioeconomic status is
likely to become evident.

3.2.5. Furniture and furnishings

Furniture and furnishings have some influence on hygrothermal conditions within the
home, although far less than climate, building construction and occupant behaviour.
Upholstery, carpets and soft fabrics tend to be highly hygroscopic, absorbing moisture
when the relative humidity is high and releasing it when the relative humidity is low.
When they are present in large quantities, this property tends to smooth out the peaks and
troughs in relative humidity levels within the dwelling, although the overall effect on
HDM populations is likely to be marginal. For more information on furnishings, inclu-
ding carpets, see section 3.3.6.

3.2.6. Overall effect of the housing environment on health or illness

The role housing plays in supporting public health has been generally acknowledged,
together with the perception that a healthy house is one that is warm, dry, light and airy.
Unfortunately, by the turn of the 21st century, providing these desirable attributes has
become more difficult than expected and for reasons this chapter has attempted to clarify,
conditions have been created that favour widespread HDM proliferation. While modern
beds, carpets, upholstery and soft toys make ideal habitats for mites, the key factor in this
development is likely to be the hygrothermal conditions that modern dwellings now pro-
vide.

However, a common misconception needs to be addressed. Many people, even within
building physics, initially assume that hygrothermal conditions in mite habitats, such as
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beds or carpets, are mostly independent of room conditions, so that the latter are largely
irrelevant. In beds, for example, it is assumed that people provide independent and long-
lasting sources of warmth and moisture that do not dissipate significantly when they get
out of bed. However, experiments using volunteers sleeping in fully instrumented beds
in a laboratory have shown that this assumption is incorrect (Pretlove et al., 2001). Before
the sleeper gets into bed, hygrothermal conditions in the mattress are the same as room
conditions. These then change quickly when the sleeper gets into bed and almost as quic-
kly when the sleeper gets out of bed eight hours later. This return to room conditions is
delayed only slightly by leaving bed coverings in place. In other words, for most of the 16
hours that the bed is typically unoccupied, hygrothermal conditions within the bed are
the same as room conditions. This means that room conditions do indeed play a major
role in determining whether mite populations grow or decline.

In large parts of the world, cold or dry winters allow for the seasonal culling that can
control mite populations. To the extent to which such culling does not occur, it is most
likely related to the housing environment — that is, the combined effect of occupant beha-
viour and building construction.

Attempts have been made recently to estimate the economic burden of disease of asthma
and other allergic disease. For the United Kingdom, for example, Gupta and colleagues
(2004) reported that 39% of children and 30% of adults have been diagnosed with one or
more atopic conditions and that the direct National Health Service cost for managing
them is estimated at more than £1 billion annually. For the United States, the direct annual
cost of asthma was estimated to be US$ 9.4 billion and the indirect cost (such as missed
school and work days) was estimated to be US$ 4.6 billion (NHLBI, 2002). Because of the
multifactorial nature of its causation, it is difficult to estimate the fraction of this vast bur-
den that can be attributed specifically to the housing environment, but there is little doubt
that it has been an important factor in the increased proliferation of HDM:s.

3.3. Methods of house dust mite control

Professional pest controllers and public health specialists conduct very little HDM
control; the majority of this work is done by members of the public. The primary aim of
any control programme should be to prevent HDM infestations of buildings from occur-
ring in the first place. A variety of products, available in shops and over the Internet, can
help manage HDM populations effectively. In any HDM control programme it is essen-
tial to consider three aspects:

1.the prevention of HDM infestation;

2.the control of HDMs, if present; and

3.the control or removal of their allergens, which are extremely persistent in the envi-
ronment.

It is therefore essential that members of the public be advised as to how to integrate the
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available control methods to best effect.

Unfortunately, published data are unavailable on some specific methods of HDM or aller-
gen control. Also, control measures are often integrated in large scale trials; while inte-
grating the techniques available is the best way of reducing HDM populations and the
allergens they produce, it makes it difficult to evaluate the individual contribution of a
specific control measure. Moreover, there are large differences in study designs, indivi-
duals targeted and methods used to monitor outcomes. Not all such trials report positive
clinical outcomes. Tovey (1992) reported that the most successful trials usually ran for a
longer period of time and included the removal of carpets, the encasement of mattresses
and vigorous attention being given to controlling all dust.

3.3.1. Dust mite and allergen inspection and detection methods

3.3.1.1. Sampling methods

HDMs are very difficult to extract from their various habitats. They do not live just on
the surface of these habitats, but also deep down inside them. This can be at least par-
tially attributed to their being photophobic (van Bronswijk, 1981). HDMs are also very
good at clinging to the substrate in which they live; each of their eight (six in the case of
larvae) legs possesses a sucker, a number of spikes and a hook. Bischoff, Fischer &
Liebenberg (1992) reported that vacuuming a 1 m2 area of carpet for two minutes may
only remove 10% of the HDM population.

The methods used to collect HDMs seldom give identical results and vary in a number
of ways, such as the power of the vacuum cleaner used, the area sampled and the length
of time for which the samples are taken, in addition to the type of collection device used.
This variation can make the results of different studies difficult to compare. Although
different sampling methods generally give slightly different results, Twiggs and collea-
gues (1991) found two different collection techniques that yielded similar results.

Nearly without exception, vacuum cleaners are now used to remove dust, and brushing
has become redundant, as vacuum cleaning is more efficient at removing mites (Blythe,
Williams & Smith, 1974; Abbott, Cameron & Taylor, 1981). HDMs can also be extracted
by destructive sampling, which can provide accurate estimates of HDM populations, but
can be time consuming and cannot always be used in field situations.

3.3.1.1.1. Mite extraction from dust

Live mites can be removed from dust and small quantities of materials by exploiting their
natural response to changes in light and humidity. Also, extracting them with heat onto
an adhesive film can remove 65% of live mites present (Hill, 1998). Colloff (1991b) applied
mild heat to the top of a Petri dish that contained HDMs and an adhesive film. The aim
of this method is to stimulate mite movement while not significantly reducing relative
humidity, thus increasing the likelihood of the HDMs coming into contact with the film.
The application of heat can also be used to extract mites from precollected dust samples.
Van Bronswijk (1973) found a Tullgren funnel, which uses heat applied to the upper
layers of a collected mass to slowly dry it out, extracted 40-60% of live HDMs. These
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sampling methods only collect live, active mites, not dead or immobile life forms. It is
also possible to extract HDMs from dust by using the flotation—suspension technique.
This generally involves placing dust samples in a saturated salt solution (sodium chlo-
ride); the mites float to the surface and the majority of the dust sinks to the bottom (Hart
& Fain, 1987).

3.3.1.1.2. Sampling site variations

The location sampled may also influence the number of mites recovered. For example,
it is known that dust distribution in mattresses, and therefore the presence of HDMs, is
influenced by the pattern of seams and buttons. Blythe (1976) sampled a 10 cm by 10 cm
section of mattress with a seam running across the centre and found that over 80% of the
mite population was collected from within 0.5 cm of the seam. This highlights the diffi-
culty of estimating how representative a sample is of the total reservoir of dust in the
object being sampled.

Estimates of population size based on numbers of mites per unit weight of dust are also
difficult to compare between different habitats. Abbott, Cameron & Taylor (1981), for
example, reported that the surfaces of innerspring mattresses and foam mattresses yiel-
ded a similar number of mites: 746 and 706 mites per gram of dust, respectively. However,
when the number of mites/m2 was examined, innerspring mattresses contained 2489
mites, compared with only 720 mites for foam mattresses. This was due to the mass of
dust collected from the innerspring mattresses being over three times greater than that
from foam mattresses. Also, floor dust, which generally contains such material as sand
and grit, is heavier than dust collected from a mattress, and comparison of such data will
give misleading results. Blythe (1976) recorded 276 mites per 0.1 gram of dust in a mat-
tress and 16.9 mites per 0.1 gram of dust in a carpet. However, when he expressed this as
the number of mites per 100 cm2, the carpet had higher numbers: 32, compared with 9.7
in the mattress. The number of mites per unit area is, therefore, a more satisfactory mea-
surement of mites collected in different locations, although this still does not take into
account the substrate thickness.

3.3.1.1.3. Allergen

Each HDM faecal pellet contains a number of different allergens (Arlian, 1991), Der p 1
being the one most studied. In the first international review of HDM allergens, Platts-
Mills & de Weck (1989) proposed two threshold levels for HDM allergen: 2 ug of Der p
1 per gram of dust from mattresses and carpets to be regarded as a level at which sensi-
tization can take place, and 10 pg of Der p 1 per gram as a level above which the deve-
lopment of acute asthma in sensitized individuals can take place. Although these are cur-
rently taken to be the generally accepted thresholds, measurement of airborne allergens
is likely to give more realistic exposure levels. However, Custovic & Chapman (1998) sta-
ted that too few reliable data sets are available to produce benchmark figures and that
the measurement of HDM allergen concentration in dust reservoirs should still be regar-
ded as the best validated index of exposure and quantification. As with mites, there is
also a debate as to whether or not to measure allergen levels in terms of Der p 1 per gram
of dust or Der p 1 per m2. Custovic & Chapmen (1998) recommend that both should be
reported.
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For further information see Chapter 1 of this report.
3.3.2. Modifying environmental conditions

As explained in section 3.2, HDMs can be controlled through winter culling in climates
that allow it. Controlling mites in this way has two major advantages.

1.Hygrothermal conditions that are unfavourable to mite population growth can often
be created by relatively minor adjustments to heating and ventilation methods or occu-
pant behaviour. In such cases, the control of mites can be achieved inexpensively and
without the use of acaricides (agents that kill ticks and mites).

2.Controlling mites by environmental means has potential both as a curative measure for
alleviating symptoms and as a preventive measure — that is, before sensitization occurs.

Intervention studies have demonstrated that reducing humidity within dwellings, typi-
cally by using mechanical ventilation or dehumidifiers, does lead to reduced mite num-
bers and allergen levels, compared with controls (Harving et al., 1991; Mcintyre, 1992;
Harving, Korsgaard & Dahl, 1994; Wickman et al., 1994; Cabrera et al., 1995; Emenius,
Egmar & Wickman, 1998; Warner et al., 2000). However, some other studies have found
no or very little benefit (Fletcher et al., 1996; Niven et al., 1999; Hyndman et al., 2000).

As explained earlier, hygrothermal conditions in the home are in constant flux, affected
by several continuously changing and interacting factors. The results of the studies that
reported no beneficial effects from reducing humidity may thus have been due to atypi-
cal conditions or to a combination of unforeseen factors. With respect to climate, for
example, de Boer (2000) observed that temperatures in an untypically mild winter in the
Netherlands may not be low enough for long enough to result in significant mite deaths.
On the other hand, during an untypically cool summer, they may not be high enough to
result in significant mite population growth. De Boer and colleagues (1997, 1998) also
demonstrated that mite populations can survive and prosper under conditions that on
average are unfavourable, provided that they are exposed to favourable conditions for a
few hours daily. This very important finding, confirmed by Pike, Cunningham & Lester
(2005), introduces another level of complexity into an already complex situation and illus-
trates the difficulty of attempting to predict the outcome of specific interventions.

While controlling mites by environmental means is a potentially attractive option, the
most appropriate way of achieving such control in practice is not always clear. One stra-
tegy is to set a target for the maximum indoor absolute humidity, the moisture content
of the air (normally measured in grams of water vapour per kilogram of dry air). At the
1987 WHO Workshop at Bad Kreuznach, Germany, it was recommended that the abso-
lute humidity in the home should be kept below 7g/kg (Platts-Mills & de Weck, 1989).
This recommendation followed the suggestion by Korsgaard that mite populations can
be controlled if winter absolute humidity values are kept below this target level
(Korsgaard, 1979, 1983b). Thus, maintaining the indoor temperature at, say, 21°C during
the winter heating season and keeping absolute humidity below 7g/kg (by means of ven-
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tilation and controlling moisture production) will ensure that the relative humidity is
kept below 45% — that is, well below the level HDMs need to prosper. For heating engi-
neers, it is then straightforward to calculate the ventilation rate required to keep absolute
humidity at 7g/kg for any given combination of outdoor absolute humidity, dwelling
volume, number of occupants and moisture production rate. As an example, Korsgaard
(1983b) showed that for a typical case the ventilation rate required would be 0.75 air chan-
ges per hour (the normal way of expressing ventilation rates, meaning 75% of the volume
of air in the dwelling is being replaced every hour).

Unfortunately, this strategy has proved to be too simple. As Colloff (1994) and Lowe
(2000) have pointed out, it is based on the assumption that bedroom temperatures are
continuously maintained at around 21°C for 24 hours a day. While this may be justified
for some regions, such as Scandinavia, it is not justified for regions such as the United
Kingdom. At 7g/kg, the low bedroom temperatures typically found in the United
Kingdom lead to relative humidity levels that are high enough to risk mite infestation.
This helps to explain the different results obtained in studies where the absolute humi-
dity has been kept below 7g/kg in winter. While some studies found this strategy to be
effective in reducing mite infestations (Vervloet et al., 1991, in France, for example), other
studies did not find it to be effective or else found a poor correlation between absolute
humidity and HDM populations (Raw et al., 1998, in the United Kingdom, for exam-
ple). Although the 7g/kg threshold for absolute humidity is relevant to some situations,
it lacks general applicability.

Another approach is to use computer-modelling techniques for simulating hygrother-
mal conditions in the home. In this way, all the various interacting factors that affect them
can be taken into account, including fluctuating conditions. To simulate energy use in
buildings, building physicists have developed, over the last three decades, a range of vali-
dated computer models that predict indoor temperature and relative humidity. Using
such predictions, the next step is to simulate conditions within mite habitats, such as beds
and carpets. The advent of small cheap sensors and loggers has catalysed interest in this
area (Cunningham, 1996, 1998; Lowe, 2000; Pretlove et al., 2001, 2005). The final step is
then to simulate how habitat conditions affect mite populations (Crowther et al., 2006;
Biddulph et al., 2007).

Preliminary results of this modelling effort are promising and tend to confirm that the
considerable variation in mite numbers found both seasonally and between similarly loca-
ted households can indeed be explained and simulated using computer modelling tech-
niques. Sensitivity analyses also show that factors that relate to a building and its occu-
pants have more effect than other factors, such as the physical properties of the bedding,
and that relatively small changes can make a substantial difference in hygrothermal
conditions in mite habitats. This confirms the potential for controlling mite populations
by environmental means.

Modelling techniques thus make it possible to investigate which modifications to home
environments have most impact on mite populations, for any given climatic region, hou-
sing type and pattern of occupant behaviour. In this way, it will be possible to establish
the most effective, energy efficient and socially acceptable ways of achieving HDM
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control by modifying environmental conditions, where this is feasible.
3.3.3. Constructional changes to improve conditions

In advance of such modelling studies, it is still worth discussing, in general terms, chan-
ges in building construction that improve conditions.

3.3.3.1. Improved maintenance and the avoidance of excess moisture
According to Eldridge (1976):

Defects in buildings and building materials are often said to be caused by the weather, espe-
cially when severe or unusual conditions have been experienced. However, careful diagnosis
will demonstrate that faulty design, the wrong choice of materials or faults on site are usually
the root cause, the weather only providing the appropriate conditions for the failure to occur.

New building requirements and ways of using buildings can also give rise to unforeseen
consequences. Even though regularly updated guides for diagnosing and avoiding buil-
ding defects are published in most high- and middle-income countries, and the impor-
tance of avoiding excess moisture is generally well recognized, many obstacles to making
progress persist. Elaborating on this point, the Committee on Damp Indoor Spaces and
Health (2004) called attention to the lack of sufficient information on which to base quan-
titative recommendations, as well as to institutional, social and economic factors that tend
to hinder the widespread adoption of technical measures and practices that could improve
the situation.

3.3.3.2. Improved insulation and ventilation standards

As suggested earlier, providing affordable heating and improved insulation standards is
likely to have the beneficial effect of lowering bedroom relative humidity levels and thus
reducing mite populations, provided that ventilation standards are maintained. This pro-
viso needs to be stressed, and it is vital that insulation standards are improved in conjunc-
tion with measures that enable and encourage householders to achieve good ventilation.

Householders can do a great deal to modify hygrothermal conditions, to reduce mite
population growth, both by controlling moisture production and by being aware of the
need to ventilate adequately in winter. For example, the spread of moisture vapour to
other rooms can be restricted by keeping kitchen and bathroom doors closed, as well as
by drying clothes only in rooms that can be closed and well ventilated. The use of thres-
holds and automatic door closers would undoubtedly also be beneficial. Above all, hou-
seholders need to be provided with ways of ventilating their home that are both effective
and easy to use. Some windows, for example, do not allow sufficient flexibility or range
of opening positions, so that it is difficult to achieve the desired level of ventilation or to
change it easily in response to varying external conditions. Trickle vents, such as those in
window frames, can often improve the situation, by allowing more precise control of
incoming air.
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3.3.3.3. Mechanical solutions

One method for which success has been claimed is mechanical ventilation with heat reco-
very (MVHR), whereby the heat from the outgoing warm stale air (such as from
bathrooms and kitchens) is recovered and transferred to the cold incoming fresh air.
Higher ventilation rates can thus be achieved for less energy loss, thus encouraging hou-
seholders to raise their ventilation standards. Several studies have found that when hou-
seholders use MVHR installations correctly —that is, on 24 hours a day at a high enough
volume setting to achieve at least 0.5 air changes an hour — both mite-population and
allergen levels have fallen as a result of improved ventilation (Harving et al., 1991;
Mclntyre, 1992; Warner et al., 2000).

For this method to work, however, both outgoing and incoming air need to be ducted,
with an electric fan in each direction, and the dwelling needs to be relatively airtight, to
maximize the proportion of ventilated air that passes through the system. This last requi-
rement makes the method more relevant to new housing than to older housing, where
airtightness is more difficult to achieve. The amount of ductwork required is another
obstacle for use in refurbished houses. Other possible problems relate to the correct posi-
tioning of inlet and outlet air grilles and to the need for regular cleaning of input air duct-
work, as well as filters. Although electric fans are becoming quieter, the energy consump-
tion and noise of two fans is also likely to attract the attention of householders. In one
study, it was found that the system was turned off overnight in 50% of the dwellings with
MVHR, thereby significantly reducing its effectiveness and the standard of ventilation
(Mclntyre, 1992).

MVHR is thus a somewhat complex high tech solution. Even if properly installed, it puts
a considerable onus on householders to use it correctly and to keep it well maintained.
Moreover, the energy apparently saved is offset by the energy used (and carbon dioxide
emissions produced) by the two electric fans. The system thus makes most sense in
regions with very cold winters and hydroelectric power, such as northern Scandinavia.

Besides whole-house MVHR systems, small single-room versions are available. In these
systems, the two fans, filters and grilles are all combined in one compact unit that can be
installed in an external wall. With virtually no ductwork, cleaning and maintaining, these
systems are less problematic. However, Htut and colleagues (1996) found that the unit
could only be operated 24 hours a day at the lowest setting without producing unaccep-
table noise at night. At this setting, the unit did reduce humidity and mite numbersin an
occupied bedroom (compared with a control), but not sufficiently to effect a permanent
reduction.

Positive pressure ventilation (PPV) is another solution. With PPV, a large quantity of air
is sucked in, using a fan and ductwork, to put the whole dwelling under positive pres-
sure. Unlike MVHR, the stale air simply leaks out of the dwelling through cracks or tric-
kle vents in individual rooms, making strict airtightness less of a requirement. On the
other hand, although PPV is a less complicated and more feasible option in refurbish-
ment projects, there are similar concerns: maintaining clean ducts and filters and choo-
sing to leave the system running for 24 hours a day, as required.
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Finally, the evidence on the effect of air conditioning is conflicting. Some studies have
found a beneficial effect on mite numbers and allergen levels (Lintner & Brame, 1993;
van Strien et al., 2004), while others have not (Chan-Yeung et al., 1995; Chew et al., 1998).
When considering the suitability of air-conditioning as a possible solution for controlling
mites, its energy requirements should be taken into account.

Smaller scale mechanical systems that modify environmental conditions, such as porta-
ble dehumidifiers and bed heaters, are discussed in sections 3.3.5 and 3.3.8.

3.3.3.4. Non-mechanical passive ventilation systems

The most important non-mechanical passive ventilation system is passive stack ventila-
tion (PSV) which, like a traditional chimney, makes use of the stack effect — that is,
buoyant warm air rising to the cold outside. The system consists of a 10—15 cm-diameter
tube (typically polyvinyl chloride) installed in the ceiling of kitchens and bathrooms and
extending to vents in the roof ridge. An advantage of PSV systems is that the stack effect
works best in winter, when the temperature difference between the inside and outside is
greatest, which is also when the need to continuously remove warm moist air from Kkit-
chens and bathrooms is greatest. Following a pilot study with a test house fitted with
both MVHR and PSV systems, used alternately, Palin and colleagues (1993) reported that
the use of PSV was as energy efficient as the use of MVHR in achieving the same condi-
tions of comfort. PSV can also be used in conjunction with so-called supply air windows,
which preheat the incoming air, using heat that would otherwise be lost through the win-
dow glazing (McEvoy & Southall, 2002).

Avrchitects and engineers have devised a variety of effective ways to achieve good venti-
lation at low or reasonable energy cost and without sacrificing thermal comfort.
Householders are thereby encouraged to ventilate sufficiently well in the crucial winter
period to keep HDM populations under control. Appropriate technology can undoub-
tedly play a helpful role, but perhaps the greatest need is to put more emphasis on edu-
cating the public about how to use the buildings they live in most efficiently. To this end,
it is to be hoped that computer modelling will in due course increase our knowledge of
how buildings are best used to achieve a healthy environment.

3.3.4. Cleaning

Although rigorous household cleaning, with the exception of steam cleaning, will not eli-
minate or significantly reduce HDM populations, it will remove allergens. Many clea-
ning methods will not remove dirt and allergens from deep within a carpet or mattress,
although they will remove allergens from the surface where it is most likely to come in
contact with people. Cleaning will also reduce the amount of food (human skin scales)
available to HDMs, thus potentially reducing the size of future HDM populations.

3.3.4.1. Home disinfectants

Cleaning of hard surfaces is generally conducted using some form of disinfectant diluted
with water. In laboratory experiments, Schober and colleagues (1987) found that a num-
ber of different household disinfectants, some containing acaricides, were able to Kill
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HDMs. However, the mites were soaked in the solutions for a considerable period of
time, which does not necessarily reflect real life conditions, where mites may only be
exposed to the disinfectants for a short period of time or else come into contact with them
after the water has evaporated.

3.3.4.2. Washing

HDM allergens are extremely soluble in water, enabling them to be removed from items
during washing. Watanabe and colleagues (1995) found that washing blankets with a hot
(55°C) soap solution reduced Der p 1 levels by an average of 97% and Der p 2 levels by
an average of 91%. McDonald & Tovey (1992) found washing bedding at 55°C Killed all
mites present, while reducing the temperature to 50°C killed only half of them. Most was-
hing machines have washing cycles at 40°C, 60°C and 90°C; temperatures of 60°C or more
are therefore recommended. If the bedding has to be washed at low temperatures, it is
possible to add special products to the wash to kill the mites (McDonald & Tovey, 1993;
Bischoff et al., 1998). In addition to bedding, clothing can also be a source of allergens
(Tovey, Mahmic & McDonald, 1995).

3.3.4.3. Dusting

Dusting is an effective method of removing house dust and therefore allergens; damp
dusting is particularly effective. No specific studies have been reported, although Tovey
(1992) found that a vigorous cleaning regime in addition to a number of other measures
generally is important in the success of clinical trials.

3.3.4.4. Dry cleaning

Kniest, Liebenberg & Bischoff (1989) reported that all HDMs were killed by dry clea-
ning in perchloroethylene. Watanabe and colleagues (1995) found that dry cleaning of
blankets with perchloroethylene reduced levels of Der p 1 by a mean of 69% and Der p
2 by an average of 54%. These levels of allergen reduction are significantly less than
would be achieved through washing at 55°C.

3.3.4.5. Vacuuming

Householders primarily use vacuuming to remove dirt and dust from carpets and other
floor coverings, but in this way they are also able to reduce the quantity of allergen within
the home. However, this can take a substantial period of time (de Boer, 1990b) and is best
achieved by regular vacuuming (Munir, Einarsson & Dreborg, 1993). The concentration
of airborne allergens has been found to increase significantly after vacuuming with a stan-
dard vacuum cleaner, thus increasing the risk of exposure to these allergens. This can be
minimized when vacuum cleaners are fitted with high efficiency filters (Kalra et al., 1990).

