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Editorial on the Research Topic
Effects of Artificial Light at Night on Organisms: From Mechanisms to Function

Artificial light at night (hereafter, ALAN) has brought benefits to humans and was first perceived
as a technological advancement that would increase the comfort and wellbeing of modern
civilizations. However, it is now increasingly accepted by the scientific community that it also
results in damaging effects to living organisms, including humans, and is an ever-increasing global
pollutant that threatens biodiversity at multiple scales (Holker et al., 2010; Swaddle et al., 2015; see
below). Because ALAN reaches not only areas close to its sources, but also far away sites through
sky-glow, it can have far-reaching impacts on organisms and ecosystems. Furthermore, its impact
can potentially be seen at all levels of biodiversity from genes (e.g., Golden, 1995), individuals (e.g.,
Dominoni et al., 2013), populations and communities (e.g., Bennie et al., 2018), to ecosystems and
landscapes (e.g., Perkin et al., 2011). ALAN affects both nocturnal and diurnal organisms (Rich and
Longcore, 2006) by influencing gene expression (e.g., Gilmartin et al., 1990; Haim and Zubidat,
2015) and production of melatonin (van Geijlswijk et al., 2010), a crucial hormone regulating the
sleep-awake cycle on which many animals depend (Ferguson et al., 2010). Indeed, ALAN effects
have been documented on a wide variety of species, including unicellular organisms (Quraishi
and Spencer, 1971), plants (Bennie et al., 2016), invertebrates (Van den Broeck et al., 2021), and
vertebrates (Wilson et al., 2018).

In this Research Topic we aimed to compile studies that included a large variety of species and
different approaches, which together address the mechanisms (e.g., hormonal changes) by which
ALAN affect organisms and the possible biological consequences (e.g., in behavior, development,
survival, reproductive success, population, and community changes). We have collected 12 papers
representing state-of-the-art knowledge on the effects of ALAN on fishes (Mondal et al.), birds
(van Dis et al.; Bani Assadi and Fraser; Kumar et al.; Rodriguez et al.), crickets and grass (Crump
et al.), beetles (Kaunath and Eccard), other invertebrates (Hey et al.; Coetzee et al.), and rodents
(Hoffmann et al.). We have collected both studies at the individual level and at the community
level, as well as from proximate and ultimate perspectives.

At the individual level, Mondal et al. investigate the effect of different photoperiods
on the expression of appetite-regulating hormones and enzymes in the zebrafish
(Danio rerio), providing a mechanistic explanation for changes in feeding behavior in
altered light conditions. van Dis et al. address the effects of different light wavelengths
(white, green, red, and control) on the temperature of great tit (Parus major)’s nests,
incubation behavior and a possible link with fitness. Bani Assadi and Fraser show
that artificial light impacts nestlings’ development and departure times from the nest,
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with green light having a lesser impact on chicks than white light.
Kumar et al. show how exposure to ALAN at different periods
during the night has different behavioral and physiological
effects on a migratory songbird. Kaunath and Eccard investigate
the attraction effects that ALAN can have on three genera of
beetles (Coleoptera: Carabidae), and show a differential response
associated with the level of light exposure to which these beetles
are exposed in their habitat. Hoffmann et al. investigate the effects
of ALAN on the nocturnal and subsequent diurnal foraging
behavior of a small mammal, the bank vole (Myodes glareolus).
The authors find changes in nocturnal foraging activity and
link these effects to vole personalities; the study also shows
that ALAN can have carry-over effects into daytime foraging
behavior. Finally, Rodriguez et al. investigate the influence
of ALAN on a well-known phenomenon in seabirds: bird
fallouts, where migratory birds are grounded before reaching
their destinations. Using GPS they address how ALAN may
interact with intrinsic (e.g., down abundance, body mass, and
body condition), and extrinsic factors (e.g., flight behavior) of
Cory’s shearwater Calonectris borealis fledglings, to predict their
probability of fallouts.

At a community level, Hey et al. investigate the possible
effects of ALAN on the structure and trophic interactions of an
invertebrates-plant community, looking, among other aspects,
at changes in abundance of secondary and tertiary consumers.
On the other hand, Crump et al. study the effects of low-
level ALAN and the action of an herbivore (crickets, Acheta
domesticus) on growth rate and physiology of Kentucky bluegrass
(Poa pratensis).

The Research Topic also provides a summary and a synthesis
of research on ALAN, with two reviews and a perspective.
Halfwerk and Jerem review the current evidence that ALAN
affects animals in conjunction with another urban pollutant
that normally co-occurs with ALAN: anthropogenic noise. In
this way, they undertake a multisensory approach to investigate
different possible outcomes, such as additive and interactive
effects (i.e., antagonistic, synergistic, and emergent). The review
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by Coetzee et al. considers both mechanisms and functions
to understand how artificial light can impact the behavior of
disease vectors (mosquitoes) and thus the probability of disease
propagation; the authors discuss how we may use light to mitigate
the spread of these diseases. Holker et al. summarize what are
some of the most important questions that we need to answer if
we are to reduce the damaging effects of ALAN on biodiversity.
Although valuable steps have been put forward to understand
how ALAN affects organisms at different levels of organization
and scales, as discussed by Holker et al,, this is a relatively new
field of research and more work is needed to better understand
how ALAN impacts biodiversity in a broad sense, and what we
can do to mitigate its effects. Holker et al.’s discussion stems from
aworkshop on the effects of ALAN on biodiversity that took place
during the first World Biodiversity Forum in Davos, Switzerland.

Though further work is needed to illuminate how the effects
of ALAN scale across biological levels, this Research Topic gives
insight into the mechanisms and consequences of ALAN at
individual and community levels in a wide variety of taxa. This
body of work combines studies from both basic and applied
science perspectives, addresses the complexity of the possible
outcomes that ALAN may have on biological systems, and
discusses the next steps we should take in order to mitigate
its effects.
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The influence of Artificial Light at Night (ALAN) is a severe interference in the biological
rhythm of organisms. Feeding dysregulation might be the main factor responsible
for developing metabolic diseases. The molecular basis of these physiological
dysregulations is yet to be elucidated. The effect of light on appetite-regulating signal
in the brain of zebrafish is still unknown. Therefore, the present study aimed to find the
daily mRNA expression profile of two significant appetite and energy-balancing peptide
hormone (leptin) and enzyme (goat) in the brain in various illumination conditions, LD
(12Light:12Dark), LL (24L), and DD (24D). Moreover, Ga-SlI, the protein level of the two
appetite-regulating peptides, and brain and serum melatonin are measured after 72 h of
incubation under three different photic conditions. The immunohistochemical localization
of the primary mediators of appetite regulators, leptin and goat, in the brain of zebrafish,
under different photic conditions, is reported for the first time in zebrafish. The study
revealed that in continuous light after 72 h of incubation, feeding (Ga-SI) is found the
highest and the translational level of two appetite-related genes (leptin and goat) is the
lowest compared to LD. In continuous dark, this relation becomes opposite. The daily
variation of mMRBNA expression of leptin and goat in LD shows peak expression at the
light and dark phase, respectively. This pattern was abolished in continuous conditions.
Thus, our study suggests that the photoperiod (zeitgeber) may influence the expression
pattern (daily variation) of appetite-regulating peptide hormone and enzyme in the brain
of zebrafish.

Keywords: ALAN, melatonin, circadian clock, orexigenic, anorexigenic

INTRODUCTION

Energy balance is a critical process for the survival of organisms, maintained by a complex neuro-
anatomical network between the central and peripheral nervous systems. Several hormones play
an integral role in energy homeostasis to cope with varying external zeitgebers like food availability
and environmental conditions. The energy-balancing hormone is produced by different tissues;
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GRAPHICAL ABSTRACT | Light dark cycle influences the levels of Leptin and Ghrelin O-Acyl Transferase (GOAT).

among them, the brain plays a critical role to regulate energy
homeostasis by secreting appetite-stimulating (orexigenic) and
appetite-inhibiting (anorexigenic) endocrine signals according to
the input of energy status from several central and peripheral
neuroendocrine tissues in fish (Suzuki et al., 2010; Hoskins and
Volkoff, 2012; Mondal et al., 2021a). Energy homeostasis depends
on a proper balance between energy intake and expenditure
involving the feeding behavior, which is regulated by various
environmental conditions (light, temperature) (Volkoft et al,
2005; Valassi et al., 2008; Mondal et al., 2021a). Among different
environmental signals, periodic changes in light and dark cycle
are the major factors that can influence the energy-balancing
system (Helwig et al., 2009). The relationship of leptin and ghrelin
(major anorexigenic and orexigenic peptides, respectively) with
different photic conditions is unknown.

Leptin, a peptide hormone, is mainly secreted by adipose
tissue in mammals and first cloned in ob/ob mice (Zhang et al.,
1994; Park and Ahima, 2015). In both mammals and fish, leptin
regulates food intake and energy homeostasis (Copeland et al.,
2011; Li, 2011). In fish, leptin is secreted from the liver, although
it is known to express in the brain and other peripheral tissues
(Huising et al., 2006; Freiland et al., 2010; Denver et al., 2011;
Tinoco et al.,, 2014). Leptin is reported to act as an anorectic
signal or hormone; however, its regulation through overfeeding
and fasting is dependent on the feeding regime, and it is species-
specific (Rennestad et al., 2010; Kobayashi et al., 2011; Tinoco
et al., 2012). The daily expression pattern of leptin was described
in rat and human adipose tissue (Xu et al., 1999; Gémez Abelldn
etal., 2011). In Atlantic salmon and goldfish, the daily changes of

leptin mRNA expression were found in the brain, white muscle,
belly flap, visceral adipose tissue, and liver (Moen and Finn,
2013; Tinoco et al.,, 2014). Daily variation in leptin expression
was found under 12L:12D with scheduled feeding, but under
24L with a 12-h shift in feeding time; or fasting diminishes
the rhythmic expression of leptin in goldfish (Tinoco et al,
2014). The expression of leptin in the brain and hepatic tissue is
regulated differently in goldfish. The peak expression of hepatic
leptin was found 9 h post-feeding (Tinoco et al., 2012). However,
hypothalamic acrophase of leptin rhythm was noted before or
around mealtime, and no postprandial changes were reported in
goldfish (Tinoco et al., 2012).

Ghrelin is a 28-amino acid acylated peptide hormone largely
produced in the gastric mucosa. Like mammals, ghrelin is found
in many fish species and also increases food intake and thereby
body weight (Kojima et al., 1999; Wren et al., 2001; Unniappan
et al., 2002; Kaiya et al., 2008; Amole and Unniappan, 2009;
Hatefetal., 2015). Ghrelin is encoded from preproghrelin mRNA,
and for the functional form, it needs to be acylated at the third
serine residue. Ghrelin O-acyltransferase (Goat), also known as
the membrane-bound O-acyltransferase 4 (Mboat4), is mainly
responsible for this acylation (Yang et al., 2008; Amole and
Unniappan, 2009). In mice, the goat mRNA expression was found
in ghrelin immunopositive cells (Sakata et al., 2009). Moreover,
the similar expression profile of acylated ghrelin and goat or
mboat4 mRNA was also revealed in mammals (Stengel et al.,
2010b). The goat expression is responsible for the availability of
acylated ghrelin in teleost (Hatef et al., 2015). In mammals, the
reduction in plasma goat follows a decrease in plasma acylated
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ghrelin, whereas the goat level in gut gives a minor increase in
the same time (Stengel et al., 2010a). These findings support the
idea that the tissue-specific synthesis of goat is responsible for
the availability/indirect assessment of local acylated ghrelin. In
mammals, goat expression is tissue-specific and mainly expressed
in the stomach (Yang et al., 2008; Lim et al., 2011). Similarly, in
zebrafish, the goat expression was observed in various tissues but
primarily in the gut (Hatef et al., 2015; Mondal et al., 2021a).
The presence of goat in the brain of mammals and zebrafish
indicates a facilitative role in feeding regulation by local acylation
of preproghrelin, coming from central and peripheral organs
(Matsuda et al., 2006; Lim et al., 2011; Tinoco et al., 2014; Hatef
et al., 2015). Besides that, it was reported that an increased
level of plasma acylated ghrelin coincided with an elevation of
hypothalamic and pituitary goat mRNA expression in fasted mice
(Gahete et al., 2010). Alteration of goat mRNA expression in
the brain of zebrafish was reported in various feeding conditions
(Hatef et al., 2015).

These two factors, leptin and goat, are involved in central
appetite regulation and show daily rhythm in fish and mammals
(Tinoco et al., 2014; Blanco et al., 2016a, 2017). However, future
studies are needed regarding the role of centrally synthesized
leptin and goat, and the daily pattern of expression and effect
of altered photic conditions on the expression in the brain of
zebrafish with unaltered scheduled feeding.

The aim of this study was to investigate whether leptin and
goat mRNA expression has any daily pattern in normal photic
condition and if it can be affected by altered photoperiodic
conditions with scheduled feeding. We examine the brain
expression of leptin and goat mRNA up to 72 h in three
different photoperiodic conditions. The localization and
abundance of the leptin and goat protein in zebrafish brain
were assessed by fluorescence immunohistochemistry and
Western blot under different photic conditions. In addition,
we also measured melatonin level and Gastrosomatic Index
(Ga-SI) in various photic conditions. In this study, we
tried to show that the altered photoperiod can change the
pattern and level of expression of leptin and goat in the
zebrafish brain.

MATERIALS AND METHODS

Animals and Housing

The second generation of wild-type zebrafish (Danio rerio)
approximately 6-7 months old, with a body length 0of 4.0 + 0.3 cm
and a weight of 0.4 & 0.15 g, was obtained from the zebrafish
facility of IBSD, Imphal, Manipur, India. Fish were maintained
in 50-L glass aquaria (30 fish/aquaria) under normal (12 h
light:12 h dark) photic conditions (light intensity was fixed at
300 lux by a household fluorescent tube) (Khan et al., 2018).
Everyday light was turned on in the morning (at 6:00 a.m.)
and turned off in the evening (at 6:00 p.m.), maintained by
a timer (Frontier Digital Timer, Taiwan) (Reed and Jennings,
2011). The adequate water temperature for zebrafish (28 4 0.5°C)
was maintained by using glass submersible aquarium immersion
heaters (100 W, RS Electrical, India) placed in each aquarium.

A biological filter (E-Jet, P.R.C) was used for aeration and
recirculation of water. The pH, hardness, and other parameters of
water were maintained under standard conditions (Westerfield,
2000) at our laboratory (Khan et al., 2016). Food was given
thrice a day. At morning (9:00 am; ZT03) and midday (1:00 pm;
ZT07) with commercial floating type small pellets (Perfect
Companion Group Co. Ltd., Thailand). Live Artemia nauplii
(cultured from Artemia cysts, Ocean Star International, United
States) was given at the late afternoon (5:00 pm; ZT11). Fish
care and study schedule were done by following international
standards (Portaluppi et al., 2010). Ethical clearance was
obtained from the Institutional Animals Ethical Committee as
per the recommendations of the Committee for Control and
Supervision of Experiments on Animals (CPCSEA), Government
of India.

Experiment Designs and Sampling

The male zebrafish were randomly distributed into three
experimental groups (27 fish/group): (i) standard photoperiod
(12L:12D, LD), lights on at 6:00 a.m. and lights off at 6:00
p-m.; (ii) continuous light (24L, LL); and (iii) continuous dark
(24D, DD). The temperature was set at 28 £ 0.5°C for all these
groups. Food was given in the same composition three times in
a day as earlier elaborated (9:00 am; ZT03, 1:00 pm; ZT07 and
5:00 pm; ZT11). Fish were kept for 24 h in each experimental
condition before the start of sampling (Khan et al., 2016). The
sampling process for all the photic conditions started from Clock
Hour CH 24 [Day 2 (D2); ZT0/24, through Day 3 (D3) and
continued up to CH 72 Day 4 (D4); ZT0/24], with an interval
of 6 h (CH24/ZT0/24; CH30/ZT06; CH36/ZT12; CH42/ZT18;
CH48/7ZT0/24; CH54/ZT06; CH60/ZT12; CH66/ZT18 and
CH?72/7T0/24) (Amaral and Johnston, 2012). At each time point,
three zebrafish were taken in 0.1% Tricaine (Sigma-Aldrich,
United States) solution and kept on ice for anesthesia. The
brain was taken out by removing the cranium and quickly
stored in TRIzol® (Ambion, Carlsbad, CA, United States)
and frozen at —80°C before the total RNA extraction (Rajiv
et al,, 2016). Simultaneously, in an identical condition, three
experimental groups (as mentioned above) were established,
and after 72 h of incubation, 15 zebrafish were taken from
each lighting condition (LD, LL, and DD; total 15 x 3 = 45
fish) in 0.1% Tricaine (Sigma-Aldrich, United States) solution
and kept on ice for anesthesia. The body length and weight
of each fish were measured before they were euthanized.
Five fish (5 x 3 = 15 fish) were used for brain and serum
melatonin enzyme-linked immunosorbent assay (ELISA), five
fish (5 x 3 = 15 fish) were used for the Western blot analysis,
and the remaining five fish (5 x 3 = 15 fish) were used for the
immunohistochemistry and quantification of intestine content
as a Ga-SI. Brains for Melatonin ELISA were collected in 0.1 M
PBS (pH 7.4) (Yumnamcha et al., 2017) and those for Western
blot were kept in radioimmunoprecipitation assay (RIPA) buffer
(Sigma-Aldrich) with protease inhibitor (Sigma-Aldrich) at
a 1:100 ratio at 4°C. For the immunohistochemical study and
the quantification of intestine content as a Ga-SI, the whole
brain and whole gut, respectively, of all five fish from each
experimental group were kept in 4% PFA (mass/vol) diluted in
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0.1 M phosphate buffer saline (PBS, pH 7.4) at 4°C (Amaral and
Johnston, 2012; Hatef et al., 2015). The entire intestinal content
of zebrafish is considered for the quantity of feeding as they do
not have any stomach (Brugman, 2016). Samplings at dark were
carried out in dim red light.

Quantitative RT-PCR Analysis

Gene expression analysis was performed in a StepOnePlus™
Real-Time PCR System (Applied Biosystems®, Inc., ABI,
United States) as previously described (Khan et al., 2018). Total
RNA was extracted from the homogenized brain of zebrafish
using the TRIzol® Reagent (Life Technologies, United States)
method, and 5 jLg of total RNA was treated with the DNA-free ™
Kit (Ambion®RNA by Life Technologies™, United States).
Then, for cDNA synthesis, 1 pg of DNase-treated total RNA
was reverse transcribed, using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems™, United States) in
the ProFlex™ Base PCR System (Applied Biosystems®, Inc.,
ABI, United States) by following the manufacturer’s protocol.
Quantitative reverse transcriptase-polymerase chain reaction
(qQRT-PCR) was performed using Jumpstart SYBR Green/ROX
qPCR Master Mix (Sigma-Aldrich, United States). Amplification
was performed in technical triplicates for each sample, each
of which contains 10 pl reaction volume of forward and
reverse primers, JUMPstart qPCR Master Mix (Sigma-Aldrich,
United States), and cDNA. Primers for this study were taken from
the published data (Falcinelli et al., 2016; Table 1). The reaction
condition for PCR was an initial denaturation step at 95°C for
10 min, followed by 40 cycles of 95°C for 15 s, annealing at 60°C
for the 30 s, and extension at 72°C for 30 s. Melting curve analysis
(Tm) confirmed single gene amplification by designated primers,
and the 2% agarose gel shows a single band of the endpoint PCR
product. The relative expression of the gene was calculated by the
27 AACT method (Livak and Schmittgen, 2001) using rpl13a gene
as a reference (Tang et al., 2007).

Brain Melatonin ELISA

Thirty milligrams of the brain (pooled from five fish) was used
to measure the melatonin level in the whole brain from each
experimental condition. The brain tissue was homogenized by
sonication in PBS, and then sequential centrifugations were
performed at 3,000 x g at 4°C for 20 min in a microcentrifuge
to obtain a clear supernatant. Melatonin level was assayed in
this clear supernatant by using a Fish Melatonin (MT) ELISA
Kit (Gen Asia, China) (Yumnamcha et al., 2017; Dharmajyoti
Devi et al., 2021a) according to the manufacturer’s instruction.
Absorbance was measured at 450 nm using a Multiskan spectrum
reader (Thermo Fisher). The concentration of melatonin in the
tissue was presented as pg per 100 mg (pg/100 mg) of tissue.

Serum Melatonin ELISA

Blood was collected according to the published protocol
(Babaei et al., 2013; Khan et al,, 2018) and was centrifuged
at 13,700 x g at 4°C for 15 min. The supernatant (Serum)
was collected and melatonin level was assayed using a Fish
Melatonin (MT) ELISA Kit (Gen Asia, China) (Khan et al., 2018),
following the manufacturer’s protocol. Absorbance was taken at

450 nm in a Multiskan spectrum reader (Thermo Fisher). The
concentration of melatonin in serum was presented as pg per ml
of serum (pg/ml).

Immunohistochemical Study

The expression level of leptin and goat in zebrafish brain was
studied by immunohistochemical staining. The brain tissue
was washed twice in 0.1 M PBS and immersed in PBS,
containing 30% sucrose at 4°C overnight and then embedded
in Jung TISSUE FREEZING MEDIUM (Leica Microsystems;
Nussloch, Germany) as described previously (Cruz et al., 2010;
Dharmajyoti Devi et al,, 2021b). A frozen section (12 pm)
from the telencephalon region of the brain for goat and
leptin immunoreaction was prepared with a Leica CM3050S
cryostat microtome (Leica Biosystems; Nussloch, Germany). An
earlier report on fish confirms that the goat immunoreactive
cells are present in different encephalic areas including the
telencephalon (Blanco et al, 2016a,b). Immunohistochemistry
was conducted with some modification as described previously
(Hanna et al., 2010). After blocking with 3% BSA (dissolved
in 0.1 M PBS), the tissue section was incubated with primary
rabbit polyclonal anti-leptin antibody (1:100 dilution; ab16227,
Abcam, United Kingdom) and primary rabbit polyclonal anti-
Ghrelin O-acyltransferase antibody (1:100 dilution; ab170690,
Abcam, United Kingdom) at 4°C overnight. Subsequently,
sections were incubated with Donkey Anti-Rabbit IgG (H+L)
secondary antibody, Alexa Fluor® 488 (1:200, Invitrogen;
United States) for leptin and Goat Anti-Rabbit IgG (H+L)
secondary antibody, Alexa Fluor™ 594 for goat (1:200,
Invitrogen; United States) for 1 h at room temperature.
Then, the slides were counterstained with 4’,6-diamidino-2-
phenylindole (DAPI) (Invitrogen, United States) for nuclei
staining. For negative control, a separate set of tissue sections
were treated with secondary antibody only. The slides were
cover slipped with Vectashield (H-1000; Vector Laboratories,
Inc., Burlingame, California, United States) and observed
under a Nikon Al R HD25 confocal microscope (NIKON
CORPORATION, Konan, Minato-ku, Tokyo, Japan). Fifteen
slides (from five fish) in each experimental condition for each
antibody (each slide containing six sections) were stained using
the above protocol and analyzed. Only representative images
of brain staining for leptin and goat are shown here. For the
quantification of immunopositive cells in each experimental
condition, first, the total number of cells immunoreactive
for leptin and goat in LD, LL, and DD was separately
counted in all sections that were prepared. To calculate the
percentage in each experiment, the total number of cells
under each category (LD/LL/DD) of staining was divided by
the total number of immunoreactive cells for each antibody
(leptin/goat) of all three experimental conditions (LD, LL,
and DD). Then, the result was multiplied by 100 to obtain
the percentage of cells in every experimental condition
(Hatef et al., 2015).

Western Blot Analysis
The pooled brain tissue was homogenized by sonication using
SONICS unit (Vibra cell™) and centrifuged at 30,000 rpm
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TABLE 1 | List of Primer sequences used in Quantitative Realtime PCR (RT-PCR) analysis.

Gene Name of Gene Primer Sequence 5'-3’ Amplicon Size Accession Number*
lepa Leptin a F: AGCTCTCCGCTCAACCTGTA 194 NM_001128576.1
R: CAGCGGGAATCTCTGGATAA
mboat4 Membrane bound O-acyltransferase F: CACCCTCAGCTGTTTTACCA 120 NM_001122944.1
domain containing 4 R: GAATCCTCCCATCGCCAAAT
pl13a Ribosomal protein L13a F: TCTGGAGGACTGTTAGAGGTATGC 148 NM_212784.1

R: AGACGGACAATCTTGAGAGCAG

F, forward; R, reverse.

*Accession Number is provided by the National Centre for Biotechnology Information, Bethesda, MD, United States.
The primers were taken from the published data, references have been given in the text.

at 4°C for 20 min in a microcentrifuge. After collecting
the supernatant, protein was estimated with the RC DC
protein assay (Bio-Rad Laboratories) (Yumnamcha et al,
2017). Total protein was separated on 4-20% Mini-PROTEAN
TGX™ Precast Protein Gels (Cat. 4561094, BIO-RAD) and
then transferred into polyvinylidene fluoride (Immobilon-PSQ
Transfer Membrane, Merck Millipore, United States) (Chattoraj
et al., 2008; Wang et al., 2018). For blocking the membranes,
5% non-fat milk in TBST buffer (50 mM Tris, 100 mM
NaCl, and 0.1% Tween 20, pH 7.4) was used (Chattoraj
et al,, 2005). The membranes were incubated overnight with
the primary antibodies, rabbit polyclonal anti-leptin antibody
(1:1,000; ab16227, Abcam, United States), rabbit polyclonal anti-
Ghrelin O-acyltransferase antibody (1:500 dilution; ab170690,
Abcam, United States), and mouse monoclonal anti-B-actin
(1:5,000 dilution; AM4302, Invitrogen, United States) at 4°C.
Then, the membranes were incubated for 1 h at room
temperature with alkaline phosphatase conjugated secondary
antibody (1:10,000 dilution; Goat anti-rabbit and Goat anti-
mouse for goat and actb, respectively, and 1:5,000 dilution;
Goat anti-rabbit for leptin) (Sigma-Aldrich, United States).
Finally, the membranes were developed with BCIP/NBT (Merck
Millipore, United States). The intensity of the individual band
of immunoblot was quantified by densitometry using Image]
software (National Institutes of Health, Bethesda, MD; https:
//imagej.nih.gov/ij/), and values were normalized to P-actin
abundance (Chattoraj et al., 2009).

Ga-Sl Measurement
The collected gastrointestinal tract (in 4% PFA) was weighed
(uniBloc analytical balance, Shimadzu) (Amaral and Johnston,
2012) and Ga-SI was calculated using the formula Ga-
SI (%) = [Weight of gut (g)/Weight of fish (g)] x 100
(Biswas and Takeuchi, 2003).

Statistical Analysis

Statistical changes in the expression of genes, quantity of
brain and serum melatonin, and Ga-SI at different time points
in every group were determined by one-way ANOVA (SPSS
16.0 software; Macrovision Corporation Santa Carlo, California,
United States) followed by Tukey’s post-hoc test to compare the
difference between the time points. p < 0.05 was considered as
statistically significant.

RESULTS

Ga-Sl Under Different Photic Conditions
(LD/LL/DD)

After 72 h of incubation in three different photoperiodic
conditions, the gut food content in terms of Ga-SI was
significantly higher in continuous light, twice in LL, and lower
by half in DD as compared to LD (Figure 1). Recently,
higher activity and excitation rates after feeding in zebrafish
larva were demonstrated due to exposure to continuous light
(Kopp et al., 2018).

The Expression Pattern of Leptin and
Goat mRNA in the Brain Under Different
Photic Conditions (LD/LL/DD)

In this experiment, the mRNA expression patterns of two
genes leptin and goat were studied in zebrafish brain under
different illuminations.

Ga-Sl at
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ey
2
(]
g5
58
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FIGURE 1 | Ga-Sl (Gastrointestinal Somatic Index) in different photic
conditions (LD, LL, and DD). Food intake as a Ga-Sl (intestine food content
relative to body mass) at different photoperiodic conditions (LD, LL, and DD)
after 72 h of incubation. Results are expressed as mean + SEM (n = 5).
Different letters indicate significant differences evaluated by one-way ANOVA
[F(2,6) = 43.743, p = 0.000] with the Tukey post-hoc test (p < 0.05).
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The expression of leptin mRNA was in a particular pattern
with a peak at ZT12 or the end of the light phase in LD in
the brain (Figure 2A). A rhythmic pattern of leptin expression
with a high level during the end of the light phase or daytime
and a low level during night-time was also observed in goldfish
brain and liver in normal photic conditions (Tinoco et al,
2014). In LL, the expression pattern of leptin was abolished after
2 days of exposure under continuous light as compared to LD
(Figure 2B); nevertheless, in DD, the pattern was in-phase with
LD (Figure 2C). Moreover, the mRNA expression was decreased
up to 2.5-fold under constant conditions as compared to LD
(Figure 2). The goat mRNA expression in zebrafish brain displays
a night-time surge and remains constant, whereas a daytime
decline was observed in normal photic condition (LD) with
scheduled feeding (Figure 3A). In this regard, the daily pattern
of preproghrelin expression in goldfish forebrain, hypothalamus,
hindbrain, pituitary, and gastrointestinal tract during a 12L:12D
photocycle shows significant rhythm with night-time acrophase
(Sanchez-Bretano et al., 2015). In the continuous light condition
(LL), the goat expression started to decrease from the second day
(Figure 3B), whereas in the continuous dark condition (DD),
the highest level of expression was observed at ZT06 D2 and
then became lower, and finally a surge was detected at ZT18 D3
(Figure 3C). Moreover, under continuous photic conditions, the
expression level was increased up to twofold from normal photic
conditions (Figure 3).

Leptin and Goat Immunoreactivity in the
Brain Under LD and Continuous Photic
Conditions, LL and DD

A cross-section of the zebrafish brain through the telencephalon
region identified leptin and goat immunoreactive cells. These
were scattered in the lateral, medial, and lower parts of the
telencephalon. No staining was found in negative controls stained
with only secondary antibodies (Supplementary Figures 1A,B).
Quantification of immunoreactivity cells reveals that leptin
immunopositive cells were higher in DD (~51%) and lower
under LL conditions (~15%) as compared to LD (~34%)
(Figure 4). In the case of the goat, the number of immunopositive
cells was high in LD (~41%) and DD (~45%). On the contrary,
immunoreactivity of goat decreased in LL (~14%) (Figure 5).

Western Blot Analysis of Leptin and Goat
in the Brain Under LD and Continuous

Photic Conditions, LL and DD

We have found that the mRNA expression pattern of leptin
and goat was changed in continuous photoperiodic conditions.
From the immunohistochemical localization study, after 72 h of
incubation in different photoperiodic conditions (LD, LL, and
DD), it was found that the immunoreactive cells against leptin
and goat were decreased in LL and increased in DD compared
to LD in the brain of zebrafish. Similarly, Western blot analysis
of leptin and goat with a corresponding band of 16 and 50 kd,
respectively, showed an increase in DD, whereas no significant
variation was found in LL compared to LD (Figure 6). There
is no such report available in fish regarding expression at the
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FIGURE 2 | Daily expression profile of leptin gene under different photic
conditions (LD, LL, and DD) in the brain of zebrafish. The daily expression
profile of leptin mMRNA at (A) LD, (B) LL, and (C) DD. The relative quantification
values in the graph are shown as the mean + SEM (n = 3). Different letters
indicate significant differences evaluated by one-way ANOVA

[(A) F(8,18) = 109.908, p = 0.000, (B) F(8,18) = 5.926, p = 0.001, and

(C) F(8,18) = 8.012, p = 0.000] followed by post-hoc Tukey's test (p < 0.05).
The gray background resembles the dark phase and the white background is
for the light phase. CH and ZT in the x-axis stand for Clock Hour and
Zeitgeber Time, respectively.
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FIGURE 3 | Daily expression profile of goat gene under different photic
conditions (LD, LL, and DD) in the brain of zebrafish. The daily expression

profile of goat MRNA at (A) LD, (B) LL, and (C) DD. The relative quantification

values in the graph are shown as the mean + SEM (n = 3). Different letters
indicate significant differences evaluated by one-way ANOVA

[(A) F(8,18) = 5.743, p = 0.001, (B) F(8,18) = 13.813, p = 0.000, and

(C) F(8,18) = 8.109, p = 0.000] followed by post-hoc Tukey's test (p < 0.05).

The gray background resembles the dark phase and the white background is

for the light phase. CH and ZT in the x-axis stand for Clock Hour and
Zeitgeber Time, respectively.

translational level of leptin and goat in the brain, although it
was demonstrated that zebrafish expression was increased under
unfed conditions at the transcriptional level of goat in the brain
and at the transcriptional and translational level of goat in the gut
(Hatef et al., 2015).

Melatonin Profile in the Brain and Serum
Under Different Photic Conditions
(LD/LL/DD)

Melatonin, a chronobiotic molecule, is mainly synthesized in the
pineal organ and retinal. This neuroendocrine hormone is the
key signal of the vertebrate circadian clock, and it is related to
many processes that have a common rhythmic expression such as
food intake, metabolism, and glucose uptake (Reiter, 1991; Falcon
et al., 2007; Cipolla-Neto et al., 2014; Mondal et al., 2021b). In
this study, we have found a significantly higher level of melatonin
in continuous dark. The level of melatonin in the brain was
approximately 350 pg/100 mg of tissue and 410 pg/ml in serum
in constant dark (24D; DD). However, the melatonin level was
reduced under LL, and it was approximately 190 pg/100 mg of
tissue in the brain and 250 pg/ml in serum in comparison to
LD, which was about 280 pg/100 mg and 345 pg/ml of tissue
in the brain and serum, respectively (Supplementary Figure 2).
A similar type of elevation in the brain and serum melatonin in
continuous dark and decline in continuous light was reported in
zebrafish and common dentex (Pavlidis et al., 1999).

