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Abstract: Artificial light at night (ALAN) is increasing exponentially worldwide, accelerated by
the transition to new efficient lighting technologies. However, ALAN and resulting light pollution
can cause unintended physiological consequences. In vertebrates, production of melatonin—the
“hormone of darkness” and a key player in circadian regulation—can be suppressed by ALAN. In this
paper, we provide an overview of research on melatonin and ALAN in vertebrates. We discuss
how ALAN disrupts natural photic environments, its effect on melatonin and circadian rhythms,
and different photoreceptor systems across vertebrate taxa. We then present the results of a systematic
review in which we identified studies on melatonin under typical light-polluted conditions in fishes,
amphibians, reptiles, birds, and mammals, including humans. Melatonin is suppressed by extremely
low light intensities in many vertebrates, ranging from 0.01-0.03 Ix for fishes and rodents to 6 Ix for
sensitive humans. Even lower, wavelength-dependent intensities are implied by some studies and
require rigorous testing in ecological contexts. In many studies, melatonin suppression occurs at
the minimum light levels tested, and, in better-studied groups, melatonin suppression is reported
to occur at lower light levels. We identify major research gaps and conclude that, for most groups,
crucial information is lacking. No studies were identified for amphibians and reptiles and long-term
impacts of low-level ALAN exposure are unknown. Given the high sensitivity of vertebrate melatonin
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production to ALAN and the paucity of available information, it is crucial to research impacts of
ALAN further in order to inform effective mitigation strategies for human health and the wellbeing
and fitness of vertebrates in natural ecosystems.

Keywords: ALAN; artificial light at night; biological rhythm; circadian rhythm; melatonin

1. Introduction

Melatonin is an ancient molecule that appears to be ubiquitous in organisms, and the presence
of artificial light at night (ALAN) could be affecting melatonin production across a wide range of
organisms [1]. Melatonin was first detected in the pineal gland of mammals and was since found
in bacteria, unicellular eukaryotes, macroalgae, fungi, plants, and animals [2-5]. During evolution,
it adopted multiple biological functions: antioxidant protection (which appears to be an ancient role,
starting from unicellular organisms), environmental tolerance in fungi and plants, immunomodulation
and chemical expression of darkness in vertebrates, and regulation of seasonal reproduction in
photoperiodic mammals [5,6]. It is, therefore, considered a “jack of all trades” that acts, among
others, as a key component of circadian systems and a main signal for the temporal organization
of organs, tissues, and cells in vertebrates. During recent decades, chronobiology developed as an
interdisciplinary field of research, advancing our understanding of melatonin involvement as a daily
and annual time-keeping hormone in the temporal organization of the vertebrate physiological and
behavioral functions, specifically in relation to daily and seasonal environmental changes [7].

Circadian systems exist in almost all living beings, allowing them to anticipate daily changes
in the environment and adapt physiological and behavioral processes to exploit changed conditions
optimally as soon as change takes place. In order to provide selective advantage, circadian systems
need to be entrained, i.e., synchronized with the environment via reliable time cues or “zeitgeber” [8].
As cycles of light and darkness are one of the most predictable cues in the environment, light is the
dominant environmental synchronizer in most organisms, including vertebrates. Most organisms
evolved to use changes in light conditions at twilight as zeitgeber in the process of photo-entrainment,
as systematic changes in irradiance, spectral composition, and direction of light during dawn and dusk
provide a reliable indicator of the time of day [9].

Circadian systems detect light and transform it into a timed signal that synchronizes many
biochemical, physiological, and behavioral processes with the environment [10]. Such a system is
generally composed of (1) a pacemaker, circadian clock, or circadian oscillator that endogenously
generates rhythms with a period close to 24 hours, (2) an entrainment pathway that entrains the clock
daily by detecting 24-h light/dark cycles via photoreceptors, and (3) an output signal that is rhythmically
produced and serves as a signal of environmental time to the rest of the organism. In vertebrates,
a major output of circadian clocks is melatonin, which is produced during the dark period of the
light/dark cycle and acts as a signal for “darkness” to regulate circadian rhythms and photoperiodic
responses [5,11]. In vertebrates, melatonin is produced in the retina and pineal organs, which both play
central roles in circadian regulation and seem to be ancient melatonin sources [12]. Retinal melatonin
is released and acts locally as a neuromodulator of retinal function, which controls retinomotor
movements, modulation of neurotransmitter release, and sensitivity to light [13]. In contrast, pineal
melatonin is released in the cerebrospinal fluid and blood, thereby facilitating time-keeping in the rest
of the organism. Pineal melatonin not only controls circadian activities, but also regulates seasonal
reproduction, sleep rhythms, rhythmicity of locomotor activity, and immune responsiveness [13].

The presence of ALAN introduces light of an intensity and spectral composition that does not
correspond to natural nocturnal light and, therefore, profoundly alters the natural light environment [14].
On an evolutionary scale, the resulting light pollution presents a novel stressor, and it is unclear how
organisms that evolved in stable cycles of light and darkness are affected by such changes. ALAN is
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hypothesized to alter biological (circadian) rhythms with a variety of physiological effects, through
interference with nocturnal melatonin production. In many animals (including humans), nocturnal
melatonin production is sensitive to light [7], even at low levels of light [1], thereby disrupting the
circadian rhythm. This disruption can be either in the form of reductions in melatonin levels or in
shifts in rhythms [15]. As the melatonin pathway has peak sensitivity in the blue region [16], exposure
to ALAN rich in blue wavelength has a higher potential of melatonin suppression. The increasing use
of energy-efficient lighting technology rich in short-wavelength light [17], therefore, poses significant
ecological concerns for wildlife and health challenges for humans. In addition to intensity and
spectral composition, the timing and duration of light exposure also has an effect on suppressing
melatonin [18,19]. Sensitivity to ALAN can differ between taxa depending on the thresholds for
circadian entrainment, but an overview of the sensitivity of different organisms to disruption of
melatonin cycles by ALAN is currently lacking.

This paper aims to summarize the existing literature about effects of ALAN on melatonin
production across historical vertebrate classes, i.e., fishes, amphibians, reptiles, birds, and mammals
(including humans). Firstly, we discuss how diel changes in photic environments in terrestrial and
aquatic habitats are perceived by the photoreceptor systems in vertebrates, and how these changes can
be masked by ALAN. Next, we summarize how circadian organization varies across vertebrate classes
and how light information acts on the melatonin rhythm in different vertebrates. Lastly, we summarize
available knowledge and assess whether differences in melatonin suppression under ALAN exist
between different vertebrate classes, and whether these differences connect to evolutionary history
of the different groups. In addition, we identify research gaps and give recommendations for future
experiments assessing the effects of ALAN on melatonin suppression in vertebrates.

2. Natural Light and Light Pollution

2.1. Illuminance and Spectral Composition of Natural Light

Light in nature mainly originates from extra-terrestrial sources, such as the sun, moon, and stars,
or emission from the upper atmosphere like airglow or aurora [20]. The illuminance on Earth’s surface
(see Appendix A for discussion on photometry and radiometry) from natural light covers a large
dynamic range of about nine orders of magnitude. During a clear day, the illuminance reaches a
maximum of about 120,000 1x and decreases to about 800 1x at sunset [21].The sunset is the start of civil
twilight (when the sun is 0-6° below the horizon), which has a minimum of 3.4 Ix. Nautical twilight
(sun 6-12° below horizon) has a minimum of 0.008 Ix just before the start of astronomical twilight
(sun 12-18° below horizon). At night, the maximum illuminance reaches about 0.3 Ix on a full-moon
night [22], which decreases to about 0.001 Ix on a moonless clear night [23] and even further for cloudy
conditions [24].

In addition to these changes in net illuminance, the spectrum of the light incident at the Earth’s
surface varies dramatically and depends on several factors such as sun or moon elevation angle,
atmospheric properties (aerosols, humidity, ice crystals), cloud cover, etc., during both day and night.
The changes in spectral composition throughout day and night were recently measured at two sites [25],
one without and one with ALAN (Figure 1), thus depicting the spectral irradiance (see Appendix A)
for different solar elevation angles at a rural site (Figure 1a) and in a city (Figure 1b). During twilight,
a strong blue peak arose just after sunset and remained pronounced for the non-light-polluted rural site
throughout civil and nautical twilight, subsequently fading during astronomical twilight and vanishing
during night. This was partially due to the Chappuis effect [26]; as the sun’s rays pass through a thicker
layer of the atmosphere when the sun is lower in the sky, the absorption of green-yellow light by ozone
(500-650 nm) results in a relative enrichment of shorter-wavelength light (around 480 nm) at twilight.
Importantly, in the data obtained in the city, the blue peak was only apparent during civil twilight.
It vanished during nautical twilight, and a secondary peak from ALAN arose (in this case, probably
caused by sodium vapor lamps with emission at a wavelength around 580 nm).



Sustainability 2019, 11, 6400 4 of 51

Night Astronomical twilight Nautical twilight Civil twilight Day
6,<-18° -18° < 6,<-12° -12° < 6,<-6° -6°s6,<-0° 6,20°
18 12 ‘.2
= .
a ]’g- ’/ .
B 4
g E
g8 3 3 3
5 82, 2
5§ £3 2 2 p
T TR
== 1 1 1
i LTI ga"
w 80 0 0
=
= 400 600 600 800 400 600 800 400 600 800
g Ey I*/NA L 4
§%2 . "
T
2 Be
S E=g2 2
1
8E 1 !
g ﬁ*‘%
1] zO 0 0 I
400 600 800 400 600 800 400 600 800 400 600 800 400 600 800
Wavelength [nm] Wavelength [nm] Wavelength [nm] Wavelength [nm] Wavelength [nm]

Figure 1. Relative and absolute downwelling spectral irradiance at night (left), during the three twilight
phases, and during the day (right) obtained (a) in a rural location (red dot indicates 558 nm), and (b)
in the city (red dot indicates 819 nm; red line 570-615 nm). Values in main graphs were normalized
to a value of 1 at 555 nm (gray dots), and insets show absolute spectral irradiance. (Adapted from
Reference [25] CC BY license (Creative Commons Attribution 4.0 International License))

In aquatic systems, water is an additional “optical filter” that alters the wavelength (color),
direction, and polarization of the incident light [26]. While terrestrial organisms are exposed to sunlight
with a maximum in the blue/green part of the spectrum, marine organisms are exposed to blue-shifted
light, especially in deep water. In ocean waters, blue and green wavelengths penetrate deeper.
Downwelling light in deep ocean waters is essentially monochromatic, composed of wavelengths
around 480 nm, which are detectable down to about 1000 m in clear water. In coastal waters and
in freshwater systems, the spectral composition is further altered by additional optically active
constituents that absorb or scatter light. For example, colored dissolved organic matter mainly absorbs
short-wavelength light, which leads to a domination of longer wavelengths in coastal waters and in
freshwater systems; this results in brown, yellow, or even reddish water color [27]. In the case of high
phytoplankton concentration, water color is dominated by green wavelengths [26] (see Appendix A
for more information).

2.2. Light Pollution

Humans extended their activity and productivity into the night thanks to ALAN; however, ALAN
results in light pollution—unnaturally high nocturnal light levels and a disruption of natural light/dark
cycles (see Figure 1). First recognized by astronomers [27], ALAN has significant ecological implications
for flora, fauna [28], and human health [29], and the ecological consequences [30] encompass a wide
range of species, communities, and ecosystem effects in both terrestrial and aquatic habitats and,
thus, light pollution is recognized as a potential threat to biodiversity [31]. Recent studies discovered
that effects of ALAN are even recognizable during the day, for example, in microorganisms [32],
pollinators [33], and fish behavior [34]. ALAN is increasing exponentially worldwide, in terms of
lit area and brightness, at rates >2% per annum on average [17,35], with peaks at rates >40% in the
developing world.

Light pollution is commonly categorized into direct and indirect. Direct light pollution originates
from light emission that is directly incident on a land or water surface. In urban areas, such direct
ALAN can reach light levels up to 150 Ix [36], which is 1000-fold brighter than a clear full-moon
night [23] and of markedly different spectral signature than natural light. Indirect light pollution
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originates from light that is scattered within the atmosphere and occurs as skyglow [37], which is
visible over large distances; therefore, 80% of the world population and >99% of populations in the
United States of America (USA) and Europe live under light-polluted skies [38]. Skyglow changes with
atmospheric and weather conditions [39], potentially resulting in night-sky brightness (luminance)
levels hundreds of times brighter than natural, and surface illuminance levels brighter than a full
moon [24]. Skyglow can also mask the blue peak present during twilight (Figure 1), which plays an
important role in the circadian entrainment. The spectral composition of skyglow depends on the
type of lamps dominating ALAN (see Appendix A) [25]. For artificial light sources, correlated color
temperature (CCT) is a measure of spectral distribution of light, with higher CCTs usually meaning a
higher content of short-wavelength light. CCT may have a considerable influence on the melatonin
suppression, which is particularly sensitive to short wavelengths.

3. Photoreception and Circadian Systems in Vertebrates

3.1. Diversity of Photoreceptive Organs and Different Photoentrainment Pathways

The relevant photoreceptors for the vertebrate circadian system include retinal and extraretinal
photoreceptors (pineal, deep brain, iris, dermal, and tissue) (Table 1). In mammals, multiple
photoreceptors are concentrated in the retina, whereas non-mammalian vertebrates additionally
possess a range of anatomically diverse extraretinal photoreceptors that mediate various physiological
and behavioral processes, including circadian and seasonal rhythms [40]. Extraretinal photoreceptors
likely represent the most basal form of light reception. Different photoreceptor classes, such as
pineal (found in almost all vertebrates) and deep-brain photoreceptors (found in all non-mammal
vertebrates) may have specialized roles in circadian entrainment and photoperiodic responses [41,42],
whereas dermal photoreceptors of fishes and amphibians mediate color changes and locomotor
activity [43]. The parapineal organ of ectotherms is specialized for perception of ultraviolet (UV)
and/or polarized light; this organ is intracranial in fishes and extracranial, termed “frontal organ” in
frogs (Anura) and “parietal eyes” in some lizards (Squamata) or “third eye” in tuatara (Sphenodon
punctatus, Rhynchocephalia) [42]. The retina of the lateral eyes is the most familiar photoreceptive
site in vertebrates, and its general organization is conserved across vertebrate classes. In addition
to image-forming rods and cones, a subset of intrinsically photosensitive retinal ganglion cells
(ipRGCs), which contain melanopsin, mediates a range of non-image-forming functions, including
photoentrainment [18]. Rods, cones, and ipRGCs all seem to participate in circadian photoreception.
In addition, the retina in bony fishes (teleosts) contains photosensitive horizontal cells that may signal
environmental irradiance and modify outputs from rods and cones [43].

Table 1. Distribution of circadian photoreceptors across vertebrate classes. Modified from Reference [40].

Parapineal Organ Pineal Organ Deep-Brain Photoreceptors ~ Retina (Including Melanopsin)
Fishes + + + +
Amphibians + + + +
Reptiles + + + +
Birds - + + +
Mammals - - - +

The structure of the pineal organ and photoentrainment pathways dramatically changed from
early vertebrates/ectotherms to mammals [10,44]. Structural changes in the pineal organ are notable at
the anatomical, cytological, and molecular levels and result in a replacement of direct photosensitivity
in non-mammal vertebrates with an indirect one in mammals [44]. Despite these dramatic changes,
the vertebrate pineal is characterized by the presence of daily rhythms in enzyme activities and
biochemical concentrations, including melatonin. The nocturnal pattern of melatonin production is
maintained in all investigated vertebrates.
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Ectotherms possess multi-oscillator circadian systems with direct photoperiodic control, i.e.,
photoreceptor cells located in the retina, pineal, and possibly those in brain contain all components of
the circadian systems and are interconnected and synchronized by melatonin. In mammals, however,
the components of the circadian system are physically separated and located in specialized tissues;
photoreceptive units are in the eyes, the pacemaker is in the suprachiasmatic nucleus (SCN) of the
hypothalamus, and the melatonin-producing units are in the pineal. Intermediate situations are
found in sauropsids [10]. In mammals, the entrainment pathway involves ipRGCs that form the
retinohypothalamic tract (RHT), which conveys light information to SCN and the pineal organ.

The pineal organ of ectotherms functions directly as an illuminance detector. It is located below
the skull, near the surface of the brain, in the area where bone is thinner and surrounding tissues are
less pigmented, thereby facilitating light entry [10]. In fishes (bony fishes and cyclostome species),
~10% of the incident light reaches the pineal. In amphibians, reptiles, and birds, such a structure is
either less pronounced or absent; however, a considerable amount of light is still able to penetrate the
overlying tissues, amounting to 0.1-0.3% of the incident light [45]. Far more incident light reaches
extracranial parapineal organs, e.g., 50% in amphibians and 20% in reptiles. Even in birds and
mammals, measurable quantities of incident light penetrate the skull into the hypothalamus [46,47];
for example, the light intensity of a full moon is sufficient to stimulate the deep-brain photoreceptor in
the house sparrow (Passer domesticus) [48]. In mammals, the pineal retains only a secretory function
serving as a primary source of melatonin [10], and it detects changes in light/dark cycles indirectly,
through nocturnal secretion of melatonin. Rhythmic synthesis of melatonin, in both the pineal organ
and the retina, relies mainly on rhythmic activity of the enzyme arylalkylamine N-acetyltransferase
(AANAT), which is responsive to light [49]. In all vertebrates, AANAT responds to the photoperiodic
information; in ectotherms, it also responds to temperature changes. In this regard, bony fishes are
special because they possess several AANAT genes, which display tissue-specific expression [50].

