SURVEILLANCE aND

CONTROL or
DENGUE VECTORS

IN THE UNITED STATES
AND TERRITORIES

ROBERTO BARRERA




SURVEILLANCE AND CONTROL OF
DENGUE VECTORS IN THE UNITED
STATES AND TERRITORIES






Surveillance and Control of
Dengue Vectors in the
United States and Territories

Roberto Barrera
Entomology and Ecology Team, Dengue Branch, DVBD, CDC

OpenBook
Publishers



https://www.openbookpublishers.com

©2025 Roberto Barrera

Ol &

Roberto Barrera, Surveillance and Control of Dengue Vectors in the United States and
Territories. Cambridge, UK: Open Book Publishers, 2025,
https://doi.org/10.11647/OBP.0472

Further details about CCO 1.0 licenses are available at
https://creativecommons.org/publicdomain/zero/1.0/

This work was written as part of the author’s official duties as a CDC employee and

is a work of the United States Government. Any views expressed in the book do not
necessarily represent the views of the United States Government, and the Author’s
contribution to the Work is not meant to serve as an official endorsement of any
statement to the extent that such statement may conflict with any official position of the
United States Government.

Copyright and permissions for the reuse of many of the images included in this
publication differ from the above. This information is provided in the captions and in the
list of illustrations. Every effort has been made to identify and contact copyright holders
and any omission or error will be corrected if notification is made to the publisher.

All external links were active at the time of publication unless otherwise stated and have
been archived via the Internet Archive Wayback Machine at https://archive.org/web

Digital material and resources associated with this volume are available at
https://doi.org/10.11647/OBP.0472#resources

Information about any revised edition of this work will be provided at
https://doi.org/10.11647/OBP.0472

ISBN Paperback 978-1-80511-627-1
ISBN Hardback 978-1-80511-628-8
ISBN PDF 978-1-80511-629-5

ISBN HTML 978-1-80511-631-8
ISBN EPUB 978-1-80511-630-1
DOI: 10.11647/OBP.0472

Cover photo: Lauren Bishop / US Centers for Disease Control and Prevention (CDC)

Cover design: Jeevanjot Kaur Nagpal


https://www.openbookpublishers.com
https://doi.org/10.11647/OBP.0472
https://creativecommons.org/publicdomain/zero/1.0/
https://archive.org/web
https://doi.org/10.11647/OBP.0472#resources
https://doi.org/10.11647/OBP.0472

This book is dedicated to my dear wife and daughters, who have been a
constant source of inspiration and support.
Thank you for being my guiding stars.






Contents

About the Author

Acknowledgements

List of Illustrations and Tables

Preface

1. Introduction

2. Dengue Vectors

3. Aedes Transmitted Virus (ATV) Cycles
4. Risk of ATVs in the US and Territories
5. Dengue Vector Surveillance

6. Dengue Vector Control

7. Dengue Vector Management in Dengue Outbreaks

8. Personal Protection Against Mosquito Bites and
Recommendations for Improving Surveillance and Control

References

Index

ix
xi
xiii

XV

17
21
31
49
73

87
93
125






About the Author

Roberto Barrera, PhD, is a researcher specializing in mosquito ecology,
with a focus on disease-vector ecology, control strategies, and the
eco-epidemiology of diseases caused by vector-borne pathogens. He
earned his bachelor’s degree in Biology, majoring in Ecology, from the
Central University of Venezuela, where he initiated his research on
urban mosquito ecology. Dr Barrera pursued his PhD in Ecology at
the Pennsylvania State University, focusing on mosquito ecology. He
was a post-doctoral fellow at the University of Florida, studying biotic
interactions among Aedes mosquitoes.

After retiring as a meritorious Professor at the Central University
of Venezuela, Dr Barrera joined the Centers for Disease Control and
Prevention (CDC) as the Team Lead of the Entomology and Ecology
Activity at the Dengue Branch in Puerto Rico. His current work involves
investigating the ecology and control of dengue vectors. Throughout his
career, Dr Barrera has received numerous awards for his outstanding
contributions to public health practice and programme evaluation.
He has also helped various countries during epidemics and natural
disasters across different world regions.

With over 120 peer-reviewed scientific articles, a book chapter,
guidelines on vector surveillance and control, and extensive participation
in conferences and workshops, Dr Barrera is widely recognized for his
expertise in the field of ecological studies and control measures related
to vector-borne pathogens.






Acknowledgements

I would like to express my gratitude to Dr Gabriela Paz-Bailey,
Ann Powers, and Ryan Hemme for their meticulous revision of the
manuscript. I also appreciate Mr Jose Ruiz for creating the maps
illustrating the distribution of Aedes species, and Dr Saul Lozano for
providing valuable updates on their distribution in the United States.
A special thanks goes to an anonymous reviewer for their insightful
suggestions. I utilized the CDC’s Al large language model, GPT-40 mini,
exclusively to improve the grammar and style of certain sentences. This
process ensured clarity and coherence while preserving my original
ideas, as well as the information drawn from cited literature references
and my personal experience.

Disclaimer

The findings and conclusions in this book are the author’s and do not
necessarily represent the views of the Centers for Disease Control and
Prevention.






List of Illustrations and Tables

Fig.2.1  Main dengue vectors in the United States and p-4
territories. Photos: CDC, https://phil.cdc.gov/

Fig.2.2  Life cycle of Aedes aegypti and other dengue vectors. A: p.8
eggs, B: larva, C: pupa, D: adult male, E: adult female.
Photos: Lauren Bishop, CDC, https://phil.cdc.gov/

Fig.2.3  Diagram showing dynamic aspects of the ecology of p-12
dengue vectors that explain their abundance. Path
A shows the impact of climate/weather on both
mosquito habitat and mosquitoes through their life
cycle. Path B shows how public services influence
housing conditions, leading to the availability of
aquatic habitats (e.g., containers with water) for
dengue vectors. Path C depicts the production of
mosquitoes and presence of other aquatic organisms
in aquatic container habitats. Path D relates to the
life cycle of mosquitoes and mosquito population
processes, such as immature development, and
oviposition. Path E shows the possible influence of
predators and other aquatic organisms that influence
immature states of mosquitoes. Path F shows that
mosquito control can be applied to mosquito habitats
and mosquito eggs, larvae/pupae, and adults.

Fig.3.1  Urban cycle of Aedes transmitted viruses (ATVs), p-19
showing transmission to humans by infected
mosquitoes (D1). Mosquitoes feed on vertebrates
other than people (D2). However, when infective bites
go into vertebrates that do not amplify the viruses, or
into already immune persons (D4), the transmission
cycle is interrupted. Infected people infect mosquitoes
during the viremic period that continues with the
transmission cycle (D3). Local and international
human and mosquito movements can export/import
viruses (D5).


https://phil.cdc.gov/
https://phil.cdc.gov/

Table 4.1 Distribution of Aedes aegypti and Aedes albopictus in US

Fig. 4.1

Fig. 4.2

Fig. 5.1

Fig. 5.2

Fig.5.3

Fig. 7.1

states and territories. Presence reported: species has
been reported at some point, but has not necessarily
established local reproductive populations. Most likely
established: frequent reports of a species’ presence are
assumed here to indicate that their populations have
become locally established. Not established: these are
states where these species have not established local
populations.

Maps of US states and territories showing areas
where Aedes aegypti and Aedes albopictus are most
likely established, areas where their presence has
been reported but likely not yet established, and
areas where these mosquitoes are most likely not
established. US states and territories with previous
dengue cases (2010-2025) are highlighted, but this
does not indicate which vector was responsible for
transmission, except in areas where we know that
only one Aedes species was established at the time. US
Census Bureau, https://www2.census.gov/geo/tiger/
GENZ2024/shp/cb_2024_us_all_500k.zip

Average (95% C.I.) number of confirmed dengue cases
per month in Puerto Rico, aggregated from 1987 to
2011.

Examples of natural and artificial containers with
water used by dengue vectors to undergo immature
development. Photos: CDC Dengue Branch, https://
phil.cdc.gov/

Siphons of Aedes and Culex larvae. CDC, https://phil.
cde.gov/

Various devices used to collect data on adult forms of
dengue vectors. Photos: CDC, https://phil.cdc.gov/

A simple early warning system to predict the risk of
an epidemic later in the year in Puerto Rico in 2010.
The frequency of cases above the epidemic threshold
for consecutive weeks early in the year predicted an an
impending epidemic.

p-25

p-35
p-39

p-78


https://www2.census.gov/geo/tiger/GENZ2024/shp/cb_2024_us_all_500k.zip
https://www2.census.gov/geo/tiger/GENZ2024/shp/cb_2024_us_all_500k.zip
https://phil.cdc.gov/
https://phil.cdc.gov/
https://phil.cdc.gov/
https://phil.cdc.gov/
https://phil.cdc.gov/

Preface

Arboviral diseases caused by dengue viruses are on the rise in the
Americas, with over 4.6 million cases (>2.5 thousand deaths) in 2023 and
13 million cases (>8 thousand deaths) in 2024. Infected people spread
the viruses between countries, facilitated by modern air transportation.
Following rises in dengue transmission elsewhere, there has been an
uptick in cases among travelers returning to the United States, resulting
inlocal outbreaks in various jurisdictions. The jurisdictions most afflicted
by dengue and other arboviruses transmitted by dengue vectors, such as
chikungunya and Zika, are the tropical US island territories, particularly
Puerto Rico and the US Virgin Islands.

Controlling dengue vectors (Aedes aegypti, Aedes albopictus, Aedes
polynesiensis) in the US and territories poses great challenges, because
these mosquito vectors are closely associated with people and human
activities. This close relationship determines the frequency of bites
and risk of arbovirus transmission. However, not all mosquito species
are the same. They vary in geographic distribution, micro-habitat,
behaviour, ecology, and vectorial capacity—all of which are important
to understand the dynamics of arbovirus transmission and vector
control. This book provides a modest account of mosquito species traits,
arbovirus transmission cycles, geographic location and transmission
risks, methods for the surveillance and control of dengue vectors, tips
about successful vector control, and key messages for dengue prevention.

The author anticipates that this book will provide valuable assistance
to a broad range of individuals who are interested in the surveillance
and control of dengue vectors in the US and territories. As the threat of
arboviral diseases persists, there will be an increasing need to recruit
additional students and professionals to address this issue. Although
efforts were made to ensure that information presented on the various
topics covered by this book is up to date, it is important to note that the
literature in this field is extensive and continuously expanding.






1. Introduction

The most common Aedes (Stegomyia) transmitted viruses (ATVs) in
the United States and unincorporated territories (American Samoa,
Guam, the Northern Mariana Islands, Puerto Rico, and the US
Virgin Islands) are dengue (DENV-1, DENV-2, DENV-3, DENV-4),
chikungunya (CHIKV), and Zika (ZIKV) viruses. The primary Aedes
mosquitoes responsible for the transmission of these arboviruses are
Aedes aegypti, Aedes albopictus, and Aedes polynesiensis. Dengue was
more widespread throughout the US during the eighteenth, nineteenth,
and early twentieth centuries, when outbreaks were reported in Texas,
Hawaii, eastern and southeastern states (Pennsylvania, South Carolina,
Alabama, Georgia, Louisiana, Missouri, Mississippi, and Florida), and
US territories (Puerto Rico, US Virgin Islands, American Samoa, Guam,
and the Northern Mariana Islands). The geographical contraction of
dengue in US states has been attributed to the increased use of screens
and air conditioning, improvements in housing, access to piped water,
and other public services (Schneider 2001, Reiter et al. 2003, Ramos et al.
2008, Van Kleef et al. 2010, Bouri et al. 2012, Anez and Rios 2013).

The total number of reported dengue cases in the US for the period
of 20102024 was 55,595, of which 41,035 were locally acquired. During
the first four months of 2025, there were a total of 1,568 accumulated
dengue cases, with 1,389 of these being locally acquired. Jurisdictions
affected were Puerto Rico (2010-2025), US Virgin Islands (2012-2017,
2019, 2024-2025), American Samoa (2016-2018), Guam (2019-2021),
Hawaii (2011, 2015-2016), Texas (2013, 2018-2020, 2023, 2024), New
York (2013), Arizona (2022), California (2023-2024), and Florida
(2010-2016, 2018-2020, 2022-2025) (CDC 2025a). Over 90% of dengue,
chikungunya, and Zika cases in the continental US were reported as
having been contracted in the Latin American region (Rosenberg et al.
2018, Adams et al. 2019).
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After the emergence of CHIKV in the Americas in 2013, outbreaks
were subsequently detected in Puerto Rico, the US Virgin Islands, and
American Samoa, with a few locally transmitted cases reported in
Florida and Texas (Adams et al. 2019). Similarly, in 2015, Zika virus was
introduced into Puerto Rico, the US Virgin Islands, and American Samoa,
with limited transmission in Florida and Texas (Adams et al. 2019). The
high prevalence of ATVs in US territories results from their favourable
tropical climate and limited use of protective measures against Aedes bites,
such as screens in windows and doors, air conditioning, and effective
Ae. aegypti control. Although ATVs have been frequently transmitted in
the southern US states of Florida and Texas, the lower number of cases
in these jurisdictions relates to improved housing conditions (Reiter et
al. 2003). In Hawaii, the lower prevalence of dengue can be explained
in part by the predominance of Ae. albopictus, a less efficient vector
(Lambrechts et al. 2010). Aedes aegypti is restricted in distribution to
parts of Hawaii Island (Effler et al. 2005, Hayes et al. 2006, Hasty et al.
2020). It is not clear if Ae. aegypti was initially involved in the dengue
outbreak on Hawaii Island in 2015-2016. The recent outbreaks recorded
in US states and territories suggest that ATVs will continue to cause
outbreaks where Ae. aegypti is present, and to a lesser extent where Ae.
albopictus is present. Models predict that both species will expand their
ranges further north in the US and southern Canada by 2100, increasing
the risk of ATV outbreaks (Khan et al. 2020).



2. Dengue Vectors

This chapter is critical for understanding and combating dengue
and other ATVs. It identifies Ae. aegypti (principal global vector), Ae.
albopictus, and potentially Ae. polynesiensis as key vectors in the US and
territories, detailing their distinct biology and behaviours. The chapter
emphasizes their life cycle, habitat preferences in natural and artificial
water containers, feeding and resting habits, and the resilience of their
desiccation-resistant eggs.

A significant point is the influence of human activities and
infrastructure on vector populations. Deficient public services and
housing conditions, along with behaviours like water storage, directly
contribute to mosquito production sites. This chapter also clarifies
vector distribution, the ecological interactions between species (such as
competition), and the challenges posed by cryptic aquatic habitats.

Furthermore, this chapter provides resources for vector identification,
crucial for surveillance. Finally, it explores the complex relationship
between ecological factors, climate events, and vector dynamics,
highlighting the need to consider these influences for effective disease
prevention. This foundational entomological knowledge is indispensable
for developing targeted and sustainable strategies to control dengue
vectors and mitigate the risk of ATV transmission.

2.1. Vector species

The medically significant vectors of ATVs in the US (Fig. 2.1) are the
container mosquitoes Aedes aegypti and Aedes albopictus; the former
species is the principal vector of dengue worldwide. Aedes albopictus is
presentin several US states, including Hawaii and the territories of Guam
and the Northern Mariana Islands. Aedes polynesiensis, a native mosquito
species to American Samoa, can transmit dengue viruses (Rosen et al.
1954), although Ae. aeqypti is the main vector on the islands (Burkot et

©2025 Roberto Barrera, CCO https://doi.org/10.11647/OBP.0472.02
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al. 2007). Another container mosquito species, Ae. mediovittatus, could
potentially transmit DENV in Puerto Rico and the US Virgin Islands,
but it has not yet been incriminated in actual dengue outbreaks (Gubler
etal. 1985).

Main dengue vectors

Aedes aegyplti: Yellow fever mosquito

o Closely associated with people

e Does not depend on the presence of
vegetation indoor / outdoor (resting,
biting, ovipositing)

e Urban/suburban/rural areas

e Greater resistance to desiccation
(eggs)

e Main dengue vector worldwide

Aedes albopictus: Asian treehole mosquito

Less dependent on people
Depends on tall vegetation
Qutdoor mosquito
Suburban/rural areas

Main dengue vector in some
areas / secondary vector
Greater cold hardiness

Better competitor in larval stage

Fig. 2.1. Main dengue vectors in the United States and territories. Photos: CDC,
public domain, https://phil.cdc.gov/

Aedes aegypti is a synanthropic (associated with humans), domestic
mosquito that originated in Africa and has since dispersed throughout
the tropical, subtropical, and temperate world by anthropogenic
(human) means such as ships and airplanes. This mosquito species has
both high vector competence (low threshold of infection, high rate of
transmission) and vector capacity (effectiveness of virus transmission
in nature) for ATVs. Aedes albopictus is originally from Asia and has
also been dispersed throughout the tropical, subtropical, and temperate
world by people (Gratz 2004). It is associated with humans, but to a
lesser extent than Ae. aegypti. Aedes albopictus is adapted to a broader
temperature range and can survive in temperate climates. Although this
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mosquito species is not as competent or capable of transmitting DENV
as Ae. aegypti (Lambrechts et al. 2010), it is still involved in dengue
transmission in some settings.

Aedes aegypti is a more efficient vector of ATVs due to its closer
association with humans than any other dengue vector. This species
is highly anthropophilic (prone to biting humans) and endophagic/
endophilic (prone to biting and resting indoors). People in urban areas
where house construction allows the free passage of mosquitoes are
at greater risk for dengue transmission. All dengue vectors oviposit
and undergo immature development (eggs, larvae, pupae) in natural
(e.g., tree holes, bamboo internodes) and artificial (e.g., water storage
vessels, discarded containers such as tires, roof gutters, etc.) water-
filled containers. In many tropical urban areas, people store water
or keep other containers with water indoors, such as flowerpots and
wash basins, which provides Ae. aegypti with a suitable environment to
sustain reproduction (refuge, mates, an aquatic habitat for immature
development, and source of blood for eggs).

Two major contributory factors to the success of Ae. aegypti are: (1)
deficiencies in the basic public services of urbanized areas—such as a
reliable piped water supply, domestic garbage pick-up, and sewerage—
that generate abundant and persistent containers with water and
food for larvae; and (2) a lack of defence against the bites of adult
mosquitoes in households and public buildings (e.g., screens on the
windows and doors of houses, schools, hospitals, churches, markets).
Human behaviour can also attract dengue vectors, for example: keeping
certain ornamental plants (e.g., bromeliads) that retain water in their
axils, watering plants that accumulate water in saucers, rooting plants
in containers with water instead of soil, leaving animal drinking pans
unattended, keeping water storage vessels such as barrels and cisterns,
and exposing containers to rain (e.g., painting trays, recyclable bottles).
Cavities in human constructions—such as fence poles, and uneven
rooftops and floors—may also attract dengue vectors.

Aedes albopictus is a less efficient vector of DENV than Ae. aegypti
because it is a peri-domestic, exophagic/exophilic mosquito (prefers
biting and resting outdoors) and although it is highly anthropophilic, it
does not rely solely on humans as sources of blood. This species instead
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bites dead-end hosts for dengue and other arboviruses, so its transmission
to humans is limited. Aedes albopictus is also highly dependent on the
presence of vegetation that is additionally associated with a variety of
vertebrate hosts. As a result, Ae. albopictus can maintain populations in or
around vegetated areas in suburban habitats (e.g., parks, cemeteries, tire
dumps). Its dependence on vegetation excludes Ae. albopictus from core
urban areas that are devoid of vegetation, found in many tropical, large
cities where Ae. aegypti is the main dengue vector (Barrera 1996).

Since its invasion in the 1980s, Aedes albopictus has become the most
common urban container mosquito in the US (Hawley 1988, Peacock et
al. 1988, Black et al. 1989, Hobbs et al. 1991, McHugh 1991, Omeara et
al. 1992, Omeara et al. 1995, Moore 1999, Kraemer et al. 2019, Khan et al.
2020). This mosquito species is currently found in much of the territory
originally occupied by Ae. aegypti in the US; however, Ae. albopictus has
extended its range further north. In urban areas where houses have
screens and air conditioning, as in most of the continental US, Ae. aeqypti
has limited access to human blood, so Ae. albopictus is more successful
because it can use alternate vertebrate hosts more efficiently. Also, lack of
indoor access to aquatic habitats (e.g., water-storage containers) exposes
Ae. aegyptilarvae to competition with Ae. albopictus for limited resources
(e.g., decaying leaf litter, micro-organisms) in outdoor containers, where
Ae. albopictus is a superior competitor (Barrera 1996, Juliano 1998). Local
species displacement has also been explained by satyrization, whereby
males of Ae. albopictus copulate with females of Ae. aegypti, reducing the
fecundity of the latter (Bargielowski and Lounibos 2015).