DISCUSSION

In few fish, the different photoperiod and feeding schedules
demonstrated the daily expression pattern of leptin,
preproghrelin, and ghrelin in the brain, liver, and gut (Tinoco
et al.,, 2014; Mondal et al., 2021a). However, the localization
of ghrelin and goat was detected only in the gut under similar
conditions (Hatef et al.,, 2015; Sanchez-Bretano et al.,, 2015;
Blanco et al., 2017). However, information on the expression
pattern and cellular localization of leptin and goat (third peptide
involved in ghrelinergic system) in the brain of zebrafish under
different photoperiods with scheduled feeding is missing. These
two peptide hormones and enzymes are mainly responsible
for central appetite regulation and energy balance (Shlimun
and Unniappan, 2011). The present study, for the first time,
demonstrates the daily expression pattern of leptin and goat
under different photoperiodic conditions in the brain of
zebrafish along with the level of melatonin (in both brain and
serum) and Ga-SI after 72 h of incubation under different
photoperiods. According to the transcriptional expression profile
under different photic conditions, the immunohistochemical
localization and immunoblotting of leptin and goat after 72 h
of incubation conclusively demonstrate the presence and level
of leptin and the ghrelinergic system in the zebrafish brain. The
brain goat mRNA increased following 3 days of fasting and
remained the same up to 7 days in zebrafish (Hatef et al., 2015).
In goldfish, a rhythmic pattern of expression of leptin and
ghrelin in the brain has been reported in normal photoperiod
and scheduled feeding (Tinoco et al., 2014; Sanchez-Bretano
et al., 2015). Although feeding timing can affect the leptin
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FIGURE 4 | Localization and characterization of Leptin in zebrafish brain under different photic conditions (LD, LL, and DD). The figure shows Leptin
immunoreactivity cells in LD (B), LL (E), and DD (H) in the telencephalon region of the brain in zebrafish. Immunohistochemical localization shows Leptin
immunoreactive cells (green arrow) in the dorsomedial, dorsolateral, and ventromedial zone of the telencephalon in the brain. The whole section of brain through
telencephalic region (A,D,G), Leptin-positive cells (green) (B,E,H), and merge imaged with nuclear stain DAPI (C,F|l). Relative abundance of Leptin immunopositive
cells in the brain under different photic conditions. The relative quantification values in the graph are shown as the mean + SEM (n = 5). Different letters indicate
significant differences evaluated by one-way ANOVA [F(2,6) = 26.536, p = 0.001] followed by post-hoc Tukey'’s test (p < 0.05) (J). For the percentage calculation
method, please consult the section “Materials and Methods.” Representative images were taken from multiple sections of five separate zebrafish brain in each
experimental condition (Vs, supracommissural nucleus; Vd, dorsal nucleus; Vv, ventral nucleus of ventromedial telencephalon).
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FIGURE 5 | Localization and characterization of Goat in zebrafish brain under different photic conditions (LD, LL, and DD). The figure shows Goat immunoreactivity
cells in LD (B), LL (E), and DD (H) in the telencephalon region of the brain in zebrafish. Immunohistochemical localization shows Goat immunoreactive cells (red
arrow) in the dorsomedial, dorsolateral, and ventromedial zone of the telencephalon in the brain. The whole section of the brain through the telencephalic region
(A,D,G), Goat-positive cells (red) (B,E,H), and merge imaged with nuclear stain DAPI (C,Fl). Relative abundance of Goat immunopositive cells in the brain under
different photic conditions. The relative quantification values in the graph are shown as the mean + SEM (n = 5). Different letters indicate significant differences
evaluated by one-way ANOVA [F(2,6) = 18.816, p = 0.003] followed by post-hoc Tukey’s test (p < 0.05) (J). For the percentage calculation method, please consult
the section “Materials and Methods.” Representative images were taken from multiple sections of five separate zebrafish brain in each experimental condition (Vs,
supracommissural nucleus; Vd, dorsal nucleus; Vv, ventral nucleus of ventromedial telencephalon).
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FIGURE 6 | Leptin and Goat proteins are expressed in zebrafish brain and are affected by different photic conditions. Representative immunoblot shows bands
representing Actb corresponding to 42 kDa (A), Goat corresponding to 50 kDa (B) and Leptin corresponding to 16 kDa (C). Average relative protein expression
levels from five zebrafish brain from each experimental condition were analyzed by densitometry analysis. One-way ANOVA [(B) F(2,6) = 32.327, p = 0.001,
(C) F(2,6) = 60.216, p = 0.000] followed by post-hoc Tukey'’s test has been done for statistically significant relative quantification. Groups sharing a common letter
show no significant difference (p < 0.05; n = 5 zebrafish).

and ghrelin expression in the brain, feeding itself cannot
synchronize the rhythm. Moreover, the clock gene cannot control
the rhythmic expression alone (Tinoco et al, 2014; Sanchez-
Bretano et al.,, 2015; Blanco et al., 2017). So, environmental
factors like light-dark cycle, feeding time, and endogenous
oscillators such as clock genes, hormones, and food-derived
metabolites are all involved in the daily rhythmic expression
of these two important appetite-regulatory peptide hormones
(Simon et al., 1998; Kalsbeek et al., 2001; Cuesta et al., 2009;
Falcon et al., 2010; Tsang et al., 2014). The central appetite-
controlling device is well conserved among vertebrates, which
include many orexigenic (appetite-stimulating) and anorexigenic
(appetite-inhibiting) neuropeptides and hormones in mammals,
which are also evident in fish (Ronnestad et al., 2017). These
neuropeptides and hormones are mainly controlled by leptin,
insulin, and ghrelin (Page et al., 2020). The phenomenon of
disruption of circadian rhythms and the development of obesity
are established by many researchers proposing the possibilities
of leptin-ghrelin resistance (Hernandez Morante et al., 2020).
The molecular mechanisms of leptin and ghrelin resistance are
still under investigation. In this regard, the daily expression
pattern of leptin and ghrelin was demonstrated in goldfish, but
the effect of photic conditions on daily expression patterns in
other fish, mammals, and other vertebrates is totally unknown.
In this study, the daily mRNA expression pattern of these two-
appetite regulators leptin and goat (indirect estimation for active
form of ghrelin) in the brain of zebrafish (indirect estimation
for active form of ghrelin) was demonstrated in different photic
conditions (LD, LL, and DD) with scheduled feeding to avoid

the masking effect of feeding. Leptin mRNA expression in the
brain shows the highest peak at ZT12 or at the end of the light
phase and lowest at the end of the dark phase (Figure 2A).
Hypothalamic acrophase in leptin expression is known before
or during mealtime in goldfish (Tinoco et al., 2014). Our study
indicates that leptin expression peak coincides with the highest
Ga-SI or at the time of the full meal. This supports the notion
that an increase in leptin is not the postprandial response of the
brain (Tinoco et al., 2014). As a result, an increase in circulating
leptin is expected during night-time and can lower nocturnal
activity. The lowest levels of circulating leptin is anticipated
before the food-anticipatory activity during daytime in these
animals (Vivas et al., 2011). In goldfish, the 24-h rhythm of
leptin expression in hypothalamus is regained with scheduled
feeding under 24 L and 24-h fasting conditions. However, in the
peripheral organ, leptin does not perform similarly, establishing
the different functions for central and peripheral leptin. On the
other hand, under 24 L and 24-h fasting conditions with shifting
feeding, leptin rhythm is abolished in both brain and peripheral
organ (Tinoco et al, 2014). Unlikely, our data reveal the total
depletion of leptin expression after 2 days of incubation in LL
(Figure 2B), whereas in DD (Figure 2C), it was in the same
phase as LD with scheduled feeding. In both continuous photic
conditions, a 2.5-fold decrease in amplitude of expression of
leptin in the brain was observed. Such type of results indicates
the pleotropic nature of central leptin and further study is needed
to determine the role of centrally synthesized leptin. The goat
mRNA expression in the brain also displayed a daily variation
with night-time surge in LD with the earlier said scheduled
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feeding (Figure 3A), and the same type of night-time peak of
preproghrelin was found in the central and peripheral organ of
goldfish (Sanchez-Bretano et al., 2015; Blanco et al., 2017). The
amplitude in the expression level of goat in the brain was lower
than that of leptin at LD, which is the same as earlier reported
in zebrafish (Montalbano et al., 2018). Moreover, a twofold
increase in expression level was detected under continuous photic
conditions compared to normal photic conditions (Figure 3).
Some studies on goldfish and mammals reported that the daily
variation in expression of leptin and goat is driven by endogenous
oscillations or circadian systems, which may involve clock genes,
photoperiod, hormones, and different metabolites (Cuesta et al.,
2009; Froy, 2010). In this regard, melatonin is a key component
of the circadian system in vertebrates (Falcon et al., 2010). It
was also reported that the 24-h ghrelinergic expression profile
overlaps with melatonin, a key component of the circadian
system in vertebrates, and melatonin and leptin act in similar
intracellular signaling pathways (Falcon et al., 2010; Montalbano
et al, 2018). The SCN controls melatonin synthesis in the pineal
gland based on environmental photic information, the main
clue for the melatonin level in both blood and cerebrospinal
fluid in mammals (Simonneaux and Ribelayga, 2003). Melatonin
is the hormonal mediator of photoperiodic information to the
central nervous system in vertebrates, allowing the regulation
of energy homeostasis through the establishment of a proper
balance between energy intake and energy expenditure (Lopez-
Olmeda et al., 2006; Falcon et al., 2007). This energy balance and
food intake control by melatonin happens directly or indirectly
due to modification of secretions of hormones involved in
food intake control mainly by stimulating the anorexigenic and
inhibiting the orexigenic signals (Lima-Cabello et al., 2014). In
this communication, we have found an increase and a decrease in
Ga-SI of zebrafish in continuous light, LL and continuous dark,
DD, respectively (Figure 1), whereas brain and serum melatonin
levels were observed as an indicator and show significantly
low and high levels in continuous light and dark, respectively,
compared to normal photoperiod (Supplementary Figure 2).
Similar to mammals, melatonin is the primary neurohumoral
output of the circadian system in zebrafish (Zhdanova, 2011).
The involvement of melatonin in the regulation of appetite and
food intake is reported by many authors (Pandi-Perumal et al.,
2006; Piccinetti et al., 2010). In teleost fish, melatonin can reduce
food intake and control energy balance by activating anorexigenic
and inhibiting orexigenic peptides (Piccinetti et al., 2010). This
finding again supports the involvement of melatonin in food
intake. Melatonin may play a role as an intermediate between
circadian disruption to the alteration in the transcript expression
profile of appetite regulation-related genes in the brain such as
leptin and goat. As a change is observed in leptin expression under
altered photic conditions (Figures 2B,C) and in LL, a decline in
expression of goat was observed from the second day (Figure 3B),
but in DD, a high level of expression was observed throughout
the experiment (Figure 3C). The present study and two previous
studies from our laboratory (Yumnamcha et al, 2017; Khan
et al.,, 2018) have indicated a significant change in melatonin
level either in the central/peripheral organ or in serum under
different photic conditions. From our immunohistochemistry

study (Figures 4, 5), it was found that the number of leptin
immunoreactive cells is lower in LL and higher in DD in
comparison to LD. This finding again supports the stimulating
effect of melatonin on leptin (Piccinetti et al, 2010). The
goat immunoreactivity was low in LL and high in DD, which
further supports the finding that the goat mRNA increases
after 3 days of fasting (Hatef et al.,, 2015) in zebrafish. To our
knowledge, immunohistochemical localization of leptin in the
brain of fish was not there, although in Wistar rats, leptin
receptors were localized with anorexigenic peptides (Romanova
et al., 2018), whereas preproghrelin was detected in goldfish
hypothalamus (Kerbel and Unniappan, 2012) and co-localization
of the ghrelinergic system with the orexigenic hormone was
shown in hypothalamus of goldfish (Willesen et al., 1999).
So, localization of leptin and goat in the zebrafish brain for
the first time confirms the role of leptin and goat in feeding.
Our immunoblot study also shows a similar type of expression
with an immunohistochemical study for leptin and goat in
zebrafish brain (Figure 6). The measurement of orexigenic and
anorexigenic molecules/peptides in the serum will clarify the
issue further in the future.

The balance in energy metabolism through food intake is the
primary property of life. Feeding ensures daily activities, somatic
growth, immune system development, reproductive investments,
and so on. It has been elaborated that environmental factors
(mainly photoperiod) and signals from the brain and peripheral
organs give impetus to the central feeding center (in the brain)
to regulate feeding and energy homeostasis (Volkoff, 2016). It
is evident that molecules like leptin, ghrelin, and melatonin,
responsible for feeding and energy homeostasis, are cyclically
regulated by the circadian system (Bass and Takahashi, 2010;
Gimble et al., 2011).

In zebrafish, the rhythmic secretion of melatonin depends on
the pineal, although the brain may take part in this mechanism
in the daily light-dark cycle (Falcon et al., 2010; Moore and
Whitmore, 2014; Khan et al., 2016). This synchronization is also
correct for tropical carp (Sanjita Devi et al., 2016). However, to
date, it is evidenced that the pineal organ is mainly responsible for
the serum melatonin in fish, like other vertebrates (Reiter, 1980;
Khan et al.,, 2016; Rajiv et al., 2016, 2017; Sanjita Devi et al., 2016).

CONCLUSION

In conclusion, the expression of leptin and goat transcript shows
a daily variation with a pattern that is disrupted by continuous
illumination and change in Ga-SI. Melatonin may have a role in
this feeding regulation (in LD) as well as feeding alteration due
to constant photic conditions (LL and DD) through the circadian
system. The expression at the protein level of leptin after 72 h
of incubation in different photic conditions shows that leptin is
higher in DD compared to LD and LL. It may be the result of an
inducing effect of melatonin on leptin as melatonin was higher in
DD. Ga-SI was highest in LL and lowest in DD compared to LD,
which indicates leptin-induced feeding inhibition in DD. Leptin
is mainly regulated through photic cues through melatonin as its
expression changed under different photoperiodic conditions.
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Similarly, the level of goat was lower in LL and higher in
DD as Ga-SI was highest in LL and lowest in DD, indicating
feeding regulation of goat expression in zebrafish brain. The
further question whether continuous photic conditions can
disrupt the circadian system remains, which further changed
the melatonin level results in changes in Ga-SI. These changes
in Ga-SI may cause alteration of expression of leptin and goat.
Desynchronization of the abovementioned unit may lead to
different lifestyle diseases like diabetes and obesity, which is a
grave concern in the present-day life, where the anthropogenic
sources of light (mainly LED) is increasing day by day (Ouyang
et al,, 2018; Berge et al., 2020; Gomes, 2020; Schroer et al., 2020).
The use of artificial light at night desynchronizes the circadian
or endogenous rhythm, which may affect this peptide expression
through melatonin and other factors. This phenomenon of
change of “proper signal at the proper time” can also influence
shift workers. In this scenario, zebrafish can be an excellent
tool for biomedical research in this changing environment.
Modulating the expression and activity of leptin and goat
(affecting the biological action of ghrelin) in the brain could be
an excellent target to develop chronotherapeutic approaches to
regulate energy intake and body weight in higher mammals in
these changing modern societies.
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Increasing evidence suggests that artificial light at night (ALAN) can negatively impact
organisms. However, most studies examine the impacts of ALAN on a single species or
under high levels of artificial light that are infrequent or unrealistic in urban environments.
We currently have little information on how low levels of artificial light emanating
from urban skyglow affect plants and their interactions with herbivores. We examined
how short-term, low levels of ALAN affect grass and insects, including growth rate,
photosynthesis, and stomatal conductance in grass, and foraging behavior and survival
in crickets. We compared growth and leaf-level gas exchange of Kentucky Bluegrass
(Poa pratensis) under low-levels of ALAN (0.3 lux) and starlight conditions (0.001 lux).
Furthermore, each light treatment was divided into treatments with and without house
crickets (Acheta domesticus). Without crickets present, bluegrass grown under ALAN
for three weeks grew taller than plants grown under natural night light levels. In the
fourth week when crickets were introduced, grass height decreased resulting in no
measurable effects of light treatment. There were no measurable differences in grass
physiology among treatments. Our results indicate that low levels of light resulting from
skyglow affect plant growth initially. However, with herbivory, the effects of ALAN on
grass may be inconsequential. Gaining an understanding of how ALAN affects plant-
insect interactions is critical to predicting the ecological and evolutionary consequences
of anthropogenic light pollution.

Keywords: photosynthesis, urban light, growth rate, crickets (Gryllidae), photobiology

INTRODUCTION

Artificial light at night (ALAN) is an anthropogenic pollutant that is increasing spatially by a rate
of 2.2% per year (Kyba et al., 2017). Direct ALAN sources, such as streetlights, can lead to skyglow:
the atmospheric scattered light that can propagate up to several hundred kilometers into the
environment (Luginbuhl et al., 2009; Aubé, 2015). Skyglow results in light encroaching into natural
areas where direct sources of light pollution are not present (Gaston et al., 2015; Garrett et al., 2020).
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The study of ALAN as an anthropogenic pollutant is a
relatively young field (Longcore and Rich, 2004; Seymoure, 2018;
Dominoni et al., 2020; Sanders et al., 2021), with most studies
conducted at relatively high levels of nocturnal light pollution
(e.g., 10-100 lux) (Gaston et al, 2013) but see Alaasam et al.
(2018); Sanders and Gaston (2018). For reference, a full moon
could create ambient light levels of 0.3 lux on its brightest nights
(Biberman et al., 1966; Kyba et al., 2017). These high light levels
are representative of organisms functioning under direct light
pollution, such as directly beneath a streetlight, whereas most
urban environments exist at lower light levels due to skyglow
(e.g., 0.1-1.0 lux), which can impact environments several
hundred kilometers away from a direct light source (Gaston et al.,
2013; Dominoni et al., 2014; Seymoure et al., 2019a). Therefore,
examining the impacts of light pollution at high intensities,
although informative, is not representative of artificial light
conditions in urban habitats at night. It remains an open question
as to whether low levels of skyglow illumination (0.001-0.3 lux)
affects communities to the same extent as direct illumination.

The intensity and spectral composition of light depends upon
the phase of the moon, season, and weather, all of which create
necessary cues for organisms (Kyba et al., 2015; Spitschan et al.,
2016; Seymoure et al., 2019b). Plants use light as a cue for
almost every physiological process including, but not limited
to, seedling development, photosynthesis, growth, and budding
(Briggs and Christie, 2002; Takemiya et al., 2005; Bennie et al,,
2016; Gaston et al., 2017; Singhal et al., 2018). In addition to
powering the electron transport chain in thylakoid membranes,
light intensity and direction impacts photosynthetic efficiency
through phototropism (i.e., the movement of the plant toward
sunlight; (Celaya and Liscum, 2005), chloroplast movements
(Wada et al, 2003), and light-induced stomatal opening to
optimize water-use efficiency (Dietrich et al, 2001). Periods
of darkness are also important for plant metabolic processes,
particularly stress recovery, including recovery from herbivory
events (McNaughton, 1983; Singhal et al., 2018).

Increased levels of ALAN from urbanization are changing
natural light regimes by increasing the intensity and duration
of light available at night (Davies et al, 2013; Seymoure
et al., 2019a; Buxton et al., 2020), potentially altering plant-
herbivore interactions. For example, by masking natural night
light levels, ALAN can mislead herbivores to be more active
at night and disrupt plant-herbivore interactions and critical
dark recovery periods for plants (Dominoni et al., 2020). Plants
in light polluted environments may experience changes in
pollination, photoreceptor signaling, phenology and flowering
(Ffrench-Constant et al., 2016; Singhal et al., 2018), which can
have ecological consequences for food web dynamics (Polis
et al,, 2004). However, little is known about how constant
illumination at the level of urban light alters plant-insect
interactions. ALAN has led to declines in population sizes of
a diversity of insect species through its interference with insect
development, movement, foraging, and reproductive success,
which can alter trophic systems (Owens and Lewis, 2018;
Owens et al., 2020).

Here we test whether short-term exposure to ALAN affects
plant-insect interactions by modifying plant photobiology and

growth rates. We exposed two common urban species—
Kentucky bluegrass (Poa pratensis), a cool season common
turfgrass (Weissman and Rentz, 1977; Read et al, 1999;
Suplick-Ploense and Qian, 2005), and the house cricket (Acheta
domesticus), a nocturnal herbivore—to starlight (0.001 lux) and
realistic urban nighttime light levels (0.3 lux) (Dominoni et al.,
2013; Alaasam et al., 2018; Seymoure et al., 2019a) in order to
test the following hypotheses: (1) Low levels of ALAN affect
plant physiology. We predicted that plants grown under urban
light would have higher net photosynthesis and dark respiration,
increased growth rates, and increased stomatal conductance
compared to control plants grown under starlight conditions.
(2) Herbivory interacts with ALAN to affect plant biomass. We
predicted cricket herbivores would reduce the biomass and height
of grass. However, as crickets are nocturnal foragers, we predicted
they would consume less plant material under urban light than
starlight conditions and have lower survival rates in urban light.

MATERIALS AND METHODS

Light Treatments

We used a CMP6050 growth chamber (BDR16, Version
4.06, Conviron, Winnipeg, Manitoba) set to a temperature of
22.2°C with light control to create artificial light environments
(0.3 lux, hereafter “urban light”) and natural new moon
light environments (0.001 lux, hereafter “starlight”) at night
(Dominoni et al.,, 2013; Alaasam et al., 2018; Seymoure et al,,
2019a; Jones et al., 2020). Daytime light levels were 135, 300 lux,
which is similar to natural daytime lux levels. There were two
different light types in the chamber—high pressure sodium and
mercury vapor—placed in alternating positions on the ceiling of
the chamber. This is standard for the CMP6050 growth chamber.
These lights were stepped up and down to simulate dawn and
dusk in the chamber. Standard LED lights of the chamber
remained off to create more realistic and desired light levels. To
create urban light levels within the chamber, we used 4 layers of
filter gels over the light sources (Rosco E-Colour #211.9 Neutral
Density Filter, Stamford, CT, United States) that attenuated 83%
of light. To further attenuate light, 90% black shade cloth was
placed over starlight treatments, and 22% white shade cloth was
placed over urban light environments. Shade cloth and filter
gels only effect the quantity of light, but not the quality of light
in the chamber. These were constructed as square boxes and
placed over the plant treatment groups using PVC pipe and
shade cloth. We confirmed that light levels were approximately
0.3 lux and 0.001 lux using a highly sensitive spectroradiometer
(StellarNet Silver Nova, Tampa Bay, FL, United States) with
a cosine corrected irradiance probe affixed to a 1000-micron
optical fiber (StellarNet, Tampa Bay, FL, United States). We
checked irradiance measurements using SpectraWhiz software
(StellarNet, Tampa Bay, FL, United States); due to the low light
levels, we set integration time to approximately 20 s for the 0.3
lux measurements and 8 min for the 0.001 lux measurements.
This confirmed that light levels throughout the enclosure were
within one order of magnitude of the chosen light level for each
treatment: 0.3 and 0.001 lux.
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Experimental Design

On day 1, Kentucky bluegrass seeds were sown in 10 cm round
pots (n = 72) containing Scotts Miracle-Gro soil and placed in the
growth chamber under experimental light conditions. On day 21,
we measured the tallest blade of grass, then weeded down the pots
randomly, excluding the tallest blade of grass, until there were
25 shoots of grass remaining. Weeding to a standard number of
shoots ensured that there were no differences in grass abundance
among measurements prior to the experiment (Lemoine et al,
2018). After the initial 21-day growth period, one randomly
selected juvenile cricket, male or female, was placed in each of
36 designated cricket pots. Herbivory and light environments
were examined using a 2 x 2 factorial design in which light
treatment was factorially crossed with cricket treatment in a
28-day experiment. The four treatments were arranged in a block
test pattern, as shown in Figure 1. Treatment groups included:
(1) plants without crickets in urban light, (2) plants without
crickets in starlight, (3) plants with crickets in urban light, and (4)
plants with crickets in starlight (n = 18 per treatment). Nighttime
lighting conditions were imposed in the middle of the day from
the start of the experiment to ensure nighttime measurements
could be taken during regular working hours. Lighting conditions
were altered twice daily; we placed filter paper and shade cloth
structures over the plants at 08:00 and removed them at 18:00 to
create a 14:10 light:dark cycle typical of summer in the northern
hemisphere. Blocks were rotated daily one position clockwise to
account for spatial variation in light levels within the chamber,
and generously watered at this time. Drierite (W.A. Hammond
23005, Xenia, OH, United States) was placed in two trays on
opposite sides of the chamber to control humidity and prevent
mold growth (Hammond, 1935).

Crickets were sourced as juveniles from a stock population
from Premium Crickets (Winder, Georgia) in December 2018
as juveniles at a mean size of 1.9 cm, before the adult phase.
From day 21 to 28, cricket survival was monitored daily (i.e.,

when light conditions were shifted) and categorized as alive or
dead. All crickets were juveniles from day 21 to day 28 and
thus we only report survival of juveniles. If a cricket was found
dead, the cricket and its designated plant were removed from the
experiment. Upon removal, we measured the height of the tallest
blade of grass and recorded the length of time the plant/cricket
spent in the chamber. We also cut and weighed aboveground
biomass to determine wet and dry mass. On day 28, we removed
all remaining plants from the experiment and recorded the final
height of the tallest blade of grass. We calculated the average daily
growth rate in week four (day 21 to day 28) to control for plants
that were removed prematurely due to cricket death.

Gas Exchange Measurements

To assess the effect of light treatment on bluegrass physiology
independent of herbivory, we measured leaf photosynthetic
responses on day 19 before crickets were placed into pots. We
measured leaf gas exchange in each light treatment using a
LI-6400XT infrared gas analyzer with a leaf chamber fluorometer
attached (Li-Cor Biosciences; Lincoln, NE, United States)
following previously published methods with slight modifications
(Lemoine et al., 2018). Plants were removed from the growth
chamber temporarily for gas exchange measurements. The
environmental conditions inside the leaf chamber were
standardized across measurements; leaf temperature was
maintained at 20°C, relative humidity was maintained between
40 and 50%, sample chamber flow rate was set to 200 pmol
m? s~!, and reference chamber CO, concentration was set to
400 ppm. Low flow settings are commonly used for small leaved
grasses with low photosynthetic rates (Taylor, 2014). Leaf level
gas exchange was measured under two light conditions: dark
and low light (10 pwmol m? s~! (740 lux) photosynthetically
active radiation; PAR). Gas exchange in the dark provides
an estimation of leaf respiration. The low light level was the
minimum amount of light provided by the Li-6400 light source;
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FIGURE 1 | Aerial view of treatment groups in the growth chamber after crickets were introduced (day 21-28). The treatment groups were arranged in a block test
pattern with 4 blocks of urban light treatments and 4 blocks of starlight treatments, totaling 8 groups. Within each block, nine plants (every other one) had a cricket.
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thus, we were unable to measure photosynthesis under the
tested ALAN conditions imposed here (<10 umols, <740 lux),
but instead measured whether treatments had an impact on
plant photosynthetic responses to low levels of light. A newly
emerged and fully expanded leaf from each individual (n = 10
individuals per treatment) was inserted into the leaf chamber.
Prior to measurements, leaves were dark adapted for 2 h under
a dark box that allowed no light to enter. Leaves were left in the
chamber for 2-5 min to equilibrate to chamber conditions before
gas exchange parameters (photosynthesis or respiration, and
stomatal conductance) were recorded (average of three logged
values taken in rapid succession). Steady-state fluorescence
(Fs) was measured continuously before exposing plants to a
saturating pulse of light (2,750 pmol m~2 s~! of blue light or
~203,500 lux) (Thimijan and Heins, 1983) to measure maximum
chlorophyll fluorescence. Light inside the chamber was then
switched to the low light level (10 wmol m? s~!). Once gas
exchange reached stability, net photosynthetic rate and stomatal
conductance were recorded, and a saturating pulse was applied
to estimate photosystem II efficiency (®PSII): ®PSII = (Fm' —
Fs)/Fm’ where Fm’ represents chlorophyll fluorescence under
low light. As grass blades rarely filled the entire chamber, the
measured leaf area was estimated using width and length, and
photosynthetic parameters, which are based on the area of the
chamber (6 cm?), were adjusted accordingly.

Data Analysis

All statistical analyses were performed in R version 3.4.3
(R Development Core Team, 1999). We first confirmed that our
data were normally distributed to enable the use of parametric
tests. To test our first hypothesis that gas exchange increased
under ALAN, we ran a MANOVA with net photosynthetic
rate, stomatal conductance, dark respiration, and ®PSII as
response variables and with light treatment and block as
explanatory variables (Figure 2). For our second hypothesis
that light and cricket treatments would affect plant height, we
modeled daily percent change in height between day 21 and
day 28 using a two-way ANOVA with light treatment, cricket
treatment, and block as explanatory variables (Figure 3). We
then analyzed the data using two-way ANOVA, again with light
treatment, cricket treatment, and block as explanatory variables,
testing for an interaction between light treatment and cricket
treatment. We also analyzed cricket survival using Kaplan-
Meier analysis with the “survival” package in R (Figure 4)
(Therneau and Lumley, 2009).

RESULTS

There was no difference in net photosynthesis, stomatal
conductance, dark respiration, or ®PSII between grass grown in
the two light treatments (Table 1). On day 21, bluegrass grown
in urban light was taller (mean = 5.35, sd = 1.02) than bluegrass
grown in starlight (mean = 4.79, sd = 0.63, Table 2). However, the
daily percent change in plant height from day 21 to day 28 was not
significantly different between treatments (Table 3). The presence

of crickets did affect plant height, whereby bluegrass with crickets
present were shorter than bluegrass without crickets (Table 3).

Crickets in the urban light treatment had a 25.0% probability
of survival, whereas crickets in the starlight treatment had
a survival probability of 32.1%, but this difference was not
statistically significant (Kaplan-Meier: n = 36, p = 0.37, Figure 4).
There was no difference in survival due to sex (Kaplan-Meier:
n =36, p = 0.80, Figure 4).

DISCUSSION

Our study explored how short-term low levels of artificial light
at night may affect immediate responses in plant photobiology
and herbivore interactions. It is important to note that this
study represents a brief novel environment akin to new lights
being installed in an environment, and not long-term exposure.
Contrary to our predictions, grass grown under low-level
urban light conditions after 19 days did not have higher net
photosynthetic rates than those grown under starlight, nor
did stomatal conductance, dark respiration, or ®PSII differ
significantly between light treatments. However, plants under
urban light conditions grew taller than plants grown under
starlight conditions during the initial 21 days of growth before
crickets were introduced. Additionally, we found no evidence
that crickets under urban light consumed more plant matter
than crickets in starlight treatments, and survival rates of crickets
did not differ between treatments. The results from this study
suggest that short-term exposure to low levels of ALAN may
not have significant effects on grass photobiology but may
affect plant height.

Studies investigating grass responses to higher levels but
similar durations of ALAN illumination (e.g., 4 &= 1 pmol m™2
s~ ! or 296 lux) found that plant photoreceptors were sensitive to
small fluxes in light levels, which can change flowering phenology
(Thimijan and Heins, 1983; Shin et al., 2010; Bennie et al., 2016).
Many flowering plants require dark photoperiod signals to induce
flowering (Bennie et al., 2016) such that light pulses, even one
minute long, are enough to change their phenology (Parker et al.,
1952; Singhal et al., 2018). The lower levels of light tested here
were likely not bright enough to induce these changes in bluegrass
and may have allowed bluegrass to properly detect photoperiod.
Furthermore, plants often use nighttime darkness to repair
damage from UV rays, suggesting the low levels of ALAN in
our treatments may be dark enough for plants to continue to
repair damaged cells and photoreceptors (Singhal et al., 2018).
Moreover, net photosynthesis is a dynamic measurement that can
vary within samples due to time and day (Miller et al., 1996)
and our single measurement at the end of week 3 may not have
captured treatment differences occurring at other times.

We found no difference in stomatal conductance or
respiration between plants grown in urban light and starlight.
Other studies of similar 4-6 week duration did note differences
in stomatal density and stomatal opening and closing in the
presence of ALAN at levels from 0.1 pumol m~2 s~! to 1 wmol
m~2 s~ ! of blue and red light (Takemiya et al., 2005; Shimazaki
et al, 2007). Another study found that yellow-poplar trees
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exposed to ALAN (high pressure sodium lighting ranging from
82 lux to 4100 lux) for three years resulted in reduced nighttime
stomatal conductance (Kwak et al., 2018). Given that we did not
find any effects of ALAN on plant gas exchange, it is possible

that our light levels were too low, or grass was not subjected
to our light levels for a long enough duration, to induce such
responses. Reduced chlorophyll and rubisco concentration has
been observed in phytoplankton grown under low light levels (6.6
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FIGURE 4 | Survival probability of crickets. (A) Survival probability of crickets under urban light and starlight treatments. (B) Survival probability of crickets under
urban light and starlight treatments, split by sex in each treatment group. In both comparisons (A,B), there were no differences in survival.
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lux; Poulin et al., 2014), and light as low as 3.5 lux has induced
flowering in tree species across the United Kingdom (Ffrench-
Constant et al., 2016). We also observed no treatment effects on
photosystem 1II efficiency despite other studies noting adverse
reactions in these physiological responses to light pollution
(Zhang and Reisner, 2019; Meravi and Prajapati, 2020). Kentucky
Bluegrass might be more adaptable to changing light regimes
given that it is commonly used as a turf grass selected for
its resilience to drought and heat stress (Wang and Huang,
2004). We observed a faster growth rate for grasses grown
under urban light conditions compared to starlight conditions
before the introduction of an herbivore. Plant growth rate is
determined by a variety of factors, including, but not limited
to, photosynthetic rate, specific leaf area, leaf lifespan, leaf
mass fraction, and nitrogen absorption rate (Campbell and
Grime, 1989; Poorter et al., 1991; Osone et al., 2008). Although
we found no difference in net photosynthetic rate between
treatments, growth rate differences could have been due to
greater allocation to leaf area in urban light (Poorter and
Remkes, 1990) although we did not measure such attributes.
Further, our ALAN levels of 0.3 lux, though extremely bright,
still fall within the range of the natural lunar cycle, occurring
during rare, very clear nights with full moons (Gaston et al.,
2013); thus, bluegrass may have been well suited to handle the
ALAN levels tested.

ALAN is known to alter photoperiod detection in
multiple organisms (Bennie et al, 2016), and these changes
in photoperiod can impact plant growth and flowering
(Cathey and Campbell, 1975; Blanchard and Runkle, 2010; Basler
and Korner, 2012; Craig and Runkle, 2016). Increased growth
and biomass have been noted in Poaceae species when exposed
to high levels of ALAN ranging from 0.349 to 1.145 pmols

TABLE 1 | MANOVA table of the gas exchange results evaluating differences in
photosynthesis, stomatal conductance in dark, stomatal conductance in light,
fluorescence, and photosystem Il efficiency (Urban light, n = 11; starlight, n = 11).

df Pillai f P
Treatment 1 0.18 0.45 0.83
Block 0.95 1.09 0.40
Residuals 17

m? sec”! from metal halide bulbs (Flowers and Gibson, 2018),
which corresponds to approximately 24.78-81.30 lux (Thimijan
and Heins, 1983). However, after introduction of the herbivore,
we observed no physiological responses in Kentucky Bluegrass,
including no change in biomass. Photoperiod detection may
not have been disrupted at our lower levels of ALAN, or it
may have caused undetectable or non-measured physiological
responses.

While animals rely on plants as a food source and shelter,
we found no evidence that short term, low-level light pollution
would impact these typical interactions between plants and
insects. Artificial light at the level of 0.3 lux was not enough
to induce changes in the amount of plant matter consumed by
crickets or their survival, but light pollution at higher levels
for longer periods of time could modify these interactions

TABLE 2 | ANOVA table comparing mean grass height at day 21 across light
treatments and blocks.

Sum of squares  df Mean square F p
Light treatment 3.50 1 3.50 563  0.021*
Block 7.87 6 1.31 2.1 0.064
Residuals 39.8 64 0.622

*Indicates a significant response (Light treatment, urban light n = 36, starlight
n = 36).

TABLE 3 | ANOVA table showing the effects of light treatment, cricket treatment,
and block (plus interactions between light and cricket treatment and cricket and
block treatment) on daily percent change in grass height between day 21 and the
end of the experiment.

Sum of squares df Mean square F P
Light treatment 0.14 1 0.14 1.60 0.21
Cricket treatment 2.82 1 2.82 3204 53x1077*
Block 0.85 6 0.14 1.62 0.16
Light: Cricket 0.002 1 0.002 0.023 0.88
Cricket: Block 0.90 6 0.15 1.70 0.14
Residuals 4.93 56 0.088

“Indlicates a significant response (Light treatment, urban light n = 36, starlight
n = 36; Cricket treatment, present n = 36, absent, n = 36).
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(Gaston et al., 2013; Macgregor et al., 2015; Bennie et al., 2016;
Knop et al,, 2017).

