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ABSTRACT

Artificial light at night (ALAN) is leading to light pollution on local and global scales. Reflected and scattered
light contributes to skyglow over cities and large industrial complexes. ALAN is one of the key drivers
of insect declines in the Anthropocene era. This is the likely consequence of perturbations in circadian
clocks by extension and even abolition of the dark phase of the diel cycle, which affect reproduction and
foraging. Bioluminescent insects that use light as sexual signals are severely affected by ALAN and may be
under sexual selection for even brighter signals. The phototactic response of insects to light is also causing
mortality due to increased predation and altered activity. Mitigatory measures are urgently needed to
stem insect declines and to ‘protect’ the role of insects in community ecology. New satellite technology for
ALAN measurement is urgently required. There are many research gaps, such as the effect of ALAN on
diurnal insects and on interaction networks, that need to be filled.
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phototaxis

The length of one diel cycle of Earth’s rotation has
varied from 6 h in the Archean eon (4 Gy ago), increasing
to 21 h in the Paleo-Proterozoic (2.5 Gy ago) and finally
reaching the present-day 24-hour cycle in the Neo-
Proterozoic (1 Gy ago) in the Precambrian era (Bartlett
and Stevenson 2016; Spalding and Fischer 2019). Early
life that arose in the Precambrian, therefore, experienced
acycle of 21-24 hours, and it is possible that this period
has consequently been entrenched in the physiology
of life forms (Paranjpe and Sharma 2005; Nikhil and
Sharma 2017). Before the formation of the ozone layer,
the photic period with the downwelling of ultraviolet
radiation during the day presented a threat to DNA
replication and repair especially in aquatic organisms
such as photoautotrophic Cyanobacteria that require
light for photosynthesis; these organisms therefore
temporally segregate damage-sensitive activities such
as DNA synthesis, cellular maintenance and nutrient
storage into the dark portions of the diel cycle (Nikhil
and Sharma 2017). That the diel period could, using
photic cues, be efficiently divided into activity and
non-activity periods for various behavioural, cellular,
and physiological processes was a clear advantage in
the evolution of life; consequently, there are no known
organisms lacking circadian rhythms that do not suffer
survival disadvantages (Daan and Aschoff 1982).
Circadian rhythms and their extension into circannual
cycles governed largely by variation in day length and
photoperiods, based on the earth’s orbit around the
sun, are vital for reproductive success; fitness declines

have been demonstrated in all forms of life either when
organisms have impaired circadian clocks or when the
in-built clocks do not match with the expected diel
cycles (Greenetal., 2002; Emerson etal., 2008; Nikhil
and Sharma 2017; Horn et al., 2019; Koritala et al.,
2020; Liao and Rust 2021).

Between the Tropics of Cancer and Capricorn,
the daily photoperiod remains approximately at 12
h through the year; however, above and below these
latitudes towards the poles, the photoperiod increases
progressively towards summer and decreases in winter.
Since the earth’s orbit is invariant, organisms that are
resident between the tropics and the poles adapt to the
dynamic, but predictable changes in photoperiod during
the year. While temperatures are also dynamic, they are
unpredictably variable from year to year. Therefore,
organisms use the change in photoperiod to inform them
of a likely change in temperature and thereby prime
themselves for physiological activities such as diapause
in resident organisms or migration in those that leave
their breeding or feeding areas in a seasonal manner
(Hut et al., 2013; Helm et al., 2017). Consequently,
unseasonal changes in photoperiod, as happens
with continuous artificial light during the expected
night, may induce physiologies and behaviours at
inappropriate times with detrimental effects (Kronfeld-
Schor etal., 2017). Besides the inappropriate scheduling
of seasonal events, artificial light at night can disrupt
rest and sleep that are vital for normal functioning (but
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see Geissmann et al., 2019); even organisms that are
in continuous movement for extended periods of time,
that could last for weeks, as in great frigatebirds or
swimming sharks, engage in unihemispheric sleep such
that only one hemisphere of the brain is awake while
the other is quiescent (Rattenborg et al., 2016; Mascetti
2021). Therefore, periods of rest and sleep have evolved
as adaptations for survival in many life forms. Most
insect circadian rhythms have been investigated using
Drosophila melanogaster (Diptera: Tephritidae) that
has served as a model in understanding human sleep
disorders (Donelson and Sanyal 2015). However, there
is need to investigate non-model insects (Beer and
Helfrich-Forster 2020), since its will inform us about the
level of plasticity and/or variation available in diel and
annual rhythms (Helm et al., 2017) for insect survival
under various perturbations including light pollution
during the Anthropocene.

