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Abstract

BACKGROUND: Larval control is crucial for managing mosquito arbovirus vectors. Quality control (QC) data from insecticide-
based interventions are rarely exploited to assess the effectiveness of biocides in the field. This study aims to: (i) evaluate the out-
comes of large-scale catch basin treatments with diflubenzuron (DFB) and Bacillus thuringiensis var. israelensis and B. (Lysinibacil-
lus) sphaericus (Bti + Bs) on immature stages of Aedes albopictus and Culex pipiens, with reference to critical variables, such as the
intervals between catch basin treatments and inspections; and (ii) identify areas of repeated treatment failures.

RESULTS: More than 30 000 catch basins were inspected from 2019 to 2021 for mosquito immature stages after treatment with DFB
and Bti + Bs in 461 municipalities in north-east Italy. Overall, 5% of catch basins revealed the presence of live L3-L4 larvae and/or
pupae. Model results showed opposite associations between percentages of positive catch basins treated with the two larvicides
and the intervals between treatments and inspections, likely because of the different modes of action; i.e., a negative association
following DFB treatments (day 7/day 21: Ae. Albopictus, 7%-4%; Cx. pipiens, 8%-4%), and a positive association following Bti + Bs
treatments for Ae. albopictus (day 7/day 21: 2%-13%). Spatial analysis revealed repeated DFB treatment failures against Cx. pipiens
in the area of the Venice lagoon, where the highest frequencies of alleles associated with DFB resistance have been reported.

CONCLUSION: The results show that, despite unavoidable limitations, high-quality area-wide databases from multi-year QC
activities of public mosquito control interventions may allow general conclusions to be reached (such as shortening the inter-
vals between Bti + Bs treatments) accounting for real-world heterogeneities that cannot be achieved experimentally.
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1 INTRODUCTION Correspondence to: B Caputo, Department of Public Health and Infectious Dis-
The invasive mosquito Aedes albopictus and the native species eases, Sapienza Universita di Roma, Rome, Italy. E-mail: beniamino.
Culex pipiens are the primary vectors of arboviruses in Europe. caputo@uniromat.it

The incidence of these diseases in Europe has surged recently, Department of Public Health and Infectious Diseases, Sapienza Universita di
with Ae. albopictus transmitting dengue (DENV) and chikungu- Roma, Rome, Italy

nya (CHIKV), and Cx. pipiens transmitting West Nile virus and
Usutu virus." In North-east Italy, West Nile virus has become
endemic since 2008 with an increasing number of human cases
in past years (https://www.epicentro.iss.it//) and several autoch-
thonous cases/outbreaks of Aedes-transmitted arbovirus have
been reported since 2007 (CHIKV* DENV>~’). The recurrent
occurrence of autochthonous cases of arboviruses recorded in
Italy in recent years underscores the urgent need for effective
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mosquito control interventions to reduce the risk of transmis-
sion to humans.

According to European Centre for Disease Prevention and Con-
trol guidelines® mosquito larval control is the primary preventive
measure to reduce the risk of arbovirus outbreaks in Europe,
owing to its low impact on non-target species.”'® Adulticide
spraying is recommended to be restricted only in cases of arbovi-
rus autochthonous transmission because of the high environmen-
tal impact and the need to reduce the development of resistant
populations and preserve adulticide effectiveness. Cost-
effectiveness analyses indicate that area-wide calendar-based lar-
val control in public areas significantly outperforms the costs
associated with disease treatment and hospitalization due to
Aedes-transmitted diseases,'’ making it a convenient investment
for municipalities. Only a limited number of larvicides are cur-
rently approved for use in mosquito larval control in the
European Union (EU)'%: (i) bacteria, such as toxins from Bacillus
thuringiensis var. israelensis and B. (Lysinibacillus) sphaericus (Bti
+ Bs); or (ii) chemicals, such as insect growth regulators (IGR)
le.g. diflubenzuron (DFB), S-methoprene and pyriproxyfen]'*'*
(https://www3.epa.gov/pesticides/), and more recently, larvicides
that act as physical barriers, such as polydimethylsiloxane. Biocide
authorization can change rapidly in the EU, for example in the
case of the SC-15 product family based on DFB (e.g., DU-DIM SC-
15, Europe PMC no. 19161 and device SC-15, Europe PMC
no. 19033), which from 2025 will no longer be allowed for mos-
quito control.'

In Italy, mosquito larval control in public areas in urban and peri-
urban sites mostly takes the form of calendar-based larvicide
interventions, very frequently carried out by municipalities to
reduce nuisance and the risk of arbovirus transmission by Cx.
pipiens and Ae. albopictus. These interventions require scheduling
and funding by municipalities and public health institutions,
implementation by competent operators, and quality assurance
(QA) as well as quality control (QC) processes carried out third-
party experts to assess transparency in treatment planning and
implementation, and their outcomes, respectively.” In practice,
several municipalities — particularly in north-east regions and in
touristic coastal areas - allocate resources for calendar-based
treatments for larval control and issue a public procurement ten-
der that details the authorized active ingredients, their application
methods, the treatment frequency, and the larval breeding sites
to be treated. The latter are usually represented by rain catch
basins, which are largely colonized by Cx. pipiens and Ae. albopic-
tus from April to October,'® despite the two species displaying a
slightly different temporal dynamic, with Cx. pipiens prevailing in
spring and autumn'” and Ae. albopictus prevailing in the summer
months.'®

Although several studies have assessed the efficacy of larvicidal
products in controlled laboratory and field environments,'*™** to
our knowledge no studies have tried to assess the outcomes of
calendar-based area-wide interventions taking into account real-
world factors, such as eco-climatic conditions and species-specific
susceptibility to larvicides. This is because data from QC are usu-
ally recorded only in the grey literature (thereby limiting their
accessibility to the scientific community), and their exploitation
is complicated by large eco-climatic variability and a lack of con-
trol sites.

