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Abstract

Effective suppression of container-inhabiting Asian Tiger [Aedes albopictus (Skuse)] (Diptera: Culicidae) and
yellow fever [Aedes aegypti (L.)] (Diptera: Culicidae) mosquitoes presents one of the most intractable prob-
lems for modern mosquito control. Traditional tools often fail to control populations of these mosquito spe-
cies, and are prohibitively expensive or have negative environmental impacts. Novel approaches and tools
are urgently needed for integrated container-inhabiting mosquito management programs. One of the most
promising techniques is autodissemination. We present the results of a long-term large-scale study conducted
in a temperate urbanized environment representing typical Ae. albopictus habitats. Three treatment sites with
autodissemination stations and three nearby reference sites were monitored for eggs, immature, and adult
mosquitoes over a period of 3 yr from 2014 to 2016. Elevated larval and pupal mortality of 12-19% on average
was the most notable outcome in sentinel cups of the treatment sites. The number of eggs in the treatment
sites was significantly reduced in 2014, but not in 2015 or 2016. Adult populations remained similar in treatment
and reference sites throughout the study. The impact of autodissemination on mosquito populations was lower
than reported by previous investigations.Technical and logistical problems associated with wider coverage and
working in multiple urban neighborhoods contributed to reduced efficacy. Incorporating autodissemination
with routine mosquito control operations and commercializing this methodology for general public use will
require further research on combining this tool with other novel or conventional technologies.
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The most notable characteristic of the Asian Tiger mosquito [Aedes
albopictus (Skuse)] (Diptera: Culicidae) is the overwhelming num-
bers of biting adults emerging from artificial containers near human
habitation (Niebylski and Craig Jr 1994, Faraji et al. 2014). The
dispersed nature of this species’ larval habitat poses a challenge for
public and private mosquito control professionals (Richards et al.
2008; Rochlin et al. 2013; Unlu et al. 2013, 2014a). This challenge
is especially acute in urban areas, where effective Ae. albopictus
management is heavily dependent on community involvement (Kay
and Vu 2005, Dowling et al. 2013, Jordan et al. 2017, Johnson
et al. 2018). Intense public education and involvement can lead to
temporary reduction in Asian Tiger mosquito infestations (Jordan
etal.2017, Johnson et al. 2018); however, most studies demonstrate
little to no sustained effects in the absence of community-wide ac-
tive suppression by mosquito control professionals (Schreiber and
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Morris 19935, Bartlett-Healy et al. 2011, Fonseca et al. 2013, Healy
et al. 2014, Faraji and Unlu 2016).

A key operational problem with artificial container remedia-
tion on private properties is locating immature mosquito habitats
within a reasonable period (Dowling et al 2013). Many habitats
are cryptic or inaccessible, e.g., corrugated extension spouts in New
Jersey’s residential areas (Unlu et al. 2014a). The cryptic nature of
Ae. albopictus larval habitats severely limits the effectiveness of ef-
forts to reduce adult biting populations (Unlu et al. 2016). Targeted
delivery of control agents into artificial containers has become a cru-
cial priority for the development of new approaches to this difficult
problem. Direct larvicide and pupacide applications usually achieved
over 90% control against invasive Aedes species (Pérez et al. 2007,
Nelder et al. 2010, Ritchie et al. 2010, Farajollahi et al. 2013); how-
ever, these results are only applicable to the rare situation when all
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individual containers are exposed and can be easily targeted. The
direct method is ineffective for dispersed or cryptic habitats (Fonseca
et al. 2013).

Most operational mosquito control involves larvicide de-
livery over large areas within a short duration (Unlu et al. 2018).
To achieve this extensive coverage, autodissemination of insect
growth regulators (IGRs), such as pyriproxyfen is a promising
method (Devine et al. 2009, Mains et al. 2015, Chandel et al.
2016, Unlu et al. 2018). Autodissemination uses adult mosquitoes
as a vehicle to treat containers that are inaccessible to direct treat-
ments (Itoh 1995, Gaugler et al. 2012, Geden and Devine 2012).
A proof of concept study by Itoh et al. (1995) used female Aedes
aegypti (L.) (Diptera: Culicidae) treated with pyriproxyfen to in-
hibit subsequent adult emergence under laboratory conditions.
Laboratory experiments also demonstrated significant adult
emergence inhibition for Ae. albopictus mosquitoes (Gaugler
et al. 2012). Small-scale field autodissemination studies showed
significant reductions of Ae. albopictus and Ae. aegypti (Devine
et al. 2009, Caputo et al. 2012, Suman et al. 2014, Abad-Franch
et al. 2015, Mains et al. 2015). These field investigations gener-
ally focused on measuring juvenile stages in the containers within
one small area of mosquito activity. The results were encouraging
with approximately 20-70% pupal mortality reported. The adult
mosquito populations were monitored in only two studies that
produced mixed results (Ponlawat et al. 2013, Suman et al. 2014).
Multi-year large-scale trials using autodissemination approach
with pyriproxyfen focused on operational use under field condi-
tions have not been reported.