Artificial light at night (ALAN)

The phenomenon of ALAN is pervasive and
ubiquitous in many parts of the world. It is largely a
phenomenon of urban and industrial areas, but road
and rail stretches between urban areas could also
be illuminated, as also small towns and villages.
With the invention of light-emitting diodes (LEDSs),
and the economical and longevity benefits of LEDs,
illumination is shifting from the more monochromatic
yellow lighting to the broader spectrum white-light
LEDs, which have a more pronounced blue spectral
coverage and higher intensity (Elvidge et al., 2010;
Longcore et al., 2018; Alaasam et al., 2021). Cool-
white LEDs with a spectral maximum at 450 nm
are optimised for humans since its spectrum confers
maximum suppression of melatonin and thereby induces
maximum alertness in humans (Mills et al., 2007). With
increasing demand for indoor and outdoor illumination,
dark nights are absent in many areas, and global maps
of ALAN demonstrate the scale and severity of the
problem (Kyba et al., 2017).

Although the lux differential between day and
a full moon night is a million-fold (full moon = 0.1
lux; starlight = 0.001 lux) (Davies and Smyth 2018;
Borges et al., 2016), even dim ALAN is sufficient to
disrupt quite a few biological activities. For example,
dim ALAN depresses the cellular immune response
of Teleogryllus commodus (Orthoptera: Gryllidae)
(Durrant et al., 2020). Light under a commonly used
LED streetlight is 1-2 lux in a radius of 10-20 m, while
that from floodlights in a stadium, for example, is
usually in the order of 100 lux (Sanders et al., 2021).
Besides the effect of direct light on organisms, indirect
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light contributes to skyglow, which is the result of light
directed upwards, reflected and scattered by atmospheric
particles; the intensity of skyglow is 0.1-0.5 lux, which
is brighter than a full moon (Eisenbeis 2006). Skyglow
extends around areas with a high density of lights such
as cities and metropolises.

Currently, the best available option for measuring
ALAN is via the day—night band (DNB) of the
satellite-mounted visible infrared imaging radiometer
suite (VIIRS) (Lee et al., 2014; Barentine et al., 2021).
However, there are several shortcomings of this sensor
technology, especially its insensitivity in the blue region
of the spectrum and its spatial resolution that is limited
to 750 m (Kyba et al., 2017). The sensitivity lacuna
is particularly important with the increased use of
white LEDs that have a considerable blue component.
Consequently, new mission-mode satellite technology is
urgently required, along with extensive ground-truthing
to determine the correspondence between satellite
readings and light measurements on ground (Levin et
al., 2020; Barentine et al., 2021).

Insect traits that increase vulnerability to ALAN and
anthropogenic change

Insects as small-sized ectotherms have modulated
their biology and life history to match their environments
(Saunders 2009; 2020). Being ectotherms, they are
most vulnerable to high and low temperatures and are
predicted to be metabolically at high risk owing to
human-induced changes of the Anthropocene, such as
warming (Wagner et al., 2021). Insects are active either
at dawn, or dusk, or during day or night. While inactive
they must retire to resting places with conducive
temperatures where predation risk is minimal. Insects
that inhabit relatively arhythmic environments,
characteristic of high latitudes, may also exhibit lack
of rhythmic clock activity but may also be sensitive to
other environmental variables, such as temperature,
which interact with clock-gene expression to produce
activity rhythms adapted to local conditions (Bloch
et al., 2013; Kobelkova et al., 2015; Bertolini et al.,
2019; Helfrich-Forster et al., 2020). When conditions
are predictably unsuitable for insect survival, insects
either migrate or enter diapause so that the diapausing
dormant stage can survive through the harsh conditions.
These transitions between developmental stages are
usually regulated by hormones, which are under the
control of biological clocks that are in turn entrained
by zeitgebers (synchronizers, sensu Jirgen Aschoff),
such as light levels and temperature (Beer and Helfrich-
Forster 2020). Disruptions in these environmental-
time cues can have major effects on life-histories



and consequently impact on the demographics (van
Langevelde et al., 2018). Addressing the causes and
consequences of these stressors on insects is important,
given their importance in the functioning as components
of aquatic and terrestrial communities, and their
catastrophic decline, which is underway in many parts
of the earth (Wagner et al., 2021).

