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Optimization of adult mosquito 
trap settings to monitor 
populations of Aedes and Culex 
mosquitoes, vectors of arboviruses 
in La Reunion
Iris Claudel1,6, Ronan Brouazin1,6, Renaud Lancelot2,3, Louis‑Clément Gouagna4, 
Marlène Dupraz2,3, Thierry Baldet2,3 & Jérémy Bouyer2,5*

Competent arbovirus vectors are found in the culicid mosquito fauna of south‑west Indian Ocean 
(SWIO) islands. In La Reunion, Aedes albopictus and Aedes aegypti mosquitoes are known vectors 
of dengue and chikungunya viruses. Culex quinquefasciatus is a potential vector of Rift Valley fever 
and West Nile viruses. To prepare a vector‑control field trial against Ae. aegypti, this study aimed at 
identifying the best trapping strategy to catch adult Ae. aegypti, using BG‑Sentinel traps (Biogents, 
Germany). It was implemented in two sites in southern La Reunion. Catches of Ae. albopictus and 
Cx. quinquefasciatus mosquitoes were also recorded. A Latin square design was used to estimate 
the detection probability and the apparent daily density—according to the BG‑Sentinel trapping 
strategy: none, carbon dioxide  (CO2), a commercial attractant—BG‑Lure (Biogents, Germany), or 
both. The use of  CO2 alone was associated with a higher detection probability for Ae. aegypti and 
Cx. quinquefasciatus mosquitoes, as well as a large increase in their apparent density. Traps with 
BG‑Lure—alone or in combination with  CO2, did not improve the detection probability of Ae. aegypti 
and Cx. quinquefasciatus mosquitoes. The same result was found for male Ae. albopictus. For females, 
baiting BG‑Sentinel traps with  CO2 or BG‑Lure had no significant effect. The same apparent densities 
were found for Ae. aegypti and Ae. albopictus mosquitoes in both study sites—where Ae. aegypti 
mosquitoes were found at very low densities during previous surveys.

Factors favoring the expansion—and increase, of mosquito-borne arboviruses of public health importance are 
all present in the south-west Indian Ocean (SWIO) islands: human population growth, urbanization, limited 
natural space (except in Madagascar), high density of vector populations, lack of means and/or effectiveness of 
vector control methods, increase in maritime and air traffic with strong links between Africa and south-east  Asia1.

With 12 mosquito species, the culicid fauna of La Reunion is the poorest of the SWIO  islands2. Populations of 
Aedes albopictus and Culex quinquefasciatus are predominant. Aedes albopictus was first recorded on the island 
in early twentieth century. This species is omnipresent, from the coast to 1200 m  altitude3, in close contact with 
humans. Aedes aegypti, another major arbovirus vector, is also present on La Reunion. It is found as isolated 
mosquito populations located in ravines (narrow valleys) in the west and south of the island. In these ravines, 
Ae. aegypti and Ae. albopictus mosquitoes are competing. Culex quinquefasciatus is found all along the coast-
line—up to 2000 m altitude in the summer, particularly in anthropized areas. Its larvae are mainly observed in 
polluted water. This mosquito was the main vector responsible for Bancroft’s filariasis which was widespread in 
La Réunion Island in the nineteenth century.
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In recent years, dengue epidemics have reached proportions never seen before in this island. Since 2017, La 
Reunion has been experiencing a dengue epidemic, with increasing intensity from 2018 to 2021. Chikungunya 
emerged in the Comoros in July 2004, spreading from outbreaks on the East African coast, to all the SWIO 
islands. In La Reunion, the chikungunya epidemic was spectacular, with 3000 cases recorded during a first wave 
(2005) and more than 250,000 cases during a second wave (2006), resulting in more than 200 deaths. For these 
two arboviroses, the main vector in La Reunion is Ae. albopictus. However, Ae. aegypti can also transmit these 
viruses even if its current vector role is not considered due to its assumed rarity and isolation. The Zika virus cir-
culated widely in the Pacific between 2007 and 2013 and then in the Caribbean and Latin America in 2015–2016. 
It might be introduced into the Indian Ocean by viremic travelers and transmitted locally by these two Aedes 
species which are competent for African strains of the Zika  virus4. However, Ae. albopictus is not competent 
for the Asian strain that invaded the  World5. Rift Valley fever (RVF) is a zoonotic arbovirosis infecting humans 
through contact with viremic animal fluids, or through the bite of an infected mosquito. Following the large 
RVF outbreak in East Africa in 2006–2007, several outbreaks were reported in the Comoros Archipelagos and 
Madagascar. Thus, in Mayotte Island, human cases were first reported in 2007–2008, and later in 2018–20196. 
In La Reunion, Cx. quinquefasciatus might ensure local transmission of this virus, as in  Kenya7. Other zoonotic 
arboviroses transmitted from birds to mammals (horses, pigs) and humans by Culex mosquitoes are already 
present in the region, such as West  Nile8. Still others are at risk of introduction, such as Japanese encephalitis. 
Research is needed to better understand the vector risk of mosquito-borne human and zoonotic viral diseases 
in SWIO and to improve their surveillance and control.

