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Abstract

BACKGROUND: Mosquito larval control through the use of insecticides is the most common strategy for suppressing West
Nile virus (WNV) vector populations in Connecticut (CT), USA. To evaluate the ability of larval control to reduce entomo-
logical risk metrics associated with WNV, we performed WNV surveillance and assessments of municipal larvicide applica-
tion programs in Milford and Stratford, CT in 2019 and 2020. Each town treated catch basins and nonbasin habitats
(Milford only) with biopesticide products during both WNV transmission seasons. Adult mosquitoes were collected weekly
with gravid and CO,-baited light traps and tested for WNV; larvae and pupae were sampled weekly from basins within
500 m of trapping sites, and Culex pipiens larval mortality was determined with laboratory bioassays of catch basin water
samples.

RESULTS: Declines in 4th instar larvae and pupae were observed in catch basins up to 2-week post-treatment, and
we detected a positive relationship between adult female C. pipiens collections in gravid traps and pupal abundance
in basins. We also detected a significant difference in total light trap collections between the two towns. Despite
these findings, C. pipiens adult collections and WNV mosquito infection prevalence in gravid traps were similar between
towns.

CONCLUSION: Larvicide applications reduced pupal abundance and the prevalence of host-seeking adults with no detectable
impact on entomological risk metrics for WNV. Further research is needed to better determine the level of mosquito larval con-
trol required to reduce WNV transmission risk.

© 2021 The Authors. Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

Supporting information may be found in the online version of this article.
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1 INTRODUCTION

* Correspondence to: JR McMillan, Connecticut Agricultural Experiment Station,

West Nile virus (WNV) is a mosquito-borne virus (i.e. arbovirus)
transmitted by Culex spp. mosquitoes among birds.! The virus
was first discovered in the USA in 1999 and spread throughout
North and South America where it continues to be a threat to
human and wildlife health.'" The intensity and frequency of
WNV epidemics in the USA varies among regions and years,
although WNV accounts for the majority of reported arbovirus
infections in humans.>® There are few economic incentives to
developing a human WNV vaccine,* and prevention of WNV
exposure relies on Integrated Vector Management (IVM)2 IVM
strategies recommend multiple measures, including personal pro-
tection and adult/larval source reduction/removal methods, in
order to control vector populations and reduce risk of arboviral
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exposures. For WNV, mosquito control efforts are led by a variety
of local to regional-level authorities. Control targets range from
larvicidal treatments in roadside catch basins, to removal of stand-
ing water from containers on public and private properties, to
aerial and ground-level applications of insecticides during WNV
public health emergencies.

Certain regions of the USA maintain well-funded and publicly
supported mosquito control operations. Throughout the
remainder of the USA, mosquito control for WNV is the respon-
sibility of local authorities, many of which lack the resources and
support to implement any mosquito control strategy(s).>” Local
authorities that do implement mosquito control strategies com-
monly utilize dual approaches including public health messag-
ing and larval source reduction with insecticides® Larvicide
treatments by such authorities are limited to properties under
their jurisdiction,”® and the primary targets for larviciding
include roadside catch basins, storm drains and retention
ponds. Catch basins are below street-level structures, which
facilitate precipitation run-off into sewage and waste water
treatment systems. Their design includes a sump at their base
below the outflow line meant to capture and prevent large
debris from entering water treatment systems. Sumps can con-
tain eutrophic water for extended periods of time making them
ideal larval habitats for the primary urban mosquito vectors of
WNV in the USA, Culex pipiens complex.'®'? Other sources of
C. pipiens complex larvae have been documented in urban
environments,'*'* but these habitats are more difficult to iden-
tify and treat than catch basins. Thus, larval control in catch
basins represents a common and widely replicated approach
to WNV control in the US.

Operational aspects of C. pipiens control in catch basins are
well-documented; studies have examined the influence of land
cover and climate on the abundance of larvae,’'¢ the effec-
tiveness and residual activity of larvicide products,'”** and
the physical properties that facilitate larval development and
control failures.>>>> There is less evidence on the capability
of larval control in catch basins and other larval habitats to
reduce WNV risk metrics.?62% To examine the ability of munic-
ipal larval control programs to affect WNV transmission, we
performed WNV mosquito surveillance coupled with systematic
evaluations of larvicide treatments in catch basins in two
towns in CT, USA with historical evidence of enzootic WNV
transmission yet which utilize different mosquito control
approaches. The objectives of our study were to assess the
effectiveness of larvicides in catch basins, compare catch basin
and surveillance collections between the towns, and examine
whether catch basin collections were predictive of WNV infec-
tion metrics in captured adult mosquitoes. Our results address
a critical need for applied epidemiological research into public
health interventions for WNV at spatial scales relevant to local
governments.

2 MATERIALS AND METHODS

2.1 Surveillance site characteristics

Mosquito control in CT for nuisance and disease vectors is the
responsibility of local municipalities (with the exception of state-
owned property), and there are no centralized mosquito abate-
ment/control districts in CT. Thus, each town implements their
own program pursuant of budgetary limitations and public sup-
port. Our study design therefore focused on surveillance of mos-
quitoes and larvicide effectiveness in towns that utilize different

approaches to mosquito control. After consulting with mosquito
control applicators and public health partners, we implemented
our study in Milford and Stratford, CT during the 2019 and 2020
WNV transmission seasons (June-October). Milford and Stratford
are neighboring towns located in the southwest portion of CT,
with Milford located directly east and Stratford directly west of
the mouth of the Housatonic River (Fig. 1). Milford has a larger
incorporated area (Milford 65.1 km?; Stratford 51.5 km?),
whereas Stratford has a higher population density (Milford
841 persons km™%; Stratford 1007 km=2) (2019 US Census popu-
lation estimates). The Connecticut Agricultural Experiment Sta-
tion (CAES) maintains two mosquito and arbovirus surveillance
sites in each town, and each town’s southern surveillance site
is considered at high risk for WNV2° (Fig. 1). However, the south-
ern Stratford site tends to collect more C. pipiens and detect
more WNV-positive samples than Milford’s southern site
(https://portal.ct.gov/CAES/Mosquito-Testing/Introductory/State-
of-Connecticut-Mosquito-Trapping-and-Arbovirus-Testing-
Program).