Vacuuming an area has been shown to decrease the number of mites present (Hill, 1998),
although it does not remove all of them. Bischoff, Fischer & Liebenberg (1992) reported
that vacuuming a 1 m2 area of carpet for two minutes may only remove 10% of the HDM
population. Hay (1995) vacuumed the surface area of a spring mattress and recorded a
population density of 3—46 living mites per m2, three orders of magnitude lower than the
estimate of 8,200 m2 26,800 living mites per m2 obtained by extracting mites from a core
taken from the upper 1.5 cm of the same mattress. This demonstrates not only the inef-
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ficiency of vacuuming, but also that HDMs are not restricted to the mattress surface,
where vacuuming is likely to be most effective.

3.3.4.6. Steam cleaning

Steam can be used as an alternative to insecticides. It can be extremely effective at control-
ling HDM s and their allergens and can be used frequently, provided the room is subse-
quently well ventilated. Steam does not, however, have residual activity. In laboratory
experiments, Colloff, Taylor & Merrett, (1995) found that steam cleaning controlled 100%
of HDMs in samples of carpeting. Also, no subsequent development of HDM populations
occurred, indicating that the cleaning also controlled the HDM eggs, which are normally
more resistant to extremes of temperature than the mites themselves. Under field condi-
tions, steam cleaning also resulted in a mean reduction in the measurable Der p 1
concentration of 86.7%. The mean temperature measured in the carpets during treat-
ment was 103.4°C, decreasing to the background temperature in 20 minutes. After treat-
ment, the humidity was found to remain at saturation point for 25 minutes before falling
to background levels after 140 minutes. It should be noted that treatment of an entire
room is likely to cause humidity levels to become elevated for a more prolonged period
of time and that it is essential to ventilate both during and after treatment, to minimize
both mite survival and the potential for the growth of mould.

3.3.4.7. Carpet cleaning

Carpet cleaning is one of the few professional anti-HDM, anti-allergen services availa-
ble to householders. The devices used to clean carpets range from small domestic units
to powerful truck mounted units. These machines have the potential to remove allergens
and if they use high temperatures, to Kill mites. The inclusion of an acaricide in the clea-
ning solution also provides the potential to control HDMs.

Although the use of these cleaners has not been widely studied, they are considered to be
effective. De Boer (1990b) found that the shampooing and wet cleaning of carpets resul-
ted in a significant reduction of allergens and habitat deterioration (see also subsection
3.3.4.5). A domestic carpet cleaner has also been found to reduce Der p 1 levels in car-
pets by 70% (Thompson et al., 1991). Wassenaar (1988), however, found an increase in
HDM populations after cleaning. After wet cleaning or shampooing, it is essential that
the carpet is thoroughly dried; after the carpets are cleaned, it also is essential that hou-
ses be properly aired.

3.3.5. Temperature control

3.3.5.1. Autoclaving

De Boer (1990b) found that autoclaving samples of carpet reduced allergen levels to below
detectable limits, effectively providing 100% control. Autoclaving will also eliminate
HDM populations. While autoclaving is very effective, it is not a practical technique to
use in the domestic environment, although it could be used in hospitals.

3.3.5.2. Steam cleaning
Information about the effectiveness of steam cleaning can be found in subsection 3.3.4.6.
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3.3.5.3. Electric blankets

De Boer & van der Geest (1990) observed reductions in HDM populations of between
19% and 84% over a 10-week period in heated areas of a mattress. Areas of the mattress
that had been heated by electric blankets had significantly fewer mites than unheated
areas. This indicates that electric blankets are able to suppress, but not completely elimi-
nate, HDM populations. Using a combination of electric blankets and vacuuming,
Mosbech, Korsgaard & Lind, (1988) also observed significant reductions in allergens.
They suggested electric blankets are best used to help prevent mattresses from becoming
infested, rather than to combat pre-existing mattress infestations.

3.3.5.4. Bed heaters

A number of devices are currently being developed to introduce hot air, at varying tem-
peratures, into a mattress. As they are able to heat up mattresses, they have the potential,
over several days, to control HDMs by reducing the humidity within the mattress.
However, no work on their effectiveness has been published to date.

3.3.5.5. Freezing

Laboratory and field studies indicate that the use of liquid nitrogen as a freezing agent,
combined with vacuuming, is effective at reducing HDM populations when compared
with vacuum cleaning alone (Colloff, 1986). Freezing toys in a conventional freezer can
also kill the mites (Nagakura et al., 1996). While it is true that freezing will control
HDMs, we have found (T. Wilkinson, unpublished observations, 2002) that 100% control
of HDM populations can only be observed after 72 hours, although 98.3% mortality can
be achieved after 24 hours. It appears that some eggs, which later hatch, survive the free-
zing process. Freezing does not, however, remove allergens from treated items. It should
therefore be combined with washing, in the case of smaller items, such as toys and pillows;
it should also be combined with such actions as vacuuming, in the case of such large items
as mattresses. At present, the use of freezing to treat carpets seems impractical. Although
freezing leaves behind no residues, this does mean that it has no residual activity (see also
subsection 3.1.3.3).

3.3.5.6. Sunlight

In some countries, rugs and bedding are commonly aired outdoors. Tovey & Woolcock
(1994) found that exposing carpets to direct sunlight killed all mites within three hours,
by creating microclimates hostile to HDMs — with peaks in temperature of 55°C and
relative humidity as low as 24% within the carpets. Allergens, however, were not affec-
ted significantly. The effectiveness of these experiments was in part due to the hot sunny
weather in which they were conducted. Tovey (1992) reported that the ambient condi-
tions during the day were 30°C and 60% relative humidity. While extremely effective,
the use of this technique will generally be confined to the summer months, which coin-
cide with the period of maximum HDM growth, and will not be as applicable in some
cooler climates.

Some products and services are available to consumers that incorporate an ultraviolet
light, but there is no scientific information available to ascertain the effectiveness of this
technique. However, it is unlikely to be effective, since the ultraviolet light will not focus
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on one spot for a prolonged period of time and a considerable proportion of the HDMs
will be shaded from the light by their environment.

3.3.6. Physical control methods

3.3.6.1. Habitat modification

HDM s inhabit a diverse range of habitats within the home, and by removing or modi-
fying these habitats it is possible to reduce the potential for mite population development.
Habitat modification can also make rooms easier to clean, thus aiding the removal of
HDM allergens.

3.3.6.2. Carpets

Physically, carpets provide an excellent habitat for HDMs, particularly near the edges of
beds, chairs and sofas where they are showered with skin scales (Colloff, 1998). Platts-
Mills and colleagues (1996) suggested that fitted carpets, together with increased indoor
temperatures and decreased ventilation, are among the housing-related changes that have
increased the prevalence and severity of asthma. Carpets are one of the major habitats of
HDMs and can contain the largest reservoir of mite allergens in the house (Tovey, 1992).
However, carpets favour a somewhat different hygrothermal environment than the rest
of the room. Van Bronswijk (1981) cites a 1966 study by Leupen & Varekamp that shows
that they tend to be cooler and damper. This is particularly the case where carpets are
laid directly onto a concrete and screed ground floor. Hygrothermally, carpets are dis-
tinct from beds and upholstery in that they do not generally benefit from proximity to
human warmth and moisture. Studies have shown that long or loose-pile carpets tend to
harbour more mites and allergens than short-pile carpets or hard floors (Arlian, 1989, for
example).

Carpets in homes are typically replaced with hard flooring, such as wood, tile and lami-
nate. When properly fitted, these hard surfaces are inhospitable to HDMs and, by remo-
ving one of their major habitats, it is possible to reduce the number of HDMs and there-
fore the amount of allergen produced. Hard floors are also more readily cleaned than
soft floors. Mulla and colleagues (1975) found that vacuum cleaning removed nearly all
of the mites and allergens from hard floors. Because dust may become more easily air-
borne from a hard floor than from a carpet; it is essential that hard floors be cleaned on
a regular basis.

3.3.6.3. Soft furnishings

Allergen levels in soft furnishings are often similar to those found in beds (Tovey, 1992).
Upholstered furniture allows the mites to penetrate deep below the surface, and such fur-
niture is difficult to cover with barrier covers. Leather and vinyl furniture is less likely
to be colonized by HDMs than conventional soft furnishing and can also be cleaned more
easily. Also, in terms of the materials used, it has generally been found that synthetic fib-
res do not have any significant inherent benefit over natural fibres (Wickman et al., 1994;
Hallam et al., 1999).
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3.3.6.4. Barrier fabrics

Barrier bedding materials can be a major benefit in combating HDMs. They can act as
a physical barrier to the mites themselves; on a new mattress, the barrier prevents mites
from entering and therefore colonizing it. Also, the barrier stops mite faecal material
(already present in an old mattress) from escaping into the atmosphere, where it can be
inhaled. Fabrics with a pore size of 10 pm or less can effectively block the faecal pellets
(Vaughan et al., 1999). In addition, these fabrics prevent the dead skin cells upon which
the mites feed from penetrating the mattress. Thus, the mites and their allergens are
effectively contained within the mattress, and the mites are cut off from a continuing
food supply.

A number of trials of barrier bedding have highlighted the clinical benefits of this type
of intervention. As a result of its use, atopic infants who received barrier bedding did not
become sensitized to HDM allergens (Nishioka, Yasueda & Saito, 1998). Also, airway
hyperresponsiveness improved significantly after six months with barrier bedding in
place (van der Heide et al., 1997), and symptom scores in patients with barrier bedding
improved after a year.

Barrier fabrics should be fitted not only to mattresses, but also to pillows and duvets. It
is also essential that barrier fabrics be properly constructed. An effective fabric can lose
asignificant amount of its efficacy as a result of poor quality zippers and stitching, which
can let through allergens. It is also recommended that zippers be covered with flaps and
that the barrier provides 100% cover. Moreover, it is important to select a breathable
fabric, to prevent the risk of mould growing within the mattress and to minimize dis-
comfort from sweating; in general, woven fabrics are longer lasting than other types. For
barrier fabrics to be effective, it is also essential for them to be properly cleaned and for
the rest of the bedding to be washed regularly, so that it remains free of allergens.

3.3.7. Pesticides

Acaricides or insecticides can be used to control HDMs. They are typically applied as
surface treatments or impregnated into fibres and fabrics used in the construction of mat-
tresses, soft furnishings and carpets. Acaricides can Kill mites, providing they are applied
correctly, although they generally have very little effect on HDM allergen levels.

For controlling HDMs, benzyl benzoate is the most commonly used acaricide, although
an increasing number of products use pyrethroids, such as permethrin. In vitro studies
normally show acaricidal products to be highly effective, causing rapid HDM death
(Hart, Guerin & Nolard, 1992; Hyden et al., 1992). However, Colloff and colleagues (1992)
reported that the high level of mortality observed in the laboratory from the use of aca-
ricides cannot be simply reproduced in the home. Also, Tovey & Marks (1999) highligh-
ted the importance of ensuring that acaricides made available to the public are not only
subjected to in vitro studies, but that they also have been properly field tested in domes-
tic environments. Moreover, De Boer (1998) questioned the ability of acaricides to pene-
trate deeply into upholstered furniture and mattresses, thus reducing their potential effi-
cacy. In such a situation, it may be more effective to make bedding and upholstery with
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materials that have been impregnated with acaricides. Therefore, studies that simply
place mites onto fabrics impregnated with insecticides or that apply insecticides directly
to mites should only be considered as being the first step in determining their potential
in the field.

An effective acaricide will only remove the source of the allergen, the HDMs; it will not
remove or denature any allergen present. Colloff and colleagues (1992) advise that acari-
cide use must be followed by an intensive and thorough vacuuming of the treated surfa-
ces to remove allergens. De Boer, van de Hoeven & Stapel (1995) found that samples of
carpet treated with lindane showed only a very small decrease in Der p 1 levels over 18
months, although Der p 2 decreased by a slightly larger amount. The use of tannic acid,
in combination with an acaricide, has been found to reduce allergen levels more effecti-
vely than the use of acaricides alone (Green et al., 1989). Alternatively, steam cleaning
could be conducted just prior to the application of an acaricide. Also, Cameron (1997)
reported that benzyl benzoate reduced mite allergen levels in carpet dust more than in
mattress dust, which is likely due to carpets being cleaned more frequently than mat-
tresses.

In Europe and elsewhere, there is a shift away from the use of insecticides, particularly
in the domestic environment. Colloff (1986) discussed the risk of using acaricides or insec-
ticides in the presence of atopic individuals, because of possible sensitization, although
he did state that no occurrence of toxicity was reported in people due to these treatments.
More recently, in agreement with the United States Environmental Protection Agency
(EPA) (2000), a company removed a benzyl benzoate based acaricidal product from the
market, as a small percentage of consumers reacted adversely to a fragrance used in its
formulation. Problems reported included asthma attacks, respiratory problems, burning
sensations and skin irritation. This case highlights the care needed in formulating pro-
ducts for use by people with allergies. Many of the other control methods described in
this chapter can be used instead of acaricides. If acaricides are used, it is essential that they
be applied correctly and in such a way as to minimize any direct contact with people
during and after treatment.

3.3.8. Other methods

3.3.8.1. Biological control

Since HDM s are not the only arthropods living in house dust, it is likely that there is
some interaction with other species. Potential predators of HDMs include silverfish, dust
lice, pseudoscorpions and other predatory mites. For example, van Bronswijk (1981) cited
a 1971 study by McGarth that found that the adults and juveniles of Cheyletus aversor eli-
minated a well-established culture of D. farinae within 20 days. However, this particu-
lar species of Cheyletus has not been reported as naturally occurring within house dust.
Similarly, van Bronswijk and colleagues (1971) found that, while two predator mite spe-
cies that can be present in house dust (Glycyphagus destructor and Acarus siro) were able
to control D. pteronyssinus populations under laboratory conditions, in nature these spe-
cies live in different habitats and are thus unlikely to interact in real conditions.
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Typically, cheyletid mites found in house dust (such as Cheyletus malaccensis) constitute
only a small percentage of the total number of mites, and they are present mainly in car-
pets, rather than mattresses (Rao et al., 1975). In comparison with HDMs, their numbers
are also lower than would be expected in a predator—prey population in equilibrium
(Colloff, 1991b); therefore, they are not suitable contenders for biological control. Also,
previous studies have suggested that in the absence of suitable prey, Cheyletus mites may
not only bite people in self-defence, but they may also feed on their body fluids
(Yoshikawa, 1980; Htut, 1994).

3.3.8.2. Air filters

The use of air filtration devices that incorporate high efficiency particulate air (HEPA)
filters have the ability to filter or remove airborne allergens from the atmosphere, thus
reducing allergen exposure to individuals in the room. These filters have been found to
be of clinical benefit in a number of trials (Zwemer & Karibo, 1973; Villaveces, Rosengren
& Evans, 1997). However, most HDM allergens do not remain airborne unless disturbed
(Custis et al., 2003). Custis and colleagues (2003) found that an ion-charging device was
able to remove HDM allergens from the air after disturbance, although their experiments
were not designed to test the ability of this device to clean air. Colloff and colleagues
(1992) concluded that HEPA filters were more effective than electrostatic filters and that
air filtration should not be conducted in isolation from other forms of control.

3.3.8.3. Anti-allergy sprays

No published data are available on these treatments, which generally work by binding the
allergen to the fibres of the article. Some products claim efficacy levels of up to 75% in
reducing airborne allergens from a treated article. The effectiveness of these products
may well be short lived.

3.3.8.4. Antimicrobial treatments

Recently, there has been a revived interest in the use of fungicides to control HDMs. This
can be at least partially attributed to the reluctance of the general public to use insectici-
des or acaricides within their homes. Antimicrobial treatments are primarily thought to
retard HDM growth, by preventing fungal development on skin scales, thus reducing
the nutritional value of the food available to HDM:s (see subsection 3.1.1.3). Studies using
the fungicide Natamycin have reported mixed results (Bronswijk et al., 1987). However,
de Saint Georges-Gridelet (1988) found the treatment to be at least somewhat effective,
which may have been caused by higher application rates. Some products can be applied
topically or applied to carpets and soft furnishings prior to their sale. Fibres used in bed-
ding materials can also incorporate an antimicrobial agent onto or into their structure.
Little is published in scientific journals on the effectiveness of these treatments, although
laboratory experiments conducted by private research laboratories have shown them to
be effective in reducing the rate of HDM population growth. It should be noted that not
all antifungal products have the ability to control HDM:s.

3.3.8.5. Dehumidifiers
Custovic and colleagues (1995) investigated the use of portable dehumidifiers in the
control of HDMs and mite allergens. They found that a single portable dehumidifier pla-
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ced centrally in a house was unable to reduce humidity to a level capable of retarding
HDM population growth, although it was found to reduce condensation. It is likely that
amore powerful dehumidifier will have a greater effect, although dehumidifiers can be
noisy. However, switching them off at night can create brief spells of elevated humidity
that are sufficient to allow HDM growth and survival (de Boer, Kuller & Kahl, 1998).

3.4. Conclusions

The association between exposure to HDM allergens and disease has prompted conside-
rable research over the past several decades. Much is now known about HDM biology,
physiology and ecology. The different and varying factors that affect HDM population
growth are gradually being elucidated, as are the efficacies of different methods of
control. Nevertheless, there is still much that is not known. For example, the currently
available data sets that describe how hygrothermal conditions affect HDM life processes
tend to be inconsistently gathered and incomplete, providing only partial coverage of the
full range of hygrothermal conditions experienced by mites in real habitats. In particu-
lar, data on the effect of fluctuating conditions is lacking. Similarly, little is known about
allergen production at different combinations of temperature and relative humidity or
about mite movement, either within a habitat or in the form of mite migration between
different habitats within a dwelling. On a broader scale, not enough is known about the
size and distribution of HDM populations and allergen reservoirs at local, regional, natio-
nal and international levels. Moreover, the surveys that have been carried out have not
always monitored hygrothermal conditions adequately.

The need for continuing research is thus urgent. In the meantime, the following is sug-
gested for climate, building construction, occupant behaviour, control methods, medical
practitioners and other areas.

3.4.1. Climate
There are two suggestions with respect to climate.

1.In regions with suitable winter climates — that is, cold or dry or both — public health
campaigns should make householders more aware that correctly implemented heating
and ventilation can suppress HDM populations in all but certain times of year, but is
particularly effective during the winter months, the winter culling thus achieved signi-
ficantly reducing the risk of mite infestation.

2.Special training should be given to health professionals that make home visits — for
example, to pregnant women and mothers with newly born children, who are espe-
cially vulnerable to mite allergen exposure —to provide advice about how best to envi-
ronmentally control HDMs and achieve winter culling of mites, as well as other mite
control measures.
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3.4.2. Building construction
There are three suggestions with respect to building construction.

Public funding for reducing the number of dwellings with raised humidity levels due to
low maintenance standards or to designer construction faults should be continued. Also,
the possibility of more stringent building codes that minimize dampness rising in ground
floors and basements should be considered.

Throughout the building industry (from legislative controls to design and construction),
more emphasis should be placed on the means of providing adequate ventilation in win-
ter and throughout the year through the use of suitable technology and improved win-
dow design. For both new and refurbished dwellings, thermal comfort and airtightness
must not be achieved at the expense of adequate ventilation.

Particular priority should be given to the extraction of excess moisture from bathrooms
and kitchens. Both rooms should always have doors capable of isolating them from the
rest of the dwelling, and the use of automatic door closers should be encouraged.

3.4.3. Occupant behaviour

There are five suggestions with respect to occupant behaviour.

1.Public health campaigns should inform householders of the extent to which they
themselves can influence humidity levels in the home.

2.Particular emphasis should be placed on the desirability of:
a. ventilating and closing doors while cooking, and bathing or showering; and

b. drying clothes only in a room with good ventilation and a door that can be
closed (if not outside or in a tumble dryer).

3.Advice to allergic individuals should emphasize the importance of allergen-avoi-
dance methods — for example, a stringent cleaning regime and the use of barrier
COVers.

4.More cleaning should be encouraged, especially late autumn cleaning and spring
cleaning.

5.The use of fitted carpets should be discouraged, particularly in children’s bedrooms,
on solid ground floors and in basements. Also, it is essential that the hard floor that
replaces the carpet be cleaned frequently.
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3.4.4. Control methods
There are five suggestions with respect to control methods.

1.Education and guidelines are essential to enable people to integrate the methods of
control and habitat modification available.

2.More in-depth research into individual control methods is needed.

3.As with many pesticides, further work may need to be done to establish the long-
term effects on human health of using acaricides to control HDM:s,

4. Alternatives to insecticides or acaricides should be considered in all control program-
mes.

5.Vacuum cleaners, especially in the homes of people with HDM and other allergies,
should be fitted with HEPA filters.

3.4.5. Medical practitioners

There are two suggestions intended for medical practitioners.

1.More doctors should be able to conduct allergy tests, to identify patients whose
asthma is caused or triggered by HDM or other allergens.

2.More advice needs to be available on allergen avoidance, control of HDMs and
modification of the hygrothermal environment to prevent dwellings from being
infested in the first place.

3.4.6 Other

There are two suggestions that do not fit in any of the above categories.

1.More research is needed into the relationship between levels of airborne allergens
and asthma.

2.Further research is needed to fully establish the most effective methods of environ-
mental control.
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4. Bedbugs

Harold J. Harlan, Michael K. Faulde and Gregory J. Baumann

Summary

Bedbugs have long plagued humans in their living environment. Historically, bedbugs
were noted throughout the ages. After the Second World War, bedbug populations
appeared to decline to a point where infestations by them were rare. In fact, just collec-
ting specimens of bedbugs for instructing entomology became a difficult task, due to the
rarity of this pest. Some people credit broadcast or wide area insecticide use with the
decline in bedbug populations while others just believe it is the cyclical nature of pests
that contributed to rare sightings. In the past 10 years, however, a resurgence of bedbugs
has been noted. From anecdotal comments to reports of data showing multifold increa-
ses, it is clear that bedbugs are rising again. Some credit this resurgence to one or more
of the following theories: loss of control products and changes in control practices for
other pests that coincidentally controlled bedbug populations; increased travel; use of pre-
viously owned furniture and furnishings; and other theories. Bedbug control requires a
fully integrated approach, as the bedbug is nocturnal, transient and elusive. Care must be
taken to confirm proper identification, as other pests are similar in appearance and have
quite different habits.

131



132

Bedbugs

4.1. Overview of the biology, bionomics and distribution
of bedbugs

4.1.1. Background

The common bedbug (Cimex lectularius), two tropical bedbugs (Cimex hemipterus and
Cimex rotundatus and a few closely related species of blood-feeding true bugs (Hemiptera:
Cimicidae) have been persistent pests to people throughout recorded history. They may
have evolved as cave-dwelling ectoparasites of mammals (especially bats). As people
moved from caves into tents, and then into houses, these bugs, especially the common
bedbug, were probably brought along, too. With the widespread use of synthetic insec-
ticides soon after the Second World War, bedbugs became very rare pests in many indus-
trialized countries. By 1997, this species was so scarce in Canada, much of Europe and the
United States that it was hard to find fresh specimens to use in teaching entomology clas-
ses (Snetsinger, 1997). Similar trends had been reported earlier for the United Kingdom,
with a relatively constant or slightly declining level of public requests for control from
1967 to 1972 (Cornwell, 1974). Many current PMPs with 10 years of experience may never
have even seen an active bedbug infestation. During the past eight years, a definite resur-
gence of common bedbugs has been reported in parts of Africa, Australia, Canada, some
European countries and the United States. Sites infested by them have included homes,
hotels, hostels and long-term care facilities (Cooper & Harlan, 2004; Doggett, Geary &
Russell, 2004; Hwang et al., 2005; Johnson, 2005). The authors have also observed bed-
bug infestations in university dormitory housing.

4.1.2. Biology and bionomics

Adults of the common bedbug are about
6—7 mm long, broadly oval, flat, brown to
reddish-brown true bugs, with a three-
segmented beak, four-segmented anten-
nae, and vestigial wings (Fig. 4.1). They
are flattened dorsoventrally and covered
with short, golden hairs. The bedbug
gives off a distinctive, musty, sweetish
odour, consisting mainly of various alde-
hydes (such as trans-hex-2-enal, trans-oct-
2-enal), which are produced by the defen-
sive gland system located ventrally on the
metathorax (Weatherston & Percy, 1978).
They usually deposit undigested parts of

Fig. 4.2. Male bedbug abdomen, showing pointed
characteristics of reproductive parts ded abdomen
Source: Photo by H. Harlan.

earlier blood-meals in their hiding places,  Fig. 4.1. Shape and characteristics of the bedbug
Source: Photo by H. Harlan.

as a seemingly tar-like or rusty residue.
Their abdomen tips are usually pointed in
males and are more rounded in females (Fig. 4.2 and Fig. 4.3). Bedbugs feed only on
blood, usually of mammals or birds, and mate by so-called traumatic insemination
(Usinger, 1966; Stutt & Siva-Jothy, 2001). Their life-cycle, from egg to egg, may take four
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to five weeks under good conditions — that is, 75-80% relative humidity and 28-32°C.
They can survive and remain active at temperatures as low as 7°C, if they are held at an
intermediate temperature for a few hours, but the temperature point of thermal death for
them is 45°C (Wigglesworth, 1984). They have five nymphal developmental stages
(instars), each needing at least one blood-meal to develop to the next instar. Bedbugs are
nocturnal, but they will feed in full daylight when hungry. Females attach their small
whitish eggs (about 1 mm long) to substrate surfaces, often in the crevices where they
may hide in loose groups or clusters. Each female may lay 200-500 eggs in her lifetime,
which may be 2 years or longer. Like fleas, these bugs often produce a series of bites in
so-called rows or in fairly straight lines, usually along the edge beside an item of clothing
or a bed sheet that was lying against their human host’s skin at the time the bugs fed
(Usinger, 1966; Krinsky, 2002).

