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The pathogen transmitting Aedes albopictus mosquito is spreading rapidly in Europe,
putting millions of humans and animals at risk. This species is well-established in Albania
since its first detection in 1979. The sterile insect technique (SIT) is increasingly gaining
momentum worldwide as a component of area-wide-integrated pest management.
However, estimating how the sterile males will perform in the field and the size of
target populations is crucial for better decision-making, designing and elaborating
appropriate SIT pilot trials, and subsequent large-scale release strategies. A mark-
release-recapture (MRR) experiment was carried out in Albania within a highly
urbanized area in the city of Tirana. The radio-sterilized adults of Ae. albopictus
Albania strain males were transported by plane from Centro Agricoltura Ambiente
(CAA) mass-production facility (Bologna, ltaly), where they were reared. In Albania,
sterile males were sugar-fed, marked with fluorescent powder, and released. The aim
of this study was to estimate, under field conditions, their dispersal capacity, probability of
daily survival and competitiveness, and the size of the target population. In addition, two
adult mosquito collection methods were also evaluated: BG-Sentinel traps baited with BG-
Lure and CO,, (BGS) versus human landing catch (HLC). The overall recapture rates did
not differ significantly between the two methods (2.36% and 1.57% of the total male
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released were recaptured respectively by BGS and HLC), suggesting a similar trapping
efficiency under these conditions. Sterile males traveled a mean distance of 93.85 +
42.58 m and dispersed up to 258 m. Moreover, they were observed living in the field up to
15 days after release with an average life expectancy of 4.26 + 0.80 days. Whether
mosquitoes were marked with green, blue, yellow, or pink, released at 3.00 p.m. or
6.00 p.m., there was no significant difference in the recapture, dispersal, and survival rates
in the field. The Fried competitiveness index was estimated at 0.28. This mark-release-
recapture study provided important data for better decision-making and planning before
moving to pilot SIT trials in Albania. Moreover, it also showed that both BG-traps and HLC
were successful in monitoring adult mosquitoes and provided similar estimations of the
main entomological parameters needed.

Keywords: mosquitoes, pest, management, survival, dispersal, competitiveness, BG sentinel trap, Sterile Insect

Technique

INTRODUCTION

Mosquitoes represent a threat to both human and animal health.
They are vectors of various diseases such as malaria, dengue,
chikungunya, Japanese encephalitis, West Nile virus, Rift Valley
fever, yellow fever, and Zika and lymphatic filariasis (Tolle, 2009;
Kampen et al,, 2012).

The invasive tiger mosquito Aedes (Stegomya) albopictus
(Skuse, 1895), native to Southeast Asia, has colonized all
continents (Benedict et al., 2007). It was introduced to Europe
at the end of the 20th century (Lounibos, 2002; Scholte and
Schaffner, 2007; Medlock et al., 2012), and its first occurrence was
reported in Albania in 1979 (Adhami and Reiter, 1998). The
species is now well-established and present even in tiny isolated
villages in high-altitude (>1,200 m) environments (Tisseuil et al.,
2018). Although the risk for pathogen transmission related to the
autochthonous Aedes species is currently considered low,
intensified vector control measures are needed to prevent
disease outbreaks similar to those that occurred in various
countries with unexpected local cases of chikungunya, dengue,
and Zika (ECDC, 2019; Vermeulen et al.,, 2020). Even in the
absence of disease transmission, Ae. albopictus is a significant
nuisance species in urban areas (Kolimenakis et al., 2019).

Since its first report from Albania, it has been recorded in
numerous European countries (Medlock et al.,, 2012; Medlock
et al,, 2015) and became well-established across Mediterranean
countries, and more recently it spread northward to Germany
(Becker et al., 2017), North Macedonia (Cvetkovikj et al., 2020)
and Moldova (Sulesco et al., 2021), and Austria (Schoener et al.,
2019; Bakran-Lebl et al., 2021).

European health officials are concerned about the risk posed
by invasive mosquito species to public health, and the World
Health Organization (WHO) office for Europe is suggesting to
rapidly develop the required capacities to face the problem
(Bellini et al., 2020). Due to the rapid spread of resistance to
commonly used insecticides (Hemingway and Ranson, 2000;
Vontas et al., 2012; Grigoraki et al., 2017; Pichler et al., 2018),
integrated vector management including new methods is now
widely accepted, and this strategy is emphasized in the Global

Vector Control Response (WHO, 2017). The sterile insect
technique (SIT), an insect birth control method, has
historically been used to suppress and even eradicate several
agricultural and livestock/human pests (Vreysen et al., 2000;
Dyck et al, 2021). In response to increasing demand for SIT
application from the International Atomic Energy Agency
(IAEA)/Food and Agriculture Organization of the United
Nations (FAO) Member States, substantial efforts have been
invested in the development of the SIT package against
mosquitoes including the development of equipment and
protocols for mass-rearing, sex-separation, irradiation,
handling, packing, transport, release, and quality control
(Balestrino et al., 2014a; Balestrino et al., 2014b; Bimbilé-
Somda et al, 2019; Culbert et al, 2019, 2020; FAO/IAEA,
2020b; Maiga et al, 2016; Maiga et al., 2017; Maiga et al,
2019; Mamai et al, 2017; Mamai et al,, 2019a; Mamai et al,
2019b; Yamada et al., 2019; Zheng et al., 2015). The WHO and
IAEA have recently published a joint guidance framework for
testing SIT as a vector control tool against Aedes-borne diseases
(WHO/IAEA, 2020).