Effect of ALAN on nocturnal insects

ALAN has a wide variety of impacts on insects
through interference with such vital traits as mating,
foraging, melatonin production, and offspring
development time, including many other aspects of their
biology (see Desouhant et al., 2019 for a comprehensive
review). For example, ALAN affects reproduction,
resulting in the alteration of the pheromone blend by
increasing repellant compounds and decreasing mate
attractants, demonstrated in many species of Noctuidae
(Lepidoptera) (Van Geffen et al., 2015). Light pollution
also inhibits the feeding behaviour of adult Noctuidae
(van Langevelde et al., 2017). Most insects exhibit
a dorsal light reaction and show positive phototaxis
towards light (Jander 1963). They are attracted towards
either polarised or unpolarised light sources or their
reflections (Robertson et al., 2017); however, this
attraction also depends on the light spectrum with blue
and red light evoking less attention (Donners et al.,
2018; Robertson and Horvath 2019). However, the
Noctuiidae are strongly attracted by ultraviolet and blue
regions of the spectrum (Brehm et al., 2021).

Many nocturnal insects have impaired mate
detection, courtship and related reproductive behaviours
under light pollution. Australian populations of
Teleogryllus commodus were slow to initiate movement
towards calling mates in the presence of ALAN either in
the laboratory or under streetlights, but they did engage
in sexual behaviour suggesting that ALAN was not
entirely detrimental to their reproduction (Thompson
et al., 2019). In another example, lifetime rearing of
Gryllus bimaculatus (Orthoptera: Gryllidae) under 12
h lightand 12 h of ALAN of intensities varying from 2,
5, to 40 lux revealed that although there was a greater
impact of higher ALAN intensities, all experimental
light intensities at night affected locomotory and
stridulatory rhythms (Levy et al., 2021). There was
greater asynchrony between individuals in calling
activity and locomotion, all of which are likely to have
critical effects on mating as well as foraging activity.

ALAN has particularly serious effects on
bioluminescent insects that produce light. In the nocturnal
Lampyris noctiluca (Coleoptera: Lampyridae), males
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experienced difficulty in locating dummy light-emitting
females when LED light was facing upwards such that
the lights had maximum spread; this difficulty was
reduced with distance away from the light source (Van
den Broeck et al., 2021a). The study recommended the
reduction of LED lights and their intensities in areas
where L. noctiluca were usually abundant. Under ALAN,
L. noctiluca females are more likely to attract males if
their signal was bright, suggesting sexual selection for
brighter females under conditions of light pollution
(Elgert et al., 2021). However, when light-emitting
L. noctiluca females were exposed directly to ALAN,
they neither moved to darker areas where their signal
would be more conspicuous nor delayed their light
emission, suggesting that L. noctiluca lack the ability to
be flexible in signalling strategies under light pollution
(Elgert et al., 2020). Female glow worms in dark areas
stopped glowing after one night while those in areas lit
by artificial light continued glowing for several lights,
suggesting that the latter females were unsuccessful at
attracting males under lit conditions (Van den Broeck
et al., 2021b). The effects of ALAN are not restricted
to adult stages of bioluminescent insects. The aquatic
larvae of Aquatica ficta (Coleoptera: Lampyridae)
suffered enhanced mortality when experiencing ALAN;
furthermore, under ALAN, there was a down-regulation
of genes controlling spermatid development, oogenesis
and neuron differentiation, and an up-regulation of genes
responsible for hormonal production and ecdysteroid
metabolism (Chen et al., 2021). Owing to its disruption
and interference with the reproductive biology of light-
emitting insects, light pollution is considered the most
critical contributor to the decline of populations of the
Lampyridae in Brazil’s Atlantic Forest (Vaz et al., 2021).