This paper reports the main lessons learned exploiting a multi-
year large-scale data set derived from operational QC assessment
of routine mosquito larval control interventions implemented in
the Veneto region (North-east Italy) from 2019 to 2021, with the

goal of assessing the outcomes of catch basin treatments on Ae.
albopictus and Cx. pipiens immature stages. The results allow us
to go beyond the customary quality assessment at the local level
and to reach general conclusions accounting for real-world
heterogeneities.

2 MATERIAL AND METHODS

2.1 Sampling area

The Veneto region in north-eastern ltaly covers an area of
18 399 km? with 4 879 133 inhabitants in 2020, distributed across
560 municipalities; it has a population density of 266 inhabitants/
km? (Supporting Information, Fig. S1(A)). The landscape is pre-
dominantly flat (Padan Plain, ~56%); mountainous areas cover
29%, and hills account for 15%. The study area mostly includes
municipalities in the Padan Plain and the neighbouring hills. Sup-
porting Information, Fig. S2 shows the average daily temperature
and rainfall during the study period (June-August).

2.2 Implementation of larval control in public areas

In 2019, 2020 and 2021, larvicidal treatments were systematically
planned by Veneto municipalities based on a regional plan®* pub-
lished yearly by the Veneto region (https://bur.regione.veneto.it/).
This regional plan was drafted in accordance with the National
Plan for Arbovirosis.>> The plan prescribed larvicide treatments
in catch basins within public areas to be executed by tendered pri-
vate pest control companies between April and October. The lar-
vicidal formulations authorized were either bacterial-based
formulations (Bti + Bs), or IGRs (DFB, pyriproxyfen and S-metho-
prene), or silicon-based formulations (polydimethylsiloxane, only
in Venice since 2020). The recommended dose for catch basins
adhered to the product's technical data sheet. A Bti + Bs formula-
tion required applications every 4-6 weeks, whereas the other
products required applications every 3-4 weeks (https://echa.
europa.eu/). Treatments were undertaken by 37 and 45 pest con-
trol companies in 2020 and 2021, respectively; no data were avail-
able for 2019. For QA purposes, the pest control companies were
required to report specific details of each treatment, including the
product used, the treatment schedule and the number and loca-
tion of catch basins treated. For QC purposes, third-party techni-
cians authorized by the region were requested to inspect
30 randomly chosen catch basins per municipality to verify the
outcome of the treatment by regional guidelines.?* If the number
of positive catch basins per municipality was <10%, a portion of
the expenses incurred by municipalities for treatment implemen-
tation was reimbursed by the region.

2.3 Quality control

QC was carried out by technicians and experts (Entostudio s.r.l.) in
500 municipalities; that is, all Veneto municipalities except the
60 in the province of Belluno (Supporting Information, Fig. S1(B),
Table S1). Inspections were carried out between 2 and 28 days
after treatment based on the expected effectiveness of the larvi-
cidal formulation concerning and taking into account environ-
mental factors (e.g. rain). The outcome of the larvicide
treatments was assessed by three consecutive dippings of
500 mL of water per catch basin for a total of ~30 treated catch
basins per municipality, regardless of the total number of
catch basins per municipality. The following data were recorded:
date of inspection, presence of water, and presence, species and
stage of collected mosquitoes. A catch basin was classified as
‘negative’ when there was sufficient water for three dippings
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and no mosquito larvae of L3-L4 instars or pupae were collected.
The inspected catch basins had various shapes and sizes: the most
common type was a square structure (~ 45 cm long X 45 cm
wide X 50-100 cm deep) covered with a metal grid and often
equipped with a drainage pipe ~10 cm deep, allowing excess
rainwater to drain away.

2.4 Climate variables
Spatially explicit daily cumulative rainfall (CRF) maps were gener-
ated to provide each inspected catch basin with the correspond-
ing rainfall time series. First, geographic coordinates of the treated
catch basins were identified using the geocode function available
in the ‘ggmap’ R library.?® Daily CRF records from the 191 weather
stations available to ARPA Veneto were acquired for the period
2019-2021, georeferenced and spatially interpolated into a raster
grid with a 120-m cell size using the thin plate spline with regular-
ization algorithm (parameterized as follows: smoothing
factor = 0.1; point cloud thinning factor = 1.5). Finally, the daily
CRF for each inspected catch basin was set by spatial query of
the daily CRF spatial maps on the geographical coordinates
of the treatment sites.

Data were collected using R version 4.2.2,>” while spatial inter-
polation and query were done using GRASS GIS.?

2.5 Statistical analysis

The outcome of the most used larvicide treatments was evaluated
using a generalized linear model (GLM) assuming a Bernoulli dis-
tribution for the response variable; that is, L3, L4 and/or P pres-
ence or absence. Inspections were carried out between 7 and
21 days after DFB treatments®® and between 2 and 28 days after
Bti + Bs treatment.>*° We developed separate models for Ae.
albopictus in DBF-treated catch basins (GLM-1), Cx. pipiens in
DBF-treated catch basins (GLM-2), Ae. albopictus in Bti + Bs-
treated catch basins (GLM-3) and Cx. pipiens in Bti + Bs-treated
catch basins (GLM-4).

All models have the following covariates: number of days
elapsed between treatment and inspection (hereafter DTI quanti-
tative variable); CRF calculated as the sum of daily CRF during the
period between treatment and inspection (quantitative variable);
months of inspection (qualitative variable: June/July/August);
years of inspection (qualitative variable: 2019/2020/2021).

Assessment of the statistical assumptions of GLMs was carried

out by inspecting Pearson residuals r;= (OQ;E”), where O; is the

observed percentage of i-positive catch basins and E; is the esti-
mated percentage of i-positive catch basins. To investigate poten-
tial spatial patterns in residuals, the mean residuals of the catch
basin were computed for each municipality and year. Municipali-
ties in which the mean residuals exceeded the 90th percentile of
the residual distribution allowed us to identify those in which the
GLMs, as informed by the selected covariates, underestimated
the occurrence of L3, L4 and pupae (P) of Ae. albopictus and Cx.
pipiens. This analysis may help identify municipalities in which
the presence of mosquitoes after treatment is not expected yet
detected.