3.2. Evolutionary Aspects of Diverse Photoreceptive Organs

Circadian photoentrainment involves a variety of photoreceptive pigments, i.e., opsins, such as
cone opsins, rod opsins, and melanopsins, characterized by a wide range of absorption spectra [42].
Many photoreceptors involved in non-image-forming tasks appear to peak close to 480 nm, with a
spread ranging from 460 to 530 nm. Melanopsin seems to be a common feature of all vertebrates
(Table 1) that mediates non-visual retinal photoreception, which is dominated by blue light both in
aquatic and terrestrial vertebrates [51]. Photoreceptive pigments generally evolved to mediate specific
photoreceptive tasks in different photic environments [26]. Therefore, this blue-shifted photosensitivity
is postulated to be a conserved adapted feature of all vertebrates, which evolved as an adaptation to
the blue-rich photic environment in oceans and later facilitated the move of vertebrates into a terrestrial
environment, where blue wavelengths are dominant during twilight [51]. “Twilight detectors”, which
are spectrally tuned to the blue part of the spectrum, could allow increased photon capture and, hence,
an increase in signal-to-noise detection also in terrestrial environments.

Animals use changes in irradiance during twilight as a zeitgeber, but it was recently shown
that chromatic discrimination provides more reliable information for tracking time at twilight, and
that irradiance and chromatic discrimination interact to inform circadian clocks [52]. The pineal and
parapineal organs of fishes, amphibians, and reptiles are capable of a chromatic response, discriminating
blue—yellow color, presumably able to influence melatonin production directly based on chromatic
signals. The majority of mammalian species retained the short- and mid-/long-wavelength sensitivity
needed for blue—yellow discrimination in cone opsins, in order to detect changes in spectral composition
associated with twilight. In pineal and deep-brain photoreceptors, the light that reaches the receptors is
affected by the transmission of the overlying tissues, primarily by processes of scattering and absorption,
which shift the light spectrum toward the longer wavelengths. Short wavelengths (400-450 nm) are
scattered more than long wavelengths, resulting in the light of long wavelengths (700-750 nm)
penetrating ~1000-fold more effectively to reach intracranial photoreceptors [47]. Furthermore, light is
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modified by light-absorbing pigments, the most important being hemoglobin (transmission between
460 and 540 nm, peak around 490 nm) and melanin (430 nm), both of which absorb short wavelengths
to a greater degree than long wavelengths.

It is postulated that vertebrates evolved such a great variety in photoreceptive tissues in order
to provide a more precise estimate of environmental time by integrating signals from (largely
diurnal) photic environments over multiple photoreceptors, where each is tuned to different
wavelengths and operates over different integration times and environmental regions [41,43]. Circadian
photoreceptors are relatively insensitive to light, requiring high-intensity and long-duration stimuli for
photoentrainment in contrast to highly sensitive visual receptors that are able to adapt and integrate
short signals rapidly (see Reference [41] and references therein). Systematic changes in light intensity,
spectral composition, and direction during twilight could all provide input to circadian systems,
but they are also subject to large sensory noise (depending on the organism and its environment).
This signal-to-noise ratio may be improved by the multiplicity of receptors in the non-mammalian
vertebrates, which potentially integrate light information from the retinal, pineal, and deep-brain
photoreception; this is known to be the case in birds [40,41]. In mammals, which possess only one
photoreceptive tissue, the detection of twilight is either less precise or the ipRGCs themselves show
heterogeneity in their responses to light, which is also supported by evidence. The loss of extraretinal
photoreceptors in mammals may be explained by the “nocturnal bottleneck hypothesis”, which
postulates that the nocturnal lifestyle of early mammals, from which modern mammals developed
100 million years ago, acted as a selective pressure to keep only the most sensitive photoreceptors in
the most exposed locations, i.e., those able to receive enough light to induce a response in dim photic
environments of nocturnal animals [40]. Loss of photoreceptors in different anatomical locations,
which would detect different intensities of incident light, avoids maladaptive reception of conflicting
messages and generation of inappropriate phase relationships.

4. Effects of Artificial Light at Night on Melatonin Production in Different Vertebrate Classes:
A Systematic Review of the Literature

4.1. Search and Eligibility Criteria

A systematic literature search was performed for each vertebrate class separately (Table 2). In the
class of mammals, three separate searches were performed to maximize the chances of identifying
relevant studies: one for rodents and ungulates (common model animals in chronobiological research),
one for primates, and one for humans. We searched the literature indexed in Scopus and Web of Science
using the following keywords: light AND melatonin AND (level* OR concentration*) AND class name*,
adapted for each vertebrate class as follows: fish*, amphibian®, reptile*, and bird*. For mammals,
instead of the class name, the first search included terms rodent* OR ungulate*, the second included
the term primate®, and the third included the term human*. The terms were searched in titles, abstracts,
and keywords of the papers. The searches were refined to include peer-reviewed research articles
and articles in press, short surveys, book chapters, books, and letters available in English. Reviews,
conference papers, editorials, and notes were not considered. All literature searches were performed
between June and August 2019.

Our aim was to identify studies that investigated typical light pollution scenarios, which was
defined as a light regime of alternating daylight illumination (higher than 250 1x) with nocturnal
illumination (not higher than 250 1x). Studies that applied continuous 24-h illumination at one intensity
were excluded. Only studies that presented original data were selected. We considered only studies
that were conducted on living organisms; hence, in vitro experiments with isolated cells and tissues
were not considered. Studies that lacked a control group or those that investigated different responses
to ALAN than melatonin suppression (e.g., behavior) were also excluded from the review. For fishes,
we considered studies reporting on effects of light at night on both ocular and blood melatonin. We
followed PRISMA guidelines [53] in evaluating the search results. All studies were screened by title and
abstract to assess whether they satisfied the eligibility criteria, in which case full texts were examined.
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The number of studies included in the review based on the eligibility criteria is presented in Table 2.
We present the results separately for fishes, amphibians, and reptiles, whereas non-human mammals
(rodents, ungulates, and primates) are grouped and presented separately from humans.

Table 2. Studies investigating melatonin suppression in vertebrates under typical light pollution
scenarios (see text for details). Number of studies identified in the systematic literature search
performed separately for vertebrate groups (fishes, amphibians, reptiles, birds, and three separate
searches for mammals), and number of studies included in the review based on eligibility criteria.

Mammals Mammals Mammals
Fishes Amphibians Reptiles Birds (Rodents and .
(Primates)  (Humans)
Ungulates)
Number of studies iQentified in the 357 56 15 155 125 17 1145
keyword search in Scopus
Number of studies identified in the
keyword search in Web of Science 367 3 32 169 133 2 733
Number of studies included in 15 0 0 10 1 5 34

the review

Most studies included in the review provided light intensities in photometric units (illuminance
in Ix), some in the photosynthetically active radiation (PAR) band (400-700 nm, in photon flux per
unit area), and some in radiometric units (irradiance in tW/cm? or uW/cm?-nm). Whenever possible,
the radiometric or PAR values were converted, at least approximately, to photometric units (Ix).
However, such a conversion is not always precise and has to be treated with caution (see Appendix A
for details). There was some inconsistency when both radiometric and photopic units were reported,
in which cases we refer to the originally published photopic values e.g. [54]. Some studies provided
information on the spectrum (CCT or maximum wavelength Anax) and/or the type of lamp that was
used. Some studies did not specify light levels used, and many did not give reference to the light
spectrum. Some studies used moonlight as a control or as a treatment without measuring illuminance;
in these cases, we relied on illuminance values reported in the literature: full moon—a0.3 Ix; half-moon
(first- and last-quarter moon)—0.03 1x; new moon—~0.001 Ix [55]. We note that full-moon light was
reported as 10 to 12 Ix in some studies [56-58], which is not possible at sites without light pollution [22].

4.2. Result Summary

4.2.1. Fishes
(a) Taxonomy of Fish Species

The 15 relevant studies that were identified in the literature search (Table 3) were performed
on a total of 11 fish species. All species are bony fishes (teleosts) and are distributed across eight
taxonomic families (Table 3). The habitats of those species range from freshwater (e.g., Cyprinidae) to
marine waters (e.g., Moronidae, Labridae), as well as from temperate cold waters (e.g., Salmonidae)
to tropical warm waters (e.g., Siganidae, Pomacentridae, Cichlidae), including species that tolerate a
wider range of temperature and occur from subtropical to temperate regions, such as the cyprinids
tench (Tinca tinca) and roach (Rutilus rutilus), or the Eurasian perch (Perca fluviatilis, Percidae).

(b) Effects of Nocturnal Light on Plasma Melatonin in Fishes

Most of the selected studies dealt with the effects of broad-spectrum white light and how it
affects nocturnal production of plasma melatonin at different intensities (Table 3A). Plasma melatonin
was reduced under different intensities of white light in eight studies, five dealing with permanent
illumination of the scotophase [56,57,59-61] and three dealing with the effects of acute light pulses of
1-2 h before or at midnight [54,55,62]. Only one of the nine studies on plasma melatonin under white
nocturnal illumination showed no change in plasma melatonin levels under ALAN (in Eurasian perch),
and even an increase of melatonin levels at 15-1x ALAN exposure for one month in roach; however,
this increase was not statistically significant [63].
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Table 3. Overview of studies on melatonin suppression under artificial light at night (ALAN) in fishes included in the analysis: plasma melatonin at exposure to
ALAN with (3A) broad-spectrum white light and (3B) different colors of light; ocular melatonin at exposure to ALAN with (3C) white light and (3D) different colors
of light. Percentage changes relative to control levels are reported and depicted with an asterisk when significant. “N/A” indicates that values were not available.

M-—males, F—females, rel—melatonin relative to baseline value, for details please check original study. Light intensities were reported at the water surface if not

stated differently. Dark controls refer to laboratory experiments where no illumination was detected in controls. Only the most relevant effects are reported. Because

the complexity of the experimental design can vary depending on the study, we stress the need to check the original study for the exact details.

(3A) Plasma Melatonin at Exposure to Nocturnal White Light in Fishes

. Taxonomic P s . . Methodology and timing Melatonin levels relative to
Species family Temperature Light intensities Light color/light type Control of sampling control Reference
141x (0.6 pW/cm?) -12.5%
European sea bass . o 5.7 Ix (2.4 pW/cm?) . Plasma sample -25% .
(Dicentrarchus labrax) Moranidae 23°C 142 Ix (6 pW/em?) White Dark N/A 750, * (Bayarri et al., 2002) [62]
141.8 Ix (60 uW/cm?) —83% *
. First-quarter moon —29% *
Humbug damselfish Pomacentridae N/A Full moon (0.3 1x) Moonlight New moon Plasma sample —55% * (Choi et al., 2017) [56]
(Dascyllus aruanus) N/A o *
Last-quarter moon —35%
New moon Moonlight —25% *
Mozambique tilapia o Full moon & Plasma sample —56% * (Nikaido et al., 2009) [55]
3 . Cichlidae N/A Dark
(Oreochromis mossambicus) 0.11x . 01:00 a.m. —33%*
White
11x =31%*
First-quarter moon —28% N/A
Seagrass rabbitfish L Full moon Moonlight New moon Plasma sample -59% N/A
(Signaus canaliculatus) Siganidae N/A Last-quarter moon N/A =7% N/A (Rahman et al,, 2004) [57]
12 Ix White Dark —62% * (mean)
. . N/A for
GO],dImEd spinefoot Siganidae sampling Full moon Moonlight New moon Plasma sample —41% * (Park et al., 2014) [60]
(Signaus guttatus) (19.8-309 °C) N/A
Arctic charr . o 0.1-0.3 Ix (mid-water) . Plasma sample =57%* . -
(Salvelinus alpinus) Salmonidae 10°c 50-65 Ix (mid-water) White Dark 10:00 p.m. —74% * (Livetal, 2019) [5]
Atlantic sal N/A for 11x Pl 1 —11% N/A
( ;ﬂ“h:; zjl;’:)"“ Salmonidae sampling 20 Ix White Dark “;fg‘g Sa[;np € ~23% N/A (Porter et al., 2001) [61]
(1-17 °C) 100 Ix L0 p.m- ~30% N/A
0.3 1x (3.3 uW/cm?) —67% *
(Tl.:;“fi};m) Cyprinidae N/A 11x (5.3 tW/em?) White Dark PlasmNa /Zample —65%* (Vera et al., 2005) [54]
31x (10.5 uW/cm?) —67% *
Roach _ . Plasma sample +14% for F -
(Rutilus rutilus) Cyprinidae N/A 151x White Half-moon (0.02 1x) N/A +900% for M (Briining et al., 2018) [63]
11x =97% *
Roach. Cyprinidae 15°C 101x White Dark Water-based measurement —97% * (Briining et al., 2018) [65]
(Rutilus rutilus) 100 Ix 8:00 a.m. _999; *
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(3A) Plasma Melatonin at Exposure to Nocturnal White Light in Fishes

Species Taxon.omlc Temperature Light intensities Light color/light type Control Methodology al.ld timing Melatonin levels relative to Reference
family of sampling control
. 11x —73% */79 % N/A (rel)
(%j::;li?vﬁfﬁh) Percidae 16°C 10 1x White Dark Wa‘er'ba;f’&):“:ss‘“emem —79% */75 % NJA (rel) (Briining et al., 2015) [64]
A g 100 Ix L anm —84% */82% N/A (rel)
Eurasian perch . . - Plasma sample o, - N
(Perca fluiatilis) Percidae N/A 151x White Half-moon (0.02 1x) N/A 0% (Briining et al., 2018) [63]
Eurasian perch Percidae 16°C 06011112( White Dark Water-based measurement :547§ //0* /7 _21150 //0,‘(253) Kupprat et al. under revision
(Perca fluviatilis) 11x 5:00 a.m. —78% */—49% * (rel) [66]
(3B) Plasma melatonin at exposure to nocturnal colored light in fishes
. Taxonomic . . . . . Melatonin levels relative to
Species family Temperature Light intensities Light color/light type Control Methodology control Reference
21x (24 pW/em?) Blue —55% *
11 Ix (2.4 pW/em?) Green —58% *
European sea bass . o 31Ix (2.4 pW/cm?) Red Plasma sample -14% .
Dicentrarchus labrax Moranidae 5°C 5 Ix (6 pW/cm? Blue Dark N/A —84% * (Bayarri et al., 2002) [62]
0
28 Ix (6 pW/cm?) Green —56% *
7 Ix (6 pW/cm?) Red ~78% *
0.151x (5.6 mW/m?) Blue —95% *
Roach L. o 2.21x (4.8 mW/mZ) Green Water-based measurement —95% * .
(Rutilus rutilus) Cyprinidae 15%¢C 0.65 Ix (3.9 mW/m?2) Red Dark 8:00 a.m. 959 * (Briining et al., 2018) [65]
(all 0.021 pmol/s/m?)
015 1x (5.6 mW/m?) Blue ~68% */~10% N/A (rel)
Eurasian perch . o 2.2 Ix (4.8 mW/m?) Green Water-based measurement —84% */-50% N/A (rel) o
(Perca fluviatilis) Percidae 167¢ 0.65 Ix (3.9 mW/m?) Red Dark 08:00 a.m. ~80% */-33% N/A (rel) (Briining et al,, 2016) [67]
(all 0.021 pmol/s/m?2)
(3C) Ocular melatonin at exposure to nocturnal white light in fishes
. Taxonomic . . s . . Melatonin levels relative to
Species family Temperature Light intensities Light color/light type Control Methodology control Reference
1.41x (0.6 uW/cm?) +40%
European sea bass . o 6 Ix (2.4 pW/cm?) . Ocular sample +76% * .
(Dicentrarchus labrax) Moranidae 23°C 14 Ix (6 WW/cm?) White Dark N/A 1509 * (Bayarri et al., 2002) [62]
140 Ix (60 pW/cm?2) 0%
0.13 1x —24%
Wrasse . o 1.31x . Ocular sample —65% * .
(Halichaoeres tenuispinnis) Labridae 25°C 13 I White Dark N/A —66% * (Ligo et al., 2003) [69]
130 Ix —74%*
First-quarter moon —34% N/A
Seagrass rabbitfish Siganidae N/A Full moon Moonlight New moon Ocular sample —42% N/A (Rahman et al., 2004) [58]
(Signaus canaliculatus) Last-quarter moon N/A -16% N/A i )
12 1x White Dark —49% * (mean)
Goldlineds spinefoot Full moon Moonlight New moon sgAanat] expression (Ocular sample) —66% * (continuous)
(Signaus guttatus) Siganidae 25°C N/A ~58% (before pulse, 12:00 p.m.)  (Kashiwagi et al., 2013) [68]
Full moon Moonlight Dark ~72% * (2-h pulse)




Sustainability 2019, 11, 6400

Table 3. Cont.