Our field study was conducted in a temperate urban environ-
ment supporting high populations of the Asian Tiger mosquito. The
study was integrated with operational mosquito control activities
by a local mosquito control district from 2014 to 2016. The 2014
analysis evaluating modified autodissemination stations on Ae.
albopictus populations was published (Unlu et al. 2018) and the full
report is presented here.

Materials and Methods

Study Area

The study area in the City of Trenton, Mercer County, NJ (40°12’'N,
74°44'W) has served for long-term monitoring of Ae. albopictus
since 2008 (Fonseca et al. 2013; Unlu et al. 2013, 2014b). The 48.6
ha experimental area consisted of 1,251 properties; primarily single
family homes and row houses with backyards, as well as commer-
cial and public areas arranged in city blocks (average size ~ 0.6 ha,
range = 0.55-1.5 ha) surrounded by streets and intersected by al-
leyway between parallel parcels (Unlu et al. 2011, Farajollahi et al.
2012) (Fig. 1).

Identification of Ae. albopictus Hot Spots for
Treatment and Reference Sites

A city block was the spatial unit of analysis monitored with Biogents
Sentinel (BGS) traps (Biogents AG, Regensburg, Germany) sited near
the block’s center (Unlu and Farajollahi 2014). If five or more Ae.
albopictus male and female adults were collected, the site was clas-
sified as a hot spot for operational mosquito control (Unlu et al.
2011, 2014c). Approximately, 8-10 out of 16 trapping sites were
identified as hot spots each year. For the present study, the area was
divided into treatment and reference sites using roads as natural bor-
ders (Fig. 1) (Unlu et al. 2016). Treatment and reference sites each

contained three hot spot city blocks in 2014 and four hot spot city
blocks each in 2015 and 2016 (Fig. 1).

Autodissemination Stations

Autodissemination Station Design

In 2014, autodissemination stations were modified from the earlier
design (Gaugler et al. 2012) by incorporating a dual treatment mech-
anism (Wang et al. 2014) (Fig. 2A). A cartridge inserted into the
middle of the chamber body contained two formulation plates (top
and bottom, 55 x 50 mm) with oil and powder bands. The oil bands
were coated with a formulation consisting of 20% pyriproxyfen ac-
tive ingredient at 0.62 g of a.i. per station. The powder bands were
coated with a formulation containing 60% pyriproxyfen at 0.42 g of
a.i. per station (Unlu et al. 2017).

Further design improvements were implemented in 2015
(Fig. 2B). The reservoir was filled with water to the level of the over-
flow holes. An oak leaf pouch containing 15 g of shredded oak leaf
and 30 g of wood chips was mounted right above the overflow holes.
The leaf and wood materials were wrapped into a pouch using a
paper towel (Procter & Gamble, Cincinnati, OH) and the pouch
was restrained within a porous nylon bag. Chandel et al. (2016)
used similar moisture pouch to attract gravid Ae. albopictus over
10 wk (Chandel et al. 2016). A cotton dental wick (15.24 x 0.8 cm,
Richmond Premium Dental and Medical Products, Charlotte, NC)
connected the pouch and water reservoir (Fig. 2B). The transfer
chamber was modified into a mosquito-proof mesh chamber below
the entrance funnel (Fig. 2B), which allowed the lure to penetrate
and emit into the air. A plate containing oil and powder formulation
bands was mounted on top of the reservoir. An oil band (2 cm wide)
was created with polyester fabric (White Crepe Fabric Polyester,
New York City) that wicked the oil formulation containing 20%
pyriproxyfen. To prevent the oil formulation from drying out during
a multi-week deployment, three vials containing 6 ml of oil formu-
lation were fixed underneath the plate. A candle wick (EricX Light
#24PLY/FT Braided Wick, Chancheng District, Foshan, Guangdong,
China) ran down from the fabric polyester to the bottom of the oil
reservoir to deliver the formulation into the fabric and promote
season-long efficacy (Fig. 2B). The powder band (2 cm wide) was
also made of polyester fabric (Low Loft Batting, Hobby Lobby,
North Brunswick, NJ) coated with powder formulation with 60%
a.i. On top of the funnel entrance, a leaf cover was supported with
three 15 cm wires (Fig. 2B).