Understanding the bio-ecological features of the target
population and how laboratory-produced sterile males may
perform in the natural environment is crucial. Mark-release-
recapture (MRR) studies are particularly useful and have been
frequently applied to various insect species to study
characteristics of populations related to the ecology, biology,
behavior, ability to transmit pathogens, and ultimately their
control (Gillies, 1961; Pollock, 1991; Hagler and Jackson, 2001;
Silver, 2007; Bellini et al., 2010; Epopa et al., 2017; Benedict et al.,
2018; Oliva et al., 2021). Knowledge of the characteristics of sterile
males and reliable quantification of wild population density are
prerequisites for planning SIT interventions (Bouyer et al., 2020b;
Romeis et al., 2020; Oliva et al.,, 2021). The few MRR studies
available for radio-sterilized Ae. albopictus males (Iyaloo et al.,
2020) and non-radio-sterilized males (Le-Goff et al., 2019) mainly
aimed at assessing survival, dispersal, and/or population size
analysis. Only four field estimations of competitiveness are
currently available (Zheng et al., 2019; Bouyer et al., 2020a;
Iyaloo et al., 2020; Bellini et al., 2021). An appropriate method
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FIGURE1 | Map of mark release recapture setup in Tirana and distribution of 40 trapping stations for mosquito collection (two stations per hectare). (A) Location of
release and control sites. (B) Study area is divided into sectors for simultaneous monitoring by different teams (green lines). The red stars represent the control sites, 700,
3,040, and 3,440 m from the release site. (C) Positions and number of trapping stations. Concentric red lines represent five annuli at 50, 100, 150, 200, and 250 m from

for population monitoring is also necessary to apply SIT.
Although the BG-Sentinel trap (BGS) is considered the gold
standard method for catching Aedes mosquitoes (Williams
et al, 2006; Farajollahi et al., 2009; Staunton et al., 2020),
some factors including shade, presence of bushes, and
potential larval habitats were shown to influence its efficacy
(Staunton et al., 2020).

In this study, we investigated the performance of a radio-
sterilized local strain of Ae. albopictus using MRR. Specifically,
parameters that were assessed included 1) recapture rate, 2)
probability of daily survival, 3) dispersal capacity, 4) sterile-to-
wild male ratio, 5) wild population estimation, and 6) field
competitiveness. We also exploited the data to compare the
efficiency of two adult mosquito trapping methods to estimate
these parameters, namely, the BG-Sentinel 2™ used with BG-
Lure and CO, and the human landing catch.

MATERIAL AND METHODS
Study Site

The MRR study was conducted in an urban area of Tirana
(41°19'44"N, 19°49'04"E), the capital and the largest city of
Albania. The presence and establishment of Ae. albopictus in
the area have been proven via monitoring activities since 2010.
The area is characterized by two-storied houses with many
private and some public gardens (Figure 1). The field
monitoring was conducted by ovitraps following the standard
operating procedure by Bellini et al. (2021), with slight
modifications (filter paper instead of Masonite paddle as

oviposition substrate). The egg monitoring started in May
2017 (week 22) before the sterile male releases, to allow the
required field data collection on population dynamics and egg
fertility (unpublished data). Fertility of wild eggs was assessed by
standardized hatching procedures (see Supplementary material
S1) during the MRR trials on egg samples collected both in the
release area and in separated control areas (700 m West-
Southwest, 3040 m Northwest, and 3440 m North from the
release site) with comparable land use and cover.

Origin of the Mosquitoes and Rearing

Procedures

Mosquitoes released in this MRR experiment were obtained from
Ae. albopictus eggs collected in Albania (ALB strain) and
amplified in the biosafety level 2 (BSL-2) laboratory of the
Medical and Veterinary Department of the Environmental and
Agriculture Centre “G. Nicoli” at CAA (Bologna, Italy). Research
carried out on mosquitoes in confined laboratory conditions do
not require a specific permit according to the directive 2010/63/
EU of the European Parliament and of the Council on the
protection of animals used for scientific purposes. Adult
mosquitoes were maintained following environmental and
rearing conditions described in Balestrino et al. (2014b). The
second generation (F2) was sent to Albania for the MRR study.

Sexing and Transportation

Sex separation was carried out according to the standard method
of sieving, at 24-30h from the beginning of pupation (Bellini
etal., 2007; Medici et al., 2011). The residual amount of females in
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TABLE 1 | Number of released and recaptured radio-sterilized males Aedes albopictus.

