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Abstract

The invasive mosquito species Aedes albopictus (Skuse, 1894) is rapidly spreading in Europe, posing 
an increasing threat because of its high vector competence for chikungunya and dengue virus. An 
integrative and eco-friendly control of these populations is required to prevent mosquito-borne dis-
ease outbreaks. Traditionally-used insecticides or other chemical control agents are often expensive, 
harmful to the environment, strictly controlled or completely banned in several countries. Addition-
ally, insecticide resistance is a potential threat. One possibility for biological control agents is the use 
of native aquatic beetles as natural predators of mosquitoes to boost Bacillus thuringiensis israelensis 
(Bti) interventions. Thirty predatory aquatic beetle taxa were caught in Belgium and kept at the In-
stitute of Tropical Medicine’s insectary to test predation rate and prey choice on Aedes albopictus and 
Culex pipiens Linnaeus, 1758. Predation rates suggest at least four efficient dytiscid predators that are 
known to inhabit small, temporary habitats in Europe. Further experiments on prey choice reveal a 
clear preference for Aedes albopictus over alternative larval prey (Culex pipiens, Daphnia sp., Chaobori-
dae). We found a strong ecological overlap of the feeding niche of A. albopictus and the hunting zone 
of dytiscid predators in the benthic layer of small waterbodies. Our findings on the efficacy are very 
encouraging to further assess the potential of native predacious diving beetles as a biological control 
agent against the invasive A. albopictus in Europe.
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Introduction

The Asian tiger mosquito Aedes albopictus (Skuse, 1894) is an invasive species that 
rapidly spreads throughout Europe (Sherpa et al. 2019). It poses an increasing 
threat because of its high vector competence for arboviruses such as chikungunya, 
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dengue and zika (Martinet et al. 2019; Ryan et al. 2019). Since 2000, an increase 
in autochthonous infections of dengue and chikungunya virus was observed in 
Europe (Giunti et al. 2023), for example, 65 autochthonous cases of dengue were 
recorded in France in 2022 (Gossner et al. 2018; Cochet et al. 2022).

Aedes albopictus females search for blood meals during the day and prefer human 
hosts in urban areas (Bonizzoni et al. 2013), resulting in potential pathogen trans-
mission and biting nuisance. The establishment of invasive mosquitoes in a yet 
unaffected area is mainly influenced by climate conditions (Schindler et al. 2015; 
Ryan et al. 2019), globalisation and urbanisation (Deblauwe et al. 2022b). In ad-
dition, these mosquito species are also adapting to climatic changes (Kramer et al. 
2020, 2021). At the local scale, interspecific interactions and, foremost, the com-
petition for ecological niches may shape the micro-distribution and abundance of 
a given A. albopictus population (Deblauwe et al. 2015; Müller et al. 2018).

To date, there are no effective vaccines or treatments widely available for dengue 
and chikungunya virus (Flandes et al. 2023; Thomas 2023; Al-Osaimi et al. 2024). 
Hence, the prevention of those arboviral infections is primarily based on the con-
trol of the mosquito vector (Vontas et al. 2012; Bonizzoni et al. 2013; Abdelnabi 
et al. 2017). The insecticides used for space spraying, indoor residual spraying or 
container treatment lead to insecticide resistance, which can rapidly develop in 
mosquitoes (Su et al. 2019; Pichler et al. 2022; Vereecken et al. 2022). In addition, 
insecticide-based control efforts over the past decades have not been successful in 
controlling Aedes populations (Achee et al. 2019). In Europe, a biological control 
method with Bacillus thuringiensis israelensis (Bti) is widely used to control mosqui-
to populations (Giunti et al. 2023); however, its activity period is limited (Kroeger 
et al. 2013; Pauly et al. 2022). In addition, cryptic and domiciliary larval habitats 
may frequently go unnoticed (Achee et al. 2019). The enrichment of native aquatic 
biodiversity might be a promising nature-based solution to control discontinu-
ously distributed A. albopictus populations. This form of biological control can 
synergise other control strategies, such as Bti, by including cryptic or domiciliary 
larval habitats, which often remain undetected or unidentified in other control 
strategies (Achee et al. 2019; Donald et al. 2020). Additionally, biological vector 
control generally receives more public acceptance if compared to chemical control 
(Reuss et al. 2020).

Alternative strategies are mainly focused on adult control and involve Wolbachia 
bacteria (Caputo et al. 2023), sterile insect technique (Balatsos et al. 2024), release 
of insects carrying a dominant lethal gene (Dobson 2021), attractive toxic sugar 
baits (Chiu et al. 2024), mass-trapping (Jaffal et al. 2023), spatial repellents, insec-
ticide treated materials (Senapati et al. 2019), antipathogen genetic modifications 
and lethal ovitraps (Achee et al. 2019; Jones et al. 2021; Ogunlade et al. 2023). For 
juvenile stages, the use of a new entomopathogenic fungi (Cafarchia et al. 2022) 
or autodissemination (such as pyriproxyfen) (Pleydell and Bouyer 2019) are pro-
posed alternative strategies (Achee et al. 2019). Biological mosquito control is so 
far mainly based on predatory copepods, Toxorhynchites larvae and fish; however, 
none of these control agents is currently used in Europe (Baldacchino et al. 2015; 
Achee et al. 2019).

Biological vector control increases the necessity to identify the most locally ef-
fective natural predators of Culicidae, which is especially true for areas recently 
invaded by Aedes albopictus (Younes 2008; Bofill and Yee 2019). The use of na-
tive cyclopoid copepods already proved to be a successful method to control first 
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larval instars of A. albopictus (Pauly et al. 2022) and is applied in the Americas, 
Asia and Oceania (Baldacchino et al. 2015). Toxorhynchites species show positive 
results in the control of Aedes species, but they are native to the Tropics with some 
species found in Asia and North America (Donald et al. 2020; Malla et al. 2023). 
Moreover, fish such as mosquitofish (Gambusia sp.) showed no preference towards 
mosquito larvae, were introduced far outside its natural distribution range and 
some species are now considered invasive species (Alcaraz et al. 2008; Jourdan et 
al. 2021; von der Leyen 2022).