The stations were further modified for 2016 to address prob-
lems encountered in 20135, such as blockage by fallen leaves, powder
formulation melting due to high temperatures, and oil formulation
leakage onto the powder band. To prevent leaf blockage the center
of the autodissemination station was hollowed out to allow leaves
and debris to fall through and onto the ground (Fig. 2C). A mesh
covered reservoir holding 1.5 liters of water and an infusion pouch
as described for the 2015 design was mounted above the water
level and below the mesh ring. Instead of using an oil-powder dual
treatment platform, a new gel formulation containing 19% a.i. was
coated into a narrow grove (5.6 mm width and 6 mm depth) in the
gel ring (Fig. 2C). The exit gap between the gel and the rain cover
was predetermined at 5 mm to restrict mosquitoes exit to walking
instead of flying. Gravid females searching for oviposition sites enter
from the top opening following the infusion lure. After failing to
reach the water because of the mesh ring, the female mosquitoes exit
from gap between the gel ring and the rain cover where they make
contact with and become contaminated with the pyriproxyfen gel
formulation.
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Fig. 1. Map of the study area with treatment and reference blocks. BGS traps per block (2014: n=1, 2015: n=2, 2016: n= 3, where n is number of traps per each

site), autodissemination stations, and oviposition cup locations are shown. Barrier treatments were conducted around treatment and reference blocks inside
and outside of the study area.
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Fig. 2. Autodissemination stations (ADS) design. ADS consisted of an infusion reservoir, transfer chamber, and a unidirectional funnel with different formula-
tions and delivery systems. (A) 2014 design using a dual treatment mechanism. A cartridge inserted into the middle of the chamber body contained two for-
mulation plates (top and bottom, 55 x 50 mm) each consisting of an oil and a powder bands. The oil bands were coated with 20% pyriproxyfen formulation a.i.
(0.62 g/station) and the powder bands were coated with a powder formulation containing 60% pyriproxyfen a.i. (0.42 g/station). (B) 2015 design using a transfer
plate consisting of oil and powder formulation bands on top of the reservoir. (C) 2016 design using a gel formulation containing 19% of pyriproxyfen a.i. coated
into a narrow grove (5.6 mm width and 6 mm depth) in the gel ring.mm depth in the gel ring.



124

Journal of Medical Entomology, 2020, Vol. 57, No. 4

Autodissemination Station Deployment

In treatment sites, 26-28 autodissemination stations per city block
were deployed between July and November (Fig. 1). No stations
were placed at the reference sites. All residents remained in the
program and allowed technical personnel to service the stations
throughout the study. The stations were fully serviced once (4 wk
postdeployment) to check water and formulation status. At that
time, new stations were deployed to replace missing or damaged
stations, and water level was checked and the stations refilled as
needed. Thereafter, autodissemination stations were serviced weekly
by field crews to ensure proper function and to unblock the opening
of clogged stations caused by leaves or spider webs in 2014 and
2015. In 2016, the gel formulation was checked and refreshed with
a layer of oil formulation containing 20% of a.i. for the ones with
dried gel surface every 4 wk. Because of the modifications made in
2016, clogged openings were no longer a problem.

Mosquito Field and Laboratory Surveillance

Eggs

For egg surveillance, previously published sampling protocol was
used (Unlu et al. 2017). Briefly, black 360 ml cups (SpringStar, Inc.,
Woodinville, WA) were secured to a fence at the ground level. Five
oviposition cups per each city block were deployed in treatment and
reference sites (Fig. 1). Oviposition cups were checked for larvae
to calculate the total number of eggs. Eggs were counted and then
hatched in the laboratory at 26 + 1°C and 16:8 (L:D) h. Third in-
stars were identified to species using identification keys (Ward 20035).

Larvae and Pupae

Larval monitoring used sentinel cups (Uline, Pleasant Prairie, WI and
‘naturally’ occurring containers such as buckets, bird baths plant pot
saucers, and tires (Unlu et al. 2013). In 2014, 10 sentinel cups with
250 ml of dechlorinated tap water were placed on each city block
(Fig. 1A); the number was reduced to five in 2015-2016 (Fig. 1B
and C). The sentinel cups were sampled and re-deployed at weekly
(2014) or bi-weekly (2015-2016) intervals. Water was filtered to re-
move debris, organic materials, and immature mosquitoes. The fil-
trate was then used to conduct laboratory bioassays. Five ‘naturally’
occurring containers per each city block were also sampled using
the same protocol. Water collected from sentinel cups and naturally
occurring containers was used in laboratory larval bioassays as de-
scribed by Wang et al. (2014). Briefly, 20 laboratory-raised third in-
star larvae were added to water removed from sentinel cups and
‘naturally’ occurring containers. Larval and pupal mortality and
adult emergence were recorded to estimate efficacy. For laboratory
controls, three cups of 20 larvae each were set up using distilled
water.

