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Synopsis Life on earth has evolved during the past several billion years under relatively bright days and dark nights.

Virtually all organisms on the planet display an internal representation of the solar days in the form of circadian rhythms

driven by biological clocks. Nearly every aspect of physiology and behavior is mediated by these internal clocks. The

widespread adoption of electric lights during the past century has exposed animals, including humans, to significant light

at night (LAN) for the first time in our evolutionary history. Importantly, endogenous circadian clocks depend on light

for synchronization with the external daily environment. Thus, LAN can derange temporal adaptations. Indeed, disrup-

tion of natural light–dark cycles results in several physiological and behavioral changes. In this review, we highlight

recent evidence demonstrating how LAN exposure can have serious implications for adaptive physiology and behavior,

including immune, endocrine, and metabolic function, as well as reproductive, foraging, and migratory behavior. Lastly,

strategies to mitigate the consequences of LAN on behavior and physiology will be considered.

Introduction—circadian rhythms

Prior to the past century, life on this planet evolved

under bright, sunlit days and dark, and moon- and

starlit nights. Early during the evolution of life on

earth, the daily rhythm of our rotating planet was

internalized in the form of self-sustaining temporal

rhythms that approximate the solar day (Reppert

and Weaver 2002). The approximately 24-h circadian

rhythms are set to precisely 24 h by exposure to

bright light at the beginning and throughout the

day. In plants, for example, such clocks likely

evolved to forecast light and dark to optimize pho-

tosynthesis or counteract harmful redox reactions on

a daily basis (Guadagno et al. 2018). As organisms

became more complex, metabolism and nearly all

other physiological and behavioral processes were

regulated by circadian clocks. Thus, physiological

processes such as gene expression (Eckel-Mahan

et al. 2012), cellular division (Farshadi et al. 2020),

endocrine (Gamble et al. 2014), metabolic (Reinke

and Asher 2019), and immune function (Logan

and Sarkar 2012), as well as behavioral processes

such as sleep and locomotor activities (Antle and

Silver 2016), foraging (Challet 2019), and reproduc-

tion (Boden and Kennaway 2006) are all coordinated

by internal clocks entrained to the solar day.

Although other entraining agents (or zeitgebers)

have been documented, bright day and dark night

cycles appear to be the most potent environmental

factor that synchronizes internal clocks with the ex-

ternal world.

At the molecular level, circadian rhythms arise

from the cyclical transcription and translation system

of a set of core clock genes, which in vertebrates

includes Clock, Bmal1, Per, and Cry, among others.

In essence, heterodimers of these clock genes act as

transcriptional activators and repressors of one an-

other to form an autoregulatory transcriptional–

translational feedback loop. These genes are

expressed in nearly every tissue, and they drive
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circadian rhythms by activating and repressing the

transcription of other genes within the genome.

The intricate details of clock genes and their feed-

back loop have been detailed elsewhere (Partch et al.

2014). Importantly, a complete cycle of this loop

takes approximately 24-h to occur, and the timing,

or phase, of the loop is coordinated by environmen-

tal zeitgebers.

Light entrains circadian rhythms

In mammals, internal circadian rhythms are synchro-

nized via the orchestration of core clock gene loops

within the suprachiasmatic nuclei (SCN) of the an-

terior hypothalamus (Evans and Silver 2015). The

SCN maintains internal synchrony with the external

world by receiving and interpreting photic signaling

from the retina. Photosensitive cells in the retina,

including rods, cones, and the signal relaying

melanopsin-containing intrinsically photosensitive

retinal ganglion cells (ipRGCs) transduce photic in-

formation for signaling to the SCN along the retino-

hypothalamic tract (Lucas et al. 2012). ipRGCs

exhibit peak sensitivity to short-wavelength (blue)

light, which has potent effects on the rhythmicity

of the circadian system. A diverse population of neu-

rons and astrocytes in the SCN comprise circuits that

interpret retinal photic signaling information and

provide direct and indirect rhythmic signaling cues

to the rest of the body (Silver et al. 2018).