Overall, our research detected few changes to plant physiology
under short-term exposure to low levels of urban light, suggesting
that low levels of ALAN may not be as harmful to community
interactions as predicted, at least initially. With rapid increase
in human development, new lights are being introduced
to unlit environments. Our experimental conditions may be
representative of environments recently exposed to ALAN, such
as a new housing development or newly urbanized areas. Other
studies conducted at high levels of ALAN suggest artificial
light can induce large changes in physiology and community
interactions (Longcore and Rich, 2004; Gaston et al, 2013;
Seymoure et al., 2019a). There may be a threshold level and length
of exposure at which artificial light becomes harmful, causing
detrimental effects to individual and ecosystem function with
additional increases in intensity and duration. Understanding
and identifying this threshold would allow for more effective
management of night skies and natural light conditions
(Dominoni et al., 2020). With estimates suggesting two thirds
of Key Biodiversity Areas experience ALAN (Seymoure et al.,
2019a; Garrett et al., 2020), it is important to identify the level
at which artificial light becomes harmful and how natural night
skies can be managed.
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Levels of anthropogenic noise and artificial light at night (ALAN) are rapidly rising on
a global scale. Both sensory pollutants are well known to affect animal behavior and
physiology, which can lead to substantial ecological impacts. Most studies on noise or
light pollution to date have focused on single stressor impacts, studying both pollutants
in isolation despite their high spatial and temporal co-occurrence. However, few studies
have addressed their combined impact, known as multisensory pollution, with the
specific aim to assess whether the interaction between noise and light pollution leads
to predictable, additive effects, or less predictable, synergistic or antagonistic effects.
We carried out a systematic review of research investigating multisensory pollution and
found 28 studies that simultaneously assessed the impact of anthropogenic noise and
ALAN on animal function (e.g., behavior, morphology or life-history), physiology (e.g.,
stress, oxidative, or immune status), or population demography (e.g., abundance or
species richness). Only fifteen of these studies specifically tested for possible interactive
effects when both sensory pollutants were combined. Four out of eight experimental
studies revealed a significant interaction effect, in contrast to only three out seven
observational studies. We discuss the benefits and limitations of experimental vs.
observational studies addressing multisensory pollution and call for more specific testing
of the diverse ways in which noise and light pollution can interact to affect wildlife.

Keywords: multisensory pollution, anthropogenic noise, emergent properties, synergism, antagonism, artificial
light at night (ALAN)

INTRODUCTION

The natural world is under threat due to a multitude of anthropogenic disturbances, including
habitat destruction, climate change, pollution, and urbanization (Vitousek et al., 1997). Many of
these human-induced environmental stressors covary in space and time making their combined
impact difficult to predict (Crain et al., 2008; Piggott et al., 2015; Orr et al., 2020; Tekin et al., 2020).
Artificial light at night (ALAN) and anthropogenic noise are two environmental stressors associated
with urbanization, transport and industry, and are well known to influence biological processes
ranging from individual physiology, reproduction and survival, to large scale processes occurring
across whole ecosystems (Halfwerk and Slabbekoorn, 2015; Swaddle et al., 2015; Dominoni D.M.
et al., 2020; Svechkina et al., 2020; Jerem and Mathews, 2021). High levels of anthropogenic noise
and ALAN often co-occur at the same location and at the same time of day, depending on the
latitude and time of year (Halfwerk and Slabbekoorn, 2015; Buxton et al., 2020; Dominoni D.M.
etal.,, 2020). Despite this frequent covariance, the majority of studies have addressed their biological
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impact in isolation, ignoring potential interactive mechanisms
(Piggottetal., 2015; Orr et al., 2020). Most reports therefore over-
or underestimate effect sizes when these sensory pollutants are
combined (Dominoni D. et al., 2020).

Our understanding of the combined impact of anthropogenic
noise and ALAN can benefit from concepts and theory applied
to situations involving other multiple stressors (Crain et al., 2008;
Darling and Coté, 2008; Orr et al., 2020). Multi-stressor research
has a long history in various fields of biology, ranging from eco-
toxicological lab studies to global conservation modeling, and
from aquatic to terrestrial study systems (Orr et al., 2020). In
general, most of these studies acknowledge combined exposure to
multiple stimuli or stressors can have functional, physiological or
demographic impacts that cannot be understood when studying
these stressors in isolation. The different research fields share
little overlap in theory or nomenclature, however, which is why
we adhere to the terms and definitions outlined by Piggott et al.
(2015) and Orr et al. (2020) to study multi-stressor impacts.
According to Orr et al. (2020), the simplest (and easiest to
predict) effect of multisensory pollution is an additive effect,
which occurs when the combined impact of noise and light
pollution is similar to the sum of their parts (Orr et al., 2020).
When the effect of anthropogenic noise is affected or modulated
by exposure to light pollution and/or vice versa, we consider their
combined impact to be interactive (Figure 1). The interactive
impact can either result in less than the expected additive effect
(antagonistic), or more than the expected effect (synergistic)
(Orr et al., 2020). The most extreme form of interaction occurs
where individual exposure to noise and light has no impact, but
their combined exposure does—known as an emergent effect
(Halfwerk and Slabbekoorn, 2015).

Researchers examining impacts of sensory pollutants have
recently started paying greater attention to the combined and
possible interactive effects of ALAN and anthropogenic noise
(Casasole et al., 2017; McMahon et al., 2017; Raap et al., 2017;
Dominoni D. et al, 2020; Wilson et al., 2021). To provide
an overview of this work, we performed a systematic review
with two specific aims. Firstly, to determine whether combined
impacts deviate from additive expectations. And secondly, to
evaluate which study systems and trait types are most commonly
affected where any such deviations occur. We discuss whether
our findings help identify conditions under which sensory
pollutants should be studied in conjunction, or can be considered
in isolation. Additionally, we highlight the most common
pitfalls relating to observational and experimental methods and
provide some thoughts on the design of future studies in this
developing research field.

METHODS

Search Strategy

We used an “All Database” Web of Science search (Clarivate
Analytics, 2021) to create our candidate study list. We first
performed a search using the following terms (within which
speech marks define phrases, and asterisks indicate truncation
wildcards).

TS = (“anthropogenic noise*” OR “noise* pollution”
OR “sound* pollution” OR “anthropogenic sound*”) AND
TS = (“light*” OR “light* pollution” OR “artificial light*” OR
“artificial light at night” OR “ALAN”).

Preliminary searches showed that including simple “noise*”
and “sound*” terms returned an unworkably large number of
articles for screening (~30,000 when “noise™” was added, and
~80,000 when both terms were included). Given the multiple
potential meanings of both words, most of these articles would be
beyond the scope of this review. Therefore, we only incorporated
“noise” in our search term when included in phrases alongside the
filtering words “anthropogenic” and “pollution.” After screening
all papers returned by our initial search (see below), we
augmented our candidate study list with papers identified on Web
of Science as citing articles from the initial search which met our
screening criteria (and so likely focused on relevant topics). Our
initial search and the subsequent identification of citing articles
were carried out between 26 and 28th July, 2021.

Screening

We initially applied the inclusion criteria to all titles and
abstracts. Full-texts were gathered when the title and abstract
appeared to meet all criteria, or when there was insufficient
information to form a judgment. The inclusion criteria were
then re-applied to the full-texts to confirm eligibility. Our
inclusion criteria were defined using a PICO framework
(Frampton et al.,, 2017). Articles were included in our analyses
if they presented data from primary research addressing the
question “What are the combined effects of anthropogenic
noise and ALAN on non-human animals?” We specified the
PICO components for this question as: Population =
human animals; Interventions = anthropogenic noise and
ALAN; Comparators = absence and/or differing types/levels
of anthropogenic noise and ALAN; Outcomes = functional,
demographic or physiological effects. Accordingly, articles were
considered eligible for inclusion if the research presented met
each of the following criteria:

non-

e Investigated populations of non-human animals

e Examined effects of both anthropogenic noise and ALAN

e Compared anthropogenic noise and ALAN with non-
noise and -light controls, or different types/levels of
anthropogenic noise and ALAN

e Assessed functional, demographic or
outcomes.

physiological

Data Extraction

For each included full-text, we first characterized experimental
design as either observational or experimental. We then noted
subject taxon, effect(s) and response traits assessed (categorized
as physiological—e.g., effects on endocrine or immune systems,
functional—e.g., behavior, morphology or life history, or
demographic—e.g., abundance, population density, or spatial
distribution). Additionally, we recorded whether statistically
significant individual effects of ALAN and anthropogenic noise
were observed, and whether any relationship was positive or
negative. Finally, we assessed whether possible interactions
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FIGURE 1 | Classification of different types of interactive effects of noise and light pollution. Various scenarios where noise and light pollution have either the same
(A), opposite (B), no effect (C,D) or a dose-dependent effect (E,F) when exposed in isolation. The effect of noise and light can either add up (a + b) or interact and
lead to a lower (antagonistic) or higher (synergistic) than expected effect when compared to the additive effect. (A) Scenario when the effect of noise and light
pollution is in the same direction. (B) Scenario when noise and light have opposite effects. Antagonistic effects can be in either direction, as long as they are closer to
zero compared to either one of the single effects or the additive effect. Synergistic effects should be either further away from zero compared to additive effects, or
single effects, but not necessarily both. (C) Modulation scenario where one sensory pollutant has no effect on its own. Interactive effects are considered to be a
modulation of the dominant pollutant by the other pollutant. The modulatory effect can either be lower (antagonistic) or higher (synergistic) than the additive effect,
which is the same as the effect of the dominant pollutant. (D) Emergent scenario where both sensory pollutants have no effect on their own, whereas their combined
exposure either has a positive or negative effect. (E) lllustration of the floor effect. Depending on the dose of pollutant (A,B), their additive effect may reach a physical
or energetic limit. Synergistic effects can only be assessed at low dosage levels, whereas at high dosages, antagonistic and additive effects may not be discernable.

(F) lllustration of the ceiling effect.

between ALAN and noise were explicitly tested for, and if
so, whether the interaction was statistically significant. We
considered interaction testing to be explicit either when an
interaction term was specified in statistical models, or where
light, noise and combined light and noise groups were statistically
compared with each other and a control group. We categorized
interaction effects as significant when estimate 95% confidence
intervals did not include zero. And, we classified significant
interactive effects as either additive, antagonistic, synergistic or
emergent according to the definitions set out in the Introduction
and Figure 1, by comparing effect sizes in text, tables, or figures.

RESULTS

We identified 839 unique articles through our literature search,
of which 28 met the inclusion criteria, and so were incorporated

into our analyses (see Supplementary Figure 1 for numbers of
articles identified and screened at each stage).

Our analysis revealed that most multisensory pollution studies
(21 out of 28) addressed effects of both noise and light
pollution on birds (Table 1, Figure 2A, and Supplementary
Data Sheet). In particular, on the timing of dawn singing (eight
out of 21 studies), but also on a range of other functional,
physiological and demographic traits, including breeding success,
stress, immune and oxidative status, abundance, and species
richness. Functional traits were studied almost twice as often
as physiological and demographic traits combined (Figure 2B).
Seven out of eight studies on dawn song were observational
in nature and only one study explicitly tested whether noise
and light exposure interacted. Across all study systems, more
research reported observational data (20 out of 28 studies), than
experimental (10 out of 28 studies). Only eight observational
studies statistically tested for possible interactive effects of noise
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and light pollution (Figure 2C). Of these studies, four reported
significant interactions. In contrast, eight out of ten experimental
studies tested for interaction effects, with interactions detected
in four instances. Two studies reported statistical interactions
between noise and light without performing follow-up analyses
to identify interaction effect type. For these studies we
scored effect type from figures or effect sizes reported in
tables or text (listed as “possible” effects in Table 1). The
eight studies reporting interaction effects of noise and light
(Table 1, also see Discussion for details) covered a range of
characteristics, including physiological (e.g., haptoglobin and
body temperature), functional (life history and behavior), and
demographic (abundance) traits. Interactions detected included
antagonistic, synergistic and emergent types, and one example of
a floor effect. Of three experimental studies testing for but not
reporting an interactive effect, two were carried out with groups
of fish in the lab (Table 1).

DISCUSSION

We screened the literature for research that simultaneously
assessed ecological impacts of noise and light pollution, to
determine how frequently possible interactive impacts of both
sensory pollutants were tested for. We found 15 of 28 studies that
statistically tested for interactive effects of noise and light. Within
this group, four out of eight observational studies and four out
of eight experimental studies detected an interactive effect, which
was either antagonistic, synergistic, or emergent.

Evidence of Interactive Effects

Six studies reported an antagonistic, or less-than expected effect
of combined noise and light exposure, whereas four studies
reported a synergistic, or more-than expected effect of noise
and light pollution. Two studies found emergent effects, one
observational, the other experimental. Ferraro et al. (2020)
exposed free-living Western blue birds (Sialia Mexicana) to noise
and light at their nests and tracked chick development. Chick
fledging success, mass and size were influenced by noise and light
exposure in different ways, suggesting emergent effects in some
cases (Supplementary Data Sheet). For example, chicks grew
shorter wing chords during combined exposure, but not during
single exposure of noise and light treatments. However, emergent
effects were not specifically tested for (Ferraro et al., 2020).

Some studies reported multiple types of interactive effects,
depending on the trait that was measured, or the species
that was studied (Table 1). Dominoni D. et al. (2020) scored
overall activity of captive great tits and found light on its own
increased activity at night, while noise on its own reduced
activity during the day. When combined, the nighttime effect
was enhanced, demonstrating a synergistic impact, whereas the
daytime effect was reduced, revealing an antagonistic effect.
Interestingly, these patterns were stronger in urban than forest
birds. Wilson et al. (2021) related data from bird feeders
throughout continental United States to modeled data on ALAN
and anthropogenic noise. Using more than a million sightings
from thousands of feeder stations they found an interactive effect

of both pollutants on abundances for 50 out of 140 species.
Noise and light had either an effect on abundances in the
same or opposite direction (see also Figure 1), depending on
bird species, and their combined effect was either antagonistic,
synergistic, or emergent.

Finally, two experimental fish behavior studies suggested noise
and light operate independently from each other (Shafiei-Sabet
et al,, 2016; Ginnaw et al,, 2020). For example, fish actively
avoided the loudspeaker and showed more freezing behavior
during sound playback. Whereas, they spent more time in the
upper water column in response to light treatment, but showed
no avoidance or preference for the dark part of the tank (Shafiei-
Sabet et al., 2016). Noise and light did not therefore interact.
Although, any effect on individual behavior may have been
overruled by group-level processes, as both studies focused on
social fish during schooling formation.

Limitations and Potential Pitfalls Related
to Study Design

Studies reporting antagonistic effects may suffer from ceiling
or floor effects (Figures 1E,F), especially when working with
numbers or percentages (Tekin et al,, 2020). McMahon et al.
(2017) for example, compared isolated effects of noise and light
exposure to a control treatment and found a strong reduction in
the number of parasitic midges approaching calling male frogs.
The single effects were already so severe that their combined
estimated additive effect should have resulted in a negative value
for abundance. The reported significant interaction effect of noise
and light might therefore result from statistical limitations, rather
than a genuine underlying mechanism driving an antagonistic
response. Likewise, an observational study on dawn song found
birds started singing later than expected based on single effects
of noise and light exposure (Nordt and Klenke, 2013), which
could relate to energetic or physiological limits. In both cases,
accounting for the dosages of noise and light might have provided
insight into possible floor or ceiling effects.

Observational studies have the benefit of testing hypotheses
under realistic field scenarios where sensory pollutants often
vary in space and time in their intensity and composition,
and covary with other important environmental variables, such
as temperature, habitat structure and dietary composition.
Potential pitfalls related to observational studies include: (i)
insufficient statistical power to test for interactive effects; (ii)
non-linear responses; (iii) biases toward single effect models;
and (iv) unstandardized variables. Studies in which noise
and light levels are correlated to other factors, such as food
availability or temperature may require higher sample sizes
to test for interactive effects, especially when these effects
follow a non-linear function (e.g., when effects only start to
occur after a certain threshold level is reached; Figures 1EG).
Furthermore, observational studies often use an information
theoretic approach based on Aikaike values, as did all but one
of the included observational studies that tested for interaction
effects. Such methods penalize the number of terms added to
candidate models, thus biasing single effect models over full
models (especially for low sample sizes). And, environmental
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TABLE 1 | Studies included in the systematic review of research investigating combined ecological impact of anthropogenic noise and artificial light at night.

Paper Study type Taxon Effect assessed Interaction Interaction Interaction type
tested for significant

Willems et al. (2021) Experimental Mammal Physiological + Yes No
Functional
Morelli et al. (2021) Observational Bird Demographic No
Wilson et al. (2021) Observational Bird Demographic Yes Yes Abundance: mixed
Brunner et al. (2021) Observational Bird Functional No
Issad et al. (2021) Experimental Mammal Physiological + Yes Yes Body temperature rhythm:
Functional Robustness:
Possibly synergistic
Acrophase:
Possibly synergistic
Marin-Goémez et al. (2020) Observational Bird Demographic + No
Functional
Dominoni D.M. et al. (2020) Experimental Bird Functional Yes Yes Total activity (all Birds)/Night-time
activity (Urban Birds only): synergistic
Daytime activity
(Urban Birds only):
antagonistic
Injaian et al. (2020) Observational Bird Physiological No
Reptile
Ferraro et al. (2020) Experimental Bird Functional Yes Possibly Nestling mass:
possibly antagonistic
Wing chord:
possibly emergent
Retrice:
possibly emergent
Tarsus length:
possibly emergent
Senzaki et al. (2020) Observational Bird Functional No
Ginnaw et al. (2020) Experimental Fish Functional Yes No
Sanchez-Gonzalez et al. (2020) Observational Bird Functional No
Stuart et al. (2019) Observational Bird Functional No
Hennigar et al. (2019) Experimental Bird Functional Yes Yes Distance to disturbance (Swainson’s
thrush only):
synergistic
Hanafi et al. (2019) Observational Bird Functional Yes No
Casasole et al. (2017) Observational Bird Physiological Yes No
McMahon et al. (2017) Experimental + Invertebrate + Demographic Yes Yes Midge abundance: antagonistic with
Observational Amphibian floor effect
Raap et al. (2017) Observational Bird Physiological Yes Yes Haptoglobin: antagonistic
Ciach and Frohlich (2017) Observational Bird Demographic No
Lee et al. (2017) Observational Bird Demographic + No
Functional
Dorado-Correa et al. (2016) Observational Bird Functional Yes No
Shafiei-Sabet et al. (2016) Experimental Fish Functional Yes No
Francis et al. (2015) Observational Mammal Demographic + No
Functional
Russ et al. (2015) Observational Bird Physiological Yes No
Da Silva et al. (2014) Observational Bird Functional No
Nordt and Klenke (2013) Observational Bird Functional Yes Yes Dawn chorus onset: antagonistic
Arroyo-Solis et al. (2013) Experimental + Bird Functional No
Observational
Chan et al. (2010) Experimental Invertebrate Functional No

factors are not always standardized and scaled. For example, the other, which makes statistical testing for interaction terms
only three of the eight included observational studies testing for  difficult (Stuart et al., 2019).

interaction effects standardized/scaled environmental variables. Future observational studies should thus take environmental
Failure to standardize and scale potentially biases one factor over  covariance into account, ideally carrying out some a priori
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FIGURE 2 | (A) Taxa and (B) outcomes investigated in included studies, and (C) numbers of included studies where interaction effects were explicitly tested for.

Yes No

modeling or power analyses using standardized variables to
inform on the best sampling design and sample sizes required
to test for the different type of interactive effects. Also,
while information theoretic approaches can be informative,
penalization of interactive terms should be taken into account
in some way.

Experimental studies have the benefit of enabling randomized
and balanced full-factorial designs, which control for any of
the possible confounding effects that occur in observational
studies. Experimental studies also allow testing for dose-
dependent effects of single vs. combined pollutants, commonly
used in eco-toxicological studies, but not in other disciplines.
Notably, of all included experimental studies only one (McMahon
et al, 2017) included more than a single dosage level.
While experimental studies are often easier to carry out in
the laboratory, most lab-based studies are limited in terms
of how generalizable their findings are to field conditions,
as any interactive impact can be context-dependent. For
example, under optimal conditions such as ad [libitum food,
provided in many captive bird and rodent studies (including
the two experimental captive avian/rodent studies identified
in this review), mechanisms necessary for interactive multi-
stressor effects may not be in place. Therefore, although
experimental studies might be better suited to demonstrate
interactive effects of multisensory pollutants when compared
to observational studies, care must be taken with their
interpretation. In that sense, field experiments—ideally carried
out across multiple (breeding) seasons—seem to provide the
best design for studying impacts of noise and light pollution
under realistic ecological conditions, while controlling for
confounding effects.

Developing Theory on Underlying

Mechanisms of Multisensory Pollution
The newly emerged field of multisensory pollution is in dire
need of theories regarding the underlying mechanisms to

improve our predictions of combined effects of anthropogenic
noise and ALAN. Such mechanisms appear likely to differ
across levels of biological organization. At an organismal
level, sensory pollutants can alter an individual’s physiology
and behavior through multiple perceptual mechanisms.
Both noise and light can mask important signals and cues,
distract animals from challenging cognitive tasks, or lead to
misidentification of sensory pollutants as relevant natural
signals or cues (Dominoni D.M. et al, 2020). Theory on
multisensory pollution at the individual level could therefore
usefully concentrate on situations where both pollutants
influence the same perceptual mechanism and/or whether
the same type of response is observed (e.g., both pollutants
influencing hormone concentrations, or specific behavior
such as dawn song).

At the community-level, biotic interactions and associated
positive or negative feedback loops will strongly determine
the outcome of single as well as combined effects of sensory
pollutants. Species experiencing a direct negative impact
of either high levels of noise or light (or both) on their
behavior and/or physiology may simultaneously indirectly
profit from impacts on their predators, prey or competitors.
Blue tits (Cyanistes caeruleus) for example, benefit by
occupying noisy nest boxes that are abandoned by their
larger great tit (Parus major) competitor (Halfwerk et al,
2016). Theories on population-level or community-level
impacts of multisensory pollution may therefore benefit from
approaches developed for other multi-stressor impacts, which
aim to predict when combined impacts are either synergistic
or antagonistic (Bulleri et al, 2018; Griffith et al, 2019
Orr et al., 2020).

In conclusion, our bibliographic analysis revealed few studies
have specifically addressed combined impact of anthropogenic
noise and ALAN, despite the fact that these sensory pollutants
often co-occur, especially in urbanized areas. This small number
of studies limits conclusions that can be drawn with respect
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to whether noise and light pollution should be considered
in conjunction, or can be studied on their own, for a
given context and/or study system. Consequently, we call
for more dedicated observational and experimental work
on multisensory pollution, necessarily based on theoretical
understanding of the underlying mechanisms through
which interactive impacts may arise, and using appropriate
experimental designs. Such approaches will greatly improve
our understanding of the risks presented by sensory pollution,
and provide greater predictive power to identify the most
urgent conservation issues, and design the most cost-effective
mitigation measures.
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Artificial light at night (ALAN) has been recognized as a biodiversity threat due to the
drastic effects it can have on many organisms. In wild birds, artificial illumination alters
many natural behaviors that are important for fitness, including chick provisioning.
Although incubation is a key determinant of the early developmental environment,
studies into the effects of ALAN on bird incubation behavior are lacking. We measured
nest temperature in nest boxes of great tits during the incubation period in two
consecutive years. Nest boxes were located in eight previously dark field sites that have
been experimentally illuminated since 2012 with white, green, or red light, or were left
dark. We tested if light treatment affected mean nest temperature, number of times
birds leave the nest (off-bout frequency), and off-bout duration during the incubation
period. Subsequently, we investigated if incubation behavior is related to fithess. We
found that birds incubating in the white light during a cold, early spring had lower
mean nest temperatures at the end of incubation, both during the day and during the
night, compared to birds in the green light. Moreover, birds incubating in white light
took fewer off-bouts, but off-bouts were on average longer. The opposite was true
for birds breeding in the green light. Low incubation temperatures and few but long
off-bouts can have severe consequences for developing embryos. In our study, eggs
from birds that took on average few off-bouts needed more incubation days to hatch
compared to eggs from birds that took many off-bouts. Nevertheless, we found no clear
fitness effects of light treatment or incubation behavior on the number of hatchlings or
hatchling weight. Our results add to the growing body of literature that shows that effects
of ALAN can be subtle, can differ due to the spectral composition of light, and can be
year-dependent. These subtle alterations of natural behaviors might not have severe
fitness consequences in the short-term. However, in the long term they could add
up, negatively affecting parent condition and survival as well as offspring recruitment,
especially in urban environments where more environmental pollutants are present.

Keywords: light pollution, incubation, spectral composition, Parus major, fitness, ALAN
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ALAN Affects Avian Incubation Behavior

INTRODUCTION

Artificial light at night (ALAN) is considered a polluter of
natural environments due to the profound effects it has on
wildlife (Holker et al., 2010). Organisms use natural light and
dark cycles as a cue to time important biological processes, and
possess endogenous circannual and circadian biological clocks
synchronized to these cycles (Dunlap, 1999). Light is thus an
important physiological signal, providing ALAN with ample
targets to affect physiological processes and behavior (Falcon
et al, 2020). To effectively mitigate negative effects of light
pollution, we need to understand how ALAN affects different
species, and how light intensity and light spectrum modulate
these effects (Gaston et al., 2015).

Relatively few studies have assessed the effects of ALAN
on parental behavior, while such effects could have important
implications for fitness as the early developmental environment
can have long-term effects on the behavior and physiology of
offspring (De Kogel, 1997; van Oers et al,, 2015). In birds,
ALAN can affect nestling condition, with experimentally exposed
nestlings having lower body mass (Raap et al., 2016a) and
increased immune responses (Raap et al., 2016b; Saini et al,
2019). Nestling condition might be further affected through
parental behavior, as ALAN can increase parental provisioning
rates (Titulaer et al., 2012), but this is not always observed
(Welbers et al., 2017).

ALAN could also affect the developmental environment
through effects on parental condition. Birds breeding under
white and red light were found to have higher baseline stress
levels, and birds with higher baseline stress levels tended to
produce fewer fledglings (Ouyang et al, 2015). Additionally,
birds have been found to be more active at night under white
light, increasing their sleep debt (Ouyang et al., 2017), although
cavity breeders might be shielded from such negative effects on
sleep (Raap et al., 2018).

Negative effects of ALAN on parental condition could affect
incubation behavior. Parents in poor condition are expected
to be less effective incubators, as they need to leave the nest
more often for self-maintenance (DuRant et al., 2013). For
example, lower ambient temperatures result in parents taking
longer off-bouts, presumably due to higher energetic demands
(Scholl et al., 2020). This can have important implications for
developing embryos, as leaving the nest can result in considerable
reductions in nest temperature (Greeney, 2009). Regular cooling
periods can lower embryo mass and reduce yolk reserves (Olson
et al., 2006), and can adversely affect incubation period length
and hatching success (Olson et al, 2006; Nord and Nilsson,
2011). Decreased nest attendance is especially detrimental late in
incubation, as thermal tolerance of embryos decreases with age,
to which parents respond by taking more frequent but shorter
off-bouts (Cooper and Voss, 2013). Parental condition during
incubation can also indirectly affect offspring, as parents with
increased stress levels produce eggs with higher corticosterone
concentrations, which affects their hatching success as well as
offspring condition (Saino et al., 2005). In captivity, constant
light pollution can interrupt incubation in commercially bred
turkey hens (Proudman and Opel, 1981). However, studies that

investigate the effects of ALAN on incubation behavior in wild
birds are lacking.

Here, we investigate if ALAN of different spectra affects
incubation behavior. In two consecutive years, we monitored
the incubation of great tits breeding in nest boxes that were
spread over eight previously dark field sites, which have been
experimentally illuminated since 2012 with white, green, or
red light, or were left dark. For each nest box, we recorded
general life-history data including hatching date and number
of hatchlings, and measured mean nest temperature, oft-bout
frequency, and off-bout duration per day during the incubation
period. Subsequently, we investigated if incubation behavior
related to offspring condition and fitness. We expected different
colors of ALAN to affect incubation behavior and fitness to
different extents. Several studies have shown that the response of
birds to ALAN is often wavelength-specific (de Jong et al., 2017;
Alaasam et al., 2018; Aulsebrook et al., 2020), likely because the
photoreceptors involved in several physiological processes, such
as reproduction and hormone production, are more sensitive
to certain wavelengths (Rani and Kumar, 2000; Hunt et al,
2009; Grubisic et al., 2019). Specifically, we predicted ALAN to
negatively affect incubation in at least the white light treatment
compared to the dark as previous research shows that white
light can negatively affect bird condition (Ouyang et al., 2015,
2017). We therefore expected birds in the white light to take
longer off-bouts and have lower incubation temperatures. As
incubation is a key determinant of the prenatal environment, we
furthermore expected incubation behavior to affect life-history
traits: we expected birds that showed suboptimal incubation
behavior (e.g., low nest temperatures) to have a longer incubation
length and/or lower hatching success.

MATERIALS AND METHODS
Experimental Set-Up

To investigate the effects of ALAN, we made use of a standardized
experimental field set-up in which eight previously dark forest
edges have been illuminated from sunset to sunrise since 2012
(see for details Spoelstra et al., 2015). In short, each field site
consists of four forest edge transects with five lampposts, emitting
either ClearField red, Fortimo white, or ClearSky green LED light
(Philips, Amsterdam, the Netherlands), or no light, with the order
of transects randomly assigned at the start of the experiment. As
ALAN is meant for civil use, light intensities were standardized
to lux (8.2 £ 0.3 lux measured directly under the lamp at ground
level). All three light colors have a full color spectrum, but with
a different composition: green lamps emit more short and less
long wavelengths, while red lights emit less short and more long
wavelengths. In each transect, nine nest boxes were placed in
the forest edge around the lamp post in a standardized pattern,
differing in the distance to the nearest light post (36 nest boxes
per field site, see for details de Jong et al., 2015).

Incubation Behavior Data Collection
In two consecutive breeding seasons (2016 and 2017), we
measured nest temperature and life-history traits for great tits
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breeding in the nest boxes around the lamp posts at the eight
different field sites. Temperature loggers (Maxim Integrated,
DS1922L-F5#, United Kingdom) were covered with panty hose
and attached to a piece of wire to prevent birds from removing it
from the nest. Loggers were then placed in the nest cup alongside
the eggs, either just before or during incubation (Figure 1), with
similar sample size distributions between light treatments for
when during incubation loggers were placed. Loggers recorded
nest temperature every 2 min at a resolution of 0.0625°C and were
read out in the field every 4-5 days, until removed completely on
the day of hatching of the first egg. Read-out lasted on average
4 min, and if females were present at read-out and subsequently
left, they returned on average after 6-8 min (estimated from
nest temperature data, see next section). At two sites, we
also recorded ambient temperature on the outside of a nest
box with temperature loggers. Ambient temperature data were
supplemented with hourly average temperatures downloaded
from a nearby weather station (Royal Dutch Meteorological
Institute (KNMI) stations Hoogeveen and Deelen).

We checked each nest on average twice a week and recorded
lay date of the first egg, clutch size, hatch date, and the number
of hatchlings. In 2016, for a subset of the nests, chicks were also
weighed 2 days after hatching as a measure of chick condition.
Incubation length was calculated from the life-history data,
assuming great tits lay one egg a day from the first lay date onward
and start incubation on the day the last egg was laid. As clutch
size was noted down at every nest check, we corrected incubation
length for any observed lay delays.

For each nest box, nest temperature data from the last 13
days before hatching were used for the analysis of incubation

FIGURE 1 | Example of temperature logger placed in the nest cup just before
or during incubation. Loggers were covered with panty hose and attached to
a piece of wire to prevent birds from removing it from the nest.

behavior, as this is the average incubation length of great tits (Van
Balen, 1973). We included boxes for which we measured at least
the last 3 days of incubation in the analysis, as decreased nest
attendance is especially detrimental late in incubation (Cooper
and Voss, 2013). Boxes for which the last 3 days of incubation
were missing were excluded from the analysis (2017 N = 2). Boxes
that were abandoned (2016 N = 10, 2017 N = 5) or predated
(2017 N = 1) before hatching were also excluded. One other
box was excluded from analysis, because eggs were unfertilized
and did not hatch (2016 N = 1), and one box was excluded
because of misplacement of the temperature logger, which only
recorded ambient temperature (2016 N = 1). Table 1 reports
sample sizes of boxes included in the analysis for each treatment
in each year. Sample sizes showed similar distributions between
light treatments for when during the season and for when during
incubation nests were sampled (Supplementary Figures 1, 2).

Statistical Analyses

Incubation Behavior

To analyze the recorded nest temperatures, we summarized the
data for each nest into five incubation behavior parameters per
incubation day measured. These parameters and their respective
models were:

1. Mean day nest temperature Linear Mixed Model (LMM))

LMM)

og transformed LMM)

Poisson Generalized LMM (GLMM))

log transformed LMM)

2. Mean night nest temperature

(
(
3. Mean variation in temperature at night (
4. Mean off-bout frequency (

(

5. Mean off-bout duration

Mean day and night nest temperature were chosen to reflect
average incubation effort, mean variation in temperature at night
to investigate ALAN effects related to restlessness at night (e.g.,
Ouyang et al., 2017), and mean oft-bout frequency and duration
to investigate ALAN effects related to food requirements and
availability (e.g., Welbers et al., 2017). Incubation days with data
gaps larger than 1 h due to temperature logger malfunctioning
were excluded from analysis (86 days out of 1,118 for 63 boxes),
as such gaps would exert a large influence on daily means. In total,
we included 1,032 incubation days for 103 boxes in the analysis
(see Table 1 for sample sizes per treatment).

TABLE 1 | Number of nest boxes per light treatment per year included
in the analysis.

Treatment Year Box count Mean nr days +SD
DARK 2016 14 9.71 3.00
GREEN 2016 14 9.71 2.79
RED 2016 17 9.65 3.14
WHITE 2016 16 9.88 2.73
DARK 2017 11 10.55 2.94
GREEN 2017 10 10.00 3.23
RED 2017 8 9.50 3.16
WHITE 2017 13 11.23 2.92

For each light treatment per year, we report the mean + SD number of incubation
days per nest for which nest temperature was recorded.
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Oft-bout frequency and off-bout duration were inferred from
the data with a running mean algorithm. This oft-bout detection
algorithm fits a running mean with a time window of 2 h through
the nest temperature data (see Supplementary Figure 3 for an
example). If the temperature dropped below the running mean,
the start of an off-bout was detected, with the end of the oft-
bout detected when the minimum temperature was reached and
the subsequent temperature measures increased again. Each off-
bout’s start, minimum temperature, and duration were recorded,
from which mean off-bout frequency and mean oft-bout duration
could be calculated for each nest per incubation day measured.
The distributions of detected off-bouts were similar between
treatments (Supplementary Figure 4) and showed a large peak
for off-bouts with a very short duration and/or small drop in
temperature (i.e., off-bout surface defined as the product of the
difference from the running mean times off-bout duration). As
these are most likely not true off-bouts, we excluded off-bouts
with a duration < 5 min and a surface < 1.25 from the analysis,
based on the peaks in the respective histograms (Supplementary
Figure 5). We only analyzed off-bouts that occurred between
sunrise and sunset as the majority of the drops below the
running mean during the night are a result of much more stable
incubation temperatures.

For each incubation parameter, we fit a linear or generalized
linear mixed model (LMM or GLMM, see above) with R version
4.02. (R Core Team, 2020) packages Ime4 and nlme (Bates et al.,
2015; Pinheiro et al., 2021). Ambient temperature, clutch size,
and Julian hatch date nested in year were included as covariates.
All covariates were centered before inclusion in the model. As
fixed effects, we used light treatment as a factor with year specific
treatment levels, in interaction with (1) distance to lamp post,
(2) incubation day, and (3) incubation day squared. Incubation
day was defined as day until hatching, with hatching at day 0.
Because effects of artificial illumination are often year-dependent
(e.g., Dominoni et al., 2020), we chose year specific treatment
levels to avoid having to fit three-way interactions. Interaction
terms with P > 0.05 were dropped from the final model to be
able to then test for the main effect of light treatment. Field site
and nest box ID were included as random effects, to account
for multiple incubation days per nest box and shared field site
between nest boxes.

For three out of four LMM models, we used variance
models because linear model assumptions were violated (see
above, R package nlme). Variance decreased with higher nest
temperatures, following the natural increase in incubation
effort as eggs get closer to hatching (Haftorn, 1981). To
account for this variance heterogeneity, we modeled variance by
incubation day which resulted in models with more homogenous
residual distributions and lower Akaike information criterion
(AIC) values (dAIC > 10 compared to non-variance model).
Mean variation in night nest temperature and mean off-bout
duration were log transformed to meet model assumptions.
Residuals from the Poisson GLMM for off-bout frequency were
not overdispersed.