Aedes polynesiensis is distributed across the South Pacific Islands,
where it transmits dengue and non-periodic bancroftian filariasis
(Jachowski 1954). This mosquito readily feeds on humans outdoors,
particularly in areas with overgrown vegetation that provides shelter,
vertebrate hosts, and high humidity. The behaviour of Ae. polynesiensis is
more akin to that of Ae. albopictus than Ae. aegypti. Like the other
dengue vectors, this species uses natural (e.g., coconut shells, tree holes,
fallen leaves) and artificial containers (e.g., buckets, tires) to undergo
immature development (Jachowski 1954, Burkot et al. 2007). Other
bionomics described for this species from Samoa and American Samoa
resembled those of Ae. aegypti and Ae. albopictus, such as limited flight
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range (100m), and similarities in longevity, fecundity, diurnal activity,
host preferences, and oviposition behaviour (Jachowski 1954).

Container mosquitoes are highly resilient because their populations
have the capacity to recover from environmental disturbances such
as prolonged droughts, freezing (Ae. albopictus), or vector control
interventions. These mosquitoes have eggs that can survive on the
walls of dry containers for months, enabling them to withstand harsh
weather conditions in a quiescent or diapause state. Thus, the reduction
of larvae and adult mosquitoes through vector control operations may
temporarily abate their numbers, but unless the eggs are eliminated,
their populations quickly recover. Another important aspect of dengue
vectorsis thatthey canexploit crypticaquatic habitats thatare challenging
to locate during visual inspections, such as wells, storm drains, sumps,
roof gutters, elevated water tanks, and even septic tanks (Barrera et al.
2008). Additionally, Ae. albopictus, Ae. polynesiensis, and Ae. mediovittatus
can utilize a variety of natural containers that are difficult to locate or
treat, such as elevated tree holes and leaf axils.

2.2. Identification

All three mosquito species that can transmit ATVs in the US and
territories belong to the genus Aedes, subgenus Stegomyia (Ae. aegypti,
Ae. albopictus, Ae. polynesienesis). Morphological identification of adult
mosquitoes requires the use of a stereomicroscope, whereas identifying
larvae requires a compound microscope. Keys to identifying the larvae
of the most common container mosquitoes in the USA are available
(Farajollahi and Price 2013), as well as pictorial keys to the dengue
vectors of the world (Rueda 2004). There are additional identification
resources on the world wide web (FMEL 2025).

2.3. Biology

Mosquitoes are insects with a complex life cycle and complete
metamorphosis, with aquatic immature forms (egg, larva, pupa) and
terrestrial, flying male and female adults (Fig. 2.2). After hatching from
an egg, the larva starts feeding on organic particles and micro-organisms
suspended in the water and submerged surfaces. Larvae go through
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four stages of development that require skin moulting (I to IV instars)
and then become pupae, which is the last stage of development before
they emerge as adult mosquitoes. Larvae can complete development in
four to six days and pupae in approximately two days at 23-26 C° under
optimal feeding conditions. Pupae do not feed and tend to stay by the
surface of the water, keeping their two breathing trumpet siphons in
contact with the air. Larvae have a gas exchange siphon and must visit
the surface to breathe. Because immature mosquitoes are aquatic and
look so radically different from the terrestrial, flying adult stages which
can transmit viruses through biting, they cannot easily be identified
as the same species, and so people often struggle to grasp messages
prompting them to eliminate containers with water.

Life cycle of dengue vectors (Aedes aegypti)

Egg

—  Eggs are laid on the inner side of containers, right above the water-line — they
need to dry out and complete embryogenesis (2-4 days,

—  Eggs resist desiccation for months — an egg bank is the total number of eggs
present in all containers that could potentially hatch after being flooded by
rains or the addition of water by people (e.g., water storage, flowerpots, animal
drinking pans, watering plants, etc.)

—  Due to the absence of commercial ovicides, eggs are not currently a target for
control

—  There are four instars (I - IV) or stages of development — the larva sheds its skin
to grow to the next stage of development

— Larvae feed on particulate organic matter and micro-organisms in the water —
larval development usually takes one week at 27°C — food in containers is
usually limited, so many larvae die before completing development

— Larvae do not have resistance to desiccation — they are aquatic and breathe at
the surface of the water through a syphon at the posterior end of their bodies

A fourth instar larva molts into a pupa after completing its development

—  Pupae do not eat — it is a transitional stage where the final body of the adult
mosquito forms during 1.5 - 3 days (metamorphosis) — an adult mosquito
emerges from the pupal case

—  Like larvae, pupae breathe through trumpet-like siphons

Adult mosquito

Females need blood to develop eggs every 3-5 days
Females seek containers with water to lay their eggs
Males do not bite but suck nectar of flowers/fruits
Adult mosquitoes can live up several weeks in the field

Female mosquitoes may get dengue viruses in the blood meal - viruses
replicate for 7-12 days, and the mosquito becomes infective and can transmit
the virus the next time it bites

Fig. 2.2. Life cycle of Aedes aegypti and other dengue vectors. A: eggs, B: larva, C:
pupa, D: adult male, E: adult female. Photos: Lauren Bishop, CDC, public domain,
https://phil.cdc.gov/
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2.3.1. Eggs

The eggs of dengue vectors measure less than one millimetre
in length, are oval-shaped, black, and are very difficult to see in
natural or artificial containers (Fig. 2.2). Females place their eggs
individually on the inner surface of vessels, just above the water line,
preferably in grooves or edges where the egg remains relatively moist
and protected. After two days in a humid environment, the eggs are
‘conditioned” and ready to withstand desiccation for several months.
Hatching occurs when eggs are flooded with water introduced by rain
or human activity. Usually, only a portion of all eggs hatch at once
after being submerged in the water. A lowered oxygen concentration
causes high hatching rates.

2.3.2. Larvae

The biomass of adult mosquitoes is obtained during the larval period
in which they feed on particles and micro-organisms suspended in
the water or deposited on internal walls and on submerged objects.
Larvae and pupae of mosquitoes have no resistance to desiccation, but
they have some resistance to lack of food. For example, Ae. aegypti can
withstand complete starvation in the third instar for up to twenty-eight
days (Barrera and Medialdea 1996). Aedes albopictus can withstand
starvation for longer periods than Ae. aegypti, which partially explains
why larvae of the former species are superior competitors. In general,
resistance to starvation is characteristic of mosquitoes that use small
containers where food can become scarce from lack of external input,
such as leaf litter (Barrera and Medialdea 1996).

2.3.3. Pupae

When the fourth instar larva reaches an adequate size and age
(differentiation of tissues), it starts transforming into a pupa. This is
induced by hormonal changes that determine the timing for transition.
Mosquito pupae retain the ability of locomotion, but they do not feed.
It is a period of drastic morphological and functional changes that use
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the energy stored during the larval phase to enact transformation into
an adult mosquito. Sexual dimorphism can be observed in the pupal
stage and includes differences in size, in that females are larger than
male pupae.

2.3.4. Adults

Apart from the differences in size between males and females, there
are other characteristics that allow us to determine the sex of an adult
mosquito. The male has feathery antennae and palpi that are as long
as the length of the proboscis. As in most mosquitoes, only females are
hematophagous while males feed on the nectar of flowers and fruits.
Female adult mosquitoes can feed on blood from a wide variety of
vertebrates, without which most mosquito species could not develop
their eggs. There are some variations in the preferred vertebrate
hosts of dengue vectors, although they are all highly anthropophilic.
For example, Ae. aegypti preferentially feeds on humans but also
bites other, domestic animals (Scott et al. 1993, Barrera et al. 2012).
Less domesticated vectors of dengue, such as Ae. albopictus and Ae.
polynesiensis, show a reduced reliance on human blood, feeding on a
variety of vertebrate hosts (Jachowski 1954, Savage et al. 1993, Niebylski
et al. 1994, Richards et al. 2006). The vertebrate host preferences of
dengue vectors seem to vary according to the local composition
of hosts. For example, Ae. albopictus fed on a greater percentage of
humans (76-96%) in urban areas of Rome, Italy than in rural areas
(23-55%) where it fed more commonly and frequently on cattle and
horses (Valerio et al. 2010).

Under optimal laboratory conditions, adult Aedes mosquitoes can
survive for over a month. However, in their natural environment,
their lifespan is typically shorter, ranging from a few days to two or
three weeks (Christophers 1960, Strickman 2006, Maciel-De-Freitas et
al. 2007, Hugo et al. 2010, Degallier et al. 2012). Also, males have a
shorter lifespan than females. Several factors influence adult mosquito
survival in the wild, including temperature, humidity, access to water
and food sources (such as sugars and blood), as well as predation.
Female mosquitoes require blood to produce their eggs every three
to seven days, depending on temperature. While feeding on a viremic
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person (presence of virus in the blood), female mosquitoes ingest
arboviruses that start replicating and disseminating throughout the
body of the mosquito until they reach the salivary glands—a process
called the extrinsic incubation period, which takes three to twenty-four
days depending on temperature (Watts et al. 1987, Focks and Barrera
2007, Chan and Johansson 2012). At this point, the female mosquito is
infective, and while seeking a host for ablood meal it can pass the viruses
through its bite to people or other vertebrates. Because humans are the
only hosts that amplify dengue and other arboviruses transmitted by
container Aedes in the US, the mosquito’s preference for and access to
humans as a source of blood is a key component of the transmission
cycle of dengue viruses. An important aspect of the behaviour of
dengue vectors such as Ae. aegypti is that female mosquitoes can easily
be disrupted from feeding when they detect movement or changes
in illumination. If feeding is interrupted, a single infected mosquito
could bite several people (e.g., kids in a classroom) to complete a full
blood meal (Trpis and Hausermann 1986). All dengue vectors are
diurnal biters, although Ae. aegypti has been observed to bite at night,
particularly if there is artificial illumination (Lumsdex 1955, Barrera et
al. 1996, Mutebi et al. 2022).

2.4.5. Ecology

Mosquitoes have a complex life cycle wherein immatures are aquatic
whilst adults are terrestrial. For that reason, different ecological factors
regulate immature and adult dengue vectors throughout their life
cycle. Climatic events may influence the dynamics of dengue vectors
indirectly through their impact on the quality of public services (Fig. 2.3,
A1) and housing (A2). Public services influence the ecology of dengue
vectors because many important containers that are used for immature
development—such as discarded containers (e.g., tires), water-storage
vessels (tanks, wells, cisterns, drumes, jars), drains, leaking water meters,
and septic tanks—depend on the type and quality of services such
as domestic garbage pickup, piped water supply, and sewerage (B2)
(Barrera et al. 1993, Barrera et al. 1995). Extreme weather events such
as droughts may impact water supply (B1, B2) and stimulate individual
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water storage (B3), and in some cases this has been linked to increased
transmission of DENV (Eamchan et al. 1989). A severe drought and
administrative problems limiting the use of landfills were linked to a
dengue epidemic in Puerto Rico (Rigau-Perez et al. 1996).

(] Climate / Weather \
R
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Public Services Housing -~
A5 — S
B2 B3 ‘
:> Aquatic habitats ; F2
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{ A4 C3 Other aquatic F1
‘> Mosquito eggs C2 E1 gi%’;f;‘:
\] competitors’)
D1 \»> Larvae/pupae
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Fig. 2.3. Diagram showing dynamic aspects of the ecology of dengue vectors
that explain their abundance. Path A shows the impact of climate/weather on
both mosquito habitat and mosquitoes through their life cycle. Path B shows
how public services influence housing conditions, leading to the availability of
aquatic habitats (e.g., containers with water) for dengue vectors. Path C depicts
the production of mosquitoes and presence of other aquatic organisms in aquatic
container habitats. Path D relates to the life cycle of mosquitoes and mosquito
population processes, such as immature development, and oviposition. Path E
shows the possible influence of predators and other aquatic organisms that
influence immature states of mosquitoes. Path F shows that mosquito control can
be applied to mosquito habitats and mosquito eggs, larvae/pupae, and adults.

The impact of strong storms on vector-borne diseases seems to be
limited, despite transient increases in mosquito populations (Barrera
et al. 2019b). For example, excessive rainfall and debris from damaged
buildings and urban infrastructure following Category 4 Hurricane
Maria in 2017 led to significant surges in adult Ae. aegypti populations
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across various locations in Puerto Rico. However, these increases in
mosquito abundance did not resultin outbreaks of ATV, as the circulation
of ATVs was low during that period (Barrera et al. 2019b). Previous
observations on the impact of Category 3 Hurricane Georges in 1998
that occurred during the peak of dengue transmission in Puerto Rico
found no effect on dengue transmission, except for brief interruptions
in the reporting system (Rigau-Perez et al. 1996). The limited impact of
storms on ATV transmission is not yet well understood. One possible
explanation is that the subsequent number of containers producing
Aedes is temporarily reduced in flooded areas and in general, because
the cleansing of properties and disposal of debris by residents might
reduce the availability of containers producing mosquitoes.

Other climatic events include El Nifio Southern Oscillation (ENSO)
which recurs every two to seven years, generally bringing warmer
conditions and changes in rainfall in some areas (Ropelewski and
Halpert 1987). For example, ENSO is associated with wetter conditions
in the southeast US but drier than normal conditions in the Caribbean
and northern South America. El Nifio is generally followed by La Nina
conditions that have opposite effects on local weather, such as cooler
and wetter weather. Understanding the effects of ENSO on vector-
borne diseases is complicated, but there is evidence that it influences
the incidence of dengue, malaria, and Rift Walley fever (Anyamba et al.
2019). In Puerto Rico, a strong El Nifio during 2014-2016 was associated
with severe droughts but did not affect the local populations of Ae.
aegypti (Barrera et al. 2023). Yet, ATV cases in that study were associated
with five- to ten-month lagged values of the Oceanic El Nifio index,
drought extent, and Ae. aegypti populations. As has been observed in
other countries in the Caribbean, dengue epidemics in Puerto Rico tend
to occur in the year following the onset of strong El Nifio conditions
(Amarakoon et al. 2008, Barrera et al. 2023).

Climate has an impact on housing characteristics, which in turn
influence the ecology of dengue vectors. Houses are more inaccessible to
mosquitoes in temperate and subtropical areas due to the use of heating
and air conditioning to regulate temperature internally, as well as the
generalized use of screens. Thus, dengue vectors remain outdoors most
of the time and have less access to human blood. By contrast, houses in
most tropical countries favour natural ventilation (open windows, doors,
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eaves), which facilitates the free passage of mosquitoes, particularly
Ae. aegypti which tends to rest and bite indoors. The use of screens on
windows and doors, or any other devices blocking air circulation, are
uncommon. Thus, housing characteristics and human behaviour largely
determine the extent of vector-host contact and dengue transmission, as
reported from a study in south Texas (Reiter et al. 2003).

The geographic distribution of dengue vectors is limited by climate
and modulated by latitude, elevation, and desertic conditions. For
example, the distribution of Ae. aegypti is limited by the January 10° C
isotherm (e.g., northernmost US states), both north and south of the
Equator, and by elevations above 2,200m (Christophers 1960, Lozano-
Fuentes et al. 2012). A study on the distribution of ATV cases in relation
to elevation in sixteen countries in the Americas showed that cases
of these diseases rarely occurred above 2,000m (Watts et al. 2017).
Following timely introductions, Ae. aegypti can establish transient
populations further north in the US during the summer (Monaghan et
al. 2016), which has historically led to epidemics of yellow fever and
dengue (Shope 1991). Aedes aegypti mosquitoes are present in some
desert areas where they would not normally exist, but they thrive under
these conditions due to local water-storage practices (Hopp and Foley
2001). The northern limit of distribution of Ae. albopictus is the January
0° C isotherm or an annual mean temperature of 11° C, and transient,
summer populations can extend up to the January -5 °C isotherm; but
precise limits vary by continent depending on the average temperature
range (Mogi et al. 2012).

Intra-annual climate variability or seasonality influences the
availability of aquatic habitats (Fig. 2.3, A3) and defines the growing
and reproductive seasons (Fig. 2.3, A4-7). Seasonal changes in rainfall
and temperature affect the dynamics of dengue vectors and dengue
(Moore et al. 1978, Johansson et al. 2009, Barrera et al. 2011). A study
on the seasonality of Ae. aegypti in fifty US cities concluded that weather
conditions during winter are unsuitable for this mosquito species,
except in southern Florida and Texas (Monaghan et al. 2016). In tropical
areas where people keep containers with water, the temporal dynamics
of dengue vectors are more complex, with seasonal increases during
the rainy season and relatively steady mosquito populations even
through prolonged dry seasons (Barrera et al. 1996). Lack of natural
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or weather-mediated mosquito abatement resulting from human
behaviour (watering plants, water-storage, animal drinking pans, septic
tanks) seems to be a major contributor to dengue endemism/hyper
endemism (the cocirculation of two or more dengue virus serotypes).

The quality and quantity (Fig. 2.3, C2, D2) of aquatic habitats
in natural and artificial containers determine the number of adult
mosquitoes at a given location and time. Dengue vectors occur at a low
density due to the smaller size of their aquatic habitats that produce
fewer mosquitoes than those that develop in extensive or large bodies
of water on the ground. Small aquatic habitats tend to be overcrowded
with larvae that compete for limited resources (Fig. 2.3, D2) (Barrera
1996). Containers typically hold an egg bank (Fig. 2.3, C1) resulting
from past oviposition activity by female mosquitoes (Fig. 2.3, D3) and
may survive in the containers for several months. Eggs eventually hatch
(Fig. 2.3, D1) when they are flooded by rains or by the addition of water
by humans.

The main mortality factors of immature dengue vectors are lack
of food and desiccation. Aquatic predators (Fig. 2.3, E1) play a minor
role (copepods, other immature aquatic insects such as dragonflies and
Toxorhynchites), possibly because of the small size of containers and
their short cycles of filling and desiccation. Aquatic predators require
environments that are richer in preys and more temporally stable.
Competition with other dengue vectors occurs in areas of overlap, as has
been documented between Ae. aegypti and Ae. albopictus. Landscape and
vegetation influence the composition of aquatic habitats, characteristics
of the terrestrial environment of adult mosquitoes, and differential
distribution of dengue vectors (Rey et al. 2006, Little et al. 2011). For
example, Ae. albopictus is rarely found in the core of urban areas with
scarce vegetation where Ae. aegypti becomes the main dengue vector
species (Chan et al. 1971). Vector control measures, as will be discussed
later, can be applied directly against mosquito eggs, larvae/pupae, and
adults (Fig. 2.3, F3-5), or indirectly by improving housing and public
services (e.g., reliable piped water supply) to reduce the availability of
important aquatic habitats (e.g., water storage vessels; Fig. 2.3, F1-2).






3. Aedes Transmitted Virus (ATV)
Cycles

This chapter elucidates the distinct transmission pathways of dengue,
chikungunya, and Zika viruses. It differentiates between enzootic cycles,
primarily occurring in the forests of Southeast Asia and West Africa,
involving sylvatic Aedes mosquitoes and nonhuman primates. Humans
can become infected through bridge vectors like Ae. albopictus and Ae.
furcifer in fringe-forest or rural areas. Notably, enzootic cycles of DENV
are not evident in the Americas.

The chapter then details the urban cycle, which is similar for all ATVs.
In this cycle, domestic or peri-domestic Aedes mosquitoes transmit the
viruses to humans in urban, suburban, and rural settings. Mosquitoes
acquire the virus by feeding on infected persons, undergo an extrinsic
incubation period, and then transmit the virus to susceptible people
through their bites. The cycle can be interrupted if infected mosquitoes
bite non-amplifying hosts or immune individuals. While vertical
transmission in mosquitoes is possible, its role in urban endemicity is
unclear. Virus spread occurs locally within neighbourhoods and through
jump dispersal via infected individuals or mosquitoes to distant areas,
including through international travel, complicating control efforts and
promoting endemicity.

3.1. Enzootic cycles

Dengue viruses (DENV-1, DENV-2, DENV-3, DENV-4; Flaviviridae:
Orthoflavivirus) circulate between sylvatic mosquitoes and nonhuman
primates in the forests of Southeast Asia and West Africa (Gubler 1988,
Vasilakis etal. 2011). Vertical transmission of DENV has been documented
in wild dengue vectors in both continents (Gubler 1988). The main
mosquito vectors involved in the enzootic cycle in Southeast Asia are
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species of the Aedes niveus group, which are canopy forest mosquitoes
that feed on primates (Macaca spp., Presbytis spp.), including humans.
People may become infected in the forest but also in nearby inhabited,
rural areas through the bite of bridge vectors such as Ae. albopictus, which
are fringe-forest mosquitoes. Several mosquito vectors have been found
infected with DENV in gallery forests in Africa, such as Ae. africanus, Ae.
luteocephalus, Ae. opok, Ae. taylori, and Ae. furcifer. Various monkey species
have been found naturally infected with DENV in West Africa (Chlorocebus
sabaeus, Papio papio, Erythrocebus patas). The main bridge vector between
forested areas and humans in rural areas is Ae. furcifer. Enzootic cycles of
DENYV do not seem to occur in the Americas. Sylvatic and urban DENV
strains represent distinct genetic lineages, although both seem to cause
similar symptoms in humans (Gubler 1988, Vasilakis et al. 2011).