Color Release Time Initial Mortality
date of release males before
delivered release
and marked (%)
Green 06/09/ 3:00 p.m. 16,000 24.04
2017
Orange 06/09/ 6:00 p.m. 16,000 27.58
2017
Yellow 13/09/ 3:00 p.m. 16,000 22.66
2017
Pink 13/09/ 6:00 p.m. 14,000 14.39
2017
Total 62,000 22.56

male pupae was 1%. The pupae collected were aliquoted in
batches of 2,000 pupae each and transferred into plastic
containers of 500 ml capacity filled with 200 ml of water.
These containers were used to transport the pupae to the
Medical Physics Department of the St. Anna Hospital (Cona,
Ferrara, Italy) for irradiation and brought back afterward to the
laboratory for packaging and adult emergence. During
transportation, the pupae maintained in thermal
insulated plastic containers with changing phase materials
(PCM ice gel packs; Blu Ice, Dryce Srl, Milano, Italy) to
maintain a temperature of about 15°C.

were

Irradiation Treatments

Irradiation treatments were performed using an IBL
437 irradiator (CIS Bio International, Bagnols-sur-Ceze,
France) equipped with a 50.9 TBq Cs-137 linear source with a
central dose rate of 1.8 Gy/min. At the hospital, the different
batches of pupae were transferred into separated petri dishes
(12 cm diameter) filled with 25-30 ml of water and piled inside a
dedicated canister for irradiation (Balestrino et al., 2010). The
dose of gamma rays administered to the pupae was equal to
40 Gy.

Packaging and Shipment

At the CAA laboratory, the irradiated pupae inside petri dishes with
water (25-30 ml) were placed at the bottom of cardboard boxes
(12ecm® x 12cm?® x 18 cm?) closed at the top with a mosquito net for
emergence and transportation. Cotton pads soaked with 10% sugar
solution were provided and secured at the top of each box to assure
adult nourishment. Additional separator partitions were added
inside each box to provide an overall vertical resting surface area
of 1.04 cm? per adult. The mosquito boxes were maintained at about
20°C for the first two days after adult emergence, and after removing
water from the petri dishes, the boxes were transferred inside a larger
polystyrene container with an adequate quantity of ice gel packs to
maintain a temperature between 10 and 15°C during transportation
to the release site. In order to maintain this temperature range over
24-48 h, we used a 70-L polystyrene container filled with 10 kg of ice
gel packs conditioned at 4°C (PCM Blu Ice) and 2 kg at —20°C (PCM
Green Ice, Dryce Srl, Milano, Italy). A data logger was also
introduced inside each container to register the environmental
conditions during transport.

Males Number Number Number
that (%) recaptured (%) recaptured (%) total
flew with with recaptured

BGS HLC

12,124 222 (1.83) 102 (0.84) 324 (2.67)

11,558 288 (2.49) 158 (1.37) 446 (3.86)

12,344 325 (2.63) 269 (2.18) 594 (4.81)

11,985 206 (2.47) 227 (1.89) 523 (4.36)

48,011 1,131 (2.36) 756 (1.57) 1887 (3.93)

Mosquito Marking Procedure

Within 3 h of reception, the males were sugar-fed and marked
with fluorescent dust (RADGLO" JST, Radiant NV, Houthalen,
Belgium) (FAO/TAEA, 2020a) applied using a bulb duster to
create a dust storm within the transportation cardboard boxes
(Supplementary material S2). A fixed dose of fluorescent powder
equal to 0.6 gr (0.3 gr per 1,000 adult) was used per each
cardboard box and manually insufflated to disperse the
powder uniformly on mosquitoes just before the release.
Culbert et al. (2020) have shown that with the current dose of
the fluorescent dust used, there was no effect on the survival of
Aedes mosquitoes. Fluorescent dust coverage on male body parts
was evaluated on a sample of about 300 mosquitoes randomly
collected from the different cardboard boxes upon each release.

Mosquito Release and Recapture

The MRR study was undertaken from 4th September to 2nd
October 2017. One release of sterile marked males per week was
performed using different colors on two consecutive weeks. The
mosquito release point was located in the center of the 20-ha
study area (Figure 1), where 40 sites were selected to sample the
mosquito population homogenously (two sampling stations per
hectare). The sampling sites were arranged the day before the first
males’ release in five successive concentric circles placed 50 m
apart starting from the central release point (Figure 1A). In each
sampling station, a pair of traps were set and spaced 10-20 m
apart, consisting of a BG-Sentinel 2™ (Biogents, Regensburg,
Germany—BGS) baited with dry ice (1 kg/24 h) and BG-Lure™
(Biogents, Regensburg, Germany) and an ovitrap made from a
500-ml black polypropylene cup (Luwasa Interhydro AG,
Allmendingen, Switzerland; 11/9 hydroculture pot; 11 cm
diameter x 9cm high) lined with heavy-weight seed
germination paper (#76 seed germination paper, Extra Heavy
Weight, Anchor Paper Co., St Paul, MN, United States). Ovitrap
and BGS placed in the same sampling station were coded with the
same station number.