We performed post-hoc tests for models whose ANOVA
indicated that light treatment was a significant explainer
(a0 = 0.05). All post-hoc treatment comparisons were performed

within breeding season year and were corrected for multiple
comparisons with the Tukey method, using R package emmeans
(Lenth, 2020). When the interaction between incubation day
and treatment was significant, we first performed post-hoc tests
to compare slopes between treatments. We then performed
a broken-stick analysis to divide the incubation period into
two phases: early and late incubation. This way we could
find the period before hatching when great tits have reached
their maximum incubation effort (Haftorn, 1981). Subsequently,
treatment effects were compared for early and late incubation
separately within year. For our results, we considered significant
comparisons (P < 0.05) and trends (P < 0.10).

Fitness Data

For each incubation parameter, we calculated per box the mean of
the incubation days included in the analyses described above. We
then tested if incubation behavior was correlated with incubation
length in days and fitness, measured as number of hatchlings.
For a subset of boxes from 2016, we also tested for effects on
chick weight 2 days after hatching and on nest variation in chick
weight at day two (i.e., standard deviation of chick weight in
grams per nest). For the chick weight analysis, we had 12 nest
boxes for the red light treatment and 9 boxes for each of the other
light treatments.

For each fitness measure, we fit a linear mixed model
(LMM) with year specific light treatment levels, and 1 day time-
incubation effort parameter (off-bout frequency) and one night
time-incubation effort parameter (mean night nest temperature)
included as fixed effects as we expect ALAN to affect day and
night behavior via different routes (Spoelstra et al., 2015). To
avoid multicollinearity, we did not include the other incubation
effort parameters (mean day nest temperature, variation in night
nest temperature, and off-bout duration). For the analysis of
number of hatchlings and hatch weight, incubation length was
also included as fixed effect. The same centered covariates were
included as in the analysis of incubation behavior (see above).
Field site was included as a random factor. For models with light
treatment as a significant explainer, we fit the same model with
all fixed effects except light treatment, and then tested for the
effect of light treatment on the residuals of these models. These
models were more informative of the actual light treatment effects
on fitness, as treatment effects are not only tested for the average
value of the covariates, but the dependent variable is corrected for
the covariates before testing. All post-hoc treatment comparisons
were performed within breeding season year.

RESULTS

Mean Day and Night Nest Temperature

Artificial light at night only affected nest temperature in
2017 (Figure 2, Supplementary Figure 6, and Supplementary
Tables 1, 2), and the effects depended on light color, incubation
day, incubation day squared, and year (Supplementary Figure 7).
The fitted models explained a large proportion of the variance in
nest temperature (day mean conditional R squared (R%c) = 0.79,
night mean R%c = 0.67). Our broken stick analysis indicated
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FIGURE 2 | Average day nest temperature in early and late incubation. Raw nest temperature means +-SE are depicted for each artificial light treatment (2016: dark
and green N = 14, red N = 17, white N = 16; 2017: dark N = 11, green N = 10, red N = 8, white N = 13 nest boxes). Treatments only differed from each other in the
breeding season of 2017 late in incubation (bottom right panel): the average day nest temperature was significantly lower in in the white treatment compared to the
green treatment (estimate = —5.04°C, t.ratio = —4.48, P < 0.001), with a trend in the same direction compared to the red treatment (estimate = —3.47°C,

t.ratio = —3.00, P = 0.06). The same results were found for mean night nest temperatures (Supplementary Figure 6 and Supplementary Table 2). “*F < 0.001,

oP < 0.10.
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FIGURE 3 | Mean off-bout frequency (number of off-bouts per incubation day). Raw means +-SE are depicted for each artificial light treatment in two breeding
seasons. Treatments only differed from each other in the breeding season of 2017 (right panel): females in the white treatment took significantly fewer off-bouts
compared to the green treatment (estimate = —2.1, z.ratio = —2.90, P = 0.04), with a trend in the same direction compared to the red treatment (estimate = —2,
z.ratio = —2.59, P = 0.08). The effect was independent of incubation period. *P < 0.05, oP < 0.10.

that birds reached their maximum nest temperature 8 days
before hatching of the eggs (day mean break point = —8.39
and night mean break point = —7.70), which we then used
to split the incubation period in early and late phases. During
the day, birds in the white treatment had a significantly lower
mean nest temperature toward the end of incubation compared
to birds breeding in the green treatment [estimate = —5.04°C,
t(77) = —4.48, P < 0.001], with a similar trend compared to the
red treatment [estimate = —3.47°C, t(77) = —3.00, P = 0.06] but
not compared to the dark [estimate = —2.57°C, t(77) = —2.19,
P =0.34]. Mean day and mean night nest temperature were highly

correlated [r(1,030) = 0.76, P < 0.001], and we found the same
effects of light treatment on mean night nest temperatures in
2017 (Supplementary Figure 6 and Supplementary Table 2).
We found no effects of light at night on variation in night nest
temperature [F(7) = 0.67, P = 0.70, Supplementary Table 3].

Off-Bout Frequency and Duration

Artificial light at night only affected mean oft-bout frequency
in 2017 (Figure 3 and Supplementary Table 4): birds in the
white light treatment took significantly fewer oft-bouts compared
to the green treatment [estimate = —2.12, z(Inf) = —2.90,
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FIGURE 4 | Mean off-bout duration in early and late incubation. Raw means for off-bout duration in minutes 4 SE are depicted for each treatment. In the breeding
season of 2016, females in the green light treatment had significantly shorter off-bouts compared to the red treatment (top left panel; estimate = —6.52 min,

t.ratio = —3.43, P = 0.02). While this effect disappeared in late incubation in 2016, it became more pronounced in 2017 (bottom right panel). Specifically, in late
incubation females had significantly shorter off-bouts in the green treatment compared to the white treatment (estimate = —2.63 min, t.ratio = —3.65, P = 0.009).
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FIGURE 5 | Relation between off-bout frequency and incubation length in days. Mean off-bout frequency during the incubation period is shown for each monitored
nest in relation to incubation length in days (green: green light, red: red light, yellow: white light, black: no light). The line shows the significant negative relationship as

predicted by a linear mixed model (estimate = —0.19 days, SE = 0.12, F = 5.47, P = 0.02), with a shorter incubation length when females took on average more
off-bouts on incubation days. Artificial light treatment did not affect incubation length (P = 0.60) nor was it affected by average night nest temperature
(estimate = —0.12 days, SE = 0.09, F = 1.37, P = 0.24, Supplementary Tables 6, 7).

P = 0.04], with a similar trend compared to the red treatment
[estimate = —2, z(Inf) = —2.59, P = 0.08], but not compared
to the birds in the dark [estimate = —0.27, z(Inf) = —0.38,
P =1.00]. Although off-bout frequency increased over the course
of incubation (P < 0.001), the slope was not modulated by light
treatment (interaction terms P > 0.05 dropped from final model,
model fit R?c delta = 0.40).

Off-bout duration decreased over the course of incubation and
was significantly affected by ALAN with the effects depending
on light color and incubation day (Figure 4, interaction terms

P < 0.001, model fit R>c = 0.85, Supplementary Table 5).
A broken stick analysis indicated that birds reached their
minimum mean off-bout duration 9 days before hatching of
the eggs (break point = 9.43). When comparing treatments in
early and late incubation, we found that 2016 birds breeding in
the green light took significantly shorter off-bouts compared to
the red treatment in early incubation [estimate = —6.52 min,
t(77) = —3.42, P = 0.02]. However, these differences disappeared
toward the end of incubation. This is in contrast to 2017,
where birds in the green light took significantly shorter off-bouts
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FIGURE 6 | No relation between off-bout frequency and number of hatchlings. Mean off-bout frequency during the incubation period is shown for each monitored
nest in relation to number of hatchlings (green: green light, red: red light, yellow: white light, black: no light). Number of hatchlings could not be explained by off-bout
frequency, average night nest temperature, or incubation length (P > 0.05, Supplementary Table 8).

compared to birds in the white light only late in the incubation
period [estimate —2.63 min, t(77) = —3.65, P = 0.009].
Mean off-bout frequency correlated non-linearly to off-bout
duration [Supplementary Figure 8, Generalized Additive Model
(GAM) effective degrees of freedom (edf) = 7.85, F(9) = 387.6,
P < 0.001]: birds that took very few off-bouts, tended to
take very long off-bouts, while birds that took more oft-
bouts only stayed away from the nest for a short time. Mean
oft-bout frequency was also non-linearly correlated to mean
absolute temperature [Supplementary Figure 9, GAM edf = 4.87,
F(9) =90.53, P < 0.001], with an increase in off-bout frequency
relating to an increase in mean day nest temperature, but with
diminishing returns.

Fitness Effects

Length of the incubation period was not affected by light at
night [F(7) = 0.78, P = 0.60] nor was it related to mean night
nest temperature [F(1) = 1.37, P = 0.24], but it was related
to off-bout frequency [F(1) = 5.47, P = 0.02, Supplementary
Tables 6, 7). Incubation length and off-bout frequency were
negatively correlated (Figure 5, estimate = —0.19 days, SE = 0.12,
Supplementary Table 6): eggs from birds that took on average
more oftf-bouts hatched after a shorter period of incubation. Most
of the variance in length of the incubation period, however,
remained unexplained (model fit R?c = 0.31).

We did not find any effects of incubation effort on number
of hatchlings (Figure 6, mean night temp: P = 0.51, off-bout
frequency: P = 0.60, model fit R%c = 0.59, Supplementary
Tables 8-10), on chick hatching weight (mean night temp:
P =0.92, off-bout frequency: P = 0.86, incubation length: P = 0.71,
model fit R?c = 0.10, Supplementary Table 11), nor on variation
in chick hatching weight (mean night temp: P = 0.63, oft-bout
frequency: P = 0.61, incubation length: P = 0.13, model fit
R?c = 0.45, Supplementary Table 12). Light at night did not

affect chick hatching weight [F(3) = 0.84, P = 0.48), while we
did find treatment effects on variation in chick hatching weight
[F(3) = 3.08, P = 0.04, Supplementary Tables 12, 13): in 2016,
nests from green light transects showed significantly less within-
nest variation in chick hatching weight compared to nests from
red light transects [estimate = —0.29, #(35) = —2.99, P = 0.02,
Supplementary Table 14].

In 2016, birds in white light had significantly less hatchlings
compared to the red light treatment [estimate —1.51,
t(95) = —3.52, P = 0.03], with a similar trend compared to
the dark [#(95) = —1.39, P = 0.10, Supplementary Table 10].
However, this was only the case when considering the subset
of nests for which we measured incubation behavior, since the
effect disappeared when including all other nests for which
we had hatchling data. An overview figure with the mean
fitness measures per treatment can be found in (Supplementary
Figure 10).

DISCUSSION

Incubation largely determines the early developmental trajectory
in birds (DuRant et al., 2013), but until now no studies have
investigated how ALAN affects this key parental behavior. We
investigated if ALAN of different spectra affects incubation
behavior, and consequently how incubation behavior relates to
fitness in two consecutive years. As expected, we found that
white light affected incubation behavior of birds, but only when
compared to birds in the green light in one of the two breeding
seasons: these birds took fewer off-bouts, and late in incubation
they took longer off-bouts and had lower nest temperatures. In
our study, birds that took fewer off-bouts had a longer incubation
length, but we did not find a relationship between incubation
behavior and hatchling weight or hatchling number.
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The observed lower incubation temperatures and longer off-
bout durations in the white light treatment group in 2017 could
indicate that these females had increased energy demands. This
could be due to the effects of ALAN on body condition, as light
pollution can affect immune responses in birds (Kernbach et al.,
2018) and spectra combining long- and short-wavelengths can
increase night-time activity and corticosterone levels in captive
birds (Alaasam et al., 2018). Similarly, free-living birds nesting
in white and close to red light have higher corticosterone levels
(Ouyang et al., 2015). Another possibility is that male feeding is
affected by white ALAN, for example because of sleep deprivation
(Ouyangetal., 2017; Aulsebrook et al., 2020). Female blue tits that
are fed more by males tend to have shorter off-bouts (Bambini
et al,, 2019). In our study, males subjected to white light might
have fed females less leading to the observed longer off-bouts in
this treatment group.

Contrary to our expectations, we only find differences for
birds breeding in white light compared to green light, and to
some extent compared to red light, but not compared to the
dark control. Whereas birds in the green light had on average
high incubation temperatures and took many short off-bouts
already from the start of the incubation period, birds in the dark
control areas had more intermediate incubation parameters in
2017. It might be that areas illuminated with green artificial light
have become high quality habitats, as food abundance seems
to be higher in green and white light areas at least during the
chick feeding phase (Welbers et al., 2017). This could mean
that foraging is more successful and leads to shorter off-bouts.
However, a potential increase in energy demands in the white
light, as discussed above, might counteract the positive effects of
higher food abundance for birds breeding in the white light areas.

At our field sites, previously dark forest has been
experimentally illuminated since 2012. In this setting it is not
possible to control for settlement differences, although previous
work did not find differences in breeding density between light
treatments nor settlement preference for a particular light color
in surviving birds (de Jong et al., 2015). When given the choice
in the lab, wild birds preferred to sleep under green light as
opposed to white light or darkness (Ulgezen et al., 2019). Thus,
the differences we found between birds breeding in the white
light compared to the green light could also be due to individual
differences with high quality individuals nesting more in green
lit areas as opposed to white lit areas.

Although we find some negative effects of white ALAN on
incubation, this was only observed in one of the two breeding
seasons. Such year-to-year variation in the effects of ALAN
has been observed before (de Jong et al, 20155 Dominoni
et al., 2020) and highlights the need for long-term monitoring
(Spoelstra et al., 2015). When we compare the two monitored
breeding seasons, the season of 2017 started earlier and the
weather conditions during the incubation period were much
colder compared to 2016. Cold weather conditions are thought
to increase the energy demands of incubating females (Scholl
et al,, 2020), which perhaps aggravated the subtle effects of white
ALAN, causing females in the white treatment group to have
suboptimal incubation in this year. However, we will need more
than 2 years of data to test if this is really the case.

Earlier in the season, off-bouts can result in greater incubation
temperature drops (Bentzen et al., 2010), and the onset of full
incubation tends to start later (Haftorn, 1981), indicating that
long off-bouts could have been more stressful for developing
embryos in 2017. Nevertheless, incubation behavior was not
related to hatchling number in either year or to hatchling weight
in 2016. This is in contrast with previous studies, which found
decreased hatching success with lower incubation temperatures
(Nord and Nilsson, 2011) and decreased embryo mass (Olson
et al, 2006). However, in these studies eggs were incubated
experimentally in the laboratory, which may have resulted in
greater temperature differences between groups than those we
observe in our wild bird populations. Moreover, small alterations
in incubation can already affect offspring phenotype (DuRant
et al., 2013), such as metabolic rate (Nord and Nilsson, 2011)
and immune response (DuRant et al, 2012), which we did
not measure here.

In both years, off-bout frequency was related to incubation
length, with a shorter incubation period when birds took many
oftf-bouts. In our study, birds that took many off-bouts tended
to take shorter off-bouts, which keeps incubation temperatures
more stable (Cooper and Voss, 2013), and could reduce the
incubation period (Olson et al., 2006). For parents, a longer
incubation length is undesirable as it is related to reduced adult
survival, immunity, and future reproductive success, as well as
increased risk of predation (reviewed in DuRant et al., 2013).
Although we did not find significant differences in incubation
length between the light treatments, birds in the white light
took fewer off-bouts that were longer in 2017 compared to birds
breeding in the green light. Future studies should investigate if
this can lead to reduced adult survival and future reproduction
for birds breeding under white light.

Our study finds spectrum dependent effects of ALAN on
avian incubation behavior. The effects we found were subtle,
did not affect offspring fitness in terms of hatchling number
and weight, and were only observed in a cold, early season.
This highlights the need for long-term monitoring to further
map the conditions under which light pollution is harmful to
breeding birds, to be able to successfully mitigate such effects.
The subtlety of the effects indicates that future studies should
investigate not only direct fitness consequences such as chick
survival, but also investigate offspring phenotype and offspring
recruitment. The fact that we only observe effects in a cold but
not a warmer spring could indicate that ALAN at best becomes
harmful when more stressors are present, which is an important
consideration in urban environments. Moreover, we find effects
on incubation behavior of cavity breeders, which are only exposed
to very low levels of ALAN. This suggests that the potential effects
of ALAN on open-cup breeders might be much stronger, but this
is currently an overlooked research area.
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Artificial light at night (ALAN) can impact the trophic structure of assemblages of ground-
dwelling invertebrates, and changes in such assemblages can affect decomposition in
terrestrial systems due to the various functional roles of these invertebrates, including
microbial grazing, comminution of litter, and predation of other invertebrates, that can
directly or indirectly affect plant-litter breakdown. Despite this, we are unaware of any
studies that have evaluated the effects of ALAN on the breakdown of plant litter in a
terrestrial ecosystem. We sought to answer whether ALAN affects litter breakdown via
its effects on a community of ground-dwelling arthropods using two field experiments.
In one experiment, we manipulated the presence of ALAN and the size classes of soil
invertebrates that could enter mesh bags containing plant litter (litterbags). We found
that the rate of plant-litter breakdown increased with the mesh size of litterbags but was
unaffected by presence of ALAN. In a second field experiment carried out to examine
the effects of ALAN on the trophic structure of litter-layer invertebrate communities,
while controlling for potential effects of ALAN on vegetation, we again found that ALAN
did not affect litter breakdown despite the fact that ALAN increased the abundances
of secondary and tertiary consumers. Our finding that larger assemblages of ground-
dwelling secondary and tertiary consumer invertebrates under ALAN did not slow litter
breakdown through increased top-down control of detritivores suggests ALAN may
disrupt predator-prey interactions in litter-layer communities.

Keywords: light pollution, ecosystem function, trophic structure, trophic cascade, grassland

INTRODUCTION

Artificial light at night (hereafter ALAN) is a widespread sensory pollutant which currently affects
nearly a quarter of the terrestrial surface of our planet (Gaston et al., 2014; Falchi et al., 2016,
2019; Kyba et al,, 2017). It is widely considered to have extensive ecological consequences across
levels of biological organization ranging from the organism (e.g., physiology and behavior) to the
ecosystem (Longcore and Rich, 2004; Gaston et al., 2013, 2014). Most research documenting effects
of ALAN has occurred at the organismal and population levels (Longcore and Rich, 2004; Holker
et al., 2010; Gaston et al., 2015; Sanders and Gaston, 2018). Perhaps the best evidence that ALAN
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affects higher levels of organization are studies that have shown
effects on multi-trophic structure or dynamics (Meyer and
Sullivan, 2013; Bennie et al., 2018a; Grenis and Murphy, 2019;
Sullivan et al., 2019). At the community level there is increasing
recognition of the potential for ALAN to disrupt pollination
(Knop etal., 2017; Macgregor et al., 2017; Giavi et al., 2020) as well
as invertebrate food-web dynamics (Bennie et al., 2018a; Sanders
et al., 2018; Maggi et al., 2019). However, effects of ALAN on the
ecosystem processes of nutrient transfer and decomposition are
largely unknown.

Decomposition is a critical ecosystem process driving nutrient
transfer from dead organic matter to plant-available forms,
which in turn can affect plant growth and carbon fixation
(Bardgett, 2005). The structure and trophic dynamics of ground-
dwelling invertebrate assemblages have profound effects on
the decomposition of organic matter in terrestrial ecosystems
(Moran et al, 1996; Heneghan et al, 1998; Schmitz, 2009;
Hawlena et al., 2012; Tonin et al, 2018). For example, the
presence of predatory invertebrates can slow decomposition by
limiting the activity of detritivores, which break down plant
material in the litter layer (Kajak, 1995; Lawrence and Wise, 2000;
Schmitz et al., 2010; Hawlena et al., 2012). The opposite has also
been found, wherein the absence of predatory invertebrates slows
decomposition, which could be attributed to competition among
prey invertebrates in the litter layer (Lawrence and Wise, 2004;
Melguizo-Ruiz et al., 2020). Artificial light at night is known to
impact the composition of invertebrate assemblages (Meyer and
Sullivan, 2013; Davies et al., 2017; Manfrin et al., 2017; Desouhant
etal., 2019) and their trophic dynamics (Sanders et al., 2015, 2018;
Bennie et al., 2018a; Manfrin et al., 2018; Sanders and Gaston,
2018). Multiple studies have documented that ground-dwelling
invertebrate assemblages under ALAN have higher abundances
of predators such as arachnids and carabid beetles than those
found in areas that are dark at night (Davies et al., 2012, 2017;
Manfrin et al., 2017; McMunn et al., 2019; Willmott et al., 2019).
The attraction of predators to ALAN-affected areas has been
predicted to lead to increased top-down control (Sanders and
Gaston, 2018). Given that (a) large ground-dwelling predatory
invertebrates are capable of initiating trophic cascades (Moran
et al, 1996; Schmitz, 2007, 2009; Hawlena et al., 2012) and
that (b) greater numbers of these are observed in light-polluted
conditions (Wolff, 1982; Davies et al., 2012, 2017; Holzhauer
et al,, 2015), ALAN may elicit indirect effects on decomposition
by increasing the strength of top-down control over detritivores.
Despite the observed effects of ALAN on trophic structure of
ground-dwelling invertebrates (Davies et al., 2012, 2017; Meyer
and Sullivan, 2013; Manfrin et al., 2017), the effects of ALAN
on decomposition of organic matter in terrestrial systems are
poorly understood.

Three interacting factors most strongly influence the rate
of decomposition in terrestrial systems: abiotic conditions,
litter nutritional quality (primarily nitrogen content), and the
composition of soil fauna and microorganisms (Swift et al., 1979;
Wardle et al., 2004; Héttenschwiler et al., 2005; Garcia-Palacios
et al,, 2016). In the litter-layer food web there are typically up
to three levels of consumers: primary, secondary, and tertiary.
Primary consumers, including microorganisms (bacteria and

fungi) and invertebrate detritivores, feed directly on dead plant
matter. Primary consumers drive most terrestrial decomposition
(Swift et al., 1979; McGuire and Treseder, 2010). Detritivores
enhance the activity of bacteria and fungi by fragmenting plant
material, thereby increasing attackable surface area, and by
depositing frass (Vossbrinck et al., 1979; Beare et al., 1992;
Coleman et al., 2004). Secondary consumers, in contrast, can slow
the breakdown of plant matter through their consumption of
bacteria, fungi, or detritivores. In systems where decomposition
is primarily driven by bacterial or fungal pathways, secondary
consumers which regulate bacterial and fungal populations
include protozoa, nematodes, and mites (Santos et al., 1981;
Ruess and Ferris, 2004). Tertiary consumers can enhance the
rate of decomposition by releasing microbial decomposers from
predation from secondary consumers (Hedlund and Ohrn, 2000;
Lawrence and Wise, 2004), and can also slow decomposition by
exerting top-down effects on detritivores (Kajak, 1995; Lawrence
and Wise, 2000; Hawlena et al., 2012).

We conducted two studies to explore the effects of ALAN
on the breakdown of plant litter in a temperate grassland
ecosystem through its effects on litter-layer fauna. First, to test
for potential effects of ALAN on decomposition mediated by
multitrophic interactions (e.g., trophic cascades), we carried out
a field experiment in which we manipulated the presence/absence
of ALAN and the size classes of soil fauna. We did this by
quantifying rates of litter breakdown, or proportion decomposed
over time, within litterbags of three different mesh sizes in
plots that were exposed to ALAN or ambient light levels
at night. Exclusion of soil organisms of different body sizes
from plant litter has previously been used successfully to draw
conclusions about how subsets of the invertebrate community
belonging to different size classes influence decomposition
(Vossbrinck et al., 1979; Setila et al., 1996; Bradford et al.,
2002). As litterbag mesh size is increased, the assemblages of
invertebrates that establish within the litterbags increase in
maximum organism body size, species richness (Bradford et al.,
2002; Cole et al., 2006), abundance and diversity of secondary
and tertiary consumers, and functional complexity (Setild et al.,
1996; Bradford et al., 2002; Smith and Bradford, 2003). A second
field experiment was carried out to test effects of ALAN alone
on the trophic composition of soil arthropods and plant litter
breakdown, while controlling for potential effects of ALAN on
vegetation (Bennie et al., 2016, 2018b; Grenis and Murphy,
2019), which could potentially affect invertebrate assemblages
or litter decomposition. We manipulated the presence/absence
of ALAN (as above), while controlling for potential effects of
ALAN on above-ground vegetation by mowing all plots prior
to the experiment. To characterize effects of ALAN alone on
invertebrate trophic structure, we used litterbags of a single
large mesh size. Based on previous findings documenting higher
abundances of ground-dwelling predatory invertebrates under
ALAN compared with unlit areas (e.g., Davies et al., 2012, 2017),
and that tertiary consumers can slow decomposition (Kajak,
1995; Lawrence and Wise, 2000; Hawlena et al.,, 2012), we
predicted that ALAN would reduce rates of litter breakdown
indirectly via increased top-down control of primary consumers
by secondary and/or tertiary consumers.
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MATERIALS AND METHODS

Experimental Design

We conducted two experiments at Blandy Experimental Farm
(BEF) in Boyce, Virginia, United States (39.0640°N, 78.0652°W).
In the fall of 2017, we conducted an experiment to test the
independent and interacting effects of ALAN and invertebrate
size classes on decomposition of plant litter. The experiment was
carried out in eight replicate plots, half exposed to ALAN and
half receiving no added ALAN. Within each plot, we measured
the decomposition of litter within mesh bags (litterbags), using
litterbags with three different mesh sizes (0.1, 2, and 4 mm) to
manipulate the size classes of fauna that could gain access to the
litter. In the fall of 2018, we carried out a second experiment
to for two primary reasons: (1) to control for potential effects
of ALAN on vegetation (Bennie et al,, 2016, 2018b; Grenis
and Murphy, 2019), which could potentially affect invertebrate
assemblages or litter decomposition, and (2) to test effects of
ALAN on the trophic composition of soil arthropods. This
experiment was carried out in ten replicate plots, five with ALAN
added and five with no ALAN added. To control for potential
effects of ALAN on vegetation, we minimized differences in
vegetation height and biomass by mowing all plots prior to the
start of the experiment. To examine the effects of ALAN on
arthropod trophic composition, we deployed litterbags in the
second experiment that would allow us to recover larger numbers
of arthropods than we could in the previous experiment. This was
accomplished by using litterbags that were larger, contained more
litter, and had only the largest mesh size (4 mm).

Experiment 1: Untangling Effects of Artificial Light at
Night and Invertebrate Size Classes on
Decomposition

This experiment was carried out in the Native Plant Meadow
at BEF. Dominant vegetation in the meadow consisted of
warm season, Cj grasses including switchgrass (Panicum
virgatum), Indian grass (Sorghastrum nutans), and big bluestem
(Andropogon gerardii). Controlled burning is the primary
management practice used to prevent succession of the meadow
from grassland to forest. The most recent controlled burn prior
to the experiment was carried out in the spring of 2017.

The experiment was carried out in eight 20-m diameter
circular plots arranged in a paired design. Within each of four
pairs of plots, one plot was randomly assigned to receive artificial
light at night (hereafter ALAN plot). The other plot received no
addition of ALAN, and thus only was lit with ambient diurnal
sunlight, moonlight, and starlight (hereafter ambient-light plot).
There were no barriers to restrict movement of invertebrates into,
or out of, a plot. Within a pair, plots had a minimum distance
of 10-m between edges, and pairs were a minimum of 20-m
apart. Each plot represented a replicate. Each ALAN plot was
illuminated from dusk to dawn by four broad-spectrum (4922 K)
12 W LED (Bullet®, RAB Lighting Inc., Northvale, New Jersey,
United States) floodlights. The emission spectrum of this LED
model is provided in the electronic (Supplementary Figure 1).
Each LED floodlight was attached to the top of a 3 m post in

the center of the plot. All floodlights were aimed downward,
with a slight deflection of 25° outward toward the edge of
the plot. To hold physical structure constant across treatments,
we installed identical posts without floodlights at the center
of ambient-light plots. The plots were originally established in
2015 (Firebaugh and Haynes, 2016), and ALAN was manipulated
throughout the summers of 2015 and 2016. For this study, ALAN
was manipulated continuously beginning in the spring (April)
through the fall including the study period, which ran from
August through October 2017.

At the end of the growing season (August 17, 2017), we placed
mesh bags (litterbags) containing litter within each plot. The
litterbags were placed 1 m from the central post. At this distance
from the central post, we measured nighttime light intensity
1 m above the ground to minimize the blocking of light by
the vegetation canopy, recording intensities of 193.16 £ 5.0 lux
(mean £ 1 SD) in the ALAN plots and 0.014 £ 0.012 lux in
the ambient-light plots. The light levels in our plots were well
within the range for canopy level Illuminance reported by Bennie
et al. (2016) which extends from 30 to 1200 lux depending on
vertical distance from the light source in question. Lower values
have been reported elsewhere in the literature (Bennie et al.,
2016; Grenis and Murphy, 2019), and we assume that the light
levels reaching the litter layer were significantly lower and more
variable than at 1 m above the ground.

We set out litterbags in groups of three, with one bag of each
of the three mesh sizes per group. Within a group, we arranged
litterbags so that none overlaid the other, and all were staked
down to maintain contact with the soil surface. We placed six
groups in each plot, with the direction of each group relative to
the central pole chosen haphazardly.

To obtain standardized litter for the experiment, we grew
switchgrass, Panicum virgatum, in a greenhouse at BEF during
the summer of 2017. For a detailed description of the methods
of grass propagation and growth (see Supplementary Material
Methods). We harvested green leaf material on August 12, 2017,
by trimming blades to the collar, and then oven dried it at 40°C
for ~72 h. Prior to placing the leaf material into the litterbags, all
leaf material was intermixed to maximize homogeneity among
samples. We placed 0.72 % 0.25 g of dried leaf material into each
litterbag (W x L, 9 x 9 cm). The edges of the bags were sealed
using a heat sealer.

To explore which invertebrates mediated ALAN-induced
changes in decomposition, we manipulated the size classes of
fauna that could gain access to the litter by using litterbags
with three different mesh sizes: 0.1, 2, and 4 mm. These mesh
sizes exclude (in order) all macrofauna and mesofauna, all
macrofauna, and some macrofauna (Setili et al., 1996; Bradford
et al, 2002; Smith and Bradford, 2003). Litter-inhabiting
organisms with body sizes < 0.1 mm include bacteria, fungi,
protozoa, and nematoda (Wallwork, 1970; Swift et al., 1979; Wall
and Moore, 1999); these organisms directly (and indirectly in
the case of protozoa and nematoda) effectuate nutrient cycling
(McGuire and Treseder, 2010). Mesofauna (body size between
0.1 and 2 mm, Wallwork, 1970; Swift et al., 1979) include (but are
not limited to) Collembolans (springtails), Acari (mites), Isoptera
(termites) in addition to larval organisms (Wall and Moore, 1999;
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Cole et al., 2006). Mesofauna are responsible for modification of
the microbial community, comminution of litter, and in some
instances predation of other invertebrates (Swift et al., 1979;
Vossbrinck et al., 1979; Scheu and Setild, 2002). Macrofauna
(body size > 2 mm, Wallwork, 1970; Swift et al., 1979) include
Araneae, Hymenoptera, and Coleoptera (larvae and adults),
along with larvae and nymphs from other orders. Litter-dwelling
macrofauna are responsible for comminution of litter and
predation of secondary and tertiary invertebrates (Scheu and
Setild, 2002; Briones, 2014).

We expected that primary and secondary consumer
microorganisms would gain access into the litterbags with
the 0.1 mm mesh, but that arthropod tertiary consumers, along
with arthropod secondary consumers whose body sizes exceeded
0.1 mm in diameter, would be excluded (Wallwork, 1970; Swift
et al,, 1979). We expected that primary, secondary, and tertiary
consumers would all gain access into the litterbags with the 2
and 4 mm mesh sizes, but that fewer tertiary consumers would
be excluded from the 4-mm mesh size litterbags than from the
2-mm mesh size litterbags (Wallwork, 1970; Swift et al., 1979;
Bradford et al., 2002; Cole et al., 2006).

A small but growing body of literature highlights some of
the effects of ALAN on plants in roadside or semi-natural
conditions. ALAN from street-lighting has direct and indirect
effects on the plant community and its herbivores (Bennie et al.,
2018a,b; Grenis and Murphy, 2019). We therefore considered it
plausible that ALAN-induced changes in plant biomass could
affect the rate of plant litter decomposition. For example,
increased density of standing senesced vegetation could attract
detritivores or affect the litter-layer microclimate. To test for
potential effects of ALAN in our experimental plots on plant
growth, we estimated the density of aboveground grass biomass
(g/mz) in each plot from the mean biomass harvested from five
0.3-m? quadrats placed randomly within each plot. The biomass
was harvested in early August, 2017, dried for 5 days at 55°C, and
subsequently weighed.

Experiment 2: Effects of Artificial Light at Night on
Decomposition and Litter-Layer Invertebrates While
Controlling Aboveground Vegetation

Because ALAN can affect vegetation (Bennie et al, 2016,
2018b; Grenis and Murphy, 2019), which could potentially affect
invertebrate assemblages or litter decomposition, we carried out
a second field experiment in the fall of 2018 in a different
set of plots at BEF. Like in the first experiment (carried out
in 2017), we measured rates of plant litter breakdown in
litterbags; however, in the second experiment we took steps to
minimize differences across plots in the structure and biomass
of aboveground vegetation via two means. First, the plots used
in the 2018 experiment were not exposed to ALAN during
the 2018 growing season; in the prior experiment, ALAN was
manipulated throughout the growing season as well as during
the fall decomposition experiment. In 2018, ALAN was not
manipulated until August 16, 2 days before litterbags were placed
in the plots. Second, we mowed all plots 2 days prior to the
start of the 2018 experiment to further minimize differences in
aboveground vegetation structure and biomass across plots.

This experiment was carried out in ten 1-m diameter field
plots that were arrayed in a grid pattern with 5 m between
adjacent plots. Half of the plots were selected at random to
receive ALAN, while the other half received ambient light only.
As with our first study, each plot represented a replicate. A plot
was exposed to ALAN by one broad-spectrum 12 W LED (same
model as in Experiment 1) floodlight, which was positioned on
the underside of the horizontal arm of a light post at a height of
3 m and aimed directly downward over the center of the plot.
Identical light posts were established for all plots (both ALAN-
plots and ambient-light plots). There were no barriers to prevent
movement in or out of plots. In this experiment, we were able to
measure nighttime light intensity at ground level (the top of the
litter layer) because the vegetation was mowed. Nighttime light
intensity in the ALAN plots was 126.8 = 7.32 lux (mean % 1 SD)
and 0.4 = 0.21 lux in the ambient-light plots.

In this experiment, we intended to use plant litter that closely
resembled litter occurring in the grasslands at our study site.
Thus, we collected senesced leaves in August 2018 from standing
C4 grasses in the BEF Native Plant Meadow (> 50 m from sources
of ALAN). The nitrogen content of the collected leaf litter was
1.02 4 0.33 (% of total mass mean =+ SD). The leaf litter was dried
at 50°C for 5 days, homogenized, and then placed into litterbags.

To increase our ability to characterize effects of ALAN on
invertebrate trophic structure, we took two steps to increase
the numbers of invertebrates captured. First, we used a mesh
size (4 mm) that excluded only large macrofauna. Second, we
used larger litterbags (W x L, 10 x 20 cm) containing more
litter material (3.0 £ 0.05 g) than in the 2017 experiment
(0.72 £ 0.25 g). The edges of the bags were sealed using a heat
sealer, and all litterbags were staked down to maintain contact
with the ground surface when deployed in the plots.