4.1.3. Distribution in Europe and North America

The common bedbug can be found in all the temperate areas of the world —almost any-
where people have established dwellings and cities. They thrive in conditions of tempe-
rature and humidity that are considered comfortable for most people, and those same
people usually provide them with ample blood-meals and plenty of choice harbourage
nearby. The tropical bedbug, C. hemipterus, is distributed broadly throughout tropical
and subtropical regions around the world, both north and south of the equator, but it
requires a higher average temperature than does the common bedbug for its normal
development and biological functions. It is seldom found in established infestations in
continental Europe and is rarely found north of Mexico and Puerto Rico in the western
hemisphere; however, occasional limited populations have been found in Florida. Several
species of bat bugs (Cimex spp.) and swallow bugs (Oeciacus spp.) that may bite people
are well established in most temperate areas of both Europe and North America (Usinger,
1966).

Fig. 4.3. Female bedbug, showing characteristic roun-

Source: Photo by H. Harlan.
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4.2. Resurgence of bedbug populations in Europe
and North America

4.2.1. Evidence of resurgence in North America

In 1997, in the United States, reports of bedbug and specimens submitted for identifica-
tion to the National Pest Management Association (NPMA) were limited to two separate
infestations in two states. By September 2001, such submissions totalled 29 infestations in
18 states and the District of Columbia. By April 2004, bedbugs in samples submitted for
identification had come from a total of 108 infestations in 4 Canadian provinces, 3 states
of Mexico and 40 states in the United States. Also, public or media inquiries to the
NPMA about bedbugs have gone from only 1 in 1997 to at least 14 in 2001and to more
than 100 in 2005. Many pest management companies in the United States have seen major
increases in services for bedbug infestations over the past few years (Krueger, 2000;
Cooper & Harlan, 2004; Potter, 2004; Gooch, 2005). For example, one small company
went from two unusual infestations in 2001 to an average of a call a day (Johnson, 2005).
Also, a national company had an increase of 300% in bed bug control calls from 2000 to
2001, another 70% increase in 2002 and another 70% increase in 2003 (F. Meek, Orkin
Pest Control, Atlanta, GA, personal communication, June 2005). Moreover, one small
company, which formerly specialized in termite control, reported that more than 25% of
its profit for 2004 came from bedbug treatments (Johnson, 2005). Resources invested by
the NPMA, manufacturers, suppliers and individual pest management companies to
train PMPs in bedbug management have increased greatly in the past two years (Cooper
& Harlan, 2004; Potter, 2004; Gooch, 2005; Johnson, 2005). Furthermore, between the
beginning and end of 2003, public health officials in Toronto, Canada, reported a 100%
increase in phone complaints about bedbugs, a 100% increase in the number of com-
mercial treatments for bedbugs in private residences and a more than 50% increased inci-
dence of bedbugs in public shelters (Hwang et al., 2005).

4.2.2. Evidence of resurgence in Europe

In Europe, no precise data were available to document quantitatively the resurgence of
the common bedbug. Nevertheless, observational reports from Germany and the United
Kingdom claim a sharp increase in the frequency of infestations during the last decade.
In the city of Berlin, Germany, more than a tenfold increase in the frequency of bedbug
infestations has been reported, rising from five cases reported in the 1992 to 62 cases in
2002 and to 76 cases in 2004 (Bauer-Dubau, 2004). In the case of Berlin, the three major
reasons for bedbug infestations are considered to be;

1. purchases of used furniture and electronic devices,
2. business travel,

3. holiday travel.

4.2.3. Resurgence in other parts of the world

Similar trends in resurgence have been occurring in several countries on other continents.
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Gbakima and colleagues (2002) reported a very high prevalence of both common and tro-
pical bedbugs (up to 98% of rooms infested) in camps for internally displaced persons in
Freetown, Sierra Leone. In Australia, a government public health agency reported a
400% increase in bedbug complaints submitted during 2001-2004, compared with
1997-2000. They also reported increased interceptions of bedbugs (mainly in luggage) by
national quarantine inspectors from 1986 to 2003, with 74% of those occurring from 1999
t0 2003 (Doggett, Geary & Russell, 2004).

4.2.4. Other species of Cimicidae that can affect people

Besides the common bedbug, two other species of bugs in the family Cimicidae are synan-
thropic (ecologically associated with people) and historically well-known and significant
pests of people in certain geographical regions. Those are the tropical bedbug species, C.
hemipterus, which is distributed throughout the tropics, and Leptocimex boueti, which is
limited to tropical western Africa.

Several other species of the Cimicidae, such as the European swallow bug (Oeciacus hirun-
dinis), frequently enter human dwellings and feed on people opportunistically, especially
when their normal hosts are eliminated or depart on normal natural migrations. The eas-
tern bat bug (Cimex adjunctus), which feeds on several species of bats and is distributed
mainly east of the Rocky Mountains in North America, frequently invades human dwel-
lings and readily feeds on people. The cliff swallow bug (Oeciacus vicarius), which lives
in the nests of cliff swallows (Petrochelidon pyrrhonota) and is distributed throughout the
nearctic region (that is, the biogeographic region that includes the Arctic and temperate
areas of North America and Greenland), will sometimes bite people when its hosts are
removed or leave on annual migrations, or when people disturb these bugs in their habi-
tat. The European swallow bug, which is associated with house martins (Delicon urbica)
and is distributed throughout northern Africa, most of Europe and Turkey, will some-
times enter human dwellings and feed on people. The poultry bug (or Mexican chicken
bug, Haematosiphon inodorus), will readily feed on people in Mexico and the south-wes-
tern United States, but it is most commonly found associated with poultry nests and the
nests of large raptors, such as hawks and eagles. The chimney swift bug (Cimexopsis nyc-
talis), which lives in the nests of Chimney swifts (Chaetura pelagica), is distributed throu-
ghout most of the eastern United States and has occasionally bitten people.

There are at least four species of bat bugs in the species group with Cimex pipistrelli. They
collectively occur throughout most of Europe and feed mainly on local species of bats.
These and other species in the C. pipistrelli group occasionally invade human dwellings,
and one or more species have been reported to occasionally feed on people. The taxono-
mic status of this species group is presently somewhat unclear.

The western bat bug, Cimex pilosellus, which feeds on several species of bats and is found
almost exclusively west of the Rocky Mountains in North America, has been repeatedly
reported to invade human living spaces, but there are no confirmed reports of this spe-
cies actually biting a person. Because multiple species of the Cimicidae can potentially
occur in human dwellings, precise and careful identification is critical for proper imple-
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mentation of pest control measures. Although it is rare that they attack people, these spe-
cies are noted because infestation of human dwellings may occur.

4.2.5. Future prospects

Under prevailing conditions, it seems inevitable that bedbugs will continue to spread and
cause increased problems. Since 1970, in high- and middle-income countries, the loss of
non-repellent and longer residual insecticides, through regulatory actions, has made their
control much more difficult. In the United States, anecdotal reports from PMPs about
currently labelled products are variable and hard to verify or compare objectively. Some
have reported effective control, while others claim outright failure from the same pro-
ducts. Also, screening for resistance to such products is rare. There are few published
data or reports of screening for resistance on field populations of bedbugs, and no govern-
ment or private agency is currently providing routine or even periodic screening of field
populations of bedbugs in North America. A few laboratories in Europe and North
America have only recently begun planning more extensive, controlled susceptibility
(resistance) testing on bedbugs (E. Snell, Snell Scientifics, Barnesville, GA, personal com-
munication, May 2005; O. Kilpinen, Danish Pest Infestation Laboratory, Lyngby,
Denmark, personal communication, August 2005). Fletcher & Axtell (1993) published
one of the most recent articles on the susceptibility of a population of lab-reared common
bedbugs to several specific insecticide formulations, including some being used com-
mercially at that time. At least five of the nine chemicals they tested, which include the
active ingredients bendiocarb, carbaryl, dichlorvos, malathion and tetrachlorvinphos,
have had their product labels changed, following the United States Food Quality
Protection Act of 1996, and those products are no longer available for use in human dwel-
lings. In addition to these factors, significant changes in application technologies against
other household pests, such as cockroaches and ants, may also have unintentionally eased
incidental control of bedbugs (Potter, 2004; Gooch, 2005).

4.3. Implications for public health
4.3.1. Obligate blood feeders

All species of bugs in the family Cimicidae are obligate blood feeders — that is, they sur-
vive only by feeding on blood —and many have limited host specificity. They only
consume blood from a host, usually a mammal (such as human beings and bats) or bird.
They must take at least one blood-meal of adequate volume in each active life stage
(instar) to develop to the next instar, or to reproduce. There are five immature instars,
and each one may feed multiple times if hosts are readily available. Adults of the com-
mon bedbug may feed every 3-5 days throughout their estimated typical 6-12-month
lifespan. The acts involved in feeding to acquire each blood-meal — that is, biting a host
— can cause both physical and psychological discomfort, as well as local allergic skin reac-
tions to the salivary proteins injected (Feingold, Benjamini & Michaeli, 1968).
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4.3.2. Potential as vectors of human pathogens

Common bedbugs have been found to naturally contain 28 human pathogens, but they
have never been proven to transmit biologically or mechanically even one human patho-
gen (Usinger, 1966; Burton, 1968) — specifically hepatitis C (Silverman et al., 2001) and
HIV (Webb et al., 1989). Nevertheless, shedding of viral DNA fragments in faecal mat-
ter and transstadial (across life stage) transmission of hepatitis B virus seem to support
the possibility of mechanical transmission by contaminated faeces, or when bugs are crus-
hed during feeding onto abraded skin by a susceptible person (Jupp et al., 1991; Blow et
al., 2001). The study by Jupp and colleagues (1991) clearly indicated that common bed-
bugs do not biologically transmit hepatitis B. Also, it is still unclear whether or not the
reported induction of skin papillomas in the European rabbit (Oryctolagus cuniculus) sub-
sequent to continuous exposure to bites of common bedbugs irradiated by gamma rays
(el-Mofty, Sakr & Younis, 1989) is caused by a viral pathogen.

One species of Cimicidae, the cliff swallow bug (so far, found occurring naturally infec-
ted, only in western North America), has been proven to transmit at least two identifia-
ble virus entities in the western equine encephalitis complex: these are the Fort Morgan
virus (FMV) and a distinct strain of FMV, called Buggy Creek virus (Hayes et al., 1977,
Calisher et al., 1980; Brown & Brown, 2005). Transmission has thus far only been repor-
ted to occur from infected swallow bugs, mainly adult bugs that usually live in or on the
swallows’ nests over the winter until the next year’s susceptible hatchlings of cliff swal-
lows. So far, no risk to people from this epizootic virus cycle has been established. The
bugs are not very mobile and tend to stay at, on or in the swallow nests and do not rea-
dily move to a different nest that is more than a short distance away (Foster & Olkowski,
1968). A few individual bedbugs of this species have been found very rarely in local small
rodent nests and occasionally in a nearby nest of a European (or barn) swallow (Hirundo
rustica). This species has been reported to have fed on a person, and it readily feeds on
mice in laboratories (Usinger, 1966). Although some species of the Cimicidae that seek
human beings over other animals have not been investigated very thoroughly, it is unli-
kely that any of them pose a threat as a human pathogen vector.

In Europe, infestations of human dwellings by the European swallow bug often occur,
especially during the wintertime, when their normal hosts have migrated to Africa.
Abandoned swallow nests may harbour hundreds of overwintering swallow bugs that
search for blood hosts during warmer winter weather conditions. Within a radius of up
to 5m, swallow bugs may infest buildings through any opening, and they feed readily on
people. In an extensive study in Colorado, cliff swallows and house sparrows (Passer
domesticus), which live within the swallow nesting colonies, were the main vertebrate
hosts for maintenance and amplification of FMV. However, the presence of fairly large
populations of these bugs, and their transmission of FMV, reportedly had no significant
impact on the health or reproduction of local populations of cliff swallows, house spar-
rows or barn swallows in co-located or adjacent breeding sites (Scott, Bowen & Monath,
1984).
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4.3.3. Bites and health effects

Although their bite is often nearly undetectable, the saliva of bedbugs contains biologi-
cally and enzymatically active proteins that may cause a progressive immunogenic and
allergenic reaction to repeated biting. Depending on the combined biting intensity and
frequency, there are typically five stages of symptoms, including no reaction, delayed
reaction, delayed plus immediate reaction, immediate reaction only and, finally, no reac-
tion. A common hypersensitivity response that follows bedbug bites is papular urticaria,
a disorder manifested by chronic or recurrent papules. Rarely, a disseminated bullous
eruption with systemic reaction may occur (Liebold, Schliemann-Willers & Wollina,
2003). Typical symptoms include a raised, inflamed, reddish wheal at each feeding site.
Such wheals may itch very intensely for several successive days.

Immediate immune reactions may appear from 1 to 24 hours after a given bite and may
last 1-2 days, but delayed immune reactions usually first appear 1-3 days after a bite
and may last 2-5 days (Feingold, Benjamini & Michaeli, 1968). In the cases of delayed
reactions, it is often difficult to pinpoint the source, as the victim may have visited seve-
ral different rooms in several locations over that period. Consequently, upon manifesta-
tion of symptoms, the previous night’s lodging may be suspected; however, the bites may
have occurred several nights prior. People bitten frequently by these bugs may develop a
so-called sensitivity syndrome, which may include nervousness, nearly constant agitation
(jumpiness), and sleeplessness. In such cases, either removing the bedbugs (either physi-
cally or by the use of an insecticide) or relocating the person has caused the syndrome to
disappear over time. Several different species of Cimicidae may bite people, including
tropical bedbugs, some bat bugs and some swallow bugs, as mentioned previously in sec-
tion 4.2 (Ryckman & Bentley, 1979). Also, a social stigma may be associated with having
an infestation of bedbugs (Usinger, 1966; Krinsky, 2002).

Currently, there is no requirement to report bedbug infestations to any public health or
other government agency at any level. Medical clinicians, however, have reported the fol-
lowing significant symptoms as due to common bedbug bites:

serious local redness and intense itching, both immediately and after several days delay
(Sansom, Reynolds & Peachey, 1992);

edisseminated bullous eruption with systemic reaction (Liebold, Schliemann-Willers &
Wollina, 2003); and

true anaphylaxis, which has been misinterpreted as coronary occlusion (Parsons, 1955).

Besides the effects of direct bites, airborne common bedbug allergens that are always
released during infestations may produce bronchial asthma. Within a group of 54 asth-
matic Egyptian patients, 37.1% reacted positively to a common bedbug head and thorax
extract, and 50.1% reacted positively to an abdominal common bedbug extract (Abou
Gamraet al., 1991). Numerous routine bedbug bites can contribute to anaemia and may
even make a person more susceptible to common diseases (Usinger, 1966; Snetsinger,

Public Health Significance of Urban Pests

1997). Some people can develop a general malaise from numerous bedbug bites; that,
along with the loss of sleep and extreme itching of bug bites, can lower a person’s vitality
and make individuals listless and almost constantly uncomfortable.

Because of the media attention given to bedbugs in recent years, people may more rea-
dily suspect bedbug bites as a most likely cause of a rash or skin irritation. Physicians
commonly will not rule this out, as it is not possible to positively identify a skin irritation
as a bedbug bite. It is common for those experienced with bedbugs to look at an irrita-
tion and eliminate bedbugs as a possible cause; however, just examining an irritated area
will not determine conclusively the source of the bite. Building inspectors that search for
bedbugs should make sure that an infestation is confirmed via inspection prior to any
action or, at least, determine that the victim is not suffering from delusory parasitosis,
where he or she believes that they have been bitten by an invisible pest. Bedbug bites can
be confused with numerous dermatological conditions, including those of psychological
origin (such as delusory parasitosis). If the person affected is complaining about bites, but
an entomological source cannot be found, that person should seek medical attention.

4.3.4. Importance as pests

Because they are very small, nocturnal, seek cryptic harbourages, and can detect and avoid
many chemicals (including cleaning agents), common bedbugs are often hard to control.
Complete elimination of an established bedbug population is nearly impossible to accom-
plish in a single visit by most PMPs. They are easily transported on or in luggage, furni-
ture, boxes, or even on clothes. They are very thin, except just after a blood-meal, and
can fit through or hide in very narrow cracks. In the absence of hosts, adults can live
without feeding for several months (to more than a year) and nymphs for three months
or longer. This pest has substantially increased in importance as a result of the public’s fear
of bedbugs, their characteristic odour and their feeding behaviour. Because bedbug fee-
ding can cause serious physical distress (mainly persistent, intense itching, which varies
with each individual), demands for prompt, effective control are increasing significantly,
too.

4.3.5. Economic impact

There are neither precise nor detailed records of the costs of bedbug control efforts nor
of any of the related costs to people bitten in residential, commercial or institutional hou-
sing. Costs for the hospitality industry include:

<increased laundry expenses

< replacement of bedding and furniture
estructural cleaning and physical modifications
< lost revenue from negative publicity
einsurance claims and lawsuits.

As an example of one of the simplest cases, a reasonable cost estimate for the inspection
and effective treatment of a small infestation, involving a bed and two nearby floor-wall
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baseboards in only one bedroom of a separate home, would be about US$ 300 in most
areas of Canada, most western European nations and the United States. This is based on
the following: three hours of detailed inspection time, concise customer education and a
very limited insecticide application by a well-trained PMP on a single visit to the site.

Costs, however, will vary. In hotels and other multi-unit structures, for example, infes-
tations are almost never that limited and usually require significantly more inspection,
control time and effort. Because infestations may go unnoticed in these facilities, there
is a much greater chance of so-called callbacks — that is, return services. Because the
general public lacks knowledge of bedbug feeding activity, victims nearly always seek
medical attention, usually incurring additional costs for diagnosis, or at least costs for
symptomatic medical treatments. At least 17 of 65 homeless shelters in Toronto, Canada,
spent an average of Can$ 3085 each to address bedbug problems in 2004 (Hwang et al.,
2005).

Litigation costs can be more variable and even less well documented. Examples of judg-
ments range from one award of US$ 382000 down to awards in the range of US$ 20000
plus expenses (Doggett, Geary & Russell, 2004; Gooch, 2005; Johnson, 2005). In early 2006,
a lawsuit was filed against a hotel, seeking US$ 20 million in damages. It is impossible to
estimate the cost of any related subsequent actions or the anxieties of bitten individuals.

4.4. Poverty, housing and bedbug infestations

Bedbugs will infest human dwellings in all social and economic groups. A number of
factors more commonly associated with poverty, however, are ideal for bedbugs.
Buildings and other dwellings that are crowded, cluttered and in need of repair offer
bedbugs many places to hide very near their food source. Under such conditions, it is very
hard to eliminate a population of bedbugs from any room or building. Also, deteriora-
ting structures with warped woodwork or floors, loose tiles or wallpaper and large cracks
around doors, windows or ductwork may be nearly impossible to seal or to treat effecti-
vely by any physical or insecticide control technique.

One key type of housing where there are widespread reports of infestations is migrant
housing. Various media sources have reported that the crowded, cluttered conditions of
poorly housed migrant workers have led to bedbug infestations. The cost of controlling
these infestations professionally is usually more than such building owners or occupants
can afford. As a result, they often try to control the infestations themselves and are sel-
dom very effective, which further depletes already limited financial and physical resour-
ces. Apparently, because these infestations can become an endless, cyclical problem for
those living in poverty, some authors have claimed that bedbugs may help cause poor
living conditions — not just being typical of them.

Dispersal of bedbugs from one dwelling to another is usually passive, with the bugs or
their eggs being carried in or on pieces of furniture, bedding, luggage, clothing, electro-
nic devices or cardboard boxes. Because leasing furniture and purchasing used items are
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much more common in poorer communities, these practices probably help to rapidly and
repeatedly spread bedbugs to new sites and to redistribute them to places from which
they may have been eliminated earlier.

Large multi-unit buildings common to poor areas can be very hard to rid of bedbugs.
Once bedbugs become established, any control effort that does not include checking the
whole building at nearly the same time, along with a coordinated occupant education
and treatment effort (as needed), will usually fail, because the bugs will frequently move
away from any partially treated and potentially repellent active sites into adjacent rooms.
Their movements are generally unencumbered, because they readily move through wall
voids and along utility lines, heating ducts, elevator shafts, and laundry and mail chutes.

4.5. An integrated approach to bedbug management

With current pest management practices, bedbugs can only be effectively managed by
combining as many different strategies, techniques and products as possible for any par-
ticular set of local conditions or infestations. This makes the bedbug an ideal candidate
for IPM practices, which include:

inspection

e identification

< establishment of threshold levels — generally, no bedbugs are acceptable
<incorporation of two or more control measures

emonitoring the effectiveness of controls.

Particular steps may differ for given pests or unique local conditions and may take into
account the need to quickly reduce a given life stage of pests that pose an impending
serious health risk.

4.5.1. Conducive environmental conditions

Conditions under which the common bedbug thrives include:

<an adequate supply of food (available blood-meal hosts)

e plenty of small cracks or narrow harbourage spaces within about 1.5m of a host
eambient temperatures within a few degrees of 28-32°C

eaverage relative humidity of 75-80%.

Currently occupied, cluttered bedrooms with little air movement are ideal. Sanitation
alone will not eliminate a population of bedbugs; however, eliminating clutter, removing
all accumulated dirt and debris and sealing cracks and crevices will reduce available har-
bourages, will make it easier to detect remaining live bedbug populations and will
increase the probability that any further treatment may succeed.
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4.5.2. Inspection, detection and education

45.2.1. Inspection

Detailed inspection by a qualified person is the most
essential basic element at the start of any effective effort
to control bedbugs. The bugs must be detected promptly,
correctly identified and at least a rough estimate of the
extent of harbourage sites must be determined as rapidly
as possible. No currently known device or technique is
available to effectively attract or trap bedbugs, so a tho-
rough visual inspection must be done. Certain pyrethrin-
based flushing agents can be used to help stimulate the
bugs to move around and make them much easier to
detect in limited populations. Once detected, correct

identification of the pest bugs is important, to focus fur-  Fig. 4.4. Bedbug found on a mattress

ther inspections and facilitate the application of control  dust cover
techniques or products that are precise and limited in

scope — for example, for treatment of cimicid bugs that

feed mainly on certain species of bats or birds.

45.2.2. Detection
Typical actions and signs that can accurately detect a bedbug infestation include:

seeing or collecting live bugs (Fig 4.4);

esmelling the characteristic odour, finding their eggs or so-called cast skins in harbou-
rages or near feeding sites;

<finding dark faecal deposits or lighter
rust-like spots on bed linens or in tradi-
tional harbourages (Fig. 4.5); and

< noting and recording where and when bite
victims know (or think) they were bitten.

The use of both sticky traps and insectici-
dal aerosols that flush out or excite the
bugs can potentially augment monitoring.
Any combination of two or more of these
signs can help verify the infestation and
determine the distribution and prevalence

Source: Photo by G. Baumann.

of the bugs. For species that feed mainly : e

on bats or birds, detecting and locating the  Fig. 4.5. Bedbug staining is typical of a dropped par-

nests of their local hosts is important. The tially digested blood-meal
presence of typical hosts may be an early

Source: Photo by H. Harlan.
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indication of a developing infestation.

45.2.3. Education

Educating dwelling occupants affected by bedbug infestations is essential to ensure that
they actively and voluntarily cooperate in any control programme or effort needed. These
occupants are usually the ones who must improve and maintain sanitation, reduce and
minimize clutter, and (perhaps) seal harbourages, to exclude or restrict the movements
of the bug population. It can be helpful if dwelling occupants affected by bedbug infes-
tations understand as fully as possible the bugs — their biology and behaviour —and the
strategies and techniques proposed or being used to control them. To foster such unders-
tanding, educational efforts may include verbal explanations, answering questions, infor-
mation posted on an Internet web site, or at least a concise printed handout in a language
that people can read and understand. Good communications with homeowners, housing
managers and any relevant government agencies should be maintained throughout a bed-
bug control programme.