In contrast, many Dytiscidae or predacious diving beetles show a preference 
to feed on mosquito larvae (Culler and Lamp 2009; Bofill and Yee 2019). The 
presence of Dytiscidae caused Culicidae populations to decrease significantly 
(Lundkvist et al. 2003; Chandra et al. 2008; Culler and Lamp 2009; Bofill and 
Yee 2019). Both larvae and adults of Dytiscidae are considered ubiquitous top 
predators in lentic systems (Yee 2014), particularly in fishless waters (Larson et al. 
2000; Bofill and Yee 2019). Adults of most dytiscid species are capable of active 
dispersal due to their ability to fly (Bofill and Yee 2019) and many are pioneers 
occupying freshly-formed waters (Lundkvist et al. 2003; Reyne et al. 2020). They 
are also found in urban areas (Lundkvist et al. 2002; Liao et al. 2020), which is of 
paramount importance since urbanisation decreases species diversity and favours 
Aedes albopictus population growth (Perrin et al. 2022).

Dytiscidae are known to migrate, entering a large variety of aquatic habitats and 
may even have seasonal habitat-shifts or winged migrations (Nilsson and Holmen 
1995). Larson et al. (2000) mention that adults of many Dytiscidae are known to 
disperse readily and are frequently encountered across a wide variety of waterbod-
ies. This also includes artificial habitats as observed by Bameul (1990), Shaverdo et 
al. (2013) and Nilsson (2024). Fransiscolo (1979) states that isolated individuals 
can be found anywhere and refers to specimens that were found near and in the 
sea. Many species reproduce in ephemeral waterbodies, such as small ponds, bogs 
or ditches with aquatic vegetation. Some even choose small ponds, pits or ditches 
with little vegetation (Galewski 1971).

Since mosquito larvae are an important prey item for Dytiscidae (Galewski 
1971), predacious diving beetles are known to naturally colonise habitats with 
mosquito larvae, which has been observed by Lundkvist et al. (2003). Especially 
Agabus species seem to prefer smaller waterbodies (Davy-Bowker 2002; Lundkvist 
et al. 2003).

Onyeka (1983) found eight species of Dytiscidae in 107 litre artificial contain-
ers, with 46.3% of 432 specimens testing positive for Culex pipiens/torrentium 
antiserum. Dytiscidae also inhabit tree holes, phytotelmata and water-filled leaves 
(Kitching and Orr 1996; Miller and Bergsten 2016). Kehl and Dettner (2007) 
observed them in wells, cattle troughs, swimming pools and rain barrels. Bal-
four-Browne (1940), Yanoviak (2001) and Nilsson (2024) noted dytiscids in open 
tub aquaria, paddling pools and plastic cups and pans. Bameul (1990) identified 
16 species in an urban pool. James (1965) and Bay (1974) found dytiscids in rock 
pools preying on Aedes atropalpus, which breeds in the same habitats as A. albopic-
tus (Kesavaraju et al. 2011; Farajollahi and Price 2013). Young (1954) reported 
Laccophilus sp. in puddles, rain barrels, tin cans and water-filled tyres. Bashir et al. 
(2017, 2018) observed them with A. albopictus larvae in temporary pools and latex 
collection cups, while Sulaiman and Jeffery (1986) noted Dytiscidae preying on 
A. albopictus larvae.
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Until now, research on predation by Dytiscidae focused mainly on their habitat 
characteristics (Ohba and Ushio 2015), type of prey (Culler and Lamp 2009), 
preferred larval stage of the prey (Chandra et al. 2008; Younes 2008) and dytiscid 
stages (larvae and adult) predating on mosquito prey (Bofill and Yee 2019). For 
example, larval Acilius sulcatus collected in India consumed 34 specimens of late 
instar Culex quinquefasciatus in 24 h (Chandra et al. 2008). Though literature 
supports the statement that predacious diving beetles are effective predators of 
mosquito larvae, it is unknown which species are the most effective and suitable 
predators, particularly in areas newly invaded by Aedes albopictus (Ohba and Takagi 
2010). Some studies in India (Kumar et al. 2014) and Malaysia (Sulaiman and 
Jeffery 1986) showed positive results using Dytiscidae as a natural predator for 
A. albopictus in laboratory and field conditions. Bashir et al. (2018) proposed to 
use a dytiscid species as an efficient biological control agent against A. albopictus 
larvae. In general, literature on the topic is mainly focused on Asia and the Unit-
ed States of America. Only very little research has been conducted on whether 
and which dytiscid species in Europe would be suitable for integrated biological 
control of mosquitoes, especially for A. albopictus. Are all dytiscid species equally 
suitable as biological control agent against mosquito larvae? Additionally, would 
aquatic beetles prefer mosquito larvae over other aquatic invertebrates? We here 
provide research on predatory aquatic beetles for Europe.

We hypothesise that dytiscid species are potentially good biological control 
agents given that they: 1) show high feeding rate with preference towards Culici-
dae; 2) are common and widespread throughout Europe and 3) occur in the same 
region and habitat as Aedes albopictus larvae.

In this study, we aimed to assess the feeding preference of 30 predacious diving 
beetle taxa comparing: 1) mosquito larvae with other aquatic invertebrates and 2) 
Aedes albopictus to Culex pipiens larvae. Based on the experimental data, we eval-
uated whether predacious diving beetles have the potential as a biological control 
agent against A. albopictus and compared the overlap in the field distribution of 
the most efficient predator species with the points of entry (PoEs) of A. albopictus 
in Belgium.