Control of Aedes vectors is challenging because of their multiple, small breeding sites. Current control meth-
ods, particularly insecticide spraying, are not effective, thus justifying research for innovative control methods. 
Among these methods, the Sterile Insect Technique (SIT) is  promising9. This environment-friendly technique 
involves the large-scale release of sterile male mosquitoes to reduce mosquito populations. Mosquitoes are 
mass-reared in the laboratory, sexed, and then sterilized through irradiation before being  released10. Wild virgin 
females mate with sterile males and have no offspring. Several trials have been implemented in La Reunion, 
among which the SIT is being tested against Ae. albopictus11 and a derived strategy, the boosted SIT, whereby 
sterile males are also used as carriers of a biocide towards females and larval sites, against Ae. aegypti12.

For an SIT trial to be successful, it is essential to have accurate information on the target population, its 
characteristics and phenology before starting any control activity. This is all the more important in La Reunion 
as the local population of Ae. aegypti—targeted in the boosted SIT trials, is peculiar with respect to populations 
found  elsewhere13, and co-occurs with Ae. albopictus mosquitoes. A crucial parameter to monitor during SIT 
control trials is the ratio of released sterile males insects to wild  males14. Therefore, the sensitivity of the trapping 
method for males is an important feature.

One of the most commonly used traps for monitoring Aedes mosquitoes is the BG-Sentinel trap (Biogents, 
Germany). This trap is usually baited with BG-Lure (Biogents, Germany)—a mixture of lactic acid, ammonia 
and caproic acid—mimicking the odor of human skin, to increase the  catches15. The addition of carbon dioxide 
 (CO2) is also recommended by the trap manufacturer to increase  catches16. However, variable efficacy for the 
possible trapping strategies—combinations of these two attractants, has been reported for the two populations 
of Aedes species present in La Reunion.

The goal of this study was to identify the best trapping strategy for catching adult Ae. aegypti, with a particular 
focus on males, as a baseline data collection for reference in a subsequent boosted SIT trial. We also included 
data on Ae. albopictus and Cx. quinquefasciatus.

Results
In this document, the detection probability is the probability to detect at least one mosquito of a given species 
during a 24-h trapping session, given the known presence of this species in the study area. The apparent density 
is the mean number of individuals of given species and sex caught during a 24-h trapping session.

Overall, 951 Ae. aegypti, 618 Ae. albopictus and 737 Cx. quinquefasciatus were identified out of a total of 2306 
catches. On a few occasions, one of the traps failed (lack of  CO2, or defective battery). The design was therefore 
slightly unbalanced. However, the missing data were independent of the response, and the maximum-likelihood 
estimates of the model coefficients were therefore unbiased. In total, results from 89 trapping sessions were avail-
able, whereas the expected total was 96 (92.7%).

Observations. Detection probability (Fig. 1, Table S1). Similar response patterns were observed for male 
and female Ae. aegypti mosquitoes.

• For males, the highest detection probability  Pd was observed for the  CO2-baited trap  (Pd = 0.82, 95% credible 
interval [0.65; 0.95]), and the lowest for the BG-Lure-baited trap  (Pd = 0.42 [0.20; 0.62]).

• For females, the highest detection probability was also observed for the  CO2-baited traps  (Pd = 0.82 [0.65; 
0.96]), and the lowest for the BG-Lure-baited trap  (Pd = 0.50 [0.29; 0.70]).

Thus, baiting traps with  CO2 provided a higher detection probability for Ae. aegypti. Moreover, there was no 
advantage to using BG-Lure—either alone, or in association with  CO2.

For Ae. albopictus, the detection probability pattern according to the trapping strategy was quite different 
for females and males.
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• For males, adding  CO2 increased the detection probability with respect to the control category  (Pd = 0.73 [0.52; 
0.90] vs.  Pd = 0.52 [0.34; 0.75]). The addition of BG-Lure did not alter the detection probability, irrespective 
of  CO2 addition.

• For females, the detection probability was much higher than for males  (Pd = 0.76 [0.59; 0.92]) for the control 
category. The addition of BG-Lure was associated with a slight not significant, increase in the detection prob-
ability  (Pd = 0.79 [0.60; 0.96]). The addition of  CO2 was associated with a decreased detection probability 
 (Pd = 0.68 [0.50; 0.87]), and decrease was even stronger when  CO2 was combined with BG-Lure (pa = 0.61 
[0.37; 0.80]).

Thus, for this species, the addition of  CO2 greatly improved the detection probability for males, while it 
decreased it for females. In both sexes, the addition of BG-Lure did not improve this probability compared with 
the use of  CO2.

Regarding Cx. quinquefasciatus, the detection probability was much lower in males than in females for the 
control category  (Pd = 0.28 [0.12; 0.44] vs. 0.72 [0.54; 0.88]). The addition of CO2 increased the detection prob-
ability in both males and females (Pd = 0.64 [0.43; 0.82] and 0.96 [0.91; 1.00]). Conversely, the addition of BG-
Lure, alone or in combination with  CO2, did not increase the detection probability.

Apparent density (Fig. 1 and Table S2). For Ae. aegypti, the addition of  CO2 was associated with a strong increase 
in apparent density  Da, compared with the control trapping strategy in males  (Da = 14.9 [3.4; 32.9] vs. 2.7 [1.2; 
4.8]), and females  (Da = 10.3 [5.0; 18.4] vs. 2.1 [1.1; 3.2]).

Conversely, the addition of BG-Lure was associated with a decreased apparent density compared with the 
control and  CO2 trapping strategies in both males  (Da = 1.8 [0.6; 3.4] and 6.9 [2.7; 11.2]), and females  (Da = 1.6 
[0.6; 3.0] and 3.9 [1.9; 5.8]).