Finally, we performed two sensitivity analyses. First, we consid-
ered only catch basins that contained at least L1 and/or L2 instar
larvae of Ae. albopictus and Cx. pipiens; that is, where ongoing
mosquito activity was confirmed. Second, we considered as the
response variable the number of positive catch basins (using
the same biological infestation at the individual catch basin level
— DBF: L3, L4 and P between 7 and 21 days; Bti + Bs: L3, L4 and/or

P between 2 and 28 days) out of the total catch basins in each
municipality and assumed a binomial distribution in the GLMs.
We considered the mean DTl and CRF values for each
municipality.

Descriptive statistics were carried out using y? and Student's t-
test. All analyses were run with R version 4.3.0.”’

3 RESULTS

On average 84% of the municipalities (2019: n = 306 of 363; 2020:
n = 345 of 353; 2021: n = 281 of 323) appropriately declared the
larvicide product used and treatment dates. The most used larvi-
cides were DFB (2019: 60%; 2020: 66%; 2021: 50%) and Bti + Bs
(2019: 28%; 2020: 33%; 2021: 40%). Approximately 48% of the
municipalities (222 of 461) were inspected in each of the three
years (Supporting Information, Table S1).

In total, 39841 catch basins in 461 municipalities were
inspected to assess the presence of mosquito larvae (L) and/or
pupae (P) (Supporting Information, Fig. S1(B), Table S2). These
were treated with: DFB (56%, n = 22 426) either in tablet or liquid
form; Bti + Bs (28%, n = 11 344) mostly in a granular formulation;
pyriproxyfen (1%, n = 637); S-methoprene (n = 107); and polydi-
methylsiloxane (n = 61, only in Venice since 2020) (Supporting
Information, Table S2).

During QC inspections, 11% of catch basins were dry (2019:
15%, n = 2086; 2020: 17%, n = 2241;2021: 1%, n = 129) and were
excluded from the analyses. Overall, 18 385 catch basins
inspected between day 7 and day 21 after DFB treatment, and
9940 catch basins inspected between day 2 and day 28 after Bti
+ Bs treatment were included in the analyses (Table 1).

3.1 Outcomes of DFB treatments at catch basin level
Among the 18 385 catch basins inspected between 7 and 21 days
after DFB treatment, 8.5% contained mosquito L3, L4 and P (4.8%
Ae. albopictus and 5.7% Cx. pipiens) (Table 1). No statistical differ-
ences are observed among the three years in the percentage of
catch basins positive for mosquito L3, L4, P (y> =0.02, P> 0.05),
or Ae. albopictus (y>=0.10, P>0.05), or Cx. pipiens (y*> =0.40,
P>0.05) (Table 1). The monthly observed percentage of DFB-
treated catch basins with alive Ae. albopictus L3, L4 and P have a
similar pattern each year with a low value in May (<1%), a progres-
sive increase up to a peak in August (9%) and a decrease in
September (3%) (Supporting Information, Fig. S2 (left)). Only
in 2020, is an opposite trend observed for the percentage of
DFB-treated catch basins with alive Cx. pipiens pupae, with the
highest value in May (14%) and a decrease in the following
months (<1% in September) (Supporting Information,
Fig. S3 (left)).

Results of GLM-1 indicate a significant positive association
between the percentages of DFB-treated catch basins positive
for Ae. albopictus and the number of days that had elapsed
between treatment and inspection (DTI). Assuming CRF is at its
mean value according to months and years of inspection, positive
catch basins decrease from 14% [95% confidence interval
(Cl) 12%-16%] at 7 days post-treatment to <1% (95% Cl 0.05%-
0.09%) at 18 days post-treatment (Fig. 1(A); Supporting Informa-
tion, Table S3) A similar pattern is obtained with GLM-2, with Cx.
pipiens-positive catch basins decreasing from 11% (95% Cl 9%-
13%) at 7 days post-treatment to 3% (95% Cl 2%-5%) at 21 days
post-treatment (Fig. 1(B); Supporting Information, Table S3). In
both statistical models, no statistically significant association
between the percentage of DFB catch basins positive for Ae.
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Cx. pipiens (%; 95%Cl)
Days between treatment 11 10 12
and inspection (median)

Table 1. Inspected catch basins in the Veneto region treated with either diflubenzuron (DFB) or Bacillus thuringiensis var. israelensis + Bacillus
sphaericus (Bti + Bs) during 2019, 2020 and 2021
2019 2020 2021 Overall
DFB Bti+Bs DFB Bti+Bs DFB Bti+Bs DFB Bti+Bs

Inspected catch basins (n) 5873 2665 6574 2842 5938 4433 18385 9940
Municipalities (n) 203 98 227 117 160 130 333 208
Catch basins positive for 86(79,93) 84(74-95) 88(8.1,95 142(13.1-156) 8.2(75,89) 7.6(6.9-84) 85(8.1-89) 9.9(9.3-10.5)

mosquitoes (%; 95%Cl)
Catch basins positive for 5(4.5,56) 59(5.1,69) 4.2(3.7,47) 8.8 (7.8-9.9) 5.2(4.6,57) 47 (4.1-54) 48(4.5-5.1) 58(5.3-6.2)

Ae. albopictus (%; 95%Cl)
Catch basins positive for 58(5.2,6.4) 5.1(43,6.0) 6.7(6.1,7.3) 8.7 (7.7,9.8) 46(4.1,5.1) 4.1(35,47) 57(54-6.1) 6.3(5.8-6.8)

12 10 1 1 1

Note: All the characteristics/indexes were calculated between 7 and 21 days after treatment with DFB and between 2 and 28 days after treatment with
Bti + Bs. Positive, presence of mosquito L3 + L4 larvae and/or pupae (Anopheles, Culiseta, Aedes and Culex) according to the active substance; DFB,
presence of pupae; Bti + Bs, presence of larvae L3 and/or L4 and/or pupae; Cl, confidence interval.

albopictus/Cx. pipiens and CRF are found (Supporting Information,
Fig. S4(A),(B), Table S3).