Chikungunya virus (CHIKYV; Togaviridae: Alphavirus) is originally
from Africa, where it circulates in forested areas between nonhuman
primates and several sylvatic Aedes mosquitoes, such as Ae. africanus,
Ae. cordellieri, Ae. dalzieli, Ae. furcifer, Ae. luteocephalus, Ae. taylori, and Ae.
vittatus (Jupp and Mclntosh 1988, Zeller et al. 2016).

Zika virus (ZIKV; Flaviviridae: Orthoflavivirus) is originally from Africa,
where it circulates between nonhuman primates and mosquitoes in forested
areas, causing periodic epizootics in primates (Musso and Gubler 2016).
ZIKV has been isolated from several sylvatic Aedes mosquitoes, mainly Ae.
africanus, Ae. luteocephalus, and Ae. furcifer-taylori (Musso and Gubler 2016).

3.2. Urban cycle

The urban cycle of all ATVs is similar, wherein the viruses are transmitted
to humans by domestic or peri-domestic mosquitoes in urban, suburban,
and rural areas (Fig. 3.1). Dengue vectors are highly anthropophilic (Fig.
3.1, D1) but they can also bite domestic or wild, peri-domestic vertebrates
(Fig. 3.1, D2). Mosquitoes acquire the virus through the blood meal taken
from infected humans (Fig. 3.1, D3), becoming infective after completion
of the extrinsic incubation period. Infected mosquitoes can then bite a
susceptible person and transmit the virus, completing the transmission
cycle (Fig. 3.1, D1). Some infected mosquitoes may bite humans that have
previously been infected with the same virus (same serotype for dengue
viruses) or may bite other vertebrates wherein the virus cannot replicate
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or survive (Fig. 3.1, D4), in which case the virus will not continue to
circulate. ATVs can also be passed vertically from infected adult female
mosquitoes to their progeny, but it is not clear whether this mechanism
of transmission actually plays a role or how important it is to maintaining
endemicity in urban areas (Adams et al. 2010). ATVs have been shown
to disseminate centripetally (radiate outwards from the initial site of
virus introduction) in the same neighbourhood and by jump dispersal in
infected people or mosquitoes to other, distant neighbourhoods within a
city (Fig. 3.1, D5) (Kan et al. 2008), or through great distances by air travel
(Luce et al. 2010). The frequent introduction of ATVs to environments
favourable for transmission complicates their control, because this
promotes virus endemicity in new environments.
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| Aedes aegypti, D2
Ae. albopictus,
Ae. polynesiensis
D3
A
Human
ATVs
movement (D& | Dengue, zika, D4 Dead-end
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international Yellow fever
travel
A
D3
D1 ,
Humans: infected,
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Fig. 3.1. Urban cycle of Aedes transmitted viruses (ATVs), showing transmission

to humans by infected mosquitoes (D1). Mosquitoes feed on vertebrates other

than people (D2). However, when infective bites go into vertebrates that do not

amplify the viruses, or into already immune persons (D4), the transmission cycle

is interrupted. Infected people infect mosquitoes during the viremic period that

continues with the transmission cycle (D3). Local and international human and
mosquito movements can export/import viruses (D5).






4. Risk of ATVsin the US and
Territories

The risk of acquiring ATVs and the need to control virus transmission
varies between geographical locations, depending on the presence and
dynamics of the vector and virus populations. US states and territories
are classified here with varying expected risks for ATV transmission. This
classification is mainly based on historical patterns of ATV transmission,
distribution of vector species, and climate. The main purpose of this
classification is to allow an initial rapid assessment of the importance of
detecting cases in the US.

Endemic/Epidemic areas (Puerto Rico, US Virgin Islands, American
Samoa) experience ongoing dengue transmission, primarily by Ae.
aegypti, with periodic epidemics. These tropical territories offer conducive
climates and housing for persistent vector and virus populations.

Non-endemic areas with elevated risk (Southern Florida, Texas,
subtropical US, California, Hawaii, Guam, Northern Mariana Islands)
harbour Ae. aegypti or Ae. albopictus and have reported local ATV
outbreaks, indicating potential for the emergence or re-emergence of
endemicity. Frequent virus introductions by travellers exacerbates this
risk. While Ae. albopictus is considered a less efficient vector, it has driven
outbreaks in some Pacific territories and Hawaii.

Non-endemic areas with lower risk (at northern latitudes) have
established Ae. albopictus populations and occasional Ae. aegypti
introductions, but widespread ATV transmission is less common. Factors
like housing infrastructure (screens, AC) and Ae. albopictus’ feeding
habits may limit transmission. Most cases are imported, although
localized transmission during warmer months is possible.

Finally, no-risk areas lack established dengue vector populations
(Alaska, many western and midwestern states, etc.), thus presenting
minimal to no risk of local ATV transmission despite occasional vector
introductions.
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This risk assessment is crucial for guiding surveillance and control
efforts across the US and territories.

4.1. Endemic/epidemic transmission via Aedes aegypti
in the tropics (Puerto Rico, US Virgin Islands, and
American Samoa)

Most documented autochthonous or locally acquired ATV cases in the US
have been transmitted by Aedes aegypti, which is the main vector worldwide.
Aedes aegypti is present in US territories where climate and housing
conditions are conducive to persistent mosquito and virus populations in
the absence of effective vector control (Fig. 4.1; Table 1). Dengue viruses
are endemic, causing periodic epidemics in several US territories, while
CHIKYV and ZIKV have not become endemic in US territories.

Dengue transmission in Puerto Rico has a long history and can be
summarized in terms of four periods: 1915-1969, with self-limited
outbreaks of one virus serotype; 1969-1980, when dengue became
endemic with the circulation of alternating, single serotypes; 1980-2015,
with hyper-endemic, simultaneous circulation of more than one virus
serotype, shortly followed by the establishment of endemic, severe
dengue (e.g., haemorrhagic manifestations); and 2016-2025 when,
following the ZIKV epidemic in 20162017, transmission was lower than
in previous years (Barrera 2010; Adams et al. 2019; CDC 2025b; PAHO
2025). The largest DENV epidemic in Puerto Rico was in 2010, when
there were 26,766 suspected dengue cases and 40 fatalities (Sharp et al.
2013). Dengue cases have been recorded in every month of the year in
Puerto Rico, although peak transmission occurs in late boreal summer
and autumn (Fig. 4.2) (Jury 2008, Johansson et al. 2009, Barrera 2010).
CHIKV and ZIKV have caused epidemics in Puerto Rico, US Virgin
Islands, and American Samoa, as explained earlier.

Dengue outbreaks have been documented in the US Virgin Islands
since 1827, with notable outbreaks occurring in the early twentieth
century, and in 1977 before dengue became endemic in the Caribbean
(Brathwaite et al. 2011). DENVs have been present in the US Virgin
Islands during most years (Rigau-Perez et al. 1994).

Dengue has also been frequently reported in American Samoa (Arima
et al. 2013, Sharp et al. 2023). A study conducted in 2010 found 95.6%
seropositivity (IgG antibodies) for dengue, suggesting that most local
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people have been exposed to dengue infections in the past (Duncombe et

al. 2013). Dengue viruses in American Samoa can be transmitted by Aedes

aegypti and the native species Aedes polynesiensis (Rosen et al. 1954), which

is also the vector of sub periodic lymphatic filariasis (Wuchereria bancrofti)
(Burkot et al. 2005). CHIKV and ZIKV caused epidemics in American
Samoa in 2014 (Aubry et al. 2015) and 2016 (Healy et al. 2016), respectively.

Table 4.1. Distribution of Aedes aegypti and Aedes albopictus in US states and

territories. Presence reported: species has been reported at some point, but has not

necessarily established local reproductive populations. Most likely established:

frequent reports of a species’ presence are assumed here to indicate that their

populations have become locally established. Not established: these are states
where these species have not established local populations.

Distribution in US
and territories

Aedes aegypti

Aedes albopictus

Presence reported

Alabama, Arizona, Arkansas,
California, Colorado, Delaware,
Florida, Georgia, Hawaii,
Illinois, Kansas, Kentucky,
Louisiana, Maryland, Michigan,
Mississippi, Nevada, Nebraska,
New Hampshire, New Jersey,
New Mexico, North Carolina,
Ohio, Oklahoma, Pennsylvania,
South Carolina, Tennessee, Texas,
Utah, Virginia, Washington DC,
Puerto Rico, US Virgin Islands,
American Samoa, Northern
Mariana Islands

Alabama, Arizona, Arkansas,
California, Colorado,
Connecticut, Delaware,

Florida, Georgia, Hawaii,

Illinois, Indiana, Iowa, Kansas,
Kentucky, Louisiana, Maryland,
Massachusetts, Michigan,
Minnesota, Mississippi,

Missouri, Nebraska, Nevada,
New Hampshire, New Jersey,
New Mexico, New York, North
Carolina, Ohio, Oklahoma,
Oregon, Pennsylvania, Rhode
Island, South Carolina, Tennessee,
Texas, Utah, Virginia, Washington,
West Virginia, Washington DC,
Guam, Northern Mariana Islands

Most likely Arizona*, California*, Florida*, Alabama, Arkansas, California*,
established Hawaii*, Louisiana, New Mexico, | Delaware, Florida*, Georgia,
Texas*, Washington DC, Puerto Hawaii*, Illinois, Indiana, Kansas,
Rico*, US Virgin Islands*, Kentucky, Louisiana, Maryland,
American Samoa* Mississippi, Missouri, New Jersey,
New York*, North Carolina, Ohio,
Oklahoma, Pennsylvania, South
Carolina, Tennessee, Texas*,
Virginia, West Virginia, Guam*,
Northern Mariana Islands
Most likely not Alaska, Colorado, Idaho, Iowa, Michigan, Minnesota, Montana,
established Nebraska, Nevada, North Dakota, Oregon, South Dakota, Utah,

Washington, Wisconsin, Wyoming

* Reported cases of Aedes transmitted viruses (2010-2024). This does not
indicate which Aedes species was responsible for virus transmission, except in
areas where only one species was present.
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Fig. 4.1. Maps of US states and territories showing areas where Aedes aegypti and
Aedes albopictus are most likely established, areas where their presence has been
reported but likely not yet established, and areas where these mosquitoes are most
likely not established. US states and territories with previous dengue cases (2010
2025) are highlighted, but this does not indicate which vector was responsible
for transmission, except in areas where we know that only one Aedes species was
established at the time. Al = Alaska, AS = American Samoa, DC = District of
Columbia, GU = Guam, HI = Hawaii, NMI = Northern Mariana Islands, PR
= Puerto Rico, and VI = US Virgin Islands. Base maps are from the US Census
Bureau, https://www2.census.gov/geo/tiger/ GENZ2024/shp /cb_2024_us_all_500k.zip.
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Fig. 4.2. Average (95% C.I.) number of confirmed dengue cases per month in
Puerto Rico, aggregated from 1987 to 2011.

4.2. Non-endemic areas with an elevated risk of ATV
emergence (Aedes aegypti/Aedes albopictus):
Tropics/subtropics

Aedes aegypti and Aedes albopictus are present in multiple US states (Fig.
4.1; Table 1). Recently, ATV outbreaks have been reported in Southern
Florida and Texas, while other states with subtropical climates are at
risk for ATV emergence due to the presence of one or both vectors. An
example is Arizona, which reported a locally acquired dengue infection
in 2022 (Kretschmer et al. 2023).

Aedes aegypti keeps persistent populations in several subtropical areas
of the continental US where climatic conditions allow it to survive the
winter, or where vectors are frequently introduced from elsewhere. It was
reported that the abundance of Ae. aegypti in northern Florida declined
after the invasion of Ae. albopictus, although the former continued to
be the most common mosquito species in urban areas (Omeara et al.
1995). A more recent assessment of the distribution of these species
in Florida showed that Ae. aegypti recovered territory once occupied
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by Ae. albopictus, possibly because Ae. aegypti developed resistance to
mating interference (Lounibos et al. 2016). The local transmission of
ATVs in Texas and Florida in recent years shows that the conditions
there are appropriate for dengue transmission by Ae. aegypti (Ramos et
al. 2008, Bouri et al. 2012, Radke et al. 2012, Murray et al. 2013). Because
dengue viruses are frequently introduced into these areas by infected
people (Clark 2008), there is risk for local circulation in the presence of
abundant Ae. aegypti populations.

Aedes albopictus has been repeatedly introduced into California since
the early 1970s (Linthicum et al. 2003, Madon et al. 2003). Overwintering
populations of Ae. albopictus were found in San Bernardino and Los
Angeles Counties in 2002, following their initial introduction as eggs
in imported lucky bamboo in 2001 (Linthicum et al. 2003). Both Ae.
aegypti and Ae. albopictus have recently invaded California, spreading
to eighty-five cities from 2011 to 2015 (Metzger et al. 2017). Genetic
analyses traced northern and southern Californian populations of Ae.
aegypti to southcentral US and southwestern US/northern Mexico,
respectively (Pless et al. 2017). Another genetic study reported that
the populations of Ae. albopictus in Los Angeles, California in 2011 are
probably descendants from an earlier invasion in 2001, which implies
that this species remained undetected for that long (Zhong et al. 2013).
Two factors are expected to limit the establishment and spread of
dengue vectors in southern California: (1) the local climate is usually
dry during the summer and rainy during the winter, thus limiting
natural mosquito productivity in rain-filled containers to the cooler part
of the year (Washburn and Hartmann 1992, Moore 1999); and (2) vector
control is well-organized throughout California, and this may have been
a factor limiting the establishment of dengue vectors. The establishment
of persistent populations of Ae. albopictus along the Mediterranean Sea
in Europe (e.g., France, Italy, Spain) shows that this species performs
well in this type of climate (Schaffner et al. 2013). Although climate is
an important factor driving the dynamics of dengue vector populations,
human activities strongly influence their presence and abundance.
For example, a study on the distribution of Ae. aegypti as a function of
sociodemographic factors in Los Angeles, CA found that lower income
neighbourhoods had a higher abundance of this mosquito, resulting
from larger backyards and abundant containers with water (Donnelly
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et al. 2020). The authors also found that the abundance of Ae. aegypti
indoors was higher in neighbourhoods with less use of window and
door screens and air conditioning.

Since dengue vectors have become established in California, any
reported cases of ATV disease should be investigated to determine
whether patients have a recent history of travel to dengue-endemic
areas or it is a case of local transmission. Dengue cases reported in these
states can be either imported or locally acquired, and although imported
dengue cases are routinely reported in many US states, the possibility
of local transmission of dengue should be investigated. Several locally
acquired dengue cases were reported in Los Angeles during 2024,
showing that conditions for local transmission exist in some areas of the
city (CDC 2025b).

Until recently, dengue had not been reported in Hawaii since 1943 /44
when both Ae. aegypti and Ae. albopictus were present (Gilbertson 1945).
Similarly, there was a dengue outbreak recorded in Guam in 1944 where
Ae. aegypti was the vector (Bailey and Bohart 1953). This species was
eliminated from Guam in the following years through vector control
efforts, but shortly thereafter Ae. albopictus invaded the islands (Reisen
and Basio 1972"). There was a report to the World Health Organization
of 1,418 suspected dengue cases in the Northern Mariana Islands in
2001, but it is not clear which mosquito vector was involved in that
outbreak (WHO, 2025). An earlier study reported the presence of Ae.
albopictus rather than Ae. aegypti in Saipan in 1991 (Mitchell et al. 1993).
Aedes albopictus is present in several US territories in the Pacific (Guam,
Northern Mariana Islands, Hawaii), where there is an increasing risk
of ATV (re-)emergence. ATVs are not currently endemic in Guam,
Northern Mariana Islands, or Hawaii, but ATVs have the potential to
cause epidemics as illustrated by the occurrence of dengue outbreaks in
Guam (2019-2021) and Hawaii (2001-2002, 2011, 2015-2016), wherein
Ae. albopictus was the vector (Effler et al. 2005, Hasty et al. 2020).

These outbreaks illustrate that although Ae. albopictus is not as
capable of acting as an epidemic vector of dengue as Ae. aegypti
(Lambrechts et al. 2010), it has driven dengue outbreaks as the main
vector. Detection of suspected cases in these islands should elicit an
investigation to determine whether the source is travellers or ongoing
local ATV transmission.
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4.3. Non-endemic areas with a lower risk of Aedes
albopictus transmission: Northern latitudes in the
mainland

The distribution of Ae. aegypti and Ae. albopictus in the US has been
reported and summarized by several authors (Hahn et al. 2017,
Kraemer et al. 2019, Monaghan et al. 2019, Khan et al. 2020). Many
records represent temporary introductions, and the surveillance of these
mosquito species has been spotty in areas where ATVs have not been
important. As a result, it is difficult to establish an accurate estimate of
distribution (Fig. 4.1; Table 1).

Up to 2016, Ae. aegypti was commonly reported in Arizona, California,
Washington DC, Florida, Louisiana, New Mexico, and Texas. Aedes
albopictus was frequently reported in Alabama, Arkansas, California,
Delaware, Florida, Georgia, Illinois, Indiana, Kansas, Kentucky, Louisiana,
Maryland, Mississippi, Missouri, New Jersey, New York, North Carolina,
Ohio, Oklahoma, Pennsylvania, South Carolina, Tennessee, Texas,
Virginia, and West Virginia (Fig. 4.1; Table 1) (Hahn et al. 2017).

The discovery of an autochthonous dengue case in Suffolk County,
New York in 2013 suggests the possibility of transient local DENV
transmission in this temperate climate state (CDC 2025b). Dengue
outbreaks were common throughout the US eastern seaboard and
Gulf states from 1827 to 1941 (Ehrenkranz et al. 1971). Aedes aegypti
was the only mosquito species involved in those outbreaks. Following
introductions to an area, this mosquito species was able to undergo
several generations during the summer in temperate parts of the US, or
persist throughout the year at lower latitudes thanks to the presence of
numerous, well-protected aquatic habitats in urban areas such as wells,
cisterns, and fire-protection barrels (Chandler 1945). Currently, Ae.
albopictus occupies much of the area originally occupied by Ae. aegypti
and the areas further north, where it has become a nuisance mosquito
with the potential to transmit ATVs.

Aedes albopictus is better adapted to persist in temperate areas
than Ae. aegypti (Hawley 1988). Based on the observation that the
distribution of Ae. albopictus in Asia is limited by the -5°C isotherm, it
was extrapolated that this species could occupy most urban areas of the
eastern US (Nawrocki and Hawley 1987). However, despite the frequent
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introduction of dengue viruses to those states by infected travellers, no
DENV transmission had been documented until 2013 (CDC 2025b).
Several factors may have prevented the occurrence of dengue outbreaks
involving Ae. albopictus in the continental US as explained earlier,
such as the use of screens in windows and doors, air conditioning, the
tendency of this mosquito species to bite a variety of other vertebrates
(diverting DENV into dead-end hosts), and the dependence of this
mosquito on vegetated areas with low human population densities
(e.g., suburban areas). Dengue cases in these states have largely been
imported, particularly during the coldest months. However, as the
locally acquired dengue case in New York has illustrated, the possibility
of local transmission during warmer months cannot be discounted.

4.4. Areas with no risk of ATVs

There are numerous states and jurisdictions in the US where dengue
vectors are absent or sporadically reported, such as Alaska, Colorado,
Idaho, Iowa, Michigan, Minnesota, Montana, Nebraska, Nevada, North
Dakota, Oregon, South Dakota, Utah, Washington, Wisconsin, and
Wyoming (Fig. 4.1; Table 1). Although no dengue vectors have established
persistent populations in these states, there is evidence of vector
introductions. For example, Ae. albopictus was found near a tire storage
facility in Ft. Lupton, Colorado in 2003, which prompted vector control
measures. This species was collected again the following year, but it was
not determined whether Ae. albopictus overwintered or if it originated
from a new introduction in 2004 (Bennett et al. 2005). Further reports of
this species in Colorado followed in 2005, 2010, and 2011. Aedes aegypti
was found in Clark County, Nevada in 2017—a mosquito population
that probably came from southern California (Pless et al. 2017). Other
introductions of Ae. aegypti into higher-latitude areas of the US have been
investigated, for example in Nebraska and Utah where it was found that
these specimens likely originated in Southcentral or southeastern US and
Tucson, Arizona, respectively (Gloria-Soria et al. 2022).