For Ae. albopictus, the addition of  CO2 was associated with an increased apparent density compared to the 
control trapping strategy in males  (Da = 4.0 [1.9; 6.2] vs. 1.4 [0.6; 2.4]). In females, the addition of  CO2 did not 
alter the apparent density  (Da = 5.4 [2.6; 9.0]). The addition of BG-Lure was associated with a decreased apparent 
density with respect to the control and  CO2 trapping strategies in both males  (Da = 1.0 [0.4; 1.7] and 4.0 [1.6; 
6.4]) and females  (Da = 3.1 [2.2; 4.4] and 4.6 [1.2; 9.4]).

For Cx. quinquefasciatus, the addition of  CO2 was associated with a strong increase in apparent density 
compared with the control trapping strategy in both males  (Da = 4.0 [1.8; 7.0] vs. 0.4 [0.1; 0.7]) and females 
 (Da = 13.0 [8.8; 17.9] vs. 3.8 [2.2; 5.5]). Conversely, the addition of BG-Lure was associated with a decreased 
apparent density, compared with the control and  CO2 trapping strategies, both males  (Da = 0.8 [0.2; 1.6] and 3.5 
[1.7; 5.7]) and females  (Da = 2.6 [1.4; 3.9] and 6.4 [2.6; 12.3]).

Figure 1.  Observed detection probability (a) and apparent density (b) for well-established adult Aedes aegypti, 
Ae. albopictus, and Culex quinquefasciatus populations in two study sites located in La Reunion.
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Multi‑model averaging: fitted apparent density. The coefficients of the multi-model averaged 
(MMA) models of apparent density for Ae. aegypti, Ae. albopictus, and Cx. Quinquefasciatus—and their 95% CI, 
are shown in supplementary-information Tables S3, S4 and S5.

Because the interpretation of single coefficients is difficult with the MMA approach, we used more global 
indicators to assess statistical significance and the bait effect on apparent mosquito density.

The same covariates were used for selection in the three species apparent density models: three main effects 
 (CO2, BG-Lure, and sex), and their two-way interactions. The importance of each covariate (i.e., its selection 
frequency in each bootstrapped model) is shown on Fig. 2.

• For Ae. aegypti,  CO2 was the most important covariate, followed by BG-Lure. However, the effect of BG-Lure 
was opposite to that of  CO2. Sex had a minor importance, with similar response patterns by bait category, 
in males and females. No strong bias of sex-ratio was thus observed, both in unbaited and CO2 baited traps 
(Fig. S1).

• For Ae. albopictus, sex was the most important covariate, closely followed by  CO2. In addition, the interac-
tion between sex and  CO2 was selected in 30% of the models. The importance of BG-Lure was similar to this 
interaction. However, it increased the detection probability, and lowered the apparent density.

• For Cx. quinquefasciatus,  CO2 and sex were equally and strongly important: differences in response were 
significant as a function of sex (apparent density was higher in females than in males) and  CO2 (apparent 
density was higher with  CO2-baited traps). The BG-Lure was consistently associated with a slight reduction 
in apparent density, regardless of whether the trap was baited with  CO2.

The observed and fitted apparent density (Fig. 3, Fig. 4, and Fig. 5) were generally close, with exceptions for the 
trapping strategies BG-Lure +  CO2, and  CO2, mainly for Ae. aegypti, and Cx. quinquefasciatus. Because these data 
did not show a positive effect of BG-Lure in increasing mosquito apparent density, this lack of fit did not change 
the conclusions with respect to the question asked in this study (to bait or not to bait adult mosquito traps):

• In males and females of each species, baiting the traps with  CO2 alone increased the apparent density with 
respect to the control scheme. However, this increase was not statistically significant for female Ae. albopictus 
(P > 0.05).

• For Ae. aegypti and Cx. quinquefasciatus, the addition of BG-Lure alone was associated with a decreased 
apparent density, but this decrease was only significant for Cx. quinquefasciatus (P < 0.05). In Ae. albopictus, 
a non-significant decrease in density was observed.

• The apparent density was lower when BG-Lure was used alone than when it was used together with  CO2, but 
it was not significant (P > 0.05) in Ae. albopictus.

Figure 2.  Average probability (200 replicates) for a covariate to be included in the model subset kept for multi 
hurdle-model averaging of adult mosquito apparent density fitted on data collected in 2020 during a field trial 
(89 trapping sessions) in La Reunion.
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Figure 3.  Fitted apparent density (a) and corresponding pairwise tests (b) for differences in fitted means for 
adult Aedes aegypti mosquitoes collected in 2020 (89 trapping sessions) during a field experiment in La Reunion. 
Coding scheme for row and column labels: sex (m/f)—CO2 (co2:yes/co2:no)—BG-Lure (bgl:yes/bgl:no).

Figure 4.  Fitted apparent density (a) and corresponding pairwise tests (b) for differences in fitted means for 
adult Aedes albopictus mosquitoes collected in 2020 (89 trapping sessions) during a field experiment in La 
Reunion. Coding scheme for row and column labels: sex (m/f)—CO2 (co2:yes/co2:no)—BG-Lure (bgl:yes/
bgl:no).
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Thus, baiting the traps with  CO2 generally increased the apparent density. The same effect was not observed 
with BG-Lure. The combination of the two baits did not improve the effect of  CO2 alone.