11 of 51

(3D) Ocular melatonin at exposure to nocturnal colored light in fishes

. Taxonomic . . . . . Melatonin levels relative to
Species family Temperature Light intensities Light color/light type Control Methodology control Reference
2Ix (2.4 pW/em?) Blue +717% *
11 Ix (2.4 pW/cm?2) Green +400% *
European sea bass . o 3 Ix (2.4 uW/cm?) Red Ocular sample +567% * .
(Dicentrarchus labrax) Moranidae B¢ 5 Ix (6 uW/cm?2) Blue Dark N/A +1733% * (Bayarri etal,, 2002) [62]
28 Ix (6 pW/cm?) Green +650% *
7 1x (6 uW/cm?) Red +233%
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For most fish species, white light of 1 Ix was enough to reduce plasma melatonin to <70 % of
the dark control levels [54-57,59,60], except for Atlantic salmon (Salmo salar) [61] and European sea
bass (Dicentrarchus labrax) [62], where production was <90 % of the control level around 1 Ix with no
statistically significant difference (Table 3A). Atlantic salmon displayed the overall weakest melatonin
suppression under exposure to ALAN [61]. The strongest responses to light at night were measured in
tropical species. In these species, full-moon light (estimated as 0.3 1x) was enough to reduce mean
plasma melatonin to <45% of the dark control levels. Another damselfish, the gold-lined spinefoot
(Signaus guttatus), had plasma melatonin concentrations at full moon of 60% of concentrations at
new moon [60]. Tench had melatonin levels of ca. 43-45% of the dark control at different levels of
illuminance [54]. Likewise, melatonin was dose-dependently reduced in European sea bass and Arctic
charr (Salvelinus alpinus) [59,62] (Table 3A). Water-based measurements of secreted melatonin also
showed strong reductions of nocturnal melatonin at all measured illuminances. In these studies,
rhythmicity of melatonin production was detectable at 1-Ix nocturnal illumination but completely
depleted at 10 Ix and 100 Ix in Eurasian perch and roach [64,65]. Another recent study, which did
not show up in the literature search since it is still under review, showed that, below 1 Ix, nocturnal
melatonin production was significantly reduced at 0.01 Ix and 0.1 Ix, but rhythmicity was maintained
in Eurasian perch [66] (Table 3A).

Three of the selected studies examined the effects of colored illumination during the scotophase
on plasma melatonin (Table 3B). In roach, illumination of all applied colors (blue, green, red) reduced
melatonin, measured from tank water, to a similar extent [65]. In Eurasian perch, green and red
light-emitting diodes (LEDs) similarly reduced melatonin in the tank water, whereas blue LEDs reduced
melatonin to a lesser extent than red or green light at the same photon flux [67]. In European sea bass,
low intensities of 2.4 pW/cm? suppressed plasma melatonin for green light (544 nm, ca. 11 Ix) and blue
light (454 nm, ca. 2 1x), whereas red light (640 nm, ca. 3 1x) was least suppressive and did not differ
from the control. At higher intensities of 6 1W/cm?, however, red light (ca. 7 Ix) and blue light (ca. 5 Ix)
were most suppressive, and green light (ca. 28 Ix) was least suppressive, but all colored treatments had
significantly lower plasma melatonin than the dark control [62] (Table 3B).

(c) Effects of Nocturnal Light on Ocular Melatonin in Fishes

Four of the selected studies assessed changes in ocular melatonin levels at nocturnal illumination
by white light (Table 3C), and only one study investigated the effects of different light colors [62]
(Table 3D). The expression of sgAanat1 was reduced under full-moon illumination compared to new
moon in the gold-lined spinefoot [68]. Likewise, in another siganid, the seagrass rabbitfish, and in the
wrasse (Halichaoeres tenuispinnis, Labridae), ocular melatonin was reduced at different intensities of
white light [58,69]. In the wrasse, reduction of mean ocular melatonin was not statistically significant at
0.13 Ix, but it was at all intensities >1.3 Ix [69]. In European sea bass, however, mean ocular melatonin
increased with increasing intensity of white light during the scotophase [62]. This increase was
statistically significant at 6 Ix and at 14 1x, but not at 1.4 Ix or 140 Ix [62]. For colored light, in European
sea bass, blue light at high intensities increased ocular melatonin the most, compared to red and green
light. Atlower intensities, red, green, and blue light resulted in a similar increase of ocular melatonin
levels compared to the dark controls [62] (Table 3D).

(d) Melatonin Rhythmicity in Fishes

Several studies determined the peak of a circadian melatonin profile in order to determine the
timing of exposure to light pulses [55,68,69]. Studies on lunar effects used culmination time of the moon
as a sampling time [68], whereas other studies sampled at a fixed point in time, e.g., midnight [60],
2:00 a.m. [56], or throughout the entire night, neglecting culmination of the moon or peak of nocturnal
melatonin production [63]. Multiple samplings throughout the night can reveal not only changes in
amplitude, but also changes of other rhythmic parameters. For example, cosinor analyses of melatonin
profiles of the Eurasian perch showed that the period was shortened and acrophase was earlier in
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the night at illumination of 1 Ix [66]. The shift was also visible in the modeled curves for 10-Ix and
100-Ix white light and 0.15-1x blue light in Eurasian perch [64,67]. In Atlantic salmon, melatonin
peaked at the same time in the night in all analyzed treatments, but the peak was delayed by 4 h at
high intensities of 400 Ix [61]. In Arctic charr, the peak of plasma melatonin in the night seemed to
be delayed by 4 h at low nocturnal illuminance of 0.1-0.3 Ix, but not at 50-60 Ix [59]. If melatonin
suppression by nocturnal light treatment is very strong, it is not possible to determine a period or shift
in acrophase [57,58,65]. For comparability, in Table 3, the melatonin suppression was analyzed at the
time where melatonin peaked in the control, but a shift of the melatonin peak under ALAN could lead
to over- or underestimation of melatonin suppression.

4.2.2. Amphibians

None of the studies from the literature searches for amphibians fulfilled the eligibility criteria.
Few reviews on ALAN effects on amphibians are available [70-72], and several recent studies
investigated the effects of ALAN on amphibians. ALAN decreased metamorphic duration and juvenile
growth in American toads (Anaxyrus americanus) [73], and reduced activity and altered energy allocation
in common toads (Bufo bufo) [74]. Furthermore, a shift and shortening of the calling season of male
Brazilian anurans was measured in a light-polluted wetland as compared to a similar site without light
pollution [75]. Mate choice behavior was found to be unaltered under light pollution in Eastern gray
treefrog (Hyla versicolor) females [76]. Melatonin was, however, not subject to these studies.

The results from studies of continuous illumination and prolonged photoperiod (18-h light/6-h
dark) indicate that ALAN can potentially reduce nocturnal melatonin production of amphibians.
In tadpoles of the American bullfrog (Rana catesbeiana), constant light reduced plasma and ocular
melatonin but rhythmicity was maintained, although shifts of the acrophase were noted [77,78].
Moreover, tadpoles of American bullfrog also had a lowered melatonin amplitude in the scotophase
under an 18-h light/6-h dark cycle compared to a 12-h light/12-h dark photoperiod [79]. However, with
increased scotophase under a 6-h light/18-h dark cycle, the melatonin concentrations did not further
increase, but only the peak of melatonin production was shifted toward the beginning of scotophase.

In frogs, melatonin facilitates multiple processes, from color change and lowering body temperature
to gonadal development and reproduction. Therefore, potential melatonin suppression by ALAN
may have various physiological consequences [70], although our search indicates that this is yet to be
assessed under a typical light pollution scenario. Natural light/dark cycles drive a rhythmic change in
skin coloration in tadpoles of African clawed frog (Xenopus laevis), which stops with their disruption,
likely due to melanopsin-mediated interference with melatonin production [80,81]. Even one minute
of light exposure during scotophase was shown to suppress production of melatonin precursors,
although it is unknown which light intensities are needed for this effect [82]. Altered light regime
may affect amphibians already in embryonic and larval development; for example, X. laevis embryos
develop a functional, photosensitive circadian clock in the eyes and pineal after just four days of
development [83].

Many anurans have complex life cycles and undergo metamorphosis that involves profound
changes in morphology, a transition from aquatic (often turbid) to terrestrial environments, and a change
in activity patterns from diurnal to nocturnal. These changes are accompanied by alterations of the eye
that likely change its spectral sensitivity as the adaptation to altered photic environments. In developing
anurans, the frontal organ is most sensitive to light of around 520 nm (green light) [84], probably
as an adaptive feature that allows maximum sensitivity to the underwater photic environment [85].
Experiments on in vitro cultured eyecups of X. laevis showed a high sensitivity toward light at different
(monochromatic) colors, with the highest sensitivity in the shorter (blue and green) wavelengths and
less sensitivity toward red wavelengths [86]. It is unknown whether sensitivity to ALAN differs
between pre- and post-metamorphosis anurans.
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4.2.3. Reptiles

No studies were identified in the literature search for reptiles that fulfilled the eligibility criteria.
Despite the increase of research on the impact or light pollution on ecosystems and the research on
reptiles in this perspective [70], there are very few studies on the impact of ALAN on melatonin levels.
Those available focus primarily on different day lengths or illuminated periods during the night.
Studies that were representative for light-polluted conditions (high light levels during the day and low
light levels during the night) were not found.

The literature on melatonin rhythms and their zeitgebers does, however, provide insight into the
potential sensitivity for the different groups of reptiles. All four reptile orders (Squamata, Testudines,
Sphenodontia, and Crocodilia) were shown to have a circadian rhythm of melatonin [87], and this is, at
least partly, regulated by exposure to light, while ambient temperature can be an important zeitgeber as
well. In the American alligator (Alligator mississippiensis), melatonin levels seem to be rather constant,
without a circadian cycle, and not related to a circadian rhythm [88]. An overview of the literature on
the clock system in lizards is given in Reference [89].

For some reptile species, the effect of light exposure on melatonin levels was tested. Changing
the photoperiod can affect the melatonin production in both timing of the peak and amplitude of the
fluctuation, but this varies between species and environmental conditions. The best-studied species in
this perspective is the sub-tropical green anole (Anolis carolinensis), for which short photoperiods were
found to reduce the height and width of the melatonin peak during the scotophase [90]. Exposure to
light (300 1x) for 1 h late in the scotophase shifted the melatonin peak earlier and vice versa [91]. This
does show that melatonin cycles in this species are at least partly regulated by light exposure. In reptiles,
however, as temperature is also an important zeitgeber, the melatonin cycle can be maintained when
lighting is continuous, but temperature shows daily fluctuations. This is true both in dim light (1 1x) [90]
and in continuous light (80 Ix) or in dark conditions [92]. Temperature seems to be dominant when
light (80 Ix for scotophase) and temperature (20-32 °C) contradict each other; for example, when
lizards are exposed to a warm scotophase and cold photophase, the melatonin cycle peaks during
the photophase. Interestingly, when light and temperature show contrasting patterns, the peak in
melatonin is not reduced compared to synchronized patterns in the sub-tropical green anole [90].
However, the light level during photophase was very low in these experiments (80 1x) and, therefore,
it is unclear whether this result is representative for natural conditions where light levels in the
photophase are ~1000-fold higher. In Tiliqgua rugosa (Scincidae), light and temperature interact in the
sense that, when the scotophase and cryophase are simultaneous, the amplitude of the melatonin
rhythm in blood plasma is larger than when they are not. When the cryophase is in the middle of the
photophase, melatonin becomes arrhythmic [93]. However, this was tested with a light level of 2800 1x,
which might explain the contrasting results.

In most organisms, exposure to light during the scotophase quickly depresses melatonin levels,
while this does not seem to be the case in sub-tropical green anole. Exposure to 300 Ix during scotophase
did result in shifts in the melatonin cycle, but not in a decrease in melatonin levels [91]. Exposure to
light levels of 27,250 Ix (i.e., direct sunlight), for 1 h in the middle of the scotophase did not resultin a
decrease in melatonin level in the pineal gland, nor did 2 h of exposure to 7600-12,500 Ix (i.e., indirect
sunlight) [90]. Anolis species do, however, respond with increases in activity when exposed to light
during the scotophase; in particular, the species from shaded habitats seem to increase activity with
increasing intensity of the light (from 0.0037-450 uW/cm?, ca. 0.01~1600 1x), making them sensitive
to typical ALAN levels [94]. However, the control darkness was not defined and possibly was an
unnatural complete darkness that might reduce activity compared to natural conditions.

The box turtle (Terrapene carolina) shows similar patterns to the sub-tropical green anole. Under
constant temperature, the circadian rhythm of melatonin is entrained by light, with a longer duration
of the melatonin peak under short days in both pineal gland and plasma. Exposure to light (300 Ix) for 1
h during the night did not result in decreased levels of melatonin in either plasma or pineal gland [95].
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4.2.4. Birds

Out of 10 studies included in the review, only five were explicitly designed to test the hypothesis
that ALAN suppresses melatonin in birds (Table 4). These studies used five different Passeriformes
species: Eurasian blackbird (Turdus merula) [96], western scrub-jay (Aphelocoma californica) [97],
great tit (Parus major) [15], Indian weaver bird (Ploceus philippinus) [98], and Eurasian tree sparrow
(Passer montanus) [99]. The other five studies used an experimental dim illumination at night in the
context of circadian rhythms research [100-102] and/or photoperiodism [103,104]. These additional
studies used different avian species, from songbirds and pigeons to penguins. One study used chickens.
All 10 of these experiments were conducted in a laboratory; thus, there is a clear need to expand on this
research and promote more investigations in the field, at least for ecology-related questions. The effects
of ALAN on melatonin might be season-dependent, but only one study tested this hypothesis. In this
experiment, constant illumination throughout the night was used, and it was found that the effect is
stronger in winter than in summer, likely because of the longer nights in winter [96].

The intensity and exposure of ALAN varied greatly between studies. The experiments that
were explicitly designed to test for the effects of ALAN on behavior and physiology of birds used
a light intensity that ranged from 0.3 Ix [96] to 2 Ix [98], 3.2 Ix [97], 5 Ix [15], and 8 Ix [99]. Two
studies used a single level of light intensity applied constantly throughout the night [96,97]. One
study used different treatment groups where birds were exposed to light at night for the entire night
or at specific 4-h time periods in the early, mid, or late night [98]. One study used a dose-response
approach by exposing different groups of great tits to different levels of light intensity, from 0.05
to 5 Ix, throughout the night [15]. The dose-response approach was also used in two non-ALAN
studies [101,102], although with slightly different experimental set-ups. For instance, Reference [102]
exposed pigeons to light of increasing intensity at midnight and collected blood samples at different
times until 80 min after the initial light exposure. They revealed that, after only 12 min, suppression
of melatonin was reduced by 50% of its initial value during the previous scotophase. The studies,
intended to test questions related to circadian rhythms and photoperiodism, used an intensity of light
that extended up to 100 Ix, but also utilized a constant illumination approach. The only two exceptions
were the experiments of Reference [102] and of Reference [100], which exposed pigeons to a 30-min
light pulse just after midnight.

Similarly, the type of night-time illumination used varied among the studies. Warm white
incandescent light was used in Reference [96] on Eurasian blackbirds and in Reference [97] on western
scrub-jays. White LED light was used in Reference [15] and covered the entire visible spectrum with
peaks at both mid and relatively long wavelengths. Reference [98] used a compact fluorescent lamp
with a high concentration of blue light. Some studies used fluorescent cool light [99,101,104] or even
natural light in the summer Antarctic [100]. Studies not designed to test for ALAN effects used mostly
fluorescent light sources [102,104]. However, in these studies, the light source used in the experiment,
as well as how it was used, was not described in detail.

Overall, this work shows four major findings that were generally common between the studies,
although with a few exceptions and subjected to interpretation biases depending on the type of
experimental set-up and aim of each individual experiment.

Firstly, ALAN suppresses melatonin release at night. When a significant suppression effect was
detected, the effect size was large, as light at night reduced melatonin by one-half to one-third of the
value in the control groups. This suppression is very fast: only 12 min of exposure to ALAN is able to
suppress melatonin levels [102]. In general, melatonin responds to ALAN during the first night of
exposure and even short pulses are able to lower melatonin production and release [100]. The only
exception to this pattern was a study in which melatonin levels increased under light at night in
western scrub-jays [97].
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Table 4. Overview of studies on melatonin suppression by artificial light at night (ALAN) in birds. Only studies where the experiment was specifically designed to test
the effects of ALAN are reported (see text for other studies). Percentage changes relative to control levels are reported and depicted with an asterisk when significant.
Only the most relevant effects are reported. Because the complexity of the experimental design can vary depending on the study, we stress the need to check the

original study for the exact details. LED—light-emitting diode.