Methods

Beetle material

A total of 29 species of Dytiscidae and one species of Noteridae were tested. They were 
collected in semi-permanent pools with a hydrobiological hand net with diameter 
of 30 cm and a mesh size of 1 mm. Sampling took place in Stekene (51°14'35.5"N, 
4°04'11.4"E; Stropersbos), Verrebroek (51°14'44.0"N, 4°14'16.3"E; Haazop) and 
Kallo (51°15'18.7"N, 4°15'42.4"E; Steenlandpolder) in Belgium on 7 April and 
15 November 2021. Species identification was done in the field and nomenclature 
follows Nilsson (2011) and Nilsson and Hájek (2024). All specimens were main-
tained in climate chambers (CPS-P530 Climatic Cabinet, RUMED Germany) at 
the insectary of the Institute of Tropical Medicine and placed at 10 °C with 80% 
relative humidity and a 16:8 hour light/dark cycle. Adults were maintained togeth-
er in 200 ml soft water and provided with substrate to hang on to. Larvae were 
placed separately to avoid cannibalism. Adults and larvae were fed ad libitum with 
frozen chironomid larvae. All specimens were maintained under these conditions 
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two weeks prior to the experiments to allow acclimatisation. The acclimatisation 
temperature in the insectary mirrored the mean water temperature during sam-
pling of aquatic beetles. Six mixed water samples from the upper half metre of 
the water column were taken in Flanders (Belgium) on 13 April (10.5 ± 0.6 °C), 
19 October (15.6 ± 0.6 °C) and 1 December 2021 (8.6 ± 0.5 °C) using a WTW 
Multi 3430 and acid electrode WTW IDS Sentix 940. For the experiments, only 
healthy, active specimens were retained. Beetles were starved 48 to 72 hours before 
conducting the experiments. Every specimen was placed in a 100 ml cup with 
80 ml of soft water and a stone as substrate at 23 °C. Acclimatisation was allowed 
for a minimum of one hour prior to every experiment.

Mosquito material

Two mosquito species with different feeding strategies were selected as prey for 
prey-preference studies with aquatic beetles. Aedes albopictus (20AAlb.DE-HU.11) 
and Culex pipiens cf. molestus (20CPip.BE-ITMf.6) strains used for the experi-
ments were reared in climate chambers (CPS-P530 Climatic Cabinet, RUMED 
Germany) at the insectary of the Institute of Tropical Medicine (ITM), Antwerp, 
Belgium. The C. pipiens colony originated from larvae collected in Hove, Belgium 
(51°09'05.2"N, 4°28'45.2"E) and was reared with overlapping generations for one 
year at 23.8 °C ± 0.7 °C with 80% relative humidity and a 16:8 hour light/dark 
cycle. The A. albopictus colony derived from a lab strain established at Heidelberg 
University in 2017 and reared at ITM for six months at 28 °C with 80% relative 
humidity and a 16:8 hour light/dark cycle. All larvae were fed TetraMin (Tetra, 
Germany) fish flakes ad libitum (Bock et al. 2015).

Feeding experiment

Only third and fourth instar Aedes albopictus larvae were used during the experi-
ment and were kept at 20 °C with 80% relative humidity and a 16:8 hour light/
dark cycle. To test which predacious diving beetles feed on A. albopictus during a 
feeding experiment, five A. albopictus larvae were added to a 100 ml cup hosting 
a single beetle when starting the experiment. After one hour, the surviving larvae 
were counted excluding moribund and non-moving larvae. Sometimes the pred-
ators started feeding on one larvae and stopped after injuring or killing it. Since 
this predation is also effective as biological control, we included these moribund 
and non-moving larvae as dead larvae. All data were obtained in triplicate, except 
for Dytiscus marginalis larvae, Liopterus haemorrhoidalis, Bidessus unistriatus and 
Hydaticus seminiger with one or two replicates. Feeding rate results of beetles col-
lected in April and in November were compared to assess the effect of seasonality 
on the feeding behaviour.

Prey choice experiments

To test if predacious diving beetles prefer mosquito larvae over other aquatic in-
vertebrates, a four-choice and a two-choice experiment was performed on a set of 
effective predators. Third and fourth instar mosquito larvae and freshly bought 
Daphnia sp. and Chaoboridae, kept at 20 °C with 80% relative humidity and a 
16:8 hour light/dark cycle, were used during the experiments.
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In the four-choice experiment, two larvae of Aedes albopictus, Culex pipiens and 
Chaoborus sp. and five specimens of Daphnia sp. were added to a 100 ml cup host-
ing one beetle when starting the experiment. After one hour, the surviving prey 
were counted, excluding moribund and non-moving prey. Five beetle species, that 
showed to be successful predators in the feeding experiment, were tested in one or 
two replicates.

A two-choice experiment was performed to test if predacious diving beetles pre-
fer Aedes albopictus larvae over Culex pipiens larvae. Six dytiscid species that showed 
to be successful predators in the feeding experiment were tested on their preference 
for A. albopictus over C. pipiens larvae in duplicate. This limited number of species 
and replicates tested was depending on available specimens per dytiscid species. 
Five larvae of both A. albopictus and C. pipiens were allotted to a 100 ml cup host-
ing one beetle when starting the experiment. After one hour, the surviving larvae 
were counted excluding moribund and non-moving larvae.

Photometric assays

To evaluate the potential bias from seasonal sampling and, hence, probably season-
ally varying ecophysiological status of aquatic beetles, that could potentially have 
an effect on their rate of predation, the content of the energy reserves glycogen 
and lipid of the collected beetles was quantified. Four dytiscid species (Agabus 
bipustulatus, A. undulatus, Hyphydrus ovatus and Laccophilus minutus) that were 
sampled in high numbers in both April and November, were analysed in triplicate. 
The length of elytra and wet weight per specimen was measured prior to the ho-
mogenisation in order to allow size normalisation. Per specimen, the total content 
of glycogen, lipids and proteins was analysed via photometric assays according to 
Van Handel (1985a), Van Handel (1985b) and Bradford (1976), respectively, as 
described by Bock et al. (2015). Lipid, glycogen and protein concentrations and 
weight were divided by elytra length to correct for individual size.

Habitat overlap

The habitat overlap between Dytiscidae and invasive mosquitoes such as Aedes 
albopictus is largely understudied. We observed an influence of separation of ento-
mological disciplines and combined observations of Dytiscidae in invasive Aedes 
habitats in Table 3.