Light exposure can discretely and continuously

modulate the activity of neurons, glial cells, and mo-

lecular pathways within the SCN. As with all

rhythms, cellular and molecular activity within the

SCN fluctuates across a period of about 24-h, even

in the absence of external synchronizing cues. It is

the connection with the retina that allows light to

synchronize SCN activity with the solar day. As mea-

sured by calcium imaging or c-fos expression, neu-

ronal activity in the SCN is modulated and inducible

by light exposure throughout the day (Kornhauser

et al. 1990; Jones et al. 2018). For example, VIP-

containing neurons in the SCN exhibit greatest spon-

taneous activity during the light phase and are

acutely sensitive to light pulses in the hours before

and after the onset of the dark phase in mice (Jones

et al. 2018). Astrocytic microdomains in the dorsal

SCN exhibit circadian rhythms in calcium spikes

(Brancaccio et al. 2017), and astrocytic clock gene

rhythms in the SCN are entrained by photic signal-

ing, even when clock gene transcriptional/transla-

tional loops are exclusively eliminated in neurons

(Brancaccio et al. 2019). Given that astrocytes alone

are capable of producing circadian rhythms in the

SCN, current evidence strongly suggest that astro-

cytic activity is modulated by light in a manner sim-

ilarly to SCN neurons (Brancaccio et al. 2019).

Finally, clock gene expression in SCN neurons can

be modulated by light. Aberrant exposure to light

during various portions of the dark phase can induce

expression of Per1 and Per2, as well as Clock

(Albrecht et al. 1997; Shigeyoshi et al. 1997; Abe

et al. 1999; Miyake et al. 2000).

Taken together, the fundamental synchronization

properties of the mammalian SCN demonstrate the

vital importance of appropriately timed light to the

circadian system. Proper rhythmicity of SCN func-

tion, internal molecular and physiological rhythms,

as well as behavioral rhythms all depend on consis-

tent external light–dark cycles.

Artificial light at night

After the commercialization of artificial electric light-

ing at the turn of 20th century, the integrity of light–

dark cycles has rapidly diminished to the point

where the majority (>80%) of humans do not expe-

rience naturally dark nights (Falchi et al. 2016). In

2016, artificial light at night (LAN) covered over

23% of the earth’s landmass between 75�N and

60�S (Falchi et al. 2016). The disappearance of

dark nights will likely continue to expand in the

foreseeable future, as LAN coverage is growing at a

rate of about 2% per year due to continued global

population growth, urbanization, and industrializa-

tion (Kyba et al. 2017). Illuminating the night with

electrical lighting has facilitated anthropic industrial

and societal development, but the environmental and

ecological cost of artificial lighting has been

dramatic.

Although LAN may appear to be an innocuous

facet of modern life, nighttime light above natural

levels can have negative consequences for the health

of exposed organisms (Gaston et al. 2017). As sug-

gested above, LAN exposure can alter the timing and

integrity of the transcription–translation feedback

loop and cellular activity within the SCN.

Rhythmic and synchronous activity of the SCN is

important for the coordination of numerous behav-

ioral and physiological processes throughout the

body. When the timing of SCN or peripheral

rhythms is altered or disrupted by improperly timed

synchronizing cues—such as LAN—circadian

rhythms can become disrupted and internally

desynchronized (Vetter 2020).
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LAN alters clock gene loops

Numerous laboratory experiments have demon-

strated that low levels of LAN (<10 lux) can disrupt

clock gene expression. It is worth re-stating that un-

natural exposure to light during various portions of

the dark phase can induce expression of Per1 and

Per2, as well as Clock, thereby disrupting typical bi-

ological clock function (Albrecht et al. 1997;

Shigeyoshi et al. 1997; Abe et al. 1999; Miyake

et al. 2000). LAN directly alters PER1 and PER2

rhythms in the SCN (Shuboni and Yan 2010;

Bedrosian et al. 2013b; Fonken et al. 2013b), Clock

and Cry1 rhythms in the hippocampus (Walker et al.

