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Abstract

The field of mosquito mating biology has experienced a considerable expansion in the last 

decade. Recent work has generated many key insights about specific aspects of mating behaviour 

and physiology. Here, we synthesize these findings and classify swarming mosquito systems as 

polygynous. Male mating success is highly variable in swarms and evidence suggests it is likely 

determined by both scramble competition between males and female choice. Incorporating this 

new understanding will improve both implementation and long-term stability of reproductive 

control tools.
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Mosquito Mating Systems

Mosquito control strategies which rely on manipulating or exploiting mating behaviours are 

rapidly becoming a key tool in the management of mosquito populations [1,2]. Generally, 

these strategies involve laboratory rearing of mosquitoes that have been chemically sterilized 

[3,4] or carry either a pathogen or a genetic construct designed to reduce the wild population 

or curtail its ability to transmit disease agents [2,5-7] (Figure 1). A clear view of mosquito 

mating systems and how we expect sexual selection to act within in them can be used to 

both optimize the deployment of control tools and ensure their long-term success. Here, we 

apply common frameworks for describing animal mating systems to medically important 

mosquito species and discuss how a deeper understanding of sexual selection can improve 

control efficacy.

Mosquitoes display a diverse array of mating behaviours, from discrete intricate courtship 

dances [8] to mass aerial swarming [9], We focus on Aedes, Anopheles, and Culex 
mosquitoes which are the primary targets of current reproductive control programs (see 
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Glossary) and for which most data have been collected. Mating in these species is readily 

observed in swarms ([10], but see [11] for exceptions). Swarm aggregation sizes, locations, 

and circadian patterns vary widely even among the relatively few species we have adequate 

data for [4,9,12,13]. For example, Aedes aegypti form small swarms around the human host 

coinciding with peak female blood feeding activity [12,14], whereas Anopheles freeborni 
swarm at dusk by the thousands over rice fields [9]. Males locate and orient to females 

within swarms using the flight tone emissions of females (the phonotactic response [15]). 

Mating interactions between male and female occurs in mid-air within swarms. These brief 

pre-copulatory interactions (<1 min) typically end in either a successful synchronized 

mating flight or decisive rejection by the female (reviewed by [10]).

While there is general agreement about these basic aspects of mating in swarming species, 

several key gaps in our understanding of mating behaviour remain. Many of these questions 

revolve around the factors that determine variation in male fitness. These questions are 

central to both understanding the basic biology of these mating systems and informing 

reproductive control strategies. Recent work has eroded the long held belief that male 

mating success within swarms is essentially random [10]. Here we put this evidence into 

a sexual selection framework and discuss the implications of these for reproductive control 

strategies.

Reproductive Skew

Reproductive skew can be quantified directly by measuring the statistical variance in 

reproductive success within a sample of males and females [16]. Swarming mosquito mating 

systems appear to be polygynous with high variation in male reproductive success and low 

variation in female reproductive success (Figure 2) [17].

There are three lines of evidence to support a classification of polygyny. First, the few 

quantitative observations of natural swarms report operational sex ratios (OSRs) skewed 

towards males [4,11,12,14]. At any given time, there are more males than females available 

to mate and therefore a greater opportunity for variance in male reproductive success. 

Second, males can inseminate multiple females over their lifetime and even consecutively 

within a swarming period. Even under controlled laboratory conditions, studies report 

variance in the number of females that can be inseminated by a single male (Table 1). 

Finally, females are able to store enough sperm from a single mating to last their lifetime 

[18] and effectively resist male mating attempts after their first mating [18-22], In Aedes, 
Culex and Anopheles, female refractory behaviour is induced by receipt of seminal fluid 

molecules from the male [20,21,23-25]. Work in Ae. aegypti indicates that seminal fluids 

act quickly (within 2 hr of mating) and females remain refractory for up to five egg-laying 

cycles [26]. Most Anopheline males additionally produce and transfer a mating plug to 

females [20,27]. These laboratory observations of refractory behaviour are complemented by 

field and semi-field experiments which report low rates of multiple mating in females under 

natural conditions [28-30].
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Male-Male Competition

Given the operational sex ratio (OSR) and reproductive skew, it is likely that males compete 

for access to the limited number of females available. There are a few reports of males 

directly interfering with other males [31] and no evidence that males within a swarm 

defend particular “territories” [32]. Competition between males in mosquito swarms appears 

consistent with scramble competition, in which males attempt to find and mate with females 

before other males [33].

