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Light is a fundamental cue regulating a host of biological responses. The artificial
modification thereof demonstrably impacts a wide range of organisms. The use of
artificial light is changing in type, extent and intensity. Insect vector-borne diseases
remain a global scourge, but surprisingly few studies have directly investigated the
interactions between artificial light and disease vectors, such as mosquitoes. Here
we briefly overview the progress to date, which highlights that artificial light must be
considered as a modulator of mosquito-borne disease risk. We discuss where the
mechanisms may lie, and where future research could usefully be directed, particularly
in advancing understanding of the biological effects of the light environment. Further
understanding of how artificial light may modulate mosquito-borne disease risk may
assist in employing and redesigning light regimes that do not increase, and may even
mitigate, already significant disease burdens, especially in the developing world.
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INTRODUCTION

Research into mosquito-borne disease risk covers a rich tapestry of approaches and fields. The
work has tackled this pernicious societal problem in a variety of ways. Chiefly amongst these
are advances in understanding of mosquito and parasite biology, ecology, biochemistry, genetics,
control strategies and how these interact with human activities (White et al., 2011; Gatton et al.,
2013; Caminade et al., 2014; Neafsey et al., 2015; Otto et al., 2018; Mordecai et al., 2019; Mozūraitis
et al., 2020). Nonetheless, a new frontier of work is exploring the ways in which light, and the
Artificial Light at Night (ALAN) from human forcing, may alter mosquito borne-disease risk. We
here explore such advances, and highlight the complex ways in which artificially lit environments
may change human-vector interactions and in consequence alter mosquito borne-disease risk.

Artificial Light at Night is produced from a range of anthropogenic sources, and is increasingly
recognized as a global change driver (Davies and Smyth, 2018). Light regulates a range of
physiological and behavioral responses, and so ultimately can also influence the fitness of
species. ALAN therefore has impacts across the biological organizational hierarchy, from genes
to communities, and across a diversity of taxonomic groups, from bacteria to higher vertebrates
(Gaston et al., 2013; Sanders et al., 2021).
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The interactions of artificial light with a host of aspects
of insect biology are now well established (Wakefield et al.,
2016; Knop et al., 2017; Owens et al., 2020; Sanders et al.,
2021). If ALAN increases mosquito fitness and biting behavior,
it may increase mosquito-borne disease risk (Barghini and de
Medeiros, 2010; Martinez-Bakker and Helm, 2015; Kernbach
et al., 2018). Conversely, if ALAN suitably changes fitness and
feeding behavior it could be implemented and operationalized
as an additional mosquito-control strategy to reduce mosquito-
borne diseases (Barghini and de Medeiros, 2010; Martinez-
Bakker and Helm, 2015; Kernbach et al., 2018). With mosquito-
borne diseases, such as malaria, West Nile, chikungunya,
dengue, lymphatic filariasis and zika, accounting for 17% of
all global infectious diseases and cause an estimated 7,00,000
human deaths annually (WHO, 2021a), artificial drivers are
integral aspects to understand. From a research and monitoring
perspective, it is also critical to understand how mosquito
trapping techniques using light for monitoring purposes may
be optimized to ensure a broader suite of species are captured
with greater reliability (Wilson et al., 2021). For example,
Culex pipiens shows negative phototaxis, and so removal
of light from regularly used CDC light traps may improve
collection efficiency and understanding of species ecology
(Boze et al., 2021).

Here, we consider artificial light as a modulator of mosquito-
borne disease transmission. First, we touch on the burgeoning
literature demonstrating that artificial light is affecting mosquito-
borne disease risk. Then, we discuss the mechanisms that may
underpin how ALAN is altering mosquito biology by highlighting
how biological responses interact with the characteristics of
the light environment and how these may influence responses
of mosquitoes to light regimes. Throughout, we discuss where
ongoing research in this critical field may be usefully focused,
particularly advancing understanding of the biological effects of
light and the characteristics of the light environment itself.

MOSQUITOES AND ARTIFICIAL LIGHT

Light at night as a modulator of circadian rhythms in anophelines
was first experimentally demonstrated in 1966, where recording
the flight activity of Anopheles gambiae under different light
regimes showed that light can have an inhibitory effect on
activity (Jones et al., 1966). Since then, a cohesive quantitative
link between artificial light and mosquito biology has emerged,
although the work is scattered across a range of different
responses, from attraction and changes in biting rates, to impacts
on different aspects of the biology of mosquitoes, and from genes
to organismal physiology. We highlight some examples below,
and note that unless otherwise stated, all studies used white
Light Emitting Diode (LED) lights in cases where experimental
treatments are used.

• There is extensive circadian and light regulation of the
transcriptome (i.e., sum of all the messenger RNA) in An.
gambiae, influencing genes from metabolic detoxification,
immunity to nutrient sensing (Rund et al., 2013) and

clock gene expression in Culex pipiens f. molestus
(Honnen et al., 2019).