Species Taxonomic Family Temperature Light Intensities and Duration Light Color/Light Type Control Methodology Melatonin Relative to Control Reference
Great h.t Paridae 10-14°C 0.15, 0‘5.’ 1‘5f 51 Warm white LED 0.05 Ix Plasma sample —50% under 5 Ix * (de Jong et al., 2016) [15]
(Parus major) for entire night
Eurasian blackbird . o 0.3 1x . ~—50% winter (dusk and dawn) * L
(Turdus merula) Turdidae 20°C for entire night Incandescent light bulb 0.001 Ix Plasma sample ~~30% summer (dusk, midnight, dawn) * (Dominoni et al., 2013) [96]
Eurasian tree sparrow . o 8 Ix Cool white fluorescent 0o S .
(Passer montanus) Passeridae 22°C for entire night lamp 01x Plasma sample 70% at midnight (Jiang et al., 2020) [99]
Indian weaver bird . ° 21x Cool white fluorescent —66% at midnight *
(Ploceus philippinus) Ploceidae 2u°C for entire night or 4 h lamp 01l Plasma sample —50% at dawn and dusk * (Kumaretal,, 2018) [5]
Western scrub-jay Corvidae 20°C 031 Incandescent light bulb 0.01 Ix Plasma sample +50% * (Schoech et al., 2013) [97]

(Aphelocoma californica)

for entire night
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Secondly, the degree of suppression is dependent on the light intensity used in the study. Melatonin
levels seem to be affected by light intensity as low as 0.3 Ix in the Eurasian blackbird [96], but only
above 1 Ix in the Indian weaver bird [98,101], suggesting that species-specific thresholds may exist.
Dose-response effects were clearly shown by experiments that exposed the same species to different
levels of ALAN [99,101]. The shape of the response is, however, mostly unclear, and it is impossible at
present to state whether any specific thresholds exist, or whether melatonin is suppressed in a linear
or curvilinear manner by ALAN. Future studies should use more light intensity levels to properly
identify the shape of the melatonin response to ALAN.

Thirdly, ALAN exposure in the early part of the night seems to phase-delay the melatonin rhythm,
while late-night ALAN exposure usually advances it [98,101]. However, constant night illumination
usually had different effects. In the blackbirds, for instance, it suppressed melatonin throughout
the night but with larger effects right after dusk or right before dawn, compared to midnight [96].
Since part-night lighting could be a highly effective mitigation method, more studies are needed to
confirm that illuminating only the first half of the night (the more likely solution that city councils may
adopt) can considerably minimize the impact of ALAN on melatonin.

Fourthly, the suppressive effect of blue-rich light sources, such as fluorescent light bulbs,
was stronger than that of warm white lamps. However, and quite surprisingly, no proper experiment
was designed so far to assess wavelength-dependent effects of ALAN on melatonin in birds. This is a
clear research gap.

4.2.5. Non-Human Mammals (Rodents, Ungulates, and Primates)

Although many studies were done on the topic of melatonin in rodents and ungulates, as species
belonging to these groups are often used as model animals in chronobiological research, only 11 studies
were identified as relevant to this review (Tables 2 and 5A,B). These records included seven rodent studies
and four ungulate studies, which were performed on four rodent species (mice [105], rats [106-108],
Siberian hamster (Phodopus sungorus) [109,110], and fat sand rat (Psammomys obesus) [111] and four
ungulate species (cow [112], goat [113], sheep [114], and horse [115]). These records included nocturnal
and diurnal species (the four ungulate and one rodent species, the fat sand rat). Ten of these studies
mentioned melatonin suppression by light at night in their aims, two of which assessed melatonin
suppression by dim light at night in accordance with cancer development [107,108]. One study used
dim nocturnal light in the context of circadian rhythm research [105]. In the search for non-human
primates, only two studies were identified that fulfilled the eligibility criteria (Tables 2 and 5C), and they
involved squirrel monkey (Saimiri sciureus) and mouse lemur (Microcebus murinus).

The studies on rodents and ungulates included in the review used a wide range of irradiance
levels and spectral compositions, but only four studies provided quantitative information regarding
the ALAN spectral composition and irradiance used in the study [106,109,112,115]. The other seven
studies specified either the irradiance level or the light type and/or spectral composition. The minimum
illuminance levels assessed were 0.003 Ix [109], up to 200 Ix [105,107,110], whereas studies with
nocturnal light levels >250 Ix were excluded from the analysis. Only four studies used more than
one light level. The reviewed studies used incandescent [107], fluorescent [110,111,113], and LED
illumination types [109,115] during the daytime and for ALAN exposures during the night. The spectral
wavelength ranged from 360 nm to 700 nm, and the most commonly applied was at the short end of
the spectrum (blue light, about 450 nm) or cool white light, rich in short wavelengths [109,111-113,115].
The duration of the light exposure at night also varied between the studies, ranging from 1 min [107,110]
to 15 min [105,109,111], 30 min [111], and 1 h per night [113-115], as well as continuous exposure
throughout the night [106,108,112]. The frequency and timing of the light exposure during the
scotophase differed markedly between the studies, starting from a single exposure [105,109] to repeated
light pulses (e.g., References [107,111]), in the early, middle, or late scotophase. In non-human primates,
no studies were found that assessed melatonin suppression by nocturnal light under irradiance <50 Ix.
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Overall, in rodents and ungulates, almost all exposures to ALAN showed significant melatonin
suppression, starting from very low irradiance of short-wavelength (blue) light (~0.028 Ix at
480 nm, applied as a 15-min pulse half into the scotophase in Siberian hamsters, resulted in
60% suppression) [109] and low irradiance of long-wavelength (red) light (~8 Ix at >620 nm,
applied throughout the entire scotophase in rats, resulted in 95% suppression) [106], to the highest
irradiance applied within the eligibility criteria (200 Ix) in mice and Siberian hamsters (70-85%
suppression) [105,110]. Dim light of 0.2 Ix (throughout the entire scotophase) suppressed melatonin
levels in rats by 88% relative to control [108]. In ungulates, illumination of 2.3 Ix for 1 h suppressed
melatonin levels by 43% in goats [113], but similar illuminance levels (3 Ix) and exposure duration
did not affect melatonin levels in horses [115]. Melatonin suppression showed a significant positive
dose-dependent suppression with irradiance [113]. The strongest suppression of melatonin levels often
occurred ~30 min after the light exposure, and substantial suppression was induced already by 1-min
light pulse. A 1-min light pulse (200-800 1x) in the middle of the scotophase was also able to mimic a
long photoperiod in Siberian hamsters acclimated to short photoperiods [110]. With regard to phase
shift and acrophase, only two studies reported a phase shift in acrophase occurrence and morning
melatonin decline [105,107], whereas the other studies did not assess phase shifting at all.

In non-human primates, exposure of squirrel monkey to 200 1x of fluorescent light for 2 h in the
middle of the scotophase suppressed urinary levels of the melatonin metabolite 6-sulfatoxymelatonin
(aMTés) on average by 54.8% [116]. Surprisingly, in one individual, concentrations of urinary aMTés
increased after ALAN exposure by 46.8%, indicating high inter-individual variability of response
to ALAN in this species, similar to that demonstrated in humans [117] (see below). A more recent
study on mouse lemurs [118] found that exposure to 50 Ix for 3-5 h at the beginning of the scotophase
suppressed urinary aMT6s by more than 50% relative to control (0.3 1x).

4.2.6. Mammals (Humans)

(a) Description of Studies and Participants

We identified 34 studies relevant to this review, from 1450 records screened (Figure 2, Table 6).
The selected studies analyzed the impact of light exposure during the night, whereas only one study
was specifically focused on light pollution [119]. The studies were performed on a total of 1315
participants. The number of participants in each study ranged from four to 116, with one population
study even evaluating 528 men and women. Most studies (n = 19) included both sexes. One study was
focused only on women [120], with nine studies only on men [121-129], and, in five studies, the sex
was not specified [130-134]. Excluding 179 persons, for which sex or number of participants in each
sex group was not specified, the majority of the remaining 1136 participants was male (n = 611, 53.8%).
The participants” age ranged from childhood (nine years) [135] to senior citizen (mean + SD: 72.8 + 6.5
years) [119]. Two studies evaluated adolescents (age 13-18 years) and compared the results with adult
participants [136,137]. Mean age of participants was 25 years in eight studies [123,124,126-129,133,138],
with a range of 18 to 30 years in eleven studies [117,121,122,127,131,139-144]. Participants with an age
range to 40 years were included in six studies [125,132,145-148], those with an age range to 50 years
were included in three studies [134,136,149], and those with an age range from 18 to 60 years were
included in four studies [120,137,150,151].



Sustainability 2019, 11, 6400

19 of 51

Table 5. Overview of studies on melatonin suppression (SUP) by artificial light at night (ALAN) in non-human mammals: (5A) rodents, (5B) ungulates, and (5C)
primates. Percentage changes in melatonin levels relative to control (CON) levels are reported and depicted with an asterisk when significant. MEL—melatonin,
LP—long photoperiod, SP—short photoperiod, M—male, F—female, aMT6s—6-sulfatoxymelatonin, NS—not significant, CCT—correlated color temperature.

(5A) Melatonin at exposure to nocturnal light in mammals: rodents

. Number, gender, and Light . . CCT, wavelength, light Control light . .
Species age of subjects intensity/treatments Light duration color/light type intensitios Methodology Melatonin relative to control Reference
n=12 8.07 +£0.95 Ix . .
Sprague-Dawley M (331x03g  Overmight (12-hlight/12-h dark), >620 nm, red light 01x Plasma MEL ~—95% for peak dark-phase MEL  (Dauchy et al., 2015) [106]
rats adults (3—4 weeks) HW/cm?) over 4 weeks
MEL SUP similar for both
1. 0.003 pW/cm? photoperiods:
Siberian n=6-8 2. 0.03 pW/em? 15-min light pulse, 60% into the 1. NS
hamsters N 3. 0.3 puW/cm? scotophase, 2. ~—60% * (Glickman et al., 2014)
(Phodopus A dl\lflts 4. 1.31 pW/em? LP: 14-h light/10-h dark 480 nm LED 0lx Plasma MEL 3. ~—90% * [109]
sungorus) 5. 4.8 pW/cm? SP: 10-h light/14-h dark 4. ~=90% *
6. 68 WW/cm? 5. ~=90%*
6. ~—90% *
Siberian B SP (8-h o ) ) 1. LP (16-h light/8-h Pineal Treatment to CON 1: NS
n =132-156 . 1-min light pulse, in the middle of dark) eho
hamsters light/16-h dark) . R N-acetyltransferase ~ Treatment to CON 2: 50% shorter
M X the scotophase, Fluorescent light 2. SP (8-h light/16-h . (Hoffmann et al., 1981)
(Phodopus + light pulse (MEL enzyme activity time under short
adults 34 weeks dark) . .
sungorus) (200-800 1x) Only formation) photoperiod only
Similar MEL SUP after light pulse at
both times:
s ~—85% * pineal MEL
n=10-14 15-min light pulse: oo *
Laboratory mice M 200 Ix 1. 4 h into scotophase, N/A 01x P‘lasma and 70% Plasma MEL (Kennaway etal., 2002)
pineal MEL 1: delay of morning decline of MEL [105]
adults 2. 2 h before end of scotophase .
production
2: advance of morning decline of MEL
production (>2 h)
1. Acute light
2 pslrl)l?g_h Acute light pulse: 30 min, 5 h into
_ o the scotophase Control 1: —63% *
(I:Dasizfvirrlzsrzaz nl\jls lzlggglfg}llrd:;g Chronic light pulse: 3 X 15 min Cool white fluorescent photoperiod 12-h 2MT6s in urine 2: =73% * (6 h into scotophase) (Schwimmer et al., 2010)
obesus) Y N/A ’ licht pulse at 4-h intervals w light/12-h dark, no w 3: +71-89% * compared to SP only [111]
4 Cltg)nstlji nt dim Constant light: over 24 h for 3 light at night 4 +71%*
blue light (30 Ix, weeks
470 nm)
1. 5 1-min light pulse, 2 h into 12-h light/12-h dark L 65
n=3-6 61,81,128 " scotophase, 1 da dim red light at 2 ~~35% * (high sensitivity
Rats F for e prase, Y Incandescent light . & Serum MEL mid-scotophase ~—39%), phase (Travlos et al., 2001) [107]
5 ks (50 = 3 days) 193 Ix 2. 2 weeks night (A > 650 nm), dvan
weeks DU+ 2 days 3. 10 weeks <0.11x advance
3. ~=25% *, stronger phase advance
n=12
Nude rats F 02 Ix dim light Thr°ughﬁglg‘lez_sfl‘§‘a’f£ase (zh 01x PlasmaMEL ~ ~—88% for peak dark-phase MEL  (Xiang et al., 2015) [108]

1-2 weeks
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(5B) Melatonin at exposure to nocturnal light in mammals: ungulates
. Number, gender, and Light . . CCT, wavelength, light Control light . .
Species age of subjects intensity/treatments Light duration color/light type intensities Methodology Melatonin relative to control Reference
T . n=14 : CAAO) * i b
Israeli Holstein E 105 + 391 Ix Overnight ALAN: 482  5.12 nm 5.08 +0.04 Ix MEL in milk 4%  in night-time sample (Asher et al., 2015) [112]
cows Control: 648 + 5.12 nm —38.4 * in daytime sample
mean age 3.85 years
1. 0.87 £0.14 1x
(0.26 + 0.004
uW/ecm?)
2.23+031x
n=6 (0.68 £ 0.09 1h, 3 hinto scotophase (8-h 1: 0%
= uW/em?) light/16-h dark). Cool white fluorescent 2. -43.1%* (Deveson et al. 1990)
Goats 5 zars 3.142+211x Increasing intensity treatments, lamps 0lx Plasma MEL 3:-711%* [113]
y (4.22 £ 0.62 1-3 days between the treatments 4: -81.2%*
uW/ecm?)
4.137 + 14 Ix
(40.70 + 4.16
uW/cm?)
n=6-7
S . . ~=92% * for the high-MEL group (Vivien-Roels et al. 1999)
Sheep NI/:A N/A 1 h at midnight N/A Dim red light (<1 1x) Plasma MEL ~—88% * for the low-MEL group [114]
Thoroughbred n=4 10 1il)i_N6(s)’0/ “
horse (Equus M 3,10, 50, 100 1h Blue LED, 468 nm <0.11x Serum MEL 50 lx: ~—80‘70 N (Walsh et al. 2013) [115]
caballus) 5 years 100 I ~—70% *
(5C) Melatonin at exposure to nocturnal light in mammals: primates
. Number, gender, and Light . . - CCT, wavelength, light Control light . .
Species age of subjects intensity/treatments Light duration and timing color/light type intensitios Methodology Melatonin relative to control Reference
Mouse lemur n=12
. . . White LED . . T (Le Tallec, Théry, and
(Mzcrqcebus M 51.51x 3-5h, 5 weeks during the nights Yellow LED ~0.31x aMT6s in urine 50% Perret 2016) [118]
murinus) adults
. n=9 .
Squirrel monkey M 200 Ix 2 h (12:00-02:00 a.m.) Fluorescent light Nolightatnight Mk inplasma, —4.8%* (Hoban, Lewy, and Fuller
(Saimiri sciureus) adults aMTés in urine 1990) [116]
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Table 6. Overview of studies on melatonin suppression by artificial light at night (ALAN) in humans included in the analysis. Percentage changes in melatonin levels
relative to control levels were calculated when possible and depicted with an asterisk when significant. “N/A” indicates that values were not available. Only the
most relevant effects are reported. MEL—melatonin, aMT6s—6-sulfatoxymelatonin, SUP—suppression, SIGN—significant, NS—not significant, MEF—melanopic
efficacy, CON—control, AUC—area under the curve, CS—circadian stimulus (measure of the effectiveness of the retinal light stimulus for the human circadian system),

CT—circadian time, M—male, F—female.