Each town implements a different approach to mosquito con-
trol, although control of mosquitoes in catch basins for WNV risk
prevention is central to each town’s approach. S-methoprene,
an insect-growth regulator that is the main active ingredient in
many mosquito larval control products, is restricted in CT as well
as in other regions of the northeast USA, so biopesticides are
the most commonly used products for larval control; the products
utilized in this study were at the discretion of the applicator. Mil-
ford contracts with a private applicator for a comprehensive pro-
gram which consists of biweekly treatments of tidal and nontidal/
flood-prone habitats with Bacillus thuringiensis israelensis and Lysi-
nibacillus sphaericus products as well as catch basin treatments
with L. sphaericus (applied as %20 g Vectolex FG) during the sum-
mer months. The nonbasin habitats in Milford are treated from
April/May to September/October, and control of nuisance mos-
quitoes also can include home evaluations when requested by a
resident. The basin-specific applications in Milford are for control
of Culex spp. mosquitoes and WNV, and applications are per-
formed in approximately June, July and August (~8000 basins,
123.6 basin km™). The same mosquito control applicator con-
tracts for control in Stratford (~5000 basins, 98.6 basins km™);
however, Stratford has fewer resources for control and only con-
tracts for a single treatment of catch basins with the same
L. sphaericus product used in Milford. The timing of the single
Stratford treatment varies between years and some years are
not funded as a consequence of budgetary constraints. Funds
were made available for the single treatments in 2019 and 2020
in response to a statewide WNV epidemic in 2018 that resulted
in 22 human cases (the most in a single year in CT). See Table 1
for a listing of basin and nonbasin treatments in Milford during
each year of the study. All surveillance site-specific maps of catch
basin locations and IDs are provided as Supporting Information
Figures S1-514 .

2.2 Field surveillance 2019

2.2.1  WNV surveillance

In April and May 2019, eight surveillance sites in each town were
chosen for WNV surveillance (Figs 1 and S1). These sites all
were located in an urban setting near the |-95 interstate corridor
(aregion considered at greater risk of WNV in CT) and surrounded
by catch basins accessible for sampling. Eight sites per town
represented the maximum amount of sampling effort we could
sustain at a preferred weekly sampling interval. Each town was
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Figure 1. Map of surveillance and catch basin sampling sites in Milford and Stratford, CT 2019-2020. Red stars, adult mosquito and West Nile virus sur-
veillance sites; white with red border circles, 500 m sampling buffer instituted in 2020; small black points, catch basin locations; purple regions, nonbasin
larvicide treatment areas in Stratford; solid black lines, each town’s political boundary with town names listed in bold, black text. The Connecticut Agri-
cultural Experiment Station’s statewide mosquito and arbovirus surveillance locations in the region are shown for reference using blue circles with black
dots. The figure was produced in ArcMap 10.5.1 (ESRI) using the OpenStreetsMap World Base and Reference maps.

separated into routes, with Milford consisting of an E-W route and
Stratford consisting of a N-S route; traps in these routes always
were sampled at the same time and the density of traps within
each route minimized possible pseudo-replication of collections
that may occur when using a higher density of traps3°3' Adult
female mosquitoes were sampled atall surveillance sites between
10 June and 31 October with a single gravid trap baited with a
lactalbumin-hay-yeast infusion®? and a single ground-level CO,-
baited light trap. Each trap was set in the afternoon and collected
the following morning. All gravid and light trap collections were
returned to Connecticut Agricultural Experiment Station (CAES)
where female mosquitoes were sorted from by-catch and stored
at —80 °C until specimens could be identified to species morpho-
logically using a dichotomous key*? and tested for WNV in pool
sizes <50 individuals following published cell culture and reverse

transcription polymerase chain reaction (RT-PCR) methods.3%3°

2.2.2 Catch basin sampling

In May and June, catch basins near four surveillance sites in each
town were surveyed for the presence of water and the ability to
remove the catch basin’s grate. Sample basin determination was
not randomized, but was based on the level of traffic and the ease/
safety of sampling. Six to 10 basins per surveillance site were chosen
for weekly sampling within 24 h of trap setting. At each basin, if
water was present at the time of sampling, the grate was removed,

three dips were performed with a 500-mL plastic Nasco extended
sampler, and the presence of Culex spp. egg rafts, any instar of larvae,
and pupae in any of the dips was recorded. Recording presence/
absence of larvae and pupae is a common field check of larvicide
products such as VectoLex FG,® and this was considered a sufficient
field measure of larvicide effectiveness. We also collected a 300-mL
water sample from the basin using Nasco Sampling Line fitted with
a 532-mL Whirl-Pak bag (Nasco, Fort Atkins, WI, USA).

