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Chapter

Persistent Barriers to
Implementing Efficacious
Mosquito Control Activities in the
Continental United States: Insights
from Vector Control Experts

Imelda K. Moise, Leo C. Zulu, Douglas O. Fuller
and John C. Beier

Abstract

Many barriers undermine vector surveillance and control efforts in the United
States. Experts warn that such barriers, including funding, threaten the capacity
of public-health surveillance systems to detect emerging mosquito-borne disease
and respond appropriately, timely and effectively. This chapter explores the status,
barriers, and corrective strategies to effective mosquito surveillance and control
in the US based on experiences and insights of the 35 interviewed representatives
of diverse mosquito-control programs selected from 18 U.S. states. Although our
interest is in mosquito-borne diseases, we focus on the 2016 Zika outbreak. For the
most part, this chapter will outline issues relating to mosquito control and surveil-
lance that have persistent among state, county and municipal programs as a result
of insufficient and unreliable funding, inadequate trained personnel, poor facilities,
and inadequate political support. At the community level, we will discuss issues
that hinder mosquito control efforts including apathy and low public awareness,
and provide examples of how mosquito control agencies have adapted to “readily”
respond to changing vector-borne disease environments, demands and constrained
funding.

Keywords: mosquito-borne diseases, Zika, barriers, mosquito control, United States

1. Introduction

The question of how ready United States (U.S.) public health officials are to
prevent and control vector-borne disease transmission has received considerable
attention since the first West Nile Virus (WNV) outbreak of 1999 in New York
renewed by the recent Zika virus (ZIKV) outbreak. The first reported case of local
ZIKV transmission through infected mosquitoes in the Continental United States
was in Miami, Florida, in late July 2015. Although the global problem of mosquito-
borne diseases (MBDs) is “as old as the pyramids” [1], it is a critical time to revisit
mosquito control because despite significant gains in reducing the risk and inci-
dence of some MBDs (particularly malaria); the world has seen a rise in the risk and

1 IntechOpen



Current Topics in Neglected Tropical Diseases

incidence of other MBDs. This is particularly true for viruses transmitted via Aedes
mosquitoes, such as Chikungunya, Dengue and ZIKV [2-4]. At the same time, it is
nearly impossible to eliminate the local risk of transmission of exotic arbovirus once
introduced to an area. Therefore, responding to exotic emerging arbovirus poses
new challenges for mosquito control programs [5], as characterized below:

“The unpredictable nature and severity of vector-borne disease outbreaks dem-
onstrates the urgent need for careful preparation and the incorporation of vector-
control emergency-management activities into overall public health preparedness

efforts” [6].

Experts also worry that although prevention of MBDs is the best way forward
and is substantially less costly than mosquito and disease control in response to a
disease outbreak [7], MBD surveillance and control continued to be underfunded
and to be the subject of budget cuts. In the 2011 U.S. fiscal year, a proposal was
made to reduce funding for the Centers for Disease Control and Prevention
(CDC)‘s MBD program by $26.7 million [8]. The 2016 Congressional resistance
and seven-month delay before approving former President Obama’s request for
emergency funding for ZIKV control [9] further illustrates such challenges. Such
moves threaten the capacity of the existing public-health surveillance systems and
response activities to deal with MBDs, such as the human WNV disease, Dengue
and the ZIKV [10]. A national survey of the 50 state health departments reported
areduction in federal funding for mosquito surveillance of 61% between 2004 and
2012. This reduction resulted in non-tracking of active human cases of WNV in
22% of 56 jurisdictions (mosquito-control districts or territories), discontinued
mosquito surveillance in 13%, reduced effort on mosquito trapping and testing
in 70%, and reduction in WNV surveillance personnel by 38% [11, 12]. This does
not bode well for the recent ZIKV outbreak in Florida and Texas, the serious birth
defects it causes in babies, and the current lack limited planning to deal with it
[13, 14]. Clinical tests for the ZIKV infection are of limited reliability and there is
no vaccine to prevent ZIKV transmission directly from mosquitos or through the
sexual transmission pathway. This makes surveillance and control of fundamental
importance to prevent further ZIKV transmission and to prepare for dealing with
other exotic arboviruses [15].