5. Dengue Vector Surveillance

This chapter underscores the necessity of monitoring Aedes mosquito
populations to understand transmission risk, detect exotic species, and
evaluate control measures. The chapter details various surveillance
methods targeting both immature (larval/pupal) and adult stages,
highlighting their strengths and limitations.

For pre-adults, larval indices and pupal surveys help to assess
infestation levels and identify productive aquatic habitats. Adult
surveillance techniques, including ovitraps, aspirators, and specialized
traps like BG-Sentinel and sticky gravid traps, monitor the virus-
transmitting female mosquitoes. This chapter emphasizes that adult
surveillance provides a more direct measure of transmission risk.

This chapter recommends an integrated approach using both
immature and adult surveillance methods. Pupal surveys inform
larval control, while adult traps directly assess transmission potential.
Furthermore, the chapter introduces virus surveillance in mosquitoes
using RT-PCR, which indicates human infection risk and helps to
pinpoint transmission foci. The vector index combines mosquito density
and infection rates for a comprehensive risk assessment.

Ultimately, this chapter equips public health professionals with
knowledge of essential tools and strategies for robust dengue vector
surveillance, enabling data-driven interventions to reduce disease
burden.

5.1. Dengue vector surveillance techniques

Vector surveillance detects the presence of and quantifies the number of
mosquitoes in space and time. This is important because it can reveal if
an area has been invaded by an exotic mosquito species, whether there
is increased risk for virus transmission, and can measure the impact of
vector control operations. It is also an essential component of ecological
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studies that investigate the influence of weather, habitat availability, and
human behaviour on vector abundance. Vector surveillance involves
the use of a technique to capture mosquito specimens, followed by the
identification and enumeration of specimens (in the field or laboratory),
recording of data, and reporting (e.g., maps).

There are three types of data gathered during vector surveillance:
the presence or absence of individuals of a particular mosquito
species, the relative abundance (e.g., mosquitoes per trap per day),
and the absolute abundance (e.g., mosquitoes per hectare) (Barrera
2016). Presence/absence data are most useful when the objective is
eliminating the mosquito from a locality, because there is no need to
count or quantify their numbers: their presence alone indicates that
the species has not been eliminated. Several vector indices that are
commonly used to gauge vector prevalence or to monitor the impact
of control measures derive from absence/presence data (e.g., House
Index). Measures of absolute population density are preferable because
they capture the actual number of mosquitoes present in each area at a
given time (e.g., five female mosquitoes per house), but with relative
density we can compare current numbers of mosquitoes with previous
or future estimates or sites (e.g., the population has doubled since the
last sampling). However, the methods for obtaining accurate measures
of absolute population density, such as mark-release-recapture
techniques, are often too time-consuming and labor-intensive to be
practical for routine mosquito surveillance in vector control programs.
Effective vector surveillance requires an understanding of the ecology
and behaviour of the vector species. For example, dengue vectors only
lay eggs and develop their immature stages in natural and artificial
containers with water (Fig. 5.1), not in (permanent or temporary) pools
of water such as puddles, ponds, margins of rivers, etc. Adult dengue
vectors are diurnal insects that are not attracted to conventional light
traps used to capture nocturnal mosquito species (e.g., Anopheles,
Culex). Surveillance techniques for adult dengue vectors have been
limited due to the complex behaviour of these mosquitoes in response
to visual, tactile, and chemical cues. For example, Ae. aegypti prefers
biting out-of-sight on ankles and elbows to avoid humans’ defensive
behaviour.
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Aquatic habitats of dengue vectors

Water-storage Discarded
containers (barrels,  containers (tires,
jars, tanks, cisterns)  trash, junk)

Utensils (pails,
tarps; paint trays)

Ornamental Recreational objects
(fountains, plant  (plastic pools, toys,

Animal
drinking pans

Natural containers Open/broken Water meters
(treeholes, septic tanks / storm drains
bromeliads)

Fig. 5.1. Examples of natural and artificial containers with water used by dengue
vectors to undergo immature development. Photos: CDC Dengue Branch,
https://phil.cdc.gov/

The advent of new and effective traps to capture dengue vectors in
their adult stages promises to advance our knowledge on the ecology
and control of these mosquitoes and the viruses that they transmit.
Traditional vector surveillance based on immature stages has many
limitations, such as requiring intensive labour and fieldwork.
Additionally, larval surveillance is less accurate and useful in estimating
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risk than monitoring adult mosquitoes (Focks 2003). Yet, immature
surveillance is needed to understand the types of and productivity
of aquatic habitats producing dengue vectors, so that more efficient,
targeted control measures can be applied to productive containers.
The lack of effective tools for monitoring dengue vector populations,
along with the lack of clearly defined targets to assess the impact of
vector control operations, may have contributed to the limited success
in controlling DENV transmission worldwide.

5.2. Pre-adult mosquito surveillance

In general, it is easier to find the larvae of Ae. aegypti than Ae. albopictus
or Ae. polynesiensis. Aedes aegypti is more likely to oviposit in artificial
containers filled with water, while Ae. albopictus and Ae. polynesiensis
more frequently utilize natural containers such as tree holes or plant
axils as oviposition sites. Furthermore, there are urban areas containing
cryptic aquatic habitats (e.g., wells, storm drains, sumps, roof gutters,
septic tanks, elevated water tanks, service manholes) which can produce
even more mosquitoes than containers that humans can identify
visually (Kay et al. 2000, Montgomery and Ritchie 2002, Russell et al.
2002, Gonzalez Obando et al. 2007, Barrera et al. 2008, Pilger et al. 2011,
Manrique-Saide et al. 2013). The presence of cryptic aquatic habitats for
dengue vectors can only be confidently ruled out if the number of adults
has significantly diminished after the control of mosquito production in
containers that could be visually located (Barrera et al. 2008). Thus, the
evaluation of vector control operations targeting immature mosquitoes
cannot solely rely on monitoring their impact on immatures. Rather, it
must include an evaluation of the impact of control measures on the
adult mosquito population (e.g., before and after control).

Surveillance of immature mosquitoes relies on visual inspections of
indoor and outdoor water-holding containers in buildings to check for
the presence of mosquitoes at immature stages. The equipment needed
to conduct immature surveillance consists of flashlights and mirrors to
examine the interior of containers, and tools to examine the water and to
collect mosquitoes (pan, sieve, washing bottle, suction devices to collect
larvae and pupae such as a dropper or turkey basters, dippers, vials, or
plastic collection bags, etc.). Large containers, such as tanks and water
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barrels, are sampled using sweep nets (Tun-Lin et al. 1995, Romero-Vivas
etal. 2002). Inspections of underground aquatic habitats—such as wells,
cisterns, and septic tanks—require the use of special devices to sample
the immature stages (e.g., miniature floating funnel traps (Harrison et
al. 1982, Kay et al. 1992, Russell and Kay 1999, Burke et al. 2010) or the
adults emerging from such habitats when it is not possible to sample the
immatures (e.g., adult emergence trap) (Barrera et al. 2008). Compound
microscopes are required to identify container Aedes larvae and pupae.
Some morphological and behavioural differences exist between the
larvae and pupae of Aedes and other common mosquitoes inhabiting
containers, such as Culex species. Experienced people can distinguish
between these genera using bare sight. For example, the syphons of
Culex species are longer than those of Aedes, and the larvae and pupae
of Culex move faster and at wider angles than Aedes pupae (Fig. 5.2).

Siphons of the larvae of Aedes and
Culex

Fig. 5.2. Siphons of Aedes and Culex larvae. CDC, public domain,
https://phil.cdc.gov/


https://phil.cdc.gov/

36 Surveillance and Control of Dengue Vectors in the US and Territories

The abundance and types of containers (Fig. 5.1) available to Aedes
species need to be determined for each locality (e.g., neighbourhood), so
that vector control interventions can target the most productive aquatic
habitats. For example, if the most prevalent water-holding containers
are discarded objects (tires, cans, etc.) on patios and lawns, it would
make the most sense to emphasize source reduction efforts. This can be
achieved by inspecting buildings and public areas in search of containers
holding water and immature mosquitoes. It has been shown that the
most productive type of container locally can be identified by inspecting
less than 200 houses per neighbourhood (Barrera et al. 2006a).

5.2.1. Larval surveys (Stegomyia indices)

5.2.1.1. Single-larva surveys

In this type or survey, every water-holding container located in every
inspected property is recorded and classified as positive if it contains
immature mosquitoes, or otherwise classified as negative (Sheppard et
al. 1969). A single larva per positive container is collected (usually in a
vial or Whirl-Pak) and transported to the laboratory for identification.
This type of survey provides data on the presence or absence of each
mosquito species, and enables calculation of the House Index (HI:
percentage of houses with at least one positive container), Container
Index (CI: percentage of all containers with water that are positive),
and Breteau Index (BL: number of positive containers per 100 houses
(Connor and Monroe 1923, WHO 2009). Data from single-larva surveys
do not provide information about the co-occurrence of mosquito species
(e.g., Ae. aegypti and Ae. albopictus). These surveys can cover a larger area
than regular surveys where all immature mosquitoes are enumerated
and identified. This approach also allows the participation of personnel
without training in immature mosquito identification, as they only need
to collect and transport the specimens to the laboratory.

5.2.1.2. Immature surveys

These surveys involve examining all or most immature mosquitoes
found in every container and recording whether they are positive or
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negative. The same container indices are calculated as before. In areas
where Ae. aegypti is the only dengue vector, or if there is no interest
in discerning between Ae. aegypti and Ae. albopictus, health inspectors
that have been trained to recognize the larvae and pupae of these
species simply record whether the container is positive or negative for
Aedes (Stegomyia) species, without having to identify all the immature
specimens found. The sample size needed for a reliable assessment of
immature Aedes infestation (e.g., HI) depends on the percentage of
houses that are positive. Generally, the lower the infestation, the larger
the sample size (number of houses) needed. For example, in a locality
with 1000 houses, if the HI is less than 1% then 258 randomly selected
houses will need to be inspected; whereas if the HI is greater than 5%,
only 57 houses will require inspection (PAHO 1994).

5.2.1.3. Threshold indicators for dengue transmission based on
larval surveys

It has been suggested that localities with a House Index of <5% (Soper
1967), a Container Index of <10% (Connor and Monroe 1923), or a
Breteau Index of <5 (Brown 1977b) are protected from yellow fever
epidemics. A study in Brazil showed suppression of dengue transmission
when the HI was less than 1% (Pontes et al. 2000). Some caution should
be taken when interpreting these indices. ‘One should not [...] predicate
a critical index for a town as a whole’ (Carter 1931). The reason why
average values for towns are not used is that there may be areas within a
town with higher indices where ATV circulation may occur.

5.2.2. Pupal surveys

5.2.2.1. Pupal demographic surveys

Pupal demographic surveys are based on the assumption that pupal
productivity (pupae per person per unit time) is a better proxy for adult
productivity than traditional indices (HI, CI, and BI) or larval counts
(Focks 2003). Pupal populations of Aedes are highly correlated with the
number of larvae and adults, and pupal counts can be used to estimate
absolute pupal population density (e.g., pupae per hectare).
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Pupal surveys are necessary to gain an understanding of what
types of containers produce most of the adult Aedes mosquitoes, so
that interventions can target those containers (Focks and Chadee 1997,
Nathan and Focks 2006). Because pupae tend to aggregate such that
most containers have (almost) no pupae and a few containers have many
pupae, pupal surveys must sample many houses and containers to obtain
a reliable estimation (Reuben et al. 1978, Barrera et al. 2006b). However,
several methods have been devised to reduce the required sample size for
pupal surveys (Alexander et al. 2006, Barrera et al. 2006a, Barrera 2009).

Conducting pupal surveys is like conducting larval surveys
(household inspections), but only Aedes (Stegomyia) pupae are identified
and counted. In the process of collecting pupae, immature indices can
also be derived from presence/absence data as explained earlier. When
there is more than one Aedes species in the area, the pupae are typically
identified under a stereoscope or, alternatively, from their adult forms
allowed to emerge in a controlled cage.

5.2.22. Threshold indicators for dengue transmission based on pupal surveys
and conditions for dengue transmission

Among the relevant applications of this technique is the potential to
determine threshold values of pupae per person, above which dengue
outbreaks might occur. For example, models have revealed that it would
take between 0.5 and 1.5 Ae. aegypti pupae per person to sustain dengue
virus transmission at 28° C in a human population with 0-67% immunity
to dengue (Focks et al. 2000). Controlled field validation of thresholds
for dengue transmission based on pupal surveys has not been conducted.

5.3. Adult mosquito surveillance

Estimating the population of adult dengue vectors at a specific time and
locality is important for understanding the ecological factors that affect
mosquito populations, such as weather conditions, and how those factors
relate to ATV transmission. It is also useful to evaluate the impact of
control interventions. There are several innovations that enable reliable
estimations of adult dengue vectors, contributing to a better understanding
of their ecology and control. The following sections cover the various
methods currently used to track adult dengue vector populations.
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5.3.1. Oviposition surveys

Oviposition surveys take advantage of the fact that gravid Aedes females lay
their eggs in artificial containers. Oviposition cups or ovitraps (Fig. 5.3) can
be used to detect the presence or absence of gravid females (Fay and Eliason
1966, Reiter et al. 1991, Mackay et al. 2013). Ovitraps are small metal, glass,
or plastic containers, usually of a dark colour, containing water and a rough
substrate where female mosquitoes lay their eggs (wood, germination
paper, cloth, cross-linked polyacrylamide) (Barrera et al. 2013a). Ovitraps
can be made more attractive to mosquitoes with grass or tree leaf infusions
instead of just water. Ovitraps should not be left unattended in the field for
more than one week because they could start producing adult mosquitoes.
These oviposition surveys can produce data on the percentage of ovitraps
with eggs (positive) and the number of eggs per ovitrap.

Devices to sample dengue vector populations

Electro-mechanical
aspirators

CDC Autocidal gravid
ovitrap (AGO trap)

BG-Sentinel® trap

Fig. 5.3. Various devices used to collect data on adult forms of dengue vectors.
Photos: CDC, public domain, https://phil.cdc.gov/
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Ovitraps are inexpensive, easy to deploy, and non-invasive, as they can
be placed on the exterior of houses or properties without the need for
entry. Counting the eggs requires training and a stereoscope, particularly
when there is debris on the ovipositing surfaces. Collected eggs need to
be hatched in the laboratory to grow the larvae until they become adults
for identification purposes. This is particularly critical if more than one
Aedes species is present.

As discussed earlier, ovitraps compete at a disadvantage with
naturally occurring aquatic habitats which may be more attractive
to ovipositing females, so ovitrap data may not accurately reflect the
density of gravid females. Also, the values obtained following source
reduction (removal of containers producing mosquitoes during control
operations) might be erratic, because most extant females would find
fewer water-holding containers and so would concentrate more eggs in
the ovitraps (Focks 2003).

In general, fewer than 100 ovitraps are needed to obtain a reliable
statistical estimate of the percentage of positive ovitraps, which serves as
an indicator of the presence or abundance of mosquito species in urban
areas, such as a large neighborhood (Mogi et al. 1990). Sampling sites
using ovitraps, as with other mosquito traps, should not be too close
together, for surveillance purposes to avoid data redundancy (two or
more ovitraps reflecting the same, correlated data). As a rule of thumb,
sampling sites should be 150-200m apart, assuming that such a distance
is the average flight range of Aedes adults. Also, it has been shown that
adults of Ae. aegypti cluster up to 30m from houses (Getis et al. 2003),
so sampling sites with ovitraps should be placed at a further distance
apart than that. Typically, one or more ovitraps should be placed per
city block. Ovitraps are also useful for collecting Aedes specimens for
laboratory assays, such as for insecticide resistance assays because eggs
can be easily transported and stored for further analyses.

Another tool that can be used to monitor ovipositing female
mosquitoes is the larvitrap. A larvitrap is a container like an ovitrap
where female mosquitoes lay their eggs (e.g., a section of a tire, bamboo
vase, cup) (Pena et al. 2004, Cox et al. 2007), which are then stimulated
to hatch (through topping with water every week) so that developing
larvae can be collected, enumerated, and identified within a week.
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5.3.2. Adult mosquito surveys

5.3.2.1. Landing counts

Capturing female Aedes mosquitoes as they approach a human subject
to bite is a highly effective technique for detecting and quantifying
dengue vectors. Due to the absence of prophylactics against arbovirus
infections, personnel engaged in capturing Ae. aegypti mosquitoes
may face exposure to infective bites. Consequently, it is imperative to
refrain from using this capture technique in areas where arbovirus
transmission is known to occur. Other limitations of this technique are
the labour involved and the variable ability of personnel to attract and
collect specimens. Landing mosquitoes are collected using hand nets
or aspirators. A tent trap has been developed to collect dengue vectors
using human bait to protect collectors from mosquito bites (Casas-
Martinez et al. 2013).

5.3.2.2. Mosquito aspirators

Mouth and electromechanical aspirators are used to collect resting
mosquitoes indoors and outdoors. Mouth aspirators are not
recommended for use due to the risk of aspirating pathogens that may
be present on surfaces, some of which can be fatal. Electro-mechanical
aspirators are safer and more efficient (Fig. 5.3) (Hayes et al. 1967, Clark
etal. 1994, Vazquez-Prokopec et al. 2009). Electro-mechanical aspirators
are particularly useful in collecting Ae. aegypti because they are ‘indoor’
mosquitoes, and the data from this collection technique can be used to
infer mosquito density per unit area (per house, master bedroom, etc.).
Sampling indoors is commonly standardized. For instance, aspiration
might occur for 10-15 minutes per house. However, since aspirating
mosquitoes indoors for 10 minutes only captures a small proportion of
all mosquitoes, a correction factor has been proposed to estimate the
total numbers of adult Ae. aegypti inside a house (Koyoc-Carderfia et al.
2019). The collection of adult dengue vectors outdoors is more difficult
to standardize to produce comparable results. A major limitation of
this useful technique is that it is labour intensive and requires trained
personnel. This technique has been used to determine the impact of
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vector control interventions (Barrera et al. 2008). Since the number of
adult mosquitoes per house largely varies, this technique requires the
sampling of many houses in a short period of time (e.g., 200 houses per
neighbourhood).

5.3.2.3. Passive, gravid female mosquito traps

There are several recently developed traps for collecting dengue vectors
that use similar principles of attraction to ovitraps to lure and capture
gravid females. These traps use either a funnel to prevent captured
mosquitoes from leaving the trap (Gomes et al. 2007, Eiras et al. 2014)
or a sticky glue board (Chadee and Ritchie 2010, Mackay et al. 2013,
Barrera et al. 2014b). Sticky trap and ovitrap samples tend to be highly
correlated, but some sticky traps have greater sensitivity at detecting
dengue vectors than ovitraps (Facchinelli et al. 2007, Mackay et al.
2013). The required sample size to attain a reliable precision has been
calculated for some of the sticky traps, showing that relatively few
traps are required to obtain reliable estimations (Facchinelli et al. 2007,
Mackay et al. 2013). Captures of female Ae. aegypti in CDC sticky gravid
ovitraps (Fig. 5.3, CDC Autocidal Gravid Ovitraps; AGO traps) and
BG-Sentinel traps are significantly correlated. The advantage of passive
gravid traps is that they are considerably cheaper and easier to operate
(Barrera et al. 2014b). Another important aspect of monitoring gravid
females of Ae. aegypti is that they may be infected, because in order to
produce eggs, they must have taken at least one blood meal. Several
studies have used AGO traps to monitor the presence of arboviruses
in Ae. aegypti (Barrera et al. 2017, Barrera et al. 2019a). The presence of
arboviruses in Ae. aegypti also indicates their presence in nearby infected
humans, because this mosquito does not fly very far.

5.3.24. Electro-mechanical traps

Adult dengue vector mosquitoes are not often captured efficiently by the
most used mosquito traps, such as the CDC miniature light trap, CDC
gravid trap, or New Jersey types of traps. There are several fan-operated
traps designed to capture Ae. aegypti adults, which take advantage of
the propensity of this species to be attracted to dark objects (Fay 1968,
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Fay and Prince 1970, Wilton and Kloter 1985, Freier and Francy 1991).
The Fay-Prince trap has been the most widely used trap, but it is heavy
and bulky, making it difficult to use in sufficient numbers to achieve a
reliable estimation of mosquito density.