Results from the Pearson residual spatial analysis of GLM-1 indi-
cate that the statistical model underestimates the percentage of
DFB catch basins positive for Ae. albopictus (L3, L4 and P) in 9%,
10% and 14% of municipalities in 2019, 2020 and 2021, respec-
tively (Fig. 2). No municipality exhibits consistent underestimation
across all three years. The residual analysis of GLM-2 (Cx. pipiens)
shows no temporal trend but identifies one municipality
(Chioggia) in which underestimation occurred consistently across
all three years (Fig. 2).

Sensitivity analysis at the catch basins level shows similar results
for GLM-1 and GLM-2 when only DFB catch basins with at least
one early stage of larvae (L1 and/or L2) are considered
(Supporting Information, Table S4).

Among 333 municipalities inspected between 7 and 21 days
after DFB treatment (~50 catch basins for each municipality),
24.6% declared that they used DFB for three consecutive years.
The results of the sensitivity analyses conducted at the municipal-
ity level for both models are consistent with those of the main
analyses at the catch basins level (Supporting Information,
Table S5).

3.2 Outcomes of Bacillus thuringiensis var. israelensis and

B. sphaericus treatments at catch basin level

Overall, 10% of Bti + Bs-treated catch basins with water were pos-
itive for mosquito L3, L4 or P, with a higher percentage in 2020
than in the other years (14.2%, y?> =259.56, P < 0.001) (Table 1).
A consistent trend is observed for Bti+ Bs-treated catch basins
positive for Ae. albopictus (y*> =136,18, P<0.001) and Cx. pipiens
(y* =136,18, P<0.001) (Table 1). The monthly observed percent-
age of Bti + Bs-treated catch basins with alive L3, L4 and P Ae. albo-
pictus increases from May (1%) to August (7%) every year, whereas
Cx. pipiens-positive catch basins follow a similar trend only in 2020
(Supporting Information, Fig. S3 (right)).

The GLM-2 results indicate a significant negative association
between the percentages of Bti + Bs-treated catch basins positive
for Ae. albopictus and the number of days that elapsed between
treatment and inspection (DTI). Assuming DTl is at its mean value
according to the months and years of inspection, the percentage

of positive catch basins increases from 1.7% (95% Cl 1.2-2) 3 days
after treatment to 18% (95% Cl 14%-22%) 26 days after treatment
(Fig. 1(C); Supporting Information, Table S6). An opposite trend is
found for CRF, with the percentage of positive Bti + Bs-treated
catch basins decreasing from 17% (95% Cl 15-22 August 2020)
with 5 mm CRF to 1% (95% Cl 0.9-2% in August 2020) with
120 mm CRF (Supporting Information, Fig. S4(C)). No statistical
difference is observed between the percentage of Bti + Bs-
treated catch basins positive for Cx. pipiens and either DTI or CRF
(Fig. 1(D); Supporting Information, Table S6, Fig. S4(D)).

Results from the Pearson residual spatial analysis of GLM-3 and
GLM4 indicate that the statistical model underestimates the pres-
ence of Ae. albopictus (L3, L4 and P) in ~10% of municipalities
each year. For both species, inspection of the Pearson residual
shows no temporal trends, or any municipality where mosquito
presence is underestimated across all three years.

Results of the sensitivity analyses show similar results for GLM-3
and GLM-4 when only Bti + Bs-treated catch basins with at least
one instar L1-L2 larvae (Supporting Information, Table S7).

At the municipality level, a total of 208 were verified 2 and
28 days after Bti + Bs treatment, with an average of 53 catch
basins for each municipality; 17% of these declared that they used
Bti + Bs for three consecutive years. Sensitivity analyses con-
ducted at the municipality level for both models reveal no differ-
ences compared with analysis at the catch basins level
(Supporting Information, Table S8), a statistical association is
observed only between DTl and CRF and the presence of Ae. albo-
pictus L3, L4 and pupae.

4 DISCUSSION

Some regions in Italy have implemented at least 10 years of high-
quality mosquito control management including QA and QC, by
coordinated activities involving different actors. Municipalities
involve private pest control companies in larval control?#2>3!
mostly focus on calendar-based area-wide larvicidal treatments
of rain catch basins in urban and peri-urban areas. Local health
units (ASL) or the municipalities directly use professionals to per-
form QA and QC. For instance, in Emilia Romagna, treatments are
conducted in ~76% of municipalities, with ~16 000 catch basins
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Figure 1. Relationship between the percentage of catch basins containing live mosquito L3-L4 larvae and pupae and the number of days elapsed
between treatment and inspection in 2019, 2020 and 2021. (A, B) Estimated percentage of DFB catch basins positive for Aedes albopictus (GLM-1) and
Culex pipiens (GLM-2) in a 7-21-day interval post-treatment (solid lines). (C, D) Estimated percentage of Bti + Bs-catch basins positive for Ae. albopictus
(GLM-3) and Cx. pipiens (GLM-4) in a 2-28-day interval post-treatment (solid lines). Dashed areas indicate 95% Cl. Red, June; green, July; blue, August.

inspected annually. In addition, ~46% of municipalities per-
formed QC3' (www.zanzaratigreonline.it) Similarly, QA and QC
approaches are carried out in the neighbouring Veneto
region — based on the annual Regional Veneto plan.?* These have
generated large annual databases, including data on the munici-
palities involved, larvicides used, treatment schedules, the pest
control company performing the treatments, maps of inspected
catch basins in public areas and the results of visual inspections
after treatments.

This study analysed the QC outcomes of the operational inter-
ventions carried out in the Veneto in 2019, 2020 and 2021 focus-
ing on the two main arbovirus vector species (Ae. albopictus and
Cx. pipiens) and on larvicides shown to be most widely used, Bti
+Bs and DFB. Bacillus thuringiensis var. israelensis and
B. sphaericus bacteria produce crystals composed of multiple pro-
toxins that display specific and potent insecticidal activity against
mosquito larvae'**?> and show low risk of resistance
selection.?>*373% DFB is a benzoylurea insect growth regulator

that inhibits chitin synthesis and shows relatively low acute toxic-
ity to mammals, birds, reptiles, amphibians and fish.>” DFB acts
during larval development and on the adult's emergence (report
annexe'?). Populations of Cx. pipiens resistant to DFB have been
reported in north-eastern Italy.3®4°

Two methodological aspects are relevant to the interpretation
of the results. First, according to QC procedures, catch basin
inspections were carried out randomly within either 7-21 or 2-
28 days after treatment with DFB and Bti + Bs, respectively, limit-
ing the possibility of directly comparing the outcomes of the two
treatments. Second, a catch basin was considered positive when
at least one live L3, L4 or pupa was collected during inspection,
likely introducing the bias of not considering the known effect
of DFB on adult emergence.'® This choice was inevitable because
no data were available on adult emergence from the pupae found
in the catch basins.