Statistical analysis

The analysis of experimental data and data visualisation was carried out with 
Prism® (version 9.3.1, GraphPad Software Inc., USA). Statistical significance was 
defined as P < 0.05. The Kolmogorov-Smirnov test and Shapiro-Wilk test were 
used to test for normality and residuals were plotted to test for homoscedasticity. 
The feeding rate obtained in triplicate in April and November of five dytiscid spe-
cies (Agabus bipustulatus, Graptodytes bilineatus, Hydroporus angustatus, Hygrotus 
impressopunctatus and Laccophilus minutus) was tested for normality via the Kolm-
ogorov-Smirnov test and verified for homoscedasticity via the homoscedasticity 
plot. Lipid data were log transformed and glycogen data were sine transformed 
to meet assumptions of normality. A repeated measures two-way ANOVA was 
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conducted to verify differences in variation of the feeding rate between both ex-
perimental points of time with factors Species and Seasonality. To merge data from 
April and November and to compare lipid, protein and glycogen content, a two-
way ANOVA was used to test significant differences in variation. Afterwards, the 
Šídák’s multiple comparisons test was conducted to test the species separately.

To assess the overlap between the distribution of predacious diving beetles and 
the points of entry of Aedes albopictus, distribution and presence data were ob-
tained from the A. albopictus surveillance programme in Belgium that has been 
conducted by ITM from 2007 to 2020 (Deblauwe et al. 2022a, 2022b). The Bel-
gian Hydradephaga Database (managed by Scheers, Research Institute Nature and 
Forest) and Scheers et al. (in press) provided annual information since 1834 on the 
distribution (exact location or 1 km quadrant) of the dytiscid species. A distribu-
tion table with A. albopictus presence and presence/absence data of selected beetle 
species was created resulting in an overlapping distribution table of both Dytisci-
dae and PoE of A. albopictus in Belgium. Presence/absence data of Dytiscidae was 
given in following classifications: confirmed presence (already been observed), pre-
sumed presence (not been observed, but occurrence in the region and suitable hab-
itat present), plausible presence (not been observed, no occurrence in the region, 
but suitable habitat present) and not present in the region.

A duplicated scoring with variation of expert judgement was performed to rank 
the top ten predatory beetle species according to our hypothesis that dytiscid spe-
cies are potentially good biological control agents when they: 1) show high feeding 
rate with preference towards Culicidae; 2) are common and widespread through-
out Europe and 3) occur in the same region as A. albopictus larvae. Scoring of the 
suitability of a given dysticid species as biological control tool against A. albopictus 
was given on ten, including categories such as habitat suitability (small, temporal, 
ephemeral waters), abundance, dispersal (ability to fly) and distribution, based on 
Kehl and Dettner (2007), Nilsson and Hájek (2024) and expert judgement.

Results

Rate of predation on Aedes albopictus by aquatic beetles

A total of 369 specimens representing 29 predacious diving beetle taxa (Dytisci-
dae) and one burrowing water beetle species (Noteridae) were collected (Suppl. 
material 1: table S1). During the feeding experiment, only Agabus undulatus con-
sistently consumed all five Aedes albopictus larvae in one hour in April. However, 
the beetles collected in November showed no interest in feeding (Fig. 1). Other 
Agabus species, such as A. bipustulatus and A. nebulosus, also proved to be very 
effective predators, consuming on average 83% and 76% of the provided Aedes 
albopictus larvae, respectively. Rhantus exsoletus and Hyphydrus ovatus consumed 
80% and 67%, respectively; however, no H. ovatus showed interest in feeding 
during experiments in November. The Agabinae larvae consumed on average 40% 
of the Aedes albopictus larvae. Hygrotus impressopunctatus and H. parallellogrammus 
consumed on average 37% and 53% of the larvae, respectively. Hydroporus figu-
ratus fed on average on 47% and Ilybius quadriguttatus and Hydroporus palustris 
consumed 40% and 32% of the provided larvae, respectively. Laccophilus minutus 
consumed on average 43% of the larva. All other species (Acilius sulcatus, Clem-
nius decoratus, Colymbetes fuscus, Dytiscus marginalis adults, Graptodytes bilineatus, 
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Hydroporus angustatus, H. erythrocephalus, H. planus, H. pubescens, Hydroglyphus 
geminus, Hygrotus inaequalis, Noterus clavicornis and Rhantus suturalis) consumed 
less than 20% of the provided larvae. No predation was observed by Acilius cana-
liculatus nor Yola bicarinata. Dytiscus marginalis larvae, Liopterus haemorrhoidalis, 
Bidessus unistriatus and Hydaticus seminiger consumed 100%, 40%, 20% and 0% 
of the larvae, respectively. These latter species were tested with less than three rep-
licates per species. The following Belgian aquatic beetles were identified as effec-
tive predators on Aedes albopictus: Agabus bipustulatus, A. nebulosus, A. undulatus, 
Hydroporus figuratus, Hygrotus impressopunctatus, H. parallellogrammus, Hyphydrus 
ovatus, Ilybius quadriguttatus, Laccophilus minutus and Rhantus exsoletus. These spe-
cies were included in further experiments.

Normality of the feeding rate data was assumed for both April (P > 0.1) and No-
vember (P > 0.1) datasets. The repeated measures two-way ANOVA indicated that 
the factor Beetle species (73.90%) accounted for most of the variation in the feeding 
rate and was highly significant (F = 20.82; P < 0.001). The interaction between 
the factors Species x Seasonality (9.19%) and Seasonality (3.34%) were significant 
(F = 1.89; P = 0.02 and F = 7.11; P = 0.02, respectively). Therefore, the seasonal rate 
of predation was separately shown for each of two sampling months (Fig. 1). Over-
all, the experimental block Month was not a significant factor (F = 1.89; P = 0.17), 
but it accounted for 8.87% of total variation. The seasonal predation efficiency 

Figure 1. Rate of predation on Aedes albopictus larvae by different aquatic beetle species [% larvae eaten per hour]. The percentage of 
eaten mosquito larvae (n = 5) per dytiscid species during one hour is separately shown for dytiscid specimens collected in the field in either 
April or November (mean = 3, less replicates for species marked in orange font). * None consumed in November: no predation observed.
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of Hydroporus angustatus (P = 0.96), Graptodytes bilineatus (P = 0.60), Laccophilus 
minutus (P = 0.22) and Agabus bipustulatus (P = 0.22) was not significantly different 
between the months, but Šídák’s multiple comparisons showed that the feeding rate 
of Hygrotus impressopunctatus was significantly different between April and Novem-
ber (P = 0.02), with a higher predation rate in April compared to November.