Number,

Light Intensity/Light

CCT,

Control

Gender (M, F), Type Duri}f.m}[:taél d Timing of Wavelength, Lighting Location Methodology MEL Relative to CON Reference
Age of Subjects 1ght Exposure Color of Light Conditions
n=13 1. LED
M=13 5h screen—6953 K . . SIGN effects for screen, (Bues et al.
mean age ~751x (7:30 p.m.—12:30 a.m.) 2. No LED <Blx Laboratory MEL in saliva time of day, interaction screen vs. time of day 2012) [121]
23.8 + 5.0 years screen—4775 K
n=12 LED ebook:
o h . 4 h before bed time every . —55.12 +20.12% *
M=6F=6 Printed book 091 Ix day (6:00-10:00 p.m.) N/A 31x 'amblent Laboratory MEL in plasma Printed book: (Chang et al.
mean age LED ebook 31.73 Ix o room light level o 2015) [139]
5 days each session 18.77 + 39.57% NS
24.92 + 2.87 years . .
between sessions
F l‘i::rf;f“t 6500 K: *
n=16 ; MEL increase to pre-light exposure levels:
M=16 401x (9,30_&20 ) o 01x Laboratory ~ MEL in saliva 6500 K: 20.5 + 5% (ngllli‘fﬁaz;i‘ al
(2028 years) ’ PUpm. incandescent 3000 K: 49 + 7.6%
. o
lamp: 3000 K 2500 K: 42 + 8.6%
M j’ 6:: -3 LED tablet: 2% 5 consecutive P(r)u;ti%bzolik: LED tablet: 54.17 + 18%; printed: 9.75 + 22.75%; (Chinoy, Dulffy,
e 38.4 + 23.2 Ix (min—-max: X ¥ X N/A NP Laboratory MEL in plasma LED tablet delayed bedtime for 30 min, MEL secretion and Czeisler
mean age 1.5-148.2 1x) evenings (6:00-8:45 p.m.) (min-max: for ~1 h and sleep onset for 30 min 2018) [140]
257 + 3.0 years T 02-141x) P
Evening light exposure: pre- to mid-pubertal group
MEL SUP:
—67 151x: =9.2 £ 20.5%
M —28_ F=29: 4 consecutive nights 150 Ix: =26 + 17.7%
t_ él _b lt 1 15 Ix 1h 500 Ix: —=36.9 + 11.4% (Crowley et al
pre- to mic-puberta 150 Ix evening group (11:00 N/A 0.11x Laboratory MEL in saliva late- to post-pubertal group MEL SUP rowey etal
group (9.1-14.7 years); . X ) o 2015) [135]
late- t t-pubertal 500 Ix p-m.~12:00 a.m.) morning 151x: =5.3 +17.7%
ate ;’15’?;1}5’3 erta ) group (3:00-4:00 a.m.) 150 Ix: —12.5 + 17.3%
group (1597157 years 500 Ix: ~23.9 + 21.7%
Evening light exposure between age groups: SIG
Morning light exposure between age groups: NS
_ 1. 18 1x (29 uW/cm?) for
I?/I:%L blue LED (1:00- 2'0102 m. and me]?‘lclll;; l\:;ei;or Dimly Laboratory MEL in plasma 1: 342 9% (Figueiro, et al.
= 5 :00-2:00 a.m. . - . o, *
(20-21 years) 2. 450 Ix (170 pW/em=) 5:00-6:00 a.m.) lamp illuminated area 2: -18 + 6% 2004) [123]

for mercury vapor
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Number, Light Intensity/Light Duration and Timing of CCT, (?ontfol . Methodology MEL Relative to CON
Gender M, F), Type Light Exposure Wavelength, Lighting Location Reference
Age of Subjects & P Color of Light Conditions
SIGN effect of light level and spectrum
4100 K:
n=40 1: 3+ 11%
M=22 1. 30 Ix 40 min 2:10 + 4%
(14&54 years, 2. 100 x 2 experimental sessions 4100 K Dim light (red . 3:38 & 70/0 (Figueiro, Rea,
median = 21 years) 3. 300 Ix Laboratory MEL in plasma 4: 38 + 6% and Bullough
(2:00-2:40 a.m., 8000 K LED) -
F=18 4. 1000 1x 3:40-4:20 a.m.) 8000 K: 2006) [150]
(18-35 years, (at the cornea) : . 1: 10 + 8%
median = 23 years) 2:32+£7%
3: 47 + 4%
4: 34+ 9%
. Computer
n=21 1. Computer monitor 7 Ix onitor 7 Ix +
mea; age 2. Computer monitor 7 Ix 2h N/A I;;ll g-rt'nt); d Laborator MEL in saliva 1: -11% NS (Figueiro et al.
& +40 Ix blue safety glasses  (11:00 p.m.~1:00 a.m.) gt Y m saily 2: ~30%* 2011) [130]
28.0 + 9.9 years (peak A ~470 nm) glasses
P (<525 nm ~0)
n=116 Exposure during sleep:
study 11 :10 4 study 2 overnight illumination ~=50% in 85% trial (Gooley et al
Y ’17_ 12’ y <200 Ix Study 1: 9-10 days 4100 K <3 Ix Laboratory MEL in plasma  exposure before bedtime: SUP MEL, later MEL onset in 2011) }[/1 31] ’
N Study 2: 14 days 99.0% of individuals and shortened MEL duration by -
(18-30 years) .
~90 min
1= 010
M=9 3h . 200 Ix NS (Hashimoto et
mean age 22.11 + 0.69 ;ggg i’; (6:00-9:00 a.m.) N/A <200Ix Laboratory MEL in plasma >500 Ix *, first hour of exposure ~35-50% al. 1996) [124]
years 10,000 Ix
n=22 2 types of smartphones: . -
M=22 LED with blue light, 150 min MEL inblood ~ ED Withblue light: lower levels and later onset of MEL 1y o\ o1 2017
. N/A <3 1x Laboratory secretion than LED with SUP blue light
mean age LED with suppressed (7:30-10:00 p.m.) serum MEL between erouns: NS [125]
30.95 + 4.15 years blue light groups:
456 nm, postmenopausal women:
~11.41x: —=1.4 + 5% NS
n =234, 456 nm: L o
F young (n = 13), mean ~11.4 Ix (3.8 uW/cm?) . . .. Monochromatic 294 b 125 £ 4% NS
age 24 + 3 vear 294 Ix (9.8 tW/cm?) 30 min during the rising licht: Young women (Herlievic et al
€ o & 5 years : - HC phase of melatonin gt 01x Laboratory MEL in plasma ~1141x: —18.4 + 4.8% * erjevic et ak.
F postmenopausal 548 nm: nthesi 456 nm 29.41x: —25.5 + 6.4% * 2005) [120]
(n=21), mean age 57 £ 5 84 Ix (28 pW/cm?) synthesis 548 nm o N °
ears 186 Ix (62 pW/cm?) 548 nm:
Y SIGN SUP in both age group,
NS difference between age groups
2-h exposure:
1: =57.0 + 26.6%
n=11 2: -20.3 + 32.1% * to non-visor
1. Non-visor: 500 Ix
M=11 . 2-4h . . 3: —31.1 +41.5% (Higuchi et al.
mean age 2. red visor: 160 Ix (11:00 p.m~3:00 a.m.) 4200 K <15 Ix Laboratory MEL in saliva 4h exposure: 2011) [126]

21.2 £ 0.9 years

3. blue visor: 160 Ix

1: =52.6 +22.4%
2: =77+33%*
3: -3 +67.6%*
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Number, Light Intensity/Light 1, o1 and Timing of CCT, Control ) Methodology MEL Relative to CON
Gender M, F), Type Light Exposure Wavelength, Lighting Location Reference
Age of Subjects 8 P Color of Light Conditions
n=12 Fluorescent 5000 K: * (Kozaki et al
M=12 15h lamps: 2300 K . . 3000 K: * :
mean age 2001 (1:00-2:30 a.m.) 3000 K <101x Laboratory MEL in saliva 5000 K more than 3000 K f?gf])
21.3 + 1.1 years 5000 K 2300 K: NS
L1—1600 K
(Experiment 2) Eg:;;:g E Small MEL SUP under CCT <2000 K and strong MEL
n=16 4h . . SUP with CCT 23900 K (Kraneburg et al.
M=9,F=7 2001 (10:00 p.m.—2:00 a.m..) K]]:gj?ggl( <01k Laboratory MEL in saliva AUC under L4-L7 were SIGN lower than under L1 and 2017) [141]
(19-28 years) L6—7100 K AUCs under L3-L7 were SIGN smaller than under L2
L7—14,000 K
n=6 2001x 2001x: ~21% NS
1 =21%
M=4F=2 400 1x 3h N/A <101 Laboratory ~ MEL in plasma 400 bx: ~50%* (Melntyre et al.
mean age (12:00-03:00 a.m.) o 1989) [145]
8 600 Ix 600 Ix: —65% *
32.3 + 6.2 years :
Evening light: orange Evening light:
(OL) ~100 Ix; EL: . BL to D: *
n=18 blue-enriched (BL) 30 min gﬁ_;ggg 112 OL to DL: *
M=6,F=12; ~500 Ix (10:00-10:30 p.m.) DL—2700 K Dim light (DL) ~ Laboratory and MEL in saliva OL to BL: * (Miinch et al.
mean age Morning light: mixed ML: MBL—3.537 K <7Ix home settings v Phase shifts greater under CON than MBL, 2017) [142]
23.2 + 3.3 years blue-enriched (MBL) 3h CON—i 600 K phase delays after 3 days:
750 1x; control (CON) (8:00-11:00 a.m.) MBL to CON *
40 Ix phase advances: NS
12a dole;;c:enzfs . M<=3 Greater MEL SUP for longer exposure duration, SIGN
F=9 T interaction between light spectrum and age
mean age 295 Ix for 2700 K Blue light, 56018C11((?1i1362tz;/ * Pl(ilt_:?g; rer;d
16.5 + 1.9 years 209 Ix for 5600 K 4h (11:00 p.m.-3:00 a.m.) 2700 K <51x Laboratory MEL in saliva 2700 K _29 ; 40/0 " Fi i: 23019)
12 adults: (CS at the eye level = 0.25) 5600 K . s guelro
M<=2 F=10 Adults: [136]
mealn age 5600 K: —33% + 3% *
tonon y‘iars 2700 K: ~33% + 2% *
n=41 SIGN effects of light intensity, spectrum, exposure
18 adolescents (13-18 40-1000 1 05-3.0h White light, duration; effect of light diminishes with increasing (Nagare et al.
years) (CS=007,014 0X30 0.50) (11:00 -m 7'2_00 am) 2700K <51x Laboratory MEL in saliva exposure duration for age groups and spectra. 2019)
23 adults T R e opmes o 6500 K 6500 K: =24.7 + 1% * [137]
(24-55 years) 2700 K: -18.4 + 1% *
n=>54, Study 1:
study 1: M: 16,9%
g (Nathan,
M =22 (19-34 years), F: 14,5%
_ Study 1: 200 Ix study 2: 1h . K Burrows, and
F =21 (20-56 years) 500 Ix (12:00-1:00 a.m.) 5000 K 10-20 Ix Laboratory MEL in plasma studyOZ. Norman 1997)
study 2: M: 35% [151]
M =4 (27-58 years), F =7 F: 45% -

(25-51 years)

NS differences between the sexes
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Number, Light Intensity/Light Duration and Timing of CCT, (?ontfol . Methodology MEL Relative to CON
Gender M, F), Type Light Exposure Wavelength, Lighting Location Reference
Age of Subjects & P Color of Light Conditions
_ 200 Ix: =17% NS
M " s 1F07 5 ;83 }i h 500 Ix: —40% * (Nathan et al.
e 5000 K 10-20 1x Laboratory MEL in plasma 1000 Ix: —=56% * 2000)
mean age 1000 Ix (12:00-1:00 a.m.) . o % )
25.0 + 2.5 years 3000 Ix 3000 b: =74% [143]
DELY No differences between the sexes
n =528;
dark LAN group
n =383 Continuous overnight . S LAN 6.8 g (4.3-10.5); (Obayashi et al.
LAN group 1 = 145 LAN group > 3 Ix exposure N/A Dark LAN <31x Home settings  aMT6s in urine Dark LAN group: 6.5 g (3.9-9.5); NS 2013) [119]
Seniors (min 60 years)
mean age 72.8 years
n=>56
M=27,F=29 10, 30, 50, 100, 200, 400, 5h (4 h before sleep and 1 S —50% * at group level ~24.6 Ix; high variability for (Phillips et. al.
mean age and 2000 1x h after sleep start) 4100 K <lIx Laboratory MEL in saliva individuals: —50% * from 6 to 350 Ix 2019) [117]
20.8 £ 2.6 years
n =236,
each experiment n = 12 . -
— _ 100 1x, partial 4h . . Conoy % eqo % (Rtiger et al.
M=29,F=7 illumination of the retina (12:00-4:00 a.m.) N/A <101x Laboratory MEL in saliva 22% * after temporal and —58% * after nasal exposure 2005) [138]
mean age 21.91 + 2.03
years
White light,
similar CCT
n=16 3h 2700 K
—9.F= i s 50% *
M=9F=7 ~175 Ix 2 h before and 1 h after 2 spectral <51x Laboratory MEL in saliva High MEF: ~-50% (Souman et al.
mean age habitual bedtime powers: low low MEF: NS 2018) [146]
36.2 + 8.6 years 52.03 pW/em?
high 90.85
uW/cm?
n=2 Monochromatic (Thapan,
M= 1_8 Fe4 30 min light, Amax No light MEL concentrations SUP in a dose-dependent manner. Arendt, and
oo 0.70-65 pW/cm? (11:30 p.m.—2:30 a.m.) 424,456,472, & Laboratory MEL in plasma No SIGN MEL SUP at the lowest irradiances (0.70-3.3 Skene 2001)
mea age CT 16-18 496 exposure W/em?) of 520 [144]
27.0 + 7.0 years q pyv/eme) of 520 nm
- 520, and 548 nm
n=6 250 1x 3h
M=6 500 Ix individually determined N/A <50 Ix Laboratory MEL in plasma Complete MEL SUPPR compared to CON in all (Trinder et al.
(18-22 years, 1000 1x treatments 1996) [128]
1h before MEL onset
mean age 20.2 years) 2500 Ix
n=33 1. Short-wavelength
M=33 attenuated polychromatic 3 nights, . . SWL: -6 + 4% NS
study 1n =17 white light (SWL): 193 Ix overnight exposure 3000 K 31x Ll? borato:zll and 1;/[/32 n Sahf’a FWL: —45 £ 6% * (Yal; ];)gl\;\)/e[rll;e;}
study 21 =16 (22.6+22 2. Full-spectrum light (11:00 p.m.~7:00 a.m.) omesetiings  aviibsmurine SWA to CON * etak
years) (FWL): 256 Ix
n==6 8.1 log photons/ Cmi's Complete . . Threshold for human melatonin suppression ~10 log (Vartanian et al.
9.2 log photons/cm*-s 1h (10:00-11:00 p.m.) 460 nm darkness Laboratory MEL in saliva photons/cmz-s at 460 nm 2015) [132]

(19-37 years) 10.3 log photons/cm?'s
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Table 6. Cont.
Number, Light Intensity/Light | i1 and Timing of CCT, Control ) Methodology MEL Relative to CON
Gender (M, F), Type Light Exposure Wavelength, Lighting Location Reference
Age of Subjects 8 13 Color of Light Conditions
n=9 1. 130 Ix 1. 2000 K
M=6,F=3 2.130 1x . 2. 6000 K X
mean age 3. 500 Ix a R ) 3. 6000 K <101 Laboratory  MEL in saliva o (V\llagglsg‘ﬁie;t
263+ 4.2 4.500 Ix =oElpam. 4. 5000 K ' a
(22-33 years) 5. 500 1x 5. 2800 K
. (Whitmore,
n=10 All light treatments
M=6F=4 52361(1)%% éxl full spe;trﬁ:n @ 007;&) ) N/A 20;50 Ix (f;ll ) Laboratory MEL in saliva SIGN different from CON. None of the treatment ;rer}lch,zzgéil)
18-41 years X green g ’ R am. spectrum {dim, conditions SIGN different from each other ISC[lei‘g]
1 h exposure:
n=13 Tablet + blue LED 59 + 12k Tablet + Tablet + blue LED: —48 + 4% *
mean age 5.0 Ix (11:00 p.m~1:00 a.m.) blue light Amax orange-tinted Laboratory MEL in saliva Tablet only: -7 + 4% NS (Wood et al.
18.9 + 5.2 vears tablet only 3 weekends, 1 week apart ~470 nm glasses 9.8 + 1.9 2 h exposure: 2013) [133]
’ - year 18 +3. 81x wee /1 week apar used as control Tablet + blue LED: —66 + 4% *
Tablet only: =23 + 6% *
n=15 1. 660 nm 1: —=5% NS
- 2. 595 nm 2: =10% NS
M=5F=10 130 uW/em? 2h . . . (Wright and
. . i 3. 525 nm No light Laboratory MEL in saliva 3: =70%* )
mean agee:);S +11.9 (received by each eye) (12:00-2:00 a.m.) 4 497 nm 4 —80% * Lack 2001) [148]
y 5. 470 nm 5: —65%*
mZaznza3 e 31x 3 b —11% N/A (Zeitzer et al
w8 8g91 106 Ix 6-5-h pulse Cool light Dim light Laboratory MEL in plasma 106 Ix: —88% N/A 2000) [134] :
s 9100 1x 9100 Ix: —98% N/A :

(1844 years)
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Figure 2. Flow diagram of literature search and identification of studies in humans relevant for
this review.

(b) Intensity and Spectrum of Lighting in Selected Studies

Illuminance between 10 and 50 Ix was most often used in selected studies [117,120,122,123,126,
128,130,133,135,139,140,143,149-151]. Illuminance <1 Ix was analyzed in one study [139], illuminance
<5 Ix was analyzed in four studies [119,129,131,134], and illuminance <10 Ix was analyzed in five
studies [127,130,142,145,147]. Illuminance up to 100 Ix was used in four studies [120,121,138,150] and
illuminance up to 250 Ix was used in several studies [120,124,127-129,131,135-137,140,143,145,147,151].
More than one illuminance was tested in several studies [117,120,123,124,128,131,134,135,139,143,145,
147,149-151]. Few studies used pupil dilation drugs [138,144]. The predominantly measured light
intensity unit was illuminance (Ix) at the level of participants’ eyes. Some studies included information
on both illuminance and irradiance (tW/cm?), and some studies reported photon flux (photons/cmz-s).

Polychromatic light was used in most studies [117,122,124,126,127,129,131,134,138,139,141—
143,145-147,149-151]. Some studies examined effects of monochromatic light [120,144], LED
monochromatic light [123,132,148], or LED polychromatic light [136,137]. Two studies used
incandescent light [122,128]. The impact of lighting from different electronic devices (i.e., cathode ray
tube monitor, eBook, LED display) was evaluated in six studies [121,128,130,138-140,150], light emitting
from light boxes was evaluated in four studies [123,128,138,150], and specially modified goggles were
evaluated in three studies [130,133,148]. In one study, the description of the light type was not given [135].
In one study, participants wore helmets with black shields to regulate light input into the eye [138].
One study used red and blue visors to simulate night work environment and prevent melatonin
suppression [126]. More than one light source was used in several studies [122,123,126,139,147].
The majority of studies used CCT <3000 K [121,122,127,129,142,146,147], and between 3000 and
6500 K [117,122,126,127,131,139,140,143,147,150,151]. Two studies used CCT >6500 K [141,150].
One study tested illuminance under seven different CCTs ranging from 1600 to 14,000 K [141]; in one
study, the authors used 2700 K and 5600 K [136], and, in one study, they used 2700 K and 6500 K [137].
The CCT was not defined in several studies [119,123-125,128,130,132-135,138,144,145,148,149].