Discussion
This study is part of a research project to control an isolated population of Ae. aegypti mosquitoes in a target 
area of St Joseph using boosted  SIT12. It was therefore important to identify the best way to catch Ae. aegypti 
mosquitoes to monitor the target population by assessing its abundance as reliably as possible. We found the 
frequency and density of trap catches were much higher with  CO2 for Ae. aegypti mosquitoes and the other two 
populations of Ae. albopictus and Cx. quinquefasciatus mosquitoes. The use of this bait alone also allowed catching 
large numbers of males, which is crucial for monitoring the impact of SIT. Actually, the ratio of sterile to wild 
males is a key indicator during SIT  programs14, and together with the induced sterility in eggs, this ratio allows 
monitoring the competitiveness of sterile  males14. This parameter is crucial for the prediction of the efficiency 
of both SIT and, to a lesser extent boosted SIT  trials17.

Conversely, catches were lower when  CO2 was combined with BG-Lure. Traps with BG-Lure alone showed 
null or negative effects on all species compared to control traps. Therefore, sampling with BG-Lure underes-
timated the actual density of Ae. aegypti, Ae. albopictus, and Cx. quinquefasciatus, unlike  CO2, which gave a 
better estimate of the relative abundance of mosquitoes of these three species in the study areas. These results 
are surprising considering the use of BG-Lure has often been considered the most efficient way to catch  them18. 
Other studies have found that baiting BG-Sentinel traps with BG-Lure coupled with  CO2 was the most effective 
way to catch adults of the three mosquito species studied  here19. However, some studies have found that BG-
Sentinel traps baited with  CO2 alone were able to catch significantly more individuals than BG-Sentinel traps 
baited with BG-Lure—coupled or not with  CO2

20. Also, Staunton et al.21 did not observe any impact of BG-Lure 
on the catches of Ae. aegypti and Ae. albopictus mosquitoes, both with Male Aedes Sound Traps (MASTs) and 
BG-Sentinel traps in Cairns, Australia and Madang, Papua New Guinea. Visser et al.22 found BG-Sentinel traps 
baited with  CO2 coupled with the MB5 blend—another blend also mimicking human body odor, caught more 
Ae. aegypti and Cx. quinquefasciatus than traps either baited with MB5 blend, or  CO2 alone. These authors also 
reported they obtained significantly more catches baiting the BG-Sentinel traps with the MB5 blend than with 
the BG-Lure. In our case, baiting the BG-Sentinel traps with  CO2 alone caught more individuals but it might be 
interesting to assess its effect in combination with the MB5 blend. Baiting BG-Sentinel traps with hexanoic acid 
and natural human odors improved catches of Ae. aegypti with regard to BG-Lure alone, the latter including 
additional volatile components not present in BG-Lure23.

Figure 5.  Fitted apparent density (a) and corresponding pairwise tests (b) for differences in fitted means for 
adult Culex quinquefasciatus mosquitoes collected in 2020 (89 trapping sessions) during a field experiment in 
La Reunion. Coding scheme for row and column labels: sex (m/f)—CO2 (co2:yes/co2:no)—BG-Lure (bgl:yes/
bgl:no).
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Several methods of  CO2 release are possible. We used  CO2 bottles but it is also possible to use dry ice, although 
flow control is much better with pressurized bottles. Visser et al.22 used  CO2 produced with yeast fermented sugar 
and they also obtained better catches. Again, the latter method is not as accurate in terms of flow control. We 
used a low throughput (0.2 L/24 h) to optimize the trapping costs because we observed, during preliminary trials, 
that this was enough to attract mosquitoes. Higher rates of 2 kg/24 h (using dry ice) were previously  reported24. 
These authors also reported that three mice had the same attractiveness as  CO2 at this rate. Considering a mean 
body mass of 20 g and a maximum expelled volume of  CO2 of 95.5 ± 15.4 mL/kg/min25, a mouse should expel ≃ 
1.9 mL/min which is close to 2.8 kg/24 h, i.e., much more than what we used here. One of the reasons that might 
explain this efficiency at such a low release rate is that  CO2 was released inside the BG-Sentinel trap (contrary 
to manufacturer’s recommendations). Thus, an increased concentration of  CO2 was found in the trap, with a 
decreasing gradient outside the trap, thanks to the holes made in the cover. This modified device setting might 
better mimick a real host.

The lack of bias in the Ae. aegypti sex-ratio estimated with  CO2-baited BG-Sentinel traps was also reported in 
mark–release–recapture experiments implemented with Ae. albopictus mosquitoes in La  Reunion26. Thus, these 
 CO2-baited traps might be used to monitor Ae. aegypti populations without biasing the estimated abundance 
of both sexes. Females are attracted by  CO2 which activates their host-seeking  behavior27. Male mosquitoes, 
like females, have receptor neurons that allow them to detect  CO2

28. These receptors help them finding hosts 
for female blood meals, and thus locating areas where females are abundant. Bohbot et al.29 also reported Ae. 
aegypti males respond to host odors.

In addition, Ae. aegypti mosquitoes may form swarms and mate during the day near  hosts30. These swarms 
are primarily composed of males: females are attracted by the pheromons and sounds they  emit31. Traps with 
 CO2 can then attract males and females present in the swarm.