Prey preference of Dytiscidae

1. Dytiscid preferences towards Aedes albopictus, Culex pipiens, 
Chaoborus and Daphnia

From the five most predatory Dytiscidae, both Agabus nebulosus and A. undulatus 
preyed on all four prey choices (Fig. 2a). Four species - A. nebulosus, A. undulatus, 
Laccophilus minutus and Rhantus exsoletus - consumed all provided Aedes albopictus 
larvae. Only one species - A. nebulosus - consumed all Culex pipiens larvae. Daphnia 
sp. were consumed by A. nebulosus, A. undulatus and R. exsoletus and Chaoborus 
larvae were eaten by A. nebulosus and A. undulatus.

2. Dytiscid preferences towards Aedes albopictus and Culex pipiens

The six dytiscid species all preyed on Aedes albopictus larvae, for which Agabus 
undulatus ate all five larvae in one hour (Fig. 2b). In contrast, only four species, 
A. bipustulatus, A. undulatus, Hygrotus parallellogrammus and Laccophilus minutus 
also consumed Culex pipiens larvae. For most experiments, the dytiscid specimen 
started feeding on Aedes albopictus larvae and switched to C. pipiens larvae when 
A. albopictus larvae were depleted.

The effect of season on dytiscid ecophysiology exemplified by four 
abundant beetle species

Overall, the weight of the aquatic beetles Agabus bipustulatus, A.undulatus, Hyphy-
drus ovatus and Laccophilus minutus was not significantly different between spec-
imens collected in April or November (Table 1). The energy reserves of aquatic 

Figure 2. The preferred invertebrate prey of aquatic beetles [% prey eaten per hour] a four prey choice experiment offering two larvae of 
Aedes albopictus, Culex pipiens and Chaoborus sp. each and five Daphnia sp. in a volume of 80 ml of water for one hour b two prey choice 
experiment offering five larvae of A. albopictus and C. pipiens each in a volume of 80 ml of water for one hour.
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beetles were likewise quite uniform in spring and autumn. However, the lipid 
content of A. bipustulatus was significantly higher in the specimens sampled in 
April compared to November (P = 0.003) and the glycogen content of H. ovatus 
was much lower if specimens have been sampled in April compared to November. 
Likewise, the protein content of L. minutus and H. ovatus was lower in specimens 
sampled in April compared to November.

Distribution overlap between Dytiscidae and Aedes albopictus in 
Belgium

The known point of entry of Aedes albopictus in Belgium were tyre companies, 
parking lots, a port and a Lucky Bamboo import company (Deblauwe et al. 2022a, 
2022b). At least three of the topmost predatory species were expected to be present 
in the region where A. albopictus were already found (Table 2).

Habitat overlap between Dytiscidae and Culicidae

Aedes albopictus has been reported from artificial habitats such as pots, buckets, 
manhole/scupper and rain barrels with a typical water volume ranging from less 
than one litre up to 200 litres (Graziosi et al. 2020), which are similar habitats 
observed for Dytiscidae by Young (1954), Onyeka (1983), Sulaiman and Jeffery 
(1986) and Bashir et al. (2018). Since the habitat overlap between Dytiscidae 
and invasive mosquitoes is largely understudied, observations of Dytiscidae in 

Table 1. Ecophysiological status of aquatic beetles collected in April and November. The weight 
[mg], the content of energy reserves and the protein concentration of aquatic beetles [size-corrected 
lipid, glycogen and protein concentration in µg per adult] are shown for four top predator Dytiscidae.

Weight [mg] Mean ± SD April Mean ± SD November

Agabus undulatus 6.44 ± 0.49 5.75 ± 0.17

Agabus bipustulatus 12.41 ± 0.15 12.56 ± 0.01

Hyphydrus ovatus 4.39 ± 0.56 4.96 ± 0.51

Laccophilus minutus 2.15 ± 0.05 1.75 ± 0.08

Lipids [µg/pupae] Mean ± SD April Mean ± SD November

Agabus undulatus 111.38 ± 14.34 84.19 ± 4.60

Agabus bipustulatus 291.20 ± 49.31 142.35 ± 20.60

Hyphydrus ovatus 80.60 ± 22.58 75.28 ± 4.78

Laccophilus minutus 83.16 ± 11.99 92.38 ± 5.42

Proteins [µg/pupae] Mean ± SD April Mean ± SD November

Agabus undulatus 146.86 ± 7.12 145.33 ± 1.04

Agabus bipustulatus 124.19 ± 3.41 125.05 ± 1.28

Hyphydrus ovatus 25.41 ± 18.33 67.92 ± 19.57

Laccophilus minutus 27.02 ± 4.56 62.89 ± 10.68

Glycogen [µg/pupae] Mean ± SD April Mean ± SD November

Agabus undulatus 22.34 ± 5.70 22.40 ± 4.22

Agabus bipustulatus 31.99 ± 10.39 23.80 ± 6.31

Hyphydrus ovatus 37.86 ± 11.05 118.24 ± 10.11

Laccophilus minutus 3.56 ± 1.05 20.75 ± 2.26
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artificial habitats that were made or verified by the authors were added to Table 
3. These observations include plastic trays, plastic foil, buckets, bird baths, or-
namental water features, cattle drinking troughs, rain barrels, shallow puddles, 
garden ponds and disused swimming pools, ranging from less than one litre up 
to 250 litres. These observations were made in small city gardens, urban parks, 
suburban gardens, agricultural areas, heathland, nature reserves and forests in 
Belgium.

Ecological portfolio of the topmost predatory dytiscid species

Agabus bipustulatus has the highest total scoring because of its wide habitat pref-
erence, abundance, excellent dispersal ability (Kehl and Dettner 2007) and wide 
distribution throughout Europe (Nilsson and Hájek 2024) (Table 4). Agabus 
nebulosus, Laccophilus minutus and Hygrotus impressopunctatus are also suitable 
species. Agabus undulatus, Hyphydrus ovatus and Hydroporus figuratus were ex-
cluded due to their reduced flight ability (Kehl and Dettner 2007). Ilybius quad-
riguttatus was excluded due to its preference for well-vegetated semi-permanent 
lentic habitats and Hygrotus parallellogrammus and Rhantus exsoletus were exclud-
ed, based on both habitat preference (coastal habitat and vegetated permanent 
waterbodies, respectively) and distribution (Nilsson and Holmen 1995; Nilsson 
and Hájek 2024).