A smaller electro-mechanical trap that uses principles of visual
attraction similar to the Fay-Prince traps (white and black colour contrast)
is commercially available and has the advantage of being collapsible
and light in weight (Fig. 5.3, BG-Sentinel trap; Biogents, Regensburg,
Germany) (Krockel et al. 2006). BG-Sentinel traps have been shown to
be more effective at capturing Ae. aegypti than CDC backpack aspirators,
and they also collect adult females in a wider range of physiological
states (Maciel-de-Freitas et al. 2006, Williams et al. 2006, Ball and Ritchie
2010). These traps are also effective for collecting Ae. albopictus (Meeraus
et al. 2008, Bhalala and Arias 2009, Farajollahi et al. 2009, Obenauer et
al. 2010) and Ae. polynesiensis (Schmaedick et al. 2008). BG traps have
been used to monitor the impact of vector control measures (Chambers
et al. 2009, Rapley et al. 2009, Azil et al. 2011, Barrera et al. 2014b)
and to investigate the spatial distribution and seasonal fluctuations of
container-inhabiting mosquitoes (Azil et al. 2010, Barrera 2011, Barrera
etal. 2011, Mercer et al. 2012). BG traps can be used with lures (e.g., COZ,
BG-Lure) to increase captures of dengue vectors. The use of octenol, an
attractant for some mosquitoes, was found to decrease the number of
Ae. aegypti in BG traps (Barrera et al. 2013b). Yields and trap sensitivity
for Ae. aegypti and Ae. mediovittatus in BG traps were increased when a
black outer cover was used instead of the original white one (Fig. 5.3)
(Barrera et al. 2013b). Similar results were obtained using black BG traps
to capture Ae. albopictus in Mauritius (Iyaloo et al. 2017). Eventually, the
body of the BG trap was changed from white to dark blue. Williams et
al. (2007) provided guidance on the number of original BG traps that
should be deployed in order to attain reliable estimations of Ae. aegypti
in Australia.

5.3.2.5. Threshold indicators for dengue transmission based on adult
mosquitoes and conditions for dengue transmission

Several works have provided observational data on transmission
thresholds based on ovitraps and sticky ovitraps. Significant correlations
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were calculated between ovitrap data and dengue incidence with time
lags of up to fourteen weeks in Taiwan (Wu et al. 2013). Ovitrap data
have been found to be correlated with weather and dengue incidence
in Puerto Rico (Barrera et al. 2011). There were no cases of dengue
haemorrhagic fever in Thailand when the density of eggs per ovitraps
exposed in the field for five days was between two and fifteen (Mogi et al.
1990). Sticky ovitraps have been used for Ae. aegypti surveillance during
a dengue outbreak in Australia, indicating that a density of two or more
females per trap per week was associated with dengue cases, whereas a
density of less than one female per trap per week was a safe level (Ritchie
et al. 2004). Densities lower than three female Ae. aegypti per AGO trap
per week have been shown to protect against CHIKV transmission in
Puerto Rico (Sharp et al. 2019). Capturing three female Ae. aegypti per
AGO trap per week was found to be equivalent to capturing one female
per black BG trap per day (Barrera et al. 2013b). Having a well-defined
mosquito density threshold provides vector control programmes with
a target that relates to protection against local outbreaks of arboviruses
transmitted by dengue vectors. The increasing availability and use of
traps to capture adult dengue vectors will increase our knowledge on
minimal mosquito densities required to prevent arbovirus transmission.

5.4. Dengue vector surveillance recommendations

Dengue vector surveillance has relied on the use of immature indices
because it was very difficult to monitor the adult dengue vector
population until recently. With the advent of the newer traps for
adult Aedes (BG, sticky gravid traps), it is now possible to track the
individuals that actually transmit ATVs: the female adult mosquitoes.
These tools will most likely facilitate the evaluation of the impact of
control measures and the establishment of entomological indicators of
the risk of ATV transmission. BG-Sentinel traps are useful to perform
relatively quick evaluations of changes in dengue vectors, such as before
and after focal mosquito control. BG traps need to be placed in protected
areas to avoid being vandalized or having their batteries stolen. Passive
Aedes gravid traps are relatively inexpensive, sturdy, and less likely to be
vandalized. They are more amenable for deployment in large numbers
because they do not require power or frequent visits and are easier to
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operate. In addition to the use of adult traps, ovitraps have a role to play
as surveillance tools with vector control programmes because they can
be deployed in relatively large numbers and well-designed protocols
can inform of the presence or absence of dengue vectors.

Immature surveys, and particularly pupal surveys, are needed to
understand container productivity and to show the types of immature
control measures that would be best adapted to the local ecology of
dengue vectors. Monitoring population changes based on immature
mosquitoes is time consuming and there is a risk of excluding cryptic,
highly productive containers. The evaluation of immature vector control
measures should involve monitoring changes in both the pupal and
adult mosquito populations. In some instances, significant reductions
in pupae have been observed with no change in the adult mosquito
population, which indicates that key productive containers were missed
(Barrera et al. 2008).

In cases where the objective is vector elimination, mosquito
surveillance can concentrate on detecting the presence or absence
of dengue vectors. As mosquitoes become scarcer due to vector
elimination measures, they also become more difficult to detect. This
calls for enhanced adult mosquito surveillance using the most sensitive
types of traps available. Because BG-traps capture nulliparous, recently
emerged adults, they serve as indicators of nearby aquatic habitats. On
the other hand, deploying many more passive, sticky gravid traps and
even ovitraps allows more widespread, continuous monitoring of the
presence or absence of dengue vectors. Detection of adult mosquitoes
should prompt a search for the containers producing them.

5.5. Virus surveillance in mosquitoes

Virological surveillance in mosquitoes is an important component of
vector management programmes because it can indicate the threat
of human infection and can be extrapolated to assess the impact of
control measures. In arboviral systems such as West Nile Virus (WNV)
that have zoonotic cycles, viruses circulate between wild vertebrates
and mosquitoes, and virological surveillance in mosquitoes has been
useful to predict the imminent risk of spillover to humans (Kilpatrick
and Pape 2013). Because urban dengue viruses circulate only between
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mosquitoes and people, infected mosquitoes and people are bound
to co-vary. In some cases, increases in mosquito infection rates have
been found to precede outbreaks or heightened transmission of DENV
(Chow et al. 1998, Mendez et al. 2006), but not in other cases (Chen
et al. 2010). Variations in collection techniques (backpack aspirators,
sweep nets, traps, human bait), sample sizes, times of the year, and
human population immunity make it difficult to compare mosquito
infection rates.

Reported infection rates of Ae. aegypti vary depending on where
and when mosquitoes are captured. When mosquitoes are collected at
places with known ATV cases or high-risk areas, infection rates (IRs)
can be higher (1.8-57 per thousand) (Chow et al. 1998, Urdaneta et
al. 2005, Garcia-Rejon et al. 2008) than in places randomly or semi-
randomly sampled (0.6-2.3 per thousand) (Halstead et al. 1969, Chung
and Pang 2002, Mendez et al. 2006, Chen et al. 2010, Barrera et al. 2019a).
Thus, finding ATV-infected mosquitoes early in the transmission
season would necessitate trapping many mosquitoes. Because dengue
vectors are usually low-density mosquitoes, many sites would need to
be simultaneously sampled in a short period of time to collect enough
mosquitoes for dengue virus detection. A useful description of the
prevalence of ATVs in dengue vectors is the vector index (VI) that
reflects the expected number of infected mosquitoes, which is obtained
by multiplying the infection rate by the average density of dengue
vectors (Jones et al. 2011, Barrera et al. 2019a).

Monitoring dengue viruses in mosquitoes is useful to establish
the likely places where humans are being infected, which is difficult
to establish by other means. For example, DENV-infected Ae. aegypti
mosquitoes were found in eleven of twenty-four schools investigated in
Mexico (Garcia-Rejon et al. 2011), which underscored the importance
of these sites for the transmission of DENV in the Yucatan Peninsula.
Entomo-virological surveillance of Ae. aegypti and Ae. albopictus detected
the presence of ZIKV in the absence of human cases in Mexico, which
prompted vector control actions (Huerta et al. 2017). Furthermore,
ATV cases that would not have been reported to the epidemiological
surveillance system were discovered in Foz do Iguagu City, Brazil
through active serological surveillance of symptomatic cases around
mosquito sampling sites following the detection of ATVs in Ae. aegypti
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(Leandro et al. 2022). Entomo-virological surveillance in dengue vectors
can complement epidemiological surveillance for ATV cases, given that
community transmission may go unnoticed for some time using passive
surveillance systems (Teixeira et al. 2002, Radke et al. 2012, Rowe et al.
2023). Non-endemic urban areas with established vector populations and
a large influx of tourists or travellers from dengue-endemic areas may
benefit from conducting periodic surveillance of ATV in mosquitoes. A
comparison of virological surveillance in Ae. aegypti and humans during
a ZIKV epidemic concluded that entomo-virological surveillance is
useful to monitor epidemic activity when human surveillance is limited
or when transmission intensity is low (Madewell et al. 2019).

The best method for detecting ATVs in mosquitoes will depend upon
the resources available, laboratory facilities, and staff expertise. Reliable
testing of specimens is an important aspect of surveillance programmes.
The timeliness of this process should be stressed to alert public health
officials to potential virus transmission. Currently, the most reliable
technique used to detect ATVs in mosquitoes is reverse transcriptase
(RT)-polymerase chain reaction (PCR). A Trioplex real-time RT-PCR
assay can now detect viral RNAs of DENV, CHIKYV, and ZIKV (Santiago
etal. 2013, Santiago et al. 2018). Assays based on RT-PCR have the added
ability to detect specific DENV serotypes. The number of PCR runs
needed to detect RNA of these arboviruses can be substantially reduced
by using a super pool approach. For example, aliquots or subsamples of
each of ten pools are mixed in one super pool and tested. If the super
pool is positive, then each of the ten pools are tested individually. On
the contrary, if the super pool was negative, then no more testing is
required. Because most mosquito pools will be negative due to the very
small infection rates, the super pool approach can save resources and
time, allowing more pools to be tested.

Viral RNA of DENVs has been detected using RT-PCR in inoculated
mosquitoes that were exposed to sticky surfaces, mimicking mosquitoes
captured in sticky traps under tropical field conditions for several
weeks, showing that it is not necessary to restrict testing on frozen or
freshly captured specimens (Bangs et al. 2007). It was shown that under
laboratory conditions, ZIKV can be detected using RT-PCR in desiccated
Ae. aegypti mosquitoes for up to thirty days (Burkhalter and Savage
2017). Another study under laboratory conditions (28°C, RH 80 + 5%)
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showed the potential to detect RNA of CHIKV using RT-PCR in Ae.
aegypti placed on sticky tape for up to twelve weeks (Mavale et al. 2012).
These results help to simplify entomo-virological surveillance efforts in
locations where neither dry ice nor liquid nitrogen are readily available.
However, if the task is to cultivate the virus for complete identification
(e.g., genomic sequencing) rather than testing fragmented pieces of viral
RNA, then collected mosquitoes should be handled following a cold
chain protocol ensuring that specimens are kept frozen until analysis.

Rapid detection test devices are alternatives to laboratory-based
assays that are useful for testing mosquitoes while in the field. Similar
devices have been useful in detecting West Nile virus in pools of
mosquitoes (Burkhalter et al. 2006, Sutherland and Nasci 2007). Dengue
non-structural protein 1 (NS1) kits have proven to be useful in situations
where laboratory testing is unavailable (Tan et al. 2011, Muller et al.
2012, Voge et al. 2013). A more recent development uses isothermal
technique recombinase polymerase amplification lateral flow detection
(RT-RPA/LFD), which allows identification of the four DENV serotypes
(Ahmed et al. 2022).



6. Dengue Vector Control

Vector control is implemented in several situations: to eliminate a dengue
vector species that has invaded a new area and prevent its spread; to
contain an ATV that may spread following its introduction to an area
(through travel, for example); to prevent outbreaks in regions where
dengue vectors are already established; and to manage impending or
declared dengue epidemics.

Effective vector control requires an integrated vector management
programme. This programme trains vector control personnel, implements
vector control activities, maintains and analyses data, produces reports,
and is responsible for the efficacy of these activities. It also coordinates
inter-governmental and agency collaboration, maintains liaisons with
nongovernmental organizations, recommends policies and legislation,
and develops educational materials for the public.

The programme should be directed by a doctoral-level professional
or somebody with equivalent experience (entomologist/biologist/
ecologist), with the capacity to manage all aspects of the programme
whilst supported by a high-level administrator. The programme should
have doctoral and master-level personnel responsible for training control
personnel, supervising control activities in the field, and conducting
operational research and evaluation activities, such as testing novel
vector control tools. Field personnel (supervisors, inspectors) to
carry out vector surveillance and control should be based within the
regions (districts, municipalities). Other key personnel include health
educators to develop educational and training materials for vector
control professionals and the public/communities, promote community
participation in vector control activities, maintain intra- and inter-agency
collaboration and coordination, and interact with the press.

This chapter details strategies for effective dengue vector control.
Success depends on the quality of the control agent, efficiency of the
delivery system, coverage, and impact evaluation, considering the
resilience of Aedes mosquitoes.

©2025 Roberto Barrera, CCO https://doi.org/10.11647/OBP.0472.06
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Pre-adult control targets aquatic habitats, where immature
mosquitoes develop, through environmental management (eliminating
containers) and larvicides (bio-rational options like Bti and Spinosad,
insect growth regulators, and monomolecular films). Biological control
uses aquatic predators. In order to evaluate the success of pre-adult
control, both immature and adult populations should be monitored.

Adult control involves chemical methods like residual insecticide
spraying (indoor/outdoor spraying, barrier treatments) and space
spraying. Mosquito traps employ ‘pull’ strategies, such as ovitraps/
gravid traps (sticky, insecticide-treated, or larvicide-containing) or
attractive toxic sugar baits (ATSBs). Mass trapping with gravid traps
shows promise in reducing vector populations and disease transmission,
contingent on trap efficacy and coverage.

Effective vector control necessitates an integrated approach targeting
all life stages, with community involvement and continuous evaluation,
due to the adaptability of dengue vectors. The selection of appropriate
methods depends on the local ecology of vectors and the specific goals of
the control programme.

6.1. Integrated, area-wide vector control vs focal control

Area-wide vector control is the management of the mosquito population
in a whole target area, or controlling the mosquito population to
levels where ATV transmission is either prevented or interrupted.
Implementing control measures to an adequate spatial extentis necessary
to substantially reduce the mosquito population. This involves applying
control measures to entire neighbourhoods. This type of control can be
used to eliminate an introduced dengue vector species, and to prevent
and control ATV outbreaks.

Focal control is commonly used in response to complaints of unusual
mosquito activity, to contain dengue transmission in and around areas
with known cases of ATVs (e.g., 100m around the index house)—either
because there is an ongoing outbreak or because ATVs have been newly
introduced to the area. One limitation of focal vector control during
outbreaks is that most dengue infections are asymptomatic (Endy et al.
2011, Asish et al. 2023) and difficult to detect in passive surveillance
systems (based on symptomatic people seen and reported by physicians).
If a large proportion of asymptomatic infections are not detected and
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located, this means that focal treatments would only address a small
proportion of places with ongoing infections. Additionally, because the
place of infection is usually unknown and thus registered as the domicile
of the patient, conducting focal control around the patient’s home might
be unnecessary. During an epidemic, when there are large numbers of
detected and reported cases, vector control programmes may not have
enough resources to conduct focal control everywhere. Focal control of
dengue transmission may be effective if it is applied soon after a new
ATV is introduced and detected (Ritchie 2005).

6.2. Elements of successful vector control

There are four key aspects of successful vector control to be considered:
control agent, delivery system, coverage, and evaluation of impact.

The control agent is used to kill the mosquitoes (e.g., pesticides,
predators, traps), suppress their reproductive potential (e.g., sterile
insect technique), or both (e.g., autocidal gravid traps). The effectiveness
of a control agent against local dengue vectors needs to be verified (e.g.,
no insecticide resistance). Ideally, the longer a control agent acts (e.g.,
longer than the period of egg quiescence, mosquito generational time)
without losing effectiveness (e.g., 100% lethality) the better, because it
reduces the costs and necessary frequency of re-applications.

The delivery system is how the control agent reaches the target
mosquitoes. For example, non-residual adulticides applied from trucks
or aircrafts will eliminate outdoor, flying mosquitoes in the absence
of insecticide resistance, if applied at the right time of the day. If most
mosquitoes rest indoors, then applying insecticides outdoors is bound
to have a limited impact (Reiter and Gubler 1997). In such cases, indoor
spraying of insecticides is more effective, as has been reported in Iquitos,
Peru (Reiner et al. 2019). To spray insecticides efficiently, spraying
equipment must be calibrated, and personnel must be properly trained
and supervised. In control approaches that release modified adult
mosquitoes—such as the sterile insect technique (SIT), other types of
genetically modified mosquitoes (GMM), Wolbachia suppression or
replacement, etc.—the released specimens act as the control agent and the
delivery system. Thus, releasing healthy, locally adapted adult mosquitoes
at proper times of the day to ensure maximal survival and dispersal is key
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to success. Other vector control approaches that need efficient delivery
systems to be effective at controlling mosquitoes involve mass trapping
using a variety of means to attract and kill mosquitoes (autodissemination
stations containing toxicants or biological control agents, attractive toxic
bait stations, sticky gravid traps, etc.) (Barrera 2015a).

The coverage of control measures refers to the fraction of the
mosquito population that is exposed to or impacted by the control
agent, which does not always directly correspond to how thoroughly
the control agent was delivered. For example, a whole neighbourhood
can be space-sprayed using truck-mounted equipment with an
effective insecticide and yet the target might be missed because indoor
mosquitoes are not being impacted. However, the same methodology
may be effective if applied in areas where mosquitoes are restricted
to the outdoors, such as in most of the continental US where houses
are screened and have air conditioning. One example of a theoretically
efficient mode of delivering effective control agents which is not always
successful in practice is house-to-house inspections to remove aquatic
habitats and apply larvicides. This is because cryptic aquatic habitats
might not be located and treated. In this case, even if all the houses in
a neighbourhood were visited (which rarely happens), the impact of
this control approach would be limited because a large fraction of the
mosquito population was missed.

Every control measure or set of control measures needs to be
evaluated, validated, and adapted to the local conditions of vector
control programmes, preferably establishing the level of reduction
achieved. For introduced vector or virus elimination programmes, the
objective being evaluated is clear: there should not be any mosquitoes
left. If the purpose of vector control is disease prevention or control, then
the level of vector suppression achieved should result in a measurable
decline of new virus infections.

Dengue vectors are highly resilient, with the capacity to quickly
recover from population disturbances that impact vector abundance,
such as vector control and droughts. This is mainly because their
eggs remain viable for many months in their containers, so the total
elimination of adults, larvae, and pupae at once does not prevent the
area from being recolonized later by dormant/diapausing eggs. Another
important aspect of the biology of dengue vectors is that they are
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adapted to thrive at low population densities. It has been shown that Ae.
aegypti success is density-dependent, in that the population can achieve
its maximum reproductive potential at low densities and therefore
quickly recover from disturbances (Agudelo-Silva and Spielman 1984).
For these reasons, the evaluation of vector control measures needs to
consider the methodology of longitudinal experimental designs where
vector responses are evaluated over time (Fitzmaurice et al. 2011).

Integrated vector control involves the use of two or more control
agents, ideally targeting all stages of development (immature and
adult mosquitoes) (PAHO 2019). The delivery system in integrated
vector control requires community involvement, including residents,
community/civic organizations, and government agencies, particularly
at the county and district levels. An example of integrated vector control
would be conducting door-to-door inspections of houses and public areas
to eliminate discarded containers, treat essential containers with larvicides,
and apply residual insecticides on surfaces where mosquitoes are expected
to land (indoor/outdoor, on and around containers). This activity should
always be preceded by planned communication efforts to inform the
community about the objectives and importance of mosquito control, and
what it is expected from them. Local civic organizations and governments
are expected to collaborate in facilitating access to properties, collecting
discarded containers, etc. Integrated, area-wide control of Ae. albopictus
was explored in two areas of New Jersey and significant reductions in the
mosquito populations were found, which varied in effectiveness between
urban and sub-urban areas (Fonseca et al. 2013).

6.3. Control of pre-adult mosquitoes

6.3.1. Identification of productive containers and design of
container-specific control measures

An important step in any dengue vector control operation is identifying
the types, abundance, and productivity of containers producing
mosquitoes, taking into account that container composition or types
may vary among locations. Each type of container requires specific
control measures that depend on the nature of the container and how



54 Surveillance and Control of Dengue Vectors in the US and Territories

it is used. There are five general types of containers producing dengue
vectors:

1. Cavities in plants or parts of plants that accumulate water
(tree holes, leaf axils of plants, etc.). For example, leaf axils
of staple (e.g., taro, banana) and ornamental plants (e.g.,
bromeliads) can be locally abundant and can produce Ae.
polynesiensis and Ae. albopictus. Interestingly, Aedes aegypti also
uses leaf axils of ornamental bromeliads in Florida (Hribar
and Whiteside 2010), which has been explained as a recent
adaptation resulting from intensive mosquito control in
artificial containers (Wilke et al. 2018).