In our observations, BG-Lure had a negative effect on the frequency and apparent density of Ae. aegypti 
mosquitoes. Either the BG-Lure prevented mosquitoes from correctly detecting  CO2, or it repelled mosquitoes.

In Ae. albopictus mosquitoes, our results showed a bias in the sex-ratio of Ae. albopictus, with 3.5 times more 
females than males caught, in agreement with several other studies conducted on this species in La  Reunion32. 
Le Goff et al.24 reported baiting the BG-Sentinel traps with  CO2 coupled with mice increased catch density, with 
catch density proportional to the density of mice in the bait. The attractiveness of mice was related to the  CO2 
or body heat, and not to body odor.

Although fewer males were caught than females, we still found a significant increase in male Ae. albopictus 
catches when the trap contained  CO2 coupled with the BG-Lure, as observed by Pombi et al.33. Catches of males 
with  CO2 alone were significantly higher than those in the control traps. In contrast to previous observations 
for Ae. aegypti and Cx. quinquefasciatus22, Pombi et al.33 also reported that baiting BG-Sentinel traps with MB5 
blend was as efficient as baiting them with the BG-Lure for Ae. albopictus. Cilek et al.34 found no significant dif-
ference in the apparent density of Ae. albopictus and Cx. quinquefasciatus for traps baited with  CO2 or BG-Lure. 
They also reported a higher apparent female density for traps baited with  CO2, compared with traps baited with 
BG-Lure plus octenol and  CO2.

In this study, BG-Sentinel  CO2-baited traps were more efficient in catching Ae. aegypti, Ae. albopictus, and 
Cx. quinquefasciatus than the same traps with other trapping strategies—thus highlighting the necessity to assess 
the most effective trapping methods in the local context of mosquito monitoring programs.

In addition, this study provided new insights on the ecology of local Ae. aegypti and Ae. albopictus popula-
tions, and allowed improving the monitoring and management of these populations—notably for Ae. aegypti 
mosquitoes whose population was considered as  scarce35. An update of its distribution and abundance using a 
more sensitive trapping method would be useful to carry out at the island scale.

Finally, the risk of competitive replacement has been pointed out by expert  groups36, in case of targeting only 
one of the two specific mosquito populations by a control technique such as the SIT. These two populations are 
in competition in our study area, where Ae. aegypti population even developed a resistance to  satyrization37. 
The identification of such a risk requires the use of traps with similar efficiency for the competing populations.

In conclusion, we decided to use BG sentinel traps baited with  CO2 0.2 L/24 h to monitor the impact of the 
boosted SIT trial implemented in Saint-Joseph.

Methods
Field sites and study population. A field experiment was implemented from 5 October to 12 Novem-
ber 2020 on two study sites in Saint-Joseph, a municipality located in the south of La Reunion. The first study 
site (21°23′04.2″S 55°38′45.3″E) was a 10-ha orchard covered with vacoa trees (Pandanus edulis), palm and 
other fruit trees located next to the Langevin River outfall. It was surrounded by a school, a library, and houses. 
The second study site (21°22′48.2″S 55°39′34.7″E) was a 350 m long and 40 m wide isolated ravine, ending in 
Indian Ocean. Both study sites had well-established mosquito populations of Ae. aegypti, Ae. albopictus, and Cx. 
quinquefasciatus.

Study design and data collection. BG-Sentinel traps (Biogents, Germany) consist of a collapsible, dark 
blue fabric container and a white lid with holes covering its opening. Air is sucked into the trap through a black 
catch pipe by an electrical fan, through a black netting acting as a cage. A Latin square design was used to assess 
the effect of two baits on BG-Sentinel traps attractiveness: carbon dioxide  (CO2) and BG-Lure (Biogents, Ger-
many). BG-Lure was used as specified by the manufacturer: each packaging was opened at the beginning of the 
trial and used for a total duration of less than 1.5 months whereas the manufacturer claims an efficiency of up to 
5 months (https:// sea. bioge nts. com/ attra ctants/ bg- lure- attra ctant/, accessed on 18th October 2022).

https://sea.biogents.com/attractants/bg-lure-attractant/
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BG-Sentinel traps were baited with one of the four trapping strategies: (i) BG-Lure, (ii)  CO2 0.2 L/24 h, (iii) 
both, and (iv) no bait. To release  CO2, bottles used in fish-keeping (ISTA  CO2 Aluminum Cylinder 2.0L FACE 
SIDE or FACE UP-Plants Growth Supplement | Aquatic Plant Fertilizer (2 L)) were used (Fig. 6). The flow rate 
was measured by dipping a tube attached to the outlet of the  CO2 bottle into the water and counting the number 
of bubbles over a given time, in this case 30 bubbles over 10 s, i.e. 0.2 L/24 h.

Each trapping strategy was randomly allocated to a trap at each 24 h trapping session, thus covering the entire 
daily mosquito activity cycle. There were four traps per site per trapping session, i.e., eight trapping results for 
each session. Four trapping sessions were required to complete a block (each trapping strategy being assigned 
to each trap), i.e., a total of 32 trapping results/block. Three replicates of this block were implemented in Octo-
ber and November 2020 (early rainy season), thus providing a total of 96 trapping results (12 results/trap). 
The environmental effects controlled by the Latin square design were trapping date (proxy for air temperature, 
relative humidity, wind speed and direction) and trapping site (proxy for habitat type, distance to breeding and 
resting sites).