• Acute and sustained photic suppression of biting activity in
An. gambiae (Sheppard et al., 2017), and their blood feeding
is modulated by light (Das and Dimopoulos, 2008).

• Aedes aegypti may increase its biting rate under 50 lux
incandescent lights (Rund et al., 2020), while ultraviolet
(UV) light suppresses An. gambiae activity compared to no
night time light (Baik et al., 2020).

• Culex mosquitoes in areas with even dim skyglow ALAN
(∼4 lx) reproduce and bite later into the season, thus
extending the period of disease risk for urban residents
(Fyie et al., 2021).

• Artificial Light at Night reduces diapause incidence in
Aedes albopictus by 40% (Westby and Medley, 2020; high-
pressure sodium lights).

• Artificial Light at Night can alter West Nile virus exposure
risk across Florida (Kernbach et al., 2021) and increases
virus competence in its ubiquitous passerine reservoir
species (Kernbach et al., 2019); both studies investigated
ALAN at broad spatial scales.

Although such work takes a range of forms and has little
consistency in the responses measured, there is now consensus
that ALAN is altering mosquito biology (Longcore and Rich,
2004; Rund et al., 2016; Wilson et al., 2021).

BIOLOGICAL EFFECTS OF ARTIFICIAL
LIGHT

Artificial Light at Night may modulate disease vector biology
and hence disease risk (Figure 1). Organisms either use light
as a resource (e.g., partitioning, and thus activity) or use light
as an information source [e.g., for vision, circadian clocks and
photoperiodism; following Gaston et al. (2013)]. In consequence,
the characteristics of the light environment can modulate
biological responses. We broadly focus on such patterns – but
we note that intra- and interspecific differences also need to be
accounted for. For instance, light responses in both Anopheles
and Aedes are strongly affected by sex (Honnen et al., 2016; Baik
et al., 2020). For this reason, we caution against generalizations
between different species. At this stage, in our assessment of
the literature, the understanding of the impacts of ALAN on
mosquitoes is still incomplete. Only some aspects have been
touched on thus far, which we highlight below, and also where
work can usefully be expanded.

Much attention has been paid to the circadian rhythms of
vectors since endogenous circadian clocks regulate many aspects
of behavior, physiology and metabolism (Rund et al., 2013; Prior
et al., 2019; Baik et al., 2020). There is extensive circadian and
light regulation of the transcriptome in An. gambiae (Rund
et al., 2013), and host circadian rhythms are disrupted during
malaria infection (Prior et al., 2019). Circadian rhythms also alter
detoxification and insecticide resistance in the malaria mosquito
An. gambiae (Balmert et al., 2014). In humans, artificial lights
have altered and extended human activity beyond strictly diurnal
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FIGURE 1 | Conceptual illustration to predict how artificial light may act as a modulator to mosquito-borne disease transmission. It captures the characteristics of
the light environment which alter species biologically respond to light, which then may modulate disease transmission risk. Note that all the other known drivers can
interact with that of artificial light to influence disease transmission risk. Simplified from Gaston et al. (2013).

into extensive night time hours (Chepesiuk, 2009). The causes
and consequences of daily rhythms in the interactions between
vectors, their hosts and the parasites they transmit is an emerging
research area [most recently reviewed by Rund et al. (2016)].

Increases in human activity into the nighttime mean that
nocturnal mosquitoes have a greater chance of obtaining a blood
meal, if it extends human activity outside of other prevention
methods, such as bed-net use (Barghini and de Medeiros, 2010).
In the Bolivian Amazon, 48% of An. darlingi total night biting
takes place from 19:00 to 21:00pm (Harris et al., 2006), and
there is a similarly early biting time in other anophelines in
Kenya (Cooke et al., 2015). Furthermore, Anopheles and Culex
are predominantly crepuscular and nocturnal, while Aedes spp.
are predominantly diurnal (Honnen et al., 2019; Baik et al.,
2020). As such, the timing of artificial light outside of natural
regimes is a key aspect that alters mosquito biology (Sheppard
et al., 2017). As one might expect, in the nocturnal An. gambiae
biting rates are suppressed under artificial light (Sheppard et al.,
2017), particularly UV light (Baik et al., 2020). Conversely,
under LED lights, Ae. aegypti may increase their biting rates on
humans (Rund et al., 2020). This limited evidence suggests that
ALAN reduces biting rates in nocturnal mosquitoes, but that it
may increase those of diurnal ones. How increased biting rates
translate into mosquito fitness and disease prevalence can be
further explored, especially in both laboratory and field settings.