Maintaining sustainable systems for MBD surveillance can help define the
nature and extent of the mosquito problem, provide a basis for evaluating the risk
of transmission of MBDs, reduce the cost of responding to emerging vector-borne
pathogens and ultimately gauge the efficacy of control activities [8]. While some
research has been done on MBD control generically (though Hadler et al., [11, 12]
as one exception), little has been done to explore variation in approaches, capacities
and the quality of mosquito surveillance and control programs for emerging MBDs
across the U.S., let alone from experiences and perceptions of mosquito-control
Experts. Few studies have investigated the capacity to effectively surveil, prevent,
and control arbovirus infections such as the ZIKV in the US.

In this chapter, inspired by the 2016 ZIKV outbreak in Florida, we use telephone
interviews and qualitative research methods in understanding the diversity of
current barriers and strategies to implementing efficacious mosquito surveillance
and control in the Continental United States, particularly drawing on experiences
and perspectives of active vector-control Experts. Insights from Experts can yield
arange of locally relevant information that is difficult to obtain from traditional
epidemiologic studies. Experts whose perspectives are included in this chapter
include those working with state, county, municipal and other local mosquito-
control programs or districts. Furthermore, we also provide variation in the
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Figure 1.

Challenges that must be addressed before effective vector surveillance and control can be implemented according
to the perspectives of 35 interviewed representatives of diverse mosquito-control programs selected from 18 U.S.
states.

perceived capacities of state and local mosquito-control programs with different
funding structures and state locations across the six US regions, to respond quickly
and adequately to emerging MBD threats within the context of Integrated Vector
Management (Figure1).

2. Integrated vector management

Integrated vector management involves the optimum use of a mix of methods
and resources for the efficient, cost-effective, ecologically sound and sustainable
vector management (surveillance and control) in order to control vector-borne
diseases. Surveillance of the Aedes aegypti and Aedes albopictus mosquitos that
transmit the Dengue, Chikungunya, and ZIKV viruses generally involves:

1. Determining absence or presence of the vectors in a particular area

2.Identifying the main types of breeding containers for targeted control

3.Detailed mapping of larval sites for the vectors if found in the area

4. Collecting mosquito-population data and identifying density hotspots (high
risk)

5.Monitoring impact of control efforts, and
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6. Collecting mosquito data on infection rates in ongoing outbreaks and deter-
mine thresholds of human infection [14].

Effective mosquito-control programs traditionally include (1) detecting and
monitoring mosquito sources; (2) applying larvicides; (3) applying adulticide treat-
ments from the air (aerial spraying) or from the ground using handheld or more
mechanized (e.g., from trucks) equipment; and (4) implementing outreach and
public education. Further, the CDC recommends source reduction (e.g., container
elimination) and larvicide treatments before the beginning of the mosquito season,
and adulticide treatments, such as insecticide spraying, after detection of human
arbovirus activity [14].

3. Barriers and strategies to implementing sustainable mosquito control
and surveillance systems

Statewide mosquito surveys are an essential tool to monitor the presence,
diversity, intensity and spatial distribution of mosquito vectors in a state. Responses
showed that half (9) of the surveyed states had ever conducted a statewide mos-
quito-vector survey, and many of the rest had outdated surveys. The oldest con-
ducted in 1940 (Arkansas) while only Arizona and Delaware had conducted one the
previous year (2015). Only Delaware reported having conducting annual statewide
mosquito surveys. In some rural states (e.g., Arkansas and North Dakota) mosquito
control is the sole responsibility of local municipalities while in more urbanized
states special mosquito control districts often complement local programs.

Responsibility and capacity for mosquito-vector surveillance and control varied
across states. Knowledge about mosquitoes was greatest for mosquito species of
concern to public health (e.g., Aedes aegypti, Aedes albopictus, and Culex species of
mosquitoes). These species shaped the surveillance in most local programs. Asked
if the ZIKV was an immediate public health concern in their state, respondents
in sampled Southern States indicated that ZIKV was an enormous problem. Most
respondents in surveyed Northern States indicated that locally transmitted ZIKV
was not an immediate problem, mainly because the vectors are rare, absent, or
another MBD (e.g., WNV) was more important:

ZIKV is not an issue in our state at all, as far as mosquito transmission because we
do not have the mosquito Aedes aegypti. It has never been here and we certainly do
not expect it to be here. Even the second vector, Aedes albopictus is extremely rare.
WNV is much more serious here, (Mosquito Control Contractor).
Others, while focusing on WNV control, indicated that it was only a matter of
time before ZIKV carrying Aedes aegypti or Aedes albopictus arrives in their states, as

this Mid-western respondent stated:

We are going to have a vesponse on it but we ave going to continue to work on WNV
because WNV kills people in Illinois, (Independent Mosquito Control Respondent).