2. Non-essential or disposable containers (discarded food and
drink containers, used tires, broken appliances, etc.). What
constitutes a disposable or non-essential container depends on
the owner and their habits (e.g., hoarding tendencies).

3. Useful containers (water-storage vessels, potted plants and
trivets, animal drinking pans, paint trays, toys, pails, etc.).

4. Cavities in structures (fence poles, broken bricks, uneven
floors and roofs, roof gutters, air-conditioning trays, etc.).

5. Underground containers (service vessels in public areas such
as storms drains, utility vaults, leaking water meters, wells,
and broken/open septic tanks).

6.3.2. Control measures against immature mosquitoes

6.3.2.1. Environmental management

Whenever possible, permanent means of eliminating containers
producing dengue vectors should be pursued. For example, establishing
reliable supplies of piped water, having domestic garbage pickup and
recycling programmes (for glass, metal, plastic, broken appliances,
etc.), regulated the recycling of used tires (e.g. retaining replaced tires
at the shop and shipping them away to recycling plants), and replacing
septic tanks with sewerage.



6. Dengue Vector Control 55

Environmental sanitation works at two levels: household and
community. Residents should be made aware of the life cycle of dengue
vectors and how they as individuals can contribute to mosquito
elimination: keeping tidy yards, servicing water-storage containers
(with brushes, detergent, or bleach) and keeping them tightly closed,
keeping plants in soil rather than water, servicing animal drinking pans
and flower pots every week, keeping roof gutters clear of debris and
water, and keeping septic tanks sealed or screened. At the community
level (e.g., neighbourhood or district), the following services should be
organized: pick-up and disposal of solid waste (including large items/
junk), recycling programmes (tire, trash), reliable supply of potable
water, removal of artificial containers in public areas (alongside streams,
abandoned lots, tire piles, etc.), planting ornamental trees that do not
form cavities where water accumulates, and educating gardeners/
landscape contractors/landlords/other maintenance personnel on the
life cycle and control of container mosquitoes.

6.3.2.2. Ovicides/Larvicides

There are no commercial ovicides against dengue vectors. Eggs would
not be so much of a problem if larvicides lasting as long as viable eggs
were used, because in this case hatching larvae would be exposed to
lethal dosages of the larvicide. This key concept of control was employed
during the eradication campaign of Ae. aegypti in the Americas when
containers were sprayed with DDT: an insecticide with residual action
lasting for months (Camargo 1967). An effective ovicide and larvicide
can be easily made from a mixture of household bleach (Jacups et al.
2013a) and a thickening agent (Barrera et al. 2004, Mackay et al. 2015).
However, like any other pesticide, household bleach would require
approval from the Environmental Protection Agency (EPA) for use as a
larvicide/ovicide in the US and territories.

There are several larvicides or inhibitors of adult mosquito emergence
that can be used to control mosquito production in containers:

e Bio-rational larvicides or bio-pesticides. These larvicides
have little or no impact on non-target organisms, do not
accumulate in the environment, and are useful in managing
dengue vector populations.
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o Bacillus thuringiensis israelensis or Bti. This is a bacterial

larvicide that is highly specific for controlling mosquito
larvae. Upon ingestion, parasporal crystal delta-endotoxins
disrupt the larva’s midgut epithelium membrane, causing
death (Gill et al. 1992). Field applications of Bti to control
dengue vectors have shown effectiveness for two to four
weeks (Boyce et al. 2013). Field tests of two formulations
of Bti showed 100% efficacy against Ae. albopictus for three
weeks (Farajollahi et al. 2013). Various formulations of
this larvicide can be applied by hand or using backpack,
truck-mounted, or aerial mist sprayers (Jacups et al. 2013b,
Pruszynski et al. 2017, Stoddard 2018).

Spinosad. This bio-pesticide is derived from the soil
actinomycete Saccharopolyspora spinosa whose active
ingredients, spinosyn A and D, cause involuntary
muscle contractions that result in paralysis, fatigue, and
death of mosquito larvae. This pesticide has a unique
mode of action that makes it a valuable asset in the
control of immature mosquitoes (Salgado 1998). A
study conducted in a tire dump in Mexico showed that
spinosad (DT formulation) was effective for ninety days
(Garza-Robledo et al. 2011).

Insect Growth Regulators (IGRs). These bio-rational
insecticides interfere with physiological processes,
and their effects are expressed some time after their
application, during growth and development (e.g.,
moulting, metamorphosis). For this reason, the impact of
these compounds is assessed by their capacity to inhibit
the emergence of adult mosquitoes, whereas ordinary
larvicides are expected to act directly on larval survival.
At sublethal dosages, some adult mosquitoes emerge, but
there may be delayed effects, lowering adult mosquito
fecundity and reproduction (Mulla 1995).

B Juvenile hormone analogues. These products mimic
the insect juvenile hormone that regulates immature
mosquito growth and differentiation. An excess of
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exogenous, synthetic hormone analogues can therefore

partially or totally inhibit metamorphosis, leading to the

retention of old epidermal structures in the next instar.

O

S-methoprene. This IGR is highly effective against
dengue vectors, has low toxicity, and poses little
risk to humans and other non-target species, with
the exception of estuarine invertebrates (EPA
2025a, Braga et al. 2005). S-methoprene has been
delivered as ultra-low volume (ULV) truck spray
targeting aquatic habitats of Ae. albopictus, causing
significant reductions in the number of mosquito
adults (Bibbs et al. 2018).

Pyriproxyfen. This juvenoid inhibits the emergence
of adult dengue vectors, at very low doses.
Numerous studies have investigated pyriproxyfen as
a control agent against dengue vectors using manual
application, ULV spraying and thermal fogging, bed
nets, and candles among other modes of delivery,
with varying success (Hustedt et al. 2020).

Chitin synthesis inhibitors. These products inhibit

cuticle deposition, killing larvae during ecdysis

(moulting) or in the pupal or adult stage.

a

Diflubenzuron. This chitin synthesis inhibitor has
been shown to have potential for the control of Ae.
albopictus in Florida (Ali et al. 1995). Like other IGRs,
diflubenzuron has low mammalian toxicity and little
effect on non-target organisms. A tablet formulation
of diflubenzuron provided 90-100% inhibition of
Ae. aegypti emergence for ten weeks under semi field
conditions (Saleh et al. 2013).

Novaluron. Tests conducted in clay jars and
pails in Thailand showed adequate control of Ae.
aegypti after ninety days of this treatment (Mulla
et al. 2003). Novaluron inhibited the emergence of
temephos-resistant Ae. aegypti for several weeks in
simulated field conditions in Brazil (temephos is
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Larvicides and IGRs have been used in ovitraps and gravid traps to
increase the safety of these devices by preventing the production of
mosquitoes inside the traps. Results from a study in Puerto Rico showed
that the attraction of Ae. aegypti to AGO traps was not altered by the use
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an organophosphate insecticide extensively used
as a larvicide to which Ae. aegypti has developed
resistance in many countries; Fontoura et al
2012). These researchers found reduced activity of
novaluron in containers exposed to the sun. The
impact of novaluron on the mortality of immature
Ae. aegypti and Ae. albopictus has been demonstrated
under field conditions using the product in autocidal
gravid ovitraps (AGO traps) that were placed
inside and outside homes in Gampaha, Sri Lanka
(Withanage et al. 2020).

e Monomolecular films and oils. These products spread on the

surface of water, forming a thin film that can cause immature
mosquitoes to suffocate by preventing gas exchange. One
advantage of these products over others is that they can
kill both mosquito larvae and pupae. Monomolecular films
are biodegradable and are relatively safe for non-target
invertebrates and vertebrates (Nayar and Ali 2003). Because
these products kill immatures by physical rather than
chemical means, they are not expected to cause the evolution
of resistance and could be used as complementary, non-
chemical control agents for the management of insecticide
resistance. A combination of a monomolecular film and
methoprene has been shown to cause a 95% reduction in
adult Ae. albopictus emergence in the field for thirty-two days
(Nelder et al. 2010). Monomolecular films are used along
with Bti to control immature Ae. aegypti in the Florida Keys,
because unlike Bti, monomolecular films can kill pupae
(Hribar et al. 2022).

of Bti, spinosad, nor novaluron (Acevedo et al. 2021).
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6.3.2.3. Biological control

The use of aquatic predators to control immature dengue vectors faces
several limitations. Natural and artificial containers are typically small
habitats with limited external supplies of organic matter coming from
decaying plant materials, occasional drowned insects, and resulting
micro-organisms that do not support a diverse community of aquatic
predators. Due to their small size, these habitats also suffer frequent
disturbances, such as desiccation, which prevent the accumulation of
predators.

Several invertebrate and vertebrate predators have been used
to control immature dengue vectors, mainly cyclopoid copepods,
Toxorhynchites mosquitoes, dragonfly nymphs, larvivorous fish, and
turtles. Copepods are tiny crustaceans present in many types of aquatic
habitats, including natural and artificial containers, for as long as
they can last without drying out. Several copepod species are efficient
predators of early instars of mosquitoes, particularly of container
Aedes species (Marten and Reid 2007). Copepods have been used
within integrated, combined vertical and horizontal community-based
control programmes in Vietnam, which achieved local elimination of
Ae. aegypti by a combination of source reduction, container recycling,
and seeding copepods in water-storage containers (Nam et al. 1998).
This methodology was later expanded and Ae. aegypti and Ae. albopictus
were eliminated from many communes where dengue transmission was
reported to cease (Kay and Nam 2005). Sustained, local elimination of
Ae. albopictus in tire piles was also achieved in Louisiana using copepods
(Marten 1990).

The larvae of Toxorhynchites spp. mosquitoes prey upon larvae of other
mosquitoes and aquatic insects, and the adults are not hematophagous;
they only feed on flower and fruit nectars. These predatory mosquitoes
are also container mosquitoes (tree holes, bamboo internodes, and
artificial containers), like dengue vectors. These mosquitoes are easy to
rear in the laboratory and have been used to control dengue vectors on
numerous occasions (Focks 2007). One important limitation for using
Toxorhynchites as a control agent is that their adults are limited to areas
with shade and vegetation where they overlap with Ae. aegypti and Ae.



60 Surveillance and Control of Dengue Vectors in the US and Territories

albopictus, and would not be effective in the core of urban areas without
vegetation or shade, where Ae. aegypti is the main container mosquito.

Dragonfly larvae are aquatic predators that can be used as biological
control agents against several immature mosquito species including Ae.
aegypti, Ae. albopictus, and Culex quinquefasciatus (Sebastian et al. 1990,
Ramlee and Mohd 2022).

Larvivorous fish are also commonly used predators to control
dengue vectors, particularly in large containers that do not frequently
desiccate, such as water tanks, cisterns, ornamental fountains, etc.
Species of larvivorous fish used for mosquito control should be native,
have a preference for mosquito larvae, and be adaptable to confined
spaces (Chandra et al 2008). Biological control agents are suited for
use in community participation programmes because these agents
require human care to survive in the containers in which they are
seeded. An example is the Monte Verde project in Honduras, which
integrated copepods, turtles, tilapia fish, and larvicides in a community
participation project that showed effectiveness against Ae. aegypti
(Marten et al. 2022).

6.3.3. Evaluation of the effectiveness of pre-adult
mosquito control

The effectiveness of pre-adult mosquito controls applied in the field is
usually assessed by comparing the presence/absence or abundance
of immatures in treated containers before and after treatment, or by
comparing with untreated areas (Chadee 2009). In the latter case,
it is advised to conduct preliminary surveys to quantitatively select
comparable sites. Although it is necessary to verify controls acting at
immature stages, the goal is to determine the impact of control measures
on the adult, biting mosquito population. Thus, in addition to immature
surveillance, it is necessary to determine the level of reduction in female
adult mosquitoes (Barrera et al. 2008). This is particularly important if
there are highly productive, cryptic aquatic habitats that were not located
and impacted (Pilger et al. 2011). If there are cryptic aquatic habitats
producing dengue vectors, assessing immature reduction only in those
containers that can be visually located will lead the efficacy of control
measures to be overestimated, placing the human population at risk.
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0.4. Control of adult dengue vectors

6.4.1. Chemical control

The chemical control of adult mosquitoes must assure contact between
the insecticide and adult dengue vectors by: (1) using certain surfaces
sprayed with residual insecticides where mosquitoes are expected to
land; (2) actively diffusing small droplets of concentrated insecticide
in the air, so that they impact the body of the mosquito while flying or
resting; and (3) delivering insecticides to adult mosquitoes via ingestion
of toxic baits, as presented later in relation to their use in trap devices.

Residual insecticides should be used on surfaces that adult
mosquitoes frequently visitand land on, such as dark walls, closets, under
furniture, in containers with water and adjacent surfaces, vegetation,
and other outdoor resting sites. Indoor residual spraying (IRS) is more
appropriate for controlling Ae. aegypti in areas where this species rests
indoors, encompassing dengue-endemic areas. IRS applied to entire
walls, ceilings, and furniture is not commonly used by vector control
programmes in the US to control dengue vectors. Targeted IRS against
Ae. aegypti, which involves applying a residual insecticide only on wall
surfaces below 1.5m and under furniture, showed similar effectiveness
to classic IRS in Mexico (Dunbar et al. 2019). The effectiveness of indoor
or outdoor residual insecticide spraying against dengue vectors would
benefit from more knowledge about their resting sites (Facchinelli et
al. 2023). The Pan American Health Organization (PAHO) released
updated guidelines for the control of Ae. aegypti in urban areas using
indoor residual spraying (PAHO 2019).

Residual insecticide impregnated materials such as curtains and covers
for water storage vessels have been investigated as tools to reduce Ae.
aegypti populations (Kroeger et al. 2006, Vanlerberghe et al. 2011, Lorono-
Pino et al. 2013). Covers for water barrels impregnated with a residual
insecticide (DDT) were first used in Guam in 1945 (Bailey and Bohart
1953). Insecticide treated screening (ITS), which consists in screening
a house using insecticide-treated screens, showed high effectiveness at
reducing the indoor population of Ae. aegypti in Mexico (Manrique-Saide
et al. 2021). Another type of device using residual insecticides is lethal
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ovitraps, where a strip with insecticide is placed as a landing surface for
females seeking a place to lay eggs (Perich et al. 2003).

The barrier spraying of residual insecticides on external walls of
houses and vegetation has been used effectively to reduce exposure
to exophilic mosquito species (Anderson et al. 1991, Perich et al.
1993, Cilek 2008), including Ae. albopictus (Trout et al. 2007). Because
dengue vectors in the continental US are mostly exophilic mosquitoes,
it is likely that barrier treatments can also have significant effects on
Ae. aegypti. The impact of barrier spraying residual insecticides on Ae.
aegypti has not been explored in tropical areas where this mosquito is
predominantly endophilic, but because this mosquito must regularly
visit the peri-domestic environment in search of containers for egg
laying, this technique might still prove useful.

Insecticides can also be space-sprayed with backpack-, truck-, or
aircraft- mounted equipment. However, space spraying insecticides
from the streets or air has been ineffective for controlling Ae. aegypti
in dengue-endemic areas where this mosquito predominantly rests
indoors (Reiter and Gubler 1997). The main reason for failure is that the
insecticide droplets do not reach the concealed sites where this mosquito
rests, such as closets, behind furniture, etc. When applied inside the
home, insecticides can be effective in temporarily reducing adult Ae.
aegypti numbers (Perich et al. 1992, Mani et al. 2005). However, this is
not practical in many countries due to difficulties gaining access to the
interior of homes. Space spraying using truck-mounted equipment and
a novel adulticide caused significant reductions in the number of adult
Ae. albopictus in New Jersey even when applied at night (Farajollahi et al.
2012). This method could also be useful for temporary reductions of Ae.
aegypti in CONUS given that this mosquito species is mainly an outdoor
species because the indoor environment is protected with screens.

6.4.2. Mosquito traps

Three main strategies to control dengue vectors with traps are: (1)
pull (attract/kill), which refers to the strategy whereby mosquitoes
are drawn to containers for oviposition (such as ovitraps and gravid
traps) and are subsequently eliminated through various methods; (2)
push (repel) — pull (attract/kill) consists in repelling adult mosquitoes
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from indoor environments while capturing those that are repelled
using adult traps placed around the property; and (3) pull (attract/
contaminate/infect) — push (fly away), which involves attracting adult
mosquitoes without eliminating them—instead, the mosquitoes become
contaminated or infected with an insect pathogen upon contact with the
device. Afterward, the mosquitoes fly away, potentially interacting with
other adult mosquitoes (e.g., during mating) or aquatic habitats (e.g.,
for oviposition), and so the contaminant or pathogen is anticipated to
reduce the population of immature mosquitoes (Barrera 2022).

Pull (attract/kill)

Two main approaches are used in this category: (1) attracting gravid
females to containers with water and other attractants (ovitraps/
gravid traps), in which the females are eliminated; and (2) attracting
mosquitoes to sugar bait stations where they ingest a lethal dose of a
toxicant (attractive toxic sugar baits: ATSBs).

There are at least three types of mosquito ovitraps that have been
developed and tested for the purpose of controlling Ae. aegypti: sticky
gravid ovitraps (Ritchie et al. 2003, Ritchie 2005, Chadee and Ritchie
2010, Mackay et al. 2013, Barrera et al. 2014a, Barrera et al. 2014b, Barrera
et al. 2017, Barrera et al. 2019a, Barrera et al. 2019¢, Juarez et al. 2021,
Barrera 2022), residual-insecticide impregnated ovitraps (Perich et al.
2003), and standard ovitraps treated with larvicides (Regis et al. 2008).
Ovitraps are dark containers with water and some sort of oviposition
attractant. Female mosquitoes are lured into these traps by decomposing
organic materials such as hay or dry tree leaves. Insecticidal ovitraps are
not recommended because they can worsen the already existing problem
of insecticide resistance in dengue vectors (Johnson et al. 2018). Small
ovitraps need to be attended weekly to avoid producing mosquitoes,
although ovitraps can contain certain larvicides (Bti, spinosad), insect
growth regulators (S-methoprene, novaluron), or yeast interfering-
RNA that do not discourage oviposition (Acevedo et al. 2021, Hapairai
etal. 2021, Barrera 2022). One shortcoming of small ovitraps is that they
can be toppled by wind and animals.

Sticky ovitraps have the advantage of not using pesticides, so
they are a useful alternative for controlling dengue vectors in areas
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with insecticide resistance, or they can be used in conjunction with
insecticidal measures. The continuous use of mass trapping with AGO
traps for several years did not cause behavioural avoidance in Ae. aegypti
in Puerto Rico. Several studies have showed the effectiveness of mass-
trapping with gravid traps in reducing: Ae. aegypti numbers (Barrera et
al. 2019¢, Ong et al. 2020, Juarez et al. 2021), infected mosquitoes (Barrera
etal. 2019a), and human infections with CHIKV (50%) (Sharp et al. 2019)
and DENV (36%) (Ong et al. 2020). Mass-trapping can also significantly
decrease the density of Ae. aeqypti around a target building (Barrera et
al. 2018). Mass-trapping gravid females of Ae. aegypti: (1) reduces the
number of biting mosquitos most likely to be infected because, to have
become gravid, females must have taken a blood meal which could have
been infective; (2) shortens the average longevity of the biting mosquito
population, which may also reduce their chances to become infective; and
(3) reduces the fecundity of the population (Lega et al. 2020).

The effectiveness of mass mosquito trapping depends on several
factors such as trap efficiency in attracting and retaining gravid female
mosquitoes, deploying the correct number of traps per unit area or
building (e.g., three traps per home), achieving wide areal coverage
(e.g., over 60% of houses in a neighbourhood), long servicing periods
to refresh the traps—depending on the size and capacity of the trap to
retain water and attractants (e.g., several weeks/months)—timely and
thorough trap servicing, and acceptance from the community (Barrera
2022). It is also important to use electronic devices and GIS software to
collect data, update the location and condition of the traps, and conduct
quality control. Given that mass trapping requires many traps to be
deployed, it is necessary to have a system to monitor their location and
status, because broken traps could produce mosquitoes if left unattended.
Mass-trapping, like other dengue vector control approaches, benefits
from community involvement (Johnson et al. 2018).