Data Collection and Analysis
Experiment 1: Untangling Effects of Artificial Light at
Night and Invertebrate Size Classes on
Decomposition
To examine the effects of ALAN on litter breakdown over time,
we retrieved half of the litterbags from each plot after 31 days,
and the remaining half after 61 days. Immediately after retrieval,
we then removed invertebrates from the litterbags using Tulgren
extraction carried out over 24 h. Following extraction of the
invertebrates, we dried the litter at 50°C for 24 h and removed
any residual soil or debris by hand. We estimated the proportion
of litter broken down, or decomposed, as (1-massfq1/mMass;pisial)-
We then pulverized the litter samples into fine powder
using a ball mill (Cianflone Scientific LLC, Pittsburgh, PA,
United States) and performed combustion analysis to determine
final nitrogen content (Flash 2000 Elemental Analyzer, Thermo
Fisher Scientific™, Hampton NH, United States). To obtain
initial litter nitrogen content, 0.3 g sub-samples of the litter placed
into each litterbag were collected for combustion analysis.
Statistical analyses were run using the mean of response
variables because plots were considered true replicates in our
study. We tested the effects of ALAN and litterbag mesh size
on the mean proportion of litter broken down and the nitrogen
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content of remaining litter within each plot using linear mixed
effects (LME) models. The fixed effects in the LME models
were ALAN, mesh size, their interaction, time in the field, and
aboveground grass biomass. The random effects of plot pairs were
modeled using random intercepts. Mean change in litter nitrogen
was transformed using a power transformation (x*) to improve
normality of residuals (Williamson and Gaston, 1999). The LME
models were fitted using the “Imer” package (Bates et al., 2015)
implemented in the program R (R Core Team, 2018). Post hoc
pairwise comparisons based on least-squares means with p-values
adjusted using the Tukey method were carried out using the R
package “emmeans” (Lenth et al,, 2019). In this experiment, we
did not recover a sufficient number of invertebrates from the
litterbags to explore how their abundances were affected by the
experimental manipulations.

Experiment 2: Effects of Artificial Light at Night on
Decomposition and Litter-Layer Invertebrates While
Controlling Aboveground Vegetation

We deployed six litterbags in each of the plots on August 18,
2018, and collected them 116 days later. Upon retrieval from
the field, invertebrates were extracted following the method used
in Experiment 1. We identified invertebrates to order or family
level, whichever was needed to determine their trophic position
(primary consumers, secondary consumers, or secondary/tertiary
consumers). We estimated the proportion of litter decomposed
and nitrogen content using the same procedures described
in Experiment 1.

We tested the effects of ALAN on the mean proportion
of litter broken down (1 - massg,q/mass;yiriq) and mean
nitrogen content of remaining litter using one-way ANOVAs.
We examined the effect of ALAN on the ground-dwelling
invertebrate community in two ways. First, we tested for the effect
of ALAN on the mean total number of invertebrates identified
using a one-way ANOVA. Total number of invertebrates was
log(x + 1) transformed to reduce heterogeneity of variance.
Second, we investigated the effect of ALAN on the three
trophic groups present in our invertebrate community: primary
consumers, secondary consumers, and secondary/tertiary
consumers. Because of non-independence of potentially
interacting trophic levels, we tested for a multivariate effect
of ALAN on abundances of the three trophic groups using
MANOVA. In the event of a significant multivariate effect,
we tested the effects of ALAN on each of the trophic groups
using univariate ANOVA (Quinn and Keough, 2002). Prior to
these tests, the abundances of each trophic group were Box-
Cox transformed to improve normality (Olivier and Norberg,
2010). We ran this test using the “manova’ function in the
“stats” package.

Given the proximity of the experimental plots (5 m between
adjacent plots), it is possible that some litter-layer invertebrates
may have visited litterbags in more than one experimental
plot. This could potentially cause non-independence of the
measures of invertebrate abundance from different plots.
Through trophic interactions, non-independence in invertebrate
abundance could translate into non-independence in measures
of litter breakdown. We addressed these possibilities by
testing for spatial autocorrelation in the residuals from

the MANOVA and each ANOVA model (Ver Hoef and
Cressie, 1993). Morans I tests implemented in the “ape”
package (Paradis and Schliep, 2019) showed there was no
significant spatial autocorrelation in the residuals from any

of the models.

RESULTS

Untangling Effects of Artificial Light
at Night and Invertebrate Size Classes

on Decomposition

Mean daily precipitation during this experiment (August 17to
October 17) was 3.18 mm. This is 11% higher than mean daily
precipitation for this range of dates over the previous 30 years
(1986-2016) at our study site.

We observed a marginally significant interactive effect of
ALAN and mesh size on the proportion of litter broken down
(P = 0.06, Table 1), potentially reflecting a stronger effect of
ALAN on the proportion of litter broken down or removed in
litterbags with the largest mesh size than with the intermediate
and smallest mesh sizes (14, 8, and 6% higher under ALAN
than under ambient light after 60 days, respectively, Figure 1).
The proportion of material broken down differed significantly
between litterbag mesh sizes (p < 0.001, Table 1), with the
least loss of litter with the mesh size that excluded all but
microorganisms (smallest mesh size) and the most breakdown in
the mesh that excluded only large macrofauna (largest mesh size;
Figure 1). After 60 days, there was a 20% difference in proportion
broken down in the largest mesh size compared with the smallest
mesh size. The proportion of leaf litter broken down tended to
be higher under ALAN than under ambient light; however, this
difference was not statistically significant (P = 0.07, Table 1 and
Figure 1). There was no significant effect of aboveground grass
biomass on the proportion of litter that broke down (P = 0.14,
Table 1).

Mean initial nitrogen content the litter for this experiment
was 3.36 = 0.32 (mean =+ SE, % of total mass) and mean
nitrogen content of the litter remaining after 30 and 60 days was
3.25 + 0.46%. We found no evidence that the nitrogen content
of the remaining litter was affected by any of our experimental
factors (Table 2 and Figure 2).

Experiment 2: Effects of Artificial Light at
Night on Decomposition and Litter-Layer
Invertebrates While Controlling

Aboveground Vegetation

During the 120-day period of this experiment, mean daily rainfall
was 4.75 mm. This is approximately 78% greater than during the
previous 30 years.

In the second experiment, we did not observe an effect of
ALAN on the proportion of leaf litter that broke down after
120 days [F(1, g) = 0.648, P = 0.44]. The nitrogen content of
the remaining litter was also not significantly affected by ALAN
[F(1, 8y = 1.544, P = 0.249].

We  recovered and identified 348  invertebrates
belonging to 7 orders from the experimental litterbags
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TABLE 1 | Results of a linear-mixed-effects model to investigate the interactive effects of artificial light at night (ALAN) and litterbag mesh size on litter breakdown.

Source of variation S.S. M.S. Numerator Denominator F P

DF DF
ALAN 0.01 0.01 1 6.17 4.81 0.07
Mesh size 0.27 0.13 2 33.89 63.21 <0.001***
ANPP 0.01 0.01 1 4.32 3.33 0.14
Time 0.12 0.12 1 33.89 55.68 <0.001***
ALAN x Mesh size 0.01 0.01 2 33.89 3.12 0.06

Proportion broken down was calculated as (1-Final/Initial Mass). *** Significant at the a = 0.001 confidence level. Other variables included in the model include aboveground
net primary production (ANPP) and length of time in the field (time).

A B b

0.75- b a

Treatment

ALAN
Ambient

0.5 -

0.25-

Proportion broken down (1- finalfinitial mass)

0.1 2 4 0.1 2 4
Mesh Size (mm)

FIGURE 1 | Effect of litterbag mesh size and artificial light at night (ALAN) on the proportion of leaf litter lost (mean + SE) after (A) 30 days or (B) 60 days in the field.
Means significantly different (within the 30- or 60-day exposure times) are marked by different letters (P < 0.05, based on Tukey least-squares means comparisons).

TABLE 2 | Results of a linear-mixed-effects model to investigate the interactive effects of artificial light at night (ALAN) and litterbag mesh size on remaining nitrogen (%)
in litter.

Source of variation S.S. M.S. Numerator Denominator F P
DF DF

ALAN 344.24 344.24 1 8.78 3.12 0.11

Mesh size 607.92 303.96 2 37.98 2.76 0.08

ANPP 5.95 5.95 1 2.89 0.05 0.83

Time 91.95 91.95 1 37.98 0.83 0.37

ALAN x Mesh size 90.83 45.42 2 37.98 0.41 0.67

Other variables included in the model include aboveground net primary production (ANPP) and length of time in the field (time).

(Supplementary Figure 2 and Supplementary Table 1). On consumers (Pillai’s trace = 0.75, F = 6.025, P = 0.031). Litterbags
average there were 65% more invertebrates in litterbags exposed ~exposed to ALAN contained 4.6 times more secondary
to ALAN compared to ambient light [F(i, gy = 12.33, P = 0.008, consumers [F(;, g) = 6.688, P = 0.032] and 3.5 times as many
Figure 3]. There was a significant multivariate effect of ALAN on  secondary/tertiary consumers [F(1, § = 5.563, P = 0.045] than
the abundances of primary, secondary, and secondary/tertiary litterbags exposed only to ambient light. In contrast, there was
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FIGURE 2 | Effect of litterbag mesh size and artificial light at night (ALAN) on the nitrogen content of litter retrieved from the field after (A) 30 days or (B) 60 days.
Nitrogen is expressed as percent of tissue (mean + SE).
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FIGURE 3 | Effect of artificial light at night (ALAN) on log-transformed number of invertebrates recovered and identified from litterbags for each light treatment. Data
are represented in a box and whisker plot indicating the median, interquartile range, and minimum and maximum values.
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FIGURE 4 | Effects artificial light at night (ALAN) on numbers of invertebrate primary consumers, secondary consumers, and secondary/tertiary consumers

(mean + SE) recovered from litterbags.

no significant effect of ALAN on the abundance of primary
consumers [F(1, g) = 0.134, P = 0.724].

DISCUSSION

To our knowledge, this is the first study to evaluate the effects of
ALAN on the breakdown of plant litter in a terrestrial ecosystem.
However, a recent study showed that ALAN-induced changes
in microbial communities can impact the decomposition of
plant litter in polluted streams (Pu et al., 2019). Consistent with
prior research (Bradford et al., 2002), we found that the rate of
breakdown of leaf litter within litterbags increased with mesh
size (Table 1 and Figure 1). The phenomenon of greater litter
breakdown with larger mesh sizes is thought to be caused by
biotic factors including increased litter shredding and removal by
detritivores as well as abiotic factors such as light, moisture, and
temperature (Lecerf, 2017). We also observed that the proportion
of leaf litter broken down was, on average, 11% higher under
ALAN compared with ambient-lit plots in 2017 (although this
effect was not significant, P = 0.07; Figure 1). The proportion
of litter broken down was 10% higher, on average, after 60
days in 2017 than after 120 days in 2018. This is likely the
result of the higher nutritional quality of the litter used in
2017 (3.36 £ 0.32%N) than in 2018 (1.02 £ 0.33%N). Litter
of poor nutritional quality, or having lower nitrogen content,
decomposes slowly compared to nutrient-rich litter, which is
favored by detritivores (Smith and Bradford, 2003; Hessen et al.,

2004). The lower amounts of breakdown in 2018 may have
reduced our ability to detect potential effects of ALAN on litter
breakdown in our second experiment. Lower foliar nitrogen has
been reported for C4 plants (like those used in both of our
experiments) compared with C3 plants (Sage and Pearcy, 1987). It
is possible that ALAN may be more likely to affect the breakdown
of nutrient-rich than nutrient-poor plant tissues, but further
research is needed to resolve this question.

We detected greater abundances of invertebrates in litterbags
exposed to ALAN compared with ambient light in our 2018
experiment (P = 0.008, Figure 3). Consistent with previous
research on effects of ALAN on trophic structure within ground-
dwelling arthropods (Davies et al, 2012, 2017), we found
that ALAN increased the abundances of invertebrate secondary
and/or tertiary consumers but had no effect on the abundance
of primary consumers (Figure 4). Addition of ALAN may have
slightly increased the rate at which plant litter decomposed
(Table 1 and Figure 1); however, there was no significant
effect of ALAN on litter breakdown (P = 0.07). Thus, our
prediction that ALAN would reduce rates of litter breakdown
indirectly via increased top-down control of primary consumers
by secondary and/or tertiary consumers was not supported. This
prediction may have been based on an oversimplified view of
food-web dynamics in the litter layer. Greater local abundance of
predators can sometimes lead to increased intraguild predation,
releasing primary consumers from top-down control (Finke and
Denno, 2005). This might explain why litterbags with larger
mesh sizes tend to have higher abundance, diversity, and food
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web complexity of litter-dwelling fauna, but rates of plant litter
decomposition tend to be high despite the presence of secondary
and tertiary consumers (Swift et al., 1979; Vossbrinck et al,
1979; Bradford et al., 2002; Bokhorst and Wardle, 2013; Liu
et al., 2019). Higher intraguild predation under ALAN could
potentially explain the lack of an effect of ALAN on primary
consumer abundance and litter decomposition in our study.
However, experimental approaches that allow direct control over
food web structure, combined with manipulations of ALAN, will
likely be needed to fully understand how ALAN alters predator-
prey interactions among soil fauna.

This work confirms the findings of others (Davies et al., 2012,
2017) that ALAN leads to higher local densities of ground-
dwelling predaceous invertebrates. However, effects of ALAN
on secondary and tertiary consumer invertebrates may differ by
habitat type or depending on the taxa present. For example,
Manfrin et al. (2017) found that, in a riparian environment,
in contrast to the grassland ecosystem studied here, ALAN
increased abundances of Araneae but decreased abundances
of carabid beetles. Contrary to our prediction, we found that
increased abundance of arthropod secondary/tertiary consumers
under ALAN did not suppress the breakdown of plant litter.
This indicates that detritivores in the litter layer may not be
subjected to increased predation under ALAN. Further work
is needed to elucidate the activities of predaceous ground-
dwelling invertebrates under ALAN, for example by investigating
potential increases in intraguild predation. In addition, trophic
dynamics under point sources of ALAN takes place within
a matrix of darker habitats. Although ALAN is known to
influence the movement behaviors of many arthropod taxa
(Degen et al,, 2016; Manfrin et al., 2017; Duarte et al., 2019),
little is known about how ALAN affects the net attraction of litter
layer invertebrates. Determining how ALAN impacts net spatial
fluxes of invertebrates of different trophic ranks will be critical
for understanding the consequences of ALAN for ecosystem
dynamics across landscapes.
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The Influence of Different Light
Wavelengths of Anthropogenic Light
at Night on Nestling Development
and the Timing of Post-fledge
Movements in a Migratory Songbird

Saeedeh Bani Assadi* and Kevin C. Fraser

Department of Biological Sciences, University of Manitoba, Winnipeg, MB, Canada

Many different aspects of an animal’s lifecycle such as its behavior, patterns of hormone
activity, and internal clock time, can be affected by anthropogenic light at night (ALAN).
Exposing an organism to ALAN during its early life could also have an impact on its
development. Since photoperiod can trigger or schedule the migration timing of long-
distance migratory birds, there is great potential for anthropogenic light to interact with
photoperiod to affect timing. However, very little has been investigated regarding the
impacts of ALAN on post-hatching development and migration timing. We investigated
the impact of ALAN during nestling development in a long-distance migratory songbird
to determine the potential impact on the timing of post-breeding movements in the
wild. We experimentally manipulated the light by using programmable lighting, in the
nest boxes of free-living nestlings of purple martin (Progne subis) in Manitoba, Canada.
We exposed two groups of developing nestlings, from hatch to fledge date, to green
or white LED lights (5 lux) during the night. We also included a control group that
experienced natural, ambient light at night. We found that some adults abandoned their
nests shortly after starting the experiment (4 of 15 nests in the white light treatment).
For the nests that remained active, nestlings exposed to the white light treatment had
higher weights (at day 20 or 22), later fledge dates (1.54 + 0.37, 95% Cl 0.80-2.28),
and later colony departure date (2.84 + 1.00, 95% CI 0.88-4.81), than young of the
control group. Moreover, nestlings of both white and green light groups had longer
nesting duration than nestlings of the control group. This study demonstrates the impact
of ALAN on the development of post-breeding movement timing in nestlings of wild
migratory birds. However, our results also indicate that green light may have less of an
impact as compared to white light.

Keywords: light pollution, artificial light at night, phenotypic plasticity, post-breeding movements, migration
timing, ontogenetic effect
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INTRODUCTION

With more than 50% of the global human population inhabiting
cities (Nations, 2012), anthropogenic light at night (ALAN), or
light pollution, has become one of the problems of urban sprawl
for its impact on local environments (Rich and Longcore, 2005;
Chepesiuk, 2009; Dominoni D. M., 2015). It is hypothesized that
artificial light can be perceived as an extension of photoperiod
in birds (Farner, 1964), where photoperiod can have a strong
role in synchronizing internal clock time with seasonal rhythm
(Berson et al., 2002). A study by Dominoni and Partecke (2015)
on European blackbird (Turdus merula) showed that the impacts
of light pollution on a bird’s physiology and seasonal activities are
comparable to the influence of longer photoperiods. Therefore,
light pollution through its impact on internal clock time which
controls many physiological processes (Foster and Kreitzmann,
2004), could impact different aspects of many animal’s lifecycles,
such as their natural behavior, and patterns of hormone activity
(Rich and Longcore, 2005). Previous studies have revealed an
impact of ALAN on the timing of activities such as the timing
of singing of songbirds (e.g., Miller, 2006; Kempenaers et al.,
2010; Da Silva et al., 2015), the timing of reproductive maturity
(e.g, Dominoni and Partecke, 2015), and molt (Dominoni D.
et al., 2013). For example, in European blackbird, urban light
pollution (0.3 lux) resulted in an advance in their physiological
phenotypes, where ALAN contributed to advances in the onset
of reproductive development by 26 days (Dominoni D. et al,
2013). In general, and across the annual cycle, changes in timing
as a result of exposure to ALAN may have negative fitness
consequences, particularly if birds become mismatched with
the timing of key resources needed for migration or breeding
(Visser and Gienapp, 2019).

There is great potential for anthropogenic light to interact
with natural photoperiod to influence perceived photoperiod and
affect migration timing which could have fitness consequences
(De Jongetal., 2015). However, there have been few studies on the
impact of ALAN on the migration timing of animals, particularly
birds. For example, Riley et al. (2013) found delays in the
dispersal of Atlantic salmon (Salmo salar) fry who were exposed
to ALAN. Also, Smith et al. (2021) showed that adult purple
martins (Progne subis) who experienced ALAN for more than
10 nights, initiated spring migration 8 days earlier than others
who experienced natural darkness. This advance in timing was
not compensated for during migration and birds experiencing
ALAN that had left earlier also arrived at their breeding grounds
8 days earlier, suggesting the potential for mismatch between
bird timing and the availability of resources in early spring.
Further studies with other species and at different times of year
are now required to further improve our understanding of the
impact of ALAN on migration timing. Further, to our knowledge,
there has been no study that has investigated the ontogenetic
effects of light pollution on movement timing of long-distance
migratory songbirds.

In this study, we used purple martin which is a gregarious
long-distance Nearctic-Neotropical migratory songbird that
journeys 10-20,000 km annually between breeding sites across
eastern North American and overwintering locations in South

America (Fraser et al.,, 2012; Neufeld et al., 2021). Considering
the potential interaction between light pollution and photoperiod
that may impact timing, the objectives of this study were to
determine the ontogenetic effects of ALAN during nesting on
the subsequent development of post-breeding movement timing
in young birds. For this purpose, we experimentally exposed
free-living nestlings to artificial light. To also examine whether
different spectra of light have different impacts, we used both
white and green lights (long and near short wavelength) in our
experiment. The different impacts of green versus white light in
a lab study on daily rhythms of blue tit (Cyanistes caeruleus) (De
Jong et al., 2017), provided context for our investigation of the
impacts of different wavelengths on the timing of post-breeding
movements in the wild.

We subsequently tracked individuals as they fledged using
an automated telemetry system (Taylor et al, 2017) to allow
us to determine the responses of their timing to the simulated
light pollution. We predicted that the light treatments would
have some impacts on physiology as well as on timing, which
could be measured through their weight and departure timing.
We predicted that nestlings of the experimental groups would
have later fledge dates and post-fledge movement timing in
comparison with the control group. As songbirds may perceive
light pollution as similar to longer day length (Dominoni and
Partecke, 2015), we expected that birds in the experimental
groups would have later timing of post-breeding movements.
This is because a longer day length at the study latitude would
simulate an earlier calendar date, as days get shorter through
the nesting period. It was also expected that development and
weight gain in birds experiencing the light treatments would be
slower than those in the control group, as they may be more
active under constant light at night. Regarding the study results
of De Jong et al. (2017) that both white and green light at an
intensity of 5 lux had the same influence on daily rhythms of blue
tit (C. caeruleus), we predicted the influence of both spectra of
lights would be the same.

MATERIALS AND METHODS

This study was conducted at two purple martin colonies in
southern Manitoba, located just south of Winnipeg (49.7348° N,
97.1301° W) and at Altona (49.126748°, -97.570463°). Purple
martins are dependent upon human-supplied houses for nesting,
which have multiple nest boxes per housing unit (Brown et al.,
2021). We used five purple martin houses for our study. Four
of these houses had a total of 14 nest boxes each and the fifth
house had 32 nest boxes. We used 33 nest boxes from the location
south of Winnipeg and 14 nest boxes from the location at Altona
in our experiment. To investigate the impact of ALAN on the
timing of post-breeding movements of juveniles, the light within
purple martin nest boxes was manipulated during dark hours.
Light-emitting diodes (LED) in two colors (white and green)
were attached to the ceiling of each nest box before nestlings
hatched. Light emitted by the LEDs was directed downward
toward the nests (Raap et al., 2016b,a). To control the time that
lights turned on and off, LEDs were connected to an Arduino unit
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(a circuit board that can be programmed with associated software
to set the light schedules) and a real-time clock mounted on a
circuitboard. The LEDs were programmed to turn on at sunset,
stay on during the entire night, and turn off at sunrise of the next
day (Supplementary Figure 1). The experimental period began
3-4 days before the hatch date of each nest and continued until
the fledge date. The nest boxes were divided into three different
experimental groups: controls (no light, dark), treatment group 1
(white light), and treatment group 2 (green light). Light intensity
for both treatment groups was set at 5 lux. The dim, 5 lux was
chosen to align with De Jong et al. (2017), where in the lab
there was no measured difference in the impact between green
and white light at this intensity. Therefore, this provided us with
the opportunity to compare results and investigate impacts on
the timing of post-breeding movements on a migratory species
in the wild. In total, each of the control and green light groups
included 16 nest boxes each, and the white light group included
15 nest boxes. To determine the fledge date and colony departure
date of young, we used the Motus Wildlife Tracking System,'
which is a continent-wide automated radio-telemetry array of
receiver stations (Taylor et al., 2017). At each of our research
colonies, we installed a Motus receiver, within 8-70 m of the
cavities. We randomly selected individuals (3-5 where available
and of adequate weight for tagging) from each nest box and
equipped them with individually coded radio nanotags (NTQB2-
3-2 Lotek Inc.) (0.62 g, 12 x 6 x 5 mm in length, width, and
height, respectively) using a leg-loop harness design (Rappole
and Tipton, 1991; Streby et al, 2015) made of black elastic
sewing thread (~0.5 mm). Tag deployment was conducted when
nestlings were near fledging at the age of 20-22 days (post-
hatch). At the time of tagging, the weight of each nestling was
recorded by using a digital scale with a resolution of 0.01 g. The
weight of a tag and harness was less than 3% of the weight of
the juveniles (~54.27 grams) (the average weight of nestlings).
Each nanotag emitted a signal every 29 s and had a battery
life of approximately 367 days.” After turning on the lights, 4
of the nests in the white light group were abandoned. In total,
61, 55, and 49 tags were deployed on nestlings from nests that
remained active in each of the control, green and white light
groups, respectively.

The fledge date and colony departure date were determined
by using a combination of variation in signal strength of
each nanotag and complementary nest checks every other day.
The date of fledging was determined when after a constant
signal fluctuation (indicating the tagged bird is in the nest at
a constant distance from the receiver), we observed a great
fluctuation in signal strength which indicates fledging from
the cavity. After this great fluctuation of signal strength, we
observed repetition of this pattern which shows the fledged
bird was rapidly changing position in relation to the receiver.
Colony departure date was determined according to the fading
signals of the tagged birds and the last detections of the tagged
bird at the colony site (Supplementary Figure 2). Biologically
unrealistic false positive detections were omitted (e.g., from

1www‘motus.org

2www.Lotek.com

distant receivers pre-fledge). Where tag signals ceased (e.g.,
owing to tag malfunction, predation, or another unknown
cause) or in cases where a constant signal indicated a tag
had fallen off or a bird had died, data were removed from
further analysis.

All data collection procedures and experiments were
conducted in accordance with the guidelines of the University
of Manitoba’s Animal Care Committee who have approved this
project [Animal Care Protocol Number F18-031/1(AC11388)].

Data Analysis

For examining the effect of ALAN on the timing of fledge date of
juveniles and their nesting duration linear mixed-effects models
(LMMs) were fit by REML using the “lme4” package (Bates et al.,
2014). The variables of weight (gram), first egg date, treatment
(green or white light), and the number of nestmates were assigned
as fixed effects and cavity ID and colony as the random effects.
As only three nests had a second-year parent and all other adults
were after-second year, the age of parents was not included in
the analyses. To investigate the impact of ALAN on the duration
(days) at the colony (hatch to departure) and colony departure
date, we used LMMs with the same variables of first egg date,
treatment (green or white light), and the number of nestmates
as fixed and cavity ID and colony as random effects, except for
the weight of the young as this was not possible to measure
after their fledging. Preliminary investigation using likelihood
ratio tests revealed that the random effect of the colony was not
significant in the models (fledge date: x> = 0, P = 1, duration
in the nest: x> = 0, P = 1; colony departure date: x> = 0,
P = 0.99; duration at the colony: x? = 0, P = 1), and the models
only converged with random effect of cavity ID. Therefore, to
meet model parsimony, the factor of colony was omitted from
further analysis. The distribution of residuals of each model was
assessed to meet the assumption of normality and equality of
variance (Zuur et al., 2010). The collinearity of variables in each
model was assessed, which was less than 2 for all variables. To
run the possible candidate models from the full model, Akaike
Information Criteria corrected for small sample size (AICc)
was used (Burnham and Anderson, 2002) through the package
“MuMIn” (Barton, 2019). The best model among the competitive
models with AAICc < 2 was selected (Supplementary Tables 1-
3) according to the highest value of the marginal R? (variance
explained by the fixed effects) and the conditional R? (variance
explained by the whole model) (Barton, 2019). ANCOVA was
used to test the interaction of treatments (categorical variable)
with first egg date (continuous variable) for both dependent
factors, fledge date and colony departure date (McDonald, 2014).
One-way ANOVA was used to investigate whether the mean
weight of juveniles is different among different groups (white
light, green light, and control), and where applicable, to explore
the differences among weight means of three groups, the package
“ImerTest” (Kuznetsova et al., 2017) was used to run Tukey HSD
tests for post hoc analyses.

The survival rate of young of each nest box was calculated by
dividing the number of fledged young by the number of hatched
nestlings of each nest box. Due to the non-normal distribution of
data, a Kruskal-Wallis test was used to compare the survivability
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rate among three groups (white light, green light, and control
groups). All analyses were conducted in R version 3.6.3 (R Core
Team, 2020).

RESULTS

We tracked the fledge date of 61, 47, and 46 individuals of the
control, green light and white light groups, respectively. Among
these tagged nestlings, we were able to track the colony departure
dates of 45 individuals from the control group, and 20 and 33
individuals of the green and white light groups, respectively.

Nesting Duration and Fledge Date

The average nesting duration of the control, green light and
white light groups were (mean £ SEM) 28.16 & 0.15, 29 £ 0.15,
and 30.11 % 0.23 days, respectively. Nestlings exposed to green
light and white light spent (estimate = SE) 0.78 £ 0.32 (95%
CI 0.14-1.41) and (estimate £+ SE) 1.67 £ 0.34 (95% CI
1.00-2.34) days, respectively, longer in the nest than those
nestlings who experienced natural darkness during the night
(Table 1). Moreover, one additional nestmate and a 1-gram
increase in weight resulted in nesting duration that was
longer by (estimate = SE) 0.30 £ 0.13 (95% CI 0.03-0.57)
and (estimate £ SE) 0.04 £+ 0.02 (95% CI 0.00-0.08) days,
respectively (Table 1).

Overall, fledge dates ranged from 12 July to 3 August. Average
fledge dates of control, green light and white light groups were
dates 21 July (mean £ SEM) (203 =+ 0. 59), 24 July (206 =+ 0.65),
and 25 July (207.39 £ 0.52), respectively. Nestlings exposed to
white light fledged (estimate £ SE) 1.54 £ 0.37 (95% CI 0.80-
2.28) days later than nestlings of the control group (Table 1).
There was not a significant difference between the fledge dates
of nestlings of the green light group and the control group.
Moreover, first egg dates that were one day later resulted in
nestling fledge dates that were (estimate £ SE) 1.01 & 0.03 (95%
CI 0.93-1.08) days (Figure 1A and Table 1) later. One more
nestmates in a cavity delayed fledge date about (estimate £ SE)
0.31 £ 0.14 (95% CI 0.02-0.60) days (Table 1). The results of
ANCOVA showed the effect of first egg date on the fledge date is
independent of the treatments or different colors of ALAN and it
is assumed the slopes are similar (Figure 1A and Supplementary
Table 4).

Duration at the Colony and Colony
Departure Date

The best model of duration at the colony did not include any
of the fixed effects as influential factors (Table 1). Nestlings
who experienced white light at night departed the colony
(estimate &+ SE) 2.84 £ 1.00 (95% CI 0.88-4.81) days later
than those of the non-treatment group (Table 1). The results
of ANCOVA showed the effect of first egg date on the colony
departure date was similar among the different treatments of
ALAN (Figure 1B and Supplementary Table 4). Moreover, one
day delay in first egg date resulted in nestlings departing the
colony (estimate =+ SE) 0.94 4 0.12 (95% CI 0.71-1.18) days later
(Figure 1B and Table 1).

Weight

The average weight of nestlings of the control, green light and
white light groups at day 20-22 were (mean = SEM) 53.50 £ 0.63,
53.85 £ 0.65, and 56.10 £ 0.92, respectively (Figure 2). The
differences of the mean weight of nestlings among groups were
significant (DF = 2, F = 3.27, p = 0.04). The Tukey post hoc
test showed the mean weight of nestlings of the white light
group was significantly more than those in the control group
(estimate & SE) (2.6 £ 1.06, p = 0.03) when they were 20-22 days
old. There was no significant difference between the weight of
nestlings of the green light group and the weight of nestlings of
both the control and white light groups.

Survivability Rate

Three of 16 control group nests and 4/16 green light group nests
did not fledge completely with 6 and 9 nestlings lost in each
group, respectively. In the white light group, 4 out of 15 nests
were abandoned at the beginning of the experiment and 2 out of
the remaining 11 nests did not fledge completely. This resulted in
a total of 10 nestlings lost from the white light group. There was
not a significant difference in the nest survivability rate between
the treatment groups, (white and green light groups) and the
control group, nor between the two treatment groups (x2 = 0.17,
p =0.91). The actual numbers of fledged young were 79, 74 and 49
from the control, green light, and white light groups, respectively.
Nestlings that disappeared between nest checks were not found
and may have been taken by avian predators (Brown et al,
2021), as predator guards would prevent terrestrial predators
from accessing the nest boxes.

DISCUSSION

In this study, we demonstrate for the first time that ALAN
impacts the timing of the post-breeding movements of juveniles
of a long-distance migratory songbird. We examined the ALAN
impacts of different spectra of light (white and green lights at
5 lux) on the duration of nesting and timing of fledge and
post-breeding movements. We found that the effects of different
spectra differed for the post-breeding movement timing of
juvenile purple martins. Our results reveal that exposing nestlings
to white light with an intensity of 5 lux during the night, resulted
in later fledging and colony departure as compared to nestlings
who experienced either green light or natural darkness. Thus,
our data reveal important effects of ALAN on timing but that
these differ by spectra of light. We found that green light with
an intensity of 5 lux did not influence the timing of the post-
breeding movement of young purple martins. However, nestlings
exposed to either white or green light had a longer nesting
duration than nestlings of the control group (that experienced
natural darkness).

Evidence to date suggests that ALAN can influence the
perception of photoperiod by birds (De Jong et al, 2015),
influencing their internal clock time and consequently impacting
biological functions and fitness (Farner, 1964; Dominoni D. M.,
2015). Previous studies which investigated the impact of light
pollution on circadian rhythms of songbirds revealed that it can
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TABLE 1 | The best models of the linear mixed-effects analysis of effects of ALAN, weight, first egg date, number of nestmates on nesting period, fledge date, and
effects of ALAN, first egg date, nestmate numbers on duration of staying at the colony and colony departure date.

Model Estimate + Std. error 95% CI (lower) 95% CI (upper) AlCc mR?2/cR?
Fledge date Fixed effects
Treatment (green light) 0.54 +£0.36 -0.15 1.25
Treatment (white light)* 1.54 +£0.37 0.80 2.28 544.4 0.90/0.92
First egg date* 1.01 £0.08 0.93 1.08
Number of nestmates* 0.31 £0.14 0.80 2.28
Random effect Variance Std. Dev. % Variance
Cavity ID 0.48 0.69 24.61
Duration in the nest (days) Fixed effects
Treatment (green light)* 0.78 £0.32 0.14 1.41
Treatment (white light)* 1.67 £0.34 1.00 2.35 529.5 0.28/0.43
Weight* 0.04 £0.02 0.00 0.08
Number of nestmates* 0.30 £0.13 0.03 0.57
Random effect Variance Std. dev. % Variance
Cavity ID 0.37 0.61 2114
Colony departure date Fixed effects
Treatment (green light) 0.54 +£1.07 -1.57 2.65
Treatment (white light)* 2.84 +1.00 0.88 4.81 504.2 0.57/0.71
First egg date* 0.94 £0.12 0.70 1.18
Random effect Variance Std. dev. % Variance
Cavity ID 3.21 1.79 32.44
Duration at the colony (days) Fixed effects
Null 472.4 0/0.34
Random effect Variance Std. dev. % Variance
Cavity ID 1.72 1.31 36.69

The cavity ID is considered as a random effect.
* The significant factor.
mR2: marginal R?, cR?: conditional R?.

cause a phase shift in their circadian rhythm (Gaston et al.,
2013) and advance or delay the onset and offset of their daily
activities such as singing (e.g., Kempenaers et al., 2010; Da Silva
et al., 2014), foraging activity (Russ et al., 2015), and timing of
reproduction (Kempenaers et al., 2010; De Jong et al., 2015).
Moreover, egg-laying date is influenced by day length as one of
the important zeitgebers (Lambrechts et al., 1997; Da Silva et al.,
2015). De Jong et al. (2015) found when the temperature was low
in spring in comparison with a warmer spring, light pollution at
night was perceived as a longer photoperiod by great tit (Parus
major) which changed the onset of egg-laying.