Adults

In 2014, adult surveillance was initiated on 14 May and ended on
12 November when no mosquitoes were collected for over two pre-
vious weeks. To reduce adult Ae. albopictus influx into treatment
and reference sites from the outside residential properties and al-
leyways, city blocks adjacent to the study area (Fig. 1) were treated
with a water-dispersible granular (WDG) formulation of Bacillus
thuringienis var. israelensis (Bti; VectoBac WDG, Valent BioSciences
Corp., Libertyville, IL) prior to autodissemination station deploy-
ment. We used a CSM2 Mist Sprayer (Buffalo Turbine, Springville,
NY) (Williams et al. 2014), for the B# applications. The first appli-
cation was on 27 July. Following the initial larviciding, ultra-low
volume (ULV) adulticide applications using DUET Dual-action

adulticide (Clarke Mosquito Control, Roselle, IL) were performed
weekly around the treatment and reference sites until 26 September.

In 20135, adult surveillance was initiated 6 May and ended 13
November after no mosquitoes were collected for two consecutive
weeks. In 2016, adult surveillance was initiated in 20 May and
ended in 27 October. Our results showed area-wide larviciding
and adulticiding conducted in 2014 did not prevent migration of
Ae. albopictus into the study sites (Unlu et al. 2017). Therefore, to
reduce the adult migration from neighboring areas, we conducted
barrier treatment with Suspend Polyzone (deltamethrin, 4.75%
a.i, Bayer Environmental Science, Research Triangle Park, NC) in
2015 and 2016. Barrier treatments were initiated a week prior to
autodissemination station deployment and trapping, and repeated
in 3 wk to all accessible properties, and alleyways. A backpack mist
blower (model SR-450, Stihl Corp, Virginia Beach, VA) was used to
treat vegetation below 3 m, leaf litter, and other resting habitats (e.g.,
under the porches and alcoves) (Unlu et al. 2017). For thick foliage, a
hand tank with mist blower tip was inserted into the foliage to cover
inner areas of dense vegetation (Trout et al. 2007, Unlu et al. 2017).

Data Analysis

To evaluate the effectiveness of the autodissemination stations on
the field population of Ae. albopictus, a before-after-control-impact
(BACI) design was employed (Stewart-Oaten et al. 1986). BACI de-
sign involves comparison between the treatment and reference sites
with data collected multiple times before the treatment as well as
afterward (Smith et al. 1993). A BACI analysis compares differences
between treatment and reference sites, but not the absolute values,
before and after an impact or a treatment. The BACI approach was
specifically proposed to address naturally occurring changes and
fluctuations; therefore, it is superbly suitable to analyze mosquito
populations experiencing variability from year to year. So, if the
changes in the mosquito populations are similar between treatment
and reference sites regardless of their magnitude, there is no impact.
However, if these changes differ, then they can be ascribed to the
treatment effect (Smith et al. 1993). Since this project was initiated
as a multi-year repeated experiment, it was analyzed accordingly to
include all 3 yr of experimental data.

The full generalized linear mixed model contained treatment/ref-
erence, before/after time periods, and their interactions as fixed ef-
fects. Random effects included time (i.e., weeks within years) nested
within location (i.e., blocks) to account for potential autocorrela-
tion. The traps within each block were considered pseudoreplicates
due to their proximity to each other.

Abundance ~ Treatment x Before After + (time|block)

The full model contained random intercept and random slope to
account for differences among mosquito populations in different lo-
cations. The overall treatment effect was considered significant if the
interaction term treatment*before/after application was significant
(P < 0.05) in the full model. For egg data, the number of eggs per
day was used as response variable in a model with a Gaussian distri-
bution. For the adult data, the total number of mosquitoes collected
was used as response variable in the model with negative binomial
distribution because of overdispersion.

Laboratory bioassay mortality data were analyzed only post ap-
plication. The full mixed effects model included the interaction term
of treatment and year as the fixed effects, and samples nested within
time points (i.e., year and week) as repeated random effects to ac-
count for potential autocorrelation and the differences in response
among samples at different time points. Since the initial number of
introduced larvae in each sample was constant (7 = 20), the number
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of dead pupae instead of proportion was used as response var-
iable in the model with negative binomial distribution because of
overdispersion.

All statistical analyses used R v. 3.2.3 (R Development Core
Team 2015) and the package Ime4 v. 1.1-10 (Pinheiro et al. 2015)
for mixed effects models (Bates et al. 2013). P-values were obtained
by likelihood ratio tests comparing the full model with and without
the effect in question (Crawley 2012). Posthoc tests were performed
by planned contrasts with adjusted P-values, or by Tukey HSD test
using the package multcomp v. 1.4-8. To check the model’s assump-
tions, residual plots were visually inspected for obvious deviations
from homoscedasticity or normality.