3.1 Barriers to mosquito control
3.1.1 Inadequate and inconsistent funding

Mosquito-control efforts and their effectiveness vary greatly among control pro-
grams. The biggest factor perceived to determine effective mosquito surveillance and
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control programs and activities was the funding structure. Almost all the indepen-
dent mosquito-control district respondents reported having dedicated, well-funded
and stable mosquito control programs. The most common sources of funding for
these self-funding or autonomous and semi-autonomous districts were local taxes
(e.g., asmall portion of property taxes and water bills) and revenues for contract
work from private companies. On contrast, although respondents in dependent
districts reported having a separate stable budget-line item for mosquito-control
activities, their funding comes from county budgets and is therefore vulnerable to
cuts where and when non-mosquito activities and programs have higher priority.
There was near consensus among Experts from state, county, municipal or other
local programs that funding dedicated to mosquito-control activities was insuf-
ficient, unstable, and unpredictable. These programs were the most vulnerable to
significant budget deficits and inconsistencies because they compete for funding
with other departments and programs under tight municipal, county or County
Boards of Commissioner budgets. Some interviewees felt that their agencies placed
lower priority on mosquito-control activities. This forces them to be more reactive
to outbreaks than proactive, an unlearnt lesson of the WNV outbreak with negative

implications for program size, content, continuity and effectiveness in the context
of the ZIKV outbreak:

..You have your director who is running the program but he has very little control
over how money is spent. Therefore, when appropriated for mosquito control, but if
another department is hurting in the budget avena, they can take some of mosquito
control money, (County Mosquito Control Respondent).

We have known even before the days of ZIKV; realizing the importance of mosquito
surveillance. Again, sometimes it takes a crisis to make people respond, (State Mosquito
Control Respondent).

3.1.2 Institutional and logistical barriers

Institutional and logistical factors also impeded local vector surveillance and
control programs, particularly state, municipal and county programs. Most Experts
agreed that facilities and trained staff with requisite skills (e.g., in entomological
skills) were insufficient. These shortages undermined essential activities such as
effective specimen collection, vector identification, monitoring spatial mosquito
distribution, MBD species present, number of cases in the locality, and the continu-
ity of these activities. In a minority of cases, the lack of expertise can be extreme:

...A lot of them, they do not have even the expertise where the person who is
responsible for the mosquito control is their City Maintenance Worker or their City
Water Commissioner. Sometimes it is even the City Auditor. In the small communi-
ties, it is sometimes the garbage man (State Mosquito Control Respondent).

Funding predictability and sustainability emerged as essential requirements
to maintain programs and capacity to address emerging MBDs such as the ZIKV
infection effectively. Respondents in cash-strapped programs generally attributes
funding inconsistences to lack of or vacillating political will. There was consensus
on the institutionally disruptive impacts of unreliable funding. These included
laying off staff, scaling back surveillance and control activities such limiting
mosquito-control activities to larviciding instead of the more targeted and effective
adult mosquito-control applications, and suspending such activities altogether in
some years. Respondent illustrates such impacts:
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Once we get money out there and start funding vector control, then all of a sudden,
it stops, then people think that we do not care anymore or that it was not the threat
that we thought it was originally. ...long-term, level, stabilized funding from year
to year is the only way to get a good vector control problem in to where we can actu-
ally mitigate the potential for disease transmission, (County Mosquito Control
Respondent).

The importance of continuity is such that while most respondents were skepti-
cal that Congress would approve all or part of the federal emergency funding
requested for ZIKV control by the Obama Administration in February 2016 in a
timely manner, a small number paradoxically worried that some federal funding if
provided would be unsustainable. They worried about building a technically and
operationally costly surveillance and control program needed for arboviruses on a
shaky foundation of federal funding that they considered particularly vulnerable to
budget cuts:

We go through a few blank years with limited programs in place because we do not
have funding to move forward with it. Then ZIKV hits and it becomes a national
concern again and my biggest fear is the Federal Government will be nice enough
to pass the budget and get money out but that funding isn’t sustainable, (County
Mosquito Control Respondent).

I am afraid we’ll get a good program in place like the one we did with WNV and
have surveillance and outreach and really get some abatement going, then all of a
sudden the funding dries up and you've stuck again with the need to do something
without the capability of doing something, (State Mosquito Control Respondent).

Ultimately, funding unpredictability undercuts the ability to be proactive, a
critical component of MBD control:

Once a disease has entered and gotten hold, it’s much move difficult to eliminate or
control that disease, as opposed to being proactive, monitoring the situation and if
a threat is identified, to establish some sort of game plan to be able to control the
disease, (Independent Mosquito Control Respondent).