In addition to changes in the timing of nesting activities
due to ALAN, a study by Smith et al. (2021), demonstrated
the advancement of spring migration departure of adult
purple martins who experienced light pollution during their
overwintering period. One of the reasons posed for this advance
was that ALAN led to a perception of a longer day length which
mimicked a later calendar date, causing earlier development of
reproductive organs (Smith et al., 2021). In this study, we showed
an ontogenetic effect of ALAN at breeding sites on nestlings,
which resulted in later post-breeding movements. This delay
could be due to the impact of ALAN in the nest on the growth
rate of nestlings, where birds exposed to ALAN are heavier

leading to a delay in timing. An earlier study that compared
the weights of nestlings exposed to white light (3 lux) with
controls found similar results where ALAN-exposed nestlings
gained more weight than those in the control group (Gagné,
2019). Previous studies revealed that a typical pattern of weight
gain and loss in nestling purple martins is for them to lose weight
as they approach fledge date, possibly to achieve a weight more
suited to fledging and first flights (Allen and Nice, 1952; Dellinger
and Rogillio, 1991; Gagné, 2019). White light may influence this
natural pattern, changing the metabolism or the proportion of
rest and active periods of the nestlings and increasing begging
for food (Raap et al., 2016¢) which could consequently prolong
the duration of feeding by adults. This aligns with the results
of a study by Titulaer et al. (2012) that showed an increase in
the feeding rate of great tit females when nestlings were exposed
to ALAN (10 lux) while they were between 9 and 16 days old.
However, exposing free-living great tit nestlings to artificial light
at night (3 lux), even for two nights, during their development
led to substantial impacts on their physiological condition (Raap
et al., 2016b) and increased their activity levels which resulted
in the nestlings having no weight gain for the two nights of
the experimental treatment (Raap et al., 2016a). Our results
align with these earlier studies as we found that the weight of
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FIGURE 1 | The influence of ALAN (white and green lights) on fledge date and colony departure date, (A) shows the correlation between first egg date and fledge
date; (B) shows the correlation between first egg date and colony departure date. Yellow = white light, Green: green light, and Black = control.

nestlings of the white light group was significantly more than the
nestlings of the control group. We infer that given that nestling
martins tend to lose weight just before fledging, that the higher
weight of white light exposed nestlings may have led to the later
fledge dates that we observed. However, we found no significant
difference in weight between individuals in the green group and
the other two groups.

While the ontogenetic effect of photoperiod on circadian
rhythms of mammals has been demonstrated (e.g., Ciarleglio
et al., 2011), there is scant information about the ontogenetic
effects of daylength on avian migration timing (Knudsen et al,,
2011). This is particularly so for the potential ontogenetic effects
of light pollution. The ontogenetic effect of hatch date on spring
migration timing of pied flycatcher and spring arrival time of
Arctic terns (Sterna paradisea) has been suggested by Moller
et al. (2009) and Both (2010), respectively. Moreover, in a
previous study, we found phenotypic plasticity of post-breeding
movement timing of young purple martin to an experimentally

extended day length during their nesting (Bani Assadi and Fraser,
2021). In our study, the longer nesting period and later fledge
date of nestlings exposed to the white light treatment, could
potentially indicate a plasticity of post-breeding movements
timing of nestlings to the ontogenetic effects of light during
the nesting period, with carry-over effects on the timing of
their colony departure date. How long these timing effects may
last across the rest of the annual cycle, and how they trade-off
these delays in timing in the next stage of their life cycle, are
important areas of investigation for future research. Delays in
timing may be compensated for during fall migration, or during
the winter. In wood thrushes, fall migration may mitigate the
carry-over effect of late-breeding timing (Stutchbury et al., 2011;
Catry et al,, 2013) and Gow et al. (2019) found that stationary
periods during the non-breeding season in tree swallows may act
as a timing reset period, removing carry-over effects on timing
from the breeding season and fall migration. However, some
impacts on timing may have longer-lasting effects, particularly
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on juvenile birds. Ouwehand et al. (2017) showed that the carry-
over effect of an experimentally delayed hatch for juvenile pied
flycatchers extended to spring arrival date back at breeding sites
in the following year. While we did not track the timing of our
experimental birds to the subsequent spring, based upon the
results of Ouwehand et al. (2017), we would expect to observe
a carry-over effect of ALAN on their spring arrival date.

Similar to a study of De Jong et al. (2015), which showed
a lack of impact of ALAN on the survivability rate of great
tits nestlings, we did not detect a difference in the survivability
rate (fledging) of the young among our three groups (white
light, green light, and controls). However, previous studies
have revealed some non-lethal but negative impacts of ALAN
via increases in stress hormones (Ouyang et al., 2015) and
decreases in melatonin levels (Dominoni D. M. et al., 2013).
For example, a field study by Raap et al. (2016b) showed that
exposing great tit nestlings to ALAN (0.3 lux) for two nights
when they were 13 days old caused a deterioration of their
immunity and health condition via a decrease in melatonin and
an increase in oxidative stress and stress hormones. Melatonin
is secreted by the pineal gland at night and plays an important
role in maintaining the circadian rhythm (Raap et al, 2015).
A disruption in circadian rhythm can impact several immune
responses (Arjona et al, 2012). In our study, despite the lack
of influence of two spectra of lights (white and green) on the
survivability rate of young, we cannot rule out more subtle effects
on their health condition and how this may influence migration.
This would therefore be an important future research avenue, as
the impact of ALAN on complex neuroendocrine functions, and
how this may differ as they traverse different environments, is
unknown (Haldar and Singh, 2001).

How different wavelengths of light may impact the behavior
and physiology of birds have yielded mixed results across
studies, species and time of year. For example, in a field study,

Ouyang et al. (2015) showed that the concentration of stress
hormone in great tits was greater when nests were closer to
white lights in comparison with individuals with nests near green
lights (8.2 £ 0.3 lux). Moreover, wavelengths around the blue
spectrum have been demonstrated to be more influential on the
reproductive physiology of birds (Dominoni D. M., 2015) and
laying date (De Jong et al., 2015) than other spectra of light. In our
field study, white light of higher intensity (5 lux) was influential
on post-breeding movement timing of wild young purple martin,
while green light with the same intensity did not have any impact.
In contrast with our findings, a laboratory study by De Jong et al.
(2017) revealed that at low intensity (0.5 and 1.5 lux), the daily
rhythm of blue tits (C. caeruleus) was more disturbed under white
and red lights than green light. However, they found that at a
higher range of intensities (5 lux), both white and green lights
had the same negative impact on the circadian rhythms of a blue
tit. In another study De Jong et al. (2015), found that the lay
date of great tit was influenced by white and green lights at night
(8.2 & 0.3 lux out of the nest, but 0.05 lux in the nests), however,
pied flycatchers’ lay date was not impacted by ALAN (De Jong
et al., 2015). In contrast with this result, a study by Poot et al.
(2008), showed an influence of the long-wavelength spectrum
(red and white lights) where it caused nocturnal migratory birds
to be disoriented during flight. In general, the greater influence
of white light at low intensity across studies could be due to
its greater penetration of the skull as compared to green light,
where it may have a corresponding impact on photoreceptors
(Hartwig and van Veen, 1979).

In addition to the impacts of our experimental treatments,
we found that other factors also impacted timing as expected.
For example, we found that first egg date was an influential
factor in the timing of fledge date and colony departure date.
The number of nestmates also impacted fledge date, which aligns
with the results of Wagner et al. (1996), where an increase in the
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number of nestlings of purple martins increases competition
for food and therefore they require more time to reach the
optimal body condition for fledging. Among the zeitgebers
that may influence timing, photoperiod is expected to play the
largest role in synchronizing internal clock time (Gwinner, 1996;
Akesson and Helm, 2020). Therefore, it was expected that longer
day lengths experienced by birds that hatched earlier would
induce them to have earlier fledge dates (Coppack and Pulido,
2004). However, our investigation did not show any interactions
between the experimental light treatments and first egg date.

CONCLUSION

This study demonstrated the ontogenetic effects of white ALAN
during the nesting period on the timing of post-breeding
movements of juvenile birds. However, we did not find any
significant difference in the timing of post-breeding movements
for birds that were exposed to green ALAN as compared to
controls. The potential for negative carryover effects on other
stages of the annual cycle (Norevik et al., 2017) or whether
the carryover effects of light pollution on migration timing are
compensated for during migration or during the overwintering
period (Senner et al., 2014; Briedis et al., 2018; Gow et al,
2019) requires further investigation. The negative impact of white
light on the circadian or circannual rhythm of young migratory
songbirds that we demonstrate, and the lack of influence of
green light leads to the recommendation of using a shorter
wavelength (green light) for illuminating places that are close
to breeding sites.
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Artificial light at night (LAN) alters the physiology and behavior of an organism; however,
very little is known about phase-dependent effects of LAN, particularly, in night migratory
songbirds. Therefore, in this study, we investigated whether the effects of LAN on
daily activity and photoperiodic responses in the Palearctic Indian migratory songbird,
redheaded buntings (Emberiza bruniceps), is dependent on the different phases of
the night. Male buntings maintained under short photoperiod (8L:16D; L = 100 lux,
D < 0.1 lux) in individual activity cages were exposed to LAN (2 lux) for 6 weeks either
in 4 h bin given at the different phases of 16 h night (early, mid, or late at ZT 08—
12, ZT 14-18, or ZT 20-24, respectively; n = 9 each group) or throughout 16 h night
(all night light, n = 6, ZT 08-24, the time of lights ON was considered as Zeitgeber
time 0, ZT 0). A group (n = 6) with no LAN served as control. The results showed that
LAN at the different phases of night induced differential effects as shown by an intense
activity during the night, altered melatonin and temperature rhythms, and showed an
increase in body mass and body fattening, food intake, and gonadal size. Midnight
light exposure has a greater impact on migration and reproduction linked phenotypes,
which is similar to the ones that received light throughout the night. The highlights of this
study are that (i) LAN impacts day-night activity behavior, (i) its continuity with the day
alters the perception of day length, (iii) birds showed differential sensitivity to LAN in a
phase-dependent manner, (iv) the direction of placing LAN affects the daily responses,
e.g., LAN in the early night was “accepted” as extended dusk but the late night was
considered as early dawn, and (v) midnight LAN was most effective and induced similar
responses as continuous LAN. Overall, LAN induces long day responses in short days
and shows differential sensitivity of the different phases of the night toward the light. This
information may be valuable in adopting a part-night lighting approach to help reduce
the physiological burden, such as early migration and reproduction, of artificial lighting
on the nocturnal migrants.

Keywords: bunting, light at night, melatonin, migratory, photoperiodic response
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INTRODUCTION

In nature, the day-night cycles are provided by bright sunlight
and dim moon and starlight, respectively. These cycles are very
consistent with no interannual variations and act as the most
reliable cue to regulate daily and seasonal responses in the
animals. However, the advent of artificial light and its use at night
owing to various anthropogenic activities, such as industries,
call centers, and the operation of a long-distance flight, have
disrupted the consistent pattern of light:dark cycle. The artificial
light at night (LAN) is of relatively high intensity than natural
light, therefore, may alter the perception of day length (Kumar
et al., 2018). Also, it is rich in the blue portion of the light
spectrum, which could be perceived as the day (Navara and
Nelson, 2007; Gaston et al., 2013; Yadav et al., 2015). Because the
light synchronizes avian circadian and seasonal functions (Berson
et al., 2002; Foster and Kreitzmann, 2004), changes in the light
environment at night are likely to affect the expression of several
biological functions. The artificial LAN is linked with changes in
the locomotor activity and feeding behavior in both vertebrates
(Fonken et al., 2010; Santos et al., 2010; Polak et al., 2011; Titulaer
etal.,2012; Dominoni et al., 2014) and invertebrates (Moore et al.,
2000; Eisenbeis and Hanel, 2009). The ecological consequences
of increasing LAN are well-documented in different birds and
mammals (Rich and Longcore, 2006; Navara and Nelson, 2007;
Dominoni et al., 2014).

The effect of LAN seems to be more prominent in migratory
birds because most of them are nocturnal migrants. The bird
migration represents enduring flights in time and space that
may range from non-stop trans-hemispheric flights to days- or
months-long journeys (Conklin et al,, 2017). Any disruption
in this flight may induce harmful effects at individual and
population levels (Alerstam and Lindstrom, 1990; Liechti, 2006;
Hewson et al., 2016; Kelly et al., 2016; Cohen et al.,, 2017).
Several studies have shown the role of different environmental
factors in regulating nocturnal flight (Alerstam and Lindstrom,
1990; Richardson, 1990; Marra et al., 2005; Liechti, 2006; Kelly
et al., 2016), including its orientation and navigation at night
(Hiscock et al., 2016; Mouritsen et al., 2016). Because visual cues
are important for the night flight, it is possible that brighter
night affects abilities of birds to orient and navigate (Cochran
and Graber, 1958; Day et al., 2015; Vincze et al.,, 2015) during a
migration. It may also interfere with the geomagnetic compass,
which tells the birds about the spatial maps (Kishkinev etal., 2015;
Hiscock et al., 2016; Mouritsen et al., 2016).

Recent studies have shown the physiological mechanisms and
underlying effects of LAN on daily and seasonal responses in
birds. It is being observed that LAN disrupts their circadian
rhythms and changes their flight behavior, which may lead
to disorientation. It may alter their reproductive physiology
(Larkin and Frase, 1988; Wiltschko et al., 1993; Bruderer et al.,
1999; Dominoni et al., 2013c,d; Dominoni and Partecke, 2015;
Raap et al, 2015; de Jong et al,, 2016). The sensitivity of the
circadian system to LAN may influence the overall physiology
and behavior, making it vulnerable to the circadian disruption of
the melatonin profile, metabolic functions, and other hormonally
driven systems. Melatonin is produced in the dark, it tracks the

night length and “informs” the animal about the time of the day
and/or year. It helps in the synchronization of the circadian clock
to the light:dark (L:D) cycle and is shown to be required for the
persistence of circadian rhythms in an aperiodic environment
(Gwinner et al., 1997; Gwinner and Brandstaetter, 2001; Rani
et al., 2005a). Besides being a “read out” of physiological day
and night, melatonin exhibits a phase relationship with the daily
rhythms in cortisol, body temperature, and sleep (Gwinner et al.,
1997; Arendt and Skene, 2005). Thus, any alteration in the
external environment may alter this relationship (Yadav et al.,
2015). Thus, a 24-h melatonin rhythm acts as a strong marker
to assess the impact of LAN on daily rhythms.

Although several studies have shown the effect of LAN on
daily and seasonal behaviors, there are still gaps, e.g., most
of the studies have been done on resident bird species and
almost none has demonstrated the differential sensitivity of
the different phases of the night toward LAN. In this light,
we chose a migratory species (redheaded bunting; Emberiza
bruniceps) to conduct this study. Buntings proved to be a good
model system for such studies due to the following reasons
(i) they are long-distance latitudinal migrants representing
the Palearctic Indian migratory system, (i) show distinct life
history stages (photosensitive overwintering, spring migration,
photostimulated breeding, and autumn migration) in their
annual cycle, (iii) in a laboratory condition under captivity,
on exposure to increasing day lengths they exhibit nighttime
migratory restlessness (Zugunruhe), and (iv) they are long-day
breeders, and an increasing photoperiod of >12 h per day
stimulates migratory and reproductive phenotypes present in
them. Thus, an obvious question would be to study the effect
of LAN using a non-stimulatory photoperiod (e.g., 8L:16D).
The expectation is that if the birds are sensing the LAN, they
would respond to it, as if, they have been exposed to long
stimulatory day lengths. In view of this, we aimed to investigate
the effect of LAN on circadian (daily activity rest pattern, body
temperature, and melatonin rhythm) and seasonal (changes in
migration and reproduction-linked phenologies) responses in
migratory buntings and also to study the differential sensitivity
of the different phases of the night toward LAN.

MATERIALS AND METHODS

Animals and Housing

This study was done on Palearctic Indian migratory songbirds,
the redheaded bunting (E. bruniceps). They migrate two times a
year between their breeding (~40°N; in South-Eastern Europe,
Asia Minor, Palestine, Syria, Upper Mesopotamia, and Persia)
and wintering grounds (~25°N; spreading throughout western
and central India, chiefly in Rajasthan, Madhya Pradesh, Gujarat,
Mabharashtra, and Karnataka) representing autumn and spring
migration, respectively. They come to their wintering grounds
in the autumn (late July and early August) and return to their
breeding grounds in late March and early April (prevailing day
length > 12 h light per day). It is estimated that these species
spend a total of about 96 days (48 days each way), covering a
migratory journey of about 7,000 km in both the ways and of
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~90 days at breeding grounds; the remaining almost half of the
year they spend at their wintering grounds (Ali and Ripley, 1974).
Buntings are long-day breeders, and in captivity, the day length
of >12 h light per day induces hyperphagia, body mass gain, fat
deposition, gonadal recrudescence, and the nighttime migratory
restlessness, Zugunruhe (Jain and Kumar, 1995).

Adult male buntings were captured in mid-February 2015
from the overwintering flocks near Lucknow (25°N) using the
mist net. They were brought to the laboratory and acclimatized
in an outdoor aviary (size = 3 m x 2.5 m x 2.5 m) for a
week under a natural day length condition. Thereafter, they were
transferred to an indoor aviary under short day length (8L:16D;

= ~100 lux and D < 0.1 lux, closer to dark) and constant
temperature (22°C £ 2°C) conditions. Food (seeds of Setaria
italica) and water were available ad libitum and replenished
during the light phase.

Experiment
The buntings (# = 39) maintained in an indoor aviary were
transferred to individual activity cages (60 cm x 35 cm X 45 cm)
placed singly in a light-tight photoperiodic chamber
(75 cm x 50 cm x 70 cm). After more than a week under
8L:16D, the birds were given LAN (2 lux) for 6 weeks either in
4 h bin given at the different phases of 16 h night (early, mid, or
late at ZT 08-12, ZT 14-18, or ZT 20-24, respectively; n = 9 each
group) or throughout night (all night, n = 6, ZT 08-24, the time
of lights ON was considered as Zeitgeber time 0, ZT 0). A group
(n = 6) with no LAN served as control. The light:dark cycles were
given by compact fluorescent lamps (CFL; 14 W, 230 V, Phillips,
India). Desired light intensity was obtained by covering the CFL
with a black paper sheet having small holes on the side facing the
roof so that a bird received a diffused light from the light source.
We measured migratory and reproductive phenotypes, such
as locomotor activity and change in food intake, body mass, body
fattening, and gonadal size, along with the body temperature and
melatonin levels.

Locomotor Activity

To collect the general activity of the birds, each cage was equipped
with an IR motion sensor (Conrad Electronic, Hirschau,
Germany, Haustier PIR-Melder). The activity was collected and
analyzed by Chronobiology kit; Stanford Software Systems,
Stanford, CA, United States (Malik et al., 2004). The activity
records (actograms) were double plotted, and the hourly activity
counts for 24 h were calculated for the selected duration of
an experiment. The activities in the second week and last
week of LAN exposure were considered as beginning and
the end, respectively. The daily activity profile was plotted as
mean (£SEM).

Measurement of Plasma Melatonin

To measure the plasma melatonin levels, blood samples from the
birds of different groups (n = 5 each) were taken four times of
the day (ZT 04, mid-day; ZT 10, early night; ZT 16, midnight;
and ZT 22, late light) covering the midpoints of day and night,
and of all the LAN phases, to make the data comparable. Blood
was taken by puncturing the brachial wing vein. To avoid any

stress to the birds, sampling was scattered over a period of 13 days
(days 25-37 of night light treatment). All birds were bled for all
the time points. Nighttime samples were collected in a dim green
light (500 nm) from a KL1500 cold light source focused on the
wing vein for not more than half-a-minute. This had shown no
effect on the nocturnal melatonin secretion (Cassone et al., 2008).
Each time about 200 1 of blood was collected by heparinized
capillaries in the vials and immediately centrifuged at 3,000 rpm
for 10 min to collect the plasma, which was stored at —20°C until
assayed for melatonin.

Plasma melatonin assay was done by ELISA using a specific
melatonin kit (product no. RE54021, IBL International GmbH,
Hamburg, Germany). This assay was previously standardized and
used for the measurement of plasma melatonin in several studies
(Lahiri et al., 2004; Terzieva et al., 2009), including the studies
from our laboratory (Singh et al., 2012; Yadav et al., 2015; Kumar
et al.,, 2018). Melatonin was extracted and assayed from each
plasma sample as per the protocol and instructions from the
manufacturer. Briefly, 100 L] of experimental samples, standards,
and controls were methanol extracted and dried by a vacuum
concentrator. The obtained pellet was reconstituted in 150 pl of
double-distilled water. Then, 50 w1 of each reconstituted sample
volume and 50 .l melatonin antiserum (rabbit, polyclonal) were
incubated in a 96-well plate at 4°C for 20 h. Thereafter, 150 pl
of a freshly prepared enzyme conjugate was added and incubated
for 2 h at room temperature with continuous shaking (500 rpm).
Then, 200 pl of a freshly prepared p-nitrophenyl phosphate
(PNPP) substrate solution was added to each well and incubated
for another 40 min. The reaction was stopped by adding 50 1
of PNPP stop solution to each well, and optical density (OD) was
measured at 405 nm, using 650 nm wavelength as a reference. The
ODs of standard samples were plotted to make a standard curve,
and the concentration of melatonin in experimental samples
was calculated with a reference to values in the standard curve.
Individual values of each bird were used to calculate mean 4+ SEM
melatonin levels (pg/ml) for a group. The analytical sensitivity
(limit of detection) of the assay was 1.6 pg/ml, and the % CV for
intra- and inter-assay was 7.69, 7.33, 6.59, and 9.67, respectively.

Body Temperature

The body temperature in each group was measured by a
quick shot IR ThermoScan, India (Model: EXP-01B) from the
flank area of the birds, just before the blood sampling at ZT
04, 10, 16, and 22.

Measurement of Physiological

Parameters

Body mass was recorded using a top pan balance up to an
accuracy of 0.1 g. The food intake (g)/bird/day was measured
as described by Kumar et al. (2001). It was calculated as the
difference between the food supplied and food recovered after
24 h. Body fattening (fat deposition in furcular, scapular, and
abdominal areas) was assessed as the fat score on a scale of 0-
5, where 0 represents no fat and 5 represents the maximum
deposition of fat (Kumar et al., 2001). The testis size was
measured by laparotomy performed under general anesthesia
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(Kumar et al., 2002) using the formula 4/3 m ab?, where a
and b denote one-half of long (length) and short (width) axes,
respectively (Kumar et al., 2002). The physiological parameters
were measured before the LAN treatment (baseline data) and in
the sixth week of LAN treatment, and a change was plotted as
mean (£SEM).

Statistics

Data on activity profile, plasma melatonin, body temperature,
and physiological parameters (food intake, body mass, body
fattening, and testis volume) were plotted as mean £+ SEM
while the actograms given are of a representative bird in
each treatment. We used a one-way ANOVA with or without
a repeated measure (RM) (one-way RM ANOVA and one-
way ANOVA, respectively) followed by the Newman-Keuls
multiple comparison post hoc test to determine the effect of
LAN on plasma melatonin levels and body temperature within
the group and between the groups. We also used a one-
way ANOVA without an RM (one-way ANOVA) followed
by the Newman-Keuls multiple comparison post hoc test to
determine the effect of LAN on physiological parameters.
A significance was considered at p < 0.05. All data analyses were
done using GraphPad Prism software version 5.0 (San Diego,
CA, United States).

RESULTS

The results showed that LAN had an impact on both
circadian and seasonal responses in a phase-dependent manner
(Figures 1-3).

Locomotor Activity Behavior

Buntings are diurnal birds, therefore, their activity is restricted
only within a day time of 8L:16D; however, during LAN
treatment the daytime activity either extended into the dark (early
night group) or start early (late night group). The buntings in
the control group (8L:16D) showed no nighttime activity, but
in the all night group (ZT 08-24), they developed a prominent
nighttime activity. The groups that received LAN for 4 h at
the different phases of night evoked different responses. In the
“early night” group, the light given at ZT 08-12, delayed the
end but in the “late night” group light at ZT 20-24 advanced
the onset of the day. Contrarily, birds in the “midnight” group
(ZT 14-18) showed a different pattern of activity in the night.
In these birds, initially, the activity was restricted to 8 h day
and 4 h segment of LAN but one time the intense nighttime
activity; Zugunruhe, developed, the activity during LAN was
compromised. This period of less activity was flanked by an
intense nighttime activity (Figure 1C). Besides, the birds in the
“late night” group (ZT 20-24) showed a mixed response. All
the birds (100%) of this group were active during 8 h day, but
55.56% of the birds were active in a 4-h LAN segment too.
Birds under the different phases of LAN developed an intense
nighttime activity. In early and late night groups, 44.44% of birds
and in midnight and all night groups, 100% of birds developed an
intense nighttime activity, respectively.

Plasma Melatonin and Body Temperature
Rhythm

Figure 2 shows the plasma melatonin levels and body
temperature in different groups experiencing LAN at the different
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are maintained under non-stimulatory short days (8L:16D; L = 100 lux, D < 0.1 lux), were given LAN (~2 lux) either in 4 h bin placed at different phases of 16 h night
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profile in the beginning («) and end (B) of LAN treatment. Shaded and dark areas in the figure represent the LAN and dark phases of the night, respectively.
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FIGURE 2 | An effect of LAN (~2 lux) on plasma melatonin (pg/ml) and body
temperature (°C). Birds exposed to different light at night (LAN) treatments
(A-E) were sampled for plasma melatonin levels and scanned for body
temperature during mid-day and middle of each LAN treatment (ZT 04, 10,
16, and 22). English or Greek alphabets on the point symbol (Mean + SEM,

n = 5) indicate a statistical analysis for melatonin and temperature,
respectively. Similar alphabets indicate no difference, whereas different
alphabets indicate a significant difference (p < 0.05; the Newman—-Keuls
multiple comparison post hoc test) between ZTs. It is noted that melatonin and
temperature rhythms are antiphasic and LAN alters their shape of the curve.

phases of the night. LAN provided at the different phases of night
altered their melatonin and temperature profiles. In general, the
melatonin levels showed a rhythmic pattern in all the groups
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FIGURE 3 | An effect of light at night (LAN) (2 lux) exposure on seasonal
responses in migratory redheaded bunting (Emberiza bruniceps). Changes
(mean + SEM) in (A) food intake, (B) body mass, (C) body fattening, and (D)
testis volume under different LAN treatments. Similar alphabets on a bar
indicate no difference, whereas different alphabets indicate a significant
difference (p < 0.05; the Newman-Keuls multiple comparison post hoc test)
between groups. It is noted that midnight LAN behaves similar to all night LAN
but with greater intensity.

(control group: F3, 12 = 8.827, p = 0.0023; early night group:
F3, 12 = 10.51, p = 0.0011; midnight group: F3, 12 = 4.394,
p = 0.0264; late night group: F3, 15 = 10.10, p = 0.0013; all
night group: F3, 12 = 5.009, p = 0.0177; one-way RM ANOVA;

Frontiers in Ecology and Evolution | www.frontiersin.org

November 2021 | Volume 9 | Article 751072


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Kumar et al.

Phase-Dependent Effect of Light at Night

Figures 2A-E). Levels were minimum during the midday (ZT 04)
and significantly elevated during the night except in the period of
4 h LAN when the melatonin was significantly lower and similar
to day time levels (Figures 2A-D). Contrarily, melatonin levels
in the all night group (Figure 2E) did not show a high amplitude
rhythm. Levels were low throughout the night except at the end
(ZT 22) when it became significantly high (all night group: Fs,
12 = 5.009, p = 0.0177; one-way RM ANOVA; Figure 2E).

Body temperature also followed a rhythmic pattern as that of
melatonin although in antiphase (control group: F3, 12 = 3.526,
p = 0.0487; early night group: F3, 1, = 5.013, p = 0.0176; midnight
group: F3, 12 = 19.60, p < 0.0001; late night group: F3, 12 = 7.254,
p = 0.0049; all night group: F3, 12 = 0.3900, p = 0.7624; one-
way RM ANOVA; Figures 2A-E). In general, the temperature
was high during day (ZT 04) and at the 4-h LAN phase. Birds
exposed to the all night group showed no change in their body
temperature throughout 24 h (Figure 2E).

Change in Migration and

Reproduction-Linked Phenotypes

Light at night-induced photoperiodic physiological responses,
such as food intake, body mass, body fattening, and testis
recrudescence, are shown in Figure 3. All groups (except control)
showed the effects of LAN, the responses were dependent on the
different phases of LAN exposure. The change in food intake
is significantly high in buntings of all the four LAN-treated
groups in comparison to the birds of the control group (change
in food intake: Fy, 34 = 9.654, p < 0.0001; one-way ANOVA;
Figure 3A). A change in body mass is high in the birds of
LAN-exposed groups but midnight and all night groups have a
significant difference with control and early night groups (change
in body mass: Fy, 34 = 6.683, p = 0.0004; one-way ANOVA;
Figure 3B). A change in the fat score is significantly high in
midnight, late night, and all night groups in comparison to the
birds of the control group (a change in the fat score: Fy, 34 = 5.871,
p = 0.0011; one-way ANOVA; Figure 3C). Testis recrudescence
takes place in all the four LAN-treated groups, but the change
in testis volume is significantly higher in the birds of midnight
group with respect to the rest of the groups (a change in the
testicular volume: Fy, 34 = 13.18, p < 0.0001; one-way ANOVA;
Figure 3D).

DISCUSSION

The results show that exposure to LAN even for a small duration
of 4 h at an intensity of ~2 lux induces photoperiodic responses
in bunting maintained under short days, which is otherwise
a non-stimulatory photoperiod for them. Irrespective of time,
early night, midnight, or late night, the 4 h LAN could induce
migratory restlessness in all the groups along with hyperphagia,
an increase in body fattening, and the testis size. It is established
if they are held captive in a caged condition and not allowed to
fly (migrate) during their migratory season, they show a strong
motivation to migrate, generally known as migratory restlessness,
Zugunruhe (Gwinner, 1990).

The results thus suggest that the short-duration LAN was able
to change the perception of day length in bunting. The change
in the perception could be due to a subjective interpretation
of different light intensities (Kumar et al.,, 1992, 2007; Foster
and Kreitzmann, 2004; Longcore and Rich, 2004; Dominoni
et al., 2013a) or a changed melatonin profile (Cassone et al.,
2008). In black-headed bunting exposed to a combination of
the bright and dim day:night (LD) cycle of 10 and 2 lux light
intensities, respectively, the dim light period was perceived as
night (Kumar et al., 1992). Previous studies on stonechats and
baya weaver when exposed to the dim:bright LD also showed
a change in the perception of day length and accordingly
changed their melatonin profile (Kumar et al., 2007; Singh et al.,
2012).

In this study, the birds were experiencing the three grades of
light intensities, such as bright (100 lux) in 8L, dim (2 lux) in 4 h
LAN, and close to dark (0.1 lux) at the night, but the transition
of light intensities from the day to night was different in different
groups. For example, in the early night group, the transition was
from bright to dim to dark, in the midnight group, from bright to
dark interrupted by dim, in the late night group, bright to dark to
dim, and in all night group, from bright to dim. These transitions
could have re-entrained the endogenous rhythm of photoperiodic
photosensitivity as it is evident from their differential responses.
A maximum response in the midnight group suggests that birds
interpreted it as a lighting regimen of 18L:6D (8L + 6D + 4 h
LAN), which is strongly stimulatory (Singh et al., 2002). There
were a moderate response in the early night and late night groups,
which suggests that birds interpreted it as a lighting regimen of
12L:12D (8L 4+ 4 h LAN or 4 h LAN + 8L), which is a marginally
inductive photoperiod for bunting. In a previous study on
bunting (Singh et al., 2002), similar observations were made.
The bunting exposed to 1L:8D:1L:14D and 1L:8D:10L:5D seemed
to be re-entrained, and they interpreted the abovementioned
lighting regimen as 10L:14D and 19L:5D (Singh et al., 2002).

There are a few studies on redheaded bunting (E. bruniceps),
which are suggestive of the photoperiod-dependent effects on
seasonal responses such as body fattening and testicular growth
(Rani et al., 2005b). When exposed to increasing photoperiods
such as 11.5L:12.5D, 12L:12D, 12.5L:11.5D, 13L:11D, 14L:10D,
and 18L:6D, the buntings responded in a photoperiod-dependent
manner and underwent growth and regression cycle under
photoperiods > 12 h per day (Rani et al.,, 2005b). A previous
study on Japanese quail has also established a relationship
between the length of the photoperiod and the rate of the
photoperiodic induction. The rate of testicular growth was
slower under 12L:12D as compared to 13L:11D, 14L:10D, 16L:8D,
and 20L:4D photoperiods, which showed a maximum growth
(Follett and Maung, 1978). The light intensity is suggestive of
affecting the photoperiodic response as observed in the case
of European starlings (Sturnus vulgaris). The starlings exposed
to an 18L:6D photoperiod at 3-, 13-, 45-, and 108-lux light
intensities responded differently, and it appeared as if they were
exposed to different photoperiods such as 11L:13D, 13L:11D,
16L:8D, and 18L:6D, respectively (Bentley et al., 1998). Similarly,
the buntings kept under a stimulatory photoperiod of 13L:11D
and at the intensities of 50, 100, 400, 800, and 1,000 lux
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also showed an intensity-dependent photoperiodic induction
(Misra et al., 2004).

In our study, the onset and end of a daytime activity were
affected by the phase of LAN. The birds, which received 4 h LAN
in the early night, extended their daytime activity into the night,
and the ones, which received at late night, showed an early onset
of morning activity, which extended their nighttime activity into
the day. In midnight and all night groups, the onset of morning
activity was not affected by LAN. Our results are slightly different
from those on male great tits, which on exposure to 1.6 lux
light intensity throughout the night advanced the onset of their
morning activity (Raap et al., 2015). Also, in our study, the LAN
accelerated a gonadal response in midnight and all night groups,
similar to that observed in blackbirds where the LAN advanced
the gonadal growth almost a month earlier than birds kept under
dark nights (Dominoni et al., 2013c).

Light at night also seems to have a strong effect on song
timing in some early singing species such as European robin
(Erithacus rubecola), American robin (Turdus migratorius),
Common blackbird (Turdus merula), and Great tit (Parus major)
(Miller, 2006; Fuller et al., 2007; Kempenaers et al., 2010; Da Silva
et al., 2014; Dominoni et al., 2014). The effect ranges from the
previous onset of dawn song to singing in the middle of the night
(Fuller et al., 2007; Da Silva et al., 2014; Dominoni et al., 2014).
Although we have not measured the song behavior in our birds,
we have shown a 24 h profile of their locomotor activity.

In our study, we also observed that LAN affected the rhythm
of melatonin secretion. In general, the melatonin levels were
low during the day and high at night, however, in the groups
exposed to 4 h LAN, the level of melatonin was significantly
low at the time of LAN, which seemed to be “perceived” as
day. This altered the shape of the melatonin profile in different
groups. The amplitude of melatonin was the highest in the early
night and late night groups but was the lowest in midnight and
all night groups (having a maximum gonadal response) that
received light throughout the night. Thus, these results may be
helpful in understanding the control of seasonal processes in
birds experiencing high light intensity at night such as the urban
birds. Although a direct role of melatonin in the regulation of
seasonal responses in birds is debatable (Dawson et al., 2001),
there is a possibility that reduced melatonin levels during the
night must have advanced the onset of reproductive functions
by changing the perception of day length longer than the actual
one. Our speculation is based on a study on European starlings,
which showed that the exogenous administration of melatonin
reduces the volume of song control nuclei, HVC, and area X
(Bentley et al., 1999). High melatonin levels upregulate GnIH in
the brain and the gonads, which suppresses the hypothalamo-
hypophyseal-gonadal axis and maintains the small gonadal size
during the prebreeding stage (Ubuka et al., 2005; McGuire et al,,
2011). LAN may also affect the physiology of birds by reducing
the ratio between the day and night light intensity, which would
not only lower the difference between melatonin levels during
the day and nighttime but also advance the onset of Zugunruhe
(Roenneberg et al., 2003; Singh et al.,, 2012). Lower melatonin
levels during the night as a consequence of LAN may reduce
the degree of self-sustainment of the circadian clock and allows

an alternative temporal activity such as Zugunruhe in migratory
birds (Fusani and Gwinner, 2005) or the appearance of activity
during the night in a resident Indian weaver bird (Singh et al.,
2012). Such a prediction is supported by a recent study on urban
and rural blackbirds, which showed that possibly due to the night
light, urban birds have faster (advanced) but weaker circadian
clocks than their rural counterparts (Dominoni et al., 2013b).