Light pollution also affects pestiferous insects such
as Culex pipiens f. molestus (Diptera: Culicidae) in
temperate regions; in response to long photoperiods
because of ALAN, females delay diapause and are
active for longer periods thus biting humans later in the
season when they should no longer be active (Fyie et
al., 2021). Such females diverted energy from fat bodies
into production of larger egg follicles and thus extended
the yearly risk period for disease spread (Fyie et al.,
2021). Similarly, Aedes albopictus (Diptera: Culicidae),
which has invaded many parts of the world, also delays
diapause with light pollution (Westby and Medley
2020). Whether extended ALAN periods also extend
the diel-biting periods of this day-biting mosquito is
not yet known but could also affect disease spread by
this vector of arboviral diseases, such as dengue and
chikungunya (Paupy et al., 2009).
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While the impacts of ALAN on insects have usually
been studied using terrestrial insects, data are presently
accumulating on the effects of light pollution on aquatic
insects that have flying adult stages; Ephemeroptera
and Trichoptera were caught by traps that were
located near portable LED lights in an effort to mimic
realistic ALAN conditions at different distances from
riparian areas (Carannante et al., 2021). While the
Ephemeroptera and Trichoptera catches were greater
in traps set near rivers, the Diptera were trapped at
all distances from the river. Carannante et al. (2021)
recommended that LED lighting should be placed at
40-60 m from riverbanks to prevent the attraction of
adult aquatic flying insects. The larvae of aquatic insects
were also attracted to mid-regions of the spectrum, and
the Ephemeroptera larvae did not exhibit phototaxis
towards blue light (Kuhne et al., 2021).

Several insects use celestial and lunar cues in
the night sky for navigation. The South-African
Scarabaeoidea (Coleoptera) use the polarisation patterns
in the night sky coupled with the Milky Way to navigate
(Dacke et al., 2004; 2013); however, skyglow due to
light pollution is obscuring the night sky and its celestial
cues. Consequently, the Scarabaeoidea are resorting to
using available artificial lights as guides and exhibiting
impaired navigation, resulting in increased competition
from similarly disoriented beetles (Foster et al., 2021).
Similarly, adult flying aquatic insects find water bodies
at night through the horizontally polarised reflection
of moonlight from water surfaces, including reflection
of polarised ultraviolet light (Robertson et al., 2017;
Fraleigh et al., 2021); this ability is being severely
disrupted by light pollution (Haynes and Robertson
2021). That skyglow and light pollution are extending
into protected areas and biodiversity- rich areas (Garrett
et al., 2020; Mu et al., 2021) is a matter of great
concern for the long-term survival of these specialized
navigation capabilities.

Effect of ALAN on diurnal insects

Little research has been done measuring the impact
of ALAN on diurnal insects (Desouhant et al., 2019).
In diurnal D. melanogaster, sustained exposure to
dim ALAN (> 1 lux) reduced fecundity and adult
survival (McLay et al., 2017). ALAN extends the
foraging time of diurnal moths, e.g., Tegeticula
maculata (Lepidoptera: Prodoxidae) that pollinates the
Hesperoyucca whipplei (Asparagaceae) (Wilson et al.,
2021) with as yet unknown longterm consequences for
this mutualism between a seed-eating pollinator and
the plant that it services. The diurnal Apis mellifera
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(Hymenoptera: Apidae) has a pronounced nocturnal
sleep rhythm (Kaiser and Steiner-Kaiser 1983); whether
this sleep rhythm is compromised by light pollution in
Apis dorsata or 4. florea, that nest in the open, and not
in cavities, also needs to be determined. Apis dorsata
is often found in cities (Saravanan et al., 2020) where it
is likely to be affected by light pollution. Apis dorsata
increases its activity into the night in the waxing or
waning period of the moon between half-moon and
full moon cycles (Dyer 1985; Young et al., 2021), since
that quantity of moonlight is above the illumination
threshold required for the optimal functioning of its
optical system. Still, the impact of ALAN on this
A. dorsata is presently unknown. It is possible that
this aggressive bee with its large worker force could
dominate night-blooming flowers under conditions of
light pollution. In a study in which unmanaged meadows
were treated with ALAN or left as dark controls, 19%
of plant species were affected by the light treatment and
received either more or less diurnal pollinator visitation
compared with the dark controls (Giavi et al., 2021).
The reasons for this variation in effect on plant species
are as yet unknown.