Results

Egg and Adult Field Surveillance
Aedes albopictus egg and adult collections were compared using the
before-after-control-impact (BACI) design with the exception of the
egg collections in 2014 since no before-treatment data were collected
(Fig. 3, Table 1). As previously reported, in 2014, fewer eggs were
collected from oviposition cups in the treatment sites (7 = 906) com-
pared to those in the reference sites (7 = 3350; y2 = 42.56; df = 1,
P < 0.0001) in the post treatment period. In 2015, a total of 45,342
eggs were collected in treatment sites before (208)/after (24,856) and
reference sites before (116)/after (20,162) (refer to Table 1 for av-
erages). In 2016, a total of 25,757 eggs were collected in treatment
sites before (2,773)/after (22,984) and reference sites before (4,593)/
after (40,205). For egg collections in 2015-2016, the interaction be-
tween treatment and before and after treatment time period was not
significant (y2 = 0.17,df = 1, P = 0.679), whereas the main treatment
effect was significant (x> = 15.3, df = 1, P < 0.001) suggesting sus-
tained differences between the treatment and reference sites during
the entire 2015 and 2016 mosquito seasons (Fig. 3, Table 1).

In total, 623 adult mosquitoes were collected in 2014 compared
to 3,876 and 5,023 in 2015 and 2016, respectively (refer to Table 1
for averages). For adult mosquitoes (combined males and females),

no significant differences in abundance were observed between the
treatment and reference sites. Neither the interaction between treat-
ment and before/after time period (y? = 0.002, df = 1, P = 0.964), nor
the main treatment effect (y* = 0.42, df = 1, P = 0.519) was statisti-
cally significant.

Aedes albopictus Pupal Mortality Bioassays

Following the autodissemination station deployment, treatment sites
experienced elevated Ae. albopictus pupal mortality sustained over
the treatment period during each study year (Fig. 4, Table 1). The av-
erage pupal mortality in field experiments using sentinel containers
was similar across the 3 yr averaging between 14 and 19% (pair-
wise comparisons, 2015/14: Z = 0.85, P = 0.691; 2016/14: Z = -0.3,
P =0.951; 2016/15: Z = -1.3, P = 0.387, all df = 1). Comparable
pupal mortality of 12-15% was observed for ‘naturally’ occurring
containers collected in treatment sites in 2015-2016. Pupal mor-
talities in containers deployed in the field and naturally occurring
containers were similar (pairwise comparisons, 2015: Z = -0.9,
P = 0.592 and 2016: Z = -1.1, P = 0.497, all df = 1). Reference
sample mortalities in both sentinel cups and ‘naturally’ occurring
containers were generally below 1%, but slightly higher in 2015,
when sentinel cups had elevated mortality compared to ‘naturally’
occurring containers (Tukey HSD posthoc test, Z = -3.8, df = 1,
P < 0.0.001). The laboratory control mortality was always at or
close to zero and thus no adjustments were made to account for it.
Opverall, treatment pupal mortalities were significantly higher than
those in the reference samples (Tukey HSD posthoc test, all compari-
sons, P < 0.001).

To compare treatment effect over time, field and natural con-
tainer categories were combined and all designated as either
autodissemination treatment or reference samples (Fig. 4). Pupal
mortalities in the treatment samples were similar across 3 yr (Tukey
HSD posthoc test all P > 0.6) and significantly higher than those
in the reference samples (Tukey HSD posthoc test all P < 0.001).
However, high pupal mortalities (280%) were only observed in a
small number of containers deployed in treatment areas (Fig. 4). Out
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Table 1. Summary of pupal mortality, egg, and adult collections

Year 2014 2015 2016
Type Treatment Before After Before After Before After
Pupal mortality (%)
Laboratory Baseline nd 0 nd 0.3+0.2 0 0
Field (deployed) Reference nd 0.6 =0.2¢ nd 6.0 =0.5° 0 0.2 =0.1¢
Field (deployed) Treatment nd 13.7 = 2.1% nd 18.6 = 1.3% 0 16.0 = 1.9%
Container (natural) Reference nd nd nd 2.2 £0.5¢ 0 0.2 £0.2¢
Container (natural) Treatment nd nd nd 14.8 +2.5¢ 0 11.8 + 3.3%
Eggs (average number per day)
Field (ovitrap) Reference 31.9 =+ 4.5¢ 7.3+43 73.1 5.7 114.8 = 21.1 206.2 + 18.9
Field (ovitrap) Treatment 8.7+ 1.9 13.0 = 8.6 88.8 + 5.8 71.1 +£10.2 121.0 £ 9.9
Adults (total collected per trap)
Field (BGS trap) Reference 8.3+2.8 9.0=14 2.1=+0.5 18.4 = 1.7 13.8 £ 3.1 15.9+2.3
Field (BGS trap) Treatment 5.0=1.5 11.5+1.7 5.6+2.3 20.8 2.4 10.7 = 1.5 12.5 1.5

Average values = standard errors are shown. Before and after refer to weekly measurements made either before or after autodissemination station deploy-

ment (see text for more details). Letters indicate statistically significant difference within each year and measured response. For pupal mortality, laboratory

reference samples, containers deployed in the field (Field), and naturally occurring containers (Container, 2015-2016 only) in both the reference (reference) and

autodissemination treatment blocks (treatment) are shown. nd designates no data were collected.

of the total 21 wk of observations over the 3-yr period, the pupal
mortalities in the treatment samples were higher than those in the
reference samples for 19 wk or approximately 90% of the time.