While males can theoretically increase their access to females by maximizing their time 

in mating swarms, swarming is a costly activity [11]. For example, Maïga et al. [34] 

estimated that 25 min of swarming consumed 50% of a male An. gambiae’s total sugar and 

glycogen reserves. Observations of Anopheles swarms suggest that the timing of swarming 

and not just duration may also be important for male mating success with the majority 

of matings occurring during peak swarming activity [9,35,36]. Within the swarm, male 

success can be enhanced by detecting and orienting to females faster than competitors. The 

elaborate sensory organs of male mosquitoes and the high aerial mobility males display 

during swarming support the role of male scramble competition [15]. There has been little 

work assessing the role of post-copulatory male competition in overall male reproductive 

success and this remains an important question.

Mate Choice

While larger, potentially more fecund, females are more likely to be mated [37], male choice 

is an unlikely explanation for these observations. Time spent searching within the swarm 

for a preferred female has costs [9,34,38]. Further, with intense scramble competition, males 

which pass up an encountered female risk failing to mate at all. An alternative explanation 

for the observed pattern of larger females being mated is that these females are easier to 

detect, intercept, or inseminate than smaller females [39].

There is also some evidence for assortative mating, in which males and females 

preferentially mate with partners sharing similar characteristics. In Anopheles and Aedes, 
studies indicate assortative preferences body size [11,40,41]. However, in these cases a 

single size class of male or female was investigated [11,41], or assortative mating was only 

detected for one size class [40]. Other work has provided some evidence for both assortative 

mating by genetic background and rearing environment in Anopheles [11]. The degree of 

assortative mating in nature and its relative importance in determining male mating success 

remains unclear.

The OSR and reproductive skew reported from the literature are the ideal conditions for 

the evolution of female choice (Box 1). In line with this prediction, there are several 

observations of females effectively rejecting males. These include reports of evasive flight 

[31,42], timing of swarm participation [35] and more “active” rejection behaviours such 

as kicking and otherwise displacing male attempts [24,42-45] in Aedes and Culex species 

(Table 2). Using high-speed videography, Aldersley and Cator [45] found that female Ae. 
aegypti delivered fewer kicks at a slower rate to males that were eventually accepted 
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suggesting that females may alter mating responses based on their assessment males 

attempting to form the copula. Charlwood and Jones [46] report similarly low success rates 

in Anopheles (Table 2) and note that removal of female legs increased copulation rates by 

making females less resistant. Further, video tracking of wild Anopheles swarms suggests 

that females interact with multiple males prior to mating [11]. Benelli [42] documented 

similar female active rejection behaviours in Culex. Overall, while this is an active area 

of study, current data suggest that females of swarming mosquito species exercise rejection

based choice.

Models for the evolution of female choice address the fact that a female can garner direct 

and indirect benefits from the mate she selects. Direct benefits contribute to female fitness 

by increasing her survival and/or reproductive success (i.e. parental care, nuptial gifts) 

whereas indirect benefits improve the reproductive success of her offspring (i.e. increased 

offspring viability or mating success) (Box 1). While males do not contribute to parental 

care, they may provide material benefits to females via components of their ejaculate. 

Recent work has demonstrated that male ejaculate positively influences survival in female 

Ae. aegypti [47]. In An. gambiae, male transfer of the steroid hormone 20E triggers 

expression of multiple genes to increase egg development and initiate egg laying [20,48]. 

However, in both cases it is not known if females actively select males based on variation in 

ejaculate composition.