2.2.3 Larvicide bioassay

In order to better define the effectiveness of L. sphaericus in trea-
ted basins, we tested water samples from a subset of basins for
realized mortality using CAES' C. pipiens laboratory colony. All
water samples were returned to CAES and stored in a 4 °C refrig-
erator until tested. Every week, two to three C. pipiens egg rafts
were placed in 2 L water in enamel pans and held at 24°C at
80% humidity. Larvae were fed with an addition 5-10 mL of a
3:2 bakers' yeast/ liver powder solution every other day. For the
bioassays, 100 mL of a catch basin’s water sample was filtered
through a paper coffee filter into a 300-mL disposable plastic
cup and 15 3rd-4th instar C. pipiens were inserted into the water.
We ran a positive and negative control for every ten water sam-
ples tested: positive controls were inoculated with the LC95 for
L. sphaericus,®” whereas negative controls contained just larvae
and water. All samples and controls received <0.05 g TetraMin
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(Tetra, Blacksburg, VA, USA) fish food at the beginning of every
assay. Larval mortality was defined following Burtis et al. 2020°”
= ;':‘ and counted 24 h after larvae were inserted in the water sample.
35|€3 SR 8 All mortality results were corrected for mortality in the negative
E T|°e- - - control using an Abbot Correction [(% sample mortality-% control
a mortality)/(100-% control mortality)] * 100. All water samples
were tested within 7 days of collection.
— 2.3 Field surveillance 2020
° § < < - All mosquito and WNV surveillance locations and methods
é o ISa é =4 g remained the same in 2020, and surveillance methods took place
R e e e o between 1 June and 16 October. We made significant changes to
° = % our methodology following a series of statistical power analyses -
] g using preliminary data from the 2019 portion of the study (see E
o - - % SI2 for the R-code to reproduce these analyses). Our primary tests %
2|9 _’§ % é _,;g % o= included determining: realized statistical power in 2019 (defined é
-§ § £56% g0 _'é’ as the proportion of model simulations of Milford versus Stratford 5
(g2 8 2 B collections with P-values <0.05).® the number of surveillance o)
= = = sites needed to detect a 20% difference in gravid trap collections g5
. (which was the observed difference in collections in 2019), the &
S number of catch basins to sample in order to link collections in g
"§ © o~ catch basins to collections in gravid/light traps (based on the 3
§ 2019 metric of presence/absence of larvae/pupae), and whether 5
< other quantitative metrics from catch basins could predict trap 2
" collections. We followed simulation recommendations for gener- §
E 2 A alized linear mixed effects models (GLMMs) developed by John- >
. son et al. 201538 Simulation data were generated using the 5
§, seasonal average of trap collections under a negative binomial ;—g
S : distribution and/or the prevalence of pupae in catch basins in =
£ ? Co go o w9 each town under a binomial distribution using the GLMMwisc E
g3|ledin R S 2 °—; and wve4 R packages.®®3° 5
<5 = Z
= :3, 2.3.1 Catch basin sampling §
i Initial power analyses suggested only marginal increases in statistical %
. 5 power by increasing the number of traps in each town. Therefore, we 3
e § developed a strategy to collect quantitative metrics of larval and §
g i’ g § % g E § g b pupal occupancy in 10% of basins within 500 m of each surveillance =
<g|ls335 3 333 site. Based on preliminary analyses with various buffer sizes and our
g § experience sampling basins in 2019, the 500 m buffer and 10% sam-
o = ple size represented a distance at which we could maximize our
S 5 weekly sampling of a subset of basins (the 10% threshold resulted
leg oy R 2 in between 10 and 20 basin's per s.urveillance site): The.SOO m buffer
9 é 9 % é % é x| 2 also represents a conservative estimate of mosquito flight distances
gleggzee e se |3 reported for Culex spp. and other mosquitoes. %42
& § ke § § ;"5 E § :P We obtained GIS files of all catch basin locations in Milford and
§ Stratford from each town’s respective public works department.
= In ArRcMap v10.5.1 (ESRI) we drew 500 m buffers around each trap
§ : site to create a new layer with the number and location of basins
'§ 3 m < 2 within the buffer. Basins were assigned a random identification
3 ] number, IDs were sorted in ascending order, and basins were
< g' evaluated sequentially until the 10% threshold was met. Basins
o were initially eliminated if they were not located on a road likely
;‘3 3 © S 8 to be treated by the applicator (e.g. interstates). Basins then were
= § assessed in the field for the presence of water, the ability of our
= o 3 sampling equipment to fit through the basin’s grate, and whether
°C:'s' § < ® < § sampling the basin would pose any safety risks. Evaluations took
= e 8 place between 1 May and 2 July and some sites required multiple
S _ 2 evaluations to achieve the 10% sampling target due to drought-
= 8 9] S like conditions. Two surveillance sites in each town were excluded
o £ E § fg from these evaluations: one Milford site contained a majority of
E 2 5;”' o *% basins located along a major throughway as well as on private
property within the 500 m buffer, one Milford site contained a
Pest Manag Sci 2021 © 2021 The Authors. wileyonlinelibrary.com/journal/ps
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Figure 2. Weekly catch basin collections by town in 2019 and 2020. Colors indicate the larvicide treatment variable designation (red, week 1; pink, week
2; orange, week 3; yellow, week 4; grey, no or assumed decline of treatment effectiveness).

majority of natural spaces and open water within the 500 m
buffer, and two sites in Stratford shared a large degree of overlap
between each site’s 500 m buffer. Catch basin selection summa-
ries for 2020 are available in Table S1.