Autodissemination Stations: Technical Challenges and Solutions

In 2014, 78.9% of the stations experienced exit gap blockage due to
falling leaves and spider webs (Fig. 2A). In 20135, the exit gap size
was increased, and a cover was added to reduce blockage. Despite
the modifications, exit gap blockage remained a problem due to leaf
and spider webs, observed in 86.8 and 13.4% of the stations, re-
spectively (Fig. 2B). In addition, failures such as caking or leaking of
formulations were corrected during weekly station servicing. In the
2016 final design, over 90% of the blockage and formulation prob-
lems were successfully corrected (Fig. 2C).

Discussion

Autodissemination of insecticides selectively targeting container
Aedes larval habitats is a promising novel technology to manage
mosquito species of high medical importance, namely Ae. albopictus
and Ae. aegypti (Devine et al. 2009, Caputo et al. 2012, Snetselaar
et al. 2014, Mains et al. 2015, Unlu et al. 2017). This method offers
several attractive advantages. Autodissemination precision targets
larval habitats using gravid mosquitoes for product delivery of mi-
nute amounts of insecticide (Itoh 1995, Devine et al. 2009, Abad-
Franch et al. 2015). This limits environmental impact as well as
reducing product and labor costs (Sihuincha et al. 2005, Chandel
et al. 2016, Unlu et al. 2017). This technique is scalable from a
single residential property to the level of neighborhood. It is also
compatible with other novel approaches such as sterilized male re-
lease (Mains et al. 20135, Pleydell and Bouyer 2019) as well as with
more conventional mosquito control measures (Focks et al. 2000,
Farajollahi et al. 2012).

Putting aside the favorable environmental and economic pro-
files, the principal remaining question is whether autodissemination
is an effective mosquito control tool. This question has been an-
swered in the affirmative under laboratory conditions, and in semi-
or small-scale field experiments (Dash and Ranjit 1992, Dell Chism

and Apperson 2003, Devine et al. 2009, Caputo et al. 2012, Abad-
Franch et al. 2015, Mains et al. 2015). However, the most impor-
tant test for any new mosquito control technique is the performance
under operational field conditions, which was the focus of our study.
Unlike previous autodissemination field testing conducted in trop-
ical or subtropical locales (Devine et al. 2009, Caputo et al. 2012,
Ponlawat et al. 2013, Abad-Franch et al. 2015), our study area was
in a temperate region representing typical Ae. albopictus habitat in
the United States (Rochlin et al. 2013, Faraji et al. 2014).

Only Abad-Franch et al. (2015) had previously conducted a field
test within a residential neighborhood, whereas all others experi-
ments were restricted to small areas with clearly delineated physical
confines (i.e., a cemetery, a garden, or a small village) (Abad-Franch
et al. 2015). Among these studies, only Ponlawat et al (2013) con-
ducted adult surveillance (Ponlawat et al. 2013). All trials were
of short duration ranging from a few weeks to a single season.
Importantly, some investigations lacked reference sites making it
impossible to attribute the observed effects solely to pyriproxyfen
autodissemination.

We have addressed some of the shortcomings mentioned above
by measuring the impacts of pyriproxyfen autodissemination on egg,
immature, and adult mosquito stages. Before-after-control-impact
design allowed tracking mosquito populations simultaneously in
treatment and reference sites to better separate natural variability
from the treatment effect. We further attempted to minimize the mi-
gration of adult mosquitoes into the treated or reference sites by
barrier treatments around the periphery of the study units. Although
we switched from ULV adulticiding to barrier treatment to mitigate
the movement of adult mosquitoes into the study sites, we lacked
access to every parcel which allowed for some migration. This
was a significant limitation likely to be an issue for any large-scale
autodissemination study. Based on the analysis performed for 2014
field experiments, the number of BGS traps was increased to im-
prove the statistical estimates. Lastly, to increase statistical power
and confidence in the observed results, the treatments were repli-
cated in space (three in each treatment and reference group) and
time (three seasons in 2014-2016). The study was designed to re-
flect an operational environment typically experienced by local mos-
quito control districts in the United States. We focused on known
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Fig. 4. Pupal mortality in bioassay experiments. The upper panel summarizes data over the study period (mean and SE) for laboratory reference samples
(Lab REF), containers deployed in the field (Sentinel cups), and naturally occurring containers (Nat cont, 2015-2016 only) in both the reference (REF) and
autodissemination treatment blocks (TRT). Different letters indicate statistical significance at P < 0.001 between categories within each year. The middle panel
shows the distribution of mortalities in containers deployed in reference (REF) and treatment (TRT) sites. The data were aggregated at 20% intervals from 0 to
100%. For both treatment types, sentinel cups and naturally occurring containers were combined. The lower panel shows average percent pupal mortality with