Right after marking (Supplementary material S2), the
mosquito males were transferred to the center of the study
area for release. The dusted males were released as young
adults (72-96 h-old) by placing them on the ground and
opening the cardboard boxes in a shaded area. The boxes were
gently shaken to induce the males to exit. The males that
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remained in the cage after 30 min were considered dead. The two
releases of Ae. albopictus sterile males were in the amount of ca
30,000-32,000 males each. The release dates were September 6
(16,000 orange marked sterile males at 3:00 p.m. plus
16,000 green marked sterile males at 6:00 p.m.) and September
13 (16,000 yellow marked sterile males at 3:00 p.m. plus
14,000 pink marked sterile males at 6:00 p.m.). Eight teams
were involved in this study. Teams included expert
entomologists who decided the exact position of each trap in
the field according to the available environment characteristics,
prefered by Ae. albopictus. Each team was in charge to place and
daily inspect four to six stations. Starting from the first trap
positioning and during every visit, each team collected Ae.
albopictus adult males and females flying around the team
members (human landing catch, HLC) by handmade manual
battery aspirators (12V DC, 0.19 A, aspiration 2.5m/s)
(Balestrino et al, 2017) for 15min in each sampling station.
Only one operator per team performed the HLC, and the
collected adults were recorded with an identification code
referring to the sampling station and the collection date. The
collection of samples (HLC, BGS, and ovitrap) from different sites
was conducted every day from 3:00 p.m. to 6:00 p.m., except on
Sunday. In case of unfavorable weather conditions (rainfalls), the
HLC was not conducted. The sequence of stations was randomly
rotated daily at each visit to avoid possible collection time bias.

Each team was provided with an insulated thermal container to
transport dry ice and store and euthanize the adult samples
collected (during the daily collection). Collected adult
mosquitoes were stored overnight and screened for
identification of species and coloration the following day
under a stereomicroscope and using a 12-V UV lamp. The use
of a UV light source was to facilitate the identification of
fluorescent dust on the male mosquito collected.

Egg papers collected from ovitraps were stored in plastic bags
(not completely sealed) and transported at ambient temperature.
The number of eggs on each paper was counted the following day,
and the portion of the paper with eggs was cut out in strips,
stored, maturated, and hatched at least 7 days after the collection
day according to the procedures in Supplementary Material
S1A. Each day after collection, the adult field data samples were
analyzed, classified, and stored into a Geographical Information
System platform to calculate the distances between release and
each recapture site. In this trial, a dedicated WebGIS application
available at https://invent.al/produkte/index.html under the MRR
training link was used to georeference and manage the field data
collected. BGS were stopped after two trapping sessions without
any collection of marked males, and after this date, only ovitraps
were monitored for 4 additional weeks. The activity continued
this scheme until October 02, which was 19 days after the last
release. Weather parameters were collected from a meteorological
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station located in the neighborhood (for rainfall and wind speed)
(see Supplementary Material Figure S1; Supplementary Table
S$1). In parallel, in three other areas nearby, where no sterile males
were released (control areas, see Figure 1A), five ovitraps were
positioned in each and checked weekly to estimate the natural egg
fertility and to measure possible failure to hatch caused by
diapause.

Statistical Analysis

Statistical analyses were performed using R Software version 4.1.0
(R Development Core Team 2008; https://www.R-project.org/). A
generalized linear model (with Poisson family distribution and
log as link function) was used to check for difference in the main
parameters between trapping methods, marking colors, and time
of release. For the difference in the natural egg fertility between
the control sites, we used a binomial generalized linear mixed
model fit by maximum likelihood (Laplace Approximation) with
egg hatch as the response variable and the ovitrap station as a
random effect. The male dispersal has been analyzed by the mean
distance traveled (MDT), the maximum distance traveled
(MAX), and the flight range (FR). Dispersal distance
estimation of Ae. albopictus males was facilitated by the
homogeneous density of recapture stations in the study area.
The FR was estimated through the linear regression of the
cumulative estimated recaptures performed in each recapture
stations (x-axis) on the logl0 (annulus median distance). The
FRsy and FRy, indicate the distance that comprehends the
maximum flight distance reached by 50% and 90% of the
individuals, respectively. These parameters were calculated
from the equation of regression as the value of the y axis at
50% and 90% of the largest value of x, respectively. A random
isotropic model in two dimensions has also been fitted to the data
to calculate the diffusion coefficient.

The survival rate of sterile males was estimated by the linear
corrected method (Harrington et al., 2001; Buonaccorsi et al,
2003) as follows: 0= e/(N+ ¢%), S = €/(1- 6)/¢, where a and b are
the regression coefficients of the linear regression of the log-
transformed captures as a function of time, N is the number of
individuals released, 0 is the recapture rate, d is the number of
days after release, and s the survival rate. The probability of daily
survival (PDS) in the field is estimated by regressing log;o (x +1)
of the number of recaptures against the day of recapture where
the antilog; of the slope of the regression line is the PDS (Muir
and Kay, 1998). Average life expectancy in the field (ALE) is
calculated from the PDS as 1/- log. PDS.