From a community ecology perspective, alterations to
mosquito composition and behavior due to artificial lights may
conceivably alter competitive interactions, community assembly
and predation risk (for a recent review see Grubisic and van
Grunsven, 2021). How artificial light may interact with various
aspects of mosquito ecology, and how this alters their fitness
and potentially disease risk, could be usefully advanced. At the
moment, however, the theoretical framework on how ALAN
impacts insect communities and populations is poorly developed
(Grubisic and van Grunsven, 2021).

Light is also used as an information source via the insect
eye which can affect their visual ecology in complex ways (Land
and Nilsson, 2012). Detailed modeling of spectra, intensity,
reflectance and the vision of hawk-moths (Deilephila elpenor),
revealed that artificial lighting can disrupt the visual ecology
links between flowers, pollinators and predators (Briolat et al.,
2021). Such detailed work does not exist for mosquitoes, and
so the role of mosquito vision in increasing vector disease
transmission is currently not well known (Gibson, 1995; Land
et al., 1997; Moon et al., 2015). Light is known to drive both
rhodopsin maturation and recycling (Metoxen et al., 2016) and
Op10 rhodopsin is co-expressed with Op8 rhodopsin in Ae.
aegypti and An. gambiae R7 photoreceptor cells (Hu et al., 2014;
Zhan et al., 2020). Anopheles gambiae, as well as other disease
vectors, may be particularly sensitive to even small fluctuations
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in the night environment. There are fundamental structural
differences in the eyes of diurnal and nocturnal mosquitoes,
illustrating that it’s a key morphological trait responding to the
light environment (Land et al., 1999; Land and Nilsson, 2012).
While most nocturnal insects have superposition eyes, curiously,
An. gambiae has retained structures more akin to an apposition
eye more typical for diurnal species, such as a wide conical lens
and short thick rhabdoms (Land et al., 1999). Its eye is adapted
for high sensitivity in dim environments, where selectivity to,
and a high ability for, photon capture takes precedence over finer
resolutions in vision. This means even small fluctuations in the
light environment may therefore influence behavior and hence
modulate risk for disease transmission (Land et al., 1999; Barghini
and de Medeiros, 2010; Land and Nilsson, 2012; Martinez-Bakker
and Helm, 2015; Kernbach et al., 2018).

Mosquitoes make use of an attraction cascade to find potential
hosts, relying on a range of sensory cues, using vision to associate
odor plumes with thermal targets (Van Breugel et al., 2015; Zhan
et al., 2020). The range of attraction, the maximum distance
at which light may attract insects, is variable but generally low
in mosquitoes. In Anopheles mosquitoes, it is less than 5 m
(Costantini et al., 1998), and more variable in Culicoides at 10–
30 m (Rigot and Gilbert, 2012; Kirkeby et al., 2013; Wilson et al.,
2021). However, of greater importance may be how mosquitoes
perceive their lit environment, as light from a source (radiance)
is not akin to light reflected off a surface (irradiance). For
instance, red objects are attractive to mosquitoes but not red light
(Wilson et al., 2021).

The use of ALAN may increase transmission risk if it
is occurs at times and places that attract vectors, and so
increases the potential for disease transfer. How typical objects
in human environments reflect lights in different artificially
lit environments, and how this may attract or repel mosquito
behavior, may be another fruitful research avenue.

Artificial light may suppress the immune responses of a
range of mammals, including humans (Navara and Nelson,
2007; Gaston et al., 2013; Fonken and Nelson, 2014). Exposure
to artificial light alters hormone production, in particular by
interfering with the regular expression of melatonin (Navara
and Nelson, 2007; Gaston et al., 2013; Fonken and Nelson,
2014). Since it is critical to the sleep cycle and removal of free-
radicals, changes in melatonin may alter an organism’s ability
to fight off diseases. Melatonin itself may also modulate the
Plasmodium (malaria parasite) cell cycle (Lima et al., 2013).
Melatonin expression in mosquitoes is less well known, but it
seems likely that it will also have a sensitivity to blue wavelengths,
and may similarly be involved in regulating immune responses to
infection from parasites like Plasmodium. c.

CHARACTERISTICS OF THE LIGHT
ENVIRONMENT

Expanding understanding of how light may modulate the
above biological responses and alters mosquito-borne disease
risk requires increased attention. This includes the impact
of the characteristics of the light environment (spectra,

intensity, contrast, flicker, and polarization) on mosquito species
and their biology.