standard error by week following autodissemination station deployment at week =

0. In 2015-20186, Field and Container categories were combined for reference

and treatment blocks. In 2016, the pupal mortality was also measured 2 wk prior to the deployment, i.e., week = -2.

problematic areas with high Asian Tiger mosquito populations and
biting activity, i.e., the hot spots that have been previously character-
ized and monitored (Unlu et al. 2016).

Similar to the previous studies, our results demonstrated that
autodissemination stations can successfully deliver the product
into containers. The overall suppression approximated 12-19%
on average and was relatively consistent in time (within and across
seasons) as well as in place. The significant variability in weekly mor-
talities was consistent with other field and laboratory experiments
(Dell Chism and Apperson 2003, Caputo et al. 2012).

While all autodissemination studies reported increased mortal-
ities for Ae. albopictus and Ae. aegypti immatures, the magnitude
differed. Under ideal laboratory conditions, 100% adult mosquito
emergence suppression was sometimes achieved, albeit with a high
degree of variability (Dell Chism and Apperson 2003, Wang et al.
2014). An average estimate of 70% is probably more realistic
(Dell Chism and Apperson 2003, Sihuincha et al. 2005). Generally,

Ae. aegypti was found more susceptible to pyriproxyfen than Ae.
albopictus (Itoh 1995, Dell Chism and Apperson 2003). This may
explain lower pupal mortality of Ae. albopictus compared to Ae.
aegypti in the field and greenhouse experiments achieving ~50-60%
adult emergence suppression (Ohba et al. 2013, Wang et al. 2014,
Abad-Franch et al. 2015). Abad-Franch et al. (2015) was the only
field study reporting autodissemination effects on both container-
inhabiting Aedes species. Their pupal mortality results were con-
sistent with others: 50-80% for Ae. aegypti (Devine et al. 2009)
and 50-70% for Ae. albopictus (Caputo et al. 2012). These levels of
mortality were higher compared to our study (12-19%) and a small-
scale trial in the same area (10-20%) (Suman et al. 2014).

Several factors make direct comparisons of our study with other
field trials problematic. Caputo et al (2012) was likely the closest
study climatically and socioeconomically, but their field sites, a stone
cemetery and a garden, were small, nonresidential, and physically
confined. These uniform environments lacked the diversity of larval
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habitats present in our residential community. Abad-Franch et al.
2015 conducted their experiments within an urban neighborhood
bearing similarities to our study area in terms of population den-
sity, housing and the road network. However, the study site was lo-
cated in a tropical Amazon basin and was more urbanized with little
natural vegetation. The majority of mosquito container habitat was
concentrated inside and around the houses. In contrast, in our study,
all containers were found in backyards that often had considerable
shrub and tree cover. Abad-Franch et al. 2015 study design was also
different—all stations were deployed in one core area and no com-
parable reference site was established making a direct comparison.

Even less data are available on the impact of pyriproxyfen
autodissemination on adult mosquito populations. This dearth of in-
formation is partially due to difficulties in preventing adult mosquitoes
from the surrounding areas to migrate into the treatment sites (Abad-
Franch et al. 2015). One way of dealing with this problem is establishing
a small core treatment area surrounded by a much larger buffer area.
Using this approach, (Ponlawat et al. 2013) detected a reduction in Ae.
aegypti BGS trap collections in the autodissemination treatment site.
This core and buffer approach would likely work less well for Ae.
albopictus because of this species’ greater flight range, of 200-500 m
(Niebylski and Craig Jr 1994, Bellini et al. 2010) versus 50-100 m for
Ae. aegypti (Reiter et al. 1995). Instead, we treated the buffer zone with
a barrier pesticide to reduce adult influx. While the barrier applica-
tions worked to some degree (about 40% reduction based on BGS trap
counts, data not shown), it did not prevent migration. No differences in
adult counts between treatment and reference sites were detected during
our study. This was in agreement with the preliminary small-scale trial
(Suman et al. 2014) and semifield greenhouse experiments that achieved
higher pupal mortalities of ~50% compared to our study (Ohba et al.
2013). Existing guidelines suggest 80% pupal mortality as the desirable
range for IGR products (WHO 2005). Unless this threshold is attained
under field condition, any impact due to adult emergence inhibition
would be difficult to detect due to considerable natural fluctuations and
movements of adult mosquito populations.