Based on the sterile males released and recaptured, the wild male
population size in the study area was estimated using the modified
Lincoln index that corrects for small samples and compensates for
daily survival P = [R*S (n — m + 1)]/(m + 1), where R is the number
of originally marked males, S is the daily survival rate, n is the total
number of recaptures of both marked and wild adult males, and m is
the number of recaptured marked males. These data, together with
the fertility rate of the eggs (hatched eggs and normally shaped eggs
with the presence of embryo are considered fertile) collected in the
release and control sites allow us to estimate the sterile male
competitiveness index under field conditions using the Fried
competitiveness index (Fried, 1971) as follows: F = ((Ha-Ee)/Ee)/

MRR Study on Sterile Male Aedes albopictus

R, where Ha = natural fertility in the control site (determined during
the MRR feasibility study period) and Ee = observed fertility rate, R =
ratio of sterile over wild males. Using data from BGS, a
nonparametric bootstrap approach (Efron, 1979) was applied to
obtain a confidence interval for the estimate of the Fried index as
described in Bouyer et al. (2020a). In brief, the data on fertility and
the ratio of sterile males over wild ones were resampled without
replacement, and for each set of resampled data, the Fried index was
computed (1,000 simulations). Assuming a symmetric distribution,
the basic percentile method to get a 95% confidence interval
was used.

RESULTS

Environmental Weather Conditions in the
Study Area During the Mark-Release-
Recapture Experiment

The mean daily temperature in Tirana for the whole 2017 years
ranged from —3.46°C to 33.51°C (mean + se = 17.65 + 0.40°C). The
environmental weather data variation and the average of the main
variables over the MRR experimental period (September
2017 and October 2017) are presented in Supplementary
Material Table S1 ; Supplementary Figure S1). The mean
(daily) temperature during the MRR ranged from 12.46 to
27.08 C (mean * se = 19.60 + 0.44°C). The mean daily relative
humidity for 2017 ranged from 32.69% to 100% (mean * se =
60.74% + 0.66%). For September and October, the mean relative
humidity ranged from 47.07% to 84.14% (mean + se = 64.43 *
1.03%). No rainfall was recorded during the two days before the
first release. However, the day before the second release, there
were strong rainfalls followed by minor rainfalls during the day of
release. The daily wind speed was constant (Supplementary
Table S1), ranging from 0.9 to 1.5 m/s.

Recapture of Aedes albopictus and Trap
Efficiency
Out of the estimated 62,000 color-marked sterile males, a total of
48,011 flew from the release boxes and 1,887 were recaptured
throughout the 3-week collection period by both methods,
representing 3.93% of the total males released (Table 1). Out of
these recaptured sterile males, 59.94% were obtained from BGS
(2.36% of the total males released), while the remainder 40.06%
(1.57% of the total males released) from HLC. Considering the entire
period of collection, there were no statistical difference in the
recapture rates of sterile males between the trapping methods BGS
and HLC (GLM, df = 1, F = 3.53, p = 0.06) and dust marking colors
(GLM, df = 3, F = 0.406, p = 0.7490). However, total captures of wild
males and females were much higher with BGS than with HLC (GLM,
df =1, F=1123, p = 0.0008 and df = 1, F = 54.12, p = 2.13e-13 for
males and females, respectively). Moreover, the time of release (3:
00 p.m. or 6:00 p.m.) did not impact the recapture rate of the released
sterile males (GLM, df = 1, F = 0.836, p = 0.361).

Figure 2 shows variation in the recapture of sterile males as
well as of wild mosquitoes with both methods as a function of
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time following the releases. Overall, significant variation was
observed in mosquito recaptures over days of collection and
the distances from the release point. The number of recaptured
mosquitoes declined over time. The majority (76.47%, n = 1,443)
of the total recaptured (n = 1887) mosquitoes was collected
shortly after their release (the first two days post-release),
93.64% (n = 1767) within 5 days post-release and no mosquito
was recaptured beyond 15 days post-release (Figure 2).

As sex separation before release is not always 100% efficient,
there was a chance that up to 1% of females could have been
released with males. In this study, 11 irradiated females that were
released with males were recaptured (three with HLC and eight
with BGS). Among them, one female was recaptured 247 m from
the release site 1 day after release and one recaptured at 212 m
7 days after release.

Dispersal and Survival

Figure 3 shows the recapture of sterile males as a function of
distance from the release point. The dispersion pattern around
the released point of the recaptured population remained similar
between colors and trapping methods (Figure 3A). The number
of recaptured marked males declined with distance from the
release point (Figure 3B). About 55.93% of sterile males were
caught within a 50 m radius, 73.24% within 100 m, and 90%
within 125 m from the release site (Figure 1). Only 1.75% was
caught between 200 and 250 m radius (there were no traps
beyond the 258 m). One sterile male was captured (HLC) at
258 m from the single release point 6 days after release, and one
sterile male (HLC) was recaptured the day of its release at 247 m
from the release point.