Work in Ae. aegypti suggests that females may receive indirect or genetic benefits 

[17,49,50] from mating with particular males. Females have been found to increase 

offspring competitive mating success [44] and immune function [51] by mating with males 

performing certain acoustic signals [15]. Other important fitness traits, such as insemination 

capacity and flight performance were not found to be associated with acoustic signals or 

inherited [52]. To date there has been no exploration of genetic benefits outside of this 

species.

Applying Sexual Selection to Control

There is currently enormous potential to improve our understanding of sexual selection 

in mosquitoes (see Outstanding Questions). Even with these questions outstanding, the 

current evidence suggests that swarms can be characterized as polygynous systems with 

both male-male competition and female choice (potentially based on indicators of male 

genetic quality), and these features of mosquito mating systems likely play a role in 

determining male reproductive success. A better understanding of the evolutionary forces 

which shape mosquito mating systems will enhance our ability to both maximize the impact 

of reproductive control tools in the short term and anticipate evolutionary response of wild 

populations to these interventions the longer term.

Firstly, these data indicate that, in addition to producing an adequate quantity of males, 

mass-rearing programs need to produce males of adequate quality. Instead of variation 

in male mating success within swarms being random [10], it appears this variation is 

determined by both male traits and female preferences for these traits. Continued empirical 

work is needed to identify which traits are important for determining overall mating success. 
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There is a plethora of metrics used to quantify male reproductive success (insemination 

capacity, body size etc.) including some which favor laboratory adaptation. However, unlike 

control programmes for other species, there is not an agreed set of metrics applied across 

studies [53]. Application of genetic tools to directly measure the number of offspring males 

produce in natural settings could be used to identify which proxies are best for monitoring 

and assessment (for example see [54]).

Notably, the potential role of female choice in addition to male-male competition suggests 

it is important to consider both traits which will enhance male competitive performance 

and attractiveness to females [55]. While manipulation of the environment experienced by 

males directly before release can be used to enhance their participation in swarms [11,56], 

increased swarming duration will increase mating opportunities but will not necessarily 

improve success rates upon encountering females [56,57]. In addition to traits involved in 

male-male competition, traits important for female choice need to be considered. Besides the 

few studies in Ae. aegypti discussed above these traits remain largely unknown.

We also need to address how male traits that contribute to reproductive success evolve. 

In general, most mass-rearing protocols have focused on environmental effects on males 

prior to release (diet and density in larval conditions, etc.) and have not addressed genetic 

or evolved contribution to male mating success (see Box 2 for exceptions). Traits under 

sexual selection are expected to respond to changes in mating environment and intensity 

of competition. Experimental evolution approaches [69] coupled with next generation 

sequencing methods could reveal genetic targets of sexual selection and how this is expected 

to evolve in different control scenarios such as interventions that release large numbers of 

males (e.g. SIT) or genetic techniques that distort the sex ratio (e.g. female-specific lethal).

Improved understanding of sexual selection is also critical for predicting how wild 

populations will respond to the selective pressures that will be imposed by these control 

tools. For example, release strategies could theoretically be undermined by the appearance 

of female behavioural resistance in target populations [11]. There is potential for behavioural 

resistance with both population replacement and reduction strategies. (Figure 1). We 

expect there to be standing variation in female mating preferences. Applying strong 

selection to this standing variation will likely lead to the development of behavioural 

resistance in the long term. Female resistance to released males has been identified in mass

rearing programs for other insects such as medfly and screw-worm [58,59]. Evolutionary 

responses of female mosquito choice behaviours have been documented in the context 

of interspecific interactions [82,83], but variation and evolution of intraspecific choice is 

relatively unexplored. However, the development of female resistance has been suggested as 

a contributing factor to the reduced effectiveness of an intensive SIT program in Brazil [60]. 

It is critical that we better understand the role of female choice in determining male mating 

success and develop protocols for detecting this type of resistance.

While there is good evidence for choice in these systems, there is scarce data on the costs 

and benefits associated with female mate choice, and the degree to which preferences vary 

and can evolve. In order to anticipate evolutionary responses to male release strategies, a 

comprehensive assessment of female choice is required, including measurement of costs and 
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benefits associated with choice [84]. Also, while there is compelling evidence that acoustic 

signals may be involved in female choice behaviours [44,61], the cues by which females 

assess males remain unclear and could have utility for monitoring release line quality [15].