We built a larval sampler and a water sampler, each capable of
slipping through standard catch basin grates (a square or rectan-
gular grid with spacing roughly 63.5 mm). The larval sampler was
a 101.5 mm rectangular aquarium fish net (quick-net™) modified

to slip though the catch basin grate and duct-taped to a 1.2 m
long, 12.7 mm diameter PVC pipe. The PVC pipe included a fitting
so that an additional 1.2 m PVC segment could be added to the
sampler in order to sample catch basins >2 m deep. To sample lar-
vae and pupae, a figure-8 sweep was conducted through the sur-
face of the water column, ensuring that the sweep extended
through the middle to the walls of the basin. The net then was
inverted and larvae and pupae were washed out of the net with

wileyonlinelibrary.com/journal/ps

© 2021 The Authors.

Pest Manag Sci 2021

Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

‘[1202/80/50] & [6559°5d/2001°01/4Pdo/10p/ - 910°LLO €ET L0 - Areiqry durjuQ Ko[IM ] £q pajutid



meats business

@)

WWW.SOCi.org

Printed by [Wiley Online Library - 071.233.077.016 - /doi/epdf/10.1002/ps.6559] at [05/08/2021].

v
o
=
©
[=
£
>3
o
<
£
o
Y
P
2
©
e
2
K]
=
=
o
>
<
2

>

‘pajdwes jou ‘SN M

=

(%¥°€L) L6S (sv°€) 0z8y %6V € (€£°£) 808 OL %9 86€EL (z's9L) 8L %0S %T8 (Le) ¥19 leyol T
(%192) ¥L1 (8£°€) €601 %9'St (61°6) £L59T %T'6S (S1) 68T (9°¢61) TSL %y %LL (6) 881 puspoom 1S
(3]

(%TEL) LLL (€9°€) €68 %6°'LE (¢v9) 0851 % LY (1) 9ve (TeLL) 9gL %LS %€8 9 vLL yooug Auois S
O

(%v9) TL (zzo) 9Le %T' LT (zz9) zsoL %L°0€ (L1) 691 (9°£€1) 801 SN SN SN 3oo.g Buo ©
pusia m

(%0¥L) LL (9g°9) 6€T1L %L°0S (€'01) 92€C %L£'99 (z1) L1€T (E¥91) 621 %89 %06 (£)orl JU0ISIH (986 K
(%LTL) PLL (80%) EVLL %T'6€ (15'8) €8€C %99t (91) 08z (S'£61) SSL %y %18 (o1) zoz Yied ybiH ‘TL09) il
S]

(%t°€) 901 (ev0) 9L %08 (SL'v) 09L %0°LT (z1) €8l (8'vtl) 86 SN SN SN pIay4anold piojens =
(%6°62) ¥16 (z6°L) LLEE %¢€'8L (£1°€) vTES %°vT (z6) L89IL (£'861) 9€6 %y %SS (v€) 8¥9 |eyol ]
Q

P4 5

(%T°02) Tl (89:0) S9L %L'6 (S¥'1) €5€ %691 (€1) v¥T (6'991) LEL SN SN SN uolbulysepm ¥ g
(%91¥) vEL (9'7) 089 %0'8C (91°€) soL %C'9T (1) €T (91s1) 611 %LT %LT (8) SEL ulod puod 24
=2

(0z02) 25

xa|dwod 2

suosied iy

=

(6102) Q=

PAOJIN o=

(%T'82) L1 (69°€) LVTL %L'9C (089) 662¢ %S'vE (81) 8€€ (0°592) 80T %S€ %19 (6) ¥81 umojumoq N
>

(%€°62) 901 (z€0) 0S¥ %9°0€ (8L'¥) 018 %C'8€ (L) vél Wiyl) LLL %CY %¥9 (o1) ¥o1 SpIsmopesiy M
ueb3 o€zl £

(%S°Z€) 981 (S17) 80 %L'8 (8L 8LL %681 (81) 62€ (120 vLL SN SN SN 121ebuR ¥S0'8) 5
>

(%0°52) 02T (£¥0) £9L %CEL wT'l) 6€v %L°0€ (07) €5€ (6'S¥T) €61 %CE %€9 (8) s9L Yoy Ausqr pioIN w
O

(Ayjerow (9)dwies sad sednd (9)dwies sad oeAJe| (Ap9am ;W J2d sednd Jeisul (Apoam uo|3e307 (W .m
abeiane) Ayjerow abeiane) 2dudjenald  obesane) sense Jeisul Yy 9|dwes ‘K1suap) 2dUdeAdld enle| Aue 9|dwes PSTNVE A
| | | 4y P3| P | |ense| P3| P -

104 US3IDS sednd [ejo] JeISUl Yipy [e30]  9dud|eAdld suiseq) 1anq w 00S 2oUd|eAdld suiseq) suiseq m
sa|dwes |ejo] sajdwes |eyo] UIyIm suiseg sa|dwies [e10] |e101) UMO|. g
S

c

S

0z0¢ 61L0C N

020Z-6 10T IN21129UU0D) ‘PI0JIRIIS PUB PIOJ|IN Ul SSLewwns bulidwes uiseq yole) °z d|qeL M

Mosquito larval control for West Nile virus

Pest Manag Sci 2021



et WWW.S0Ci.org JR McMillan et al.
(A) (B)
o o _
o 8 2
o
&
g a3
a = a o |
E 28 |
= o
R s
i =
s R
2 g 2
E= @
s} G
3 o o _|
2 o | @ «
@ ™ =
o
o
=
(= o -
Notreatment  1st week 2nd week 3rd week 4th week Milford Stratford
(©) 0 o
8
2 o_
@ L]
©
5 §
] @
= o | <}
= © &
= AR
S
° o 2
= = =
= =
g e
[=]
0 o =
o _
7 o L oy A
o
m
e
o - o -
Notreatment 1stweek  2ndweek 3rdweek  4thweek Motreatment Istweek  2nd week  3rdweek  4th week
(E) (F) 2
o _
P~
@
m O _ w -
w
2
5 81 2
e | L]
2 2 2
g g
a © | 4
2 © a v
2 g g
o S
R o |
i _m Nt
o J o J ‘.:4:.