The dispersal pattern, estimated by the MDT, MAX, and FR
within which 50% or 90% of mosquitoes are expected to disperse
(FRso and FRg, respectively), is presented in Table 2. Overall, the
released males were estimated to travel a mean + SD of 93.85 +
42.58 m (the estimated MDT over the entire period was 104.15 +
41.95m, 87.6 + 32.6 m, 95.55 + 55.5 m and 89.1 + 40.4 (mean +
SD) m for green, orange, pink and yellow color marked males
respectively). However, based on collections, the MDT was 91.2 +
40.25 m and 96.8 + 48.8 m for BGS and HLC, respectively. The
maximum flight distance reached by 50% and 90% of the
individuals was 33.01 m and 141.95 m, respectively.

The results of daily survival probability (PDS) and average life
expectancy (ALE) of color-marked sterile males are presented in
Table 3. Regardless of the color of the trapping method used, the
ALE in the field varied from 3.03 to 5.76 days with average of
4.17 and 4.35 days for BGS and HLC, respectively. No statistical
significance difference was found between BGS and HLC (GLM,
df = 1, F = 0.213, p = 0.676). The PDS were also similar between
BGS and HLC, varying from 0.72 to 0.84 with a mean of 0.79 for
both methods and no statistical significance (GLM, df = 1, F =
0.02, p = 0.984). The four colors utilized showed no statistical
difference both in PDS (GLM, df = 3, F = 4.437, p = 0.126) and
ALE (GLM, df = 3, F = 4215, p = 0.134).

Ratio of Sterile to Wild Males

The estimation of daily sterile to wild male ratios during the MRR
is shown in Figure 4. The ratio varied with distance from the
release point (GLM, df = 1, F = 32.3, p < 0.05), but no difference
was observed between trapping methods (BGS and HLC) (GLM,
df = 1, F = 0.0, p = 0.989). The sterile-to-wild ratio varied over
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TABLE 2| Mean distance traveled (MDT), the maximum distance traveled (MAX), and flight range of 90% (FRgo) and 50% (FRs) of the radio-sterilized Aedes albopictus males

in the field.
Marked sterile Trapping method MDT (m) MAX (m) FRso (M) FRgo (M)
males
Green BGS 99.3 (48.8) 230 27.2 131.1
HLC 109 (35.1) 220 47.7 152.2
Orange BGS 76.7 (23.4) 230 25.7 125.3
HLC 98.5 (41.8) 247 40.0 141.4
Pink BGS 85.1 (41.4) 216 28.1 138.9
HLC 104 (69.6) 258 28.8 163.3
Yellow BGS 98.3 (41) 230 35.6 148.2
HLC 79.9 (39.5) 220 31.0 135.2
BGS, BG-Sentinel trap; HLC, Human Landing Catch. Values in parentheses represent the standard deviation.
TABLE 3 | Daily survival probability and the average life expectancy of the radio-sterilized Aedes albopictus males in the field.
Marked sterile males Trapping method Probability Average
of daily survival life expectancy (d)
Green BGS 0.78 4.05
HLC 0.80 4.55
Orange BGS 0.76 3.64
HLC 0.72 3.03
Pink BGS 0.81 4.69
HLC 0.84 5.76
Yellow BGS 0.79 4.31
HLC 0.78 4.06

BGS, BG-Sentinel trap; HLC, Human Landing Catch.

time (GLM, df = 1, F = 12.78, p < 0.05), while the trapping method
had no impact (GLM, df = 1, F = 1.921, p = 0.173). The variation
in both distance and time showed a similar trend for both BGS
and HLC collection methods. The maximum sterile-to-wild male
ratio obtained in the release area over time collection was
4.97 sterile for one wild male. The overall mean ratio for the
entire study period was 0.45 sterile for one wild male. There was a
rapid decrease in the sterile to wild male ratio (within the first
week) after release and within 100 m from the release point
(Figure 4).

Wild Male Population Size Estimation

The wild male population size in the area was estimated for the
whole collection period using the Lincoln index modified version
calculation that corrects for small samples and compensates for
daily survival, and the results are presented in Supplementary
Table S2. Considering only recapture data from BGS, the Lincoln
index estimated the mean population size to be 72,181 males in
the overall estimated area of 20 hectares equivalent to
3,609 males/ha. Meanwhile, data from HLC estimated the
mean number of males to be 118,691 males (5,934 males/ha).

Field Competitiveness

In the three control sites, the natural egg fertility from June to
November 2017 ranged from 90% to 100%, and no statistical
difference was found among sites (p > 0.5). The overall natural
fertility calculated in the untreated areas during the MRR study
period was 98.24% + 01.86% (mean + SD), while in the release site

the observed fertility was 74.10 + 30.85% (mean + SD). The Fried
index estimated from 1,000 bootstraps is presented in Figure 5.
The overall Fried Index was evaluated at 0.28% and the 95%
confidence interval was [0.19-0.42].