ALAN also affected a diurnal endoparasitoid
Venturia canescens (Hymenoptera: Ichneumonidae)
that parasitises the larvae of the Pyralidae, by extending
its activity level into the night (Gomes et al., 2021);
females of V. canascens exposed to low level ALAN
also demonstrated a transgenerational effect with
increased development time and increased latency
for feeding in their offspring. In a massive collective
phototactic response, 45 million individuals of
Trimerotropis pallidipennis (Orthoptera: Acrididae),
that are usually diurnal, were attracted to city lights
in Las Vegas, USA (Tielens et al., 2021) during one
of the perennial population outbreaks. Consequently,
phototaxis can have devastating effects on even
diurnal insect populations by triggering inappropriate
behavioural activity.

ALAN and insect interaction networks

While flower opening times for nocturnal and diurnal
flowering plants are under strict circadian pattern (Ren
etal 2021), whether ALAN affects flower opening times
is not yet known. But it is likely that this effect will be
demonstrated, and that such changes may also affect
insect visitation to those flowers. Diurnal insects such
as species of Heliconius (Lepidoptera: Nymphalidae)
can associate floral rewards such as nectar with morning
or afternoon time periods (Toure et al., 2020) and
adjust their visitations accordingly. Whether nocturnal



pollinators, such as the Heterocera, also do the same is
not known. While amber LEDs and even high-pressure
sodium lamps attract low numbers of insects and are less
damaging compared with white broad-band LEDs with
more of blue emission, a modelling study using known
values of colour receptor sensitivities showed that white
broad-band LEDs were more similar to moonlight in
their effects on colour contrasts in the visual system
of the nocturnal Deilephila elpenor (Lepidoptera:
Sphingidae) (Briolat et al., 2021). Therefore, the nature
of ALAN could affect Heterocera’s visitation frequency
at flowers of varied colours and contrast against their
leaf background during nights.

Using 3D-printed flowers and illumination levels
to match moonlight (0.1 lux) and dawn/dusk light
conditions (50 lux), the nocturnal Manduca sexta
(Lepidoptera: Sphingidae) took longer to find flowers
and efficiently locate the nectary at 50 lux compared
with lower light levels (Deora et al., 2021) indicating
that those visual systems that are adapted to perform
at low light levels will encounter difficulties at higher
light levels. The consequences of this for foraging
efficiency and thereby reproductive success of the
Heterocera and their pollination services under light
pollution is unknown. The circadian rhythms of plants
and pollinators are often delicately matched, e.g. in the
interaction between Manduca and Petunia, the circadian
rhythm of scent production of Petunia matches that of
the antennal sensitivity of Manduca, whose activity
peaks about 4 h after sunset (Fenske et al., 2018).
Therefore, the disruption of these timed activities by
ALAN would have serious consequences for existing
plant-pollinator interactions. In a specialised nursery
pollination system, the nocturnal species of Hadena
(Noctuidae) pollinates and lays eggs in the night-
opening flowers of Silene latifolia (Caryophyllaceae);
plants had higher seed predation owing to moth
oviposition in dark, unlit control sites compared with
lit areas; however, dark areas adjacent to lit areas
had spillover effects of the light, and here also seed
predation was increased compared to the lit areas (Giavi
et al., 2020) suggesting that light can have effects that
are carried over onto adjacent unlit areas as well.

Modelling of visual systems also revealed that the
perception of colours on the wings of the Sphingidae
that may be used in sexual selection or mate attraction
displays or anti-predation strategies was affected by
amber but not white LEDSs. In an investigation of 14
species of the Sphingidae in the UK, Briolat et al.
(2021) found that since nocturnal moths choose settling
backgrounds at night for camouflage against diurnal
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predators such as blue tits, colour contrast using amber
LEDs would give hawkmoths inappropriate information
about the colour of substrates used for resting and affect
their choice of backgrounds. This mismatch between
colours perceived under ALAN and those perceived
under natural light available at night (moonlight and/
or starlight), can result in wrong choice of substrates,
leading to greater conspicuousness and thereby greater
predation risk during diurnal resting periods. These
authors therefore stress the importance of knowledge
of the visual ecology and sensory biology of insect
pollinators, the colour spectrum of their floral resources,
and the colour discrimination abilities of their predators
in assessing the impact of ALAN on networks of
interactions.