(c) Duration and Timing of Light Exposure in Selected Studies
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The duration and timing of light exposure during the night varied among studies. The shortest
duration used was <30 min [120,142,144,147]. Light exposure for 60 min was used in six studies [132,
135,143,149-151], whereas one study used 90 min [127], five studies used 2 h [122,128,130,133,148],
six studies used 3 h [124,125,137,145,146], five studies used 4 h [126,136,138,139,141], and three
studies used 5 h [117,121,150]. Additionally, 6.5 h of light exposure was used in one study [134],
and entire night light exposure (8 h, ~11:00 p.m.—7:00 a.m.) was used in three studies [119,129,131].
In most studies, exposure of participants to ALAN occurred between 11:00 p.m. and 3:00 a.m. [123,
126,127,130,133,135,136,136,138,141,143-145,148-151]. Many studies applied light exposure before
midnight [117,120-122,125,132,139,140,142,146,147], and five studies applied light exposure from 3:00
a.m. until morning [123,124,135,138,150]. Participants were exposed to ALAN more than once during
the scotophase (before 2:00 a.m. or early-morning light exposure) in two studies [123,135]. In two
studies, participants had individual times recorded according to their inner circadian time [128,134].
In one study, exposure time was assessed to determine the time of melatonin onset [128].

(d) Effects of Nocturnal Light on Melatonin in Humans

Most studies identified significant melatonin suppression after exposure to ALAN with illuminance
<250 Ix [117,120-123,126-129,131,133-142,146,148,150]; many studies, however, did not find a
significant effect of exposure to ALAN <250 Ix [119,122,124-126,130,143,145,147,151]. Dose-dependent
effects of illuminance on melatonin suppression were determined in many studies [117,120,
122-124,127-129,133,134,137,143-145,147-151]. Reported suppression of melatonin levels ranged
from <10% [120,129,130,133-135,148,150] to <20% [137,138,143,145,151], <30% [120,130,135,150],
<40% [122,123], <50% [126,133,136,139], and >50% [117,131,133,134,138,148]. In one study, the effective
dose for 50% melatonin suppression was computed for each individual and at the group level [117].
No suppression of melatonin was noted in some studies [119,124,125,127], and several studies did
not report the percentage of melatonin suppression [121,122,127,128,147]. The duration of light
exposure had a significant effect on melatonin levels in several studies [117,126,131,133,136,137].
Exposure to light during the night caused phase advance in one study [124], phase delay in five
studies [117,124,128,134,139], and shortening in the high melatonin phase in one study [131].

Early studies used very high illuminances during the night and found strong suppressive effects
on melatonin. Illuminance of 200 Ix caused a significant (17%) melatonin suppression following 1 h of
exposure at midnight [143,151]. The same illuminance, but lasting 3 h, also beginning at midnight,
caused 21% mean melatonin suppression, with the highest suppression after the first hour of exposure.
The suppression of melatonin was not significant in this study as compared to control night, but only
six subjects were included in this study [145]. Exposure to 200 Ix for 3 h at the end of the night did
not cause a significant reduction in melatonin levels compared to the control [124], but very high
background light was used in the control conditions in this study. Moreover, illuminance of 250 1x
administered during the normal onset of melatonin secretion was reported to reduce melatonin below
detectable levels; the onset of melatonin secretion was delayed for at least 1 h after light exposure and
did not rise until the end of exposure, 2 h after melatonin onset in control conditions [128]. Exposure
to ALAN (200 1x) between dusk and bedtime reduced levels of melatonin by 71.4%. When ALAN
exposure continued throughout the entire night, total daily melatonin was suppressed by more than
50% in most individuals, with median suppression of 73.7% [131].

Spectral distribution of light, approximated as CCT and often referred to as “light quality”, may
have a considerable influence on the melatonin suppression. For example, at the same illuminance,
light with higher CCT can have a larger suppressive effect on melatonin production than light with
lower CCT [122,127,137,147,150]. The short exposure (30-90 min) to light with CCT <2300 K in
different parts of the night (illuminance 200 1x) had the same effect on melatonin as dim light conditions
(<101x) [127,147]. Similar results were found in other studies after 4 h of ALAN exposure (CCT <2000K,
illuminance 200 Ix). Higher CCT, ranging from 3900-14,000 K, caused significant melatonin suppression
in comparison with 2750 K, but resulted in negligible differences in melatonin suppression despite the
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large range of CCT and the same illuminance [140]. A study that used light from a fluorescent tube [129]
showed that, when short wavelengths (<530 nm) were filtered out, an illuminance of 193 Ix throughout
the entire night suppressed melatonin only marginally, but significantly (6% + 4%) compared to dim
light conditions (5 Ix), whereas non-filtered white light (253 1x) caused a larger (45% =+ 6%) melatonin
suppression compared to dim light.

Some studies identified age-dependent effects of ALAN. Less mature adolescents showed greater
melatonin suppression at all tested illuminances (15 1x, 150 1x, 500 1x) in the evening (11:00 p.m.-12:00
a.m.) compared to the late pubertal and post-pubertal adolescents [135], whereas morning melatonin
suppression (3:00—4:00 a.m.) was not statistically different among age groups. Two different CCTs with
the same circadian stimulus and photon density were tested, but with different illuminance between
adolescents (13-18 years) and adults (32-51 years) [136]. The suppression of melatonin was greater
in the adolescent group than in adults, and there was no difference between different CCT in adults
(melatonin suppression ~30%). These studies demonstrate that adolescents are more sensitive to
short-wavelength light than adults. The exposure of elderly people to an entire night of ALAN in their
home environment did not show significant differences in urinary melatonin between a group exposed
to <3 Ix and a group exposed to >3 Ix [119]. This study was the only investigation to focus on light
pollution, and it included 528 probands in home conditions and monitored a metabolite of melatonin
in a spot morning urine sample. The authors found ALAN to be associated with impaired obese and
lipid parameters, but not with melatonin. Comparison of melatonin suppression by ALAN, with
monochromatic light of different wavelengths and irradiances at the beginning of the melatonin rising
phase, in premenopausal and postmenopausal women, demonstrated reduced melatonin suppression
in response to short-wavelength light in older postmenopausal women [120].

5. Discussion

The importance of melatonin in circadian rhythm is quite well understood, but the impact of
ALAN on melatonin levels and, thus, on circadian rhythm is much less understood. It is quite possible
that ALAN not only changes the amplitude of melatonin rhythms but also results in phase shifts;
however, the potential shifts in timing of the melatonin cycle as a result of exposure to ALAN were
barely studied [e.g. 15]. ALAN is a relatively novel human-generated environmental stressor, and its
distribution is spreading worldwide. Increased illumination, and the increasing use of light sources
rich in short wavelengths should raise concerns about its impact on the circadian rhythms of wild
animals and humans. Our knowledge on melatonin and ALAN, however, is limited to a few groups of
vertebrates (Figure 3), which compounds our extremely limiting understanding of the mechanisms
in some vertebrate groups. It is clear that large differences exist both within and between vertebrate
orders, precluding generalization of patterns or the transfer of knowledge from one taxonomic order to
another. Although nearly all vertebrates possess photoreceptors, frequently of multiple types, which
regulate melatonin levels and circadian rhythms, not all species have the same photoreceptors and
sensitivity to ALAN. Moreover, ectotherms can use both light and temperature as a zeitgeber, and while
this is well documented in reptiles, the importance of temperature as zeitgeber in fish, who live in
well-buffered environments, is less clear. Temperature seems not to be of importance for circadian
rhythms in non-reptilian vertebrates [152], who are either endothermic (birds and mammals) or avoid
exposure to high temperatures (amphibians).

In almost all groups (with the exception of rodents, ungulates, and humans), the minimum light
levels reported in the literature to induce a measurable melatonin suppression were the lowest light
levels tested. The lowest light levels that suppress melatonin (~0.001 and 0.002 Ix) with the highest
variability are reported for groups with the largest number of studies (15 for fishes and 34 for humans,
respectively; Figure 4, Table 2), whereas in the least-studied groups (e.g., primates other than humans,
two studies), the effects were reported at relatively high light levels (50 lux). This suggests that the
lower observed sensitivity in less-studied groups may be at least partially related to the lack of research
on these groups. Early experiments were often designed to test relatively high illumination levels and
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progressed toward treatments with lower irradiance in search for the thresholds. Our review reveals
that the sensitivity thresholds of melatonin to ALAN can be expected to be even lower than currently
reported in the literature for groups such as birds and mammals. Further research should test for
the effects of ALAN of lower intensities (<1 1x, Figure 4), which animals of all vertebrate groups may
experience throughout large areas in nature.
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Figure 3. Minimum levels reported in the literature to suppress melatonin (MEL) in vertebrate groups
relative to light levels by natural and artificial light (ALAN) sources. Left panel: illuminance during day,
twilight, and night as a function of elevation angle of sun and moon; the shaded gray bar symbolizes
twilight (CT—end of civil twilight, NT—end of nautical twilight, AT—end of astronomical twilight),
the light-green bar symbolizes clear sky illuminance, and the black bar symbolizes illuminance during
overcast night; yellow solid line—sun illuminance on clear day, yellow dashed line—sun illuminance
on cloudy day, gray solid line—moonlight full moon, gray dashed line—moonlight first and last quarter
(“half-moon”). Central panel: minimum melatonin suppression levels published in the reviewed studies
for different vertebrate groups: fishes, amphibians, reptiles, birds, rodents, ungulates, non-human
primates, and humans. Due to the low number of studies (1 = 2), the levels reported for non-human
primates are not shown. Right panel: typical illuminance levels from ALAN; * indicates minimum
level of monochromatic light (460 nm) that suppressed MEL in controlled laboratory conditions [132],
** indicates a significant suppression of MEL at new moon conditions, probably in the range of a few
millilux, but light intensities were not measured in this study [55]. Icons were made with Freepik
(www.flaticon.com).

In almost all groups (with the exception of rodents, ungulates, and humans), the minimum light
levels reported in the literature to induce a measurable melatonin suppression were the lowest light
levels tested. The lowest light levels that suppress melatonin (~0.001 and 0.002 Ix) with the highest
variability are reported for groups with the largest number of studies (15 for fishes and 34 for humans,
respectively; Figure 4, Table 2), whereas in the least-studied groups (e.g., primates other than humans,
two studies), the effects were reported at relatively high light levels (50 lux). This suggests that the
lower observed sensitivity in less-studied groups may be at least partially related to the lack of research
on these groups. Early experiments were often designed to test relatively high illumination levels and
progressed toward treatments with lower irradiance in search for the thresholds. Our review reveals
that the sensitivity thresholds of melatonin to ALAN can be expected to be even lower than currently
reported in the literature for groups such as birds and mammals. Further research should test for
the effects of ALAN of lower intensities (<1 1x, Figure 4), which animals of all vertebrate groups may
experience throughout large areas in nature.
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Figure 4. Relationship between the number of studies identified as relevant for this review (Table 2) and
lowest light levels of nocturnal light reported in those studies to suppress melatonin (MEL) for different
vertebrate groups; * indicates minimum level of monochromatic light (460 nm) that suppressed MEL
in controlled laboratory conditions [132], ** indicates a significant suppression of MEL at new moon
conditions, probably in the range of a few millilux, but light intensities were not measured in this
study [55]. Icons were made with Freepik (www.flaticon.com).

5.1. Fishes

Freshwaters and coastal habitats are likely to be affected by light pollution, as ALAN derives from
human activity centers, which are typically close to sources of freshwater [153].

The studies on plasma melatonin of fishes under different intensities of ALAN from broad-spectrum
white light, despite the heterogeneity across taxa, habitats, temperature, and experimental designs,
provide a surprisingly clear picture of a dose-dependent suppression of melatonin under nocturnal
illumination in fishes. In many studies, plasma melatonin was even reduced at very low intensities in
the range of skyglow and moonlight (0.01-1 1x); in one extreme study, even exposure to the illuminance
of a new-moon night reduced plasma melatonin significantly [55]. This shows that fishes are generally
susceptible to ALAN and that reduced nocturnal melatonin production can be expected in most bony
fishes during ALAN exposure. From the studies using acute 1-2-h light pulses during scotophase,
it is clear that the reduction of plasma melatonin is a very rapid and probably direct response to
ALAN. The exception to this trend was the only experimental field study included in our analysis [63],
and also the only study not to measure a reduction in plasma melatonin under ALAN with street-lamp
illuminance of 15 Ix, compared to half-moon conditions on the dark control site (0.02 1x). The authors
attributed the lack of change in light of the half-moon to the more complex in situ conditions (i.e., higher
background noise levels) and the long sampling procedure which may have blurred shifts in melatonin
peaks [63]. Furthermore, while an adaptation of endogenous melatonin rhythms to the permanent
illumination cannot be excluded, it is considered unlikely, given that other studies reviewed here had a
similar experimental duration [59,61]. More long-term studies in natural in situ conditions are required
to detect the mechanisms of acclimatization and adaptation to permanent exposure to ALAN.

From the selected literature, there was no clear overarching trend for color sensitivity of fishes
toward ALAN. The production of plasma melatonin was more sensitive toward green and red light, as
compared to blue light, in the freshwater species Eurasian perch [67]; however, in roach, all colors
equally suppressed melatonin [65]. For the marine species European sea bass, red light had weaker
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effects than green or blue light at low intensities, and it was suggested that the differences between
light colors depend on the intensity [62]. More studies support the idea that marine fishes are minorly
sensitive toward red light [154,155], especially at low intensities [156]. These spectral sensitivities
correspond to the dominant light color in the respective photic habitat, as marine fish species are
known to have higher retinal spectral sensitivities at shorter wavelengths (blue light) than freshwater
fishes, in which spectral sensitivity is typically more shifted to higher wavelengths (red light) [85].
If pineal and other non-visual photoreceptors have similar spectral sensitivities to visual ones, then this
would explain the color effects in roach and Eurasian perch [65,67]. However, no direct measurements
of spectral sensitivities for pineal or other non-visual photoreceptors in fishes are available. Setting
thresholds for color sensitivity for fishes in general will not be possible and likely remains habitat- and
species- specific.

The selected papers indicate that light pollution may not only affect plasma melatonin and,
therefore, the timing of physiological processes, but it can also potentially influence the visual
adaptation of fishes by changes in ocular melatonin. The direction of the effects of broad-spectrum
white light on ocular melatonin seems to be species-dependent, but melatonin was significantly altered
at almost all intensities in all studies. In different species, ocular melatonin shows opposite responses
to light during the scotophase, increasing in some species and decreasing in others. The reasons why
melatonin is increasing or decreasing upon exposure to ALAN remain a subject for future studies.
Studies that show opposing responses in ocular and plasma melatonin support the hypothesis that
ocular and plasma melatonin are parts of separate systems in fishes; ocular melatonin might be used
for visual adaptation, and plasma melatonin might be used for circulating in the blood and circadian
organization of cells and tissues [10,50].

Similar to other ectotherms, melatonin production in fishes is not solely influenced by light, but
also by temperature [61]. The facts that Atlantic salmon showed the weakest response to ALAN at low
temperatures (between 1—17°C) and that tropical fish species showed the strongest response indicate
that temperature might interact with ALAN to affect melatonin. Some publications did not report
water temperature [54-58,63] or gave a broad temperature range without specifying temperature for
the time of melatonin measurements [60,61,157]. This review, therefore, does not allow us to draw
conclusions on temperature-dependent ALAN effects, which warrant further study.

All selected studies investigated teleost species, and other fish taxa, e.g., cartilaginous fishes
(Chondrichthyes), remain subject to future research.

5.2. Amphibians

Most species of Anura (frogs and toads) are fully or partly nocturnal and, therefore, particularly
susceptible to ALAN [70]; however, no studies were identified that met our eligibility criteria, clearly
indicating that there is a major research gap in this class of vertebrates regarding melatonin suppression
by ALAN. The lack of studies on amphibians is surprising given the worrying worldwide decline
of amphibian species and the known ecological and physiological effects of light pollution on other
vertebrate taxa. In addition to habitat loss and increasing diseases, light pollution may be an important
factor to consider when developing conservation measures for amphibians. Shape and thresholds of
dose-response functions of melatonin toward intensity and color of ALAN, as well as effects of realistic
light pollution scenarios, are unknown for amphibians and should be subject to future research.

Due to the complexity of the life cycle, it is possible that melatonin production might have different
sensitivities toward ALAN at different life stages, however this has not been tested. Color change by
skin melanophores, as well as differences in ocular and plasma melatonin, may also be of interest in
this taxon.

5.3. Reptiles

The effect of low nocturnal light levels on melatonin in reptiles was not studied. Moreover, the
importance of light in regulating melatonin cycles in reptiles is also poorly understood. Reptiles are a
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highly varied group, and it is clearly not possible to generalize based on the small number studies on
light and melatonin in general and small number of species studied. In contrast to other vertebrates, it
seems that nocturnal exposure to light in reptiles does not result in an immediate decrease in melatonin
levels. Furthermore, reptiles use both ambient temperature and light as zeitgebers, where, at least in
some cases, temperature seems to be the most important of the two. This seems to be a unique feature,
setting reptiles apart from other vertebrates, and needs to be addressed in future studies. An important
hiatus is the lack of research on the many nocturnal species, including many species of snakes and
geckos. Whether these are more sensitive to nocturnal exposure to light is currently unknown.