4.5.3. Physical removal and exclusion
A number of possibilities exist for physically removing or excluding bedbugs.

4.5.3.1. Physical removal

Bedbugs can be physically removed from exposed harbourages or resting sites, such as
edges of a box spring or mattress seams, by sucking them up with a vacuum cleaner.
Using a HEPA-filtered vacuum, which removes more than 99% of all particles greater
than 0.3um in diameter, would ensure that allergens associated with bedbugs or their
debris were being removed concurrently. Vacuuming will usually Kill a large portion of
those bugs and can be done at the same time as an inspection, eliminating immediately a
significant portion of the pest population. Bedbugs might also be lifted from exposed res-
ting sites with commercially available tape or by hand, or just brushed off directly into a
container of rubbing alcohol or soapy water (Potter, 2004; Gooch, 2005).

45.3.2. Exclusion

Sealing access to harbourages can effectively isolate bedbug populations. Bedbugs have
specially adapted piercing—sucking mouthparts, and three-segmented, structurally pri-
mitive tarsi (the terminal segments of the leg) with claws. That makes them incapable of
chewing or clawing through even a very thin layer of sealant or an unbroken layer of
paper or cloth. Sealing a layer of almost any material in place, so that it completely covers
the opening of any harbourage, can stop bedbugs from passing through. If any bedbug
is thus effectively sealed inside a void or harbourage, it could be permanently removed
from the pest population. Even if such a bedbug were to live for another year, or two
years (or longer), it must die there if that space is never unsealed while the bug is still
alive. Just sealing most of the known openings between a harbourage and the bugs’ usual
host access site(s) will restrict the bugs” movements and help temporarily reduce the inten-
sity of their feeding. Enclosing clothes and other items in plastic bags and similarly tigh-
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tly sealed containers can greatly reduce the availability of harbourage sites.

4,5.3.3. Mattress covers

Commercially available plastic covers, at least 0.8 mm thick and usually having a zippe-
red edge, can completely encase a mattress or box spring and stop any bedbugs harbou-
ring in either of them from further access to bite a host using that bed. Such covers were
first developed and marketed as a measure to help reduce human exposure to HDM aller-
gens that emanated from mattresses, but they can work well to isolate bedbugs within
(or keep them out of) such items. If no such covers are readily available, any plastic of
similar thickness and strength can be used to completely cover a mattress or box spring,
and it can be sealed tightly shut with any durable, flexible tape, such as filament tape or
duct tape (Cooper & Harlan, 2004).

4.5.4. Physical elimination techniques
Heat, cold and steam are used in physical techniques for eliminating bedbugs.

45.4.1. Heat

Heating infested rooms or whole buildings to temperatures of at least 45°C, the thermal
death point of common bedbugs, has been used to try to control bedbugs since the early
1900s. For a heat treatment to be effective, it is critical to attain a high enough tempera-
ture, low enough relative humidity and minimum length of time at those combined
conditions. Some species of stored product pest beetles, which are considered to be very
hard to Kkill, have been shown to be eliminated by exposure to a combination of 49-52°C
and 20-30% relative humidity for 20-30 minutes (Dosland, 2001). Heat treatments,
however, do not prevent reinfestations, and bedbugs can reoccupy any site so treated
immediately after temperatures return to ambient levels. Of concern in particular situa-
tions, when using this technique for physically eliminating bedbugs, is the potential phy-
sical distortion of structures or their contents, as well as flammability risks for some kinds
of heat sources (Usinger, 1966).

454.2. Cold

If bedbugs are kept cold enough long enough, exposure to cold temperatures can Kill
them. Bedbugs can tolerate —15°C for short periods and, if acclimated, they can survive
at or below 0°C continuously for several days (Usinger, 1966). Cold treatments of rooms
or buildings to control bedbugs have not been well studied or used often, but freezing of
furniture or other items within containers or chambers may be a practical alternative for
limited infestations or to augment other control measures.

4.5.4.3. Controlled atmospheres

In a small series of very preliminary laboratory tests conducted by the German Federal
Environmental Agency, all life stages of common bedbugs were reportedly killed within
24 hours or less by constant exposure to very high concentrations of carbon dioxide gas
at ambient atmospheric pressure, but they were not affected very much by high concen-
trations of nitrogen gas under those same conditions (Herrmann et al., 1999). Further
precise testing of such a strategy may be warranted.
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45.4.4. Steam

Some pest managers have effectively used steam treatments to quickly eliminate live bugs
and their eggs from the seams of mattresses and other cloth items. Effective use of this
technique requires practice and care. Manufacturer’s instructions about the steam gene-
rating devices’ operation, maintenance and safety precautions must be followed carefully.
To be effective, the steam emission tip must be about 2.5-3.8 cm from the surface being
steamed. If the tip is too far away, the steam (water vapour) may not be hot enough to kill
all the bedbugs and eggs on such a surface. If the tip is too close, excess moisture may be
injected into the treated material, and that can potentially lead to other problems — for
example, facilitating the survival and increase of dust mite populations and creating an
environment for the growth of surface molds.

45.4.5. Sticky monitors

Insect monitors with an adhesive layer on a flat cardboard backing are a simple means
to detect many types of crawling insects. They have also been recommended to augment
other techniques for increased control of some wandering spiders. Although bedbugs
often get caught on such monitors, many recent reports from pest control technicians in
North America have indicated these are not very effective at detecting (much less increa-
sing the level of control of) small to moderate populations of bedbugs in rooms where
other signs are obvious, where bugs are easily found by direct observation and where peo-
ple are being bitten routinely. Based on this evidence, both the impact of such devices on
the control of bedbugs and their reliability as a surveillance tool for the bugs are poor.

4.5.5. Pesticide applications

Currently, the exclusive use of non-insecticide control products and techniques is not
effective or efficient enough to be practical. Even their use as a primary means for control-
ling or eliminating an established bedbug population is ineffective. Still one of the most
effective, practical and quickest ways to reduce the size of an established bedbug infes-
tation is the use of a precisely placed (but thorough) application of a properly labelled,
registered and adequately formulated residual insecticide. Effective control usually
consists of applying interior sprays or dusts to surfaces that the bedbugs crawl over to
reach the host, as well as applying them to cracks and crevices where they rest and hide.
Microencapsulated formulations and dust formulations have a longer residual effect than
other formulations. Also, both synergized and natural pyrethrins are used. Synergized
pyrethrins not only show high lethal activity against the bugs, but they also show the abi-
lity to flush them out, allowing quicker analysis of the infested area. Moreover, the addi-
tion of natural pyrethrins at 0.1-0.2% v/v to organophosphate, carbamate or microen-
capsulated insecticide formulations will increase efficacy by irritating the bedbugs and
initiating an excitatory effect that causes them to leave their hiding places, thereby increa-
sing exposure to the fresh insecticide layer.

Modified diatomaceous earths with hydrophobic surfaces can also be used to treat cracks
and crevices. Retreatment, however, is essential and should be carried out at not less than
two-week intervals until the population has been eradicated.
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Products listed in this section are for illustrative purposes only. The choice of insecticide
products and specific application techniques can depend on many factors, which include
the following:

«the physical locations and structural details of the bugs’ harbourages
the availability of the product

=the products’ own labels, which can vary greatly from country to country
eexact local conditions

<any applicable national and local laws or regulations

e many different, related official recommendations.

True fumigation of small volumes or limited amounts of furniture, clothing, or other
personal items can kill all stages of bedbugs present, possibly including bedbug eggs. Such
a treatment, however, would not prevent reinfestation immediately after the fumigant
had been sufficiently removed for the items treated to be used again. True fumigation of
a whole building should be equally effective at killing all mobile stages of bedbugs pre-
sent, but would not prevent a reinfestation and would seldom be needed, practical or
affordable (WHO, 1982; Snetsinger, 1997; Gooch, 2005).

455.1. Surface treatments

Limited, precisely placed treatments of selected surfaces, using properly formulated resi-
dual insecticides, can provide at least a temporary lethal (or perhaps repellent) barrier
and thus can help reduce biting of nearby hosts.

455.2. Impregnated fabric and bednets

Fabrics and bednets that are factory- or self-impregnated with licensed and commer-
cially available formulations of residual insecticides can help deny bedbugs access to hosts
and may even Kill some of the bugs that crawl across them. This can be economical, since
some spray, dipping or coating formulations of products containing permethrin will
remain on clothing at their full applied strength through six or more launderings, or even
for the life of the fabric (Lindsay et al., 1989; Faulde, Uedelhoven & Robbins, 2003). This
treatment is done during the manufacture of the fabric and not by a pest control company
when the fabric is in place. There is a recent report of pyrethroid resistance to the use of
treated bednets in a population of tropical bedbugs (Myamba et al., 2002).

4.5.5.3. Ultra-low-volume aerosols or foggers

Insecticide products currently labelled as ultra-low-volume (ULV) aerosols or foggers
have little or no residual effects and act as a flushing agent. Most of them can stimulate
bedbugs hidden in harbourages to become active and move out into the open, allowing
them to be noticed more easily. Some of those bugs may be killed by prolonged or repea-
ted exposures, but control would be successful for only a small percentage of the bugs
flushed from harbourages.

455.4. Crack-and-crevice treatments
Because bedbugs habitually hide clustered together in cracks and narrow harbourages,
precisely applied crack-and-crevice treatments may often be among the most effective
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control techniques to use against them. Several different active ingredients and formu-
lations have been licensed and are currently used against bedbugs, and a variety of insec-
ticide formulations and devices must be used to treat infested harbourages. As per label
directions, applications of dust formulations should be used in electrical outlet boxes and
in other places where it is desirable to use a minimume-risk, long-lasting insecticide.

4.5.5.5. Use of pest management products

The use of a properly labelled or licensed insecticide formulation in combination with the
IPM principle recommended for control of bedbugs will often be the quickest, most prac-
tical and (in some cases) possibly the only affordable or viable control option. Most resi-
dual insecticides that are labelled (or licensed) or recommended for the control of bed-
bugs are only intended for use as a crack-and-crevice treatment, according to directions
on their product labels. The vast majority of such currently available products are either
natural or synthetic pyrethroids; some of these products include synergistic chemicals as
well.

Recommendations in Canada, Europe and the United States for the control of bedbugs
cover pyrethrins (such as 6 ml/m2 synergized natural pyrethrum), pyrethroids (such as
permethrin), organophosphates (such as 50 ml/mz2 fenthion, 4-8% v/v) and carbamates
(such as 200 ml/m2 propoxur, 1% w/v). For any class of insecticide product active ingre-
dient included in products currently labelled for use to control bedbugs, type I pyrethroids
are among the least toxic. The application concentration of pyrethroid active ingredients
registered as bedbug control products is seldom more than 1% v/v. Also, most non-resi-
dual pyrethroids are rapidly detoxified by normal exposure to sunlight, oxygen in air,
common household cleaning agents and microbes routinely found on nearly all exposed
surfaces. For monitoring and for improving control results, certain aerosol formulations
of pyrethroids are sometimes used to stimulate (flush) hidden bugs, so they will move out
of cryptic harbourages, making their presence more readily detectable; however, such
aerosol products seldom Kill many of the bedbugs that emerge.

Dust formulations of insecticidal products currently labelled for use in controlling bed-
bugs are of low toxicity and pose little risk to people when used in accordance with label
directions.

IGRs are used to alter bedbug reproductive processes. Such regulators have essentially
no effect on vertebrate systems (as applied), because of their modes of action and because
of the very small amount of active ingredient applied when used according to label direc-
tions. They can, however, have a significant impact on bedbug fertility and the success of
egg hatching (Takahashi & Ohtaki, 1975).

Currently, the vast majority of pesticide products labelled for use on mattresses contain
very low concentrations of very low-toxicity and low-volatility pyrethroid formulations
or else their active ingredients are such non-insecticide products as silica aerogel or dia-
tomaceous earth.

Any such licensed pest management products for use on mattresses, as well as nearly all
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of the pyrethroids labelled for control of bedbugs at any indoor site, pose no significant
risk to human health, if they are used in accordance with their individual product label
directions (Cooper & Harlan, 2004; WHO, 2005).

4.6. Benchmarks for success in bedbug management

Some benchmarks that may help in evaluating the success of a bedbug control effort
include:

the lack of live bedbugs, cast skins (after those present earlier have been removed), fae-
cal spots on bed linens or harbourage sites, and unhatched eggs;

<the lack of new feeding activity, as evidenced by occupants of previously infested sites
having no new bites (such as no evidence of bites at new sites) appear more than 10 days
after the most recent control effort;

<no new complaints of bites (with symptoms resembling typical bedbug bites) from occu-
pants of rooms or apartments (dwelling units) adjacent to or near, but not included
among, the most recently treated similar sites;

<new knowledge received and retained by residents, from local direct inquiry or from a
survey that shows that occupants of recently treated sites (and their neighbours and ser-
vicing pest management technicians) have a good general knowledge of the bugs, their
biology and their signs and that they have a good understanding of preventive tech-
niques and effective control strategies against bedbugs;

<careful and thorough follow-up surveillance at five weeks or longer after the most
recent treatment still shows no signs of a presence of live bedbugs; and

<an absence of recent bedbug infestations or bites being reported to public health or other
government agencies.

Note: The absence of new bites assumes that the victims were not suffering from delu-
sory parasitosis. Continued so-called bites in the absence of bugs and after careful inspec-
tion may imply delusory parasitosis, a condition that can be only addressed by medical
professionals.

4.7. Conclusions

To improve prevention and control of bedbug infestation, the following is suggested.

< Steps should be taken to make accurate and practical current information readily and
widely available to PMPs, health professionals and the general public. This should

include information about the biology and behaviour of bedbugs and about effective
control and prevention strategies against them.
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< For populations of all three bedbug species that routinely feed on people, research
should be encouraged and carried out to determine the susceptibility of bugs collected
in field studies to the insecticides most frequently used at present to control them.

< Research should be encouraged and carried out to determine whether or not bedbugs
can successfully transmit human pathogens, especially those that cause new or emer-
ging diseases.

< Research should be encouraged and carried out to further characterize the nature and
effective treatment of the effects on people of unusual, extreme or very persistent bed-
bug bites.

< Research should be encouraged and carried out to clarify more specific aspects of the
physiology and behaviour of bedbugs, with a secondary goal of developing effective
techniques or devices that can efficiently and quickly survey for the presence of even
small populations of bedbugs.

< Research should be encouraged and carried out to determine the effectiveness and prac-
tical use of extreme temperatures (especially heat) to eliminate or control bedbugs in
human habitats.

« Efforts should be undertaken (or at least planned) by appropriate government agencies
to address locally evident problems that relate to the difficulties encountered by poor
and low-income people in dealing with bedbugs and their control and with housing or
building quality. Community-wide or citywide programmes may be needed and pos-
sible, if properly supported and well coordinated.

< Research should be encouraged and carried out to discover and make available new
insecticide active ingredients, products, and devices and techniques that will be effec-
tive in controlling bedbugs.
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5. Fleas

Nancy C. Hinkle

Summary

The two groups of fleas most significant to human health are rodent fleas and fleas found
on domestic animals and non-rodent urban wildlife (cat fleas, Ctenocephalides felis).

All adult fleas require frequent blood-meals, making them a suitable vehicle to spread
blood-borne disease agents among hosts. While cat fleas play no significant role in trans-
mitting human disease, their bites may produce substantial irritation and itching. Unlike
cat fleas, rodent fleas transmit the causative agent of one of humanity’s most important
diseases, bubonic plague, as well as the pathogen that produces murine typhus.

Exclusion or elimination of wild flea hosts, coupled with flea control on pets and in the
home, provides the best options for protecting people from exposure to cat fleas. The
options for non-chemical flea suppression are limited, so most pet owners still rely on
pesticides as part of their flea management strategy. Also, products are available for trea-
ting outdoor flea infestations and fleas in the home. Products applied to the flea host are
particularly efficacious, because they use the animal itself as the flea lure, assuring that all
fleas are exposed to the toxicant as they attempt to feed.

Rodent fleas may occur on both wild and peridomestic rodents. Human behaviour is the
main predisposing factor in exposure to plague-infected fleas on wild rodents.
Government agencies inspect campgrounds, parks and other locations where wild
rodents may be encountered by people, closing these venues when plague is detected and
then initiating flea control measures. When plague is found in urban rodents, concomi-
tant flea and rodent eradication programmes are mobilized, to eliminate the vertebrate
reservoir and ensure that residual fleas do not remain to feed on people.

Flea control is intimately tied to host control. In particular, wild and feral hosts should
be excluded from residential neighbourhoods, to prevent their interaction with domes-
tic animals. Buildings should be rodent-proofed and maintained in good repair, and
human activities (such as garbage disposal) should be directed towards avoiding the crea-
tion of conditions conducive to rodents.
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5.1. Introduction

While over 2200 species of fleas are known worldwide, most of them are of no public
health significance and do not have an impact on people or their companion animals,
because they are found only on specific wild hosts. Of primary health and veterinary
concern are rodent fleas, especially Xenopsylla spp., and fleas found on companion ani-
mals, Ctenocephalides spp.. While other flea species, such as Leptopsylla segnis (the
European mouse flea), are found on peridomestic animals, they are considered unlikely
vectors (Pratt & Wiseman, 1962). Both Xenopsylla spp. and Ctenocephalides spp. have
worldwide distribution.

5.2. Flea biology

Fleas have developed two host-mainte-
nance strategies. Host fleas remain on the .
host, exhibiting strong fidelity to the ver- -
tebrate, once a host is acquired, and aban-
doning their vertebrate host only when it
dies. The host provides food (as blood),
warmth and shelter, giving the flea little
incentive to leave the host, especially since
there is no guarantee of it acquiring ano-
ther host. The flea’s need to frequently
feed increases its inclination to remain
near the host (Fig. 5.1). In contrast, nidi-
colous fleas remain in the nest, moving to
the host only to feed (Krasnov, Khokhlova
& Shenbrot, 2004). Nest fleas parasitize
animals such as rodents that return to the
nest daily, ensuring that the flea will be
able to obtain regular blood-meals.
Typically, nest fleas are poor jumpers, .
moving primarily by crawling, while host  Fig 5.1. Adult fleas feed exclusively on blood

fleas have well-developed jumping legs. Source: Photo by N.C. Hinkle.

s i

While the adult flea is dependent on the vertebrate host, flea larvae live off the host.
Nevertheless, they also depend on host blood, in the form of adult flea faeces, for nutri-
tion. Adult fleas ingest much more host blood than they need or can utilize for their own
nutrition; thus, adult flea faeces are often described as being partially digested or undi-
gested host blood (Rust & Dryden, 1997). Rodent and cat flea species have similar holo-
metabolous life cycles, with free-living larval stages undergoing complete metamorpho-
sis, resulting in the parasitic host-dependent adult stage.
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5.2.1. Rodent fleas

Much of what is known about fleas is based on the biology of rodent fleas, especially
Xenopsylla spp. on domestic rodents and Oropsylla montana and other flea species on
ground squirrels (Metzger & Rust, 2002). Rodent fleas have been the subject of intense
biological investigation (Gage & Kosoy, 2005) because they are the vectors of the causa-
tive agents of two significant human diseases, bubonic plague and murine typhus. Most
rodent fleas are nest fleas, moving onto the host only to feed.

5.2.2. Cat fleas

The cat flea (Ctenocephalides felis) is not considered a major threat to human health
because, as it is rarely found on rodents, it usually has little chance to transmit disease
agents from rodent reservoirs to humans. Also, it has been shown to be an inefficient vec-
tor of plague (Pollitzer, 1954). It does, however, produce significant discomfort, due to a
pruritic reaction to salivary secretions, both in human beings and in other animals.

The cat flea is a serious urban pest, infesting pets, such as dogs and cats, as well as urban
wildlife, such as the northern raccoon (Procyon lotor), the Virginia opossum (Didelphis
virginiana), the striped skunk (Mephitis mephitis), foxes (Vulpes spp.) and coyotes (Canis
latrans) (Rust & Dryden, 1997). In urban settings, these wild animals, as well as feral cats
and dogs, maintain cat flea populations and build a natural reservoir for reinfestation of
domestic pets. Even homes without a pet can experience severe cat flea problems, if wild
or feral animals nest in the crawl space or attic and share their fleas. Typically, migrant
animals den under the structure in the spring; once the young leave the nest, it is aban-
doned, and the fleas left behind climb up through subflooring, avidly seeking a blood-
meal from any warm-blooded host.

5.2.3. Flea development

Because rodent fleas and cat fleas share many similarities in their life-cycles, the cat flea
will be used to provide an overview of flea development. Differences between them are
provided to distinguish the two.

The eggs of cat fleas are oval, measuring 0.5 mm in length, with tiny openings called
aeropyles in one end of their white shells. A female cat flea produces about one egg an
hour while she remains on the host. The smooth eggs are not sticky, so they easily sift
through the host’s pelage to collect in the surrounding environment, concentrating in
areas where the host spends the most time. Cat flea eggs hatch in 1-10 days, depending
on temperature and humidity (Dryden & Rust, 1994). The majority of eggs hatch within
36 hours at 70% relative humidity and 35°C, while at 13°C most of the eggs hatch within
six days (Silverman, Rust & Reierson, 1981).

Flea larvae are white, legless, eyeless maggot-like creatures, covered sparsely with hairs.
A neonate is scarcely larger than the egg from which it emerged, while full-grown lar-
vae are about 5 mm long. Larvae live off the host, feeding on organic debris and adult
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flea faeces in their environment. Being negatively phototactic (moving away from light
sources) and positively geotropic (burrowing), flea larvae avoid sunlight and actively
move deep into carpet or under organic debris. Larvae typically require 5-11 days to com-
plete their three instars, but the larval developmental period may be extended up to three
weeks, depending on food availability and climatic conditions (Silverman, Rust &
Reierson, 1981).

Because flea larvae are highly susceptible to desiccation, the larval environment is defi-
ned by relative humidities over 50%; larvae maintained in soil with low moisture fail to
develop (Silverman, Rust & Reierson, 1981). Due to their susceptibility to heat and desic-
cation, flea larvae cannot survive outdoors in areas exposed to the sun. Flea hosts prefer
shaded areas, so flea eggs are more likely to be deposited in shade, with the resulting flea
larvae developing where the ground is shaded and moist. Similarly, flea larvae are pro-
tected under the carpet canopy in indoor habitats, where air movement is minimized and
humidity is highest.

The third instar larva secretes silk and spins a cocoon within which it pupates. Because
the silk is sticky, debris from the environment adheres to it, camouflaging the cocoon as
a lint ball or dirt clod. The cocoon is ovoid and about 3 mm long. Inside its cocoon, the
larva molts to a pupa and the pupa then molts to an adult.

The length of residence within the cocoon varies. Under conducive conditions (around
27°C and 80% relative humidity), the adult flea may emerge five days after the cocoon is
formed, while under adverse environmental conditions or absence of a host the adult
fleas may not emerge for many months (perhaps over a year). Typically, fleas emerge
within two weeks following cocoon formation. After the adult develops inside the cocoon,
a stimulus is required to cause the flea to emerge. Such stimuli as movement, heat and
carbon dioxide signal the flea that a potential host is nearby, triggering emergence from
the cocoon. The pre-emerged adult flea inside the cocoon is more resistant to desiccation
than are eggs and larvae (Rust & Dryden, 1997).

Using its rudimentary eyes, the newly emerged flea orients itself towards a potential host
by cueing in on movement. Extending its tarsal hooks, the flea leaps towards the host. If
it lands on the host, the hooks permit it to cling. Once an adult cat flea acquires a host, it
typically remains on that animal for the duration of its life, with host grooming being the
most common mortality factor.

Unlike cat fleas, rodent fleas spend the majority of their lives in their host’s nest. Because
most rodents are nocturnal, rodent fleas tend to feed in the daytime, after their rodent
hosts have returned to the nest and are resting. So rodent flea eggs are found in the host
nest, as are most of the developmental life stages.
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5.3. Health risk and exposure assessment

Plague, caused by the Gram-negative bacterium Yersinia pestis, is the most significant zoo-
nosis that involves fleas. The fleas transfer the bacterial infection among their rodent
hosts and to people (Gage & Kosoy, 2005). A plague infection is characterized by fever,
chills, headache and malaise that lead to extreme physical weakness; the symptoms vary,
depending on the form of plague. The principal clinical forms include bubonic plague,
septicaemic plague and pneumonic plague. Untreated bubonic plague has a case-fatality
rate of about 50-60%, but current therapies, including treatment with an appropriate
course of antibiotics, markedly reduce fatality from it. Untreated primary septicaemic
plague and pneumonic plague are invariably fatal. Septicaemic plague and pneumonic
plague also respond to early diagnosis and treatment; however, patients who do not
receive appropriate therapy for primary pneumonic plague within 18 hours after the
onset of symptoms are unlikely to survive.