Some states have sought to balance quality surveillance and cost under tight bud-
gets. Thus, Arkansas traps for the presence/absence of mosquitoes along (both side)
of county boundaries. This provides an even geographic spread for vector sampling
within a limited area while providing the opportunity to share costs among border-
ing counties. Many programs focus surveillance on larvae because they know likely
breeding sites, such as water containers for Aedes aegypti, and bias adult surveillance
to areas that have had high Aedes aegypti densities in the past.

Another major institutional challenge was inadequate coordination across
program service areas. As a mosquito control contractor noted, “there are always
mosquitoes flying from outside of your control area,” and sometimes beyond their
geographic range. Most respondents indicated that this cross-boundary mos-
quito mobility challenged their response since all surveyed programs (except in
Arkansas) limited their activities within their county, township, or other jurisdic-
tional boundaries. Further, differences in resource availability, capacity, methods
and priority of vector control across control jurisdictions results in fragmented
mosquito surveillance and control and creates gaps in coverage, which undermine
the ability of mosquito-control programs to mitigate the risk of MBD transmission
across landscapes.
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3.1.3 Low public awareness and apathy on mosquito efforts

Most respondents decried apathy (lack of interest or concern), low public
awareness of the need and nature of mosquito control, and low political will.
This undermined community co-operation in mosquito surveillance and control,
including limiting access to private property for trap placement, and participation
in mosquito control at the household level (e.g., clearing containers). Further,
many respondents cited resistance to chemical use for mosquito abatement among
some community members based on environmental concerns, especially adverse
non-target impacts, as well as on philosophical opposition to chemicals. They were
particularly wary of such worldviews and attitudes because they can erode commu-
nity trust and co-operation, and undermine control efforts:

...we have many people who are philosophically opposed to what we do and they
are misinformed, they expose themselves to all sorts of misinformation from various
advocacy groups who are anti-pesticides, (Mosquito Control Contractor).

Many respondents indicated that they had come a long way in balancing public
health and environmental concerns. This includes using the most environmentally
friendly control chemicals. They also highlighted apathy and lack of knowledge
among the public as a major barrier. Nearly all underscored public education as
necessary to enhance mosquito control through individual behavior change and to
gain community support for programs (including improved budgets and equip-
ment). Many admitted that previous public-education efforts had been inadequate,
and often ineffective to effect positive behavioral change. Still, it was clear that
Experts considered public education, community engagement, outreach, and media
attention important strategies to overcome apathy and mitigate negative percep-
tions of mosquito control.

Enhanced and more effective public education emerged as an important strategy
to address some of the some of the barriers. Respondents recognized the role of fed-
eral agencies (e.g., CDC) and states in public education and information dissemina-
tion, particularly during disease outbreaks. However, many preferred approaches
that involved person-to-person contact, particularly door-to-door visits and school
outreach, for their effectiveness in both getting cooperation and participation, and
in passing on the message to others in the community. Some respondents indicated
that neighborhood residents who actually experience mosquito management
efforts were more likely to support vector and pest control programs. Outreach and
integration of vector prevention and surveillance in schools is favored as a powerful
tool to reach parents through school-going children while also preparing a future
generation of informed leaders:

We actually have an educational outreach person who works in our biology depart-
ment and she goes to schools and works with the science teachers ...educating kids

on mosquitoes and all aspects of their breeding and how to control them, (State
Mosquito Control Respondent).

3.2 Barriers to mosquito surveillance

3.2.1 Lack of standards on sampling and of evaluation of impacts of sub-optimal
trap placement on MBD-risk assessment

Interviews revealed wide variation in mosquito-surveillance practices.
Beyond virtual consensus that integrated vector management (IVM) is the ideal
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approach, there were no agreed standards on practices, including accuracy criteria
for estimates. There was wide variation in the type, number, sampling protocol,
spacing and frequency of mosquito-trap placement across programs. Location of
traps was based on diverse and sometimes subjective factors heavily dependent
on local contingencies such as resource availability, local Expert knowledge, and
convenience. Factors included the practical need to locate traps away from public
view to prevent human disturbance and vandalism (deliberate destruction) and
accessibility—many practitioners placed traps in public spaces (parks, natural
areas) and on properties of willing residents. While laws on access to private
property for mosquito abatement varied across states, respondents often negoti-
ated with individual residents for access and permission to place traps thereon.
The type of mosquito trap used and the need to avoid vandalism or theft also
mattered. Traps that require electricity, such as the New Jersey light traps, com-
monly used for Aedes aegypti and Aedes albopictus, are placed close to built-up
areas with electricity supply. There was also a bias toward areas already known to
have high mosquito densities. The following quotes illustrate some of the locally
specific and sometimes-subjective factors that determined sampling particularly
trap placements:

You want to place it somewhere where you are going to find mosquitos but it comes
down to wheve I can hang it. We have our ideal of where we want to set it, and then
it is vather where we can set it, (Independent Mosquito Control Respondent).