At the end of each 24-h trapping session, mosquitoes were collected from each BG-Sentinel trap and frozen 
at − 20 °C to kill them. They were then poured into Petri dishes for identification using a binocular and a mor-
phological key adapted to local  mosquitoes2. Individuals of Ae. aegypti, Ae. albopictus, and Cx. quinquefasciatus 
were counted by species and sex. Data were entered and stored in a relational database management system.

Data analysis. Separate analyses were done for each mosquito species. To assess the effects of trapping 
strategies, we chose a hurdle model jointly accounting for the detection probability of the mosquitoes, and their 
apparent  density38. This model was made of two sub-models which were jointly fitted: (i) a logistic Bernoulli 
model for the presence data (detection probability), and a zero-truncated negative binomial model for the appar-
ent-density counts. The same covariates were used to model the detection probability and the apparent density.

The latter was chosen to account for the large variance met in this dataset—related to the peculiarities of 
Aedes mosquitoes ecology. Indeed, males of Ae. aegypti sometimes aggregate in swarms of thousands of insects, 
triggered by aggregation  pheromones39. Females are also attracted by these swarms, as well as mosquitoes from 
other species. When such a swarm met a trap, hundreds of mosquitoes were caught during a single trapping 
session. This happened several times during the experiment. We did not discard the corresponding data because 
they are an important feature of Aedes ecology. Therefore, we did not expect to select a single best model adapted 
to an unrealistic average situation.

Instead, we adopted a multi-model averaging approach, well adapted when there is not a single plausible 
model with respect to the available  data40. A “full” model was defined, representing the most complex structure 
expected in the dataset. From this full model, a set of nested, plausible sub-models was defined, and all these 
models were fitted using a maximum-likelihood method. They were ranked using AICc, the small-sample ver-
sion of the Akaike information criterion. The AICc difference between consecutive models was computed, and 
divided by the AICc difference between the first and last models. This quantity is the Akaike weight. It was used 
as a relative model plausibility indicator, and to compute weighted means of the fitted values from each compared 
model, i.e., multi-model averaging (MMA). We applied the approach on each bootstrapped dataset to compute 
95% credible intervals for the MMA-fitted values.

To estimate the 95% credible intervals of observed and fitted values, we used a bootstrap resampling proce-
dure of the observed  dataset41. The combination of sites and dates (two sites, four dates by replicate, and three 
replicates) was taken as the 24 resampling units of four trapping sessions each (i.e., the four dates). A random 
sample of these units was drawn with replacement in the initial data set, with the same size in sampling units. It 
was used to compute the simulated means. The process was iterated 200 times. The 2.5% and 97.5% quantiles of 
the empirical distributions of each simulated mean were used as the 95% credible interval of population means.

Figure 6.  Inside view of a BG-Sentinel trap containing a battery and a  CO2 bottle.
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The R software and computing  environment42 was used for data analysis, in particular statistical packages 
pscl for hurdle  models38, and MuMIn for multi-model averaging and  inference43, implementing the methods 
described in Burnham &  Anderson44. Throughout this document, α was set to 0.05.

Data availability
Data and R code needed to run the analysis are available in a master R Markdown  document45 named bgtrap.
Rmd containing the dataset—as an R object named tab, and the master R code. Most of the work is done by R 
functions automatically sourced in the running R session from an external file called functions.R. The list of 
add-on R packages needed to run the analysis, as well as some code to install—and possibly update them, are 
available in an R file called packages.R, also automatically sourced in the R session. All these files are available 
in the section Supplementary Information containing further instructions.

Received: 27 June 2022; Accepted: 11 November 2022

References
 1. Randolph, S. E. & Rogers, D. J. The arrival, establishment and spread of exotic diseases: Patterns and predictions. Nat. Rev. Microbiol. 

8, 361–371 (2010).
 2. Boussès, P., Dehecq, J. S., Brengues, C. & Fontenille, D. Inventaire actualisé des moustiques (Diptera : Culicidae) de l’île de La 

Réunion, océan Indien. Bulletin de la Société de pathologie exotique 106, 113–125 (2013).
 3. Delatte, H. et al. Geographic distribution and developmental sites of Aedes albopictus (Diptera: Culicidae) during a Chikungunya 

epidemic event. Vector-Borne Zoonotic Dis. 8, 25–34 (2008).
 4. Gomard, Y., Lebon, C., Mavingui, P. & Atyame, C. M. Contrasted transmission efficiency of Zika virus strains by mosquito spe-

cies Aedes aegypti, Aedes albopictus and Culex quinquefasciatus from Reunion Island. Parasites Vectors https:// doi. org/ 10. 1186/ 
s13071- 020- 04267-z (2020).

 5. Vazeille, M., Dehecq, J.-S. & Failloux, A.-B. Vectorial status of the Asian tiger mosquito Aedes albopictus of La Réunion Island for 
Zika virus: Ae. Albopictus of la réunion island. Med. Vet. Entomol. 32, 251–254 (2018).