Historically, plague has resulted in considerable human mortality, producing significant
population declines along with sociological changes. In the Middle Ages, bubonic plague
(the so-called Black Death) killed between a quarter and a third of Europe’s population
within just a few decades (Gage & Kosoy, 2005). During the last pandemic, between 1896
and 1911, more than seven million people died of plague in India.

During the last half of the 20th century, plague outbreaks were reported in Africa, Asia,
and North and South America. Nowadays, the number of annual cases is about
2000-3000 worldwide (with more than 90% of them in Africa), with a case fatality rate
of about 7% (WHO, 2004). The infection obviously remains entrenched in sylvatic (rural)
rodent—flea ecosystems throughout the world, and international travel and transportation
make reintroduction and re-emergence likely. Plague rarely occurs in the European
Region, but it does occur regularly in North America, with chronic zoonotic mainte-
nance of the plague pathogen in the south-western United States provoking ongoing
concern. Plague in non-commensal rodents and lagomorphs is dealt with in greater depth
in Chapter 13 of this report.

The oriental rat flea (Xenopsylla cheopis) and Xenopsylla brasiliensis are the most impor-
tant vectors of plague bacilli, from rat to rat and from rat to human. In the laboratory,
other flea species, such as the northern rat flea (Nosopsyllus fasciatus), cat and dog fleas
(Ctenocephalides felis and Ctenocephalides canis, respectively), and the human flea (Pulex
irritans), have been shown to be capable of transmitting the plague organism, so they may
play some role in disease maintenance (Traub, 1983). In the American Southwest, ani-
mals such as ground squirrels (Spermophilus spp.) and chipmunks (Tamias spp.) are reser-
voirs of sylvatic plague (plague in wild rodents), and rodent fleas play an important role
in its maintenance and transmission (Davis et al., 2002). The risk of people becoming
infected is greatest in urban—rural interfaces, parks and recreation areas, because these are
areas where people are most likely to encounter infected hosts and their fleas.

The other flea-borne disease of significance is murine typhus, an endemic zoonosis cau-
sed by an obligate intracellular bacterium, Rickettsia typhi (Azad, 1990). Murine typhus is
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primarily a disease of domestic rats and mice, but is transmitted to people when the crus-
hed bodies of infected fleas or their faeces are rubbed into an open sore or onto mucous
membranes. The disease occurs worldwide, particularly in warm climates with large
reservoir populations (such as rats or opossums) and flea vectors (Traub, Wisseman &
Farhang Azad, 1978). Dramatic declines in reported cases of murine typhus began in the
1940s, and the current prevalence of the disease globally is estimated at fewer than 100
cases a year (Boostrom et al., 2002), although cases may be considerably underestimated
due to its nonspecific symptomatology (Jensenius, Fournier & Raoult, 2004). Murine
typhus often goes unrecognized and is perceived as a clinically mild disease, with a case
fatality rate less than 1%. Texas and regions of Southern California have the highest pre-
valence in the United States, but epidemiological studies (Azad, 1990; Boostrom et al.,
2002) have stimulated concern that typhus reservoirs and vectors are spreading. Although
most patients are adults, children constitute up to 75% of infections in some outbreaks.
Systemic involvement is evident from the frequent occurrence of abnormal laboratory
findings that involve multiple organ systems, including the liver, kidney, blood and cen-
tral nervous system.

In the future, ecotourism and increased international travel are likely to result in more
imported cases of rickettsioses in Europe and elsewhere (Jensenius, Fournier & Raoult,
2004), indicating that medical communities in nonendemic regions must expand their
differential diagnoses to include these importations.

The cat flea is also the recognized vector of Bartonella henselae, Bartonella clarridgeiae and
Rickettsia felis (Shaw et al., 2004). Many of the infections related to these bacteria are sub-
clinical in both pets and humans, but the increasing immunocompromised population
puts more individuals at risk of clinical illness. In addition, Bartonella quintana and
Bartonella koehlerae have been detected in cat fleas, indicating that there may be emerging
unknown diseases caused by as yet unidentified microbes in cat fleas (Kelly, 2004; Lappin
etal., 2006).

In addition to transmitting pathogens, fleabites produce pruritic lesions in both humans
and animals. Flea allergy dermatitis (FAD) is a serious atopic hypersensitivity reaction
to flea salivary secretions that commonly afflicts cats and, more prevalently, dogs. The
itching and discomfort produced by fleabites are the main reason cat fleas are considered
human and pet pests (Hinkle, 2003).

5.4. Notification and reporting

In Europe, both plague and murine typhus are notifiable diseases. In the United States,
however, only plague is reportable, while local jurisdictions may maintain murine typhus
under reportable status (Boostrom et al., 2002). Despite it being notifiable, WHO (2004)
considers plague underreported due to:

< reluctance of some endemic countries to disclose cases
< diagnostic failures because of nonspecific clinical presentations
<inadequate facilities for laboratory confirmation.
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In North America, plague has been reported primarily in the West, ranging from south-
western Canada to Mexico. Human cases average fewer than 10 a year in North America,
a rate that has remained relatively constant since plague was introduced into the Americas
in 1899 (WHO, 2004).

Worldwide, the number of murine typhus cases is low, but because symptoms are non-
specific and frequently misdiagnosed, infection is presumed to be much more common
than reported (Gratz, 2004). In Europe, murine typhus has been reported from Bosnia
and Herzegovina, Croatia, the Czech Republic, France, Greece, Italy, Montenegro,
Portugal, the Russian Federation, Serbia, Slovakia, Slovenia and Spain, and it is consi-
dered likely to be present in most other countries, as well (Gratz, 2004).

5.5. Economic burden of flea infestations

As urbanization increases and pets become more important to their owners, fleas have
become more and more economically significant. Few other single species of urban pests
cost consumers more than the cat flea, not only in terms of costs of over-the-counter
control products and pest control services, but also in terms of the costs of veterinary bills
(both for flea control and for treatment of flea-caused conditions, such as FAD and tape-
worm infestations).

5.5.1. Cost for control and management

In North America, costs of domiciliary flea control are borne typically by the homeow-
ner or property owner. The average pet owner in the United States spends an estimated
US$ 38 on over-the-counter (non-veterinary) flea control products annually (Hinkle,
1997). Also, in the United States, over US$ 175 million is spent every year for flea control
services provided by pest control firms (G. Curl, private pest management consultant,
Mendham, NJ, personal communication, 2005). In a survey of ten pest control compa-
nies in southern states and areas along the coast where environmental conditions are
conducive and fleas thrive, the so-called United States flea belt, charges for a single flea
control treatment averaged US$ 196 (range: $85-314) (N.C. Hinkle, unpublished data,
2006).

With new on-host veterinary products available for flea suppression, annual cat flea
control costs typically average about US$ 90. Luechtefeld (2005) indicated that 63% of
pet owners purchase flea control products annually. The number of households that own
pets is increasing in both Europe and North America, with 30 cats and 25 dogs per 100
Americans (APPMA, 2006), compared with about 13 cats and 9 dogs per 100 Europeans
(Statistics Belgium, 2003). As more homes acquire pets, the incidence of fleas is likely to
increase, exposing more people to cat fleas and increasing the market for flea control pro-
ducts.

In plague outbreaks, public health personnel are mobilized and taxes fund rodent- and
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flea-suppression efforts. For instance, the Vector-Borne Disease Section of the Division
of Communicable Disease Control of the California Department of Health Services
monitors campgrounds where plague is enzootic — that is, infecting animals in a parti-
cular geographic area —and provides flea and rodent inspections and suppression (Gerry
etal., 2005). Annual surveillance costs for a typical California campground are estimated
at US$ 7920 (Kimsey et al., 1985; all estimates are adjusted for inflation). In years with
epizootic episodes, control costs are estimated at US$ 63890, while the total cost —inclu-
ding lost revenue, assuming the park must be closed for two months — is US$ 241540
(Kimsey et al., 1985). Obviously this not only affects the economy of the park, but also
affects the economy of the local area. These cost estimates do not take into account either
the direct or indirect impacts of a human plague case and its public relations implications
on regional tourism.

As with most urban pests, construction practices that deny pests entry and establishment
not only are more cost effective, but are also more dependable and long lasting. Also,
retrofitting buildings and post-construction remediation are more expensive and are sel-
dom completely satisfactory.

5.5.2. Cost of health-related conditions

While fleabites cause discomfort, they are not treated as medical conditions and people
typically initiate palliative care using over-the-counter medications. When flea-allergic
animals suffer unremitting dermatitis, however, veterinary intervention is necessary. This
usually entails anti-pruritic medications and desensitization therapy, costs of which can
be substantial.

In some parts of the United States, over half the annual income of veterinary clinics is attri-
butable to flea and tick product sales (Scheidt, 1988), amounting to about US$ 1.7hillion a
decade ago (Hinkle, 1997). The monthly cost of host-targeted products, such as pills or
spot-ons (topical ectoparasiticides applied in small volumes to the skin), averages US$ 10
per animal, considering only charges for the product. The worldwide market for ecto-
parasite control products (ectoparasiticides) was estimated at about €1.1 billion, with the
United States accounting for 67% of this market and western Europe 20% (Kramer &
Mencke, 2001). Pet owners spend substantial sums (about US$1.12 billion in 1997) for
FAD treatments (about US$ 938 million), tapeworm prophylaxis and treatment (about
US$ 184 million) and other flea-related problems (Hinkle, 1997).

The cost of a non-fatal human plague case was estimated to be about US$ 19761 (adjus-
ted for inflation; Kimsey et al., 1985), but increases in health care costs in the United States
in the past two decades probably make this estimate low.

As the vast majority of murine typhus cases are mild and go undiagnosed, there are no
published estimates of their treatment costs. Individuals in whom disease is more severe
often must be hospitalized for about a week, with attendant charges for such items as
supportive care, laboratory tests, X-rays, antibiotic therapy and pharmaceuticals (D.H.
Walker, University of Texas Medical Branch, Galveston, TX, personal communication,
2006).
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5.6. Impact of poverty and lifestyle on risk of infestation

While today’s standard of living minimizes flea-vectored diseases in most European and
North American communities, some population subsets experience chronic or sporadic
disease outbreaks, requiring the involvement of public health personnel. Substandard
housing, lack of appropriate veterinary care for domestic and feral dogs and cats, and
other neighbourhood attributes predispose such communities as Native American reser-
vations, inner-city apartments and homeless populations to flea exposure and the resul-
tant transmission of disease. For such populations, pest control may not be economically
feasible.

5.7. Flea management

As with most pests, the management of flea problems involves sanitation, source reduc-
tion and exclusion. There are few biological control options for fleas, so pesticides play a
major role in flea suppression (Hinkle, Rust & Reierson, 1997). Habitat manipulation
focuses on creating an environment that is inhospitable to flea hosts, thus eliminating the
vertebrate and its ectoparasitic load from proximity to people.

The first priority is to identify the pest, because suppression strategies differ among flea
species — for example, developing a control strategy for the cat flea is vastly different from
dealing with discovery of a chigoe flea (Tunga penetrans). Most cat flea control calls to pest
control firms are from residences, not businesses, although an occasional infestation may
occur in a warehouse or other structure where wildlife or feral animals reside.

Flea management in and around man-made structures lends itself well to the concept of
urban IPM (Rust, 2005). Developing an integrated flea control programme necessitates
understanding flea biology, population assessment techniques, mechanical control sys-
tems, biological control, IGRs and traditional insecticide treatments (Hinkle 2003). Once
flea numbers have been reduced, environmental modification to exclude wildlife and
feral animals from the area prevents flea reinfestation. Similarly, removing pet food at
night avoids luring raccoons, opossums and other flea hosts onto properties where they
share their fleas with pets, and covering openings to crawl spaces excludes animals from
denning beneath the structure.

New pesticidal products formulated to be used on the host have increased pet-owner
compliance, due to enhanced efficacy, long-term activity and ease of application (Rust,
2005). Therefore, cat flea control has shifted to reliance on these host-directed products,
in conjunction with ancillary environmental treatments.

Similarly, developing strategies to eliminate rodents from neighbourhoods will simulta-
neously eliminate their flea populations, along with the pathogens they transmit. Again,
the fleas should be identified, to ascertain the most likely hosts as well as their potential

163



164

Fleas

risk to human health. Flea suppression that targets hosts should be initiated before
attempts to eliminate rodents, to prevent flea problems rebounding after host removal.
The control of ectoparasites must be integrated with rodent control, in combination with
ongoing and sustained habitat modification.

In urban areas, government agencies bear responsibility for managing wildlife and feral
animals, to prevent their ectoparasites from infesting domestic pets. Likewise, munici-
palities have codes that regulate sanitation, debris accumulation and other conditions that
affect rodent populations. Budgets for code enforcement, related maintenance activities
and municipal pest control services vary widely by jurisdiction, as does emphasis on such
expenditures.

5.7.1. Flea inspections and detection

Because all fleas require warm-blooded hosts, frequently the most efficient monitoring
tactic centres on the host. Typically, visual inspections are used for cat and dog fleas, with
demonstration of so-called flea dirt (adult flea faeces) used in clinical settings to confirm
the presence of fleas. Homeowners typically have less defined action thresholds, initiating
flea control efforts when they experience fleabites (Hinkle, 2003).

Plague surveillance focuses on rodent burrows. This surveillance uses artificial hosts
inserted into the burrows to attract fleas, which then are retrieved, identified and tested
for plague infection. Alternatively, rodents can be trapped and combed to determine the
so-called flea index — that is, the number of fleas per rodent (Pratt & Wiseman, 1962;
Krasnov, Khokhlova & Shenbrot, 2004).

5.7.2. Conducive environmental conditions

Building construction has less impact on fleas and their hosts than does maintenance.
Crumbling foundations, debris accumulation and other situations that provide suitable
habitats for rodents are also predictive of flea infestations. Thus, man-made habitats allow
wildlife to thrive in urban and suburban areas, with small mammals living in culverts
and feeding from trash cans, dumpsters and pet bowls left outside.

In some urban or suburban areas, opossums have been found at population densities of
more than three animals/ha (Boostrom et al., 2002). Research has shown that not only do
the wildlife host species thrive in urban and suburban areas, but also that greater host
population densities in urban areas lead to elevated parasite loads, thus increasing para-
site sharing with domestic animals (Dryden et al., 1995). Moreover, urban wildlife inter-
act more closely with one another and with people, maximizing the likelihood of sha-
ring fleas.

Both cat flea incidence and prevalence are greater in urban wildlife populations than in
their rural counterparts. For instance, cat fleas were recovered from 50% to 100% of rac-
coons trapped in urban areas, while fewer than 17% of rural raccoons had fleas. Urban
raccoons had up to 50 fleas per animal, while no rural raccoon ever had more than 6 fleas.
Similar results were found in opossums, with 62% of the urban opossum population infes-
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ted with fleas and only 10% of rural opossums carrying fleas (Dryden et al., 1995).

Rodent-proofing buildings and landscape modifications should be implemented to ensure
the habitat is unsuitable for rodents and their fleas. Exclusion measures and sanitation
practices prevent rats and other small mammals from dwelling near or entering buil-
dings. By denying them food, water and harbourage, rodents and their ectoparasites can
be eliminated from a neighbourhood.

5.7.3. Fleaexclusion and physical removal

Host exclusion from the property, especially preventing access to crawl spaces beneath
homes, is the most important means of excluding the fleas they carry. Pest-proofing
homes also requires conscientious inspection of access points, to identify openings through
which arthropods can gain access to the building, so that they can be sealed as well.

Flea traps can be effective in monitoring flea populations and in confirming infestations
(Dryden & Broce, 1993). However, trapping rarely reduces population size enough to
serve as a significant component of an IPM programme.

Fleas can be physically removed from a cat or dog by using a flea comb. These devices are
designed with closely spaced teeth so that, as the comb is drawn through the coat, fleas
become entrapped and can be removed. The successful use of flea combs depends on ani-
mal tractability, coat thickness and length, and user patience and persistence.

5.7.4. Pesticide applications for flea control

In California, plague control operations are conducted by public health agencies and typi-
cally involve the use of insecticides to reduce rodent flea populations in localized areas.
Usually, insecticidal dust is applied in and around rodent burrows so that, as rodents enter
or exit these treated burrows, adherent residues are transferred to nest material where
the majority of adult and immature fleas are found (Gerry et al., 2005). This technique
ensures that small quantities of insecticide are optimally targeted to reduce flea numbers
over a large geographic area.

Control measures for plague and murine typhus should first focus on fleas and subse-
quently on their rodent hosts. Indiscriminate elimination of rodents creates greater risk,
since their ectoparasites (the pathogen vectors) immediately seek other hosts — among
them people —and transmit infections to them, as may happen potentially with plague
and rickettsioses. Flea suppression should therefore precede rodent baiting by at least a
week (WHO, 1998). Insecticides, IGRs, or both should be applied to rat pathways, nests
and holes (Mian et al., 2004). Rats should then be eliminated using traps or rodenticides
after the flea population is decreased. If separate treatments for rodents and ectoparasi-
tes are not practical, an alternate method is to dust runways and apply poison baits at the
same time. This method works well only with slow-acting poisons (such as anticoagu-
lants) so that ectoparasites are killed before rodents succumb to the rodenticide.
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Avoiding secondary poisoning of predators is critical to prevent rodent populations from
resurging. Following any intervention, it is important to continue monitoring, to eva-
luate programme effectiveness and to modify tactics for greater efficacy.

Indoor flea infestations require thorough inspections. Any location where a flea-infested
animal spends time will accumulate flea eggs, so examinations should include discussions
with the pet owner about the animal’s habits, to ascertain likely infestation foci. Flea lar-
vae can survive in uncarpeted areas by moving to protected sites under furniture or base-
boards, so effective treatments must also target these areas.

Increasing public concern about exposure to insecticides has caused the emphasis in urban
entomology to shift towards non-chemical or reduced chemical pest control methods
(Hinkle, Rust & Reierson, 1997). Strategies that focus on the host have superseded the
historic environmental focus (Rust, 2005).

5.7.4.1. On-animal products

Therapies that target the flea hosts essentially involve flea baits, using the host animal as
a lure for adult fleas. Because all fleas feed exclusively on blood and must find a host to
survive, treating potential hosts with toxicants ensures that fleas either fail to feed or
attempt to feed and are Killed. Rust (2005) provided an excellent overview of commer-
cially available products that are applied to the host to suppress adult fleas. Currently,
registered on-host products include avermectins, fipronil, imidacloprid, pyrethroids,
pyrethrins and IGRs (including insect developmental inhibitors and juvenile hormone
analogues). In addition to suppressing adult fleas, on-host products provide an ancillary
benefit by suppressing off-host life stages. Shed hair, dander and other debris from trea-
ted animals carry sufficient insecticide residues to suppress flea larvae (McTier et al., 2000;
Mehlhorn, Hansen & Mencke, 2001). Products administered orally include nitenpyram
and lufenuron (Rust, 2005).

On-animal flea control products are prepared in a variety of forms, as topically applied
spot-ons, pills, injectables, sprays, dusts, shampoos, mousses, dips and collars. Some active
ingredients can be formulated in several ways, while some are delivered in only one way.

Spot-on products are made to be lipophilic, so they passively distribute in the skin oils fol-
lowing application. These products have gained pet-owner acceptance, due to their depen-
dable efficacy, sustained effectiveness, low risk and ease of use (Schenker et al., 2003).

Products administered internally (such as pills, liquids and injectables) vary in their mode
of action, including both flea adulticides and larvicides. Because fleas must feed on host
blood to acquire these compounds, they should not be relied on as the exclusive means of
flea control for animals allergic to fleas.

Topical applications of sprays, dusts, shampoos, mousses and dips likewise vary in their
effectiveness, depending on the active ingredient and its persistence in the animal’s hair
coat. Most of these Kill fleas initially, but may not offer prolonged control.
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Sustained release devices, such as flea collars, may provide long-term on-animal flea sup-
pression. However, the active ingredient determines efficacy, and flea populations have
been shown to be resistant to several active ingredients, including organophosphates, car-
bamates and pyrethroids (Bossard, Hinkle & Rust, 1998).

Products already available for cat flea control may also be useful in rodent flea control,
with modifications of how the products are applied (Davis, 1999; Metzger & Rust, 2002).
Because shed residues do persist in nesting materials, long-term efficacy could be obtai-
ned in sylvatic rodents, as well as in peridomestic species (McTier et al., 2000; Mehlhorn,
Hansen & Mencke, 2001).

5.7.4.2. Foggers

Aerosol foggers disperse pesticides on all horizontal surfaces, making them poorly adap-
ted for flea suppression. Foggers cause unnecessary environmental contamination and
do not distribute the pesticide under furnishings where flea larvae and pupae may be
concentrated. Instead of using foggers, pet owners preferentially use other application
methods (Davis, Brownson & Garcia, 1992).

5.7.4.3. General surface treatments
Household environmental treatments with flea adulticides have fallen out of favour, due
to deposition of toxic chemicals on broad expanses of the living area and due to concern
about airborne and dislodgeable residues (Koehler
& Moye, 1995), so there are few products available
for Kkilling adult fleas. Instead, flea suppression
depends primarily on larvicides. IGRs constitute
critical components of effective flea IPM program-
mes, but disodium octaborate tetrahydrate and
other borate products have also been shown to be
effective in eliminating larval fleas (Rust & Dryden,
1997). Borate products are broadcast in sites where
larvae develop, brushed into the carpet and then
vacuumed to remove loose residue; this results in
adequate material being left behind to effect larval
mortality as flea larvae graze on organic debris at
the base of the carpet fibres (Klotz et al., 1994).

5.7.44.1GRs

The use of IGRs is the preferred method of sup-
pressing fleas, because it eliminates larval fleas
before they reach the bloodsucking adult stage (Fig.
5.2). Targeting larval flea habitats is critical to effec-
tive management, so care should be taken to direct

applications to areas where flea hosts spend most of  Fig. 5.2. Indoor application of an IGR fores-

their time — for example, by distributing IGRs talls development of immatures into biting

around dog beds (Rust & Dryden, 1997). IGRs, such  adult fleas
as methoprene and pyriproxyfen, are ineffective

Source: Photo by N.C. Hinkle.
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against adult fleas, so treatment must be initiated before the flea problem becomes severe.

5.7.4.5. Outdoor residential applications

To control fleas outdoors, insecticide applications must be targeted at areas where hosts
(either pets, or feral or wild animals) spend the most time. Pyrethroids constitute the
majority of products available, but products tested in outdoor habitats typically exhibit
short-lived efficacy (Rust & Dryden, 1997). Such products are generally applied as sprays,
but granular preparations are available that are activated by moisture and then release
toxicant over a longer interval. Also, because some IGRs lack photostability, they are not
useful for outdoor applications. Moreover, borates exhibit significant phytotoxicity, which
makes them also inappropriate for outdoor use.

5.8. Pesticide exposure and risk

Because flea larvae can occur in carpeted areas of buildings, general carpet treatment is
frequently undertaken to eliminate them. This tactic involves treating large indoor areas
with pesticides, which may result in human exposure (Koehler & Moye, 1995). To mini-
mize this risk, reduced toxicity compounds, such as IGRs, are promoted.

Because pets share human living quarters, they bring people into contact with the ani-
mal’s ectoparasites and with residual insecticides used to treat them for fleas. While eli-
mination of fleas from the pet is desirable, the products used on the animal must have
low mammalian toxicity to minimize risks to pets and people. As with all pesticidal treat-
ments, the applicator is likely to contact the most concentrated material, so manufactu-
rers have developed packaging for host-targeted products (individual vial applicators),
to reduce human exposure and protect consumers.

5.9. Benchmarks

Larvicides (especially IGRs) may be employed prophylactically to suppress fleas, but
generally environmental flea control is undertaken when adult fleas are detected by a
home’s occupants (Hinkle, 2003). In warm regions, pets may be maintained on flea pre-
ventatives year-round, but veterinarians in cooler climates typically recommend on-host
products be used during the months when flea exposure is likely.

While the action threshold for cat flea control is based on human annoyance, in situa-
tions of potential zoonotic disease outbreaks, rodent fleas must be actively monitored and
the risk assessed to trigger control interventions. In cases involving imminent disease
transmission, immediate and comprehensive flea suppression should be initiated. Due to
the risk of fleas moving from dying hosts to people, rodent control must be coordinated
with flea control.
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5.10. Conclusions
5.10.1. Surveillance and environmental design

Avreas with significant rodent populations at risk of flea-borne zoonoses must be regularly
monitored, so that rodents and fleas can be recovered, identified, and tested for infection
with Y. pestis or R. typhi. Also, conducive conditions must be eliminated or rectified,
including structural features that encourage wildlife in and around people’s homes.
Likewise, sealing cracks and crevices is important, to prevent host-seeking fleas from
entering homes. Adverse human actions, such as exposing garbage and pet food residues
to wildlife, must be modified to discourage wild flea hosts from frequenting neighbour-
hoods. Furthermore, education is of highest importance with regard to exclusion of
rodents and their fleas, to flea management and to possible health risks posed by fleas.