The spectrum of light is arguably its most fundamental
characteristic and is often included as a key characteristic in
ALAN research. Mosquitoes are known to respond to light
of different spectra. For instance, electroretinograms show
that both female Aedes (Muir et al., 1992) and female Culex
spp. (Peach et al., 2019) have dual peaks of sensitivity of
insect eye receptors to UV and blue/green light, respectively.
Anopheles spp., especially females, show a strong aversion
for light in the UV and bluer spectra (Baik et al., 2020).
This likely indicates fewer photoreceptors in mosquitoes than
other groups (Van Der Kooi et al., 2021), which may in turn
indicate that lighting approaches can be devised that do not
attract them by being outside of their visual spectrum, but
that appear as regular lighting to humans. Conceptually, light
in the red spectrum could be less attractive to these groups
(Wilson et al., 2021). However, given the diversity of responses
from earlier studies, no single spectral solution will act as a
deterrent for different species of mosquitoes, but there may
be opportunities for exploring more targeted species-specific
approaches (Wilson et al., 2021).

Insights into how spectra and intensity interact to alter
mosquito behavior can also be advanced. Different intensities do
alter behavior in Anophelines (Sheppard et al., 2017). Two lights
that appear equally bright to humans may look fundamentally
different to insects. We posit that laboratory-reared mosquitoes
are typically also kept in environments darker than even the faint
celestial light and lunar cycles that would occur naturally, and so
at very low light intensities. How this alters circadian rhythms
over time, and inferences made from laboratory populations,
could be usefully investigated.

Less well studied than light spectra and intensity is the
influence of contrast, flicker and polarization. Objects in the
environment reflect different wavelengths of lights to different
extents, which means the spectral environment experienced by
an individual mosquito may differ depending on the makeup of
objects and their contrast with each other, and the composition
of different artificial lights in the local environment (Land and
Nilsson, 2012; Wilson et al., 2021). For Ae. aegypti, it has been
shown that mosquito attraction to the thermal and odorant
cues of host decoy traps is modulated by visual information,
and changes with the color of the traps (Tang et al., 2021). In
the context of mosquitoes, this may be particularly important
in how they respond to isolated lights vs. more diversely
lit environments.

Flicker frequency, aka critical fusion frequency (CFF), is the
frequency at which flickering light appears as a continuous light
source to the observer. For instance, human CFF is around
50–60 Hz, but in nocturnal insects it averages around 70 Hz
(Barroso et al., 2017). In consequence, insects may observe
flickering differently to other organisms and so it may affect
light attractiveness and/or repulsion (Wilson et al., 2021). Indeed,
manipulating flicker frequency of UV LED light can improve
the capability of light traps to attract mosquitoes (Liu et al.,
2017), but it nonetheless remains an understudied component of
artificial light.
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Navigating by polarized light is important to many aquatic
insects. However, no evidence for positive polarotaxis was found
in Ae. aegypti (Bernáth et al., 2008), and so other mainly
olfactory cues are thought to be of greater importance for finding
suitable egg-laying water in mosquitoes (Heinloth et al., 2018).
Nevertheless, as with contrast and CFF, the role of polarized light
in mosquito biology may be overlooked as it has rarely been
explicitly considered in previous studies.

CONCLUSION

Research conducted to date on disease transmission and risk has
mainly focused on the impacts of artificial light on vectors in
laboratory settings rather than on how real-world environments
are artificially lit, and how humans and vectors respond and
interact in those environments. While the evidence-base for
artificial light as a modulator of mosquito-borne diseases is
now established, there are still many unanswered questions and
future research can be informed by what has already been
learned from laboratory experiments and responses in other
taxonomic groups. Many questions may be answered by testing
how different characteristics of the lit environment may be
translated into the myriad of biological effects that it influences.
New approaches can quantify the key features of lit environments
and the generally overlooked components we mentioned above
(Nilsson and Smolka, 2021). Of course, ALAN can interact
with other, better known anthropogenic drivers of increased
disease risk like land transformation (Meyer Steiger et al., 2016;
Lee et al., 2020) and changing climatic conditions (Medlock
and Leach, 2015). Teasing their individual contributions apart
experimentally will advance understanding into disease risk.
Popular disease frameworks such as R0 equations (Hartemink
et al., 2015), Dynamic SEIR (Susceptible, Exposed, Infectious,

Removed) compartmental models (Getz et al., 2019) and/or agent
based models (Smith et al., 2018), could usefully incorporate the
impacts of artificial light on vector biology. However, a range of
new data from laboratory and field studies will be required to
parametrize such models, and much work remains to be done
to develop them.

At present, the World Health Organization (WHO, 2021b)
does not recognize artificial light as a modulator of vector borne
disease risk. The extent to which artificial light may be used as a
vector control strategy remains unknown (Wilson et al., 2021).
The burgeoning scientific study of the interactions of artificial
light and mosquitoes now clearly demonstrates that it needs
greater consideration as such. Only once the consequences of
artificial lighting technologies are fully understood can we ensure
that current developmental expansion does not unexpectedly
compromise human health by increasing disease risk. Mosquito-
borne diseases compromise the attainment of the Sustainable
Development Goals (SDGs) and artificial lights of the correct
kinds, used in optimal places and times, could help reduce vector-
borne disease burdens.
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