Discussion

This study is a first step to understand the value of the use of native Dytiscidae and 
Noteridae species as a biological Aedes albopictus control tool. Firstly, a high feeding 
rate on A. albopictus has been observed in several dytiscid species. Based on Kehl 
and Dettner (2007), Nilsson and Hájek (2024) and expert judgement, these spe-
cies resulted in a top ten of best predators for A. albopictus larvae. Two prey-choice 
experiments carried out with a selection of the top ten predators revealed a clear 
prey preference towards mosquito larvae and especially towards A. albopictus lar-
vae. For Belgium, a significant distribution overlap was detected for three efficient 

Table 2. Distribution overlap between Dytiscidae within 5 km from a points of entry (PoE) of Aedes albopictus.

Selected beetle species
Points of Entry of Aedes albopictus Points of Entry of Aedes albopictus

AB AT BA E0 E12 E2 E5 E6 EB PA1

Agabus bipustulatus Tire companies AB Kallo

Agabus nebulosus AT Vrasene

Agabus undulatus BA Frameries

Hydroporus figuratus Parking lots E0 Sprimont

Hygrotus impressopunctatus E12 Eghezée

Hygrotus parallellogrammus E2 Messancy

Hyphydrus ovatus E5 Wanlin

Ilybius quadriguttatus E6 Kortrijk

Laccophilus minutus Lucky Bamboo EB Lochristi

Rhantus exsoletus Port PA1 Antwerp

Orange: confirmed presence within 5 km (since 2010); blue: presence within 5 km not confirmed but presumed; rose: presence within 5 km not confirmed 
but plausible; gray: not present in the region.
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Table 3. Dytiscidae found or verified in small and artificial habitats by the authors in Belgium, 
overlapping with habitats of Aedes albopictus.

Water 
volume (L)

Larval habitat Dytiscidae species
Number of 
individuals

Stage

<1 plastic tray Agabus bipustulatus 1 Adult

4 puddle in piece of plastic foil Agabus bipustulatus 1 Adult

5 bucket Hydroporus dorsalis 1 Adult

Hydroporus planus 4

Hydroporus tesselatus 2

Hydroporus pubescens 1

Rhantus suturalis 1

10 small steel bird bath Agabus bipustulatus 1 Adult

Hydroglyphus geminus 5

Hydroporus planus 2

15 display table for pond plants Hydroglyphus geminus 1 Adult

small concrete bird bath Hydroporus pubescens 2 Adult

20 disused metal cattle drinking trough Agabus bipustulatus 1 Adult

Hygrotus inaequalis 4

small wooden ornamental water feature Hydroporus planus 1 Adult

30 disused prefab plastic water feature Agabus bipustulatus 9 Adult

Hydroporus nigrita 3

Hydroporus tesselatus 1

40 disused prefab plastic water feature Agabus bipustulatus 10 Adult

Hydroporus nigrita 10

Ilybius chalconatus 1

50 cattle watering basin Agabus bipustulatus 21 Adult

Hydroglyphus geminus 2

Hydroporus planus 3

Hydroporus pubescens 3

plastic ornamental water feature Agabus bipustulatus >10 Adult

60 concrete water feature Hydroporus tesselatus 1 Adult
90 rain barrel Agabus bipustulatus 1 Adult

Dytiscus marginalis 1
cattle drinking bucket Rhantus suturalis 1 Adult

100 metal cattle drinking trough Agabus bipustulatus 30 Larvae

Hydroporus discretus 2 Adult

plastic drinking container for cattle Agabus bipustulatus 3 Adult

Hydroporus planus 6

Rhantus suturalis 2

shallow puddle on concrete slab at 
construction site

Agabus nebulosus 1 Adult

Hydroglyphus geminus >10

Hydroporus planus 1

Rhantus suturalis 3

150 plastic drinking container for cattle Agabus uliginosus 1 Adult

shallow puddle on concrete slab at 
construction site

Agabus bipustulatus 1 Adult

Colymbetes fuscus 1

Hydroglyphus geminus >10

Hydroporus palustris 1

Hydroporus planus >10

Rhantus suturalis 2

220 rain barrel Acilius sulcatus 1 Larvae
250 metal cattle drinking trough Agabus bipustulatus 1  Adult
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predator species (Agabus bipustulatus, A. nebulosus and Laccophilus minutus) and 
ten points of entry where Aedes albopictus has been introduced in Belgium between 
2007 and 2020 (Deblauwe et al. 2022b). The results are very encouraging to fur-
ther explore the use of Dytiscidae as a potential biological control agent against 
Aedes albopictus.

The obtained results showed evidence for efficacy of predacious diving beetles 
to predate on Aedes albopictus larvae. Following our observations, of the topmost 
predatory dysticid species are Agabus undulatus, A. bipustulatus, A. nebulosus, 
Rhantus exsoletus, Hyphydrus ovatus, Laccophilus minutus, Hygrotus impressopunc-
tatus, H. parallellogrammus, Hydroporus figuratus and Ilybius quadriguttatus. The 
tested beetle larvae proved to be good predators, which is in line with Chandra et 
al. (2008), Culler and Lamp (2009) and Bofill and Yee (2019). However, dytiscid 
larvae were not included in the topmost predator list, since the active dispersal 
of the predators is necessary for biological control. Adults are found in a larger 
variety of waterbodies, while dytiscid larvae are generally ecologically more spe-
cialised than adults (Galewski 1971). It is important to note that Dytiscidae show 
different types of feeding behaviour in their life stages. Larvae can inject digestive 
protease enzymes and feed on the prey’s body contents (Yee 2014). In the majority 
of dytiscids, the first larval stage has shorter mandibles and feeds mostly on plank-
tonic Crustacea, but older larval stages have longer mandibles and hunt insect 
larvae such as Culicidae (Galewski 1973). Especially larvae from the genera Aga-
bus, Colymbetes, Hydroporus and Rhantus are known to feed mainly on mosquitoes 
(Galewski 1971). Adults have chewing mouthparts and are thus gape-limited (Yee 
2014); however, they will attack any prey they can overtake (Galewski 1971).