We also need to improve our understanding of how the evolution and maintenance of 

traits important for male mating success affect other male and female traits. Evolutionary 

models predict trade-offs between costly traits when resources are finite [85]. For example, 

increased expression of male pre-copulatory traits may come at the cost of post-copulatory 

ones. Additionally, traits that maximise male mating success may have deleterious effects 

on female fitness (sexual conflict). Sexually selected traits have been shown to have 

higher additive variation than non-sexually selected traits [62], despite the expectation 

that variation should be eroded as a result of female preference for beneficial alleles [63] 

(“paradox of the lek”, Box 1). One way that variation may be maintained is via pleiotropic 

relationships or trade-offs between sexually selected traits and those under natural selection 

in either male or female offspring (Box 1). For example, An. gambiae immune gene 

thioester-containing protein 1 (TEP1) is highly polymorphic, with some alleles conferring 

resistance to Plasmodium, and others rendering females susceptible to infection [64]. It 

is thought that variation in this trait is maintained by pleiotropic antagonism as specific 

TEP1 alleles enhance male fertility by flagging defective sperm cells for removal whilst 

increasing female susceptibility to Plasmodium infection [65]. This is a salient example of 

how male sexually selected traits can have pleiotropic effects on traits that influence female 

vectorial capacity. Putative trade-offs between male mating success and female immunity 

[63] suggest further work is necessary to characterize genetic associations (e.g. pleiotropy, 

genetic coupling/linkage disequilibrium) between traits that are important to male mating 

success and for traits underlying vectorial capacity. All interventions that rely on the release 

of laboratory-reared males must be aware of the implications of this question to their control 

strategy.

Finally, most work on mating biology has focused on Ae. aegypti and An. gambiae. This 

is likely due to their major vector status and because they can be maintained reliably in 

colony. As new pathogens emerge and as secondary vectors increasingly become the targets 

of control, we strongly caution against overextrapolation of findings from these two species 

to others. While frameworks and experimental methods may be transferable it should not be 

assumed that mating system parameters will be the same even in closely related species.

Concluding remarks

The field is well positioned to address these long-standing gaps in knowledge (see 

Outstanding Questions). The wealth of genetic resources (assembled genomes, gene editing 

tools such as CRISPR etc.) available to mosquito biologists [66-68] allows for explicitly 

testing predictions of evolutionary models. Experimental evolution approaches can be 

powerful in identifying traits under selection by manipulating mating systems [55,69,70]. 

Combining selection experiments with next-generation sequencing methods can be effective 

in identifying male traits under selection, particularly since phenotypic correlations do not 

always predict genetic ones and significant variation in gene expression means that genetic 

correlations do not always predict phenotypic ones [71]. Uniquely, because of existing 

Cator et al. Page 6

Trends Parasitol. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



control programs, many of these species have existing infrastructure to measure traits under 

both controlled laboratory conditions and semi-field or field conditions. Combining cutting

edge techniques with sexual selection theory offers a powerful approach to enhance our 

understanding of sexual selection in mosquitoes and ultimately ensure the success of novel 

control strategies that target mosquito reproduction.
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Glossary:

Operational sex ratio (OSR)
the ratio of sexually competing males that are ready to mate to sexually competing females 

that are ready to mate, or alternatively the local ratio of fertilizable females to sexually active 

males at any given time.

Polygyny
mating system in which males mate multiply and females mate once. Males are expected to 

exhibit high variance in mating success and females exhibit low variance in mating success.

Pre-copulatory success
refers to portion of reproductive success that results in the formation of a copula. In this case 

it would include swarming, mate location, and successful formation of a copula.

Post-copulatory success
refers to portion of reproductive success that is determined after the copula is formed. This 

includes insemination, sperm competition, and fertility.

Reproductive control
umbrella term for a suite of strategies that rely on the successful mating of laboratory reared 

males with natural populations to deliver population or disease control

Reproductive skew
is a measure of the proportion of individuals of each sex that breed in a group.