Mo treatment  1st week  Zndweek  3rd week 4th week

Mo treatment  1st week 2nd week  3rd week 4th wesk

Figure 3. The predicted effect of the Town-by-Treatment interactions terms from GLMMs comparing catch basin collections by town in 2019 (A-B) and
2020 (C-F). Percentage of basins: (A) in 2019 positive for of any instar larvae, (B) in 2019 positive for pupae, (C) in 2020 positive for 4th instar larvae and
(D) in 2020 positive for pupae; average collections of: (E) 4th instar larvae from basins in 2020, and (F) pupae from basins in 2020. Colors represent the
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since the larvicide VectoLex FG (active ingredient Lysinibacillus sphaericus) was applied in catch basins in each town.

~300-500 mL tap water into a 228.6 X 228.6 mm rimmed white
plastic pan. If pupae and/or 4th instar larvae were noted in the
sample, the sample was transferred to a 532-mL Whirl-Pak bag,
the location and date of the sample was noted, and the sample
was returned to CAES. The water sampler was constructed of a
177.8 mm piece of 38.1 mm diameter PVC piping sealed at one
end with a 43.2 mm rubber stopper and all-purpose silicone
sealer. A hole was made near the other end of the pipe and a
4.5 m length of nylon rope was tied to the pipe. Six steel washers
were tied to the string near the top of the sampler to ensure that
the sampler sank when inserted into the basin’s water column.
When between zero to five pupae and/or 4th instar larvae were

detected in a sweep sample, the water sampler was inserted into
the water column to collect water, transferred to a 532-mL Whirl-
Pak bag marked with the location and date of the sample, and the
sample was returned to CAES. Separate larval and water samplers
were used by each field technician in each town to reduce possi-
ble larvicidal contamination between sampling locations.

All 4th instar larvae were counted up to 100 per basin, preserved
in 70% ethanol and identified to species following Andreadis et al
200533 All pupae were counted and separated into BioQuip Emer-
gence Chambers by sample date and location, and pupae were
held at 24.5 °C/80% relative humidity in a 16 h:8 h, light:dark pho-
toperiod until emergence. Emerged adults were anesthetized for
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Figure 4. Average weekly Culex pipiens adult collections and West Nile virus minimum infection rates from gravid traps in Milford and Stratford, CT 2019
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assumed decline of treatment effectiveness).

60 min at —4 °C then identified to sex and species morphologi-
cally.3® All water samples were screened for mortality using the
procedures described for 2019.

2.4 Statistical analyses

The objectives of our study were to assess the effectiveness of lar-
vicides in treated catch basins, compare catch basin and adult
mosquito collections between the two towns, and examine asso-
ciations between C. pipiens immature collections in catch basins,
and WNV and adult mosquito collections. Larvicide treatments
were categorized as a five-level term based on the timing of catch
basin treatments; because town-level treatments could take up to
5 days, the first to fourth week post-treatment were considered
the four levels of treatment. Any collections that took place either
before the first seasonal application or five or more weeks post an
application were considered a ‘No Treatment' reference; this des-
ignation reflects the documented declining effectiveness of bio-

pesticides in basin environments?®43~%* and the listed maximum

label duration of the VectoLex FG product. We chose to model lar-
vicide treatments as a multilevel categorical term because the
final form of our statistical analyses aggregated data to the level
of a week. Daily temperature and precipitation records from the
Sikorsky Memorial Airport in Stratford, CT were obtained through
NOAA'’s Climate Data Online search tool (https://www.ncdc.noaa.
gov/cdo-web/) and the weekly average for each variable was then
calculated for each week of sampling. Weekly climate variables
were assumed to be the same across all surveillance sites.

All data were analyzed in R v3.6.3. The final form of each anal-
ysis was a GLMM with crossed random intercept effects*” for each
spatial (i.e. sampling location) and temporal (i.e. week of sam-
pling) component of the data. Each response and predictor vari-
able were examined individually using GLMMs. Response terms
were modeled according to the form of the data: presence/
absence and proportional data was modeled as a binomial distri-
bution, count data were modeled as a Poisson- or negative bino-
mial distribution, and minimum infection rates were first log+1
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Figure 5. Observed (boxplots) and predicted (bar plots) larval mortality in bioassays of catch basin water samples from Milford and Stratford in 2020.
Boxplot colors indicate the larvicide treatment variable designation (red, week 1; pink, week 2; orange, week 3; yellow, week 4; grey, no or assumed decline
of treatment effectiveness). Bar plot colors represent the GLMM prediction for each treatment designation by Town (red, Milford; grey, Stratford). Lines

represent the 95% confidence interval of the GLMM prediction.