The efficient predation on mosquito larvae by Agabus species are in line with 
Ohba and Takagi (2010), where they found a predation rate on fourth instar Culex 
tritaeniorhynchus of 100% and 55% for Agabus conspicuous and A. japonicus, re-
spectively. The feeding rate for Hyphydrus ovatus is comparable to the observation 
in Ohba and Takagi (2010), with a 44% predation rate for H. japonicus on Culex 
tritaeniorhynchus. A similar predation rate was reported for Laccophilus minutus on 

Table 4. Ecological portfolio of the top ten dytiscid predators for Aedes albopictus based on Kehl and 
Dettner (2007), Nilsson and Hájek (2024) and expert judgement.

Habitat To what extent does this species occur in small ephemeral waterbodies?

Common Is this species common?

Dispersal How is this species’ ability to fly?

Distribution To what extent does this species occur in Europe?

Selected beetle species Habitat Common Dispersal Distribution Total scoring [%]

Agabus bipustulatus 7.5 10.0 10.0 10.0 93.75

Agabus nebulosus 6.0 8.0 9.5 9.5 82.50

Laccophilus minutus 3.5 9.5 10.0 10.0 82.50

Hygrotus impressopunctatus 3.5 8.0 8.5 8.5 71.25

Rhantus exsoletus 2.5 5.5 10.0 8.5 66.25

Ilybius quadriguttatus 1.0 7.5 10.0 6.5 62.50

Hyphydrus ovatus 1.0 9.5 1.0 8.5 50.00

Hygrotus parallellogrammus 1.0 1.5 8.0 7.5 45.00

Hydroporus figuratus 1.0 5.0 3.5 6.5 40.00

Agabus undulatus 1.0 2.0 1.0 4.5 21.25
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C. pipiens and L. difficilis on C. tritaeniorhynchus of 43% and 39%, respectively. 
Evidence for predation on Aedes atropalpus was found for Laccophilus sp. (James 
1965). The predation rate for Hydroglyphus geminus is in line with a 16% feeding 
rate in H. japonicus. In contrast to current observations, Rhantus suturalis had a 
feeding rate of 99% on C. tritaeniorhynchus (Ohba and Takagi 2010).

The prey choice experiments showed a clear feeding preference towards Culici-
dae, specifically to Aedes albopictus. When A. albopictus was depleted, a switchover 
to Culex pipiens was observed several times, which is in line with Culler and Lamp 
(2009) and Ohba and Ushio (2015). Aedes albopictus was presumably preferred 
due to its foraging behaviour, since its larvae tend to feed in the benthic zone in 
a flexing behaviour. In contrast, C. pipiens filter-feeds near the water surface and 
has a motionless behaviour to avoid predation (Yee et al. 2004; Ohba and Ushio 
2015). Three videos demonstrating this behaviour are added as supplementary ma-
terial (Suppl. materials 2–4). Predacious diving beetles tend to hunt their prey in 
the benthic zone (Lundkvist et al. 2003); hence, they encounter more A. albopictus 
larvae. Chances are high for introduced A. albopictus to encounter a suitable pred-
ator, since the distribution of these predacious diving beetles largely overlap with 
at least two species present in the known PoE of A. albopictus in Belgium. Some 
dytiscids occupy similar habitats as A. albopictus (Table 3) and are active all year 
round, except when freezing (Foster and Friday 2011).

In addition to Aedes albopictus, there are also two other invasive mosquitoes 
in Europe, i.e. A. japonicus (Theobald, 1901) and A. koreicus (Edwards, 1917) 
(Deblauwe et al. 2022b). Both species share a similar larval foraging behaviour as 
A. albopictus and, therefore, similar results in predation by dytiscids are expected. 
These species and especially A. japonicus, often occur in more natural habitats in 
their non-native range (Smitz et al. 2021; Deblauwe et al. 2022b) and, therefore, 
have an even larger overlap in habitat preference with native Dytiscidae. Most 
probably the foraging behaviour of these mosquito larvae dictates in large part the 
suitability of aquatic beetles as native predators.

Coinciding with a higher feeding rate in November, lipid concentration was 
much lower in November compared to April for Agabus bipustulatus, which may 
indicate a shortage of lipids before winter (Arrese and Soulages 2010). Agabus 
bipustulatus is known to be active during winter (Classen and Dettner 1983) and 
to hunt underneath ice (pers. observ. K. Scheers). For A. undulatus, no differences 
in weight, lipid, protein and glycogen content were found, which coincides with 
their disinterest to feed in November. This storage in energy and reduced feeding 
behaviour could indicate an overwintering strategy in the soil, which is also ob-
served for A. paludosus (Classen and Dettner 1983). Average glycogen and protein 
concentration was doubled in November compared to April for both Laccophilus 
minutus and Hyphydrus ovatus. However, the difference was not significant. This 
observation is in line with their active behaviour in winter, since glycogen is syn-
thesised to sugar alcohols as an adaptation to cold (Arrese and Soulages 2010). 
Further studies on the feeding behaviour of Dytiscidae should include seasonal 
effect and age of the used specimens to avoid seasonal bias.

From a European biological control perspective, Agabus bipustulatus seems to 
be the most suitable predator to reduce mosquito larvae, especially Aedes albopictus 
larvae. The species is known to occur in artificial containers (Onyeka 1983; Reyne 
et al. 2020) and temporary pools (Eyre et al. 1986), has a high dispersal rate (Kehl 
and Dettner 2007), has a broad habitat spectrum and is very common throughout 
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Europe (Nilsson and Holmen 1995). In addition, Aedes cantans and Culex pipi-
ens/torrentium antiserum was found in gut smears of field-caught adult and larval 
Agabus bipustulatus (Service 1977; Onyeka 1983), confirming its suitability as a 
biological predator against mosquito larvae. Further laboratory and field research 
on predation of mosquito larvae by A. nebulosus, Hygrotus impressopunctatus and 
Laccophilus minutus is required to assess whether these species are suitable biologi-
cal control agents, since these species are largely understudied.