You try to cover the area the best you can, but, you know, just depends on what your
limitations ave. However, for an everyday surveillance, it would not be a good idea
Just to go to a specific neighborhood and put a bunch of traps out, (Dependent
Mosquito Control Respondent).

We sometimes do not’ have control over where those traps are placed when theve is a
volunteer setting traps, (State Mosquito Control Respondent).

The problems of inadequate and unpredictable funding undermining mosquito
control also afflict surveillance. Respondents noted that limited resources (funding,
trained staff and others) often promote convenience sampling rather than optimal
IVM practice. While some of the resulting inconsistencies are expected to vary due
to local and regional variation in vector ecology and MBD transmission dynamics,
they undermine cross-jurisdiction coordination and effective surveillance; many
respondents noted the need for some standardization.

Reliability of mosquito-surveillance practices is important to guide sound
decision-making on control interventions such as source reduction, larvicide
treatment and adult reductions (e.g., adulticide). Some respondents admitted that
their programs conducted little mosquito testing. A state mosquito-control Expert
indicated that some programs conducted testing only when they note unusually
high numbers of mosquitoes. While many small communities will use test results
to trigger local vector control, “some of them don’t even look at the data.” Most
Experts indicated that they used thresholds (e.g., mosquito larvae, pupal or adult
density) derived from mosquito-surveillance data as triggers for fogging or spray-
ing. The thresholds, nevertheless, appeared not standardized and varied greatly by
program and species, and some were vague:

There is a threshold set that if the mosquito traps show higher than that—or we
will send people out and if they report that the landing rate count is at a certain
number, we will send planes out, (Independent Mosquito Control Respondent).
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In vesponse to Culex, our action thresholds are 50 females or more. As far as Aedes
aegypti, and based on work that we did last year, we came up with a numerical
threshold of 50 or more females per trap. .... if any of the Aedes aegypti test positive
for our arboviruses, then we will go ahead and fog too, (County Mosquito Control
Respondent).

Experts revealed common concerns that the current work environment was
reactive rather than proactive and preventive. Many respondents decried the nar-
row focus on outbreaks of high profile MBDs—the so-called disease du jour or dis-
ease of the day, e.g., ZIKV, Dengue, and WNV—or on responding to extreme events
such as hurricanes or flooding. Both tend to be geographically limited in scope.
Many complained that this reactive approach undermined surveillance efforts and
their capacity to detect, anticipate and respond to emerging MBDs instead of always
playing catch-up:

Surveillance is important. Every couple of years, some mosquito disease captures
the headlines. Today it is ZIKV; a couple years ago, it was Chikungunya and a
couple years before that was West Nile Virus, which means a few years from now,
something else will happen, (Mosquito Control Contractor).

3.2.2 Coordination across mosquito control jurisdictions

Conversations affirmed the general view that at the local scale of operation
below the state level the better for surveillance and control because such districts
were better able to respond to the high level of variability in vector ecology and
social and institutional contexts. With better and stable funding, independent
mosquito districts maximized local-scale advantages. Respondents nevertheless
highlighted the need for enhanced cross-jurisdiction coordination and some level
of standardization of best practices for consistent mosquito surveillance within and
across jurisdictions. Some state agencies played this cross-jurisdiction coordination
role functionally, administratively or in a regulatory capacity, drawing on broad
federal guidelines provided by the CDC and the Environmental Protection Agency.
For example, respondents in Florida indicated that the Florida’s Department of
Agriculture and Consumer Services has Spot Teams that fill surveillance and control
gaps by covering areas that have no funding or staff by using contractors or nearby
programs, often on a cost-recovery basis in the case of disease control.

Florida also provides a commendable model for statewide coordination among
mosquito-control Experts. A non-profit association, the Florida Mosquito Control
Association (FMCA) was formed in1922 to promote the interests, exchange
information and coordinate the activities members drawn from diverse mosquito-
control programs. Coordination includes standardization of practice, information
exchange, and professional training and certification. A representative explained
FMCA origins and significance:

...there was a need for exchange of information and coordination throughout the
state. ...to help coordinate and get information so that something that is found or
discovered is shared with the vest of the State of Florida, (FMCA Representative).