2020), and Rev-erba rhythms in white adipose tissue

(Fonken et al. 2013b) of laboratory rodents. LAN

reduces the diurnal mean (MESOR) and peak am-

plitude of Per2 expression in the liver of zebra

finches (Taeniopygia guttata) (Batra et al. 2019)

and alters Period expression in Drosophila heads

(Honnen and Hölker 2019). Disruption of central

and peripheral clock gene loops leads to internally

desynchronized, blunted, or abolished circadian

rhythms that are generated by the expression of

core clock genes (Logan and Sarkar 2012; Gamble

et al. 2014).

LAN alters immune function

LAN modulates the immune system of organisms in

the laboratory and in the field, yet the effects are

inconsistent. In some instances, LAN exposure exag-

gerates immune function and responsiveness to im-

mune challenges. Several studies have demonstrated

that LAN exposure exaggerates delayed-type hyper-

sensitivity (Fonken et al. 2012; Bedrosian et al.

2013a) and increases antibody production in re-

sponse to novel antigens (Fonken et al. 2012; Ciss�e
et al. 2017b). Further, LAN can increase the bacteri-

cidal capacity of blood in both mice (Mus musculus)

and quails (Excalfactoria chinensis) (Fonken et al.

2012; Saini et al. 2019) and can heighten innate im-

mune response to lipopolysaccharide injections

(Fonken et al. 2013c). Peripheral and central inflam-

mation are also commonly observed following short

and prolonged periods of LAN exposure (Walker

et al. 2020; Bedrosian et al. 2013c; Becker et al.

2020).

Other research has demonstrated contrasting

effects, in which LAN reduces immune function.

For example, LAN can reduce adaptive and innate

immune responses of rodents (Bedrosian et al. 2011;

Aubrecht et al. 2014). These effects can even be

transgenerational; maternal LAN exposure reduces

adaptive immunity of male hamster offspring

(Ciss�e et al. 2017b). Crickets exposed to LAN exhibit

reduced hemocyte concentrations but unchanged he-

molymph lytic or phenoloxidase activity (Durrant

et al. 2020). Juncos (Junco hyemalis) exposed to

LAN across a full simulated annual photoperiod cy-

cle display increased parasitemia with concurrent

compensatory increased leukocyte counts, suggesting

overall impaired immune function (Becker et al.

2020).

LAN can have inconsistent modulatory effects on

organisms even within single studies. LAN disrupts

rhythmic expression of Il-6, Il-1b, or Il-10 profiles in

various central and peripheral tissues of zebra finches

without a clear pro- or anti-inflammatory effect

(Mishra et al. 2019). Similarly, male Wistar rats ex-

posed to 2-weeks of LAN exhibited reduced circulat-

ing monocytes and heightened circulating T cells

across the day. After 5-weeks of LAN exposure in

the same animals, time of day � LAN interactions

lead to various increases and decreases of circulating

leukocytes (Okuliarova et al. 2021). Together these

contrasting data suggest that LAN exposure dysregu-

lates the function of the immune system with con-

text specific effects. The consequences of this

modulation on survival and fitness in the field re-

main unspecified.

LAN alters endocrine function

LAN is a common and potent environmental endo-

crine disruptor (Russart and Nelson 2018) and re-

cent research has continued to support this assertion.

In the laboratory, LAN can both elevate and disrupt

the rhythmic secretion of plasma corticosterone in

zebra finches (Mishra et al. 2019); this is true for

varying wavelengths and spectrums of light, includ-

ing blue and green wavelengths and 5000 K spectrum

white light (Pilorz et al. 2016; Alaasam et al. 2018;

Mishra et al. 2019). Great tits (Parus major) nesting

near white LED lights also exhibit elevated serum

corticosterone (Ouyang et al. 2015). LAN exposure

for only seven nights is capable of elevating cortico-

sterone in great tit nestlings (Grunst et al. 2020).

Lastly, juvenile American toads (Anaxyrus ameri-

canus) exposed to LAN in the larval stage have

greater whole body corticosterone concentrations,

but this effect does not persist when LAN exposure

is limited to the juvenile stage (Cope et al. 2020).

Given the sensitivity of the pineal gland to light,

melatonin secretion is also disrupted by LAN. Diel

melatonin rhythms in zebra finches are abolished by

only 3 lux of blue LAN exposure (Mishra et al.