Currently, there is no literature available on the release of diving beetles in Eu-
rope. In terms of ecosystem impact, the introduction of additional native diving 
beetles as proposed in the present study could potentially compensate for loss of 
biodiversity, especially in biodiversity-poor areas commonly associated with Aedes 
albopictus infestations (Perrin et al. 2022; Giunti et al. 2023). Competition be-
tween Dytiscidae will be minimal, since adults are capable of active dispersal (Kehl 
and Dettner 2007); however, there is potential for competition and cannibalism 
amongst diving beetle larvae (Inoda and Kamimura 2004). Evaluating these in-
teractions will be essential for predicting the success and sustainability of using 
Dytiscidae as biocontrol agents.

When considering the introduction of diving beetles as biological control agents 
against A. albopictus, it is crucial to account for several important non-target effects. 
Although the present study includes various prey species, such as Chaoboridae and 
Daphnia sp., further extensive field studies are necessary to include all naturally 
occurring prey and predators. This broader assessment will ensure a comprehensive 
understanding of the ecological impacts. Historical evidence indicates that gener-
alist and specifically non-native predators often proved to become problematic. 
For instance, the introduction of the cane toad in Australia (Shine et al. 2020) 
and the mosquitofish in various regions (Jourdan et al. 2021) led to significant 
ecological disruptions due to their generalist feeding habits and competition with 
native species. In contrast, the use of native species, such as copepods (Giunti et 
al. 2023) and Toxorhynchites mosquitoes (Malla et al. 2023), could reduce negative 
ecological impacts.

This form of biological control may synergise with another biological control 
method that is already widely used in Europe: the use of Bti. This form of inte-
grated vector control may work well with predacious beetles, since they are not 
affected by Bti (Shaalan and Canyon 2009) and studies showed that predator cues 
even increased mortality on Culex pipiens and C. quinquefasciatus when combined 
with Bti (Op De Beeck et al. 2016; Delnat et al. 2020. In addition, the dytiscids 
can invade cryptic or domiciliary breeding sites, which often remain undetected or 
unidentified during Bti application (Achee et al. 2019; Donald et al. 2020).

Rearing of Dytiscidae remains a major challenge due to their high rate of food 
consumption and their intrinsic cannibalistic behaviour (Inoda and Kamimura 
2004; Inoda and Kitano 2013). Dytiscid larvae feed on dissolved body fluids, 
resulting in food refusal and irreversibly spoiling the water (Inoda and Kamimura 
2004). A first solution could be deploying the larval stages in close proximity with 
Aedes albopictus populations to avoid the laboratory rearing to adulthood. Anoth-
er possibility would be using the rearing technique developed for mass rearing 
of juvenile lobsters (Homarus gammarus), which could resolve the rearing prob-
lem by keeping juveniles separately in clean water with a high quality food source 
(Schmalenbach et al. 2009). Moreover, the terrestrial pupation stage of water bee-
tles in soil is an additional element that is absent in many other reared aquatic 
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animals and which makes rearing on larger scale more difficult. Once resolved, 
mass-reared Dytiscidae could be released in A. albopictus infested areas to aid pop-
ulation control. In addition, species such as Agabus bipustulatus have been found 
to live over two years, meaning a frequent release of these species would be unnec-
essary (Davy-Bowker 2002).

The results also underline the suitability and possibly important role of native 
predators in the ongoing battle against invasive species, such as the vectors of mos-
quito-borne diseases. Good habitat quality and high native predatory insect den-
sities can prevent the establishment of invasive mosquitos (Juliano and Lounibos 
2005). Moreover, high species richness of these native predators can assure the 
presence of suitable species which co-occur in the same habitat and have a compat-
ible foraging behaviour. Restoration of degraded aquatic habitats is an important 
issue, however, often limited to larger bodies of water and lotic environments. 
In the light of the management of invasive mosquito species, also small fishless 
temporary waterbodies should be taken into account in nature management and 
restoration projects (Liao et al. 2020). Though the habitat overlap between Aedes 
albopictus and Dytiscidae is not 100% secure, we do observe an influence of sepa-
ration of entomological disciplines: Culicidae specialists aim to find A. albopictus 
for monitoring purposes and do not record other species found in these habitats, 
while Dytiscidae specialists focus on natural habitats and rarely search specimens 
in tyres or artificial containers in gardens. From this perspective, it would be ben-
eficial to underline the importance of recording these findings.

During this study, a potential bias was created since the beetles were fed solely 
under laboratory conditions and, therefore, forced to feed on selected prey, which 
might differ from their natural preference. They were fed with Culex pipiens and 
A. albopictus larvae, both accounting for the diverse feeding strategies of mosqui-
toes. In addition, Chaoborus sp. larvae were included since they resemble mos-
quito larvae and are very common in lentic waters. Daphnia sp., generally found 
in ephemeral ponds and small waterbodies, were added to include a completely 
different type of prey. Chironomidae were not included in this study since they 
prefer waters with sediment, which was beyond the scope of this study. Therefore, 
it is assumed that prey choices most likely available were added to the study and, 
hence, reducing the influence of bias.

Conclusion

We provide some evidence on the efficacy of Dytiscidae to predate on Aedes al-
bopictus larvae. In total, the feeding rate of thirty aquatic beetle taxa on A. albopic-
tus larvae were tested, accounting for almost 25% of the total Dytiscidae diversity 
in Belgium and one out of two Noteridae species present (Scheers et al., in press). 
When giving Dytiscidae the choice to feed on taxa other than mosquitoes, such 
as Chaoboridae and Cladocera, the tested species still preferred Culicidae larvae, 
with a clear preference towards A. albopictus over Culex pipiens. The distribution 
of best-predating species of Dytiscidae in our tests shows a clear overlap with the 
PoE where A. albopictus has been found in Belgium in recent years. Several spe-
cies which are widespread in Europe, such as Agabus bipustulatus, A. nebulosus, 
Hygrotus impressopunctatus and Laccophilus minutus also show a high predation rate 
and clear preference for Aedes albopictus. Agabus bipustulatus seems to be the most 
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suitable predator for Aedes albopictus, since this species is known to occur in artifi-
cial containers and temporary pools, has a high dispersal rate and is very common 
throughout Europe. Given these promising results for a nature-based solution, 
the use of Dytiscidae as a biological control agent against A. albopictus should be 
further investigated.
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