Overall, results from the inspection of ~13 000 catch basins per
year show that most municipalities achieved the objectives of the
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Figure 2. Mean Pearson residuals of diflubenzuron-treated catch basins for each Veneto municipality for GLM-1 (Aedes albopictus, upper) and GLM-2
(Culex pipiens, lower) in 2019, 2020 and 2021. The legend shows the average of Person residuals in each municipality. Red, statistical model underesti-
mates the observed percentage of positive DFB catch basins; blue, statistical model overestimates the observed percentage of positive DFB catch basins;
white, statistical model accurately estimates the observed percentage of positive DFB catch basins; grey, municipality without inspection.

regional plan (maximum 10% positive catch basins in ~30 catch
basins per municipality). In detail, this goal was reached by 69%
(n = 185 of 241) and 65% (n = 116 of 183) of the municipalities
using DFB or Bti + Bs, respectively.

Only 9% of the inspected catch basins revealed the presence of
live mosquito larvae and/or pupae (Ae. albopictus: 5% DFB and 6%
Bti + Bs; Cx. pipiens: 6% DFB and 5% Bti + Bs). These proportions
were generally higher in July and August for Ae. albopictus and
showed an opposite trend for Cx. pipiens (Supporting Information,
Fig. S3), reflecting known seasonal dynamics for the two species in
Italy.*'** The impact of the larval treatments on the adult mos-
quito population was not directly assessed. However, assuming
that in the absence of treatments during the summer season most
catch basins would be positive*® and represent the major source
of mosquitoes in urban sites,*® the results suggest that the treat-
ments have contributed in reducing the adult population size,
therefore helping in also reducing the risk of transmission of

mosquito-borne diseases. In fact, Guzzetta et al.'s'’ model shows
that routine application of larvicides in public catch basins can
limit the risk of autochthonous transmission of exotic viruses by
Ae. albopictus and the size of potential outbreaks.

We specifically assessed the effect of two variables - time
elapsed and CRF between treatments and inspections — on the
proportion of catch basins positive for Cx. pipiens and Ae. albopic-
tus, respectively. In the case of Bti + Bs, the model results suggest
that the lethal effect is largely maintained over time in the case of
Cx. pipiens (with an average of 5%-6% of positive catch basins
independent of the interval between treatment and inspection).
However, in the case of Ae. albopictus, the lethal effect decreases
over time with an average among months and years of inspection
of 2% and 13% positive catch basins 2 and 28 days after treat-
ments, respectively. The opposite pattern is observed for DFB
treatments, likely because this IGR requires days after ingestion/
contact to show its effect (moulting inhibition).***” In other
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words, the result of larval exposure to DFB is delayed. Specifically,
the proportion of catch basins positive for Ae. albopictus or Cx.
pipiens is on average 7% and 8%, respectively, at day 7, and 4%
for both species at day 21. Notably, a long-standing effect of
DFB was previously observed by Guidi et al,>® who reported a
decline in Ae. albopictus pupae up to 42 days post-DFB treatment
under semi-field conditions.

In general, the model results do not predict variations in the out-
come of the treatment in relation to CRF between treatments and
inspection. Furthermore, the t-test result does not indicate a sig-
nificant difference in CRF between the DFB and Bti + Bs treat-
ments (Supporting Information, Fig. S5) (t = —0.613; df = 9378.6,
P =0.539). The median CRF values were similar between the
two distributions (median of CRF distribution DFB =21 mm;
median of CRF distribution Bti + Bs = 24 mm) However, these
results may be affected by a few biases. First, despite the rainfall
data being spatially interpolated by weather stations, they likely
did not reflect the high heterogeneity at the catch basin level
(possibly because of different sizes and positions, other sources
of water, or local variation in rainfall). Second, the covariate con-
sidered (the CRF between treatment and inspection) does not
take into consideration the daily rainfall distribution. However,
in the case of Ae. albopictus, the model results suggest that the
proportion of positive catch basins treated with Bti + Bs is highest
in the absence of rain. A similar, but not-significant trend is
observed for DFB-treated catch basins. This is counterintuitive,
as one would expect that rainfall would dilute the larvicide in
the catch basins. However, it is likely that the doses used during
public treatment are much higher than the lethal ones and that
dilution by rainfall is negligible. A possible explanation for the
observed trend may be the increased difficulty in collecting larvae
by dipping when the quantity of water is larger, particularly at low
larval density. The lack of a similar effect on Cx. pipiens could be
due to an overall higher larval density compared with Ae. albopic-
tus, because of different oviposition behaviour (skip oviposition of
few eggs per females in Ae. albopictus compared with an egg-raft
for Cx. pipiens) and/or to the higher adaptation of Cx. pipiens to
catch basins.*®

Results of all models were consistent when considering as the
response variable the number of positive catch basins out of the
total number of catch basins at the municipality level, rather than
the presence or absence of mosquito immature stages at catch
basin level (as shown above), reinforcing the overall results.