5.10.2. Deploy suppression strategies

When the potential for zoonoses exists, concerted efforts must be undertaken to simul-
taneously reduce rodents and their fleas, and responsibilities between parties involved
must be clear. Rodent control must not be initiated without concomitant flea control, to
avoid fleas abandoning dying hosts and attacking people.

5.10.3. Monitor and evaluate

As with any IPM programme, monitoring and ongoing evaluation constitute critical
components. Monitoring, via trapping, provides an assessment of the effectiveness of
suppression efforts, indicating when programme modifications are necessary. Also, epi-
demiological data are needed to predict the possible spread or resurgence of flea-borne
diseases.
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6. Pharaoh ants and fire ants

David H. Oi

Summary

Pharaoh ants are cosmopolitan pests that inhabit residential and commercial buildings.
While they do not sting, they have the potential to mechanically transmit diseases and
thus are of special concern in health care facilities. Their propensity to breach sterile pac-
kaging, feed on wounds, and extensively infest large buildings makes them a public
health risk. However, published economic impact data on these ants is minimal. Control
measures for Pharaoh ants are effective when implemented properly. Baits that contain
IGRs or metabolic inhibitors can eliminate infestations within a few weeks. Faster control
with applications of non-repellent residual insecticides to building perimeters has been
reported. Because Pharaoh ants can be easily transported, monitoring and treatment will
be an ongoing process to maintain acceptable control.

Fire ants are stinging, invasive ants from South America that have infested the southern
United States since the 1930s. They now seem to be invading other parts of the world, as
evidenced by recent infestations in Australia and South-East Asia. Most of Europe is too
cold for the proliferation and spread of fire ants. However, countries along the
Mediterranean and Black seas have suitable climates for fire ants to become established.
The economic cost of fire ants in the United States is an estimated US$ 6.5 billion
annually, with the majority of the losses in the urban sector. In infested areas of the United
States, 30-60% of the population is stung annually, of which anaphylactic shock was
conservatively estimated to occur in 1% of the victims. Litigation settlements of over
US$ 1 million have been awarded for deaths related to fire ant stings. The significant
impact of fire ants confirms the importance of preventing their establishment in new
regions. Countries at risk for infestations should have a centralized coordinated response
plan that includes regulatory clearance and manufacturing source(s) for insecticide treat-
ments. To combat these ants, surveillance methods that can detect low levels of fire ant
populations are direly needed. Baits can effectively control fire ants and non-repellent
residual insecticides can provide extended control. Selection of treatment regimes for
controlling fire ants should consider fire ant tolerance and the liability of a treatment
regime for each land-use pattern.

In this chapter the biology of each species is briefly reviewed and is followed by discus-
sions of the health hazard they present, their public health and economic impacts,
methods of monitoring and control, and a discussion on emerging issues and needs.
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6.1. Overview of biology and distribution in Europe
and North America

6.1.1. Pharaoh ant biology

Pharaoh ants (Monomorium pharaonis) are a worldwide pest associated with human habi-
tats. They are small (2mm long), with color variations that range from yellow to yello-
wish-brown to even a light red. Pharach ants do not sting, but are a nuisance to building
occupants and an important contamination concern in medical and food preparation and
processing facilities. They can nest in a variety of easily transported items, such as boxes
and packaging, sheets of stationery, linen and clothes, and other items that offer harbou-
rage (Smith, 1965). In addition, colonies can be initiated from small groups of worker
caste ants and immature ants, or brood (Peacock, Sudd & Baxter, 1955a). Vail & Williams
(1994) reported founding colonies from just 5 adult workers, 30 eggs, 19 larvae, and 3
pupae. Since colonies can be easily transported through commerce, the distribution of
Pharaoh ants is worldwide, with these ants being present throughout Africa, Australia,
Europe, the Hawaiian islands, Japan, North America (Canada and the United States),
the Russian Federation and South America (Edwards, 1986; Reimer, Beardsley & Jahn,
1990).

Pharaoh ants can survive in a wide range of environmental conditions, but they thrive in
warm, humid conditions of about 27-30°C and 70-80% relative humidity (Peacock &
Baxter, 1949; Samsinak, Vobrazkova & Vahkova, 1984). Edwards (1986) indicated that
Pharaoh ants could probably survive temperatures up to 45°C, if water was available.
Since these types of conditions can occur in microenvironments within buildings,
Pharaoh ant colonies typically occur indoors (Sudd, 1962; Smith, 1965). However, they are
known to nest outdoors in subtropical climates (Vail, 1996) and even in temperate areas
where warmth is maintained (Kohn & VIcek, 1986). The lower limit for colony survival
is a sustained temperature of about 18°C. At 6-11°C, colony death can occur within
7days, yet colonies can survive a few days of such cold and recover if conditions become
favourable (Peacock, Waterhouse & Baxter, 1955; Edwards, 1986).

Pharaoh ants do not have mating flights that are typical of other ants. Instead, they mate
within or near the nest, and new colonies form when a group of adult workers and brood
move, or bud, from the original colony. It is not necessary for a queen(s) to be part of the
budding colony (Peacock, Sudd & Baxter, 1955a). Colonies of Pharaoh ants can be com-
prised of several nests, with free movement among nests. Colony sizes vary tremendously,
with 35 adult workers, 35 pupae, larvae or eggs, and a queen being reported as one the
smallest natural colonies, while laboratory colonies of 400 queens and 50 000 workers
have been reared (Peacock, Sudd & Baxter, 1955a,b; Williams & Vail, 1993) (Fig. 6.1). Egg-
to-adult development time for Pharaoh ant workers is 22-54 days (Alvares, Bueno &
Fowler, 1993), and adult worker longevity is 9-10 weeks, with queens living up to
39weeks (Peacock & Baxter, 1950). Edwards (1986), however, observed queens living
beyond 52 weeks in the laboratory.
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6.1.2. Fire ant biology

Fire ants are stinging ants whose name
most commonly refers to the aggressive
and invasive species Solenopsis invicta,
which has an official common name of the
red imported fire ant. They are a reddish
brown to black ant, 3.2-6.4 mm in length.
In addition to red imported fire ants, the
names fire ant and imported fire ant also
refer to another ant species, Solenopsis rich-

;2 _ teri, the black imported fire ant. Both of
= " 8 Lo these species were accidentally introduced

Fig. 6.1. Pharaoh ant colony with several queens (Q) separately from South America into the

Source: Photo by .D. Porter.  United States before 1935 (Tschinkel,
2006) and have since spread throughout
the southern United States. Of the two species, the red imported fire ant is more widesp-
read, with the black imported fire ant restricted to northern pockets in the states of
Mississippi and Alabama, and portions of Tennessee. In areas where the species overlap,
they have hybridized. The majority of research and control efforts are for red imported
fire ants, and most recommendations are applicable to both species. Since 1998, the red
imported fire ant has significantly extended its geographic distribution — most likely
through commerce. Well-established infestations were reported in Californiain 1998, in
Australia in 2000, in Taiwan, China, in 2004, and in China, Hong Kong Special
Administrative Region (Hong Kong SAR), China and in Mexico in 2005. Prior to the
entry of black imported fire ants and red imported fire ants into the United States, four
other species of fire ants were established in North America: the tropical fire ant
(Solenopsis geminata), the southern fire ant (Solenopsis xyloni), and two species that inha-
bit the desert (Solenopsis aurea and Solenopsis amblychila). In areas where they overlap-
ped, the red imported fire ant has displaced the southern fire ant.

Given adequate warmth and moisture, their tremendous reproductive capacity, mobility
and stinging ability have allowed the red imported fire ant to become a dominant arthro-
pod in the areas it invaded. Colonies of red imported fire ants can survive and reproduce
over a temperature range of 20-35°C, with optimal temperatures of 27-32°C (Porter,
1988; Williams, 1990a). Moisture is critical for the survival of red imported fire ants,
where a minimum 510 mm of annual precipitation has been estimated to be a reasona-
ble threshold for sustaining a colony (Korzukhin et al., 2001). Because colonies are very
mobile and can easily relocate within a day, red imported fire ants can occupy seemingly
inhospitable habitats by moving to more favourable niches as environmental conditions
change.

Fire ants develop from eggs, through four stages of larvae, to pupae and finally to adults.
Depending on temperature, red imported fire ant development time, from egg to adult,
ranges from 20 to 45 days. Adult workers can live as long as 97 weeks; however, depen-
ding on size and temperature, life spans normally range from 10 to 70 weeks (Holldobler
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& Wilson, 1990). Queens can live as long as 5—7 years (Tschinkel, 1987), with maximum
egg-laying rates of over 2000 eggs a day (Williams, 1990a).

Fire ant colonies also contain a reproductive caste of non-stinging, winged males and
females (alates) that initiate new colonies. Alates usually fly from the nest and mate
during flight in late spring and early summer (although flights have been reported for all
months). These mated females, or newly mated queens, have been reported to fly as far
as 19.3 km from the nest (or even farther when aided by wind) during these mating
flights, but most land within 1.6 km of their nest (Markin et al., 1971). After landing,
newly mated queens move to a protected, moist harbourage — for example, in soil, under
debris or in crevices — that can serve as an initial nesting site. Males die after mating.
After landing, a queen sheds her wings and lays a clutch of eggs and tends them until
adult workers develop from pupae. Worker ants will then tend the queen and additio-
nal eggs that are laid, and eventually a colony can grow exponentially. After six weeks,
a new nest may be barely noticeable; after six months, however, nests 5-13 cm in dia-
meter can be detected more easily. Very large, mature colonies, a few years old, can cons-
truct nests over a 0.9m in basal diameter and 0.9m high. Nest sizes and shapes can vary
with habitat and soil type (Fig. 6.2). Over 4500 alates can be produced annually in large
colonies (Tschinkel, 1986), but it is speculated that less than 0.1% of the newly mated
queens will successfully found a colony (Taber, 2000).

Source: Photo by D.H. Oi.

Source: Photo by B.M. Drees.
Fig. 6.2. Fire ant nests
Note. (a) Inside a building; (b) under pavement stones; (c) in a pasture; (d) large, old nest in clay soil.
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Colonies of red imported fire ants consist of two types:

1. colonies with only a single, fertile queen, or monogyne colonies
2. colonies with multiple fertile queens, or polygyne colonies.

Monogyne colonies are territorial, and thus fight with other colonies of red imported fire
ants. As a result of this antagonistic behaviour, nests are farther apart, with densities of
99-370 nests/ha and with 100000—240000 ants per colony. In contrast, polygyne colonies
are not antagonistic to other polygyne colonies, and thus queens, workers and immature
ants (brood) can move between nests. The visible mound structure of polygyne nests are
usually smaller in size and closer together than monogyne mounds, with densities of
494-1976 mounds/ha and with 100000-500000 ants per mature colony. Discriminating
between individual nests or colonies in polygyne populations is uncertain, but in general,
polygyne populations contain nearly twice the number of worker ants (35 million/ha ver-
sus 18 million/ha) and biomass per unit area than monogyne populations (Macom &
Porter, 1996). Distinguishing between monogyne and polygyne colonies without locating
fertile queens can now be accomplished through molecular markers (Valles & Porter,
2003).

6.2. Health hazards
6.2.1. Pharaoh ant infestations: pathogen transmission and contamination

For most residential situations, Pharaoh ants are a nuisance pest — they do not sting and
their bite does not pierce human skin. However, their ability to establish colonies without
constructing a separate nest structure and their large worker populations can make infes-
tations in large buildings widespread and potentially disruptive to occupants, resulting in
less productivity (Eichler, 1990). Of more serious concern are infestations in hospitals,
because of the documented potential of Pharaoh ants to carry pathogens. Beatson (1972)
isolated pathogenic bacteria of the genera Pseudomonas, Salmonella, Staphylococcus,
Streptococcus, Klebsiella and Clostridium from Pharaoh ants collected in nine hospitals.
Beatson also reported on cross-infection of a pneumonia pathogen in piglets by Pharaoh
ants, despite the animals being held in an isolation unit. Mechanical transmission of a
plague organism from Pharaoh ants that fed on infected animal carcasses demonstrates
how their foraging behaviour can lead to transmission of disease (Alekseev et al., 1972).
The propensity of Pharaoh ants to forage on wounds (Cartwright & Clifford, 1973;
Eichler, 1990) and to infest institutional kitchens, thereby contaminating food, may all
provide opportunities for transmitting pathogens. It has also been hypothesized that
pathogens carried back to the nest may proliferate in the environs of the warm, humid
nest and possibly be passed on to other colony members, increasing the probability of
spread (Beatson, 1972; Edwards, 1986). Contamination of sterile instruments and sup-
plies by Pharaoh ants chewing through packaging is a common problem (Beatson, 1972,
1973). Specific documentation of Pharaoh ant contamination affecting patients has not
been reported, however.
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6.2.2. Fire ant exposure: hazards related to stings and allergic reactions

The painful, burning sensation that is inflicted by the sting of a fire ant is easily the most
recognizable hazard to people. While one sting is painful, it is not uncommon for a per-
son to receive numerous stings simultaneously when ants swarm out of their nest to attack
an intruder. This greatly intensifies the pain and can cause panic; thus, fear or appre-
hension of these ants can be present in heavily infested or newly infested areas. Stings are
caused by adult worker ants injecting venom that contains mostly alkaloids. Such stings
result in the immediate burning sensation at the sting site. Typically, this is followed by
a wheal-and-flare response within 20 minutes, and then a sterile pustule forms within
24hours (Kemp et al., 2000), which is accompanied by intense itching. Itchiness may per-
sist for several days and infection may occur if pustules are broken. Large local reactions
may occur in some stung individuals (17-56%), where an itching, hardened, reddish swel-
ling develops several hours after the sting and persists 24—72 hours. This response resem-
bles reactions caused by stings of other insects and may affect an entire extremity.
Although no known treatment effectively prevents pustule formation or hastens healing
(Kemp et al., 2000), topical insect bite treatments may help reduce itchiness (deShazo,
Butcher & Banks, 1990).

Allergic or systemic reactions can vary from generalized itching, swelling and redness to
anaphylaxis (a sudden, severe, potentially fatal, allergic systemic reaction). Surveys have
reported anaphylactic reactions in 0.6—-16% of individuals stung. Anaphylaxis may occur
hours after a sting, with the formation of the sterile pustule(s), which distinguishes fire
ant stings from other insect stings as the cause of the reaction (Kemp et al., 2000). Systemic
reactions to fire ant stings usually occur in individuals sensitized by previous fire ant
stings (Freeman et al., 1992). Sensitization rates of 16% and 17% from fire ant stings have
been reported by Tracy and colleagues (1995) and Caplan and colleagues (2003), respec-
tively. Thus, potentially 13 million people may be at risk for allergic reactions in fire ant
infested areas in the United States (Caplan et al., 2003). Rapid sensitization may also
occur. A three-week exposure to a fire ant endemic location by 107 non-sensitized indi-
viduals resulted in a sting rate of 51% and the development of fire-ant-specific antibodies
in 16% of the subjects (Tracy et al., 1995).

There is also evidence of cross-reactivity with yellow-jacket wasp (Vespula germanica)
venom. Unlike bee, hornet and wasp venoms that are mostly aqueous solutions contai-
ning proteins, red imported fire ant venom is a 95% water-insoluble alkaloid, with the
remaining portion being an aqueous solution that contains four major allergenic pro-
teins. Itisa portion of these proteins that cross-reacts with Vespula venoms. Black impor-
ted fire ant venom has three of the four major allergenic proteins found in red imported
fire ant venom (Kemp et al., 2000). Immunotherapy with injections of whole body fire ant
extracts has been used to treat fire ant allergy (Freeman et al., 1992).
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6.3. Exposure and risk assessment, with risk based
on geographical location

6.3.1. Pharaoh ant distribution and population monitoring

Colony proliferation by budding, with and without the presence of mature queens and
the suitability of small harbourages as nest sites, has contributed greatly to the worldwide
spread of Pharaoh ants via commerce. This spread probably occurred before and after
the original description by Linnaeus in 1758 of a Pharaoh ant specimen collected in Egypt.
Pharaoh ant infestations are documented throughout Europe and North America
(Edwards, 1986). In tropical and subtropical climates, infestations can extend outdoors;
in temperate areas, heated buildings and man-made heat sinks permit winter survival
and even colony growth (Kohn & VIEek, 1986; Vail, 1996). Colonies can have intercon-
nected nest sites, and movement to suitable habitats, as environments change, permits
the ants to become established in new sites. The movement of infested articles, packa-
ging and luggage can also initiate infestations in buildings (Smith, 1965). Buildings with
a high turnover or exchange of occupants, or shared services (such as laundry and equip-
ment), such as hospitals and hotels, may have a higher risk of infestation (Edwards &
Baker, 1981).

Monitoring populations of Pharaoh ants includes visual counts of trailing ants or counts
of the number of trails present. Because Pharaoh ants are omnivorous, a variety of food
lures (such as raw liver, jelly, peanut butter, honey and sugar solutions) have been used
to locate and quantify their presence, generally for research studies (Edwards & Clarke,
1978; Haack, 1991; Oi et al., 1994). In laboratory testing, Williams (1990b) reported lard
and several types of honey as being most accepted by Pharaoh ants. In general, a food
lure is placed at various intervals on the interior and exterior of a building and near a
suspected harbourage, and near food and water sources. After 2—-24 hours (depending on
foraging activity), lures are examined for Pharaoh ants, with the lure location and num-
ber of ants recorded.

6.3.2. Fire ant geographic range and potential expansion

The red imported fire ant is thought to originate from the Pantanal, a flood plain of the
Paraguay River in south-western Brazil and parts of Bolivia and Paraguay, where it is
adapted to the seasonal flooding and seems to have a confined distribution along the
Paraguay and Parana rivers (Allen et al., 1974; Buren et al., 1974; Vander Meer & Lofgren,
1990). The biotic and abiotic constraints on red imported fire ants found in South
America are not present in North America (Buren et al., 1974; Porter, Fowler & Mackay,
1992), and thus its geographic distribution currently covers over 129.5 million ha in 13
states in the United States and in Puerto Rico. It also infests several islands in the West
Indies (Davis, Vander Meer & Porter, 2001). Fig. 6.3 shows the counties and states in the
United States under the imported fire ant quarantine, where movement of materials that
potentially harbour fire ants are regulated. The red imported fire ant has been expan-
ding its geographic range in the United States since its arrival there (Callcott & Collins,
1996). Based on climatic temperature and precipitation data, Korzukhin and colleagues
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Fig. 6.3. Counties in the United States under imported fire ant quarantine
Source: Map from USDA-APHIS (2006).

(2001) predicted that its range certainly could be extended to include: the more northerly
areas of Oklahoma, Arkansas and Tennessee; maritime Virginia; western Texas; and sub-
stantial portions of New Mexico, Arizona, California and Oregon. Infestations also could
become established in Washington, Utah, Nevada, Delaware and Maryland (Fig. 6.4).
Note that these predictions were based on interpolated weather data and do not account
for natural and man-made microhabitats that may permit red imported fire ants to sur-
vive and become established.

Morrison and colleagues (2004) used worldwide temperature and rainfall patterns to pre-
dict the potential global distribution of red imported fire ants. For Europe, the areas sur-
rounding the Mediterranean and Black seas are suitable for establishing fire ant colonies.
These include, but are not limited to, the countries of Portugal, Spain, (southern) France,
Italy, Slovenia, Croatia, Bosnia and Herzegovina, Montenegro, Serbia, Albania, Greece
and Turkey. Temperature patterns also suggest possible infestations on the south-wes-
tern coast of France and southern England. For the majority of Europe, temperatures
are too cold; however, urbanized areas with artificial heat can provide suitable habitats.
These predictions were based on interpolated weather station data and do not account for
natural and man-made microhabitats that may permit red imported fire ants to survive
and establish colonies. If fire ant incursions do become established in Europe, cold cli-
mates will most likely slow and restrict the range of geographic expansion.

Fig. 6.4. Predicted invasion by red imported fire ants in continental United States
Source: Map from Korzukhin et al. (2001).

6.3.2.1 Fire ant population assessment and monitoring methods

Within infested areas, fire ant populations have generally been quantified by using nest
density in 0.05-0.2 ha plots or along measured paths (called transects) established within
study sites. In the first method of quantifying fire ant populations, the number of active
nests is counted within each plot, and each individual nest is categorized as being inac-
tive, low, moderately active or active. Category assignments are generally based on the
number and rate of ants exiting a nest minimally disturbed by the insertion of a thin
probe; criteria for activity categories, however, vary among researchers. Another popu-
lation assessment system, used extensively by United States Department of Agriculture
(USDA\) researchers, assigns population indices to active nests, according to visual esti-
mates of adult worker numbers and the presence or absence of worker caste brood after
the nest is partially opened with a shovel. The absence of worker brood is an indication
of a declining colony (Lofgren & Williams, 1982). Dimensions of individual nests also
have been measured to calculate nest volume (Tschinkel, 1993). A more traditional
method of sampling ants and other arthropods involves setting pitfall traps: arthropods
fall and drown in the trap, which consists of a vial or container partially filled with a
liquid (such as soapy water or automotive anti-freeze solution) inserted flush to the
ground. Traps are collected after a few days to weeks and their contents identified. Pitfall
traps are often used to sample both fire ants and other ants, to determine ant diversity
and abundance. All the above methods are used for research, are labour intensive and
require training.
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Monitoring fire ant populations can be simplified by surveying for the presence or absence
of fire ants with an attractive food source or lure. Vegetable oils and fatty foods have been
used to detect the presence of fire ants, because they mainly attract ants that will feed on
lipids. This is in contrast to liquid carbohydrates or foods sweetened with sugar, which
will attract all types of ants and thus are not as selective as lipid-based foods. Examples
of foods used to survey for the presence of fire ants include potato chips, cookies with
high fat content, peanut butter, ground beef, canned fish packed in oil and processed
meat products, such as sausages, hot dogs, wieners and canned luncheon meat. If such
items are not available, any conveniently handled food with a high fat or lipid content
could be substituted. Once the food lure is chosen, it is set on the ground along transects
or grid patterns, for 30—60 minutes, and then checked for the presence of fire ants.
Combining the use of bait stations with recording actual nest locations, while servicing
the stations, can provide an efficient method of monitoring fire ant populations. However,
the location of baits with fire ants does not always coincide with individual nest positions
(Oi, Watson & Williams, 2004).

Long-range, pheromone-based surveillance traps are currently not available for fire ants.
To help prevent fire ant incursions, agricultural border or port inspections of potential
nest material or harbourages, such as nursery stock and earth-moving equipment, are
necessary. The United States Federal Imported Fire Ant Quarantine, which is enforced
by the United States Department of Agriculture, Animal and Plant Health Inspection
Service (USDA-APHIS), lists items whose movement from quarantine areas are regu-
lated by state and federal quarantine officials (USDA-APHIS, 2005) and could serve as
a basis for targeted inspections in Europe. Identifying commodities from fire ant infes-
ted countries can further narrow inspections to high-risk importations. Making transpor-
ters and recipients of regulated items aware of signs of fire ants should also aid in early
detection.

6.4. Public health impact
6.4.1. Pharaoh ants: prevalence in hospitals

A survey of half the hospitals in England indicated that Pharaoh ant infestations occur-
red in over 10% of the hospitals (Edwards & Baker, 1981). In South America, Pharaoh
ants were reported to be common in hospitals and health care centres and were thought
to be associated with hospital infections (Fowler et al., 1990). Besides the environmental
conditions found in hospitals that are conducive to the establishment and growth of
Pharaoh ant colonies, Burrus (2004) reported that dextrose solutions and dietary supple-
ments commonly used in hospitals were potential food sources, as drips or spills made
them accessible to ants. Pharaoh ants have been reported in giving sets (supplies for intra-
venous fluids) (Beatson, 1973). Whether patients lost significant amounts of medication
or sustenance, either by direct ant feeding from dispensers or by equipment malfunction,
was not documented.
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6.4.2. Fire ants: stinging incidents

Extreme fire ant sting incidents are not systematically reported nationally or regionally.
In urban areas infested with fire ants, an estimated 30-60% of the population are stung
annually (deShazo, Butcher & Banks, 1990). A survey of suburban New Orleans conduc-
ted in 1973 indicated that 55% of stings occurred in children less than 10 years old
(Clemmer & Serfling, 1975). Of individuals that are stung, surveys have indicated that
0.6-16% had anaphylactic reactions (Stafford et al., 1989; Kemp et al., 2000). From a sur-
vey of 29300 physicians, Rhoades, Stafford & James (1989) reported 83 cases of fatal ana-
phylaxis related to fire ant stings. Of these cases, there was sufficient information to
confirm 32 deaths. The fatalities ranged in age from infancy to 65 years, with the majo-
rity being healthy individuals. Dependent or immobile residents, such as the disabled,
the elderly, young children and infants, are at greater risk of suffering from severe stin-
ging incidents, where hundreds of stings may cause anaphylactic reactions, death or both.
In a review of the literature (from 1966 to March 2003) and interviews, deShazo and col-
leagues (2004) found six cases of massive numbers of fire ant stings on elderly residents
within health care facilities, of which four died within a week of being stung. Most ext-
reme or fatal fire ant attacks, however, go to litigation, and many are settled with the sti-
pulation that the details of these incidents are not to be disclosed (R.D. deShazo,
University of Mississippi Medical Center, personal communication, April 2005). Similarly,
departments of health from individual states may have records of severe stinging inci-
dents, but the release of such information may be limited due to the potential for litiga-
tion (J. Goddard, Mississippi State Department of Health, personal communication,
April 2005).