2019). Diel melatonin levels are also reduced in
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Eurasian tree sparrows exposed to LAN (Passer mon-

tanus) (Jiang et al. 2020).

One informative study demonstrated that 1-

h LAN pulses reduce mean and daily pineal allopreg-

nanolone synthesis and secretion in chicks (Gallus

gallus; LAN levels were not reported) (Haraguchi

et al. 2019). Reduced allopregnanolone secretion

resulting from LAN exposure led to a reduction of

pituitary adenylate cyclase-activating polypeptide

(PACAP) and increased neuronal death in the cere-

bellum. Restoration of allopregnanolone levels via

daily injections in the second week of life in chicks

exposed to LAN restored cerebellar PACAP levels

and Purkinje cell numbers (Haraguchi et al. 2019).

The reproductive hormone axis can be altered by

LAN. For example, LAN exposure reduced pituitary

expression of luteinizing hormone b (LH) and folli-

cle stimulating hormone b mRNA in perch (Perca

fluviatilis) and roach (Rutilus rutilus) living in field

enclosures (Brüning et al. 2018). Similarly, both

sexes of perch and roach exposed to LAN had sig-

nificantly reduced serum concentrations of 17b-es-

tradiol and 11-ketotestosterone (Brüning et al.

2018). Another study examined the effects of three

levels of LAN—85, 150, and 300 lux—on the hypo-

thalamus–pituitary–gonadal axis of female tree spar-

rows (P. montanus) (Zhang et al. 2019). LAN at

85 lux stimulated activation of the HPG axis by in-

creasing plasma estrogen and LH, whereas 150 and

300 lux blunted HPG activation and reduced plasma

estrogen and LH concentrations (Zhang et al. 2019).

In contrast, one report suggests that LAN has no

discernable effects on salivary testosterone concentra-

tions in toads (Bufo bufo) (Touzot et al. 2020).

Together, this research adds to an already extensive

field of literature demonstrating the hormonally dis-

ruptive effects of LAN.

LAN alters reproductive fitness

Recent reports suggest that LAN has generally negative

effects on reproductive fitness in animals with several

contradictory exceptions. Drosophila housed in 10 lux of

LAN take longer to copulate after the onset of court-

ship; however, other courtship behaviors were not al-

tered (McLay et al. 2018). LAN exposure further

reduces fecundity in Drosophila by lowering the proba-

bility of egg laying and decreasing the number of eggs

produced during oviposition (McLay et al. 2017).

Common toads (B. bufo) exposed to LAN displayed

increased latency to achieve successful amplexus and

reduced fertilization success in males (Touzot et al.

2020). In a field-experiment, LAN repelled and inhib-

ited successful mating behavior of a species of winter

moth (Operophtera brumata) (van Geffen et al. 2015).

Crickets (Teleogryllus commodus) exposed to LAN in a

mating chamber paradigm took slightly longer to initi-

ate movement toward mating calls, but LAN had no

other discernible effects on movement or attraction to-

ward the mating song (Thompson et al. 2019). Several

studies have demonstrated that LAN reduces flashing

frequency and mating success of fireflies (Photuris versi-

color and Photinus pyralis) (Costin and Boulton 2016;

Firebaugh and Haynes 2016).

In contrast, LAN can have beneficial effects on

reproductive fitness in some species. For example,

adult great tits exposed to low levels of LAN (0.5–

5 lux) have increased testes volume and seminiferous

tubule diameter (Dominoni et al. 2018).

Additionally, LAN elevated testicular transcriptional

activity indicative of heightened germ cell develop-

ment and Sertoli cell activity (Dominoni et al. 2018).

In a laboratory experiment, environmentally relevant

LAN levels (determined empirically; 23–44 lux) also

improved reproductive fitness in brown anole lizards

(Anolis sagrei) (Thawley and Kolbe 2020). LAN in-

creased the mean growth of these lizards, advanced

egg laying time, increased eggs laid by smaller

females, and increased egg laying frequency of

smaller females without impacting the health of

hatchlings (Thawley and Kolbe 2020). LAN can

also have indirect fitness consequences. Exposure to

as little as 1 lux of LAN delays the time to maturity

in crickets (T. commodus) but increases femur and

body size (Durrant et al. 2018).