Light pollution can affect tritrophic and higher
levels of interaction. In a multitrophic experiment with
plants, aphids and parasitoids, although plant biomass
increased with ALAN, there was a differential effect on
the aphids and parasitoids. The day-active parasitoids
were able to extend their activity into the ‘night-time’
with moderate intensity ALAN but parasitoid activity
declined with high intensity ALAN; consequently,
the density of aphids declined with moderate ALAN
but their numbers remained high under strong ALAN
owing to the lower activity of the parasitoids (Sanders
etal., 2018). Therefore, low levels of ALAN increased
predation of aphids but this effect was not occurring
at high levels. Similarly, insectivorous birds such as
mockingbirds were able to prey upon insects and feed
their nestlings after nightfall owing to ALAN (Stracey
etal., 2014), which could result in greater predation on
insects under these conditions. Since many insects show
attraction to artificial light especially those emitting blue
light, congregations of insects at lights are affecting
their predation rates by nocturnal predators such as
geckoes and bats that are also attracted to these light
sources (Rowse et al., 2016; Pauwels et al., 2021).
While biological management of pestiferous insects
is successful in some instances, in general, there are
negative impacts of ALAN on agroecosystems affecting
the efficiency of pestiferous arthropod management
(Grubisic et al., 2018).

Combined effects of ALAN and other anthropocene
effects

Diapause in insects is usually optimally timed to
coincide with the onset of harsh conditions such as
winter. The reaction norm of diapause in response to
photoperiod will respond to increasing temperatures
by advancing development thereby having more
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time for growth including an increase in voltinism
(having multiple breeding episodes within the same
season). On the other hand, ALAN will result in longer
artificial photoperiods, and thereby a delay in moving
into diapause; this will result in development prior to
diapause occurring at inappropriate times (Merckx et
al., 2021). Diapause in an urban population of blowflies
Sarcophaga similis in Japan was delayed under ALAN
such that flies had not yet entered diapause in autumn
compared to rural populations (Mukai et al., 2021).
Noise pollution is also another consequence of the
Anthropocene. At low urban noise levels, the frequency
of a species of Corethrella sp. (Diptera: Corethrellidae)
decreased with increasing ALAN intensity; however,
at higher noise pollution levels, these midges were
absent at all experimental light levels (McMahon et
al., 2017), indicating that noise and light levels have
counteracting effects.

Unanswered questions

The light environment is the single most reliable
cue available to life on earth, and insect circadian
rhythms and utilisation of habitats at specific times
of the day or night are guided by this periodicity of
light availability (Denlinger et al., 2017; Tierney et
al., 2017). While studies record population declines
of insects under light pollution, the mechanisms that
cause these declines need investigation (Boyes et
al., 2021a, b); a mechanistic understanding will have
impact on selection of appropriate strategies for insect
conservation (Stewart 2021). There is a need for
interdisciplinary research on the effect of ALAN on
insects and their interacting trophic guilds (Kalinkat
et al., 2021). This interdisciplinary research must
encompass radiometry, satellite technology, regular
insect monitoring, critical experiments using model
insect species and an outreach component which also
attempts to provide scientifically validated solutions to
mitigate the effects of ALAN.

Among the many questions that need to be answered
is the impact of ALAN on dawn, dusk, and twilight
levels. The duration of these transitions between day
and night varies with latitude (Borges et al., 2016).
The contribution of ALAN to matutinal and vespertine
light levels will also depend on the timing of switching
on and off of lights. There is no information on ALAN
magnitude at these times at a local or global level,
although the data may be available and need to be
extracted and analysed. The impacts are likely to be
most profound for those organisms that show matutinal
and/or crepuscular behaviour. For example, only the
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largest foragers Bombus terrestris (Hymenoptera:
Apidae) leave the nest at low light levels at the onset
of dusk because these are likely to have the largest
eyes and therefore the greatest photon catch ability
that enables them to fly under these light conditions
(Hall et al., 2021); these large foragers occur in low
frequency in the nest presumably due to the cost of their
maintenance. Whether the abolition of dawn by ALAN
will result in negative selection against large size in
these bumblebees remains to be investigated. Similarly,
in a Neotropical dim-light-foraging bee community,
light intensity limited their foraging activity; these bees
needed a certain threshold of light intensity to forage,
but also avoided foraging in bright light (Liporoni et
al., 2020). Xylocopa tranquebarica (Hymenoptera:
Apidae) has colour vision under starlight conditions
and only flies under nocturnal conditions, avoiding even
crepuscular flights) (Somanathan et al., 2008; 2020).
How bees like X. tranquebarica will respond to ALAN
is not known. Nocturnal moths are being increasingly
recorded as important pollinators of wild plants even in
agricultural landscapes (Walton et al., 2020); the myriad
negative impacts of ALAN on different Heterocera
does not auger well for the long-term sustainability
of this interaction. Whether mismatches between the
circadian clocks of flowering plants and their insect
pollinators will have cascading effects on the structure
of communities is not known but requires attention
(Bloch et al., 2017; Kronfeld-Schor et al., 2017).