Attractive toxic sugar baits (ATSB) lure and kill dengue vectors either
when sprayed on vegetation or when used as a component of a bait
station (Barrera 2022). Several toxicants have been used in ATSB, such as
clove oil, garlic oil, boric acid, fipronil, and ribonucleic acid interference
or RNAi, among others (Xue et al. 2008, Mysore et al. 2020). ATSBs
have been shown to reduce adult populations of Ae. albopictus in Florida
(Naranjo et al. 2013, Revay et al. 2014). Evidence is being collected to
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determine if these toxic baits would work against Ae. aegypti in tropical
urban areas, because it has been reported that females of this species do
not commonly consume sugars (Costero et al. 1998). However, a study in
Bamako, Mali showed effective control of Ae. aegypti after vegetation was
sprayed with a formulation of micro-encapsulated garlic oil (Sissoko et
al. 2019). Another study conducted under laboratory and limited field
trials showed that adults of Ae. aegypti can be attracted using a visual
cue and killed using a dry ATSB in Machala, Ecuador (Sippy et al. 2020).

Push (repel) — pull (attract/kill)

This approach uses a spatial repellent such as transfluthrin (a volatile
synthetic pyrethroid) to create a space that prevents mosquitoes from
entering or staying (i.e., pushing them away) in the protected area, and
uses traps to capture adult mosquitoes in the periphery of the house (i.e.,
pulling them). It has been reported that the push component worked
better at protecting people than the push/pull combination against Ae.
aegypti (Tambwe et al. 2020, 2021). Although repellence is involved,
the volatile insecticide seems to interfere with the normal behaviour of
the mosquito (e.g., biting, flying) or kill it at high concentrations. The
impact of a commercially available spatial emanator placed in houses
to control DENV and ZIKV transmission was evaluated using a cluster
randomized trial in Iquitos, Peru (Morrison et al. 2022). This study
reported reductions in ATV infections (34.1%), Ae. aegypti abundance
(28.6%), and mosquito blood-feeding rates (12.4%).

Pull (attract/contaminate/infect) - push (fly away)

This approach involves attracting adult mosquitoes to an auto-
dissemination device where the mosquitoes are contaminated with a
product, which is then passed on to other adult mosquitoes (e.g., through
mating) or to aquatic habitats (e.g., through oviposition). The most
commonly used product in auto-disseminating devices is pyriproxyfen,
as described earlier: an insect growth regulator that inhibits the
immature development of mosquitos at very low dosages. Results of
field trials on the effectiveness of this approach report mixed results. A
long-term study aiming to use this approach to control Ae. albopictus in
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New Jersey neighbourhoods did not result in effective mosquito control
(Unlu et al. 2020). A cluster randomized trial conducted in Brazil to
control Ae. aegypti reported significant reductions of adult mosquitoes
but no changes in the number of eggs/ovitrap or trap positivity (Garcia
et al. 2020). This approach, like other emerging technologies to control
dengue vectors, will need to be assessed based on its impact on ATV
transmission (Barrera 2022).

The World Health Organization put together guidelines for the efficient
testing of traps to control dengue vectors and disease transmission
(WHO 2018). This publication offers guidance through the development
and testing processes, covering laboratory studies, small-scale field
testing, large-scale entomological field trials, and community trials of
impact on disease.

0.4.3. Biological control of adult mosquitoes

The biological control of adult mosquitoes uses living organisms to
reduce the populations of mosquito vectors to levels below the threshold
for the transmission of pathogens to humans or other vertebrates. It
may also involve modifying the capacity of the mosquito population to
transmit ATVs rather than reducing their numbers.

e Entomopathogenic fungi. Metarhizium anisoplise and
Beauveria bassiana are being explored as biocontrol agents
against dengue vectors. Mosquitoes attracted to surfaces
bearing fungus conidia become infected by tarsal contact,
enabling spores to attach and penetrate the cuticle, grow, and
produce toxins that kill the mosquito. The longevity of adult
Ae. aegypti and Ae. albopictus infected with M. anisopliae can
be significantly reduced (Scholte et al. 2007). Reducing the
longevity of female mosquitoes can significantly decrease
virus transmission, because the viruses might not have enough
time to disseminate and reach the salivary glands (extrinsic
incubation period) that would render the mosquito infectious
(Knols et al. 2010).

e Geneticallymodified mosquitoes (GMM).Therearetwobasic
approaches to control vectors through genetic modification:
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(1) population suppression to reduce or eliminate the local
vector population by suppressing their reproductive capacity,
and (2) population replacement to eliminate the capacity
of the mosquitoes to transmit a pathogen. In the first case,
males are released into the environment to copulate with wild
females and act as sterilizing agents, so that no viable progeny
is produced or, if viable progeny develops, the mosquitoes die
before reproducing. This approach requires sustained releases
until the population is brought under control or eliminated
(self-limited method). Classical sterile insect technique (SIT)
using irradiated, sterile males falls into this category (Bellini
et al. 2013). Another example is the patented, genetically
modified Ae. aeqypti carrying a dominant lethal gene (RIDL)
that is currently being tested in the field (phase 3: staged
open field releases) as a strategy for population suppression
in several countries (Wise de Valdez et al. 2011, Alphey
et al. 2013). RIDL males carrying the genetic modification
mate with wild females, and the progeny carry a gene that
expresses in late larval instars and causes death in the absence
of tetracycline. The second approach involves introducing a
genetic modification that is sustained within the mosquito
population, usually aimed at making the mosquitoes resistant
to pathogen transmission. This approach is said to be self-
sustaining, and the idea is to replace a vector population with
a non-vector population of the same mosquito species (Franz
etal. 2014).

Endosymbiont bacteria. This control approach involves using
certain strains of Wolbachia endosymbiont bacteria. Some Aedes
species such as Ae. albopictus naturally carry these bacteria,
whereas Ae. aegypti does not. In the latter case, transfection has
been conducted to produce Ae. aegypti’s infected strains. There
are two main approaches being tested in a similar way as with
GMM: population suppression and population replacement.

o In the first approach, infected males are released to mate
with wild females, and due to their induced cytoplasmic
incompatibility there is no fertile progeny. This method
necessitates that no females are released along with males,
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because mating between Wolbachia-infected males and
females would produce viable progeny infected with the
bacteria, leading to the establishment of the introduced
strain with Wolbachia. If that happens, then the initial
suppression approach would no longer be viable. This
control method has been tested with Ae. aeqypti, as well as
with Ae. albopictus and Ae. polynesiensis (O’Connor et al.
2012). Advances in the mass production of dengue vectors
have made it possible to release millions of male Ae. aegypti
adults in a single week (Crawford et al. 2020). A pilot study
conducted in three neighbourhoods of Fresno, California
released 14.4 million male Ae. aegypti, causing a reduction
of 95% of the mosquito population (Crawford et al. 2020).
Another study conducted in South Miami, Florida showed
a maximum suppression of adult Ae. aegypti by 75%
(Mains et al. 2019). A similar project conducted in Ponce
City, Puerto Rico achieved 50% suppression of the local Ae.
aegypti population (Sanchez-Gonzalez 2025).

The second approach seeks to release male and female
mosquitoes carrying a Wolbachia strain that blocks the
transmission of ATVs, in order to replace the local dengue
vector population with a Wolbachia-infected population.
This approach is being tested in several countries with
transfected Ae. aegypti, whereby the wild populationisbeing
replaced with the infected strain after successive releases
(Hoffmann et al. 2011). A cluster randomized trial was
conducted in Yogyakarta, Indonesia to test the hypothesis
that replacing the original Ae. aegypti population with one
infected by a dengue-blocking strain of Wolbachia would
reduce dengue cases (Utarini et al. 2021). The results
showed a protection efficacy of 77.1% and 86.2% against
virologically confirmed dengue cases and incidence of
hospitalization, respectively. Follow up studies reported
78% lower incidence of dengue haemorrhagic fever in areas
where the population replacement with Wolbachia-infected
mosquitoes had reached 80-100% prevalence as compared
to areas with 0-20% prevalence (Indriani et al. 2023).
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Control methods that rely on the release of conspecifics to achieve

population suppression or replacement (with a non-vector population)

face some challenges (Barrera 2015).

Aedes aegypti and Ae. albopictus have a limited dispersal
capacity (a few hundred meters), which necessitates that
release stations be close together (e.g., 2.3 release station per
hectare). This could translate to hundreds or thousands of
release stations in urbanized areas.

The spatial dispersal of these mosquitoes is over-dispersed or
aggregated in space, which necessitates larger release rates
compared to randomly dispersed populations. Because the
spatial pattern of dispersal of these mosquitoes can change
seasonally, close monitoring of these populations over time
is advised. The heterogeneity of the target population is an
important factor.

The capacity of Ae. aegypti eggs to withstand desiccation for
months inside containers gives this species high resistance and
resilience that requires sustained control efforts for months.

The degree of suppression or modification of these Aedes
species needs to impact a high percentage of the mosquito
population. Lowering the density of animal species such as
these mosquitoes that are under density-dependent regulation
(limited by food/spatial resources or competition for these
resources) may not have a large impact on their dynamics,
because individuals perform well at low population densities.

Immigration of mosquitoes from nearby, untreated areas could
repopulate mosquito populations in treated areas. The use of
buffer control zones around treated areas may be needed to
reduce the impact of immigration (e.g., expanding control
outside the target control area).

Because several of the Aedes control approaches using released
conspecifics are relatively recent, there is a need to document
their sustainability, cost, and effectiveness.
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0.4.4. Insecticide resistance and management

Dengue vectors have evolved resistance against almost every class
of insecticide, including microbial pesticides and IGRs (Brogdon
and McAllister 1998). Insecticide resistance occurs when there is
a significant reduction of susceptibility to an insecticide that used
to be effective against a dengue vector. Insecticide resistance is
inheritable and results from the process of natural selection whereby
the insecticide kills some individuals (susceptible) but allows other
(resistant) mosquitoes to survive and reproduce. Mosquitoes may
survive the action of insecticides because the insecticide cannot bind
to its target (target-site resistance), or because they have enzymes that
prevent the insecticide from reaching its target site (enzyme-based
resistance) (Brogdon and McAllister 1998). Mosquitoes can also avoid
being killed by the insecticide through behavioural avoidance, either
after contact with the insecticide (irritancy) or by avoiding contact
with sprayed surfaces in the first place (non-contact spatial repellent).
For example, a study has found that 59% of resistant Ae. aegypti
mosquitoes would not enter a hut sprayed with DDT, showing that
DDT acts as a chemical screen (space repellence) for these mosquitoes
(Grieco et al. 2007). There may also be cuticular resistance involved
in insecticide resistance, where there is reduced penetration of the
insecticide through the cuticle (Namias et al. 2021).

Insecticide resistance can be evaluated in the laboratory and under
field conditions. In the former, field-collected mosquitoes are tested
after exposure to diagnostic concentrations of an insecticide and their
mortality is evaluated over time in comparison with a fully susceptible
strain of the mosquito (WHO 2016, CDC 2020, Corbel et al. 2023). Results
from these assays are useful to monitor changes in insecticide resistance
over time and space, but they provide little information about the actual
effect on dengue vectors in the field where commercial formulations
are used rather than their active ingredients in isolation. Depending on
the mode of delivery of the insecticide (ULV, indoor/outdoor residual
insecticide applications, insecticide-treated materials, etc.), field assays
should be curated to evaluate the impact on mosquito populations and
vector-borne diseases (Namias et al. 2021).
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Numerous studies have documented insecticide resistance in dengue
vectors, particularly in Ae. aegypti. Resistance to pyrethroid insecticides
in Ae. aegypti has been reported in several US states (McGregor and
Connelly 2021, Wang et al. 2022), Puerto Rico (Hemme et al. 2019, 2022),
and the US Virgin Islands (Kenney et al. 2017), but to a lesser extent
in Ae. albopictus (Marcombe et al. 2014). An investigation of insecticide
resistance in thirty-seven Ae. aegypti and forty-two Ae. albopictus
populations in Florida (2016-2018) found that 95% of the populations
of the former and 30% of the latter species were resistant to pyrethroids
(Parker et al. 2020). The authors also found that 31% of the populations
of both species were resistant to organophosphate insecticides.
Resistance to temephos (a chemical organophosphate larvicide no
longer used in the US) and pyrethroids is widespread in the Americas
and Southeast Asia (Ranson et al. 2010). Resistance to pyrethroids
is widespread in Mexico as a result of their sole and continued used
for over ten years (Flores et al. 2013). In Brazil, insecticides have been
rotated in time based on the evolution of resistance in Ae. aegypti, first
from organophosphates to pyrethroids and back to organophosphates.
Also, the evolution of resistance to temephos led to a change from
chemical larvicides to Bti, then to diflubenzuron, and more recently to
novaluron. Resistance to temephos and pyrethroids seems widespread
in Latin America (Rodriguez et al. 2007). These observations underscore
the need to monitor insecticide resistance in vector control programmes,
illustrating how dynamic evolutionary resistance can be.

Insecticide resistance management seeks to delay or prevent
the development of resistance levels before the insecticide becomes
ineffective. Resistance management can be achieved by following
various procedures: (1) limiting the use of insecticides to areas with the
highest transmission rates—this strategy allows susceptible mosquitoes
to disperse from neighbouring sites into the treated areas, thus diluting
resistance; (2) rotating insecticides with different modes of action;
(3) using non-chemical means of vector control in conjunction with
insecticides; (4) avoiding slow degrading insecticides; (5) conducting
seasonal application if other means of vector control are available for
the rest of the year (e.g., source reduction, biological control); (6) using
mixtures of insecticides that do not cause cross resistance; and (7) using
synergistics that inhibit specific detoxification enzymes.






/. Dengue Vector Management in
Dengue Outbreaks

This chapter focuses on dengue vector management during outbreaks
in both endemic and non-endemic regions. In non-endemic areas,
rapid response to imported cases is key. This should involve intensive
surveillance, contact tracing, and focused vector control (residual
insecticide spraying, larvicide, source reduction) within a 100m radius.
High coverage is crucial for containment. Recommendations include
thorough investigation of suspected cases, proactive case finding,
enhanced entomological surveillance with GIS, and comprehensive,
neighbourhood-wide vector control targeting breeding sites and adult
mosquitoes, alongside public education.

In endemic/epidemic areas, controlling widespread outbreaks is
challenging. Prevention through pre-emptive vector control in high-
risk ‘hot spot’ neighbourhoods during low transmission seasons is
favourable. The response should involve multi-agency collaboration,
mass spraying, public education, and enhanced case management. Early
warning systems can provide lead time. Sustained, integrated vector
control, guided by robust surveillance and defined mosquito density
thresholds, is essential.

For an epidemic response, activating an emergency operations centre
is recommended. This should emphasize community education, bed net
use, healthcare training, enhanced surveillance with GIS, and prioritized,
area-wide vector control combining larvicide, adulticide, and source
reduction. It is vital to evaluate the impact of these interventions.

Key messages for dengue prevention target behavioural changes in
terms of container management and personal protection for residents
and travellers, with specific advice tailored for both endemic and non-
endemic areas, as well as secondary prevention within households.

©2025 Roberto Barrera, CCO https://doi.org/10.11647/OBP.0472.07
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7.1. Non-endemic areas

ATVs outbreaks in non-endemic areas may go unnoticed for a while
before being detected. There is some opportunity to detect early,
secondary cases arising from the index case at places where ATVs
are regularly introduced by travellers, if local health authorities have
an active surveillance system in place (Hills et al. 2002, Ritchie et al.
2002). The following actions were implemented in response to the
detection of DENV introductions in North Queensland, Australia,
where Ae. aegypti is present but dengue is not endemic: an outbreak
was declared, dengue case surveillance was intensified, follow-up case
interviews were conducted to identify potential infection sites, and
sustained dengue vector control measures were enacted to contain
the virus and prevent its spread to other urban areas. Additionally,
an educational programme was maintained to raise awareness about
dengue, explaining how the virus is transmitted and encouraging
residents to take proactive measures to control dengue vectors in
their homes.

During a dengue outbreak in Cairns, Australia, dengue diffused
centripetally around the index case and by jump dispersal, creating
new case clusters away from the index case (Vazquez-Prokopec
et al. 2010). It was also found that new dengue infections spread at
14-32m per week and many cases clustered at 800m from the index
case. These observations underscore the importance of efficient
dengue surveillance systems in places with established dengue vector
populations. Vector control in these examples consisted of focal control
100m around detected dengue cases using indoor residual insecticide
spraying (IRS; lambda-cyhalothrin), source reduction, and larvicide
(S-methoprene). Only when vector control coverage exceeded 60%
of surrounding houses was there a significant impact on DENV
containment. In situations where early detection of dengue cases is
not possible, then the whole neighbourhood would need to be treated
(Morrison et al. 1999).
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7.1.1. Vector control recommendations for non-endemic areas

e Investigate each report of ATV-like disease and determine if it
is imported or autochthonous.

e If an ATV case is detected, notify the residents and conduct a
proactive search for more cases.

e Enhance entomological surveillance using traps for adult
mosquitoes throughout the neighbourhood, and use GIS to
keep tract of cases, mosquitoes, and control measures.

e Contain virus spread: initiate vector control in the entire
neighbourhood, beginning with the areas with confirmed
cases.

o Conduct door-to-door visits to houses, lots, shops,
industries, construction sites, schools, etc. Visits need to be
coordinated to coincide with the presence of people in the
premises. For example, household visits should be made
at times when people are at home (after working hours,
weekends, and holidays).

B Provide educational materials and request the
participation of residents in terms of eliminating water
sources and reporting illness or symptoms.

B Determine the main types of containers producing
Aedes mosquitoes.

B Establish if there is indoor production of mosquitoes in
flowerpots, water basins, roof tanks, and underground
cisterns or septic tanks.

B Eliminate disposable containers.

B Treat containers that cannot be removed with long-
lasting larvicides and conduct residual insecticide
spraying on container surfaces and adjacent mosquito
resting sites.

o Conduct general clean-up campaigns in private and public
areas.
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o If allowed, conduct indoor/outdoor space spraying
of insecticides targeting infected mosquitoes, and
residual insecticides on surfaces where mosquitoes
tend to land (dark areas indoors, and on containers
and adjacent surfaces outdoors). Insecticides should be
chosen carefully based on baseline studies of insecticide
resistance.

o Promote the use of repellents, proper clothing, bed nets for
patients, and the use of screens in windows and doors.

7.2. Endemic/epidemic areas

ATV epidemics in endemic areas typically represent a collection of
outbreaks, where the incidence is greater than would otherwise be
expected at a particular time and place (e.g., >1% prevalence) (Newton
and Reiter 1992). Thus, the main difficulty in controlling dengue
epidemics is the extent of territory that would need to be covered to
control mosquitoes in a short period of time. There is little evidence
showing that dengue epidemics can be controlled (WHO 2009), but
it is also difficult to evaluate the impact of vector control measures
during epidemics because most resources are dedicated to fighting
the outbreaks. A study conducted in Puerto Rico during a significant
dengue outbreak concluded that, despite extensive efforts to control the
epidemic being largely ineffective, future strategies should prioritize
prevention rather than solely focusing on managing dengue outbreaks
(Morens et al. 1986).

Extensive dengue vector control measures are favoured during
epidemics since so many urban areas have their own ATV cases.
Control measures are usually planned and monitored by a team of
inter-agency officials including the state’s departments of health,
environment, public works, and education, as well as municipalities,
armed force personnel, academic institutions, NGOs, etc. Control
measures include spraying insecticide (adulticides/larvicides) with
aircraft- or truck-mounted equipment, massive educational media
campaigns (TV, radio, newspapers, talks, etc.), general clean-up
efforts, participation from armed forces and volunteers to conduct
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door-to-door vector control, and improved case diagnosis and
management through the training of physicians and nurses, and the
improvement of hospital supplies (Morens et al. 1986, Pilger et al.
2010).

Another challenge is that the planning and implementation of
control measures might take some time (Rigau-Perez and Gubler
1997), and epidemics are usually detected or declared during their
phase of exponential increase in cases. Other problems related to
controlling dengue epidemics are the ostensible lack of highly trained
vector control personnel and insufficient budget allocation (Reiter and
Gubler 1997).

Dengue epidemics can be anticipated several months in advance
through the use of early warning systems. For instance, in Puerto Rico, an
epidemic was predicted for 2010 when the number of suspected dengue
cases exceeded a historical threshold (the seventy-fifth percentile of
average weekly cases from 1986 to 2009) during epidemiological weeks
four to five. The epidemic ultimately peaked during weeks thirty-two
to thirty-four, providing a lead time of seven months for preparedness
and response efforts (Fig. 7.1). The significant increase in dengue cases
in January and February—when dengue cases in Puerto Rico have
historically reached a seasonal minimum—implies that the conditions
for the development of an epidemic were already happening at that
time. Based on mathematical models, it has been shown that dengue
epidemics take several months to develop, and that the magnitude of
the epidemics depends on environmental conditions occurring very
early in the process that cause high, initial virus reproduction rates
(Focks and Barrera 2007). These observations suggest that to prevent
dengue epidemics, vector control measures must start very early in
the season during periods when environmental conditions would not
seem to be conducive to dengue outbreaks, such as during the cooler
and drier months of the boreal winter in Puerto Rico (Barrera 2015b).
Furthermore, the carry-over of dengue transmission from one year to
the next needs to be minimized.
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Fig.7.1. A simple early warning system to predict the risk of an epidemic later in the
year in Puerto Rico in 2010. The frequency of cases above the epidemic threshold
for consecutive weeks early in the year predicted an impending epidemic.