LAN alters foraging behavior and food webs

LAN alters animal foraging behavior and food webs;

this may lead to both beneficial and detrimental

consequences for affected species. In laboratory set-

tings, LAN shifts the timing of food intake such that

animals eat more in their inactive phases, commonly

resulting in increased gains of body mass (Fonken

et al. 2010; Borniger et al. 2014; Aubrecht et al. 2015;

Ciss�e et al. 2017a; Batra et al. 2019). LAN can also

both suppress and improve foraging activity in lab-

oratory settings. For example, LAN suppressed noc-

turnal sugar-water feeding behavior in three moth

species housed in small plastic containers (van

Langevelde et al. 2017). Contrastingly, perch (P. flu-

viatilis) exposed to 2 lx of LAN displayed increased

foraging efficiency, foraging activity, and predatory

attacks on invertebrate prey regardless of habitat

complexity (Czarnecka et al. 2019).

In the natural environment, LAN can be both ben-

eficial and disruptive to foraging behavior. Similar to

the laboratory, LAN exposure can shift foraging activity
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into the inactive phase of pigeons (Columba livia f.

domestica) (Leveau 2020) and great tits (Silva et al.

2017). This effect appears to be species dependent, as

LAN did not shift foraging timing in 5/6 examined

songbird species in the latter study (Silva et al. 2017).

Stephens’ kangaroo rats (Dipodomys stephensi) exposed

to LAN had reduced foraging activity (Shier et al.

2020). Jerboas (Allactaga sibirica) foraging in LAN cov-

ered patches are able to locate food more quickly, but

the animals eat less, abandon searches more frequently,

and display increased vigilance (Zhang et al. 2020).

Together these results suggest an overall detrimental

effect of LAN on foraging efficiency. LAN can con-

versely improve foraging behavior in some species.

Orb-web spiders (Eriophora biapicata) are attracted to

building nests near LED sources, and in the field this

behavior results in greater prey captures (Willmott et al.

2019). But LAN also reduced web relocations in these

spiders, which may be detrimental depending on prey

abundance (Willmott et al. 2019). LAN alters the for-

aging behavior of bats, leading to increased and de-

creased moth or beetle consumption, depending on

prey preference (Cravens et al. 2018). Redshanks

(Tringa totanus) that live in areas covered by LAN ex-

hibit increased foraging behavior and a preference to-

ward sight-, rather than tactile-based, scavenging

(Dwyer et al. 2013).

Food web composition and abundance can be di-

rectly affected by LAN exposure by altered selective

pressure. A 2-year long field study demonstrated that

streetlamps increase emergence of aquatic insects and

altered ground dwelling arthropod populations

(Manfrin et al. 2017). Introduction of artificial

high-pressure sodium street lighting increased the

abundance of invertebrates and increased the num-

ber of observed predators and scavengers (Davies

et al. 2012). LAN reduced observed abundance of

tree and cave weta (Hemideina thoracica and

Rhaphidophoridae, respectively) in Waikato, New

Zealand caves (Farnworth et al. 2018). Further,

LAN either directly or indirectly can alter the bio-

mass and ground coverage of grass vegetation across

the year (Bennie et al. 2018). In all, LAN should be

considered as an environmental disruptor that di-

rectly alters foraging behavior and food webs.

LAN alters metabolic function

LAN consistently impairs metabolic function

(Fonken and Nelson 2014; Nelson and Chbeir

2018). As discussed in the foraging section, LAN

exposure modulates the timing of feeding of animals

in laboratory and natural environments, often lead-

ing to increased body masses. Naturally, altered

timing of food-intake and disrupted metabolism

are related. For example, LAN exposure in rodents

is associated with altered energy expenditure in the

hours before and after the onset of the dark phase

and an increased preference for carbohydrate over

lipid metabolism (Borniger et al. 2014). Further, ze-

bra finches exposed to LAN exhibited altered noc-

turnal glucose levels and disrupted metabolic gene

expression in the liver (Batra et al. 2019).