 6. Youssouf, H. et al. Rift valley fever outbreak, Mayotte, France, 2018–2019. Emerg. Infect. Dis. 26, 769–772 (2020).
 7. Sang, R. et al. Rift valley fever virus epidemic in Kenya, 2006/2007: The entomologic investigations. Am. J. Trop. Med. Hyg. 83, 

28–37 (2010).
 8. Cardinale, E. et al. West Nile virus infection in horses, Indian ocean. Comp. Immunol. Microbiol. Infect. Dis. 53, 45–49 (2017).
 9. Bouyer, J., Yamada, H., Pereira, R., Bourtzis, K. & Vreysen, M. J. B. Phased conditional approach for mosquito management using 

sterile insect technique. Trends Parasitol. 36, 325–336 (2020).
 10. Lees, R. S., Carvalho, D. O. & Bouyer, J. Potential Impact of Integrating the Sterile Insect Technique into the Fight against Disease-

Transmitting Mosquitoes 1081–1118 (CRC Press, 2021). https:// doi. org/ 10. 1201/ 97810 03035 572- 33.
 11. Gouagna, L. C. et al. Strategic approach, advances, and challenges in the development and application of the SIT for area-wide 

control of Aedes albopictus mosquitoes in Reunion Island. Insects 11, 770 (2020).
 12. Bouyer, J. & Lefrançois, T. Boosting the sterile insect technique to control mosquitoes. Trends Parasitol. 30, 271–273 (2014).
 13. Soghigian, J. et al. Genetic evidence for the origin of Aedes aegypti, the yellow fever mosquito, in the southwestern Indian Ocean. 

Mol. Ecol. 29, 3593–3606 (2020).
 14. Bouyer, J. & Vreysen, M. J. B. Yes, irradiated sterile male mosquitoes can be sexually competitive!. Trends Parasitol. 36, 877–880 

(2020).
 15. Owino, E. A. et al. Field evaluation of natural human odours and the biogent-synthetic lure in trapping Aedes aegypti, vector of 

dengue and chikungunya viruses in Kenya. Parasites Vectors 7, 451 (2014).
 16. Kröckel, U., Andreas, R., Eiras, Á. & Geier, M. New tools for surveillance of adult yellow fever mosquitoes: Comparison of trap 

catches with human landing rates in an urban environment. J. Am. Mosq. Control Assoc. 22, 229–238 (2006).
 17. Haramboure, M. et al. Modelling the control of Aedes albopictus mosquitoes based on sterile males release techniques in a tropical 

environment. Ecol. Model. 424, 109002 (2020).
 18. Farajollahi, A. et al. Field efficacy of BG-sentinel and industry-standard traps for Aedes albopictus (Diptera: Culicidae) and West 

Nile Virus Surveillance. J. Med. Entomol. 46, 919–925 (2009).
 19. Roiz, D. et al. Trapping the Tiger: Efficacy of the novel BG-sentinel 2 with several attractants and carbon dioxide for collecting 

Aedes albopictus (Diptera: Culicidae) in Southern France. J. Med. Entomol. 53, 460–465 (2016).
 20. Wilke, A. B. B. et al. Assessment of the effectiveness of BG-sentinel traps baited with CO2 and BG-Lure for the surveillance of 

vector mosquitoes in miami-dade County Florida. PLoS ONE 14, e0212688 (2019).
 21. Staunton, K. M. et al. Effect of BG-lures on the male aedes (Diptera: Culicidae) sound trap capture rates. J. Med. Entomol. 58, 

2425–2431 (2021).
 22. Visser, T. M. et al. Optimisation and field validation of odour-baited traps for surveillance of Aedes aegypti adults in Paramaribo 

Suriname. Parasites Vectors 13, 121 (2020).
 23. Owino, E. A. et al. An improved odor bait for monitoring populations of Aedes aegypti-vectors of dengue and chikungunya viruses 

in Kenya. Parasites Vectors 8, 253 (2015).
 24. Le Goff, G. et al. Comparison of efficiency of BG-sentinel traps baited with mice, mouse-litter, and CO2 lures for field sampling 

of male and female aedes albopictus mosquitoes. Insects 8, 95 (2017).
 25. Nielsen, G. D., Petersen, S. H., Vinggaard, A. M., Hansen, L. F. & Wolkoff, P. Ventilation, CO2 production, and CO2 exposure 

effects in conscious, restrained CF-1 mice. Pharmacol. Toxicol. 72, 163–168 (1993).
 26. Gouagna, L. C., Dehecq, J.-S., Fontenille, D., Dumont, Y. & Boyer, S. Seasonal variation in size estimates of Aedes albopictus 

population based on standard mark–release–recapture experiments in an urban area on Reunion Island. Acta Trop. 143, 89–96 
(2015).

 27. Dekker, T., Geier, M. & Cardé, R. T. Carbon dioxide instantly sensitizes female yellow fever mosquitoes to human skin odours. J. 
Exp. Biol. 208, 2963–2972 (2005).

 28. Grant, A. J. & O’Connell, R. J. Age-related changes in female mosquito carbon dioxide detection. J. Med. Entomol. 44, 617–623 
(2007).

 29. Bohbot, J. & Vogt, R. G. Antennal expressed genes of the yellow fever mosquito (Aedes aegypti L.); characterization of odorant-
binding protein 10 and takeout. Insect Biochem. Mol. Biol. 35, 961–979 (2005).