DISCUSSION

MRR studies are commonly carried out in ecological research in a
diverse range of species (McKenzie, 1974; Smith et al., 1999) to
assess population size, seasonal dynamics, and dispersal
(Harrington et al, 2008; Marini et al, 2010). In our study,
MRR allowed us to quantify the dispersal, survival, and
competitiveness of irradiated male Ae. albopictus in
preparation for a field trial in Albania, as recommended for
any method based on male release (Bouyer et al., 2020b). Two
(series) sessions of MRR were performed with similar recapture
rates for both BGS and HLC methods (3.93%) over 2 weeks in
which the majority of males were caught within 5 days post-
release. This result is consistent with the literature (Bellini et al.,
2010) or showed higher recapture rates than in the study by
Iyaloo et al. (2020) who found recapture rates in Ae. albopictus
ranging from 0.8% to 1.3% over 6 days post release and the study
by Caputo et al. (2021) that found a recapture rate of 1.8% in the
first 6 days. Winskill et al. (2015) found a recapture rate of 0.36%
for another genetic control method based on the release of insects
carrying a dominant lethal gene (RIDL). Extreme meteorological
conditions (temperature, relative humidity, and wind speed) can
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FIGURE 4 | Dynamic of the sterile-to-wild male ratio over the distance from the release point (A) and time elapsed since release (B). Vertical dotted lines represent
the release dates.

influence mosquito abundance, survival, and dispersal
(Marcantonio et al.,, 2019). Although environmental conditions
were globally suitable during this experiment, rains occurring
during the second release might have caused the observed
variations between the two series.

Understanding the ability of released sterile male mosquitoes
to disperse in an area being targeted by a suppression strategy is
crucial for predicting the required release pattern (Winskill et al.,
2015). Dispersal defines the capacity of individuals to spread from
a fixed or constant source (Gavriel et al., 2012). Generally, male
mosquitoes may disperse to find sugar and swarms for mating.
There are very few studies that examine the dispersal capacity of
male mosquitoes while considering all aspects of the SIT process
from production to release. Our study showed an acceptable
dispersal capacity when compared to those studies (Lacroix et al.,
2009; Le-Goff et al,, 2019). Most of the released males were
recaptured within 100 m from the release point, but the MDT was
70.78 + 7.050 m, which is higher than the 52.8 m of RIDL male
Ae. aegypti (Winskill et al, 2015) and close to the 83m of
irradiated male Ae. aegypti mosquitoes released from the
ground (Bouyer et al, 2020a), both in Brazil. Aedes are

typically short-dispersing species (Christophers, 1960), and Ae.
albopictus males and females’ active dispersal is limited to a few
hundred meters (Vavassori et al., 2019). We observed a rapid
decrease in the sterile to wild male ratio within the first week after
release and within 100 m from the release point, suggesting the
need for releasing sterile males more than once a week at a
maximum distance of 100 m between release points.

Some of the released males were able to survive up to 15 days
after release with a good mean survival (PDS of 0.79 and an ALE
of 4.26 days), higher than the results found by Neira et al. (2014)
in Panama with non-irradiated marked male Ae. aegypti
(0.65 and 2.3 days, respectively). Trewin et al. (2021) also
found a lower survival for wild male Ae. aegypti marked with
Rhodamine B (0.55 and 1.69 days, respectively). Their MDT was,
however, 295.2 m, much higher than in our study. In Brazil,
irradiated male Ae. aegypti mosquitoes released from the ground
had PDS of 0.20-0.63 (Bouyer et al., 2020a), again lower than in
our study.

It is important to note that the sterile males used in our trial
were imported via long-distance transportation, following long-
distance transportations attempts in Europe (e.g., from CAA
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laboratory, Bologna, Italy to Germany, Montenegro, and Greece)
(Balatsos et al., 2021). Despite 20% of the mortality observed
during transport, the released males showed an overall good field
quality. Our results show the feasibility of regional production
facilities for sterile Aedes invasive species in support of newly
invaded areas, thus reducing initial risks and costs related to the
establishment of mass-rearing production units.

Knowledge of the size of the wild male population of the target
area is crucial in determining the dose of sterile males required to
achieve the appropriate sterile-to-wild male ratio for controlling
the population effectively (Proverbs et al., 1982; Rendon et al,,
2004). Here, the male population was as high as 4,700 per hectare,
supporting the need of preliminary reduction of the densities with
complementary methods such as breeding source reduction,
door-to-door (sanitary education), and insecticide-based
treatments before starting the SIT component.

We found competitiveness of 0.28 in this study, which is higher
than 0.13, the observed average of several pilot trials conducted in
Italian urban areas (Bellini et al, 2021). In another MRR study
carried out in Brazil, the competitiveness of sterile males released
using a release system mounted on an unmanned aerial vehicle
(drone) was very close to our results, that is, 0.26 (95% confidence
interval, 0.05-0.72) (Bouyer et al, 2020a). However, a higher
competitiveness index of 0.5-0.7 with irradiated triple
Wolbachia-infected male Ae. albopictus was observed in China
(Zheng et al,, 2019). Our results suggest that the quality of the
released mosquitoes was still enough to run a pilot SIT trial in
Albania since a competitiveness index value of 0.2 is considered the
minimum acceptable threshold (Bouyer et al., 2020a).