Reproductive success
an individual's production of offspring per breeding event or lifetime.
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Box 1.

Key Concepts in Sexual Selection

Mate choice is the outcome of an individual’s selective response for a given phenotype 

of mate. Females most often exercise this choice, which is a major mechanism of sexual 

selection [72].

Direct benefits models propose that selection favours females with a genetically 

heritable preference for males that provide her with immediate benefits in the present 

generation. Such benefits can take the form of parental care, increased survival or 

resource acquisition, among others (see [73]).

Indirect benefits arise when a female’s preference for a male trait results not in 

immediate benefits for her, but in the form of increased offspring fitness. Indirect 

models of sexual selection are contingent on having sufficient detectable variation among 

males upon which female choice can act. Models of indirect benefits are distinct but 

not exclusive, and some encapsulate principles of both, making the case for a single 

process of indirect selection whereby females exhibit preference for males with a high 

reproductive value [74].

Fisherian Selection also known as “sexy sons” is a type of indirect selection in 

which alleles for female choosiness for attractive male ornaments are inherited by their 

offspring. Choosy females have attractive sons which achieve a greater than average 

reproductive success as they are preferred by females which can ultimately lead to lead 

to self-reinforced runaway selection in what is known as the Fisher process [75-77]. In 

the runaway process, even if male traits decrease survival, they will still be selected for if 

they increase male mating success.

“Good genes” or “viability indicator” [17] models of indirect benefits postulate that 

females show preferences for male traits that signal a heritable quality which translates 

to increased offspring reproductive value. The central tenet to these models is a 

self-reinforcing genetic correlation between female preference alleles and male fitness 

genotypes. This raises the question of how males advertise their quality status, and 

additionally how females can reliably identify the highest quality males. Sexually 

selected traits have been shown to have higher additive variation (VA) than non-sexually 

selected traits [62], despite the expectation that variation should be eroded as a result of 

female preference for beneficial alleles in what is known as the “paradox of the lek” 

[63]. Condition-dependence of traits is one proposed resolution of this paradox [78], 

among others [79].
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Box 2.

Genetic sources of decreased performance in release lines

There are several factors that can lead to decreased performance in release lines:

1. The manipulation (genetic construct, Wolbachia infection) can affect male 

mating performance either directly or indirectly via pleiotropic effects. For example, 

Bargielowski et al. found costs associated with a genetic construct in Ae. aegypti [64]. In 

a separate study, Bargielowski et al. documented decreased flight performance in males 

carrying a construct that was only expressed in female offspring [65].

2. Loss of genetic diversity can also lead to performance deficits in laboratory reared 

strains. For example, in Anopheles mosquitoes, inbreeding depression can decrease 

sperm length, sperm motility, and survival [66,67]. In Ae. aegypti inbreeding depression 

can impair immature development, survival, and fecundity in the laboratory [68].

3. Adaptation to laboratory conditions can also impact performance in field conditions. 

The laboratory environment can select for life history and behavioural phenotypes that 

differ from field populations [69]. Long-term laboratory rearing favours males which 

maximize early mating opportunities and produce poorer quality sperm compared to wild 

males [66]. In a recent study, we reported evolved changes in mating behaviour occurred 

in as little as five generations of experimental selection in Ae. aegypti [61].

Strategies for mitigating these effects have been proposed. Manipulation design and early 

assessment is used to determine if off-target effects of manipulations will make males 

unlikely to mate. While it is standard to include viability and small cage insemination 

success, there has been a call to include a wider range of behaviours in these assessments 

[80]. It has been suggested that effects of captive mass-rearing could be mitigated 

with techniques such as hybridization of laboratory lines [81,82] or maintaining large 

population sizes [83]. These largely address the effects of loss of genetic diversity as 

opposed to laboratory adaptation. “Clean stream” rearing protocols, in which lines are 

held under more natural, less high-throughput conditions prior to release, have been 

established for other mass-rearing operations [84] and could be adapted for mosquitoes 

if deemed appropriate. In some instances, there is also the option of crossing lines with 

field material directly prior to release to enhance both diversity and introduce alleles from 

the natural population. More work is needed to understand the relative contribution of 

adaptation and inbreeding on mating performance to determine which are appropriate for 

a given intervention.
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Outstanding Questions

• How do male sexually selected traits evolve?