Many nuisance insects, such as those of the
Blattodea, have a pronounced nocturnal activity rhythm,
and a period of immobility when lights are switched on
(Tobler and Neuner-Jehle 1992); will ALAN result in
reduced activity by such arthropods or will they evolve
to compensate for longer light availability periods?
Since the foraging time of insectivorous species is
extended by ALAN, how this may affect predation on
diurnal insects is also unknown. Since light pollution
affects sexual attraction especially in insects that use
light signals, e.g. bioluminescence, is it possible that
new sexual signals will evolve (Broder et al., 2021)?

Several detailed plans have been drawn up to
mitigate the impact of ALAN especially in protected
areas (Jagerbrand and Bouroussis 2021). For example,
in Hungary, researchers have successfully reduced
attraction of many species of the Ephemeroptera to
light by optimising the spectrum of beacon lights
on a bridge such that the adults do not show a mass
phototactic response (Mészéros et al., 2021). Since adult
Ephemeroptera live only for a few hours, and spend their



development stages in water, the judicious adoption of
such mayfly-protecting lights near water bodies is a
practical mitigation measure. Insects are often caught
in evolutionary sensory traps by ALAN; research must
be directed towards disarming such traps (Robertson
and Blumstein 2019). Yet, arriving at a spectrum of
lighting that will have the least negative impact on all
taxa will be a daunting task as also shown by studies
with fireflies wherein each species is impacted by the
spectral peak of its own bioluminescence (Owens and
Lewis 2021); these naturally vary between sympatric
species in a habitat as a consequence of competition
for light spectral space. Reducing the blue spectrum of
light has however shown to be most beneficial towards
reducing insect attraction to LEDs in a lowland forest
site in the Peruvian Amazon (Deichmann et al., 2021).
In many parts of the world, citizen groups have led the
way with regard to changing policies on light pollution
and lighting innovations (Zielinska-Dabkowska et al.,
2020). Such recommendations are also valid for lighting
of public spaces, and monuments, especially when they
are enclosed by woodlands (Kobav et al., 2021); such
a situation is particularly germane to countries rich in
heritage structures such as India. Illuminating such
monuments excessively and inappropriately will result
in islands of light surrounded by darkness; such light
islands may serve as attractors to insects and disrupt
local community processes of which insects are an
integral part.

Since conservation can have greater success when
it is informed by sensory ecology (Dominoni et al.,
2020), itis necessary that more attention is paid to insect
sensory biology. There have been calls for making the
mitigation of light pollution a major research goal in the
21% century (Davies and Smyth 2018) since its effects
are pervasive (Gaston et al., 2021). ALAN needs a
comprehensive framework within which its individual
effects as well as its effects on diurnal-nocturnal
trophic cascades and the dynamics of communities
may be investigated (Grubisic and van Grunsven 2021).
Borges et al. (2016) suggested that owing to the stresses
involved with diurnal flowering under global warming,
it is possible that plants will shift their flower opening
times to the cooler nocturnal hours, as may also happen
with animals that may shift activity to the night (Levy
et al., 2019). However, this flowering shift into the
night will only be successful if suitable pollinators
are available during the night. Since light pollution is
responsible for serious declines of nocturnal insects
(Owens et al., 2020), this is unlikely to be a successful
evolutionary trajectory.
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The ‘normal’ night in the absence of artificial light
is fraught with its own constraints for plant and insect
activity (Borges 2018; Gaston 2019; Somanathan et al.,
2020). It would be valuable to be able to predict which
interactions will prevail under the combined stresses of
global warming, light pollution, noise, and atmospheric
pollution. There are a multitude of questions that
demand answers, if we are to successfully conserve
insect diversity and their vital role in functioning
ecosystems.
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