3.2.3 Partnerships are important

Almost all program respondents reported formal and informal partnerships with
other relevant agencies working at different scales—local, county, state, and federal.
In addition to drawing overall guidance from the CDC, most respondents cited
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the Environmental Protection Agency (EPA) as a federal partner. Local partners
included the Department of Environmental Quality (DEQ ), county health depart-
ments, Department of Agriculture and other government and county departments,
universities, and other nearby mosquito-control districts, including local com-
munities. Several respondents, particularly from resource-constrained programs,
indicated that such partnerships allowed their programs to reduce or externalize
some operational costs. Some gained access to external resources through formal
contracts, memoranda of understanding (e.g., California), grants, collaboration with
other agencies, community volunteers, and local schools. Many programs often used
these partnerships to fill skill gaps with external expertise. Some programs extended
their available resources though cost savings, use of private contractors, and provi-
sion of incentives including grants. The quotes below illustrate such collaboration:

They recruit anywhere from eighty to a hundred..We try to have at least one in
every county...These are New Jersey traps. The people who are doing this collection,
they are volunteering. Every week they will take their... light trap and mail it (State
Mosquito Surveillance Respondent).

We have a few contracts with county health departments to do mosquito con-
trol, usually surveillance. .... mostly, we work informally, (Mosquito Control
Contractor).

3.3 Future prospects for mosquito surveillance and control

In addition to the barriers identifies to effective mosquito surveillance and
control in the context of the ZIKV outbreak, the research also revealed promising
measures that can be taken to improve the situation. On funding barriers, find-
ings affirmed the importance of increased funding. Given the nature of mosquito
surveillance and control, and the consequent need for long-term investment,
however, the predictability and sustenance of funding were even more important.
The disruptive adverse impacts of reduced and inconsistent funding also illustrated
in other studies, including stoppage of tracking of tracking of human cases of
WNYV, and reductions in mosquito trapping, testing and surveillance and personnel
[10, 11], threaten effective surveillance, and early detection and prevention of MBD
transmission, including for the ZIKV. This also includes inconsistent mosquito data
from insufficient trap locations that undermine assessment of the risk of human
exposure to the vector and MBDs [14, 16]. However, recent increases in funding
for interventions and research offer new hope, so long as such funding is sustained
particularly at municipal, county and state programs. Such funding includes
$1.1 billion in emergency federal funding for ZIKV response (approved in
September 2016), CDC funding of the establishment of four MBD s regional
Centers of Excellence in the US (approved in December 2016), and state-level
(Florida State funding of $25 million for the development of a ZIKV vaccine. Some
gains can also be made in creative forms of financing and increases in efficiency in
mosquito surveillance and control activities. Table 1 presents the identified barriers
and strategies to implementing sustainable mosquito control and surveillance sys-
tems in the US. Emerging ideas included more dependence on local (tax) funding
sources as independent control districts, mosquito sampling along county boundar-
ies to share and reduce costs (e.g., Kansas State), cross-jurisdiction collaboration
and cost sharing, and the use of citizen science to enhance data collection.

In response to the challenge of lack of inconsistencies in mosquito surveillance
techniques, the need for some degree of standardization in sampling protocols
while accommodating vector spatial variability has also been noted in other studies.
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Barriers

Inadequate and inconsistent funding
(mainly for state, county and municipal
programs).

Policies focused on sustaining funding statewide mosquito
surveillance and control capabilities.

Developing partnerships for cost sharing and community
training for participation in mosquito trapping, testing and
prevention.

Lack of political will and support.

Enhanced public education—raise awareness and concern,
influence politicians.

Complex trans-boundary mosquito risks
and limited cross-boundary coordination.

Enhanced collaborative arrangements and cooperation across
mosquito districts, e.g., skill sharing, contracts, memoranda
of understanding, voluntarism.

Limited capacity and specially trained
personnel.

Hire skilled personnel and train existing ones on needed
skills.

Use innovative technologies, e.g., smart traps.

Statewide or regional Experts for mosquito programs and
activities.

Philosophical and environmental belief
barriers to mosquito control.

IVM—innovative mix of synergistic methods, e.g.,
environmentally friendly insecticides and application
technologies, biological control, habitat reduction.

More and effective public education and communication with
stakeholders.

Legal abatement obstacles to timely
response.