6.4.3. Pharaoh or fire ant infestations in health care facilities

Because these ants pose medical risks to patients, of stings and transmitting disease, eli-
mination of infestations can be a major concern to health care managers and staff. Severe
infestations of Pharaoh ants inside housing can be maddening, and such infestations have
caused homeowners to consider selling their homes (Smith, 1965). Where maintaining
sanitary and safe environments is imperative for hospitals and nursing homes, resources
must be allocated to eliminate pest infestations. Ant infestations of either or both species
can occur within a single building (personal observation). While control strategies within
structures are similar for both species, extensive infestations can be exceedingly difficult
and costly to control (Wilson & Booth, 1981). As a result, pest control companies often
exclude these ant species from their contracts or require a separate contract to secure their
services for Pharaoh or fire ant control. Goddard, Jarratt & deShazo (2002) recommend
specifying monthly inspections and, if required, treatment and emergency service in
contracts for pest control service for fire ants.
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6.5. Public cost of infestation
6.5.1. Pharaoh ants: cost of control

Published documentation on costs to the public of infestation by Pharaoh ants was not
found; however, the cost to treat a Pharaoh ant infestation can provide a partial indica-
tion of the potential economic impact. For example, fees in the United States in 2006 may
conservatively range from US$ 35 to US$ 80 to treat a residential house with a structu-
ral perimeter of 61 linear meters. Larger buildings would cost more to service, but fees
are negotiated, with the price per linear meter decreasing dramatically even though more
labour and material would be required.

6.5.2. Fire ants: cost of health-related issues, control and management

The economic impact of fire ant infestations in the United States has been reported from
surveys of various sectors in individual states and has been extrapolated across the infes-
ted areas of the United States. An extrapolation by Pereira and colleagues (2002) of a
Texas survey reported the annual economic impact of fire ants in the United States to be
more than US$ 6.5 billion across both urban and agricultural sectors. This impact was
composed of costs for repair and replacement (66.1%), treatment (27.3%), medical expen-
ditures (1.1%), and livestock and crop losses (5.5%). Based on a survey of households in
Arkansas, Thompson and colleagues (1995) reported an extrapolation of annual losses
due to fire ants of US$ 2.77 billion among nine heavily infested states in the United States.
In the Arkansas survey, households that owned less than 0.4 ha (1 acre) of land were clas-
sified as being urban; they had estimated annual urban losses of US$ 1.2 billion across
the infested states of the United States. Annual losses per urban household surveyed in
Arkansas were US$ 87.10. Lard, Hall & Salin (2001) reported much higher annual losses
of US$ 150.79 per household in five metropolitan areas of Texas (Austin, Dallas, Ft.
Worth, Houston and San Antonio). Mean fire-ant-related expenditures per annum adjus-
ted for a typical (or average) household in South Carolina were US$ 118 (Miller et al.,
2000). Despite the variation in fire-ant-related losses or expenditures, the studies all
concluded that the economic impact of fire ants could be substantial.

When urban household expenditures due to fire ants were categorized according to type
of cost, treatments accounted for 53-55% of the expenditures, followed by repair and
replacement costs (38—43%), and finally medical costs (2-9%). The medical costs were
generally for retail medicines used to alleviate discomfort from fire ant stings (Thompson
etal., 1995; Lard, Hall & Salin, 2001). However, a potentially large economic burden due
to fire ants is from lawsuits that arise from severe incidents of stinging, especially at health
care facilities (deShazo, Williams & Moak, 1999). Examples of awards for lawsuits rela-
ted to fire ant stings include a 2005 settlement in Florida of US$ 1.875 million for the
death of a bedridden patient and a jury award of US$ 1.2 million in the same state to a
nursing home resident severely stung in 2002.

Public Health Significance of Urban Pests

Households are a convenient unit for conducting economic impact surveys about fire
ants. However, fire ants affect other sectors economically, particularly in the urban set-
ting. For the five Texas cities mentioned earlier in this subsection, Lard and colleagues
(2002) reported per city expenditures on fire-ant-related damages and treatments of
US$ 53628 a year. These costs were associated with controlling fire ants and replacing
and repairing equipment in parks, landscapes, airports and cemeteries. It was also noted
that fire ant damage to electrical and communications equipment had a total annual cost
to the five cities of US$ 111 million.

6.5.3. Fire ants: cost of eradication

When the red imported fire ant was detected and identification confirmed in California,
Australia and China, infestations were already quite extensive, thus making eradication
more difficult and expensive. In California, the most recent outbreak was first detected
in almond orchards in the Central Valley in 1997, and eradication efforts have been
ongoing since then. In 1998, several more infestations, one of which covered at least 12950
ha, were confirmed in the more urbanized areas of southern California (Klotz et al.,
2003). By early 1999, additional surveys extended the infestation to 204350 ha among
several locations (California Department of Food and Agriculture, 1999). The value of a
planned 10-year eradication programme in California was US$ 65.4 million (Jetter,
Hamilton & Klotz, 2002). Funding for the first five years of this programme was appro-
ved in 2000, but due to budget limitations the funding and effort for eradication were
curtailed in 2003. Thus, infestations still persist in California.

Projected damage estimates for the scenario where fire ants become established in both
urban households and agriculture throughout California ranged from US$ 387 million
to US$ 987 million a year. Relative to the climatic suitability for the establishment of fire
ant colonies and to the similarity of crops produced in southern Europe to those produ-
ced in California, projected potential additional annual costs to treat fire ants in California
citrus groves ranged from US$ 1.49 million to US$ 5.95 million, and for vineyards they
ranged from US$ 4.11 million to US$ 16.44 million. This corresponded to a maximum
0.52% of annual farm receipts (Jetter, Hamilton & Klotz, 2002). Eradication of isolated
infestations, quarantine programmes and non-irrigated desert environments are most
likely to help limit the rapid spread of fire ants in California.

Environmental contamination by pesticides used in these programmes is a potential cost
of eradication or control programmes. Insecticides used to eradicate fire ants in California
(bifenthrin, fenoxycarb, hydramethylnon, pyriproxyfen, chlorpyrifos and diazinon) were
not detected in well water. Fenoxycarb, hydramethylnon and pyriproxyfen, which are
active ingredients of fire ant baits, and bifenthrin, a contact pyrethroid, were detected in
surface water, mainly from nursery sites. These active ingredients are often used in qua-
rantine treatments of nursery premises and nursery stock. Toxicity testing, using the
water flea Ceriodaphnia dubia, revealed toxicity that could be directly linked to fire ant
insecticide concentrations found in the water at nurseries (Levine et al., 2005). Kabashima
and colleagues (2003) have reported practices that reduced bifenthrin run-off at a com-
mercial nursery.
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An infestation in Brisbane, Australia occupied more than 40000 ha. Treatments were
initiated within two months of discovery, and a centralized eradication programme,
coordinated by the Department of Primary Industries and Fisheries (DPIF, Queensland),
was implemented within 18 months (Drees & Davis, 2002). After 3.5 years of a 6-year,
US$133.5 million eradication programme, 99.4% of infestations were free of fire ants,
and intensive surveillance continues for new or undiscovered incursions (DPIF, 2004).
While the final outcome of the eradication effort in Australia is yet to be determined, the
significant reductions in fire ants in an urbanized environment provides an example of
the tremendous commitment, effort and organization needed to even attempt eradica-
tion. For a meaningful response to the detection of fire ant infestations, countries at risk
for infestation should have regulatory clearance and a manufacturing source(s) for treat-
ments, and a centralized coordinated response plan.

6.6. Control measures for Pharaoh and fire ants
6.6.1. Overview of general ant control tactics

Ants are one of the most diverse families of insects, with over 11800 species described
worldwide (Agosti & Johnson, 2005) and with just a tiny percentage being considered
pests. For example, Thompson (1990) considered about 35 of over 600 ant species as pests
in the continental United States. The first step in implementing a control programme is
to confirm the identification of the organism causing damage or the problem.
Differentiation of Pharaoh ants or fire ants from other ants can be difficult, especially to
untrained personnel or when these ants are a recent introduction. Due to regional diffe-
rences in ant fauna, having a specialist verify the identity of Pharaoh or fire ants is recom-
mended. Detailed descriptions, taxonomic keys and images of many ant species are avai-
lable on several university Internet web sites and specialized web sites, such as Ant\Web
(California Academy of Sciences, 2006).

Pharaoh and fire ants have been the targets of innumerable methods of control.
Eliminating extensive infestations from buildings permanently can be difficult to achieve;
as with other pests; however, acceptable levels of suppression can be achieved with pro-
perly implemented control methods. Three general methods are currently being used to
control Pharaoh and fire ants:

1. physical exclusion
2. application of residual contact insecticides
3. distribution of insecticidal baits.

The method (or combination of methods) used depends on the ant species, the extent or
nature of the infestation, and the desired level of control, in terms of ant population
reduction and speed of reduction.
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6.6.1.1. Physical exclusion

Preventing ants from entering a building or structure is the objective of physical exclu-
sion. This approach attempts to eliminate potential points of entry that can be used by
ants to gain access to a building. Examples of eliminating entry points include sealing
cracks and crevices on building exteriors and maintaining door sweeps and weather-
stripping around windows. Removing access could entail pruning back tree branches
that are in contact with a structure or relocating favourable harbourages, such as wood
and debris piles, away from a building. Of course, making a building completely imper-
vious to ant entry is unrealistic, given that some areas are inaccessible or cannot be made
excludable, such as ventilation openings. Thus, it is more practical to focus on sealing
areas where ants are observed entering and likely entry areas that are close to ant nests
or harbourages. Identifying ants and possessing knowledge of their biology is essential to
efficiently targeting exclusion efforts.

6.6.1.2. Residual contact insecticides

A common method of controlling ants has been to apply insecticides to building per-
imeters —around door frames, windows and other entryways — and also along interior
baseboards and to actual ant trails and nests. Depending on the active ingredient and
application rate, insecticide applications could result in a temporary barrier that imme-
diately Kills or repels ants from the treated area. However, except when nests are directly
and thoroughly treated, contact insecticides affect only the non-reproducing worker caste
that contact treated surfaces, generally leaving the colony intact. When the residual acti-
vity of the insecticide degrades, ants from the unaffected colonies are free to reinvade. If
nests are inaccessible or not thoroughly treated, or both, insecticide applications may cause
a colony to split into two or more colonies and disperse to other locations, resulting in a
more widespread infestation.

Contact insecticides that are not repellent, that have a residual activity of over six months
and that do not cause immediate insecticidal effects provide effective control of ants. This
combination of characteristics permits extensive insecticide contact with trailing ants,
because it circumvents the typical ant behaviour of avoiding deleterious substances. Also,
possible insecticide transfer to the colony by trailing ants may have an impact on the
colony (Soeprono & Rust, 2004a).

6.6.1.3. Insecticidal baits

Ant baits incorporate a toxicant into a food attractant that is carried to the nest by fora-
ging ants and fed to the colony. Most bait products contain slow-acting toxicants dissol-
ved or suspended in a vegetable oil or a sweetened aqueous liquid or syrup. The oil and
sweet solution serve as lipid and carbohydrate food sources, respectively, for the ants. The
toxicant-laden food is then absorbed into corn grits or some other carrier that makes the
bait easier to handle and apply, as well as more available to the ants. Some baits are for-
mulated as liquids and must be used in a bait dispenser; others are formulated as gels and
dispensed through a syringe; still others are formulated as solid baits and delivered in
receptacles called stations. Ants either carry the bait back to the colony and extract the
toxicant-laden food from the carrier within the nest or extract it from the carrier imme-
diately and carry it back to the colony internally. The slow action of the toxicants allows
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the foraging ants to feed the toxic bait to the other members of the colony before the fora-
gers themselves die. When the toxicant is fed to the queen(s), she either dies or no longer
produces new workers, and the colony will eventually die.

Utilization of the foraging and food sharing (by trophallaxis or regurgitation of food)
behaviour of ants to distribute toxicant permits the treatment of inaccessible and unde-
tected colonies. Also, the amount of active ingredient used in baits is lower than that of
most formulations of residual contact insecticides. Because these bait toxicants entail
delayed action, reducing populations is also delayed. Depending on the active ingredient,
baits usually take 1-8 weeks to Kill a colony. However, some baits will significantly reduce
colony populations within three days. Ingestion of baits by the colony is necessary for
effective treatment, and although ingested baits are slower than insecticides that kill
immediately on contact, obtaining insecticide contact with most of the ants in a colony can
be difficult with fast-acting insecticides. Factors that can interfere with bait foraging and
effectiveness include seasonal food preferences of a species, competing food sources, bait
spoilage and bait degradation by rain.

Overall, to be successful, the three general methods of ant control require knowledge of
the ant species, skill in implementing control measures and diligence. Details on control
methods specific to either Pharaoh or fire ants are provided below, in sections 6.6.2 and
6.6.3.

6.6.2. Management practices for Pharaoh ants

The following subsections cover the efficacy of management practices and the imple-
mentation of Pharaoh ant control programmes.

6.6.2.1. Efficacy of management practices

The control of Pharaoh ants has evolved and changed over the years, from trapping with
raw liver to the application of residual insecticides and the utilization of ant baits
(Edwards, 1986). Because Pharaoh ant nests are often difficult to observe (cryptic), inac-
cessible or both, the application of contact insecticides has generally been discouraged for
controlling these ants. Also, the incomplete treatment of nests or the application of repel-
lent, residual insecticides to building perimeters or foraging areas may cause colony frag-
mentation or migration (Edwards, 1986; Oi, Vail & Williams, 1996; Buczkowski et al.,
2005). Moreover, the application of residual insecticides indoors in sensitive areas, such as
hospitals and schools, may be perceived as being potentially hazardous. As a safer, more
efficient alternative, ant baits have been successfully utilized to control indoor infesta-
tions of Pharaoh ants (Edwards & Clarke, 1978; Williams & Vail, 1994; Vail & Williams,
1995). Pharaoh ants can forage on the exterior of buildings, and foraging trails as long as
45m have been recorded (Vail & Williams, 1994). As a result, baits applied only to the
exterior of buildings have effectively reduced indoor infestations (Oi et al., 1994; Vail,
Williams & Oi, 1996). Recently, the application of non-repellent, residual insecticides to
the perimeter of buildings has demonstrated effectiveness (Oi, 2005).
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Table 6.1. Some Pharaoh ant baits, 2006

Mode of action Active ingredient Comments

Neural disrupter Fipronil —

Metabolic inhibitor Hydramethylnon —

Mid gut poison Orthoboric acid —

Neural disrupter Sulfluramid a Sulfluramid not sold after 2006

Neural disrupter Indoxacarb Label lists antsb

IGR S-methoprene —

IGR Abamectin Can kill adult ants

IGR Pyriproxyfen ¢ Label lists ants b, also contains orthoboric acid

a Sulfluramid = N-ethyl perfluorooctanesulfonamide.
b Label lists “ants” only; Pharaoh ants are not listed specifically.
¢ Pyriproxyfen = Nylar = 2-(1-Methyl-2-(4-phenoxyphenoxy)ethoxy)pyridine.

6.6.2.1.1. Active ingredients in Pharaoh ant baits

Commercially available ant baits that include Pharaoh ants on their label can have active
ingredients with different modes of action (Table 6.1). The active ingredients in IGRs,
such as methoprene and pyriproxyfen, can cause various deleterious effects, including
death of larvae and pupae, deformities in queens and cessation of egg laying by queens.
Adult workers are generally unaffected and die naturally (Edwards, 1975; Vail &
Williams, 1995; Lim & Lee, 2005). Boric (or orthoboric) acid is a slow-acting mid gut toxi-
cant that will kill Pharaoh ant adults and brood. A continuous supply of a 1% boric acid
in a sucrose solution caused the demise of small, laboratory Pharach ant colonies in four
weeks (Klotz et al., 1996). Also, metabolic inhibitors can kill small laboratory Pharaoh ant
colonies within two weeks (Klotz et al., 1996).

6.6.2.1.2. Non-repellent residual insecticides

Pharaoh ants that follow the traces or scent of other colony members (trailing) on the
exterior of buildings may warrant the application of insecticides to the exterior perime-
ter of these buildings. Non-repellent, slow-acting insecticides permit increased ant contact
with treated surfaces (Soeprono & Rust, 2004b), and there is evidence that sprays for buil-
ding perimeters that contain fipronil can be transferred to colonies by trailing ants
(Soeprono & Rust, 2004a). In this manner, an insecticide treatment on the exterior of buil-
dings may eliminate indoor colony infestations (Oi, 2005).

6.6.2.2. Implementation of Pharaoh ant control programmes
To implement a Pharaoh ant control programme, the following four steps are suggested.

1.Confirm the identification of the problem pest as being the Pharaoh ant (see section
6.6.1).

191



192

Pharaoh ants and fire ants

2.Map the extent of the infestation; it may be useful in determining where treatments should
be placed or applied. Food lures that are easily handled yet attractive to Pharaoh ants,
such as peanut butter on index cards, can be placed at set intervals or on potential activity
sites to locate trails and harbourages. Good sanitation practices should be followed during
surveys, so that alternative sources of food will not compete with lures or baits.

3.Select bait that Pharaoh ants will feed on (if bait is to be used), given that food prefe-
rences may change relative to the nutritional needs of the colony. Also, consider the
type of active ingredient in the bait and its potential speed of efficient treatment rela-
tive to how soon control must be obtained. If Pharaoh ants are trailing extensively on
the exterior of the building, treatment with a non-repellent, slow-acting insecticide may
be useful, if exterior baiting is not effective or population declines are too slow.

4.Evaluate treatment efficacy periodically, through visual surveys, staff interviews or
monitoring with food lures. Evaluations should be used to adjust future treatments and
determine sources of reinfestation.

The control of Pharaoh ant infestations in both large building and small residential dwel-
lings is feasible with the proper use of currently available materials. Reductions of 75-84%
have been reported within 2-10 weeks; reductions of 100% have been reported after 16
weeks, using IGR baits (Edwards & Clarke, 1978; Vail, Williams & Oi, 1996; Lee et al.,
2003); and reductions of 99% have been reported in 1 week, with metabolic inhibiting
baits (Oi et al., 1994; Oi, Vail & Williams, 1996). However, when colonies located near
baits are killed too quickly, rapid reinfestation by other colonies can occur. In contrast,
slow-acting IGRs that do not affect workers can result in more thorough bait distribu-
tion among several colonies and a longer suppression of populations (Williams & Vail,
1994; Vail, Williams & Oi, 1996; Oi, Vail & Williams, 2000). Also, the application of non-
repellent residual insecticides has provided 100% control in one week (Oi, 2005).
Controlling Pharaoh ant infestations, especially in large facilities, will most likely be an
ongoing process, requiring constant monitoring and treatment, as new colonies may enter
with new occupants, merchandise or both.

6.6.3. Management practices for fire ants

The efficacy of management practices, home remedies and control devices, natural ene-
mies and biological control agents, and implementation of fire ant control programmes
are covered in the following subsections.

6.6.3.1. Efficacy of management practices

Fire ant control methods are based primarily on research on red imported fire ants, but
are applicable to black imported fire ants and their hybrid. Because nests are often visi-
ble as mounds of excavated soil, fire ant control can be directed at individual colonies.
Depending on the number of nests that need to be treated and on their accessibility, two
approaches to applying treatments can be utilized. If only a few nests are in a limited area
(say, less than 50 nests/ha), locating and treating individual nests would be feasible. If nest
densities are high or the nests cannot be located because the management area is too large
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or difficult to survey (for example, nests are concealed by vegetation), or for all the pre-
ceding reasons, broadcasting a treatment over an infested area without locating indivi-
dual nests is more practical.

6.6.3.1.1. Broadcasting fire ant bait

Fire ant baits that can be broadcast over an area are usually granular formulations com-
prised of slow-acting toxicants dissolved in vegetable oil (such as soybean oil), which is
absorbed into corn grits. Most fire ant baits have a very low broadcast application rate of
1.1-2.2 kg/ha and are dispensed with manual seeders or larger seeders mounted on a trac-
tor or all-terrain vehicle. For rough terrain, blowers have also been used. Aerial applica-
tion is another option for area-wide and whole-community treatment programmes.
Because individual nests do not have to be located and treated, broadcasting bait is a very
efficient treatment method, both in terms of control and labour (Barr, Summerlin &
Drees, 1999). Calibrating seeders accurately and dispensing bait evenly can be difficult.
However, since foraging ants move to where baits are distributed, exact precision in appli-
cation is not an absolute requirement. Also, broadcast application rates may not be effec-
tive for very small areas. For example, for 30 m2, only 5g of bait should be applied at a
recommended broadcast application rate of 1.65 kg/ha, which is well below label recom-
mendations of 10.0-56.7 g/nest.

Fire ant baits do not have any residual activity. They usually must be collected by fora-
ging fire ants within 1-2 days, before they become non-palatable, usually because of expo-
sure to moisture prolonged heat, air and sunlight. Also, some active ingredients in baits
are susceptible to photolysis (Vander Meer, Williams & Lofgren, 1982). To facilitate timely
foraging, bait applications should be made when environmental conditions are conducive
to foraging (air temperatures between 25°C and 32°C and no rain or irrigation 12-24
hours after broadcasting (Ferguson, Hosmer & Green, 1996)). Recalling that the oil in
baits serve as a food source that colony members must ingest, baits must be fresh (oil
should not be rancid) and, if possible, applied near nests to improve accessibility and com-
petition with natural food sources. Seasonal food preferences may also affect bait accep-
tance. During the early summer, fire ants actively forage on oils to replenish depleted
lipid reserves (Tschinkel, 1993); at this time, fire ant baits that contain oils are readily
foraged, and alternative lipid sources, such as seeds and insects, are less available.
However, weather permitting, fire ants will feed on baits throughout the year.

6.6.3.1.2. Active ingredients in fire ant baits

When broadcast properly, commercially available fire ant baits can reduce fire ant popu-
lations by over 90%. The mode of action of the active ingredients used in the baits will
dictate the speed of its efficient action. Baits that contain metabolic inhibitors and neural
disrupters can cause colony death as fast as one day to two weeks. Baits also can have
active ingredients that interfere with reproduction; these are often referred to as IGRs.
IGRs can prevent queens from laying eggs, and they cause a caste shift from workers to
reproductive ants. As workers die off naturally, they are not replaced. Thus, colonies trea-
ted with IGRs will eventually succumb because workers will not be available to tend the
queen(s), and she (they) will die. IGR baits may take 5-10 weeks to eliminate colonies,
because IGRs do not affect adult workers.
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While IGR baits require many weeks to Kill colonies, in large treated areas (>0.4 ha),
control can last for as long as a year. During the slow colony decline, remnant colonies will
execute newly mated queens that try to reinfest treated areas. The duration of control in
smaller areas is shorter, because they are more easily reinfested from adjacent areas. In
contrast, the faster-acting metabolic and neural disruptive baits create a colony void that
can be quickly reinfested within two months. Table 6.2 lists characteristics of fire ant baits
that contain various active ingredients. For quick and extended suppression, one bait pro-
duct is a mixture of metabolic inhibitor and IGR active ingredients.

6.6.3.1.3. Broadcasting residual insecticides

Broadcasting residual insecticides over an infested area attempts to eliminate fire ant
populations and prevent reinfestation of the treated area. The most effective materials
have been non-repellent, slow-acting contact insecticides, with residual activity for over
six months. The absence of both repellency and the immediate death of ants facilitate
insecticide contact with foraging ants and colonies located in treated areas. On the other
hand, immediate death or repellency due to irritation often elicits avoidance of treated
areas by fire ants (Oi & Williams, 1996) and reduces control to a short-lived suppression
of fire ants. Reductions in fire ant nests of over 90% for over a year have been documen-
ted for the broadcast application of a granular insecticide containing fipronil (Barr & Best,
2002; Barr et al., 2005). Products with other active ingredients are available, but the level
and duration of control they provide has not been as good. Product cost can be prohibi-
tive for large areas and the application of contact residual insecticides must be more
evenly distributed than baits.