Irradiated males are generally considered less competitive than
their wild counterparts (Rendon et al., 2004; Bakri et al., 2005;
Bellini et al., 2021). An overflooding ratio of 10 is an empirical
target in SIT programs (Oliva et al., 2021) but may vary between
species: 7:1 for some tsetse fly species (Vreysen, 2005); 60:1 for
pink bollworm, Pectinophora gossypiella (Walters et al., 1998); 40:
1 for codling moth, Cydia pomonella (Proverbs et al., 1982); and
100:1 for painted apple moth, Orgyia anartoides (Wee et al., 2005;
Suckling et al., 2007). Here, we observed an average ratio of
0.45 sterile for one wild male, dropping quickly after the release
day. Considering our results, this would require to approximately
release 700,000 sterile males weekly in our target area of 20-ha,
probably in two releases of half this number and in several release
points, to cause a 74% induced sterility. This underlines again the
need for a preliminary reduction of the target population using
conventional methods such as breeding source reduction or to
start the releases at a more appropriate period of the year when
the density of the wild population is lower (Douchet et al., 2021).

Our results demonstrated that BGS + CO, and HLC allowed
similar estimations of several parameters measured. They also
showed comparable efficiency in terms of the number of
mosquitoes captured (though during different collection
times). To our experience, the variability of catches might
greatly increase if trap stations are not chosen by experienced
persons. One of the drawbacks of BGS is its price which makes it
expensive to purchase and deploy since it is set for 24 h periods
covering a full daily mosquito activity period. They also require
power, which implies the use of a household electrical outlets or
batteries. Their main advantage is to provide a more standardized
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estimation of mosquito densities. Conversely, HLC is low-cost,
performed only within 15 min and if possible, at the high activity
periods of Aedes, to reduce the noise for statistical analyses.
However, HLC data may suffer from variability due to
differences in personal attractiveness to mosquitoes as well as
individual abilities to catch mosquitoes, making this method
more difficult to standardize.

This MRR study was conducted in September only (the end
of mosquito season), and the total trapped area was only 250 m
of ray which constitutes the main limitations of the study.
However, based on the cost-effectiveness of the SIT program
and the available data on such MRR studies (Caputo et al., 2021;
Lacroix et al., 2009; Balestrino et al., 2022), we believe that the
design limit of 250 m seems reasonable to measure the main
parameters needed for testing the SIT. Although it provides
important insights on the overall performance of the released
sterile males, their dispersal and survival in the field as well as
the size of the wild population can vary over time during the
mosquito season due to variation in environmental conditions.
Hence, the release strategies should take into account both the
quality and the size of the wild population at different time
points of the mosquito season. For reliable estimation of the
wild population size over time, an MRR study should be carried
out at different time points of the mosquito season (e.g., the
beginning, the peak, and/or end of the mosquito season).
Furthermore, another limitation of such an MRR study is the
lack of non-marked controls in the experimental design.
Although of importance, it was, however, not feasible in the
present mark-release-recapture study since only the local strain
can be released in the study area and there is no biological
marker to differentiate non-marked released mosquitoes from
the wild ones in order to compare their dispersal and longevity.
A recent study conducted in northern Italy (Balestrino et al.,
2022) on Ae. albopictus under the same rearing and climate
conditions but released in the summer (July-August) without
long-distance transportation has shown a lower recapture rate
(0.27%-1.7%) and PDS 65.4% + 11.5% to 80.0% * 6.4%).
However, they found much better flight range (FRsq = 76.0 +
35.7 m; FRgy = 227.0 + 74.8 m; MAX = 249.8 + 45.2m) and
mean distance travelled (126.4 + 44.6 to 172.9 + 45.8 m) in
comparison to our study. This difference might be due to the
transportation and also to the seasonal environmental
conditions, highlighting the need to carry out MRR studies at
different time points. Nonetheless, a baseline data collection
required before every SIT pilot trial following the phased
conditional approach, coupled with this MRR study will
allow a better estimation of the population abundance and
size over time in Albania.”

CONCLUSIONS

Overall, the results of this MRR study allowed us to estimate the
minimum distance required between sterile male release points
(100 m), as well as the necessary frequency (3-4 days) of releases
to be used in future SIT trials in Albania. The release time in the
day did not appear as a constraint. Irradiated males dispersed,

MRR Study on Sterile Male Aedes albopictus

survived long enough and competed well enough with their wild
male counterparts to warrant the feasibility of the next phase, that
is, a suppression trial. The main limitations of this study are that it
was conducted only in September and should be repeated at the
beginning of the mosquito season (April-June) and that the total
trapped area was only 250 m of ray. However, our data still
provide critical baseline information for better decision-making,
designing and elaborating of appropriate planning of SIT pilot
suppression studies in Albania and other countries in Europe
with similar environmental conditions.
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