Notably, the modelling analyses resulted in low R® values
(Supporting Information, Tables S3 and S6), indicating limited pre-
dictive values (small effect size) and suggesting that most of the
data variability was not explained by the two chosen covariates.
This draws attention to other possible factors — such as opera-
tional aspects in larvicide application and physical characteristics
of the catch basins (e.g. their structural design, water retention
time, or organic matter accumulation, and the presence of other
active breeding sites in the vicinity) - which may play a significant
role in determining the presence of mosquitoes in treated catch
basins. In this respect, we carried out a more in-depth statistical
analysis to identify possible spatial differences in the product's
effectiveness. Specifically, analysis of the models’ residuals
highlighted areas where catch basin positivity is not explained
by the variables considered. This allowed us to pinpoint the
municipality in the Venetian lagoon (Chioggia) where the pres-
ence of Cx. pipiens-positive catch basins over the three years can-
not be consistently attributed to factors such as time of inspection
or rainfall. This result can be interpreted in light of findings from a

recent study showing the highest frequencies of DFB resistance
allele in Cx. pipiens populations from the lagoon,*® suggesting
possible involvement of resistance mechanisms in reducing the
effectiveness of larval control. This hypothesis is reinforced by
the lack of treatment failure in sympatric Ae. albopictus larvae,
which may lack known resistance mechanisms.

The following limitations associated with the exploitation of
data not collected for experimental purposes but derive from rou-
tine QC activities (which are not meant to evaluate the perfor-
mance of larvicide products) should be considered. First, the
study is inherently purely observational and there is a lack of
untreated catch basins as a control. Second, the lack of inspection
of catch basin pre-treatment did not allow assessment of the
effectiveness of the product used. Third, for feasibility reasons,
the sampling effort (the number of dippings per catch basin)
was not based on preliminary statistical identification of a thresh-
old of sensibility (e.g. capacity to reveal a defined number of lar-
vae per pupae per litre of water*; or adjusted to the quantity of
water in the catch basins). Fourth, no data are available on the
actual presence/abundance of the two species in the area, hinder-
ing our ability to determine whether the absence of mosquitoes in
the catch basins is due to treatment effectiveness or lack of infes-
tation. To partially overcome the latter problem, the statistical
analysis was restricted to the summer season (June, July and
August), when we assumed that larvae/pupae would be found
in the catch basins in the absence of treatments. To further rein-
force our conclusions, we repeated the modelling efforts on a
restricted data set excluding catch basins not containing L1-L2
larvae, assuming that their presence accounts for mosquito infes-
tation in the area during the inspections. Results were consistent
with those obtained based on the full data set.

5 CONCLUSION

The exploitation of data sets derived from operational QC
assessments of mosquito larval control interventions is usually
neglected for research purposes, because they lack relevant fea-
tures, such as the availability of control untreated sites, details
on breeding sites (e.g. size, quantity and quality of water,
organic load), or number of larvae per site. The results pre-
sented here show how high-quality area-wide databases from
multiple years resulting from QC activities of mosquito control
plans may be exploited not only at the local level to evaluate
the operational quality, but also for modelling analyses, and
may allow us to reach some general conclusions not achievable
experimentally and accounting for real-word heterogeneities.
For instance, the results show that whereas the effectiveness
of DFB treatments increases in the three weeks following the
treatments, the effectiveness of Bti + Bs treatments decreases
over time. This suggests that shortening the intervals between
Bti—-Bs applications may increase control effectiveness, particu-
larly in the case of Ae. albopictus, even though testing the prod-
uct efficacy under control conditions suggests a longer
persistence.®® Moreover, analysis of the whole data
set allowed the identification of a municipality in which treat-
ment failure was consistently not associated with product per-
sistence, or the CRF between treatments. One of the possible
reasons for this failure may be the presence of local mosquito
populations resistant to the product used. Thus, analysis of
area-wide data from multiple years may help in identifying
areas to be prioritized in the monitoring and management of
insecticide resistance.

Pest Manag Sci 2025

© 2025 The Author(s).

wileyonlinelibrary.com/journal/ps

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



http://wileyonlinelibrary.com/journal/ps

®)
SCl

where science
meets business

WWW.S0Ci.org

C Virgillito et al.

ACKNOWLEDGEMENTS

This research was supported by EU funding within the MUR PNRR
Extended Partnership initiative on Emerging Infectious Diseases
(project no. PEO0000007, INF-ACT, research node 2). E. Longo
was supported by the PRIN 2020 MosqlT project (Prot.
2020XYBN88) and the University of Trento.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from
the corresponding author upon reasonable request.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

SUPPORTING INFORMATION

Supporting information may be found in the online version of this

article.
REFERENCES
1 Hedrich N, Bekker-Nielsen Dunbar M, Grobusch MP and

14

Schlagenhauf P, Aedes-borne arboviral human infections in Europe
from 2000-2023: a systematic review and meta-analysis. Travel Med
Infect Dis 64:102799 (2025).

de la Calle-Prieto F, Arsuaga M, Rodriguez-Sevilla G, Paiz NS and Diaz-
Menéndez M, The current status of arboviruses with major epidemi-
ological significance in Europe. Enferm Infecc Microbiol Clin (Engl Ed)
42:516-526 (2024).

Simonin Y, Circulation of West Nile virus and Usutu virus in Europe:
overview and challenges. Viruses 16:599 (2024).

Caputo B, Russo G, Manica M, Vairo F, Poletti P, Guzzetta G et al., A com-
parative analysis of the 2007 and 2017 Italian chikungunya out-
breaks and implication for public health response. PLoS Negl Trop
Dis 14:e0008159 (2020).

Barzon L, Gobbi F, Capelli G, Montarsi F, Martini S, Riccetti S et al.,
Autochthonous dengue outbreak in Italy 2020: clinical, virological
and entomological findings. J Travel Med 28:taab130 (2021).

de Carli G, Carletti F, Spaziante M, Gruber CEM, Rueca M, Spezia PG
et al, Outbreaks of autochthonous dengue in Lazio region, Italy,
august to September 2023: preliminary investigation. Euro Surveill
28:2300552 (2023).

Sacco C, Liverani A, Venturi G, Gavaudan S, Riccardo F, Salvoni G et al.,
Autochthonous dengue outbreak in Marche region, Central Italy,
august to October 2024. Euro Surveill 29:2400713 (2024).

ECDC, Guidelines for the Surveillance of Invasive Mosquitoes in Europe
(2023).