CONCLUSION

To sum up, our results show that even under non-stimulatory
short days, the low intensity (~2 lux) night light could induce
migratory and reproductive phenotypes. Also, the effect of
LAN was phase dependent. These findings may have ecological
implications the birds under short days are still in their recovery
phase and, when exposed to LAN, they displayed an activity
for ~12 h in all the light treatments. Thus, 4-h LAN of
~2 lux light intensity could alter the perception of day length,
thereby advancing their migratory and reproductive activities.
Our results also suggest that the LAN interruptions of 4 h
during midnight have a greater impact on circadian and seasonal
responses as compared to other groups where the LAN was
given in continuation with the day. Hence, this information may
be valuable in adopting a part-night lighting approach to help
reduce the physiological burden, such as early migration and
reproduction, of artificial lighting on the nocturnal migrants.
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Artificial light at night (ALAN) is closely associated with modern societies and is rapidly
increasing worldwide. A dynamically growing body of literature shows that ALAN
poses a serious threat to all levels of biodiversity—from genes to ecosystems. Many
“unknowns” remain to be addressed however, before we fully understand the impact of
ALAN on biodiversity and can design effective mitigation measures. Here, we distilled
the findings of a workshop on the effects of ALAN on biodiversity at the first World
Biodiversity Forum in Davos attended by several major research groups in the field from
across the globe. We argue that 11 pressing research questions have to be answered
to find ways to reduce the impact of ALAN on biodiversity. The questions address
fundamental knowledge gaps, ranging from basic challenges on how to standardize
light measurements, through the multi-level impacts on biodiversity, to opportunities and
challenges for more sustainable use.

Keywords: ecological light pollution, biodiversity loss, thresholds, traits, populations, ecosystems,
interdisciplinary, mitigation

INTRODUCTION

Our planet faces numerous challenges, many of which have direct and indirect connections to
biodiversity (Diaz et al., 2020). One such challenge is artificial light at night (ALAN) leading to
a fundamental change in the light environment over half of the Earth’s surface—the Earth at night.
ALAN has been growing exponentially since the nineteenth century and currently increases by
2-6% per year worldwide (Holker et al., 2010a; Kyba et al., 2017). ALAN has been introduced in
places, at times, spectra and intensities that do not occur naturally (Gaston et al., 2015). Ecosystems
are largely organized by natural light-dark cycles, i.e., diurnal, yearly and lunar cycles, which have
been stable over geological and hence evolutionary time scales. ALAN-induced disruptions of those
cycles affect the structure and function of multiple levels of biodiversity that are again strongly
interconnected (Longcore and Rich, 2004; Holker et al., 2010b; Gaston et al., 2013). Given the
growing global pervasiveness of ALAN (Kyba et al., 2017; Gaston et al., 2021), it is important to
understand how multiple levels of biodiversity respond to it directly and indirectly (Figure 1).
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Research into the ecological impacts of ALAN has exploded
in recent years, mostly focusing on changes in species behavior
and physiology (Gaston et al, 2015; Grubisic et al, 2019;
Sanders et al., 2021). Yet, many “unknowns” remain that need
to be addressed before we can understand and predict the
impact of ALAN on multiple levels of biodiversity (genes and
cells, individuals, populations, communities, ecosystems and
landscapes, Figure 1), and develop effective mitigation measures.
Here, we address these “unknowns” by synthesizing the results
of a special session and follow-up discussions at the first World
Biodiversity Forum in Davos, Switzerland, in 2020, where experts
from across the world convened to discuss the impacts of ALAN
on multiple levels of biodiversity over a broad spectrum of taxa in
multiple biomes (aerial, aquatic, and terrestrial). We capture the
complexity of the problem as broadly as possible by considering
that different natural light cycles (Figure 2A) are affected by
multiple forms of ALAN (e.g., streetlights, advertising lighting,
skyglow, Figure 2B) with multiple effects (e.g., lethal attraction
of organisms, disruption of circadian rhythms and erosion of
ecosystem functions) at multiple levels of biodiversity in multiple
realms (Figure 2C). Already at the World Biodiversity Forum
it became clear that a transition toward the more sustainable
use of ALAN is extremely challenging and requires answers to
questions that can only be tackled by broadening the disciplinary
perspective to strengthen transdisciplinary approaches.

ecosystems/landscapes

communities

populations

individuals

genes/cells

FIGURE 1 | Impact of artificial light at night (ALAN) on multiple levels of
biodiversity. The multiple levels of biodiversity are interlinked, i.e., one level of
biodiversity may respond to ALAN and modify processes at other biodiversity
levels. For example, ALAN may impact the gene expression of certain clock
genes, which results in a reduced fitness of individuals and a population
decrease due to a phenological mismatch with other species and finally a
changed community composition. This may impact ecosystem processes and
nocturnal lightscapes (e.g., forests, coral reefs), which in turn influences all
other levels.

11 PRESSING RESEARCH QUESTIONS

We identify 11 research questions that can be clustered into three
main themes. We first outline questions linked to the diverse
nature of natural and ALAN. Second, we outline questions related
to the effects of ALAN on multiple levels of biodiversity. Finally,
we formulate research needs on how to bend the curve of ALAN-
induced biodiversity loss.

Interdisciplinary Barriers to Measuring
Nocturnal Light

ALAN research is inherently interdisciplinary, with knowledge
of the nighttime being fragmented across multiple subject
areas including astronomy, physics, ecology, chronobiology,
psychology, and engineering. Each field has different motivations
for conducting ALAN research, and draws upon different
instrumentation, measurement conventions, and experimental
frameworks. Multiple units of measurement for light are
encountered across the sciences, and many have little biological
relevance. The absence of instruments capable of performing
light at night measurements with the required level of detail,
and insufficient training of biologists in radiometry and light
propagation further compound this problem.

QI How to harmonize light measurement methods across
disciplinary boundaries?

The interdisciplinary nature of ALAN research has resulted
in different measurement approaches, procedures, and the use
of various light units (Hénel et al., 2018), which complicates
comparison of results (Kalinkat et al., 2021). Lighting engineers
measure mainly in human-centric photometric SI units (mostly
horizontal illuminance in lx, Figure 3), which some ALAN
researchers have adapted for their studies to better facilitate
the translation of results into lighting policy (see QIl1).
Astronomers mainly measure the radiance of the night sky
(mostly at zenith) in units of magnitudes/arcsec® in different
astronomical bands (see e.g., Patat, 2008). Some ALAN
researchers have adapted the use of a simple radiometer, the
Sky Quality Meter (SQM) that has its own spectral band
(Hénel et al., 2018), which can be extended to multiple color
channels (Kyba et al., 2012; Sdnchez de Miguel et al., 2017).
The meaningfulness of single point SQM measurements for
biodiversity is, however, questionable and can be used in
the wrong context (Longcore et al., 2020). Biologists tend to
measure either irradiance or radiance in different spectral bands
(e.g., photosynthetically active radiation—PAR) and sometimes
report W (Watts) in micromole photons per seconds (jLmol/s).
Visual ecologists prefer wavelength resolved “hyperspectral”
measurements, requiring high sensitivity spectrometers to
resolve at low nighttime light levels (see Spitschan et al,
2016). Moreover, even within biodiversity research there are
large disciplinary differences in the state of the art for
measuring light. For example, while an array of measurement
systems exists for terrestrial habitats, the attenuation of light
in water makes hyperspectral light measurements even more
challenging in aquatic ecosystems (Jechow and Hoélker, 2019a;
Tidau et al., 2021).
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FIGURE 2 | Artificial light at night: Potential sources, biodiversity impacts and responses are complex. Different natural light cycles (A) are affected by multiple forms
of ALAN (B) at multiple levels of biodiversity in multiple realms (e.g. from bottom up: gene expression; phenotypes; population dynamics, e.g. decline; community
composition; species dispersal and/or organismic fluxes across ecosystem boundaries and bioms) (C). ALAN can interact with multiple global change stressors (D).
Due to the potentially conflicting demands of ALAN a transition to a more sustainable use is extremely challenging and requires multiple levels of regulations (E).

For biodiversity studies, nocturnal light ideally would be
measured in biologically relevant ways, based on thresholds and
spectral sensitivities of the species under question (see Q2 and
Q5), because different light sources interfere differently with
the large diversity of sensory systems in nature (Davies et al.,
2013; see Q3). Furthermore, it is important to perform and
provide ALAN-free natural light reference measurements for
different habitats, seasons and weather conditions (Jechow and
Holker, 2019b). One challenge is to break disciplinary boundaries
by, for example, connecting photometry of anthropogenic light
sources (performed by lighting engineers) and night-sky or night-
time radiometry (see e.g., Foster et al., 2021) to visual ecology

and species responses (van Grunsven et al, 2014; Longcore
et al, 2018; Seymoure et al, 2019). Thus, standardized light
measurements that allow comparison across ALAN disciplines
are desperately needed. Recent proposals favor spatially resolved
multi-spectral night-time radiance measurements of the full light
field (not just the upper hemisphere or at zenith) with digital
cameras with fisheye lenses in the RGB bands (Jechow et al., 2019;
Nilsson and Smolka, 2021), which is further supported by new
calibration strategies (Fiorentin et al., 2020; Cardiel et al., 2021)
and the proposal of a dark sky unit (Kollath et al., 2020). This
method has radiance and irradiance information in three spectral
bands in one image. Additional hyperspectral measurements
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or species-specific bands, however, are required for visual
ecologists, and a translation to photometric units is essential
for policy making and the connection to lighting professionals.
Thus, a wider and more interdisciplinary harmonization of
different needs for a broad application is required to help to
establish standardized protocols that are currently lacking. These
protocols should match the ecological and biological responses
being investigated in terms of spectral band and resolution,
directionality (radiance vs. irradiance; scalar vs. planar) and time
scale (see Q2). Such consistent and cross-disciplinary standards
for measurement are also necessary to formulate thresholds for
mitigation and management (Jechow and Hoélker, 2019b; Davies
etal., 2020; see Q11).

Q2 What are biodiversity-relevant light-measurements and
methods?

The multiple realms and levels of biodiversity all have
specific photic properties and measurement requirements. At
the same time, quantifying ALAN is rather a complex task
that requires method development and training. Commercial,
off-the-shelf measurement equipment is rarely appropriate
because it lacks sensitivity and sufficient spatial and/or spectral
resolution. This becomes particularly challenging in aquatic or
aerial environments (Jechow and Holker, 2019a). Furthermore,
ecologists often lack sufficient understanding of radiometry in
terms of units and measurement approaches, making it hard for
ecologists to interpret measurements obtained outside of their
field and translate them for their research (see Q1).

In ecological studies, information on ALAN is in most cases
derived from single point ground-based measurements with
limited spatial, temporal and spectral resolution, very often using
human centric devices like lux meters. To be able to understand
what an organism perceives, it is important to have the full spatial
and spectral information of the light field. This could be acquired
either with a spectroradiometer mounted on a rotational head
that scans the radiance over the whole sphere (Kocifaj et al., 2018)

or with a full-sphere hyperspectral camera that works at night-
time, which is not available yet (but see Alamds et al., 2017 for
night-time measurements and Shiwen et al., 2021 for full-sphere
hyperspectral imaging in a forest during day). Both solutions
are not technically mature, and the best current approximation
is full-sphere imaging with a fisheye lens digital camera system
with limited spectral resolution in the RGB bands (Jechow et al,,
2019). Further technological development toward a hyperspectral
solution are necessary and interim steps could be adding
additional spectral bands to such imaging systems like in the
ASTMON system (Aceituno et al.,, 2011) or by tailoring camera
systems to achieve hypercolorimetric multispectral imaging
(Colantonio et al, 2018). Ideally, the measurement strategy
should also cover temporal variations in light on short time scales
but also seasonal variations (Figure 2A). Remaining obstacles
of such a holistic approach are the complexity of data and
handling as well as potential high costs of a sophisticated device.
A combination of multiple measurement devices (multispectral
camera, hyperspectral single point, photometric single point)
might be a more practical compromise.

Another pressing issue is the extrapolation of single point
ground-based measurements to larger areas, which is relevant,
for example, for migratory species. Here, challenges are posed by
remote sensing approaches that are almost always only proxies
for the ecological variable of interest. Night-time satellite data
are limited in spatial, spectral and temporal resolution, but
color imaging from the international space station ISS, airborne
measurements, and particularly UAVs have the potential to fill the
existing gaps in ALAN related biodiversity research (Bouroussis
and Topalis, 2020; Levin et al., 2020; Sanchez de Miguel et al,,
2021). A key component to improving the utility of these data
would be research efforts that can translate what remotely sensed
values could represent for conditions at ground level, where first
steps have been taken but uncertainties remain high (Simons
etal,, 2020). Furthermore, there is an urgent need for stand-alone
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satellite missions focused on understanding light pollution and
its effects on biodiversity (Barentine et al., 2021).

Focusing on skyglow is becoming a larger component of
ALAN research on biodiversity (Kyba and Hoélker, 2013).
Skyglow occurs when ALAN radiates or reflects toward the sky
and the light scatters at atmospheric particles and brightens the
night sky (Aubé, 2015). In contrast to direct ALAN, skyglow can
act as a pollutant far away from its origin and therefore has the
potential to affect biodiversity over large spatial scales. Skyglow
is dynamic as it depends on atmospheric constituents, seasonal
effects such as leaf cover and ground albedo (Jechow and Holker,
2019b) and can be dramatically amplified by clouds (Kyba et al.,
2011) causing ground illuminance brighter than moonlight in
extreme situations (Jechow et al., 2020; Figure 3). Skyglow
is often insufficiently quantified with single channel spectral
and spatial measurements at zenith. Again, multispectral (RGB)
fisheye-lens digital camera systems are promising for skyglow
measurements with more ecologically relevant information but
such systems need wider application in ecology (Thums et al,
2016; Levin et al., 2020). Permanent installations can track
skyglow dynamics across the full sky dome (Jechow et al., 2018)
and if a similar measurement system is used for quantification of
direct light pollution, results become comparable.

Linkage between skyglow and remotely sensed night-time
light is possible via modeling. While a static world-wide model
for skyglow exists and is being widely used in ecological studies
(Falchi et al., 2016), a dynamic model that includes atmospheric
changes, cloud cover, snow, vegetation cover and similar factors
is still lacking.

Consequences for Biodiversity

Increasing evidence shows that the interference of ALAN with
natural cycles of light and darkness, i.e., changes of photoperiod,
intensity and spectra, influences a wide range of biological
processes, from gene expression to ecosystem functioning,
yet many questions remain about species and trait specific
sensitivities to ALAN, and how these affect biodiversity at
different scales (Gaston et al, 2015; Hopkins et al, 2018;
Dominoni et al., 2020a; Falcon et al., 2020; Sanders et al., 2021;
Figure 2). In this context, the following eight questions (Q3-Q10)
need to be addressed.

Q3 What are the relevant photoreceptor systems and their key
sensitivities?

Photosensory systems are near ubiquitous in nature and
are found across the animal and plant kingdom down to
single-celled organisms. Accordingly, photosensory systems and
their response to light are hugely diverse, ranging from single
photoreceptor cells to complex image forming camera-type eyes,
which can capture (spatial) information and facilitate color
guided behaviors as well as polarization patterns invisible to
humans (Horvéth et al., 2009; Land and Nilsson, 2012).

Photic stimuli, however, strongly vary between biological
realms, across seasons and over the course of a day (Figures 2A,
3). For example, the optical properties of freshwater and seawater
strongly attenuate the light aquatic organisms are exposed
to, shaping light environments that greatly differ in spectral
composition, intensity and spatial information from those on

land. Seawater in the open ocean attenuates blue light the
least and hence many marine organisms are sensitive in this
spectral region. In contrast, coastal waters and freshwater systems
are transparent at different (typically longer) wavelengths and
variable in their inherent optical properties, causing a less specific
adaptation of organisms for specific wavelengths (Grubisic et al.,
2019; Kithne et al., 2021).

Many nocturnal and crepuscular organisms are adapted to
dim photic stimuli; some can use celestial bodies as a source
of information (Dacke et al., 2003; Ugolini et al., 2003; Foster
et al.,, 2018). Moonlight serves as a major environmental cue, for
example entraining diel vertical migration on zooplankton down
to 100 m (Last et al., 2016). On the other hand, the high sensitivity
to low intensities of natural light makes those organisms (both
terrestrial and aquatic) prone to disruptions even by low intensity
ALAN, such as the globally widespread artificial skyglow (Moore
et al., 2000; Kupprat et al., 2020; Torres et al., 2020; Figure 3).

ALAN research is inevitably inhibited by the lack of species
for which photoreceptor systems and key spectral and light
sensitivities of photobiological responses have been adequately
described (e.g., overview for marine organisms in Tidau et al.,
2021). For one of the best photobiologically studied classes,
insects, a recent literature search revealed information on the
spectral sensitivity of photoreceptors of only 221 insect species
from 82 genera and 13 orders (van der Kooi et al., 2021). With
almost 1 million species, half of which are nocturnal (Holker
et al., 2010b), this represents less than 0.03% of all insect species.
Nonetheless, phylogenetically conserved patterns of sensitivity
have been identified in some animal classes. Both visual and non-
visual photoreceptor systems and their corresponding spectral
sensitivities can be conserved within taxonomic groups (e.g., in
mammals melanopsin and sensitivity to blue wavelengths). Most
terrestrial insects are particularly attracted to ultraviolet and blue
light (Donners et al., 2018; but see also Owens and Lewis, 2021).
Similarly, most arthropods show a greater responsivity to blue
light and most vertebrates show a lower responsivity to longer
wavelengths (Davies et al., 2013; Longcore et al., 2018; Grubisic
et al, 2019). Furthermore, within habitats, specific spectral
sensitivities might be common to the organisms living there.
For example, many species of aquatic turtles and fish are more
sensitive to longer wavelengths in freshwaters and to shorter
wavelengths in clear marine systems, i.e., their sensitivities relate
to the optical water properties where they typically evolved
(Grubisic et al., 2019; Wyneken and Salmon, 2020).

More fundamental research in visual biology is needed to
describe both the inherent sensitivity of animal visual and non-
visual systems to base ALAN research on. In addition, the spectral
dependence of behavioral and physiological responses to light,
and their relationship to intensity, ecological context, previous
light exposure, and other factors demand attention.

Q4 Which species traits are most sensitive to ALAN?

Generalizations about which traits of species may be
most sensitive to certain factors of global change are useful
for predicting their ecological consequences. As with many
manmade impacts on the natural environment, nighttime
lighting can filter out species with functional response traits that
cause species to be more sensitive to ALAN (Franzén et al., 2020;
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Cox et al, 2021; Voigt et al, 2021). To give an example,
high sensitivity to light in the eyes of North American bird
species has been associated with a greater advancement of
reproductive timing in response to light exposure, possibly
leading to phenological mismatches (Senzaki et al., 2020).
Elucidating biological traits that predicate sensitivity to ALAN
is therefore critical for identifying ALAN-vulnerable species
around the world (Secondi et al., 2020).

Light-dark cycles vary along latitudinal gradients (Hut et al.,
2013), hence species traits that predicate sensitivity to ALAN are
also expected to vary with latitude (Secondi et al., 2020). While
birds in lower latitudes started to sing earlier when exposed to
ALAN, in high latitudes the seasonal increase of natural light
can mask ALAN effects on the onset of bird song (Da Silva
and Kempenaers, 2017). Furthermore, 47 out of 140 bird species
studied in North America are becoming more abundant with
increasing light exposure during longer nights, probably because
light extends the perceived photoperiod and birds take advantage
of higher visibility (Wilson et al., 2021).

Meta-analyses of species demonstrably impacted by ALAN
proved to be useful for identifying ALAN sensitive traits
(e.g., Sanders et al,, 2021), which may include eye/body size
ratios indicating light sensitivity, aspects of eye morphology,
mobility (e.g., sessile organisms vs. mobile), geographical
range size (e.g., probability that migrating species have of
encountering ALAN), life history traits, temporal niche
(e.g., nocturnality or crepuscularity), habitat affiliation,
and seasonal and lunar phenological events (e.g., timing of
reproduction). We are just beginning to understand which
biological traits predict sensitivity to the disruption of natural
light intensity, cycles, and spectra due to ALAN (Grubisic
et al.,, 2019; Sanders et al., 2021). Future studies should also
examine in more animal and plant species how functional
traits and contexts (e.g., latitude, habitat affiliation) relate to
sensitivity to ALAN.

Q5 Above which thresholds does ALAN exposure become
critical?

The majority of documented ALAN effects on species are in
response to single exposure levels (Davies et al., 2017; Manfrin
etal.,, 2017; van Grunsven et al., 2020). These studies have proved
valuable for drawing attention to the sheer scale of ALAN impacts
on individual species. In reality, irradiance of ALAN perceived
by organisms varies spatially. An important prerequisite for
upscaling to different ecosystems and landscapes (see Q9) is an
understanding of changes in the measured biological responses
as a function of multiple exposure levels (Briining et al., 2015;
Sanders et al., 2015; de Jong et al., 2016). Although challenging
to deliver, and sometimes giving idiosyncratic results, dose-
response experiments have proved powerful at identifying critical
exposure thresholds in toxicology (Vandenberg et al, 2012),
and should be a focal point for current and future ecological
light pollution experiments (Briining et al., 2015; de Jong et al.,
2016; Kupprat et al., 2020). In particular, we need more studies
testing for the effects of ALAN of lower intensities (e.g., from
skyglow), which many organisms may experience throughout
large areas worldwide (Kyba and Holker, 2013; Grubisic et al.,
2019) (see Q2).

Similarly, we lack an understanding of the sensitivity of species
to the spectra of ALAN. Quantifying wavelength-dependent
responses to ALAN is critical to predicting the impact of
different lighting technologies and identifying spectra that can
minimize deleterious impacts (Spoelstra et al., 2015; Briining
et al., 2016; Donners et al, 2018; Longcore et al, 2018).
The utility of this approach is empirically well demonstrated;
however, its application across a broader range of species is
confined to those whose spectral response curves have been
quantified. Consistencies in the number of photoreceptors and
maximal wavelengths of sensitivity can and are used to form
generalizations across broad taxonomic groupings (e.g., class,
order; Davies et al., 2013; van Grunsven et al., 2014; Kithne et al,,
2021). High precision insights into the responses of individual
taxa however remain constrained by published spectral sensitivity
information. Advances in our understanding of ALAN impacts
are, in this way (and many others), partly limited by advances in
fundamental photobiology and visual ecology (see Q3).

Q6 How and at what rates can populations adapt to ALAN?

The spatial light distribution, spectral composition, and the
intensity of ALAN are unprecedented on evolutionary time scales
(Hopkins et al., 2018). As when studying many anthropogenic
impacts on the natural world, initial experiments have quantified
behavioral and/or physiological responses to ALAN (Tuomainen
and Candolin, 2011; Gaston et al., 2015). These effects on
the individual will, however, compromise organism fitness (Sih
etal, 2011) such as survival and reproductive success, ultimately
manifesting impacts on population demography, and/or lead to
microevolution (Figure 2C). To give one example, insects that are
drawn to light will either die (e.g., by predation or exhaustion)
or have reduced fitness compared to individuals of the same
population that are less attracted by light. If this variation in light
attraction has a heritable basis, this may lead to a response to the
selection of genotypes in the population that are less attracted to
light (Altermatt and Ebert, 2016). In those cases, ALAN will lead
to micro-evolution. To date, much of the available knowledge
on ALAN impacts is based on short-term experiments that are
not able to observe evolutionary compensation mechanisms over
long periods of time (Gaston et al., 2015; Kalinkat et al., 2021).

The challenge of analyzing ALAN-related trait changes (e.g.,
body size, relative eye size, and wing length, see Q4) over many
generations could be addressed by examining museum vouchers
collected for long periods of time (e.g., Keinath et al., 2021).
Furthermore, ALAN research could adopt approaches and tools
from quantitative genetics to understand and predict how species
evolutionarily adapt to changes in their light environment. For
this, both selection on ALAN-related traits needs to be measured
and the heritability of these traits estimated. The rate of genetic
change may, however, be small, as has been shown for wild
species (Charmantier and Gienapp, 2014), and is likely to be too
slow to adapt. This is because anthropogenic disturbances often
introduce more rapid rates of environmental change compared
to what organisms have experienced in their evolutionary past
(Palumbi, 2001). The rate of genetic change is likely to be higher
for species with a short generation time and standing genetic
variation, such as microorganisms or insects. Indeed, some
examples have been documented of the micro-evolution of insect
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species in response to climate change (Bradshaw and Holzapfel,
2001; Van Asch et al., 2007). In this context, evolutionary trap
theory may offer a framework for understanding and mitigating
the effects of ALAN (Haynes and Robertson, 2021).

Q7 How does ALAN alter biodiversity by redistributing species?

ALAN is known to affect the behavior of species, including
altered orientation, navigation, foraging, and predator avoidance
behaviors of a wide range of organisms (McLaren et al., 2018;
Manriquez et al., 2019). One frequently observed phenomenon is
the aggregation of individuals in artificially lit patches, reducing
their presence in the darker surroundings. Conversely, the
density of species repelled by light is likely to increase in dark
locations neighboring illuminated areas (Manfrin et al., 2017;
Giavi et al., 2020). Such heterogeneous responses to ALAN
among and within taxonomic groups change species distribution
patterns and create novel communities (Holker et al., 2015;
Sanders and Gaston, 2018; Voigt et al., 2021; Figure 2C)
with potential cascading effects on ecosystem functions such
as mineralization, pollination, or seed dispersal (Lewanzik and
Voigt, 2014; Knop et al.,, 2017; van Grunsven et al., 2018). To
date, our knowledge on how the effects of ALAN on community
composition might be scaling up to affect ecosystem processes
remains limited (Knop et al., 2017; Grubisic et al., 2018; Giavi
et al., 2020).

Long term monitoring studies replicated at large spatial
scales represent one option for quantifying changes in species
distributions in response to ALAN, but they are still very rare
(van Grunsven et al., 2020; Kalinkat et al., 2021). One reason is
that such experiments present significant logistical and financial
challenges, principally due to the large levels of replication
required to control for multiple confounding environmental
factors that are likely collinear with ALAN. A further challenge is
to have data on how long and with which light properties ALAN
has been applied (see Q2). Since there can be marked between-
year variation in the influences of ALAN, it is critical to run
such experiments linked to environmental context and seasonal
timing over several generations of key species (ideally more than
10 years, van Grunsven et al., 2020; Kalinkat et al., 2021).

Q8 How does ALAN affect biodiversity through indirectly
altering species interactions?

Global environmental pressures threaten biodiversity directly
through changes in species’ physiology and behavior, and
indirectly through interactions between impacted species and
other species within ecological communities (Tylianakis et al.,
2008). To date only a few studies have quantified indirect effects
of ALAN caused by altered species interactions within (Knop
et al,, 2017; Giavi et al., 2020, 2021), or across trophic levels
(Bennie et al., 2018; Manfrin et al., 2018; Sanders et al., 2018;
Maggi et al., 2020), and we are far from being able to predict
where indirect effects occur and their likely importance for the
wider ecosystem.

Further mesocosm experiments that manipulate a more
diverse array of interacting communities are needed (Sanders
et al., 2018). Also, further field studies are necessary such as
studies on changes in the structure of entire species interaction
networks and linking these to ecosystem functions (e.g., Knop
et al., 2017). Furthermore, indirect approaches that document

altered species interactions due to ALAN, such as stable isotope
analyses (Manfrin et al., 2018), molecular analyses of gut contents
or fecal samples (Cravens et al., 2018), GPS data analyses of
predator—-prey dynamics (Ditmer et al., 2021), or the analyses
of pollen transport networks (Macgregor et al., 2017) are other
promising approaches. Finally, more emphasis should also be
placed on spatial (Giavi et al., 2020) and on temporal indirect
effects of ALAN on species interactions.

Q9 What are the effects of ALAN on biodiversity at the
ecosystem and at the landscape level?

Effects of global change drivers on biodiversity and ecosystem
functioning might vary between ecosystems (Sage, 2020). In this
vein, we can expect that the effect of ALAN on biodiversity will
not be consistent across ecosystems and landscapes with some
systems and areas being more susceptible to light pollution than
others. On the one hand, the spread of light within ecosystems
might vary depending on ecosystem type, lighting technology and
medium (e.g., air, water, see Q3). The structure of a forest, for
example, leads to a stronger attenuation of light (vertically and
horizontally) compared to grasslands, which may make species
adapted to closed habitats more vulnerable to ALAN compared to
species adapted to open habitats (Voigt et al., 2021; Wilson et al.,
2021). On the other hand, different latitudes harbor different
ecosystems and hence species inhabiting them. Yet, the extent to
which photoperiod and climate modulate exposure to ALAN at a
given latitude is unknown (Secondi et al., 2020). Also, ecosystems
interact and thus changes in one ecosystem due to ALAN will
likely also impact linked ecosystems (e.g., Manfrin et al., 2017;
Figure 2C). Finally, there is mounting evidence of ALAN impacts
on ecosystem engineers such as corals and intertidal crabs, which
can again modify the environmental context they are embedded
in and hence affect biodiversity at the ecosystem level (Ayalon
et al., 2021; Nufiez et al., 2021).

Light corridors and networks (e.g., illuminated roads), as
well as light patches (e.g., an illuminated gas station in
a dark environment) can impact landscapes by acting as
barriers to movement and dispersal, and as population sinks
(Degen et al., 2016; Laforge et al., 2019; van Grunsven
et al.,, 2020). Changing the ability of species to move through
landscapes may alter foraging and reproductive opportunities
for individuals, modifying habitat connectivity and gene
flow between populations, disrupting recolonization of habitat
patches, and altering metapopulation dynamics (Caplat et al,
2016; Grubisic et al., 2018; Camacho et al.,, 2021; Gaston et al,,
2021).

Even though the effects of ALAN on biodiversity might vary
across ecosystems and landscapes, most research has focused
on a very limited range of ecosystems, namely on natural
terrestrial systems of temperate and developed regions. Also,
nearly all documented effects are on individuals and ecological
communities, while our understanding of effects on ecosystems
and at the landscape level remains limited (Secondi et al,
2020). Empirical upscaling of individual level responses (see Q5)
to changes in species biogeography would provide compelling
evidence of ALAN’s potential to reshape nature at the landscape
scale. Thus, despite challenges in accessing certain ecosystems
(marine offshore, high altitudes, lakes) remain, more work in
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a wider array of ecosystems and landscapes is warranted, both
within and between biogeographic realms.

Q10 How does ALAN interact with multiple global change
stressors?

ALAN is considered to be a major driver of global change
with negative consequences for biodiversity (Holker et al., 2010b;
Davies and Smyth, 2018). It typically co-occurs with other global
change drivers, such as climate change, anthropogenic noise, or
land-use change, especially in urban areas (Perkin et al., 2011;
Halfwerk and Slabbekoorn, 2015; Swaddle et al., 2015; Dominoni
et al., 2020a; Figure 2D). Interactive effects of ALAN with other
global change drivers are therefore likely (Rillig et al., 2019),
which could be additive, antagonistic or synergistic (Jackson
et al, 2016; Birk et al, 2020). To give one example, Miller
et al. (2017) demonstrate that night-time warming combined
with light pollution had non-additive impacts on predator—prey
interactions. These stressors, however, often vary in parallel
making it challenging to disentangle their effects on biodiversity.

A number of approaches exist to quantify the impact of
ALAN on biodiversity in combination with other global change
factors. While none of these in isolation will be enough to
resolve the complexity of multiple interacting stressors, they
can provide discrete novel insights that collectively provide
a weight of evidence to direct future research. Firstly, under
controlled conditions fully crossed factorial experiments can
empirically quantify the existence of interactions between global
change stressors (McMahon et al., 2017; Dominoni et al., 2020b).
Secondly, when ALAN is experimentally controlled in natural
situations for years, and a second factor varies over time, like
temperature or precipitation, the interaction between ALAN and
these stressors can be assessed. For instance, there is only an
effect of ALAN on seasonal timing in great tits (Parus major) in
cold springs, when the birds lay on average late (Dominoni et al.,
2020c). A similar observation has been made for the impact of
ALAN on the timing of bud-burst, with a pronounced effect of
light on late-budding tree species (Ffrench-Constant et al., 2016).
Thirdly, when the intensity or spectral characteristics of ALAN
are changed and another stressor remains constant, a BACI
(before-after, control-impact) approach could be used to quantify
any emergent responses over time. Fourthly, in a recent study,
Wilson et al. (2021) introduced another promising approach
to disentangle the combined effects of different anthropogenic
stressors. They used a large data set generated by community
and citizen scientists' that allowed them to analyze effects of
ALAN and noise pollution on bird occurrences. Although this
approach is prone to various spatial and temporal biases (e.g.,
Geldmann et al., 2016), the large scale and high number of
observations in such projects may enable insightful analyses
given carefully tailored statistical models (e.g., Bird et al., 2014).
In a similar vein, so-called distributed experiments by multiple
research teams across countries and continents (e.g., the NutNet
experiment; Borer et al., 2014) are another option to capture a
much larger range of co-exposure to ALAN and other relevant
stressors. To date we are not aware of any distributed experiments
that explicitly address ALAN in combination with other stressors.

Lwww.feederwatch.org

Finally, the additive or interactive effects of stressors can be
estimated from meta-analysis, provided that there are a sufficient
number of studies (Birk et al., 2020).

Bending the Curve of Biodiversity Loss

Light pollution is only recently coming to the attention of
those beyond the interested scientific communities such as
lighting professionals (Schulte-Romer et al., 2019; Pérez Vega
et al., 2021). The effect of light pollution in environmental and
social considerations remains largely under-acknowledged. The
consequence is that “sustainable lighting” currently aims mainly
toward energy efficient technology to reduce the carbon footprint
of lighting while ignoring the adverse effects of light pollution
on biodiversity. To bend the curve of biodiversity loss (i.e., to
reverse the decline) solid transdisciplinary solutions that have
emerged from a collaboration of practice, research, production,
decision-making and planning are crucial.

Q11 What are opportunities and challenges for an effective
management of ALAN?

Although there is already evidence of readily available,
and inexpensive, mitigation strategies that work (e.g., light
orientation, proper shielding, intensity scaled to intended use,
and spectral tuning (Holker et al., 2010a; Gaston et al., 2012;
Schroer and Holker, 2017), uncertainty remains regarding
which approaches are best for reducing the ecological
effects of ALAN. The pros and cons of different approaches
continue to be debated at length as a result of conflicting
cultural, political, economic, and institutional demands
(Figure 2E). At the same time, novel lighting technologies
and concepts are constantly emerging. Thus, biodiversity-
friendly ALAN solutions need to be solicited with a broad
range of actors originating from different backgrounds,
which makes successful negotiations for sustainable lighting
challenging (see also Q1).

Many attempts to reduce light pollution run up against
positive connotations of lighting (e.g., aesthetics, modernity,
and security), which are deeply ingrained in modern societies
(Jakle and Thompson, 2001; Holker et al, 2010a). While
there is a general perception that urban lighting improves
safety and security regarding traffic accidents and crime, the
empirical evidence is not very solid (Marchant et al., 2020).
Awareness raising campaigns are needed to garner public support
for implementing biodiversity friendly ALAN management
strategies (Zielinska-Dabkowska et al., 2020), however such
campaigns should draw on the benefits of darkness as a source
of quietness and recovery, as much as its importance for
biodiversity conservation.