• What costs and benefits are associated with female mate choice, and can 

preferences vary and evolve?

• How does the evolution and maintenance of traits key to male mating success 

affect both male and female traits?
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Highlights

• The mating systems of medically important mosquitoes are characterized by 

aerial swarming, within which many complex behaviours unfold.

• Evidence suggests that females mate once, whereas males can mate multiply.

• This combined with swarms that consist of many more males than females 

generates intense mating competition between males and allows females to be 

choosy.

• A lack of data on male and female sexually selected traits and evolutionary 

relationships between them are a key knowledge gap in these systems.

• A comprehensive understanding of mosquito mating biology is essential for 

the development and successful deployment of reproductive control methods.
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Figure 1. Applications for mosquito control.
The implementation and long-term stability of many control interventions will be enhanced 

by filling key gaps in our understanding of mosquito mating systems. For example, 

many strategies rely on the mass-rearing and release of modified males (genetically [1] 

or chemically [3,7] sterilised, infected with a pathogen [2], or carrying a transgene [5]). 

Improved understanding of the degree to which male-male competition and female choice 

determine male mating success can inform the conditions under which these males should 

be maintained to maximize mating success. There are important gaps in our understanding 

of the variation and selection of female preferences that need to be filled in order to assess 

and mitigate the potential for behavioural resistance. Important evolutionary questions also 

remain about the relationships between traits important for male mating, male viability, and 

female traits that can influence vectorial capacity.
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Figure 2. Key characteristics of mosquito mating systems.
Mosquitoes are thought to be polygynous, with laboratory studies demonstrating that males 

can mate multiply. In polygynous systems we expect variance in male reproductive success 

to be high, with a small number of males achieving most of the matings. Males engage in 

scramble competition. Evidence of active rejection by females suggests female choice is at 

play in the swarm. This begs the question: what male traits do they select on, and what do 

they stand to gain (and risk) by choosing?
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Table 1.

Examples of studies that have measured male insemination capacity.

Species Females
Inseminated
(Mean ± SE)

Duration
(Days)

Methods (how virgin
females were

provided)

Ref.

Aedes aegypti
3.50 ± 0.070

a 1 1 at a time [85]

11.78 ± 1.21
a 7 5/ 3 days [86]

17.60
b 21 8 initial + 5 per week [87]

5.26 ± 0.32 8 5 every 2 days [52]

11.50 ± 0.53 14.62 ± 0.74* 5 per day [88]

Aedes albopictus 8.63 ± 0.91 14 10 per day [89]

19.20 ± 1.69
a 14 10 per day [90]

Anopheles coluzzi 7.95 ± 0.31 3 20 on day 1 [82]

10.13 ± 0.36 3 20 on day 1 [82]

Anopheles gambiae 8.30 ± 1.00 1 30 on day 1 [91]

Culex tarsalis
4.00 ± 0.36

a 10 10 on day 1 [92]

5.30 ± 0.42
a 10 10 on day 1 [92]

Sabathes cyans 3.03 ± 2.16 51.79 ± 4.14* 4 per week [93]

While there is agreement that males can inseminate more than one female consecutively, variation in lifetime insemination capacity and the 
relationship between insemination capacity and total male reproductive success are less clear.

*
indicates insemination success was measured over the entire male lifetime.

a
indicates that mean was calculated from published data instead of reported.

b
Data not available to calculate errors
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Table 2.

Summary of studies in which the outcomes of individual mating attempts were tracked.

Species Female Tethered or Free-Flight % Attempts Successful Ref.

An. gambiae Tethered 31.25% [46]

Ae. aegypti Tethered 14.50% [45]

Ae. aegypti Tethered 27.82% [57]

Ae. aegypti Free-Flight 44.50% [55]

Cx. pipiens Free flight 39.85% [42]
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