Promoting persuasive person-person community outreach to
gain voluntary access.

Lack of standardization and inconsistent
mosquito data from few trap locations and

Develop standard surveillance methods for particular a
subset of conditions, and quality control mechanisms.

select locations .
New research on vector biology, control methods and
responsiveness to MBDs.
Adequately funded and consistent surveillance for predicting
and reducing human infection.
Table 1.

Barriers and strategies to implementing sustainable mosquito control and surveillance systems.

To be sure, some variability is expected, particularly in mosquito-control approaches
and practices (e.g., in scope, prioritization, technical methods, etc.) given their
need to adapt to geographic variation in vector ecology, MBD transmission dynam-
ics, and socio-institutional conditions. However, for surveillance, Bowman et al.,
[22] also call for “standardized sampling protocols that adequately consider dengue
spatial heterogeneity.” Research on mosquito-vector sampling and its impacts on
the accuracy of human risk assessment remains relatively limited [17, 18]. Some
common mosquito indices are sensitive to sampling differences [18] and others

are poorly statistically correlated to the actual risk of disease [17], compounding
negative impacts of such inconsistencies. Efforts by the CDC to provide generic
guidelines in the USA [13] and the World Health Organization (WHO) to do the
same globally [19], and other isolated studies offer a starting point for standardiza-
tion. One study in Cairns, Australia recommended a sampling intensity of one
BG-Sentinel trap for an area of 150 by 150 m (two or three traps for three housing
blocks) to monitor Aedes aegypti, given the limited spatial dispersal (as little as
78-200 m in some studies) of this container-breeding species [18]. Modern spa-
tially explicit technologies, particularly remote sensing analysis and Geographic
Information Systems (GIS), expand the sets of tools for mosquito surveillance at
landscape scales. Thus, the Random sampling of trapping locations for Aedes aegypti
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in urban areas based on Geographic Information Systems and satellite imagery has
been shown to improve the accuracy of entomological indices compared to those
derived through the common biased method of selecting locations or houses that
are known to have high vector densities [20].

There are also promising technological advances in mosquito control, includ-
ing the introduction of biological control and low-cost, eco-friendly pesticides
mosquito vectors and safeguard the environment and the public [19]. Recent
(November 2016) FDA approval of field trials involving the release of genetically
modified (GM) mosquitoes into the wild to control ZIKV and Zengue-carrying
mosquitoes for in the Florida Keys, Florida, could increase the number of success-
ful cases of biological control using GMO mosquitoes beyond Brazil and China.
Non-GM mosquitoes infected with naturally occurring Wolbachia bacteria also
offer early promise as a biological pesticide and have been field-tested in at least
three US states against Aedes albopictus, and in Clovis city, Fresco County, California
(2016) against male Aedes aegypti mosquitoes [21]. Gene editing using the CRISPR-
Cas9 system facilitates the genetic engineering of mosquitoes to make them infertile
or repel pathogens [22]. The use of organic or green-synthesized pesticides is also
advancing the quest for inexpensive, nontoxic and eco-friendly methods for killing
particular species of mosquitoes or their larvae and pupae. Examples include the
use of green-synthesized pesticides, such as silver nanoparticles (AgNP) produced
from seaweed (Hypnea musciformis) to kill the larvae and pupae of the vector Aedes
aegypti alone [23] or in combination with mosquito-predator Asian bulldog tadpoles
[24]. Other plants have also been tested, such as Zornia diphylla leaves against
Anopheles subpictus, the dengue vector Aedes albopictus and the Japanese encephali-
tis vector Culex tritaeniorhynchus [25] (and the shoofly plant, Nicandra physalodes,
as a botanical larvicidal extract to control Anopheles stephensi, Aedes aegypti (dengue
vector), and Culex quinquefasciatus (filariasis vector) [26]. Although many of these
technological advances are still some years before they can be approved for field
application [19], more operational or implementation research is needed to further
demonstrate their effectiveness in both mosquito control and cost under particu-
larly settings, in order to accelerate their approval and wider use.

Our findings show that the low hanging fruit in improved mosquito-vector
surveillance and control lie in improving the institutional capacity of the relevant
mosquito-control agencies at local, county, state, and federal scales, and build-
ing/strengthening creative partnerships among researchers, mosquito-control
Experts and jurisdictions, local communities, schools, and the public at large.
Benefits of partnerships fell into four categories: (1) sharing resources and reducing
operational costs; (2) reducing apathy and enhancing individual responsibility in
household mosquito-control efforts, particularly through person-to-person contact
(including citizen science in mosquito trapping and other data collection); (3)
strengthening community support to enhance political will and support for more
and stable funding; and (4) more effective and sustainable mosquito control across
service boundaries. In addition, more effective public education strategies were
also crucial, including those involving human contact and the use of volunteers and
students in data collection and other mosquito-surveillance tasks under the label of
citizen science.