Land M, Bundschuh M, Hopkins RJ, Poulin B and McKie BG, Effects of
mosquito control using the microbial agent bacillus thuringiensis
israelensis (Bti) on aquatic and terrestrial ecosystems: a systematic
review. Environ Evid 12:26 (2023).

Thierry DN, Djamouko-Djonkam L, Giséle FD, Audrey MMP, Timoléon T,
Serge Hubert ZT et al., Assessment of the impact of the biological lar-
vicide VectoMax G: combination of bacillus thuringiensis and Lysini-
bacillus sphaericus on non-target aquatic organisms in
Yaoundé-Cameroon. Heliyon 9:17723 (2023).

Guzzetta G, Trentini F, Poletti P, Baldacchino FA, Montarsi F, Capelli G
et al., Effectiveness and economic assessment of routine larviciding
for prevention of chikungunya and dengue in temperate urban set-
tings in Europe. PLoS Negl Trop Dis 11:¢0005918 (2017).

EU 528/2012. PRODUCT ASSESSMENT REPORT OF A BIOCIDAL PROD-
UCT FOR SIMPLIFIED AUTHORISATION APPLICATION.

Fansiri T, Pongsiri A, Khongtak P, Nitatsukprasert C, Chittham W,
Jaichapor B et al., The impact of insect growth regulators on adult
emergence inhibition and the fitness of Aedes aegypti field popula-
tions in Thailand. Acta Trop 236:106695 (2022).

Silva-Filha MHNL, Romao TP, Rezende TMT, Carvalho K d S, de
Menezes HSG, Do Nascimento NA et al, Bacterial toxins active

15

16

17

18

19

20

21

22

23

24

25
26

27

28

29

30

31

32

33

34

against mosquitoes: mode of action and resistance. Toxins (Basel)
13:523 (2021).

Michaelakis A, Balestrino F, Becker N, Bellini R, Caputo B, della Torre A
etal., A case for systematic quality Management in Mosquito Control
Programmes in Europe. Int J Environ Res Public Health 18:3478
(2021).

Carrieri M, Bacchi M, Bellini R and Maini S, On the competition occur-
ring between Aedes albopictus and Culex pipiens (Diptera: Culicidae)
in Italy. Environ Entomol 32:1313-1321 (2003).

Rosa R, Marini G, Bolzoni L, Neteler M, Metz M, Delucchi L et al., Early
warning of West Nile virus mosquito vector: climate and land use
models successfully explain phenology and abundance of Culex
pipiens mosquitoes in north-western Italy. Parasit Vectors 7:1-12
(2014).

Roiz D, Rosa R, Arnoldi D and Rizzoli A, Effects of temperature and rain-
fall on the activity and dynamics of host-seeking Aedes albopictus
females in northern Italy. Vector Borne Zoonotic Dis 10:811-816
(2010).

Fontoura PS, da Costa AS, Ribeiro FS, Ferreira MS, Castro MC and
Ferreira MU, Field efficacy of VectoMax FG and VectoLex CG biolog-
ical larvicides for malaria vector control in northwestern Brazil. J Med
Entomol 57:942-946 (2020).

Guidi V, Luthy P and Tonolla M, Comparison Between Diflubenzuron
and a Bacillus thuringiensis israelensis— and Lysinibacillus
sphaericus—Based Formulation for the Control of Mosquito Larvae
in Urban Catch Basins in Switzerland. J Am Mosq Control Assoc 29:
138-145 (2013).

Harbison JE, Corcoran PC, Runde A, Henry M, Xamplas C and Nasci RS,
Variable efficacy of extended-release mosquito larvicides observed
in catch basins in the Northeast Chicago metropolitan area. Environ
Health Insights 10:65-68 (2016).

Ravasi D, Monton DP, Tanadini M, Campana V and Flacio E, Efficacy of
biological larvicide VectoMax® FG against Aedes albopictus and Culex
pipiens under field conditions in urban catch basins. J Eur Mosq Con-
trol Assoc 42:51-60 (2023).

Virgillito C, Manica M, Marini G, Rosa R, Torre AD, Martini S et al., Eval-
uation of bacillus thuringiensis Subsp. Israelensis and Bacillus sphaer-
icus combination against Culex pipiens in highly vegetated ditches.
J Am Mosq Control Assoc 38:40-45 (2022).

Regional Veneto plan, Annual Plan for Vector Control and Mosquito
Disinfestation Interventions (2021).

PNA, Piano Nazionale Arbovirosi (2020-2025).

Kahle D and Wickham H, Ggmap: spatial visualization with ggplot2. R J
5:144-161 (2013).

R Core Team, R: A Language and Environment for Statistical Comput-
ing R Foundation for Statistical Computing, Vienna, Austria (2023).
https://www.R-project.org/.

GRASS Development team, Geographic resources analysis support sys-
tem (GRASS) software, version 7.9 Open Source Geospatial Founda-
tion (2024). https://grass.osgeo.org/ [14 January 2025].

Rumbos Cl and Athanassiou CG, Assessment of selected larvicides for
the control of Culex pipiens biotype pipiens and Culex pipiens bio-
type molestus under laboratory and semi-field conditions. Pest
Manag Sci 76:3568-3576 (2020).

Derua YA, Tungu PK, Malima RC, Mwingira V, Kimambo AG,
Batengana BM et al., Laboratory and semi-field evaluation of the effi-
cacy of bacillus thuringiensis var. israelensis (Bactivec®) and Bacillus
sphaericus (Griselesf®) for control of mosquito vectors in northeast-
ern Tanzania. Curr Res Parasitol Vector-Borne Dis 2:100089 (2022).

CAA Emilia Romagna 2023 Cetro Agricoltura ed Ambiente. Emilia
Romangna. Controlli di qualita sulla lotta larvicida alle zanzare nelle
tombinature pubbliche (2023).

Silva-Filha MHNL, Resistance of mosquitoes to entomopathogenic
bacterial-based larvicides: current status and strategies for manage-
ment, in Bacillus Thuringiensis and Lysinibacillus Sphaericus: Charac-
terization and use in the Field of Biocontrol. Springer, Cham,
pp. 239-257 (2017).