Table 6.2. Some fire ant baits, 2005

Mode of action Active ingredient Speed of efficacy Comments

Neural disrupter Fipronil 4-6 weeks 2 —

Metabolic inhibitor Hydramethylnon 1-4 weeks b —

Neural disrupter Spinosad 3-14 days ¢ Organic certification

Neural disrupter Indoxacarb 2-3 days d —

IGR Abamectin 6-8 weeks ¢ Some adult worker death
IGR Fenoxycarb 4-8 weeks f —

IGR S-methoprene 8-10 weeks 9 Registered for “croplands”
IGR Pyriproxyfen 4-8 weeks h Registered for various crops
Metabolic inhibitor + IGR Hydramethylnon + S-methoprene 1-3 weeks IGR extends control

a From product label: EPA Registration Number 432-1219; Collins & Callcott (1998).
b From product label: EPA Registration No. 241-322; Barr (2004).

¢ From product label: EPA Registration No. 62719-304-239

d From Barr (2004).

e From Lofgren & Williams (1982); Williams (1985).

fFrom product label: EPA Registration No. 100-722; Collins et al. (1992).

9 From product label: EPA Registration No. 2724-475.

h From product label: EPA Registration No. 1021-1728-59639.

i From product label: EPA Registration No. 2724-496; Barr et al. (2001).
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6.6.3.1.4. Treating nests individually

Fire ant nests are often visible mounds of excavated soil that contain brood, adults and
one queen or more. The visibility and accessibility of fire ant nests makes direct treat-
ment of colonies feasible, where the objective is to eliminate the colony by Killing the
queen and most of the stinging adult workers. If the queen is not Killed or functionally
sterilized, she will continue to lay eggs and the colony will recover. In the case of multi-
queen colonies, all the queens must be killed, thus making effective treatments especially
difficult. Individual nest treatments are time consuming and labour intensive, because
each mound must be located and treated (Barr, Summerlin & Drees, 1999). However,
colonies treated properly with fast-acting insecticides can be eliminated more quickly
than colonies treated with baits and residual insecticides with slow modes of action.
Individual nest treatments, however, may cause the fire ants to relocate and create a new
nest. Even if the queen is killed, surviving ants may still inhabit the treated nest or make
anew nest until they die naturally, which may take over a month. Thus, it may be neces-
sary to re-treat remaining nests that contain large numbers of stinging workers.

Mounds can be treated individually by chemical and non-chemical methods. Chemical
methods include insecticides that are most commonly formulated as baits, liquid dren-
ches, granules or dusts. Products formulated as drenches, granules or dusts generally
contain active ingredients that are contact insecticides that will immediately affect trea-
ted ants. Because fire ant colonies move to occupy optimal temperature strata within a
nest throughout the day, treatments should be applied when the colony is concentrated
near the nest surface. Thus, optimal treatment times are generally limited to when air
temperatures are cool (about 20—-25°C) and the sun warms the nest surface. When pro-
perly treated, colonies may be eliminated within a few hours to a few days after treat-
ment.

Bait products used for broadcast bait applications can be applied to individual nests.
Because ants will distribute the bait to the colony, the emphasis with bait applications is
to ensure baits are available when and where fire ants are foraging. Bait application to
individual nests is relatively simple, where the recommended amount of bait, usually
15-75 ml (1-5 tablespoons), is sprinkled around the base of the nest. As with broadcast
bait applications, the use of baits for individual nest treatments usually takes one to seve-
ral weeks to eliminate colonies. However, there are now bait products that will kill colo-
nies within three days.

Non-chemical treatment methods include pouring hot water onto the nests or physically
excavating them. Scalding or boiling water (88—100°C) has been used to eliminate 20-60%
of colonies, where about 11 litres of hot water were poured onto nests (Tschinkel &
Howard, 1980). One variation of this technique uses steam generators that inject scalding
water. The other non-chemical method, excavating colonies, is inefficient and impractical.

6.6.3.1.5. Combinations of baiting, residual insecticides and individual nest treatments

Each type of method used for fire ant control has advantages and disadvantages relative
to speed of efficacy, residual activity and ease of application. Because fire ant stings repre-
sent a hazard, quick inactivation of colonies is often a priority. Treating nests individually
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with contact insecticides is potentially the fastest method to eliminate colonies; however,
successful treatment can be difficult and inefficient. The combination of broadcasting
bait followed by treating hazardous nests individually permits the efficient treatment of
many colonies and the rapid suppression or elimination of the most dangerous colonies.
It is generally recommended to bait first and then treat selected nests individually with
a contact insecticide at least a day later. Baiting first allows colonies to forage and distri-
bute baits without impediment from contact insecticides. In addition, colonies not suc-
cessfully controlled by individual nest treatments may eventually succumb to ingested
bait.

An alternative strategy is to combine the individual treatment of hazardous nests with a
broadcast, non-repellent, residual contact insecticide. Non-repellent, contact insecticides
may not suppress colonies immediately, thus the additional application of faster-acting
insecticides to individual nests compensates for the delayed activity. If both types of treat-
ments are contact insecticides, the sequence in which they are used is not critical.

The recent introduction of fire ant baits that suppress or kill colonies in 1-3 days may
provide an acceptable time frame for effective treatment and may reduce the need for
treatment combinations. Also, the application of a non-repellent, contact insecticide at
least a day after baiting could retard reinfestation.

6.6.3.2. Home remedies and control devices

There are many home-made remedies and mechanical control devices that have not been
scientifically proven to consistently eliminate fire ant colonies. Often, these so-called
cures, which are usually directed at an individual nest, will kill many ants and the colony
will abandon the nest. This gives the false impression that the colony was killed. Some
home remedies also are dangerous to apply and contaminate the environment. These
remedies include the use of gasoline or other petroleum products, battery acids, bleaches,
and ammonia and other cleaning products. Such so-called remedies should never be used.

6.6.3.3. Natural enemies and biological control agents

Numerous organisms can prey on individual fire ants. Newly mated queens are attac-
ked by other fire ants and other ant species and by dragonflies, spiders, lizards, birds and
other general predators, but this predation does not reduce established fire ant popula-
tions. Direct applications of parasites and pathogens, which include mites, nematodes
and fungi, to fire ant nests have not resulted in long-term control under field conditions
(Williams et al., 2003). In general, these organisms required direct contact with individual
ants and may be described as biological pesticides rather than self-propagating biologi-
cal control agents that can spread naturally to other fire ant colonies.

In contrast, some parasites and pathogens have infiltrated the life-cycle of fire ants and
are self-sustaining. These include two species of phorid flies (Pseudacteon tricuspis and
Pseudacteon curvatus) and the microsporidium (protozoan) Thelohania solenopsae, which
are well established in the United States (Williams et al., 2003). The phorid flies have
been shown to reduce the short-term foraging activity of fire ants (Morrison & Porter,
2005) and reductions in field populations infected with T. solenopsae have been docu-
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mented (Oi & Williams, 2002). While biological control agents are detrimental to fire
ants, their impact at the population level may only be apparent with the establishment of
several types of agents and after several years (Morrison & Porter, 2005). As such, the use-
fulness of these agents for immediately reducing the risk of fire ant stings in the urban
environment is limited.

6.6.3.4. Implementation of fire ant control programmes
To implement a fire ant control programme, the following four steps are recommended.

1. Confirmation. Confirm that fire ants are the species causing the problem (see section
6.6.1).

2. Determine where control is needed. Fire ant population densities and distribution will
vary with the degree to which habitats are conducive to colony growth. Determining
whether control is needed should be based on the extent fire ants can be tolerated for
specific land use patterns. Locating and mapping areas where fire ant control is requi-
red will help limit potential treatment areas.

3.Design monitoring and treatment regimes. Assess fire ant population levels when
conditions are conducive to the type of monitoring method used. For example, if the
number of fire ant nests in an area will be used to estimate ant populations, soil should
be moist and vegetation low so that nests are easily seen. If food lures are used, set lures
when weather conditions are conducive to fire ant foraging (see subsection 6.3.2.1 on
monitoring fire ant populations). Consider deadlines for achieving control when sche-
duling sites for monitoring and treatment. Many fire ant treatments take at least a few
weeks to obtain population reductions.

The intensity of the control effort should reflect the potential hazard fire ants present,
which is a function of the probability of a fire ant sting and the consequences if a sting
occurs (such as a lawsuit). Treatment regimes relative to fire ant tolerance and liability
will vary among land-use patterns. For example:

a. no treatment is needed for freeway median strips;

b. an annual broadcast application of an IGR bait is needed for an infrequently used
park; and

c. abroadcast application of baits in the spring, summer and fall, plus an individual treat-
ment of hazardous nests with fast-acting contact insecticides or baits and weekly moni-
toring for new nests or the presence of fire ants are all needed for a toddler playground.

Thresholds have been used to initiate bait applications in cattle pastures. For example,
to maintain a fire ant population below five nests per 1000 m2 (50 nests/ha), fire ants on
more than 40% of monitoring food lures would trigger bait applications (Pereira, 2003;
R.M. Pereira, unpublished data, 2005). Thresholds based on the percentage of fire ants
on monitoring lures would have to be adjusted for site layout (such as landscaping and
land-use pattern), fire ant tolerance and monitoring scheme.
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4. Evaluation and adjustment of control programme. Mapping areas where fire ant infes-
tations are located and recording pre- and post-treatment population levels allow the
control programme to be evaluated. Monitoring population levels at times when the
potential for stings is high (such as the outdoor recreational season) will provide an
indication of a treatment’s efficacy and timeliness. Population levels can be based on
nest densities, the percentage of lures with fire ants, the number of sting incidents or
complaints, or a combination of these indicators. Maintaining site-specific historical
records of treatment regimes, dates and weather conditions during treatment applica-
tions and population levels will allow for more precise adjustments to control pro-
grammes.

The examples of treatment regimes listed above are simple illustrations of possible control
programmes. More complex programmes have been proposed that are tailored to more
specific environments, such as health care facilities (Goddard, Jarratt & deShazo, 2002).
These published programmes are only models and generally must be modified to suit
site-specific needs.

6.7. Emerging problems and policy options

Early detection and a rapid response to eliminate infestations are vital to prevent the esta-
blishment of both fire ant and Pharaoh ant colonies in new areas. In the long run, pre-
venting establishment is also more cost effective than eradication of established popula-
tions.

6.7.1. Fire ants

With regard to fire ants and countries at risk for fire ants becoming established, sur-
veillance mechanisms, clearance for treatments, a manufacturing source(s) for treatments
and centralized coordinated response plans should be kept in place. As discussed in sec-
tion 6.5.3, the eradication programme in Australia has shown the best potential of being
a model for fire ant eradication in a relatively large urban area. Moreover, initiatives to
prevent the incursion of invasive ants, such as the Pacific Ant Prevention Plan (Invasive
Species Specialist Group, 2004), are being developed. The Plan was generated for the
Pacific islands and countries. The Pacific Invasive Ant Group provides guidelines that
address legislation or policy to prevent entry of invasive ants, with a focus on red impor-
ted fire ants and outlines surveillance and response procedures for preventing ants from
becoming established. These guidelines are broad in scope and adaptable to other at-risk
regions, such as southern Europe.

The need to efficiently improve the ability to detect low levels of fire ant populations is
dire. Current monitoring methods that utilize food lures are time sensitive and lack spe-
cies specificity; also, the placement of lures must be within the foraging range of a colony,
which can be small for small colonies. Alternatively, visual surveys for nests made by
teams of inspectors are very labour intensive, and quality assurance must be maintained.
Thus, research to develop more sensitive and efficient surveillance tools is needed to sup-

Public Health Significance of Urban Pests

port plans and programmes to prevent and eradicate fire ant incursions.

While preparation for fire ant eradication is prudent for at-risk areas, improvements in
fire ant IPM, including pesticide application, are needed for well-established fire ant
infestations. Products with active ingredients that have long residual activity can provide
control of fire ants for over nine months. These products are contact insecticides that
require thorough coverage of an area to maintain control (reductions of more than 90%).
Inadequate coverage and the proliferation of similar products (albeit less expensive) that
may not have the same efficacy can lead to reapplications and greater exposure to pesti-
cides. Fire ant baits, however, typically result in the application of less active ingredient
per unit area than residual contact treatments (Drees, 2003). While the residual activity
of fire ant baits is limited, as a tool for controlling these ants these baits are efficient and
environmentally compatible. Integrating the efficient use of both baits and long-lasting
residual contact insecticides, relative to the risk management of fire ant stings and expo-
sure to pesticides, would improve fire ant IPM.

6.7.2. Pharaoh ants

With regard to Pharaoh ants, the first step towards control is physical exclusion. Access
to a building, especially to such sensitive facilities as hospitals, must be reduced to a mini-
mum by internal and external structural measures (such as sealing of cracks and crevices
and moving possible garden harbourages away from a building). Also, regular monito-
ring and targeted insecticide application by specialists is fundamental and should be com-
pulsory.

6.7.3. Research

Research on the dynamics of the reinfestation of treated areas and how to significantly
delay reinfestation of sensitive areas (such as hospitals and preschool playgrounds) by fire
ants and Pharaoh ants, while minimizing pesticide use, is needed to develop improved
control strategies.
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7. Flies

Jerome R. Hogsette and Jens Amendt

Summary

Flies constitute a major group of nuisance species in rural and urban environments
worldwide. Many species are collectively called filth flies, because of their association
with potentially contaminated substrates, such as food wastes, faeces, animal manures
and carrion. Through this association, they can quite easily and accidentally become dis-
ease vectors, by transmitting pathogens, especially those that cause enteric infections (such
as Salmonella and Campylobacter), from contaminated to uncontaminated substrates. The
epidemiological association of flies with various diseases is well documented and it has
been established that certain flies are capable of contaminating food with pathogens.
Nevertheless, there is still much discussion about the role filth flies play in actually trans-
mitting pathogens to people and, more importantly, about the extent to which this trans-
mission leads to disease. In fact, in urban areas of the northern hemisphere, the main
complaint at present is about the annoying presence of flies, but rising temperatures due
to changes in the climate may lead in the future to an increase in fly populations and a
concomitant increase in fly-borne diseases.

A number of management practices or techniques can be used in urban areas to combat
flies, and they are presented here. Among these practices is trapping. Outdoors and
indoors, it is a good way to manage fly populations around homes, apartments and sto-
res. Many fly traps do not involve the use of pesticides and are safe to use around people
and their companion animals. Indoors and outdoors, sanitation is the key to effective fly
control. Elimination of food leftovers, breeding sites and shelter will minimize fly popu-
lations. It is therefore important to inform the public and health care officials about fly
biology and management. Benchmarks for a good fly-management programme include
further research on fly biology, the development of perimeter control techniques, the res-
triction of pesticide use to outbreak scenarios, the use of regular monitoring and the
improvement of control devices.
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7.1. Introduction

Flies, from the insect order Diptera, constitute a major group of nuisance species in rural
and urban environments worldwide. Some 120000 different species of flies have been
described and they inhabit almost all marine and non-marine ecosystems. Flies can be a
prevalent and important pest, as determined by the LARES pan-European housing sur-
vey made in eight European cities (WHO Regional Office for Europe, 2006) and their
presence alone can be an indication of unsanitary conditions. Many flies bear the name
filth flies because of their association with potentially contaminated substrates, such as
food wastes, faeces, animal manures and carrion (Ebling, 1975). Through this associa-
tion, flying from contaminated to uncontaminated substrates and transmitting patho-
gens, filth flies can quite easily and accidentally become disease vectors (Greenberg, 1971,
1973; Olsen, 1998; Hogsette & Farkas, 2000; Graczyk et al., 2001). The present chapter
provides an overview of possible pathogens carried by filth flies and discusses the poten-
tial of flies being disease vectors in the northern hemisphere.

7.2. Biology and bionomics of filth flies in Europe
and North America

Most filth flies have the ability to feed on and reproduce rapidly in a variety of organic
substrates, such as carrion, faeces and food wastes, and to mechanically transmit patho-
gens (Fig. 7.1; Greenberg, 1973). The hair-like structures on the bodies of filth flies, their
deeply channelled mouthparts and the hairs and sticky pads on their feet become easily
contaminated as they walk and feed on contaminated substrates. In addition, some flies,
such as houseflies, frequently regurgitate digestive juices while feeding and also defecate
on surfaces where they feed or rest. Whether or not they have been contaminated with
pathogens, some flies can be annoying simply because they are present in large numbers.

Fig. 7.1. Filth flies can transmit pathogens mechanically from contaminated substrates
a. Blow flies feeding on rotting liver; b. Fly larvae developing in poultry meat.
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Source: Photos by J. Amendt.
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In fact, the mere presence of flies, particu-
larly houseflies, in sensitive locations (such
as food preparation areas), is considered
an indication of poor hygiene. Where flies
routinely come into contact with conta-
minated substrates, they can be notewor-
thy vectors of disease (Olsen, 1998;
Graczyk etal., 2001; Clavel et al., 2002; De
Jesus et al., 2004). They can aggravate the
situation after the occurrence of natural
disasters, such as the tsunami in South-
East Asia in 2004 and Hurricane Katrina
in New Orleans in 2005. The millions of
flies produced by the sudden availability
Source: Photo by J. Hogsette.  OF cOrpses, raw sewage, hospital waste and
animal carcasses presented a serious threat
to public health and could have played an important role in disease transmission had
control methods not been implemented (Srinivasan et al., 2006).

From a medical perspective, the most important pest species of flies belong to the super-
families Muscoidea and Oestroidea —most notably the houseflies (Muscidae), lesser hou-
seflies (Fanniidae), blow flies (Calliphoridae) and flesh flies (Sarcophagidae) (Greenberg,
1973; Olsen, 1998; Graczyk et al., 2001).

Broadly speaking, flies that are important as pests in urban environments can be divided
into two groups: biting flies and non-biting flies. The non-biting flies constitute a larger
group and will be discussed first.

The major urban and agricultural species of pest fly in the world is the housefly (Musca
domestica). The housefly is important because it is ubiquitous and utilizes many protei-
naceous materials, including garbage and human and animal faeces (James, 1947;
Demény, 1989; Farkas & Papp, 1989). Houseflies are very prolific and large populations
can develop very quickly (Hogsette, 1981). Adults are 6-9 mm in length, although size
depends on the nutrients, crowding and moisture present in the habitat where larva deve-
lop. Adult females can be maintained for 30—40 days in the laboratory; field populations,
however, probably do not exceed 10-14 days of age (Hogsette & Farkas, 2000). For males,
mortality increases abruptly after they have copulated. Females can produce 1000 or more
eggs in their lifetime (LaBrecque, Meifert & Weidhaas, 1972) and lay these in clutches of
100-150 eggs in suitable substrates (James, 1947). The life-cycle from egg to adult can be
as short as 6.5 days at about 33.2°C (Larsen & Thompsen, 1940) and up to a month or
more when substrate temperatures are much lower. Under optimum conditions, eggs
hatch in 12-18 hours. There are three larval instars, which can complete their develop-
ment in 3-5 days. Subsequent pupation occurs inside the integument of the third-instar
larva, and adults can emerge after another 4-5 days of pupal development (Lysyk &
Axtell, 1987).

Houseflies tend to disperse randomly and may move from contaminated to clean sub-
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strates several times in the course of a day. Their flight speed, without wind, is8 km an
hour and their known daily flight range is between 3 km (Winpisinger et al., 2005) and
30 km (Bishopp & Laake, 1921; Murvosh & Thaggard, 1966), but flies can also be distri-
buted by wind, animals, and vehicles.

As adults, houseflies overwinter in a quiescent state and become active intermittently
when microclimate temperatures exceed about 15°C. Adults remain active year-round in
protected environments, such as animal housing (Semme, 1961). Populations can grow
to large numbers over the winter in animal housing and the adults disperse to nearby
urban areas in the spring, when the housing is opened and cleaned out. At times, house-
flies are a nuisance simply because of their sheer numbers and fly populations can limit
outdoor recreational activities, especially if food is involved.

The face fly (Musca autumnalis), the false stable fly (Muscina stabulans) and the lesser hou-
sefly (Fannia canicularis) behave like houseflies, being mainly a nuisance to people, but
they have also been associated with a number of pathogenic organisms (James, 1947,
Treese, 1960; Greenberg, 1971; Skidmore, 1985). The lesser housefly, especially, is one of
the most abundant flies found in human dwellings in many parts of the world. The black
dump fly (Hydrotaea aenescens) has been shown to transmit pathogens under certain cir-
cumstances and is considered to be a pest species in some countries (Greenberg, 1991).

Calliphorids, such as the green blowfly (Lucilia sericata), the blue blowfly (Calliphora
vicina) and Chrysomya spp., are ubiquitous; species composition, however, may vary from
one location to another and from one season to another. These flies are easy to identify
in nature because of their body colours: shiny metallic green, blue or bronze. Calliphorids
are usually associated with animal carcasses, garbage and faecal material; they will, howe-
ver, enter structures and land on food. This movement between contaminated and clean
substrates makes them a potential pathogen vector. These flies can be very pestiferous at
the outdoor or open meat markets still found in various parts of Europe. Females can
land on unrefrigerated meat and quickly conceal large numbers of eggs in folds and ope-
nings in the meat. Other foods sold by outdoor vendors are also subject to attack, unless
foods are properly wrapped and maintained at standard temperatures (James, 1947,
Harwood & James, 1979; Kettle, 1995).

A number of species of flesh flies, in the family Sarcophagidae, can be present in urban
areas, but rarely develop in pestiferous numbers. These flies are attracted to animal car-
casses and decaying meat, and many deposit living larvae instead of eggs. Flesh flies, nota-
bly the spotted flesh fly (Wohlfahrtia magnifica), are known to cause myiasis (a disease
that results from infestation of living tissue by fly larvae) in humans and animals (James,
1947; Hall & Wall, 1995).

Other flies that can be pestiferous in urban areas on occasion include Hydrotaea dentipes,
Hydrotaea ignava, Fannia manicata, the latrine fly (Fannia scalaris), and some phorids and
piophilids that could cause myiasis.

The major biting fly in urban areas is the stable fly (Stomoxys calcitrans), which has a long,
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bayonet-style mouthpart designed for sucking blood. Stable flies are a cosmopolitan pest
(Zumpt, 1973; Skidmore, 1985; So6s & Papp, 1986), mainly of livestock, but also of peo-
ple in villages, in the suburbs of larger cities and in recreational areas near shorelines of
lakes, rivers and larger bodies of water (Newson, 1977; Betke, Schultka & Ribbeck, 1986;
Hogsette, Ruff & Jones, 1987; Steinbrink, 1989). Both sexes require blood to reproduce,
although nectar can be substituted for survival (not reproduction) when blood is unavai-
lable (Jones et al., 1985). Stable flies are persistent in their feeding activities and continue
to feed intermittently until replete (Hogsette & Farkas, 2000). Their bite is very painful,
because they inject no anaesthetic when feeding. Some people have allergic reactions to
the stable fly bite, some of which can be life threatening. In the laboratory, stable flies
have been shown to mechanically transmit pathogenic organisms, such as those causing
cutaneous leishmaniasis, anthrax, brucellosis, equine infectious anaemia and bovine diar-
rhoea virus, through their intermittent feeding behaviour; in the field, however, suc-
cessful transmission is rare (Greenberg, 1971; Zumpt, 1973; Tarry, Bernal & Edwards,
1991).

The life-cycle of the stable fly is slightly longer than that of the housefly and is about
12-13 days in length at 27°C (Larsen & Thomsen, 1940). Its life-cycle is longer at cooler
temperatures, and adults overwinter in a quiescent state, like houseflies (Hogsette &
Farkas, 2000). Stable flies are not as prolific as houseflies, laying 60-800 eggs during their
lifespan (Killough & McKinstry, 1965).

In urban areas, the preferred hosts of stable flies are dogs and people (Foil & Hogsette,
1994). Dogs are viciously attacked and their ears can be bloodied and notched by repea-
ted feeding activity (Hogsette, Ruff & Jones, 1987). Preferred feeding areas on people are
the lower legs and elbows (Hansens, 1951). When populations are large, flies will attempt
to feed wherever they land and landing rates on people can exceed 100 stable flies a
minute (Hogsette, Ruff & Jones, 1989). Stable flies can be a frustrating nuisance at zoos
(Rugg, 1982), where they viciously attack the animals. Stable flies also disperse at about
8 km an hour (Hogsette, Ruff & Jones, 1987) and have been shown to move long distan-
ces with synoptic (large-scale) weather systems, such as cold fronts. The known flight
range is 225km (Hogsette & Ruff, 1985).

7.3. Health hazards
7.3.1. Diseases

Filth flies can become contaminated with more than a hundred d