An aspect of pyriproxyfen autodissemination largely unexplored
by field studies is the IGR’s effect on mosquito eggs. Reduction in
female fecundity and egg hatching rate were determined for both Ae.
aegypti (Itoh 19935, Sihuincha et al. 2005, Ponlawat et al. 2013) and
Ae. albopictus (Dell Chism and Apperson 2003) mosquitoes under
laboratory conditions. In greenhouse semifield experiments with Ae.
albopictus, egg hatch declined 75-100% and fecundity was also sig-
nificantly reduced (Ohba et al. 2013). The first year (2014) results
from our study seemed to confirm these observations with a *73%
reduction in egg collections in treatment versus reference sites (Unlu
et al. 2017). However, no such reductions were observed during the
subsequent 2 yr of the study (2015-2016) leaving this question open
to further research.

One possible limitation of an autodissemination approach is
the temporary decline in pyriproxyfen effectiveness in the field after
heavy rains (Mbare et al. 2013, Suman et al. 2014). Also, the use
of plastic containers is mentioned frequently as a concern because
pyriproxyfen adhesion to plastic (Suman et al. 2013). However,
pyriproxyfen is a juvenile hormone analogue which operates at ex-
tremely low concentrations (Lee 2001, Al-Sarar et al. 2011).In 2014,
we observed 70% pupal mortality at 0.004 ppb while the highest
concentration of 0.0113 ppb achieved 95% pupal mortality (Unlu
et al. 2017).

As with any pesticide, pyriproxyfen should be applied using
integrated pest management and rotated with other pesticides to
prevent resistance. One of the advantages of pyriproxyfen is that
exposure to sublethal doses of this IGR also affects reproduction.

Mbare et al. (2013) reported 90% reduction in Anopheles gambiae
and Anopheles arabiensis fecundity and after exposure to sublethal
doses. The delayed sublethal effects of pyriproxyfen and other IGRs
also altered the sex ratio and reduced the blood-feeding rates (Loh
and Yap 1989, Vasuki 1999). Therefore, even if the mosquitoes are
subjected to sublethal doses of the pesticide, the effects might be
beneficial for the disease risk reduction. Resistance to pyriproxyfen
is a concern, yet widespread use in agriculture resistance has only
been reported in a whitefly Bemisia tabaci (Gennadius) population
in Israel (Horowitz et al. 2002, 2005).

We conclude that the autodissemination stations successfully de-
livered the IGR into Ae. albopictus larval habitats, but the impact
was insufficient to reduce adult populations. Only 1-4% of the con-
tainers in the field treatment sites exhibited high, i.e., 280% (WHO
2005) immature stage mortality (Fig. 4). In each year, approximately
three-fourth of the containers in the treatment sites exhibited mor-
talities of <20%. Several problems encountered during this large and
long-term experiment likely influenced the outcome. One concern
was the stations themselves. The initial design was unsatisfactory
because of blockage of the autodissemination stations and exit gap
size. This was modified twice through the study. The latest design
showed no blockage problem and increased durability of the gel for-
mulation versus oil and powder formulations.

Working in a highly urbanized and densely populated environ-
ment was a fundamental challenge of this study. Limited accessi-
bility to individual properties constrained optimal placement of
autodissemination stations, a crucial component of effective levels
of mosquito control (Caputo et al. 2012). Large-scale barrier treat-
ments to prevent an influx of adult mosquitoes were less effective
because many property owners did not provide permission to treat.
As a result, our barrier applications lead only to about 40% reduc-
tion in adult mosquitoes (data not shown), about one-half of the
levels achievable with more uniform coverage (about 72%) (Unlu
et al. 2017).

These experimental challenges undoubtedly contributed to re-
duced efficacy of autodissemination stations resulting in smaller
impacts on the mosquito populations compared to the laboratory,
semifield, or small-scale field trials. While the stations clearly per-
formed as expected by spreading the IGR into sentinel and ‘natural’
containers leading to higher pupal mortality, the impact was not suf-
ficient to realize a reduction in adult populations.

Operational research requires enhanced support by incorporating
different tools such as conventional treatments, autodissemination sta-
tions, sterilized male release, and bait stations into a single IPM tactic
that has low environmental impact while providing excellent container
Aedes control. Such integrated tactic should also appeal to the general
public, without whose involvement and support it would be impossible
to reduce container inhabiting mosquito habitat. Commercialization of
effective techniques adaptable to public use such as autodissemination
stations should be also pursued to assist with the efforts of mosquito
abatement districts. Our current reliance on conventional pesticide and
source reduction may appear logical and simple; however, it is clearly
inferior and not sustainable given limited budget and shrinking per-
sonnel in many mosquito control districts.
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