However, the metabolic consequences of LAN are

not dependent on changes in body mass. For exam-

ple, 2-h pulses of white and green light in ZT14-16

of the dark phase result in elevated blood glucose

following glucose tolerance tests compared with red

LAN controls (Opperhuizen et al. 2017). Two weeks

of LAN exposure increased triacyl glyceride levels in

the liver, increased nocturnal plasma insulin, reduced

plasma leptin, and disrupted lipid metabolism gene

expression in the liver without altering body mass

(Okuliarova et al. 2020). Lastly, toads (B. bufo) ex-

posed to 20 lux of LAN increased standard metabolic

rates, decreased activity energy expenditure, and in-

creased standard energy expenditure (Touzot et al.

2019).

Metabolic hormones are also affected by LAN. For

example, LAN can alter insulin secretion in rodents

(Fonken et al. 2013a). Triiodothyronine (T3) levels

are reduced in Eurasian perch (P. fluviatilis) with a

concurrent increase in body mass following LAN ex-

posure (Kupprat et al. 2020). In another laboratory

setting, LAN also reduced plasma leptin and noctur-

nal insulin levels (Okuliarova et al. 2020).

When considering human health, the effects of

LAN on metabolism are unfavorable (Fleury et al.

2020). However, when considering how LAN may

affect metabolic function in the natural environ-

ment—particularly its effects on increased body

mass with similar caloric intakes—the consequences

may not be obviously adaptive or nonadaptive.

Increased body mass gains may be seen as favorable

in some environmental settings, but the associated

dysregulated metabolic consequences may override

the favorable mass increase.

LAN alters migratory behavior and movement

LAN can disrupt migratory patterns. LAN disrupts

the movement and stopover patterns of nocturnal

migrating birds (McLaren et al. 2018). Regional

stopover density increases near LAN sources, but

stopover density decreases in close proximity to light

sources (McLaren et al. 2018; Cabrera-Cruz et al.

2020). In other words, these studies suggest that noc-

turnal migratory birds are drawn toward light
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sources, but spend extra time finding appropriate

landing areas with suitable low light levels. Purple

martin (Progne subis) migratory birds exposed to at

least 10 nights of LAN in their overwintering sites in

South America end up departing 8 days earlier on

average to their summer habitats (Smith et al.

2021). Lastly, migratory eels (Anguilla anguilla) in

simulated downstream flow environments were less

likely to enter illuminated channels and swam more

rapidly in illuminated routes (Vowles and Kemp

2021).

Locomotor activity rhythms can be both sup-

pressed and stimulated by LAN exposure. Activity

onset is commonly altered by LAN. Bats

(Rhinolophus hipposideros) exposed to street lighting

exhibit delayed activity onset (Stone et al. 2009).

LAN of various wavelengths phase advances activity

patterns in great tits by up to 2 h by a masking effect

(Spoelstra et al. 2018; Ulgezen et al. 2019). Diel ac-

tivity is also altered by LAN in some species. Both

overall and nocturnal activity of great tits is in-

creased by LAN exposure (Ulgezen et al. 2019;

Dominoni et al. 2020). Similarly, LAN exposure in-

creased guppy (Poecilia reticulata) emergence activity

from a starting box in a memory test (Kurvers et al.

2018). Conversely, LAN reduces diel activity in toads

(B. bufo) by a mean 73% across the day (Touzot

et al. 2019) and reduces nocturnal down-shore

movement and diel activity in a sandy beach isopod

(Tylos spinulosus) (Duarte et al. 2019).

Crosstalk between field and laboratory
studies

It is becoming increasingly apparent that the effects

of LAN on environmental health urgently need to be

addressed. How can circadian rhythm disruption re-

search inform LAN-reduction techniques to improve

ecological and laboratory animal health? Work cited

in this review and other previous research demon-

strate how LAN may unintentionally alter the results

of laboratory research (Dauchy et al. 1997; Dauchy

et al. 2010, 2011). Accordingly, it should be com-

monplace for researchers to eliminate all blatant

sources of LAN in vivarium rooms (Emmer et al.