4, Conclusion
While some of the barriers identified in this study are consistent with those

identified previously, for instance in regard to WNV outbreaks, their persistence
is worrisome. These inadequate surveillance and insufficient, reactive funding
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that prioritizes responses to the disease du jour, and vacillating political will First,
funding barriers were acutely import for municipal, county and state mosquito
programs. Independent and dependent taxing mosquito districts reported better
funding and smoother operations. Second, continuity of funding emerged criti-
cal for effective IVM. Disruptions in funding interrupted critical surveillance or
control efforts and institutional arrangements and partnerships that take time to
build and are hard to replace and restart, threatening the capacity of programs to
detect, prevent and control MBD outbreaks.

Another emerging challenge from Experts’ perspectives was relatively high
variability in mosquito-surveillance methods and practices, insufficient standardiza-
tion and quality control. The lack of standardization can undermine the reliability
of entomological indices of mosquito presence or abundance and thresholds derived
from the disparate surveillance methods, and assessments of MBD transmission,
and ensuing responses. In particular, disparities in practice on mosquito-vector
sampling (method, size and representativeness) was a concern because its impacts
on common mosquito indices and ultimately on the accuracy of human risk assess-
ment was understudied and often unknown. A degree of standardization is needed
to enhance scientific rigor and consistency in mosquito surveillance over space and
time. Modern spatially explicit technologies particularly remote sensing analysis
and GIS offer promising tools for sampling standardization and surveillance across
scales.

Findings also revealed instances of, and further need for, creativity and accom-
modation among mosquito-control Experts under resource-strained conditions and
competing interests that can provide insights for further research and development
of best practice for particular settings. Examples include cost-effective and meth-
odologically sound mosquito sampling and MBD risk assessments, adjusting the
timing or spatial targeting of insecticide application to meet methodological and
special-interest needs (e.g., to minimize harm to bees and maintain good relations
with beekeepers); or skipping of particular houses whose owners do not want
truck-fogging. Findings further revealed the need to determine the minimum set of
surveillance services needed given the tight funding conditions of state, county and
municipal programs.

Building effective partnerships among public, private and academic/research
institutions, local communities and schools emerged as an important strategy
among most mosquito-control Experts. An outstanding challenge was finding
effective ways to address opposition to the use of pesticides in mosquito control
among local communities. Creative and sustained methods to educate the public on
the dangers and benefits of MBD and mosquitos are also needed.

Looking ahead, perspectives of Experts from this exploratory study reveal that
increased and reliable funding is a priority to mitigate many of the barriers, ensure
effective surveillance and early detection and prevention of MBD transmission at
municipal, county or local, and state levels. Recent new funding for responding to
the 2016/16 ZIKV outbreak and for research by the US Congress and the CDC at
federal level, as well as at state level for at-risk states such as Florida, are promising
developments. However, the long-term value lies in their ability to enhance the
capacity, cost-effectiveness, and sustainability of programs at multiple scales.

Further introduction into integrated pest management approaches of biologi-
cal control and low-cost, eco-friendly pesticides hold considerable promise for
the mosquitoes and MBD control in the near future while safeguarding the envi-
ronment and public health broadly. Examples include the release of genetically
modified (GM) mosquitoes into the wild to control ZIKV and Dengue-carrying
mosquitoes under FDA-approved field-testing in the Florida Keys, Florida,

USA. Non-GM mosquitoes infected with naturally occurring Wolbachia bacteria
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also offer early promise as a biological pesticide (in at least three US states) against
Aedes albopictus and Aedes aegypti. Research is also advancing on organic or green-
synthesized pesticides as inexpensive, nontoxic and eco-friendly methods for
killing particular species of mosquitoes or their larvae and pupae.

While this study exploratory, qualitative study of is not meant to be statistically
representative or generalizable to the entire U.S. of all settings, it offers a wide range
of perspectives and insights from mosquito-control Experts on issues including
the nature and range of barriers and opportunities for mosquito-vector control in
Continental United States. More detailed empirical analysis in selected states, which
have had recent outbreaks or are at high risk of ZIKV, such as Florida, Texas and
Louisiana, is the next step in terms of research.
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