5.4. Birds

Several conclusions can be drawn from the results. Firstly, as in other vertebrate groups, ALAN
exposure at night suppresses or strongly reduces melatonin production and release in birds, even at an
illuminance of 0.3 Ix. This change is usually accompanied by changes in behavior, especially temporal
shifts in activity patterns with higher nocturnal activity [15] and, in some cases, higher overall daily
activity [96]. Secondly, as only three studies were specifically designed to test the effects of ALAN on
melatonin in birds, there is a need to increase our knowledge in this field by increasing the replicability
of results and the number and type of avian species tested. Novel studies should also devote particular
attention to the choice of light bulbs used in the experiments, as well as the experimental set-up. Most
studies used wide-spectrum light sources; therefore, a clear research gap is the effect of different ALAN
wavelengths on melatonin production and release in birds. Lastly, the wider implications of night-time
melatonin suppression due to ALAN in birds are also not known. Behavioral links to melatonin
suppression were reported for different avian species, particularly strong shifts in activity timing.
However, what does this mean for the health and fitness of birds? Changes in the temporal expression
of activity patterns may have significant implications for predator-prey relationships and energetics.
It is, therefore, impelling that future studies should also consider the opportunity to measure melatonin
rhythms under ALAN in wild birds. This question is equally important for domesticated species of
economic interests, like the chicken, where animal welfare issues also need to be considered.

5.5. Non-Human Mammals (Rodents, Ungulates, and Primates)

Despite extensive research on melatonin and circadian rhythms in rodents and ungulates, relatively
little research assessed melatonin suppression under low-level ALAN in experiments specifically
designed to mimic light-polluted conditions; whereas studies on non-human primates are in their
infancy. In the first two groups, effects of ALAN were mostly assessed by the use of light pulses
(duration from 1 min to 1 h), whereas low-light illumination throughout the entire night, which would
more closely relate to light-polluted conditions, was only assessed in three studies. With only two
relevant studies on primates that were identified for this review, there is a clear research gap and a
need for more studies which would include diverse species, light sources, and light intensities to study
the effects of ALAN on melatonin in non-human primates.

In rodents and ungulates, ALAN suppressed melatonin levels to different extents, at virtually
all irradiance and wavelength levels, particularly under the combination of short-wavelength and
high-irradiance exposure. The duration and frequency of the exposure have an influence on melatonin
suppression; however, for a better understanding of this relationship, more studies need to be carried
out. The selected studies show a positive dose-dependent relationship between nocturnal irradiance
levels and melatonin suppression [113], and a dose-dependent relationship is likely to exist in relation
to spectral composition as well. This was indicated in another study [158], which was not included in
this review due to high irradiance levels, which used monochromatic light of different wavelengths
(blue 479 nm, yellow 586 nm, and red 697 nm) but the same irradiance (293 1W/cm?) for 30 min in
the middle of the scotophase to compare spectral sensitivity and acclimation duration in two rodent
species, nocturnal social vole (Microtus socialis) and diurnal, obligatory subterranean blind mole rats
(Spalax ehrenbergi). In both species, melatonin suppression showed negative dose-dependency toward
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blue light, as well as toward yellow in social voles and toward red in blind mole rats. This indicates
species- and wavelength-specific sensitivity of melatonin suppression in sighted mammals, possibly as
a result of different adaptive life-history strategies at the retinal level [158]. minimizing emission of
short wavelengths in the spectral output of light sources may be a promising approach to mitigate
effects of on melatonin levels in mammals, as it was recently shown for nocturnal marsupial species,
tammar wallaby (Macropus eugenii) [159]. More studies that compare effects of different light sources
on a wider diversity of species with different life histories are highly needed.

Interestingly, in contrast to nocturnal mammals, some diurnal species seem to have robust
melatonin rhythms which are relatively insensitive to nocturnal light. For example, in Eastern
chipmunk (Tamias striatus), even high irradiance rich in short wavelengths applied in the middle of the
scotophase (~4,000 1x at midnight, cool white fluorescent light) did not suppress nocturnal melatonin,
but the suppression occurred if lighting was applied later in the scotophase (at 3:00 a.m.) [160]. Seven
nights of exposure to 200 pW/cm? did not affect melatonin levels in Eastern chipmunk nor in Mexican
ground squirrel (Spermophilus mexicanus) [161]. In subterranean rodent valley pocket gopher (Thomomys
bottae), exposure to irradiances ranging from 220 to 600 1uW/cm? (cool white fluorescent light) for
1-4 h into the night at varying times also did not suppress melatonin production [162]. These studies
were excluded from the analysis due to too high light levels; they do, however, contribute to our
understanding of ALAN effects of animals with different activity patterns.

5.6. Mammals (Humans)

In line with data from other vertebrates, ALAN can also effectively suppress the night-time
melatonin production in humans. Bearing in mind that melatonin in humans, apart from regulating
various physiological systems, immune activity, and anatomical and behavioral patterns, is also an
efficient antioxidant, antiaging, and anti-oncogenic hormone (with regard to breast and prostate
cancers) [1,163], the suppression of its production by ALAN imposes a health risk [164]. Recently,
it was discovered that melatonin is involved in epigenetic modifications [163]. The negative results
of its suppression are not to be recognized soon after exposure to ALAN, as a period of years can
pass before the symptoms appear. Therefore, our knowledge on melatonin levels is becoming crucial,
as it is an important biomarker regarding health risk evolving from exposure to ALAN. Knowing
the thresholds for melatonin suppression by ALAN is important for setting recommendations for the
lighting of human environments at night.

The sensitivity of the human circadian system to nocturnal light seems to be lower than previously
anticipated. Although early studies on entrainment of circadian rhythms suggested social cues as an
important stimulus for their synchronization in humans [165], it is now well accepted that light is also
an important entraining agent for the human circadian system, and that amplitude of the melatonin
rhythm can be suppressed by ALAN [7]. Early studies used very high illuminances during the night
(>200 Ix) and found strong suppressive effects on melatonin. As such high levels of illumination
can occur at home during the evening, these findings suggest that exposure to room light before
bedtime, and during the normal hours of sleep may impact physiological processes regulated by
melatonin signaling, such as sleepiness, thermoregulation, blood pressure, and perhaps even glucose
homeostasis [131]. Moreover, night-time light exposure can have acute effects on the endogenous
circadian phase of the melatonin rhythm, with possible consequences on sleep-wake rhythms and
sleep quality. Light exposure during the late evening can significantly phase-delay melatonin rhythm,
whereas the same treatment can phase-advance the rhythm if it occurs late in the night. The effect
is dose-dependent, because low illuminances (<15 1x) evoked a little phase shift, while bright light
(>500 Ix) caused an apparent saturating phase shift of the endogenous circadian melatonin rhythm [165].

Despite intense research during the last few decades, the exact threshold for melatonin suppression
in humans is still not established. Most studies explored illuminance levels which are related to
indoor lighting and are much higher than outdoor lighting. Such studies found that illuminances
approaching 40 Ix were needed for melatonin suppression after 3 h of light exposure [137,150]. In this
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context, recommendations by the Illuminating Engineering Society of North America for outdoor
environment at night, of 18 Ix on the horizontal plane and 9 Ix at the eye level, are below this threshold.
However, these recommendations are based on estimation at the group level from studies performed
under “average” conditions with a limited number of participants; therefore, they may be too high
for sensitive people exposed to ALAN in specific conditions. In a laboratory study, even the lowest
illuminance (3 1x) caused melatonin suppression in some participants [134]. Moreover, laboratory
studies with monochromatic light imply even greater sensitivity of the human circadian system; for
example, monochromatic light near the maximum of the melanopsin absorption was reported to trigger
measurable melatonin suppression even at very low irradiances of 1010 photons/cm?-s (4.3 nW/cm?) at
a wavelength of 460 nm [20]. When converting these values to photopic units, the illuminance reaches
down to about an exceptional 0.002 Ix, which is on the order of starlight illuminance. In another
study, minimum illuminance for melatonin suppression was found to be wavelength-dependent,
ranging from 0.1 Ix at 424 nm, 1 Ix at 456472 nm, and 5 Ix at 496 nm, to 34 Ix at 520 nm and 50 Ix at
548 nm [146]. The idea that thresholds lie in a range of 2-10 Ix is also supported by a modeling study,
which was excluded from this review because it does not contain original data [166]. These findings
suggest that ALAN has a potential to suppress melatonin at virtually any intensity we are exposed
to in real-life conditions. These findings, however, must be verified in future experimental studies
with a larger number of participants, and the relevance of such high implied sensitivity of the human
circadian system to nocturnal light needs to be evaluated in the context of indoor and outdoor lighting
environments and technologies.

Another recent experimental study convincingly demonstrates that the circadian melatonin
production can be suppressed by a low level of white light [117]. A relatively large number (29 women
and 27 men) of young participants (aged 18-30 years) were exposed to polychromatic white light in a
range of 10, 30, 50, 100, 200, 400, and 2000 Ix. The experiment was performed under control conditions
in the sleep laboratory, and illuminance was measured at the eye level (CCT ~4,100 K; background
light <0.1 Ix). Under these precisely controlled lighting conditions, the effective dose of light for
50% of melatonin suppression (EDs) at the group level was 24.6 Ix. However, in the most sensitive
individuals, the EDsg reached only 6 1x, whereas it was 350 Ix in the least sensitive individual. It can
be expected that such large inter-individual variability might preclude the possibility of a significant
suppression of melatonin being obtained at the group level in previous studies, mainly performed on
a limited number of participants. Such large inter-individual variability was not reported for other
animal species, with the exception of the one individual highlighted earlier in a primate study (see
above). The factors which contribute to this extensive inter-individual variability are not known;
they may include photoreceptors [167], SCN functioning [166], or non-retinal inputs to the SCN [117].
Differences in structure and calcification of the pineal gland should also be considered.

In addition to the illuminance level, the suppressive effects of ALAN on melatonin production
can depend on several other factors, such as spectrum of light, duration and timing of light exposure,
age of probands, and their photoperiodic history. Several studies showed that at the same illuminance,
light with higher CCT had a larger suppressive effect on melatonin production than light with lower
CCT. The selected studies used different lengths of ALAN exposure and, therefore, a direct comparison
between them is not appropriate. Maximal melatonin suppression was reached even after 1 h of
light exposure with different illuminances (200 1x, 400 1x, 600 1x), and longer exposure had no further
influence on melatonin concentrations [145]. Recent studies reported somewhat different results;
the significant effects of exposure duration indicated that a longer exposure (11:00 p.m. -3:00 a.m.)
suppressed melatonin to a greater degree [136]. A limited number of studies deal with long or all-night
light exposure to low illuminances; one notable study [134] examined overnight exposure (11:00
p-m.—5:30 a.m.) with three different illuminances at high CCT of light (3 1x, 106 Ix, and 9,100 Ix). Even
low illuminance (<15 Ix) evoked a change in plasma melatonin concentration and caused a small phase
shift [134].
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The reviewed studies suggest that the sensitivity of humans to non-visual responses of light is
higher than previously anticipated and that studies reporting a rather high level of light needed for
melatonin suppression in humans have several limitations. It is plausible that suppressive effects
of ALAN are individually based, and that thresholds reported at the group level are too high for
sensitive individuals, especially if combined with short wavelengths. Moreover, the sensitivity of the
circadian system changes during the night, and it is less responsive in the middle of the night, when
most experiments are performed. Studies with several levels of light illuminance, spectral distribution,
duration, and timing are needed to establish the thresholds. In particular, for a group of sensitive
people, who may respond to very low illuminance, it is necessary to reconsider the potential health
consequences of exposure to indoor and outdoor “dim” light in the evenings or throughout the entire
night. Identification of such people and exploration of causes for high/low sensitivity to ALAN are
other challenges for future research.

5.7. A Note on Experimental Design

When designing experiments to study melatonin suppression, a proper set-up of control conditions
is crucial in order to make reliable comparisons among treatments and interpretation of experimental
results. Studies on experimental animals often suffer from “too dark” control conditions, as complete
darkness that is often used in laboratory experiments can lead to higher melatonin production than
what would occur under naturally lit nights. For example, in Mozambique tilapia, the illumination
in a new-moon night (i.e., starlight, ca. 0.0006 Ix [23]) was enough to significantly reduce melatonin
within 1 h to 75% of the melatonin levels in complete darkness [55]. In addition, Senegalese sole had
significantly higher plasma melatonin in shaded tanks on a new-moon night than fishes exposed
to natural new-moon conditions [168]. These studies indicate that complete darkness in laboratory
settings may be too dark for ecologically realistic comparisons in melatonin levels.

In humans, on the other hand, controls are often subjected to too high background illuminances,
which may interfere with melatonin production and may be one of the reasons for the initially reported
insensitivity of human melatonin levels to ALAN, which is surprising in comparison to other mammals.
Unlike recent studies, where background illuminances ranged from 0.1 to 5 or 10 Ix, many early
experimental designs used “dim light” up to 20 Ix [126,143,148], 50 1x [128,149], or even 200 Ix [124]
which is likely to suppress melatonin by itself. Therefore, the use of lower background control
illuminances (<0.1 1x) with spatially diffuse and spectrally broadband light is recommended for studies
on melatonin in humans.

ALAN may not only affect amplitude, but also the circadian phase of the melatonin rhythms,
which was reported in few studies on fishes, birds, and mammals, including humans. If a phase
shift occurs under ALAN, typical single- or two-point studies exploring suppressive effects of ALAN
may miss the peak of the melatonin rhythm. If the sampling time is kept the same for control and
experimental animals, the results could be misleading, as these groups would be sampled at different
phases during their melatonin rhythm and the melatonin levels between the groups would not be
comparable. Hence, obtaining at least four samples per day per individual and treatment group is
essential in order to establish full circadian profiles and understand the true effects on amplitude and
timing of melatonin rhythms, which should be considered in future studies.

5.8. A Note on the Measurement of Light Intensities

The illumination of a study organism is a complex endeavor and should take into account intensity,
spatial distribution, wavelength, and, under some circumstances, even polarization of the light source.
Furthermore, the spectral sensitivity of the photoreceptors should be considered when designing
a study. In the present review, we used the photometric illuminance, which is most often used in
biological publications and by the lighting industry. However, illuminance refers to the spectral
sensitivity of the human eye at daytime and has several drawbacks for both human studies at night
and animal studies in general. The meaningfulness of an illuminance value becomes problematic
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particularly when monochromatic light is used. In humans it was recently found that, instead of using
photopic illuminance, a new “melanopic irradiance” (using “melanopic Ix”) based on a weighting
function using the melanopsin action spectrum is most meaningful, also for monochromatic light [166].
In principle, such a procedure is possible also for other species if the action spectrum of photoreceptors
is known; however, this is currently not the case for most species. “Circadian stimulus” is another metric
suggested by Reference [169] for quantifying light as a stimulus on human melatonin suppression
based on the sensitivity of all retinal photoreceptors.

If the spectrum of a light source is known or measured, then a conversion between radiometric
units and photometric units, as well as species-specific action spectra, is in principle possible at least
for the same geometry (irradiance and illuminance). We, therefore, recommend measurement of the
(vector) spectral irradiance (in W/m?nm) directed at the target, usually in horizontal or vertical plane
depending on the experimental design. In such a case, illuminance can be easily calculated and should
be provided for ALAN studies for comparisons with existing literature (see Appendix A).

5.9. Research Gaps and Recommendations for Future Research

In all studied taxa, low-level light at night suppresses melatonin levels; however, the current
knowledge on a dose-response relationship regarding light intensity and wavelength, as well as the
shape of the dose-response function, is incomplete. For many taxa, the lowest light levels reported to
suppress melatonin are the lowest light levels tested; hence, there is a clear need to test even lower
irradiances to which wildlife could be exposed in nature in order to identify the thresholds of ALAN
effects. Moreover, whether such thresholds exist, i.e., whether effects of ALAN occur only above a
certain light level is unclear, as a slight increase in irradiance was enough to cause measurable effects
in nocturnal melatonin in some studies, e.g., in fishes [55], birds [15], and humans [132]. A range of
light levels, spectra, and light types used in outdoor and indoor illumination needs to be assessed in
future studies, on a wider diversity of species across vertebrate taxa.

Little is known about the wider ecological implications of ALAN-suppressed melatonin and
its consequences for fitness and survival of vertebrates in the wild. Melatonin is an important
antioxidant and mediator of the immune functions; however, in experimental field studies, ALAN did
not reduce antioxidant capacity in marsupial mammal, tammar wallaby, despite suppressing melatonin
levels [159], nor was it the case in great tits [170] (although melatonin was not measured in the latter
study). Melatonin suppression is often accompanied by changes in behavior, e.g., activity timing in
birds. In addition to affecting melatonin and circadian rhythms, ALAN can affect a range of nocturnal
activities in animals, such as foraging, orientation, predator/prey interactions, and reproduction [30,31],
potentially leading to large-scale ecological changes. Field studies on wild populations and the effects
of chronic, long-term exposure to ALAN are highly warranted.