Djenontin A, Pennetier C, Zogo B, Soukou KB, Ole-Sangba M,
Akogbéto M et al., Field efficacy of Vectobac GR as a mosquito larvi-
cide for the control of anopheline and culicine mosquitoes in natural
habitats in Benin, West Africa. PLoS One 9:€87934 (2014).

Drago A, Simonato G, Vettore S, Martini S, Marcer F, di Regalbono AF
et al., Efficacy of Aquatain® against Culex pipiens Complex and Aedes
albopictus in catch basins in Italy. J Am Mosq Control Assoc 36:51-54
(2020).

wileyonlinelibrary.com/journal/ps

© 2025 The Author(s).

Pest Manag Sci 2025

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


https://www.r-project.org/
https://grass.osgeo.org/
http://wileyonlinelibrary.com/journal/ps

Lesson learned from mosquito larval control

@)
SClL

where science

WWW.SOCi.org Meets business

35 Marcombe S, Darriet F, Agnew P, Etienne M, Yp-Tcha MM, Yébakima A
et al., Field efficacy of new larvicide products for control of multi-
resistant Aedes aegypti populations in Martinique (French West
Indies). Am J Trop Med Hyg 84:118-126 (2011).

36 Sakka MK, loannou CS, Papadopoulos NT and Athanassiou CG, Residual
efficacy of selected larvicides against Culex pipiens pipiens (Diptera:
Culicidae) under laboratory and semi-field conditions. Environ Sci
Pollut Res 30:40931-40941 (2023).

37 Kummrow F and Pereira BF, Diflubenzuron, Encyclopedia of Toxicology.
Academic Press, Cambridge, MA, USA, pp. 751-758 (2024).

38 Grigoraki L, Puggioli A, Mavridis K, Douris V, Montanari M, BelliniR et al.,
Striking diflubenzuron resistance in Culex pipiens, the prime vector
of West Nile virus. Sci Rep 7:1-8 (2017).

39 Porretta D, Fotakis EA, Mastrantonio V, Chaskopoulou A, Michaelakis A,
Kioulos | et al., Focal distribution of diflubenzuron resistance muta-
tions in Culex pipiens mosquitoes from northern Italy. Acta Trop
193:106-112 (2019).

40 Micocci M, Pichler V, Serini P, Giammarioli C, Malandruccolo C,
Virgillito C et al., Widespread distribution of chs-1 mutations associ-
ated with resistance to diflubenzuron larvicide in Culex pipiens
across Italy, reaching virtual fixation in the venetian lagoon. Insects
16:204 (2025).

41 Marini G, Poletti P, Giacobini M, Pugliese A, Merler S and Rosa R, The
role of climatic and density dependent factors in shaping mosquito
population dynamics: the case of Culex pipiens in northwestern Italy.
PLoS One 11:e0154018 (2016).

42 Carrieri M, Albieri A, Angelini P, Soracase M, Dottori M, Antolini G et al.,
Effects of the Weather on the Seasonal Population Trend of Aedes
albopictus (Diptera: Culicidae) in Northern ltaly. Insects 14:879
(2023).

43

44

45

46

47

48

49

Garrido Zornoza M, Caminade C and Tompkins AM, The effect of cli-
mate change and temperature extremes on Aedes albopictus popu-
lations: a regional case study for Italy. J R Soc Interface 21:20240319
(2024).

Ferraguti M, Martinez-de la Puente J, Brugueras S, Millet JP, Rius C,
Valsecchi A et al., Spatial distribution and temporal dynamics of
invasive and native mosquitoes in a large Mediterranean city. Sci
Total Environ 896:165322 (2023).

Paploski IAD, Rodrigues MS, Mugabe VA, Kikuti M, Tavares AS, Reis MG
et al., Storm drains as larval development and adult resting sites for
Aedes aegypti and Aedes albopictus in Salvador, Brazil. Parasit Vectors
9:1-8 (2016).

Milutin D, Milorad M, Novica S, Ljiljana J, Branislav PS, Dubravko B et al.,
Statistical evaluation of the larvicidal effect of diflubenzuron on
culex pipiens larval stages. Acta Vet Brno 65:496-509 (2015).

Seccacini E, Lucia A, Harburguer L, Zerba E, Licastro S and Masuh H,
Effectiveness of Pyriproxyfen and Diflubenzuron Formulations as
Larvicides against Aedes Aegypti. / Am Mosq Control Assoc 24:398-
403 (2008).

Becker N, Petric D, Zgomba M, Boase C, Madon MB, Dahl C et al., Mos-
quitoes, Identification, Ecology and Control. Springer, Cham (2019).
Pombi M, Costantini C and Della Torre A, Aedes albopictus (Diptera:
Culicidae) in Rome: experimental study of relevant control strategy

parameters. Parassitologia 45:97-102 (2003).

Eritja R, Laboratory Tests on the Efficacy of VBC60035, a Combined Lar-
vicidal Formulation of Bacillus Thuringiensis Israelensis (Strain
AM®65-52) and Bacillus Sphaericus (Strain 2362) against Aedes Albo-
pictus in Simulated Catch Basins. J Am Mosq Control Assoc 29:280-
283 (2013).

Pest Manag Sci 2025 © 2025 The Author(s). wileyonlinelibrary.com/journal/ps
Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.



http://wileyonlinelibrary.com/journal/ps

	Lessons learned exploiting a multi‐year large‐scale data set derived from operational quality assessment of mosquito larval...
	Abstract
	1  INTRODUCTION
	2  MATERIAL AND METHODS
	2.1  Sampling area
	2.2  Implementation of larval control in public areas
	2.3  Quality control
	2.4  Climate variables
	2.5  Statistical analysis

	3  RESULTS
	3.1  Outcomes of DFB treatments at catch basin level
	3.2  Outcomes of Bacillus thuringiensis var. israelensis and B. sphaericus treatments at catch basin level

	4  DISCUSSION
	5  CONCLUSION
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY STATEMENT
	CONFLICT OF INTEREST
	SUPPORTING INFORMATION
	REFERENCES