2018). Any unnatural LAN in the environment is

disruptive, but the current rate of societal industri-

alization dictates its implementation. As such,

researchers should use field studies to inform policy

on maximally acceptable levels of LAN that result in

the least amount of environmental disruption possi-

ble. For example, efforts should be made to reduce

skyward glow, contain ground light dispersion, and

eliminate unnecessary LAN sources in the

environment. Lastly, another avenue to mitigate en-

vironmental LAN disruption is the modification of

LAN source spectrums. We will discuss the possibil-

ities of this modification below.

Wavelength matters?

Light has wavelength dependent effects on the circa-

dian system; as such, reduction of specific LAN

wavelengths may improve environmental health. In

humans, rodents, and other organisms, blue LAN is

thought to have the most potent effects on the cir-

cadian system (Fleury et al. 2020). For example,

nighttime light pulses of white LEDs with blue wave-

length peaks, but not ‘blue-cut’ LEDs, can alter clock

gene expression in the SCN of laboratory rodents

(Nagai et al. 2019), and blue and white, but not

red, LAN can consistently alter rodent behavior

(Bedrosian et al. 2013d). Because of this, numerous

organizations and experts have called for the reduc-

tion of blue LAN sources as a palliative remedy for

LAN-mediated ecological disruption.

Yet, the efficacy of limiting blue LAN exposure

has been challenged by research demonstrating that

red and other wavelengths of light are also capable of

disrupting the circadian system, especially at elevated

intensities (Dauchy et al. 2015; Fleury et al. 2020).

One-hour nighttime pulses of violet, blue, and green

light can increase plasma cortisol and alter Per1 ex-

pression, but in this context blue light had the great-

est discernable effect and was the only wavelength to

alter Per2 expression (Pilorz et al. 2016). White, blue,

and green LAN exposure can also elevate c-fos ex-

pression in the SCN, but white light was observed to

have the greatest effect (Mas�ıs-Vargas et al. 2020). In

the field, one group reported limited negative con-

sequences of retrofitting high-pressure sodium lamps

with LED lights in an urban setting (McNaughton

et al. 2021). Avian populations were not affected by

these LEDs, but LED-lit areas exhibited increased

richness of overall and introduced species

(McNaughton et al. 2021). Another study demon-

strated similarly limited consequences of cool versus

warm LED lights on insect and bat populations

(Bolliger et al. 2020). However, given that the history

of selective pressure induced by historical LAN ex-

posure in the examined area may have already al-

tered animal populations, the authors and others still

advocate for blue LAN reduction efforts (Hopkins

et al. 2018; Bolliger et al. 2020). Of note, the con-

tradictory effects of these discussed studies may be

not only due to wavelength effects, but they may

reflect differences in the intensity or duration of

LAN alters physiology and behavior 1165



LAN exposure, as both play a role in typical circa-

dian rhythm synchronicity (Comas et al. 2006).

Aside from eliminating LAN in the environment

and the laboratory (which seems impossible for the

former), limiting wavelength spectrums appears to

be the best option for reducing collateral damage

to animal fitness and health. However, additional

field and laboratory studies are needed to explore

the true efficacy of modifying LAN source wave-

lengths, that is, eliminating blue/green LAN.

Conclusion

LAN is a pervasive and ever-growing facet of

modern-day urban, suburban, and indoor life. The

majority of humans are exposed to LAN, and a

growing percentage of animal populations in the

wild are becoming exposed as well. LAN acts as an

environmental disruptor with generally negative

(with few positive exceptions) consequences on the

brain, physiology, and behavior, including disrup-

tions of clock gene rhythms, neuronal activity, im-

mune function, hormone function, reproductive

behavior, metabolic function, foraging activity, and

migratory behavior. Although total elimination of

LAN is an impossible task, field and laboratory re-

search can continue to elucidate the consequences

and characteristics of LAN. These efforts could in

turn improve our ability conduct ecologically rele-

vant laboratory experiments with reduced variability

and improve our ability to implement environmental

LAN sources that have the least amount of ecological

impact.
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