To our knowledge, no studies tested the effects of ALAN on melatonin suppression in amphibians
and reptiles. Such studies are urgently needed in order to understand and mitigate potential impacts
of light pollution on these vulnerable groups. Which life-stages in amphibians are most susceptible
to ALAN? Is melatonin in reptiles affected by ALAN, as it is in other vertebrate taxa? Are there
differences in pineal and ocular melatonin? Learning from previous investigations, such studies can
apply high-quality experimental designs with adequate control conditions (see above), a well-described
light set-up (including irradiance, spectrum, and distance to the light sensor), and measurements of
full circadian profiles using validated, and when possible, minimally invasive methods for melatonin
measurements (e.g., enzyme-linked immunosorbent assay (ELISA) on samples of saliva, urine, or
water). In ectotherms, ALAN may interact with temperature to affect melatonin levels; therefore,
measuring and reporting temperature throughout the experimental period, especially at the time of
sampling, is essential to understanding the dynamics of melatonin suppression by ALAN in these taxa.
This may be of particular importance for conservation measures in a warming world.

In humans, the same illuminance was found to be highly suppressive in some individuals and
well tolerated in others, and the biological mechanisms underlying this remarkable inter-individual
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variability in sensitivity to ALAN need to be studied extensively. For these reasons, thresholds based
on the group level have serious limitations, and dose-dependent studies at the level of individuals
are needed to reveal a threshold of melatonin suppression by ALAN. Furthermore, more results are
needed in a developmental context; adolescents were reported to be more sensitive to ALAN than
adults, especially to short wavelengths, but the exact age categories are yet to be defined. Moreover,
the possibly reduced light sensitivity of the circadian system in older people must be considered in
future studies. Light spectrum, duration and timing of light exposure, age of probands, and their
photoperiodic history all need to be considered when assessing thresholds of nocturnal light impacts.
There is an urgent need to study the effects of all-night exposure to low-intensity ALAN in different
age groups with a sufficient number of human participants. Health consequences of ALAN-induced
changes in melatonin levels with respect to metabolism, immune function, and endocrine balances
need to be further explored, together with other non-visual effects of nocturnal light on the brain, heart,
and immune system.

6. Conclusions

The use of artificial illumination is increasing exponentially worldwide. This review shows that
ALAN in general suppresses nocturnal melatonin production in vertebrates, often in a dose-dependent
and wavelength-dependent manner; however, our knowledge is limited to few vertebrate groups
with large differences in circadian organization and sensitivity, precluding generalization of observed
patterns. Amphibians and reptiles are yet to be studied in the context of light pollution and melatonin
suppression. In the most-studied groups (e.g., fish and humans), the effects of ALAN are reported at
surprisingly low light intensities, and they warrant a better understanding of the physiological and
health consequences of melatonin suppression.

The low reported sensitivity of the circadian rhythm in some taxa indicates that ALAN has a
potential to influence wild animals over large areas where light pollution is present, e.g., due to skyglow.
However, studies conducted in natural conditions are scarce; furthermore, which light levels animals
truly experience in nature is not really known. Light levels exponentially decrease with distance from
the lamp, and mobile species can easily avoid exposure to direct illumination and, thus, also avoid
potentially strong effects on melatonin rhythms [15], which may not be the case in less mobile species.

In many taxa, e.g., birds and mammals including humans, melatonin suppression is especially
strong at short wavelengths; however, no clear trends were found in the spectral sensitivity of
fishes toward ALAN. This makes mitigation of ALAN impacts on wildlife by spectral adjustment
difficult. In humans, the sensitivity to non-visual responses of light is much higher than previously
anticipated, and recognition of the same lighting environment by the circadian system varies greatly
between individuals.

In summary, well-designed studies, particularly with a wider range of light irradiance and
spectrum and well-defined light properties, are highly warranted for all vertebrate taxa. Characterizing
the spectral composition and irradiance thresholds for melatonin suppression will be of great importance
in the development of strategies to alleviate the adverse ecological and health impacts caused by
exposure to ALAN. All of these findings need to be considered when developing recommendations for
the lighting environments at night.
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Appendix A. A Short Overview of Relevant Radiometry and Light Propagation Basics

In this subsection, we provide a brief overview of the necessary background on radiometry for
light measurements in the context of ALAN and provide recommendations on how to measure light in
ALAN experiments focused on melatonin. Light measurements may appear to be straightforward,
but different physical quantities (measurands) and different units used across different disciplines
often cause confusion. This is particularly relevant in the interdisciplinary field of light pollution
where astronomers, biologists, lighting engineers, and human physiologists perform experiments on
the topic of ALAN that also require light measurements. For historical reasons, the different groups
use very different approaches and measures, but a common language is yet to be established. However,
when all relevant parameters are measured and properly reported, it is normally possible to convert
units; if not, it becomes very challenging if not impossible.

Appendix A.1. Further Reading

Asitisimpossible to be comprehensive here, we recommend all newcomers to this interdisciplinary
field to have a look at the book written for biologists [171], which is not only useful for biologists.
We further want to point out the excellent paper [172] about recommendations for human studies in
what they call the “melanopsin age”, providing also a useful toolbox in the supplement to convert
spectral irradiance to photopic and other units.

Appendix A.2. General Radiometry and Geometry

Firstly, we consider the geometry and define some radiometric quantities. The radiant flux (in W)
is the radiant energy emitted, reflected, transmitted, or received, per unit time. The radiance L, (in
W/sr-m?) is the radiant flux emitted, reflected, transmitted, or received by a surface, per unit solid angle
per unit projected area. This is a directional quantity. The index “e” stands for energy. For an observer,
it is the light that is incident from a specific solid angle. The irradiance E, (in W/m?) is the total radiant
flux received by a surface per unit area. See Figure Ala for a schematic drawing of measurement of
the radiance of the sky Lesky (specifically L, at zenith), which is often measured by astronomers at
night and then often reported as night sky brightness or night sky radiance. In contrast, the surface
irradiance at the Earth surface is shown as an example, which is more often measured by, for example,
biologists working on the topic of light pollution.

It is important to define the irradiance properly, because it can be differentiated between scalar
irradiance E, ¢, (sometimes termed Ep), which is the light incident on a sphere [174], and vector or
plane irradiance E, s, (Figure Alb), which is the light incident on a plane surface. The former is often
used by biologists working with phytoplankton or marine biologists in general, and the latter is most
commonly measured in the horizontal plane E, j,osi;ontq1 (i-€., again the Earth surface) at least for most
outdoor experiments, but also in the vertical plane for indoor experiments with humans.
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Figure Al. Schematic drawing of different radiometric parameters: (a) geometry of sky and zenith
radiance and surface irradiance measurements; (b) vector and scalar irradiance; (c) different spectral
bands: single (panchromatic), multiple (multi-spectral), and full spectrum (hyperspectral) (after
Reference [173]).
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Appendix A.3. Spectral Measurements in Single or Multiple Spectral Bands

In the spectral domain, radiance and irradiance are defined according to spectral sensitivity or
“band”. Panchromatic sensors (Figure Alc, upper graph) measure the radiance in a single spectral
band, sometimes due to the sensor’s own sensitivity (e.g., silicon) or by adding color filters to target a
specific application.

Appendix A.3.1. Photometric Quantities

The luminance Ly, for example, is the radiance referenced to the (daytime) sensitivity of the human
eye (in cd/m?), and illuminance E, (in 1x) would be the irradiance equivalent. The index “v” stands
for visual. A basic unit in photometry is the “candela” (cd) for the luminous intensity, which is the
luminous flux per solid angle. It is a historical (but still a proper SI) unit, as a common wax candle
emits light with a luminous intensity of roughly one candela. The luminous flux is the total luminous
energy per unit time (given in “lumen”—Im = cd-sr). The luminance (in cd/m?) is the luminous flux per
unit solid angle per unit projected source area. Due to the relevance for humans, the most commonly
used panchromatic sensor for light measurements is, therefore, a luxmeter (Ix = Im/m?), normally
measuring horizontal illuminance using a cosine corrector.

Appendix A.3.2. Photosynthetically Active Radiation

Another quantity often used in biology is “photosynthetically active radiation” (PAR) irradiance
Epar that weights the incident number of photons equally (not energy) between 400 nm and 700 nm [175].
Thus, the panchromatic PAR meters are also often called quantum light meters. PAR irradiance is
often given in energetic units W/m? or using photon flux per unit area Mphotons /s-m?, with the number
of photons nyt0ns sometimes expressed in mol (1 mol = 6.02 X 10%3), which is sometimes called
“Einstein”—E.

Appendix A.3.3. Astronomical Magnitudes

Another panchromatic sensor used in the context of ALAN (but not in melatonin studies) is a sky
quality meter (SQM) that measures the zenith night sky radiance in a spectral band that is close to,
but does not exactly resemble the photopic curve [23]. Astronomers historically use “magnitudes”,
a negative logarithmic scale (lower = brighter, higher = darker). The SQM provides a value in
units of mags/arcsec? that can be approximated to a luminance value [23], which is useful for sky
brightness measurements and to estimate skyglow but not to characterize experimental set-ups for
melatonin studies.
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Appendix A.3.4. Multi- and Hyperspectral Bands

To achieve spectral resolution, it is necessary to measure in multiple bands. Currently, the
terms multi-spectral and hyperspectral (from the remote sensing community) are commonly used to
distinguish sensors, although this is not strictly defined. Multi-spectral sensors have several discrete
bands, typically three to about 20, realized with optical filters. For example, a digital consumer
camera with an RGB (red, green, blue) sensor qualifies as a multi-spectral sensor measuring Lg ¢ 5
(Figure Alc, middle graph). Such cameras with wide field optics are used to study light pollution [176].
A hyperspectral sensor has many (typically narrow) discrete bands and spans over a continuum of
wavelengths measuring either the spectral radiance L) or the spectral irradiance E, (Figure Alc, lower
graph). The index “A” stands for wavelength. There is no strict lower boundary of the number of
bands; however, this is usually several tens of bands or more than 100. A spectrum should be provided
in SI (Systéme International) units W/m?nm, ideally re-sampled to 1-nm steps. However, biologists
(e.g., in PAR) sometimes use units based on photon numbers: 101015/ s-m?nm (again using both mol
and Einstein).

Appendix A.4. Conversion between Units

Appendix A.4.1. Conversion between Different Geometries

It is extremely difficult to estimate an irradiance from a radiance measurement, or to convert from
scalar to vector irradiance or horizontal irradiance to vertical irradiance and vice versa, unless a very
simple geometry is used or full knowledge about the geometry exists (this means the full spatial light
distribution). It makes a difference if an irradiance is created by the moon, a starry sky, a point source
radiating isotropically in all directions (approximated by a light bulb), or a modern LED streetlight
with complex optics.

For example, taking the sky geometry shown in Figure Ala, it is obvious that irradiance and
zenith radiance are not necessarily interlinked. An arbitrary sky radiance distribution could be present
(i.e., when the moon and clouds are up in the night sky). However, when assuming a spatially isotropic
luminance across the sky, the illuminance can be estimated by Ej jrizontal ® T X Ly zenin- Please be
careful, as this gives only an approximate measure and is not generally applicable, as discussed in
Reference [177].

Appendix A.4.2. Conversion of Photon Flux to Radiant Flux

Sometimes it is necessary to convert from photon flux ¢, (in photons/s) to radiant flux ¢, (in
W). A single photon carries the energy Epjoton,n = hXv = hxc/A, where A is the wavelength, v is
the frequency, c = 2.998 x 10%m/s the speed of light, and h = 6.626 x 10734]s is Planck’s constant.
With the photon energy at a specific wavelength, one can convert using ¢e2 = Ppnoton,2 X Ephoton,a-

Appendix A.4.3. Conversion between Spectral Bands

Conversion between spectral bands (for example, from luminance to PAR radiance) is not
straightforward and only possible if the spectrum of the light and the sensors spectral sensitivity are
known. However, an approximation is sometimes possible for common situations like (clear sky)
daylight or for commonly used light sources. Some look-up tables for such simple conversions were
produced in the past [175].

If the spectral irradiance E, is measured, it is possible to calculate the irradiance in other spectral
bands using a weighted integral. We show this using the example of radiometric irradiance and
photometric illuminance as follows:

760nm
Ev,horizontal = 683Im f Ee(/UV(A)d/\/ (Al)
380nm
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where E, (1) is the spectral irradiance, and V(A7) is the luminous efficiency function (normalized to 1).
The photopic curve is shown in Figure A2 as an orange solid line. The constant of 683 Im stems from
the conversion at the peak of V(1) at 555 nm. The integral can be simplified to a summation problem
when working in discrete bands as follows:

760nm
Eo = 683lm ) E.(A)V(A)AL. (A2)
380nm

This can be solved with a spreadsheet program; however, care has to be taken with the quantization.
It is recommended to use bins of 1 nm [171,172].
For a single wavelength, it simplifies to the following equation:

Eya1 = 683lm x Eo(A1) X V(A1). (A3)

This scheme can be applied to other photoreceptors, for example, those shown in Figure A2 for
humans; however, it can also be applied to animals, if the spectral sensitivity is known. A nice example
is the use of “melanopic lux” as proposed by Reference [172], which also provided a nice toolbox
for conversion.
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Figure A2. Normalized spectral sensitivity for different photoreceptors in humans, as well as the
photopic curve.

Appendix A.4.4. Example: Converting Photon Flux per Unit Area to Illuminance

As an example, we use the extremely low threshold for melatonin suppression in humans due to
monochromatic light found by Reference [132]. They provide a photon flux per unit area of “10 log
photons/cm?-s”, which is 10'%phot /cm?s = 10'4phot /m?-s. At the wavelength of 460 nm, the photon
energy is as follows:

hxc 6.626 X 10734].5 X 2.998 x 108m

_ _ ~ -19
Ephotgeonm = g5 = 10X 10 ~43%x1077]. (A4)

Then, the irradiance is as follows:

10 x 4.3 x 10719

= 43x107°W/m?. (A5)
ms

Ee,460nm =
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Using the normalized photopic conversion factor at 460 nm, V(A ), is 0.06, which results in an
overall conversion factor of 41 Im/W. Thus, the illuminance produced by this amount of monochromatic
light at 460 nm is as follows:

Eoa60mm = 683lm X V(A) X Eqg60nm = 41Im/W x 43 x 10°W/m? ~ 176 X 10°Im /m?. (A6)

This is 0.00176 Ix or about 2 mlx. This low illuminance suggests that it is about starlight level
illuminance. However, we want to point out that starlight is very broadband. This means, for a
photopic illuminance of 2 mlx “white” starlight, the photon flux per unit area at the maximum of the
melanopsin absorption curve at 460 nm will be much lower than for the monochromatic light used
by [132].

Appendix A.5. Recommendations: What to Measure and How

For experiments on ALAN in the context of melatonin, we recommend measuring vector irradiance:
horizontal irradiance for animals in captivity and for outdoor experiments with animals. For human
studies, either vertical or horizontal irradiance should be measured depending on the position of the
visual system of the study objects. In general, a radiance measurement should be avoided, as radiance is
not very relevant for non-image-forming detection, which is mostly relevant for melatonin suppression.

We further recommend obtaining spectral information to allow a conversion to photopic units, but
also other measures like “melanopic lux” in the case of humans, or a tailored measure for photoreceptors
of specific species. In the context of outdoor experiments with animals, it is also recommended to
measure radiation outside of the visual band i.e., UV and near-infrared.

Combining the two recommendations above, we recommend measuring the spectral irradiance
in the relevant plane using either a reflectance standard or a cosine corrector. The spectroradiometer
should be sensitive enough to measure low light levels and cover ideally a wavelength range between
300 and 900 nm (see Reference [25] for such a set-up). Also, non-SI units should be avoided.

Appendix A.6. Light Propagation in a Medium (Mainly Relevant for Water in the Context of This Paper)

In a medium like air or water, the main optical processes relevant for the topic of ALAN are
absorption, emission, and scattering. While for the topic of this paper these effects can be ignored
for light propagation in air, they are important for aquatic animals living in different water bodies.
Simplified, absorption is the annihilation of a photon, emission is the creation of a photon, and
scattering is the change of a photon’s original propagation direction in a bulk medium. At boundaries,
such as, for example, the water—air interface, the light changes direction by refraction (following Snell’s
law) or reflection (following the Fresnel equations). As the latter depends on the polarization of light,
light propagating from air into water or light that is reflected from water usually has a higher degree of
polarization than light that did not experience such a boundary. The interplay between the spectrum
of incident light, absorption, and scattering defines the spectrum of the light at a specific depth in
the water. Absorption and scattering depend on the optical properties of the water itself, but also
on constituents such as, for example, colored dissolved organic matter (absorbing short-wavelength
light) or phytoplankton (absorbing specific wavelengths, depending on their pigment composition).
The optical properties of open ocean waters, coastal waters, and inland waters differ and, therefore,
different spectral components of light reach the species of interest. Figure A3 shows the euphotic depth
for (a) the ocean and (b) different types of inland waters. Euphotic depth z,,, = %, where k; ;
is the diffuse spectral attenuation coefficient, is the depth where the light is attenuated to 1% of the
surface light level. For an introductory overview of light in water, we recommend Reference [178].
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Figure A3. Euphotic depth for different wavelengths for (a) clear ocean water and (b) different types of
coastal or inland waters (after Reference [179]).
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