transformed and then modeled as a Gaussian distribution. Predic-
tor terms in the catch basin specific analyses included Town, the
larvicide treatment variable, and average weekly temperature
and precipitation as fixed effects, and catch basin ID and week
of collection as crossed random intercept effects. Predictor terms
in the adult mosquito and WNV infection prevalence analyses
included Town, the larvicide treatment variable, average weekly
temperature and precipitation, and metrics of larval and pupal
occupancy, as well as bioassay mortality estimates within 500 m
of each surveillance site as fixed effects, and trapping location
and week of collection as crossed random intercept effects. In
the univariate analyses, each predictor showing a reduction
in the Akaike Information Criteria (AIC) beyond a random
effects-only GLMM was selected for evaluation in a multi-term
GLMM. In each multi-term GLMM, all predictor variables were
evaluated using the ‘drop1’ function with a y2-test available in
base R, and any variables that did not improve AIC were dropped
from the GLMM. Interaction terms were only assessed once all
additive terms were determined; no three-way interactions were
considered.

All GLMMs were coded, evaluated and plotted using a combina-
tion of the cLMMTMB, GaerrecTs, sJPLoT and GapLoT2 R packages8—>°
Owing to methodological differences in 2019 and 2020, each year
was considered a separate study and analyzed independently.

3 RESULTS

All GLMM tables are provided as Supporting Information Tables
$2-S13.

3.1 Field season 2019

We conducted 1262 basin sampling events: water was present in
97% of all sampling events, and the average prevalence of larvae
and pupae in sampled catch basins was 68% and 41%, respec-
tively. Larval and pupal prevalence in catch basins varied by week
(Fig. 2), and each metric was consistently lower in Milford than
Stratford (Table 2). These differences remained significant after
accounting for average weekly precipitation and repeated mea-
sures in the GLMM framework (Tables S2 and S3). GLMMs of larval
prevalence among catch basins predicted declines in prevalence
in each town during the first week post-treatment with
L. sphaericus, and the overall effect size of Town and Treatment
period was greater in Milford than Stratford [Fig 3A]. We also
detected an overall lower prevalence of pupae among catch
basins in Milford [Table 2, Fig 3B]; however, the Treatment variable
was not an informative predictor (Table S3). Due to a CAES
C. pipiens colony collapse in 2019, we could not perform the mor-
tality bioassays in a manner consistent with our methods and
appropriate for analysis.

We conducted 308 and 289 trap-night collections with gravid
and light traps, respectively, and we collected 36 140 and
43 036 individuals in each trap type, respectively. Culex pipiens,
Culex restuans and Culex spp. (pipiens/restuans individuals that
could only be reliably identified to genus as a consequence of
specimen damage) were the primary species collected in gravid
traps, and there was no difference in C. pipiens gravid trap collec-
tions between Milford and Stratford (Fig. 4; Table S4); C. pipiens
gravid trap collections were also not associated with the catch
basin treatment periods (Table S4). We did find that the number
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of basins positive for pupae within the 500 m sampling buffer
improved the AIC in our GLMM of C. pipiens gravid trap collec-
tions; however, the direction of the relationship was negative
and not significant (P> 0.1) (Table S5). We did detect fewer
C. pipiens collections in light traps in Milford compared to Strat-
ford (Tables S5 and S6), and this difference in light trap collections
extended to comparisons of all species collected (Table 3). Similar
to our analyses of gravid traps, metrics of larval and pupal preva-
lence among catch basins were not informative predictors of
C. pipiens light trap collections (Table S6).

A total of 113 WNV positive isolates were detected in 2019: 44 in
Milford and 69 in Stratford. Culex pipiens accounted for 68% of all
WNV isolates, whereas Culex spp., Culex salinarius and C. restuans
accounted for 12%, 8.8% and 3.5%, respectively. We also detected
three WNV isolates in Aedes albopictus (one Milford; one Stratford),
two isolates in Aedes japonicus in Stratford, and one isolate in
Aedes vexans in Milford. Despite the greater number of WNV iso-
lates in Stratford compared to Milford, this difference was not sig-
nificant when restricting analyses to C. pipiens gravid trap
collections and accounting for repeated spatial and temporal
measures (Fig. 4; Tables S4 and S5). We did find an association
between the larvicide treatment variable and WNV isolates and
WNV MIRs (Table S4); however, this was likely to have been a spu-
rious association because the majority of WNV isolates detected in
each town were collected during what were considered ‘No Treat-
ment’ periods near the end of summer and the dearth of larvicide
treatment periods in Stratford (Fig. 4).

3.2 Field season 2020

We conducted 3079 basin sampling events: water was present in
84% of sampling events, and the average prevalence of 4th instar
larvae and pupae in sampled catch basins was 34.4% and
25.9%, respectively. Larval/pupal prevalence and abundance
were consistently lower in Milford compared to Stratford
(Table 2; Fig. 2), results that remained significant after account-
ing for average weekly precipitation and repeated measures in
the GLMM framework (Tables S8 and S9). Predicted declines in
4th instar larval and pupal prevalence and abundance were
observed only in Milford and occurred during the first two-week
post-larvicide applications [Fig. 3(C)-(F)]. When assessing site-
level random effects, GLMMs of 4th instar and pupal collections
in catch basins revealed a high degree of variability in collec-
tions between basins, and <40% of sampled basins in each
town displayed significant changes on GLMM intercepts
(Table S10); ~25% significantly increased whereas ~20% signifi-
cantly decreased GLMM intercepts. We were able to successfully
screen water samples for mortality utilizing our re-established
C. pipiens colony in 2020, and mortality was highest in Milford
compared to Stratford (Table 2; Fig. 5). Mortality estimates were
also highest the first week post-larvicide treatments, and mor-
tality estimates declined in each week postapplication (Fig. 5).
We did not detect an interaction between Town and the larvi-
cide treatment variable in our bioassay GLMM (Table S11), sug-
gesting that operationally, the larvicide products behaved
similarly in each town; the greater number of treatments in Mil-
ford is what likely influenced the overall difference in mortality
estimates between the two towns.