Another factor that can contribute to the prevention of ATV epidemics
is having appropriate spatial stratification of urban sectors based on
historical disease incidence and persistence (Barrera et al. 2000). It has
been shown that roughly the same neighbourhoods in Maracay city,
Venezuela had the highest year-to-year dengue incidence, usually in
the highly populated sectors with deficiencies in public services and
elevated populations of Ae. aeqypti (Barrera et al. 2002). It was also
noted that approximately 70% of the cases were concentrated in 30% of
the city’s neighbourhoods. A study of the spatial-temporal patterns of
historical dengue and Zika epidemics in the metropolitan area of San
Juan, Puerto Rico (2010-2022) showed similar results, where 75% of
cases were confirmed in 25% of the urban area (Barrera et al. 2024).
Furthermore, most hot spots of epidemics of DENV (2010-2014 and
2015-2022) and ZIKV (2015-2017) had a high percentage of spatial
overlap or spatial correlation, indicating the likely areas that will be the
most impacted by future epidemics.
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Because various dengue serotypes can co-circulate in dengue-
endemic areas, there are always some serotypes that some people are
susceptible to. Additionally, emerging ATVs such as chikungunya and
Zika found human populations that had never experienced infections
from these viruses, which led to explosive outbreaks in the Americas,
including the US and territories. Knowledge of what urban sectors
tend to have the highest dengue incidences can be used to conduct pre-
emptive vector control well ahead of outbreaks, which usually present
during the warmer and wetter part of the year (Barrera et al. 2011,
Barrera et al. 2023).

7.2.1. Vector control recommendations for
endemic/epidemic areas

7.2.11. Prevention of epidemics

e Stratification/priority areas. Pre-emptive vector control
in neighbourhoods known to have been hot spots for ATV
transmission should help to prevent the buildup and spread
of epidemics. As explained earlier, dengue transmission is
highly heterogeneous, with some neighbourhoods producing
the bulk of dengue cases. Hot spots are areas where
environmental conditions are appropriate (e.g., stable, and
elevated mosquito populations) for sustained and elevated
ATV transmission. Hot spots are expected to facilitate virus
export to other neighbourhoods. Thus, effective vector control
in hot spots should help to reduce dengue incidence in the hot
spots as well as in other areas of the city. Information about the
historical occurrence of ATVs at fine spatial scales can be used
to elaborate risk stratification systems based on environmental,
entomological, social, and epidemiological data (Siqueira-
Junior et al. 2008, Porcasi et al. 2012, Vanlerberghe et al. 2017,
Dzul-Manzanilla et al. 2021). Spatial patterns of abundance of
vector populations within hotspots has been observed within
neighbourhoods, and this information can help to make vector
control more efficient by highlighting areas to concentrate
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efforts, allowing the vector control programme to cover more
areas with the same personnel.

Timing vector control measures. In order to maximize the
benefits of vector control, it needs to be effective and sustained
(Pontes et al. 2000). Thus, vector control should be applied
preventively and maintained throughout the year. In cases
when that is not possible, vector control interventions applied
early in the season (e.g., before the rainy season) contribute
to extended vector control and significant reductions in
transmission (Chadee 2009). As discussed earlier, epidemics
take time to develop and although it is not clear when the best
time to apply preventive control measures is, it makes sense
to intensify vector control when the density of mosquitoes is
lower (e.g., dry, cool seasons), during inter-epidemic periods.

In dengue-endemic areas, there are typically two patterns of
serotype dynamics: a temporal succession of single dengue
serotypes infecting human populations, often observed in
more isolated urban areas; or the co-circulation of multiple
dengue serotypes that alternate in frequency every few years.
The introduction of a new dengue virus serotype or emerging
ATV to an endemic area should prompt efforts to contain it, in
much the same way as would be done in non-endemic areas.
If these efforts are successful, then eventually these areas will
cease to be (hyper-)endemic. This strategy would require
and depend on enhanced virological surveillance targeting
the new serotype and adequate vector control capabilities to
contain the virus.

Vector control measures. There are several challenges to
preventing dengue epidemics. Some of the challenges include
insufficiencies in the organization, trained personnel, and
resources required to carry out widespread, sustained vector
control. Additionally, there is lack of appropriate operational
indicators of both virus transmission and vector abundance
that would inform when preventive vector control has reduced
the mosquito population below threshold transmission levels.
One indicator that adequate vector control levels have been
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achieved is the lack of sustained, local virus transmission.
However, passive ATV surveillance systems that are based
on detecting disease cases lack the spatial resolution to detect
active transmission at local scales, because most DENV
and ZIKV infections do not result in overt disease (silent
transmission). Moreover, vector indicators are primarily based
on immature indices (e.g., HI <1%) that demand much labour
and time, and in some cases underestimate the true vector
prevalence (e.g., cryptic containers). Therefore, more research
is needed to determine the mosquito density thresholds that
prevent local ATV transmission, using simplified and reliable
mosquito surveillance tools. If vector control programmes had
well-defined mosquito density thresholds, they would be able
to determine if vector control actions were effective, without
needing to wait for epidemiological outcomes.

Dengue vectors’ threshold levels based on indices of immature
mosquito presence in household containers (House Index, Container
Index, Breteau Index) that were defined to prevent urban yellow fever
epidemics in the past (Connor and Monroe 1923, Brown 1977a) have
been adopted to prevent dengue epidemics. However, indices based
on the presence of immature stages are not well correlated with the
abundance of adult mosquitoes that actually transmit ATVs (Focks
2003). Also, the frequent reports of dengue vectors using cryptic aquatic
habitats to undergo immature development (Barrera 2016) imply that
records based on surveys of immature mosquitoes may underestimate
the true prevalence of dengue vectors in places with aquatic habitats
that cannot be discovered using visual inspections. It is unlikely
that universal mosquito density thresholds could be found because
thresholds vary with ambient temperature, previous immunity level of
the human population, rate of ATV introductions (Focks et al. 2007),
and protective measures that modulate mosquito-human contact,
such as use of window and door screens. In temperate areas, marked
seasonal changes in temperature result in mosquito density thresholds
based on ovitrap captures varying in time, as shown for Ae. albopictus in
Italy (Carrieri et al. 2012). Ovitrap data showing more than three eggs
of Ae. aegypti per ovitrap per day was associated with the occurrence
of dengue haemorrhagic fever in Thailand (Mogi et al. 1990). The
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advent of efficient traps for capturing female dengue vectors currently
allows better estimations of the abundance of mosquito populations in
relation to their transmission potential, as well as accurate estimations
of mosquito density thresholds preventing local outbreaks of ATVs.
Several field studies conducted in Puerto Rico proposed that a density
threshold of two or three gravid females of Ae. aegypti captured per
AGO trap can prevent local ATVs outbreaks (Barrera et al. 2014a,
2014b, 2017, 2019a, 2019c¢). It was calculated that three gravid females
of Ae. aegypti per AGO trap per week was equivalent to one female of
this species per BG-Sentinel trap (with a black cover, without chemical
attractants) per day, and to three eggs per day in ovitraps (Barrera
et al. 2017). The latter result is similar to the threshold reported for
Thailand (Mogi et al. 1990).

Sustained vector control could be achieved by a combination of source
reduction, larvicide, residual insecticide spraying targeting mosquito
resting sites, gravid traps, and enhanced vector surveillance to detect
areas where vector control is not working properly. Vector surveillance
should be conducted using tools that minimize labour, time, costs, and
maximize spatial coverage. It also requires effective means of portraying
and disseminating vector data in as close to real time as possible. For
example, the Mexican Dengue Control Programme has shifted from
conducting vector surveillance based on immature indices to a network
of four ovitraps per city block and an electronic reporting GIS that keeps
track of oviposition activity, vector control operations, and dengue cases
(Hernandez-Avila et al. 2013). It is expected that this type of surveillance
system will ultimately provide an indication of the threshold for ATV
transmission in Mexico (e.g., minimum number of eggs per ovitrap).
Thus, it is recommended that vector control programmes evaluate both
vector surveillance efforts (comparing immature and adult indicators)
and integrated vector control tools (measuring the degree of vector
reduction and its protective effect).

7.2.1.2. Control of epidemics

To respond to epidemics, an emergency operations centre
(epidemiologists, entomologists and vector control specialists,
educators, media communicators, etc.) should be activated to jointly



7. Dengue Vector Management in Dengue Outbreaks 83

plan, work, and evaluate progress throughout the epidemic, involving
other agencies such as: environmental agencies, public works, law
enforcement, fire departments, and municipalities.

e Promote community education and participation:

o Use various media (TV, radio, social media apps,
newspapers, door hangers, local organizations, lectures
at clinics and schools, etc.) to demonstrate the life cycle of
mosquitoes and their role in ATV transmission, how they
can be controlled at home, disease symptoms, treatments,
and recommendations.

o Provide instructions on how to manage each type of
container according to their properties (rooting plants,
bromeliads and tree holes, pails, paint trays, plastic pools,
small and large discarded containers and appliances, plant
trivets, water-storage containers, gutters and drains, septic
tanks, water meters, ornamental fountains, bird baths, and
pets’ drinking pans).

o Report daily to the press about which neighbourhoods
have dengue cases and what people can do to protect
themselves and help to control transmission.

e Promote the use of bed nets for febrile or ill persons at
unprotected homes and hospitals.

e Train physicians and nurses in dengue case diagnosis and
treatment, and provide hospitals with needed resources.

e Enhance epidemiological and entomological surveillance.

e Orient vector control operations through real-time
epidemiological and entomological indicators, and use GIS to
map and report.

e Prioritize areas for vector control based on current and past
arbovirus transmission (in the previous five to ten years).

e Vector control:

o Divide the target area (municipality) into smaller,
operational control areas (e.g., census tracts, census blocks,
neighbourhoods) where control measures will be applied
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to all buildings and public areas within a few days, and
repeat treatments as soon as possible.

o Conduct door-to-door inspections and mosquito control
in an area-wide fashion (reach >90% coverage within a
week).

o Train hired and volunteer personnel to identify and treat
containers producing mosquitoes.

o Organize clean-up campaigns targeting disposable
containers (source reduction) in buildings, public areas,
etc.

o Combine indoor/outdoor spatial or residual spraying with
source reduction and larvicide (including the residual
spraying of container surfaces and adjacent mosquito
resting areas, using effective insecticides).

o Select areas to evaluate the impact and frequency of control
operations (neighbourhoods with enhanced entomological
and epidemiological surveillance).

7.3. Key messages for the prevention of dengue

Key vector management messages for the prevention and control of
dengue (CDC 2025¢) should be based on specific behavioural objectives
such as persuading residents to manage their household containers
in ways that will reduce the production of mosquitoes, specifically
targeting the most productive containers. We can learn how residents
use and manipulate their containers in their environments to design the
best prevention practices to avoid producing mosquitoes (Lloyd 2003).
Consequently, a health communications team can develop messages for
the specific behavioural objective and collaborate with media partners
to decide what educational materials and media would be the most
appropriate. The Centers for Disease Control and Prevention (CDC)
provide several fact sheets and posters in English and Spanish on the
mosquito life cycle, how to get rid of mosquitoes, disease symptoms,
etc., that can be freely used and adapted (CDC 2024a).
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7.3.1. Key messages for primary prevention

e Dengue-endemicareas. Educational materialsand messages

should be behaviourally-focused and disseminated before
the beginning of the dengue season and during outbreaks
to: (1) promote specific prevention practices based on
the most productive and common containers producing
mosquitoes, addressed to the target audience most likely
to be responsible for these containers (e.g., the head of
household, for water cisterns and septic tanks); (2) suggest
personal protection measures for parents, youth, adults,
and pregnant women, such as appropriate clothing; and (3)
reduce exposure to mosquito bites at home through indoor
insecticide, window and door screens, bed nets, and air
conditioning.

Non dengue-endemic areas. Risk communications and
prevention messages should be disseminated to raise
awareness of the potential occurrence of outbreaks, promote
behavioural changes to avoid virus transmission, and
inform about the response plan that would be implemented.
Prevention messages need to address household elimination
or control of water-holding containers as well as personal
precautions to avoid mosquito bites.

Travellers. Dengue prevention messages for travellers should
address the importance of seeking pre-travel consultation
before traveling to the tropics and subtropics, to receive
advice about how to avoid mosquito bites (e.g., the use of
repellents and appropriate clothing to wear, sleeping in rooms
with screens and air conditioning, using mosquito nets, and
applying domestic indoor insecticides). Travellers should be
informed about ATVs, disease symptoms, and warning signs
for severe manifestations, and urged to seek medical care if
they develop dengue-like symptoms during travel or within
two weeks of returning from travel.
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7.3.2. Key messages for secondary prevention

The spread of dengue to other family members should be prevented.
Mosquitoes that bite a sick family member can go on to infect others.
Messages for caregivers should explain that the patient needs to rest under
a bed net or use insect repellent while feverish to prevent other family
members from being infected. All the mosquitoes in the house must be
killed and all containers with water in and around yards must be emptied.
If possible, caregivers should place screens on windows and doors or use
air conditioning to prevent mosquitoes from entering the house.



8. Personal Protection
Against Mosquito Bites and
Recommendations for Improving
Surveillance and Control

Reducing mosquito-human contact is critical for preventing dengue
transmission. Effective personal protection methods include using
window and door screens, bed nets (especially for febrile patients),
topical repellents, area repellents, and insecticide-treated clothing. While
bed nets may be less effective during the day when Aedes mosquitoes are
active, they are essential for isolating infected individuals. Recommended
repellents include DEET, picaridin, oil of lemon eucalyptus, IR3535, and
para-menthane-diol, whose effectiveness is influenced by concentration
and environmental factors. Area repellents, primarily pyrethroids, can
create mosquito-free zones, while permethrin-treated clothing offers
extended protection. Product effectiveness depends on proper use and
local mosquito susceptibility.

This chapter also highlights key strategies to enhance dengue vector
surveillance and control in the US and territories. It calls for improved
monitoring systems using GIS, novel mosquito traps, and routine
insecticide resistance assessments. Emphasis is placed on targeting non-
endemic areas and fostering collaboration and data sharing. Integrated
vector management (IVM), community engagement, and ongoing
research into control agents are essential for effective intervention.
Finally, this chapter stresses the importance of resistance management,
pre-emptive control in high-risk areas, and capacity building for vector
control personnel to ensure long-term, sustainable mosquito and disease
control efforts.

©2025 Roberto Barrera, CCO https://doi.org/10.11647/OBP.0472.08
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Reducing mosquito-human contact is essential for dengue prevention
and control because it decreases the possibility of humans being bitten by
infected mosquitoes and reduces feeding opportunities for mosquitoes.
Protection against mosquito bites can be achieved by using screens in
windows and doors, bed nets, topic and area repellents, and approved
insecticide-impregnated clothing.

It has been shown that having screens in windows and doors is a
protective factor against dengue infections (Waterman et al. 1985). The
use of bed nets to prevent dengue infections is controversial because
most people are not in bed during the day when dengue vectors bite.
However, in dengue-endemic areas, everybody who is bed-ridden with
a high fever should use a bed net. Patients who have been diagnosed
with dengue should stay under a bed net in unprotected homes or in
hospital to avoid infecting mosquitoes. If bed nets are impregnated with
residual insecticide, there is an opportunity to reduce the number of
mosquitoes in the home and protect others, but the type of insecticide
needs to be one which local dengue vectors are susceptible to.

The following topic repellents are commonly found in stores and
recommended, as they provide reasonably long-lasting protection
(CDC 2024b, EPA 2025b):

e DEET (chemical name: N,N-diethyl-m-toluamide or N,N-
diethyl-3-methyl-benzamide). This repellent is effective at
repelling mosquitoes, sand flies, biting midges, stable flies,
black flies, fleas, ticks, and chiggers (Xue et al. 2007).

e Icaridin (Picaridin) (KBR 3023; chemical name:
2-(2-hydroxyethyl)-1-piperidinecarboxylic acid
1-methylpropyl ester). This repellent is used against
mosquitoes and ticks.

e Oil of lemon eucalyptus (OLE) (chemical name: para-
menthane-3,8-diol; the synthesized version of OLE). This
repellent is used against mosquitoes and ticks.

e IR3535 (chemical name: 3-[N-butyl-N-acetyl |-aminopropionic
acid, ethyl ester). This repellent is used against mosquitoes

and ticks.

e Para-menthane-diol (PMD). This product, made from extracts
of eucalyptus plants, is used against mosquitoes.
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The duration of protection is a function of product concentration but
is also affected by ambient temperature, level of activity, amount of
perspiration, exposure to water, abrasive removal, and other factors.
Regardless of what product is used, repellent application should be
made according to label instructions.

Chemical space-area repellents are designed to protect people from
being reached and bitten by mosquitoes within a given area (room,
picnic table, etc.). Most area repellent chemicals are pyrethroids. They
can be dispensed using vaporization products (coils, electric heating
impregnated paper mats, and candles). The pyrethroids metofluthrin
and transfluthrin are highly volatile and do not need vaporizers. They
are usually delivered as impregnated materials and hung in rooms
(Strickman 2007).

Clothes can be impregnated with 0.05% permethrin for protection
against mosquitoes, ticks, and other biting insects. Permethrin-treated
clothing can be purchased in the US. Permethrin-treated materials
retain repellence after repeated laundering but should be re-treated, as
described on the product label, to provide continued protection. As with
any insecticide, the effectiveness of permethrin may vary depending on
the susceptibility of local mosquito strains.

8.1. Surveillance and monitoring

e Enhanced surveillance systems. There is a clear need for
improved surveillance systems to monitor and report the
distribution of dengue vectors across geographical regions
in the US and territories. This includes establishing routine
monitoring in areas previously considered low risk to detect
any emerging threats early. GIS should be utilized to track
cases and mosquito populations in real time.

e Focus on non-endemic areas. Special attention should be given
to non-endemic areas where vectors have been introduced.
Strategies should be developed to prevent the establishment
of persistent populations and to mitigate the risk of local
transmission.

e Development of novel trapping technologies. Investing
in the development and deployment of innovative trapping
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technologies can improve the capture of adult mosquitoes.
This includes refining existing traps and exploring new
designs that enhance attraction and retention of target species.

Regular monitoring of insecticide resistance. Establishing
routine monitoring programmes to assess the levels of
insecticide resistance in dengue vector populations is
essential. This should include both laboratory assays and field
evaluations of commercial products to track changes over time
and across geographical regions.

Collaboration and data sharing. Encouraging collaboration
among public health agencies, researchers, and vector
control programmes can facilitate data sharing and enhance
understanding of resistance dynamics. This collaboration can
lead to more effective and coordinated resistance management
efforts.

8.2. Vector control strategies

Integrated vector management (IVM). Enhance IVM
programmes that combine multiple control strategies—
including chemical, biological, and environmental methods—
to target all life stages of dengue vectors. Foster collaboration
among various governmental and non-governmental
organizations to coordinate vector control efforts, share
resources, and implement comprehensive strategies.

Sustained community engagement. Maintain ongoing
community education and engagement efforts, even outside
of outbreak periods, to ensure continued awareness and
participation in dengue prevention. Encourage community
involvement in vector control efforts, such as clean-up
campaigns and source reduction initiatives, fostering a sense
of ownership and responsibility.

Research on control agents. Continued research is needed to
identify and develop effective control agents, including novel
insecticides, and biological control methods. Understanding
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the long-term impacts, costs, and sustainability of these
approaches is critical for their successful implementation.

Evaluation of control strategies. Establishing clear metrics
for evaluating the effectiveness of vector control interventions
is necessary. Longitudinal studies should be conducted to
assess the impact of various control measures on mosquito
populations and disease transmission over time. Conduct
research to establish mosquito density thresholds that
correlate with the risk of dengue transmission, allowing for
timely interventions based on surveillance data.

Pre-emptive vector control. Conduct pre-emptive vector
control in historically high-risk neighbourhoods to prevent the
buildup of mosquito populations.

Long-term monitoring. Conduct continuous research on the
genetic and ecological dynamics of Aedes species to inform
future control strategies.

Development of resistance management strategies.
Implementing  comprehensive resistance management
strategies that incorporate multiple approaches can help to
delay the development of resistance. This includes rotating
insecticides with different modes of action, using mixtures of
insecticides, and integrating non-chemical control methods.

Capacity building for vector control personnel. Invest in
training programmes for vector control personnel to ensure
they are equipped with the necessary skills and knowledge to
implement effective control measures.
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