 30. Hartberg, W. K. Observations on the mating behaviour of Aedes aegypti in nature. Bull. World Health Organ. 45, 847 (1971).
 31. Cator, L. J., Arthur, B. J., Ponlawat, A. & Harrington, L. C. Behavioral observations and sound recordings of free-flight mating 

swarms of Ae. aegypti (Diptera: Culicidae) in Thailand. J. Med. Entomol. 48, 941–946 (2011).
 32. Lacroix, R., Delatte, H., Hue, T. & Reiter, P. Dispersal and survival of male and female Aedes albopictus(Diptera: Culicidae) on 

Réunion Island. J. Med. Entomol. 46, 1117–1124 (2009).

https://doi.org/10.1186/s13071-020-04267-z
https://doi.org/10.1186/s13071-020-04267-z
https://doi.org/10.1201/9781003035572-33


10

Vol:.(1234567890)

Scientific Reports |        (2022) 12:19544  | https://doi.org/10.1038/s41598-022-24191-9

www.nature.com/scientificreports/

 33. Pombi, M. et al. Field evaluation of a novel synthetic odour blend and of the synergistic role of carbon dioxide for sampling host-
seeking Aedes albopictus adults in Rome, Italy. Parasites Vectors 7, 580 (2014).

 34. Cilek, J. E., Hallmon, C. F. & Johnson, R. Semi-field comparison of the Bg Lure, nonanal, and 1-Octen-3-OL to attract adult mos-
quitoes in northwestern Florida. J. Am. Mosq. Control Assoc. 27, 393–397 (2011).

 35. Bagny Beilhe, L., Delatte, H., Juliano, S. A., Fontenille, D. & Quilici, S. Ecological interactions in Aedes species on Reunion Island. 
Med. Vet. Entomol. 27, 387–397 (2013).

 36. Golstein, C., Boireau, P. & Pagès, J.-C. Benefits and limitations of emerging techniques for mosquito vector control. Comptes Rendus 
Biol. 342, 270–272 (2019).

 37. Maïga, H., Gilles, J. R. L., Lees, R. S., Yamada, H. & Bouyer, J. Demonstration of resistance to satyrization behavior in Aedes aegypti 
from La Réunion island. Parasite 27, 22 (2020).

 38. Zeileis, A., Kleiber, C. & Jackman, S. Regression models for count data in R. J. Stat. Soft. https:// doi. org/ 10. 18637/ jss. v027. i08 
(2008).

 39. Fawaz, E. Y., Allan, S. A., Bernier, U. R., Obenauer, P. J. & Diclaro, J. W. Swarming mechanisms in the yellow fever mosquito: 
Aggregation pheromones are involved in the mating behavior of Aedes aegypti. J. Vector Ecol. 39, 347–354 (2014).

 40. Guthery, F. S., Burnham, K. P. & Anderson, D. R. Model selection and multimodel inference: A practical information-theoretic 
approach. J. Wildl. Manag. 67, 655 (2003).

 41. Manly, B. F. J. Randomization, Bootstrap and Monte Carlo Methods in Biology 399 (CRC Press/Chapman & Hall, 2006). https:// doi. 
org/ 10. 1201/ 97813 15273 075.

 42. R Core Team. R: A Language and Environment for Statistical Computing. (R Foundation for Statistical Computing, 2022).
 43. Barton, K. MuMIn: Multi-Model Inference. (R-Forge, 2022).
 44. Burnham, K. P. & Anderson, D. R. Model Selection and Multimodel Inference: A Practical Information-Theoretic Approach 496 

(Springer-Verlag, 2002).
 45. Xie, Y., Dervieux, C. & Riederer, E. R Markdown Cookbook (Chapman; Hall/CRC, 2020). https:// doi. org/ 10. 1201/ 97810 03097 471.

Acknowledgements
This research work was partially funded by the European Union, (i) European Research Council, Grant Agree-
ment No. 682387-REVOLINC, and (ii) Horizon 2020 program, Grant Agreement No. 874850-MOOD, both in 
the framework of the One Health Indian Ocean partnership network (www. onehe alth- oi. org). It is cataloged as 
MOOD044. The contents of this document are the sole responsibility of the authors and don’t necessarily reflect 
the views of the European Commission. We are grateful to Agence Régionale de Santé La Réunion—in particular 
its vector control department, for their support and fruitful discussions. We thank Dr. Marc J.B. Vreysen, Head 
of the FAO-IAEA Insect Pest Control Laboratory (Vienna, Austria), for his comments on the draft version of 
this paper.

Author contributions
I.C. and R.B. equally contributed to the work. J.B. and R.L. are the corresponding authors. J.B., T.B., L.C.G. 
designed the study. JB supervised the study. I.C., R.B., M.D., J.B. made the field and laboratory work. I.C., R.B., 
R.L., J.B. analyzed the data. I.C., R.B., J.B., R.L. wrote the paper.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 24191-9.

Correspondence and requests for materials should be addressed to J.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.18637/jss.v027.i08
https://doi.org/10.1201/9781315273075
https://doi.org/10.1201/9781315273075
https://doi.org/10.1201/9781003097471
http://www.onehealth-oi.org
https://doi.org/10.1038/s41598-022-24191-9
https://doi.org/10.1038/s41598-022-24191-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Optimization of adult mosquito trap settings to monitor populations of Aedes and Culex mosquitoes, vectors of arboviruses in La Reunion
	Results
	Observations. 
	Detection probability (Fig. 1, Table S1). 
	Apparent density (Fig. 1 and Table S2). 

	Multi-model averaging: fitted apparent density. 

	Discussion
	Methods
	Field sites and study population. 
	Study design and data collection. 
	Data analysis. 

	References
	Acknowledgements