We conducted 291 and 276 trap-night collections with gravid
and light traps, respectively, and collected 29 286 and 21 785
individuals in each trap type, respectively. Culex pipiens,
C. restuans and Culex spp. were again the dominant species col-
lected in gravid traps, and there was no difference in C. pipiens

gravid trap collections between Milford and Stratford (Tables 3
and S12; Fig. 4). As in 2019, we collected fewer individuals overall
in light traps in Milford compared to Stratford (Tables 3 and S13).
We were able to detect associations between larval as well as
pupal metrics in catch basins and C. pipiens collections in gravid
and light traps; however, all of these associations were of small
effect size (Tables $S12 and S13, <A2% in GLMM prediction com-
pared to intercept). Total pupal collections in catch basins within
500 m of a trap site were positively associated with C. pipiens
gravid trap collections and the number of basins containing 4th
instar larvae were positively associated with C. pipiens collections
in light traps (Table S12). The number of catch basins containing
4th instar larvae also were negatively associated with C. pipiens
collections in gravid traps (Table S12). The larvicide treatment var-
iable also was an informative predictor of C. pipiens collections in
light traps with collections sharing a negative and significant
association with the fourth week post-treatment (Table S13).

A total of 90 WNV positive isolates were detected in 2020: 26 in
Milford and 64 in Stratford. Culex pipiens samples accounted for
92% of all WNV isolates with the remaining samples identified
as either Culex spp. (n = 5) or C. restuans (n = 2). Aedes albopictus
and A. japonicus samples were not screened for WNV in 2020.
Unlike in 2019, the number of WNV-positive samples and associ-
ated WNV MIRS in C. pipiens gravid trap collections were consid-
ered statistically different in our GLMMs (Fig. 4; Table S12);
however, there were no associations between WNV infection
prevalence, larval and pupal occupancy metrics in catch basins,
nor the larvicide treatment variable (Table $12).

4 DISCUSSION

We conducted WNV surveillance and larvicide effectiveness eval-
uations in two towns in CT that employ different mosquito larval
control strategies to examine the associations between larval con-
trol and WNV activity. Evidence of WNV activity was prevalent in
each town despite one utilizing a comprehensive larval control
program that treated basin and nonbasin habitats, and the other
performing a single, seasonal treatment in catch basins only. In
each town, C. pipiens larvae and pupae collections in catch basins
were reduced for up to two weeks following treatments with the
L. sphaericus product VectoLex FG, supporting previous research
showing declining effectiveness of biopesticides in catch basins
over one to two weeks.***" We found that neither the abundance
of pupae in catch basins, nor periods of catch basin treatments
with larvicides were associated with C. pipiens adult collections
and WNV mosquito infection prevalence in gravid traps. However,
we determined that town of collection shared an association with
the number of C. pipiens females captured in CO,-baited light
traps. Light trap collections were lower in Milford which treated
basin and nonbasin habitats, which suggests that Milford’s efforts
possibly reduced populations of younger, host-seeking C. pipiens
individuals. Control of mosquito populations in catch basins and
nonbasin habitats is considered an integral component of any
IVM program for WNV; however, further research is necessary to
link productivity and control of larvae in these environments to
entomological risk metrics of WNV.

The state of CT manages mosquito populations on state prop-
erty only, and both the methods and habitats managed by the
State are not applicable to the methods and habitats most rele-
vant to reducing risk of WNV.?° Thus, WNV mosquito control in
CT is conducted primarily at the level of independent municipal
towns, and towns that do maintain seasonal mosquito control
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programs commonly apply larvicides in catch basins as their pri-
mary means of controlling WNV; other larval control approaches
often are aimed at reducing the prevalence of nuisance species,
and these strategies concentrate in coastal regions across
CT. This approach for WNV control in CT is consistent with results
from surveys of local and county public health departments in the
US showing that the majority of local to regional authorities main-
tain some form of mosquito larval control program?® Epi-
evaluations of larval control programs are rare, although a previ-
ous field experiment of larval control in catch basins was unable
to associate reductions in larvae and pupae with reductions in
WNV entomological risk metrics at small spatial scales® Our cur-
rent study extends this previous experiment to a larger spatial
scale (with a sampling trade-off of fewer traps per km?) and more
directly observes the practices of local mosquito control stake
holders. Our results indicate that one to three seasonal applica-
tions of larvicides in catch basins, coupled with nonbasin treat-
ments of flood-prone habitats, at the scale investigated (55—
65 km?) are insufficient to suppress C. pipiens adult populations
and subsequent risk of WNV spillover. More research is needed
to understand if and under what application conditions control
in catch basin and other larval sources can control WNV in urban
environments.

Larvicides are effective tools for reducing larval and pupal den-
sities in the larval environment.'®?24352 Qperational evaluations
of treatment programs have, however, identified numerous fac-
tors that reduce the effectiveness of the treatments,'>21242553.54
15,21,24.25.35.54 Cylex pipiens larvae and pupae also are commonly
found in noncatch basin habitats, '**>*° yet there are few studies
that have quantified the proportion of C. pipiens adults in a popu-
lation generated from these nonbasin sources. Improving the
operational success of larval control programs, such as minimiz-
ing the number of untreated basins, treating nonbasin habitats
and maximizing product residual effectiveness, could improve
the overallimpact on C. pipiens populations. Our results also show
that larvicide effectiveness in basins waned within two weeks of
application; revised application strategies in both towns which
treat basins more frequently or utilize a higher dose or stronger
time-release product may extend effectiveness. Furthermore, lar-
vicide treatments in each town occurred during time periods
when WNV transmission was active; because any impact of larval
control on adult populations would occur at a lag of one to
two weeks, focusing treatments earlier in a season may improve
population impacts.®” Finally, our analyses of GLMM random
effects revealed a high level of variation in catch basin collections
with >25% of catch basins displaying collections far above the
model’s intercept (i.e. average); although it is likely a costly and
time-consuming process, identifying productive larval habitats
and ensuring maximum larvicide effectiveness in these areas
may prove more impactful than spatially indiscriminate and uni-
form treatments.?***

Given the knowledge gap pertaining to epi-impacts of larval
control on WNV activity, it is uncertain how operational
improvements in larval control treatments will lead to epidemi-
ological improvements. Proactive larval control is considered
only the first line of control for WNV with varying increases in
efforts (such as adulticide spraying) pending transmission inten-
sity.” In reality, very few municipalities are equipped to imple-
ment control measures such as broad-scale aerial and/or
ground-level applications of insecticides, and for catch basins,
timely annual maintenance of wastewater infrastructure at
levels sufficient to reduce the prevalence of larval habitats. A

recent review also determined that control measures for WNV
are rarely based on actionable surveillance thresholds as recom-
mended by CDC?; given cost trade-offs between surveillance
and control, and variation in public support for either program,
it is likely that local municipalities are incapable of supporting
an effective and impactful IVM strategy for WNV without greater
financial and public support from local, state and federal enti-
ties.>® Further research also is needed to define the spatial cov-
erage and frequency of larvicide applications needed to control
C. pipiens larval populations to have an effect on WNV risk. In
our study, we found no difference in gravid trap collections
and WNYV infection prevalence between Milford and Stratford,
despite an overall difference in larval/pupal abundance and lar-
val control strategies. Retrospective analyses have identified
broad-scale influences of climate on regional WNV epidemics>
whereas viral dynamics studies of WNV show that genetic vari-
ants of WNV are capable of dispersing across wide dis-
tancesS%®" Within CT specifically, multiple cities are considered
high-risk sites for WNV; in situations in which control efforts
are unequal between cities, each high-risk site could act as a
source of WNV-infected birds and mosquitoes for another?
Either coordinating larval control efforts between cities and/or
scaling up control programs to a regional level may be a worth-
while endeavor in CT, and more impactful than variable and
inconsistent efforts among towns.

A limitation of this work is that it was designed to evaluate larval
control in catch basins as implemented by local public health
departments in CT. Future studies should coordinate more appro-
priately between control applicators, public health and other com-
munity stakeholders, and vector surveillance programs to
maximize the impact of larval control in catch basins as well as non-
basin habitats. Previous studies have investigated re-treatment
thresholds on both per-basin'® and per-area® bases, and follow-
up studies and treatment programs in CT and other regions could
enact such thresholds to improve operational outcomes of larval
control. Future research should also expand beyond the spatial
coverage investigated in this study. Our power analyses based on
our 2019 results indicated that owing to the estimated variance
in collections among traps, many more surveillance sites would
be needed to detect a 20% difference in C. pipiens trap collections
than we could employ based on present people-power. Region-
wide, coordinated and multi-institutional studies that include mul-
tiple sampling clusters in numerous locations would likely be a
more effective observational approach to investigating larval con-
trol impacts on WNV. More direct measures of adult production
from catch basins, such as aspirating recently emerged or resting
mosquitoes from the interior of basins®® or the use of emergence
traps? also should be considered in follow-up studies of the
impact of larval control interventions on adult C. pipiens popula-
tions. Coupled with the expansion of spatial replicates and refined
sampling methodologies, future site selection also should be ran-
domized. The surveillance sites in this study are subject to selection
bias as we were limited to sampling in public spaces, and our pre-
sent analyses do not explicitly account for variability in socio-
economics and other land cover variables which are important
landscape predictors of WNV risk®~%° Finally, other metrics of
WNV transmission should be considered in future studies. For
instance, seroconversion rates in sentinel animals or incidence rates
in nucleic-acid preservation cards may provide a more direct mea-
sure of WNV transmission at a particular site®*”° given that
C. pipiens mosquitoes are capable of dispersal distances greater
than the 500 m buffer utilized in this report.*°
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5 CONCLUSION

Culex spp. larval source reduction using insecticides is one impor-
tant approach to WNV prevention in the United States. Evalua-
tions of larval control programs tend to focus on operational
outcomes such as product residual effectiveness and improved
spatiotemporal coverage, and rarely address the entomological
and epidemiological impact of control. Through the use of tar-
geted WNV surveillance and larvicidal evaluations in catch basins,
we demonstrated that seasonal larvicide treatments in catch
basins and nonbasin habitats at small municipal levels
(i.e. towns <65 km?) in CT, USA have limited impact on adult ento-
mological risk metrics associated with WNV activity. Although
more research is needed to define the community-wide impacts
of larval control on WNV transmission, our results suggest that
much greater mosquito control efforts are needed at local and
regional scales to reduce entomological indices associated with
WNV risk.
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