Despite numerous attempts to control light pollution and
to reduce its impact through policies regulating the use of
outdoor ALAN, minimal success has been achieved in a
limited number of geographic areas (Barentine, 2020). One
reason for this is that the regulatory management of ALAN
depends heavily on the political and administrative actors
involved, who must take into account various aspects such
as safety and security, energy efficiency, design, and health
and environmental concerns. Future transdisciplinary policy
initiatives to address light pollution must therefore consider
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the many benefits of ALAN while addressing its negative
impacts (Holker et al., 2010a; Challéat et al., 2021). A legislative
shortcoming in environmental protection is that often only
species with special protection status are protected if they
show, for example, avoidance behavior toward ALAN. Adverse
effects on species and landscapes without special protection
status are rarely considered by existing regulations (Schroer
et al, 2020). In addition, outdoor lighting policies should
consider the entire makeup of urban lighting (for example
advertising, architectural lighting, and sports lighting), rather
than focus solely on road lights (Kyba et al., 2021). A promising
example is the German “insect protection” law recently
implemented in the Federal Nature Conservation Act (Thomas,
2021), which aims to achieve a balance between emission
regulation and immission control. The respective ordinance
is still pending, where several issues on the measurement
and assessment have to be specified (especially Q1-Q5). The
conservation concept of implementing dark ecological networks
consisting of core areas, corridors, and buffer zones to limit
the impacts of light pollution on biodiversity at the landscape
level is another interesting example (e.g., Challéat et al,
2021).

Although lighting professionals (e.g., design and industry)
increasingly acknowledge ALAN as a threat to biodiversity,
there are diverging views regarding potential obstacles to light
pollution mitigation (Schulte-Rémer et al., 2019; Pérez Vega
et al,, 2021). Current technological advancements in outdoor
lighting, particularly LEDs, in principle allow developing lighting
mitigation strategies that balance conflicting interests between
humans and biodiversity, but this potential remains largely
untapped (Longcore, 2018; Bolliger et al., 2020; Deichmann et al,,
2021; Jagerbrand and Bouroussis, 2021). Furthermore, LEDs are
an energy efficient technology that promises net savings in energy
consumption. Past experience has shown that lighting is often
subject to a strong rebound effect, where an increase in luminous
efficacy resulted in higher light consumption rather than the
targeted energy savings. Unfortunately, such a rebound effect is
most likely also currently observed for LED technology, which
can ultimately lead to further loss of natural nightscapes (Holker
et al., 2010a; Kyba et al., 2014).

A systematic consideration of ALAN issues that facilitates
successful translation to a future sustainable lighting policy
that harmonizes the needs of diverse stakeholder groups is
still lacking (Pérez Vega et al., 2021). Achieving this demands
inter- and transdisciplinary research involving collaboration
between lighting engineers, ecologists, and other relevant
stakeholder groups. Interdisciplinary institutions that work on
the topic of light pollution and biodiversity conservation are
currently lacking, in part because consideration of nighttime
ecology is significantly underrepresented in ecological research.
Gaston (2019) argues for a synthetic research program in
this area of science. Interdisciplinary institutions such as
research institutes or university departments for nighttime
and light pollution research could be of great help to
develop multi-level and cross-scale concepts, assessments,
and evaluations of developments toward sustainable lighting
(Kyba et al., 2020).

CONCLUSION

Due to anthropogenic activities, biodiversity has declined around
the globe (IPBES, 2019) and global biodiversity is facing a sixth
mass extinction (Barnosky et al, 2011). ALAN is one of the
global change drivers (Davies and Smyth, 2018) contributing
to the worldwide decline of biodiversity. Our summary of
11 key pressing questions shows that future research needs
to address a mix of complex and interrelated questions to
better assess the consequences of ALAN for biodiversity and
to have a basis for designing efficient measures to minimize
its ecological impacts. The goal for future interdisciplinary
research should be to guide the diverse field of research,
so information on biodiversity-relevant nocturnal light will
be accessible, rigorous, and comparable across studies and
disciplines. This requires a broader thinking about how to best
characterize and measure ALAN from the perspective of the
species or habitat of concern. Furthermore, we have to move
from focusing on the physiological and behavioral effects on
single species to how ALAN affects all levels of biodiversity
including genotypes, communities, ecosystems, and landscapes,
including direct and indirect interactions within and among
those levels. The different natural light cycles, their role in
shaping biodiversity, and their interaction with ALAN impacts
needs more attention. Furthermore, ALAN should no longer
be considered in isolation from other global change drivers but
rather be addressed in a multiple stressor framework where
sufficient knowledge of singular impacts allows. The same
is true for considering multiple realms (e.g., aerial, aquatic,
and terrestrial) and their interactions. This requires that we
advance our techniques for quantifying spectral, spatial, and
temporal ALAN patterns at multiple scales. Finally, it is not
enough to only report that ALAN negatively impacts airborne,
aquatic, and terrestrial organisms and ecosystems. More socio-
ecological research needs to be directed toward understanding
the cultural, political, economic, and institutional barriers that
prevent implementation of mitigation measures and toward
testing whether and how ALAN can be regulated and light
pollution abated effectively.

We conclude that to further develop effective conservation
measures aimed at reducing ALAN-induced biodiversity loss,
a variety of challenges need to be addressed, ranging from
broadening disciplinary perspectives (e.g., from individual
species to communities) to strengthening transdisciplinary
approaches and ultimately protecting species, ecosystems,
and landscapes through effective conservation measures.
For now, the information available to inform mitigation
strategies remains modest, and as such the precautionary
principle should be adopted as the basis for management
recommendations while we answer the open questions
identified in this study.
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" Animal Ecology, University of Potsdam, Potsdam, Germany, 2 Leibniz Institute of Freshwater Ecology and Inland Fisheries
(IGB), Berlin, Germany

Differences in natural light conditions caused by changes in moonlight are known to
affect perceived predation risk in many nocturnal prey species. As artificial light at night
(ALAN) is steadily increasing in space and intensity, it has the potential to change
movement and foraging behavior of many species as it might increase perceived
predation risk and mask natural light cycles. We investigated if partial nighttime
illumination leads to changes in foraging behavior during the night and the subsequent
day in a small mammal and whether these changes are related to animal personalities.
We subjected bank voles to partial nighttime illumination in a foraging landscape under
laboratory conditions and in large grassland enclosures under near natural conditions.
We measured giving-up density of food in illuminated and dark artificial seed patches
and video recorded the movement of animals. While animals reduced number of visits to
illuminated seed patches at night, they increased visits to these patches at the following
day compared to dark seed patches. Overall, bold individuals had lower giving-up
densities than shy individuals but this difference increased at day in formerly illuminated
seed patches. Small mammals thus showed carry-over effects on daytime foraging
behavior due to ALAN, i.e., nocturnal illumination has the potential to affect intra- and
interspecific interactions during both night and day with possible changes in personality
structure within populations and altered predator-prey dynamics.

Keywords: light pollution, inter-individual differences, animal personality, Myodes glareolus, ALAN

INTRODUCTION

When animals show foraging behavior, they constantly have to face the trade-off between acquiring
food and avoiding predation (Sih, 1980; Lima and Dill, 1990). As predation risk varies across space
and time, prey reduce foraging at certain times and/or in certain microhabitats to reduce the risk
of being preyed upon (Lima and Dill, 1990; Jacob and Brown, 2000). A well-known environmental
factor that influences foraging activity in many nocturnally active species is moonlight (Kronfeld-
Schor et al., 2013). Under bright moonlight, animals often reduce foraging activity itself (Daly et al.,
1992; Kotler et al., 2010) or shift their activity toward safer habitats with a higher amount of cover
(Bowers, 1988; Perea et al., 2011). This shows that higher levels of nighttime illumination lead to an
increase in the perceived predation risk in many species, especially in small mammals.
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However, the use of artificial light at night (ALAN) has
increased dramatically over the last decades, eliminating very
dark conditions in large areas in and surrounding urban
centers (Holker et al., 2010a; Falchi et al., 2016). The spatial
spread and intensity of nighttime illumination is predicted to
steadily increase (Kyba et al, 2017) especially through the
development and widespread adoption of new energy-efficient
lighting systems such as the light-emitting diode (LED; Kyba
et al.,, 2017; Donatello et al., 2019). Several studies show that
ALAN influences several aspects of an animals’ behavior such
as timing of activity (de Jong et al, 2017; Eccard et al,
2018), movement (Hoffmann et al., 2018; Laforge et al., 2019),
reproduction (Baker and Richardson, 2006; Russ et al., 2017)
and foraging (Bird et al., 2004), which in turn can alter social
interactions and group dynamics (Kurvers and Hoélker, 2015).
Under natural conditions, many animals experience dark nights
as periods where the perceived predation risk is low and foraging
can be extended or expanded to open habitats. In areas that
are constantly polluted by ALAN, these foraging opportunities
disappear. LED lamps are predicted to have particularly strong
negative effects on the environment as they typically have a
broad emission spectrum that can affect a large range of species
(Gaston et al., 2013; Davies et al., 2017) and are used at
higher light intensities due to their higher energy efficiency
(rebound effect; Herring and Roy, 2007; Kyba et al, 2014,
2017). Light pollution often affects large areas and illuminates
them homogenously through sky glow. However, LED street
lamps and other strong light sources may create illumination
of high intensity on a local scale. The attraction (e.g., insects,
insect predators) or avoidance (e.g., prey animals) of these
illuminated areas in an area of heterogenous light pollution is not
well understood.

Most research focusses on the influence of ALAN on nocturnal
species as they are expected to suffer severely from the loss of
the nocturnal niche (Holker et al., 2010b). Nevertheless, there
are several mammal species such as shrews, voles and lemurs
that show a polyphasic activity pattern or cathemerality with
activity bouts during both day and night (Curtis and Rasmussen,
2006; Halle, 2006) that might be strongly affected by ALAN
as well. However, there are few studies, which focus on this
group of species and/or chronotypes in the context of changing
nighttime conditions (Hoffmann et al., 2018, 2019; van Grunsven
et al,, 2018). These species might not only show changes in
nocturnal behavior when subjected to ALAN but there might be
carry-over effects to their diurnal behavior. For example, when
animals face increased perceived predation risk during the night
through elevated illumination levels and reduce their foraging
accordingly, they might compensate for this by increasing
foraging during the day exposing them to additional stressors
or predation risks. Similarly, under heterogenous nighttime
illumination animals might avoid brighter areas at night and
seek them out during the day to compensate for lost foraging
opportunities. Studies on the influence of moonlight on activity
and foraging behavior of rodents show a reduced activity at night
under full moon while activity at twilight and day, respectively,
was increased (Daly et al., 1992; Gutman et al., 2011). However,
studies on the influence of ALAN on behavior during the day

using realistic and/or heterogenous light pollution scenarios are
scarce (but see Kurvers et al., 2018).

Individuals within a species might respond differently to
human-induced changes driven by personality traits (Gosling,
2001). This includes their risk-taking behavior (Wilson et al,
1994). While relatively shy individuals favor reducing predation
risk over the opportunity to gain access to food resources or
mates, bold individuals maximize their fitness through gaining
access to more or higher-quality resources while as a consequence
having a higher predation risk (Réale et al., 2000; Smith and
Blumstein, 2008; Ballew et al., 2017; Kashon and Carlson, 2018).
As ALAN is potentially altering the perceived predation risk
of animals, individuals that show inter-individual differences
in their risk-taking behavior might respond differently to this
anthropogenic change (Merrick and Koprowski, 2017). Shy
individuals might be at a disadvantage compared to bold
individuals as they miss out on foraging opportunities by
avoiding illuminated areas. Bold insectivorous animals might
actively seek out the areas surrounding street lamps to take
advantage of the higher abundance of insects that were attracted
by light. On the other hand, bold individuals might be exposed
to an increased predation risk if the respective predators are
not deterred by nighttime illumination and are able to use the
better visual conditions to increase predation success themselves.
While some predatory animal species such as spiders (Willmott
et al., 2019), bats (Stone et al., 2015) and owls (Candrio et al.,
2012) experience increased foraging opportunities around light
sources and can themselves be increasingly preyed upon (Negro
et al., 2000), it remains unclear how this is influenced by inter-
individual differences.

We conducted a laboratory experiment and an experiment
using large grassland enclosures to investigate the effects of partial
illumination created by common LED lamps on the movement
and foraging behavior of the bank vole (Myodes glareolus).
The bank vole is a common polyphasic rodent species (Halle,
2006) that is widely distributed throughout Eurasia. It feeds
on plant and animal matter (Hansson and Larsson, 1978) and
is important prey for a wide range of avian and mammalian
predators (Norrdahl and Korpimiki, 1995). As the species shows
consistent inter-individual differences in behavior (Korpela et al.,
2011; Sichova et al., 2014; Mazza et al., 2018; Schirmer et al.,
2019), it is a suitable model organism to investigate the impact
of partial nighttime illumination on the foraging behavior
of individuals differing in their personality. Under laboratory
conditions we expect voles to reduce activity and foraging
in illuminated areas due to a perceived increase in predation
risk. As a consequence, higher nighttime giving-up densities
(GUDs) should be measurable in illuminated compared to dark
foraging patches. We further predict that voles compensate for
the restricted foraging opportunities at night by foraging more in
the formerly illuminated patches at day compared to the patches
that are dark at night. Shy individuals should avoid illuminated
areas while bold individuals may increase foraging due to higher
risk-taking behavior.

In naturally vegetated outdoor enclosures we expect similar
behavioral responses albeit potentially reduced compared to the
laboratory experiment due to lower light intensity and dense
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vegetation cover. In a previous study we found that bank voles
reduced their home ranges in outdoor enclosures under relatively
homogeneous nighttime illumination (Hoffmann et al., 2018) but
could not determine if this was due to voles opportunistically
exploiting food resources from insect attraction to lighting or if
it was due to reduced activity through perceived predation risk.
This study measures foraging and movement behavior in both
illuminated and dark patches to better address predation risk
behavior under ALAN.

MATERIALS AND METHODS

Laboratory Experiment

Study Subjects and Housing

The experiment was conducted under laboratory conditions from
April to June 2018 using 21 adult male bank voles. Voles were
wild-captured from July to September 2017 at four sites in and
surrounding Potsdam, Germany with low levels of light pollution
(for GPS coordinates see Supplementary Material 1). Animals
were housed individually in standard makrolon cages (Ehret
GmbH Germany, type III; 42 cm x 27 cm x 16 cm) and were
provided with ad libitum water, hay and food pellets (ssniff® NM,
ssniff® R/M-H Ered II). The room was shielded from natural
light while ceiling light tubes (Osram Lumilux T8 L 58W/830
3,000 K and L 58W/840 4,000 K, Osram, Germany; for spectral
distributions see links in Supplementary Material 2) simulated
daylight from 8 am to 8 pm with an average light intensity of
254 + 44 Ix at cage level. Millet was offered 1 week prior to
testing so the animals could get accustomed to its taste and scent.
Additionally, a wooden nest box (20 cm x 14 cm x 10 cm) was
introduced to the cages so that animals could be moved with
the nest box to the foraging arena without handling by humans.
Animals were weighed directly before entering the arena.

Experimental Design
Four foraging arenas (240 cm x 175 cm X 75 cm) were set up in a
room secluded from outdoor light. Each of the arenas was divided

by a wall into two compartments of equal size. The separating wall
stopped 10 cm above the ground so that the animals were able to
move freely around the whole arena (Figure 1).

During daytime (8 am - 8 pm) the room was illuminated
by the same lamps as the housing room with an average light
intensity of 246 £ 22 Ix at ground level. During nighttime (8
pm - 8 am), the room was either completely dark or one side
of each arena was illuminated by a LED lamp (Paulmann Licht
GmbH LED AGL: 6.5 W, 470 Im, 2,700 K, Germany) with an
average light intensity of 8.5 £ 0.9 Ix at ground level while
the other side was shielded from that light by the separating
wall. To create a light intensity similar to nighttime street light,
the lamps were covered with two filter foils [Rosco e-color
No. 209 (51% transmission) and No. 210 (24% transmission),
United Kingdom]. Light intensities were measured using a lux
meter (Extech HD450, United States, measuring range: 0.1 -
400,000 Ix).

At the start of the experiment, each animal was placed
individually with the nest box in the center of an arena. As the
nest box had two exits on opposite sides, voles were able to enter
either side of the arena directly. Water was provided ad libitum
next to the nest box. Above each arena a camera (ABUS analog
HD 720p outdoor dome camera, Germany) was mounted that
video-recorded the movement of the animals outside of the nest
box during the experiment.

Animals were placed in the arenas for four nights. They were
introduced at 7 pm on the first day and left to habituate to the
arena for the first two nights. During this period the animals
were provided with eight seed trays (13 cm x 13 cm x 4.5 cm)
containing 450 ml of sand and 0.6 g of millet each, which were
placed pairwise in the corners of the arena 40 cm from the wall.
These seed trays were replaced with new trays every 24 h and no
nighttime illumination was present. In the following night, one
side of the arena was illuminated. During the treatment night
and the following day, seed trays were reduced to four per arena
and were replaced at 8:30 am and 7:30 pm, respectively. The
millet remaining in each seed tray was weighted to determine the
giving-up density (GUD) for each tray and the variation among

Habituation

\QQ Q0O !

FIGURE 1 | Experimental arena with seed trays containing 450 ml sand and 0.6 g millet. Each of the arenas was divided by a wall into two compartments of equal
size. The separating wall stopped 10 cm above the ground so that the animals were able to move freely around the whole arena. Number of seed trays was halved
from the habituation phase to the experimental phase as seed trays were exchanged once a day in the habituation phase and twice in the experimental phase. The
habituation phase was characterized by dark nights, in the experimental phase one side of the arena was artificially illuminated at night.
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GUDs between the two seed trays within one side. This was
done for the treatment night and the following day. Using video
recordings, we analyzed the movement and foraging behavior of
voles. To quantify time spent on either side of the arena (dark
or illuminated) at night and day the position of the animal was
recorded every 5 s. Additionally, we measured the cumulative
time animals spent in the seed trays and the number of visits to
the seed trays per side of the arena at night and day. As time spent
on either side of the arena and time spent in seed trays are highly
correlated (Spearman correlation; p = 0.94, P < 0.001, N = 84), we
will only present and discuss the results of the behavioral variable
time spent in trays.

To quantify the personality type of individuals along a
shyness-boldness axis, we measured latency to emerge from the
familiar nest box with the full body in the very first night
(latency body). Emergence tests (Dark-Light tests) are a common
measure of boldness in other studies of wild, small rodents and
are related to other measures of risk taking (Herde and Eccard,
2013; Schirmer et al., 2019). A short latency body is regarded to
characterize bolder individuals and a longer to characterize shyer
individuals. We confirmed that first emergence from a nest box
in the arena was repeatable in a pilot study (R = 0.429, P = 0.014,
Nindividuals = 26; Hoffmann et al., 2020).

Data Analysis and Statistics
We analyzed the effects of light treatment, latency body, daytime
and initial body mass on the response variables time in trays,
number of tray visits, GUD and variation in GUD by using
linear mixed models (LMMs). Full models included a three-way
interaction of light treatment, latency body and daytime and the
single factor initial body mass as fixed effects. The models further
contained a random factor consisting of the individual nested
in the experimental group to account for repeated measures.
We log transformed the variables time in trays, number of tray
visits and variation in GUD to be able to use LMMs. Latency
body was scaled by dividing the centered data points by their
standard deviations.

We used the Akaike Information Criterion (AIC) to reduce
the models via stepwise backwards selection to find the most

parsimonious model (Table 1). Non-significant interactions
were excluded from the model to allow for interpretation of
lower order effects. The random factor experimental group was
excluded from the LMM analyzing GUD since it explained no
variance. The proportion of explained variance in the most
parsimonious models by the fixed factors alone (marginal R?) and
fixed and random factors combined (conditional R?) was assessed
according to Nakagawa and Schielzeth (2013). The Wald test x?)
and calculated confidence intervals were used to subsequently
determine the significance of fixed factors from the minimal
models. If the confidence intervals of fixed factors excluded zero
post hoc tests were conducted. The most parsimonious model of
variation in GUD included a three-way interaction of treatment,
latency body and daytime while initial body mass had no effect
(Tables 1, 2). Since this interaction had a confidence interval
including zero, we were not able to conduct a post hoc analysis.

Interactions of two categorical fixed factors were analyzed via
a pairwise interaction comparison of factor levels of one variable
while the other was held constant and vice versa. Interaction of a
categorical and a continuous factor were analyzed via pairwise
comparison of factor levels as a function of the continuous
covariate. Furthermore, steepness of the slope was analyzed
within all factor levels.

We calculated a Pearson correlation to test for an association
between boldness (latency body) and change in body mass
during the experiment.

For data analyses we used the software R Version 3.5.1 (R Core
Team, 2018). Models were built with the function Imer from the
R package “Ime4” (Version 1.1 - 17, Bates, 2010) and post hoc
tests were conducted using the R package “phia” (Version 0.2 -
1; Martinez, 2015). The mean and standard deviation for each
response variable analyzed are presented.

Ethical Note
Experiments were conducted under the permission of the
Landesamt fiir  Arbeitsschutz, Verbraucherschutz und

Gesundheit, Brandenburg (LAVG 2347-27-2017) and the
Stadtverwaltung der Landeshauptstadt Potsdam, Bereich
Veterindrwesen und Lebensmitteliiberwachung (AZ 386-1-). All

TABLE 1 | Full and minimal linear mixed models testing the effects of independent variables and their interactions on response variables measured during the arena

experiment in bank voles (Njngividuais = 21).

Dependent variable Transformation N  Model complexity Fixed factors Random effects AIC
% Time in trays log 84 Full Treatment x Latency body x Daytime + Body mass Group/ID 388
Minimal Treatment x Latency body + Treatment x Daytime + Latency Group/ID 386
body x Daytime
N Visits in trays log 84 Full Treatment x Latency body x Daytime + Body mass Group/ID 194
Minimal Treatment x Daytime + Latency body x Daytime Group/ID 189
Giving-up density 168 Full Treatment x Latency body x Daytime + Body mass Group/ID —102
Minimal Treatment x Latency body x Daytime D —106
Variation in GUD log 84 Full Treatment x Latency body x Daytime + Body mass Group/ID 320
Minimal Treatment x Latency body x Daytime Group/ID 319

¥ Time in trays — sum of time spent in trays per side of arena, N Visits in trays — number of visits in seed trays per side of arena, variation in GUD - difference in giving-up
density between the two seed trays on either side of the arena, treatment — light treatment, latency body — latency to leave the nest box for the first time (measure of
boldness), group — experimental group, ID — individual, tray — seed tray, AIC — Akaike Information Criterion.
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TABLE 2 | Results of Wald chi-square (x2) tests for linear mixed models showing the effects of fixed factors on behavioral response variables of bank voles

(Nindividuals = 21).

Dependent Transformation N Rm Rc Fixed factor Estimate  df x2 P Cl [2.5%, 97.5%]

variable

X Time in trays log 84 0.434 0.616  Treatment 1.247 1 2.09 0.148 [0.093; 2.401]
Latency body —1.521 1 9.58 0.002 [-2.399; —0.587]
Daytime 3.505 1 4532  <0.001 [2.351; 4.659]
Treatment x Latency body —0.804 1 3.50 0.062 [-1.625; 0.017]
Treatment x Daytime —1.257 1 2.16 0.141 [-2.889; 0.375]
Latency body x Daytime 1.672 1 15.14  <0.001 [0.852; 2.493]

N Visits in trays log 84 0415 0.785  Treatment 0.293 1 0.06 0.815 [-0.025; 0.612]
Latency body —0.630 1 6.32 0.012 [-0.969; —0.288]
Daytime 1.427 1 89.50  <0.001 [1.108; 1.746]
Treatment x Daytime —0.641 1 7.51 0.006 [-1.092; —0.191]
Latency body x Daytime 0.432 1 13.49  <0.001 [0.206; 0.659]

Giving-up density 168 0.204 0.521  Treatment —0.053 1 0.31 0.578 [-0.117; 0.011]
Latency body 0.059 1 6.79 0.009 [-0.010; 0.129]
Daytime -0.132 1 15.30  <0.001 [-0.196; —0.068]
Treatment x Latency body 0.080 1 1.48 0.225 [0.015; 0.144]
Treatment x Daytime 0.080 1 2.92 0.087 [-0.011; 0.171]
Latency body x Daytime 0.006 1 3.57 0.059 [-0.058; 0.071]
Treatment x Latency -0.102 1 4.67 0.031 [-0.193; —0.011]
body x Daytime

Variation in GUD log 84 0.159  0.284  Treatment 0.210 1 0.28 0.594 [-0.622; 1.041]
Latency body —2.444 1 0.50 0.480 [—0.843; 0.356]
Daytime 0.862 1 6.94 0.008 [0.031; 1.694]
Treatment x Latency body —-0.616 1 0.12 0.731 [-1.450; 0.218]
Treatment x Daytime —0.089 1 0.02 0.886 [—1.265; 1.087]
Latency body x Daytime 0.361 1 7.80 0.005 [-0.474; 1.195]
Treatment x Latency 1.018 1 2.67 0.102 [-0.162; 2.197]

body x Daytime

¥ Time in trays — sum of time spent in trays per side of arena, N Visits in trays — number of visits in seed trays per side of arena, variation in GUD — difference in
giving-up density between the two seed trays on either side of the arena, treatment — light treatment, latency body — latency to leave the nest box for the first time
(measure of boldness), Rm — marginal R? value based on fixed factors, R. — conditional R? value based on fixed and random factors, df — degrees of freedom. P < 0.05

is indlicated in bold.

applicable institutional and national guidelines for the care and
use of animals were followed.

Grassland Enclosure Experiment

Study Subjects and Experimental Design

Bank voles were equipped with a passive integrated transponder
tag (PIT, Trovan ID-100, 2.12 mm x 11.5 mm, 0.1 g) for
individual identification and kept in standard makrolon cages
on a standard rodent diet until the start of the experiment. The
study was conducted from November 2013 to April 2014 in
six large naturally vegetated grassland enclosures near Potsdam,
Germany. Each enclosure was 0.25 ha (50 x 50 m) in size and
was surrounded by a galvanized metal wall extending 1 m below
and 0.5 m above ground. Voles were protected against terrestrial
predators through an electrical veterinary fence surrounding the
facility. Enclosures were open to avian predation.

Artificial light at night was created by using small solar
powered garden lamps with single LEDs (Conrad Electronics,
Hirschau, Germany, Model 572129, for spectral distribution see
Eccard et al., 2018). Four enclosures were partially illuminated

(half of each enclosure, Figure 2), while two enclosures served
as controls where the whole enclosure was uniformly dark and
illuminated, respectively. Lamps were 60 cm high and were above
the grass layer in winter, but immersed in the grass layer later in
spring. Lamps emitted a cold white light with a high proportion
of blue light (color temperature = 7,250 K) through one diode
and contained a diffuser to scatter the light. Diode and diffuser
created a brighter zone surrounding the lamp (radius r = 25 cm,
illuminance i = 0.8 Ix) and a dimmer outer zone (r = 2.5 m,
i < 0.1 Ix; for details see Eccard et al., 2018).

Thirty-six bank voles were released into enclosures from
November until December with three females and three males
in each enclosure. Multicapture live traps (Ugglan special No 2,
Grahnab, Sweden) were evenly distributed across each enclosure
(N =36, 6 x 6 grid). Traps were sheltered against wind and sun by
metal boxes (30 x 20 x 20 cm) and a tile as cover. Animals were
captured in January and February to obtain survival estimates.

Radio Telemetry
We conducted 24 h radio telemetry at the beginning of April
during half moon and at the end of April during new moon. To
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FIGURE 2 | Naturally vegetated outdoor enclosure with partial nighttime
illumination. Artificial light at night was created using small LED garden lamps
(circles). Multicapture live traps were evenly distributed across each enclosure
(black boxes). A 24 h radio telemetry was conducted during half moon and
new moon using Yagi antennae in the corners of the enclosure connected to
an automatic receiving unit.

conduct the telemetry with sufficient sample size, we transferred
additional animals (N = 24, two females and two males
per enclosure) into the enclosure in mid-March. For detailed
information on the methods see Hoffmann et al. (2018). In
short, each enclosure was equipped with an automated radio
telemetry system, consisting of eight Yagi antennae (Winkler-
Spezialantennen, Germany) connected to an automatic receiving
unit (Sparrow System, United States). After a calibration using
stationary transmitters, locations of each transmitter could be
calculated via trigonometry.

Voles were live-trapped and fitted with radio telemetry
transmitters (Holohil BD-2C, ~1 g). In the half moon telemetry
session 13 individuals were tracked (4 individuals in uniform
enclosures, 9 individuals in partially illuminated enclosures)
and in the new moon session 19 individuals were tracked (6
individuals in uniform enclosures, 13 individuals in partially
illuminated enclosures). A location was calculated every 10 min
resulting in 144 locations per animal in 24 h.

Statistical Analysis

All statistical analyses were performed with R version 4.0.3 (R
Core Team, 2020) and for each analyzed variable we present the
mean together with the standard deviation.

Side distribution of individuals within enclosures at day and
night was analyzed using a Wilcoxon rank sum test. Separate tests
were conducted for individuals tracked during half moon and
new moon. Number of locations on the illuminated side divided
by the total number of locations was compared to a theoretical
value of 0.5 were no side preference or avoidance would be
present. Additionally, side distribution of individuals within
partially illuminated enclosures was compared to a random side
distribution of individuals living in uniformly dark or illuminated
enclosures at day and night using a Wilcoxon rank sum test. This

was limited to new moon as under half moon only three control
animals could be tracked.

Ethical Note

The experiment was conducted under the permission of the
“Landesamt fiir Umwelt, Gesundheit und Verbraucherschutz”
(LUGV; reference number V3-2347-44-2011) investigating
effects of animal personality on risk taking (here: ALAN).
Animals were housed under the permission and control of
the LUGV (reference number 3854-1-132). All applicable
institutional and national guidelines for the care and use of
animals were followed.

RESULTS

Laboratory Experiment

Time Spent in Seed Trays

On average, voles spent 84.71 £ 125.74 min (Nndividuals = 21)
in all four seed trays combined during the treatment night and
the following day. The interaction of latency body and daytime
was significant (x2 = 15.14, P < 0.001, N = 84, Table 2). During
the day, shy animals (longer latencies to emerge) spent less time
in trays than bold animals, but during the night we detected no
difference (Figure 3 and Table 3). Initial body mass had no effect
on time spent in trays (Table 1).

Number of Visits to Seed Trays

Animals conducted 50.3 & 56.3 visits to all seed trays combined
(Nindividuals = 21). Animals visited seed trays more often during
night than during day at the dark (night: 21.5 4= 25.0, N = 21; day:
6.5 = 9.3, N = 21) and the illuminated side (night: 14.5 &+ 16.0,
N = 21; day: 7.9 £ 10.5, N = 21; Tables 2, 3 and Figure 4A).
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FIGURE 3 | Influence of daytime and latency body (scaled) on the cumulative
time animals spent in seed trays on each side of the experimental arena of 21
bank voles. Black dots and the solid line show the raw nighttime data and the
prediction line from the linear mixed effects model, respectively. White dots
and the dashed line show the raw daytime data and the prediction line from
the model. Gray areas represent 95%-confidence intervals. The y-axis is log
scaled. The higher the latency body, the shyer is the animal.
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TABLE 3 | Results of post hoc analyses of linear mixed models via Wald chi-square (x2) test.

Dependent variable Interaction Fixed Across Slope Level Estimate X2 P

X Time in trays Latency body x Daytime Daytime Latency body Day —1.923 21.82 <0.001
Night —0.251 0.37 0.543
N Visits in trays Treatment x Daytime Treatment Daytime Dark —1.427 74.43 <0.001
Light —0.786 22.58 <0.001

Daytime Treatment Day —0.293 3.14 0.076

Night 0.348 4.42 0.071
Latency body x Daytime Daytime Latency body Day —0.630 12.98 <0.001

Night —0.198 1.28 0.258

Giving-up density Treatment x Latency body x Daytime Treatment Daytime Latency body Dark —0.006 0.04 0.848
Light 0.095 8.20 0.008

Daytime Treatment Latency body Day —0.080 5.70 0.034

Night 0.022 0.45 0.503

2 Time in trays — sum of time spent in trays per side of arena, N Visits in trays — number of visits in seed trays per side of arena, treatment — light treatment, latency body —
latency to leave the nest box for the first time (measure of boldness). P < 0.05 is indicated in bold.

At night, voles tended to visit the seed trays at the dark side of
the arena more often (21.5 &+ 25.0, N = 21) than those on the
illuminated side (14.5 & 16.0, N = 21) while during the day voles
tended to visit those trays more often on the side of the arena
that had been illuminated at night (7.9 4= 10.5, N = 21) compared
to those on the formerly dark side (6.5 & 9.3, N = 21; Table 3
and Figure 4A). While latency body did not explain the number
of visits to the seed trays at night, bold animals (short latency)
visited trays more often than shy animals (long latency) during
the following day (x? = 13.49, P < 0.001, N = 84; Table 3 and
Figure 4B). Initial body mass had no effect on the number of
visits to seed trays (Table 1).

Giving-Up Density

Averaged over all seed trays, giving-up density (GUD) was
0.33 £+ 0.21 g of millet per 450 ml of sand (N = 168). GUD
was influenced by an interaction of treatment, latency body
and daytime but not by the initial body mass of the animal
(Tables 1, 2). The influence of latency body on GUD did not
differ between day and night at the dark side of the arena while
at the illuminated side the effect of latency body was stronger at
day than at night (Table 3 and Figure 5). Bold individuals (short
latency) exploited trays to lower GUDs than shy individuals (long
latency) but this difference was greater during the day at the
formerly illuminated side of the arena compared to the formerly
dark side (Table 3 and Figure 5).

Exploitation Efficiency

To investigate differences in exploitation efficiency, we tried to fit
population-level harvesting curves to total seeds taken out of the
seed trays depending on the cumulative time animals spend in the
tray for dark and illuminated trays at night and the subsequent
day. However, we were not able to fit functions that explained
enough variance (Supplementary Material 3).

Body Mass Change

Animals experienced a change in body mass of —1.62 £ 1.37 g
over the course of the experiment. Body mass change did not
differ depending on boldness (latency to emerge; t = —1.36,
df =19, P=0.191).

Grassland Enclosure Experiment

Side Distribution

On average, 61.2 £ 36.6% (N = 44) of locations of voles living
in partially illuminated enclosures were within the illuminated
part of the enclosure. Rates did not differ from expected 50%
during the day and during the night at half moon (Ug,, = 29,
P=0.496; Upjgn; =20, P=0.812; N =9) and new moon (U, =61,
P =0.293; Uyjgny = 68, P = 0.122; N = 13). Additionally, rates
did not differ at new moon between animals living in partially
illuminated enclosures and animals living under uniformly dark
or illumination conditions during day (Ug,, = 27, P = 0.313;
Npartiat = 13, Nypiform = 6) and night (Ug,, = 35, P = 0.757;
Npartial = 13, NUniform =6).

DISCUSSION

We found that light treatment and individual boldness influenced
the behavioral variables measured in the laboratory experiment.
Animals tended to visit dark seed trays more often than
illuminated trays during the night and tended to visit previously
illuminated seed trays more often than previously dark trays
during the day. Overall, boldness influenced foraging behavior
more during day than during night with bold individuals
spending more time in seed trays, visiting seed trays more
often and having lower GUDs than shy individuals. While GUD
was similar between dark and illuminated seed trays within
individuals of varying boldness during the night, bold individuals
had lower GUDs in previously illuminated trays than in dark
trays during the day. In contrast, animals did not show avoidance
or preference of the illuminated side in the naturally vegetated
grassland enclosures.

While moonlight and skyglow (the reflection and scattering
of ALAN by molecules or aerosols in the atmosphere) elicit
a dim and spatially relatively homogeneous nighttime surface
illumination (Kyba and Hoélker, 2013), direct light sources often
create a spatially heterogeneous “nightscape” with higher light
intensities (Kuechly et al., 2012; Hale et al., 2013). We can
show that small mammals adjust their foraging behavior to the
artificial light conditions at the foraging side. Our findings of a
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reduced number of tray visits at illuminated trays at night are in
accordance with Bird et al. (2004) who found that Beach mice
decreased the number of patches they foraged in with increasing
proximity to artificial light sources. On the other hand, time spent
in trays and GUDs between dark and illuminated trays were
similar at night. Animals might have reduced their movement
between seed trays in the area subjected to ALAN to decrease
visibility for predators. Nevertheless, they have to fulfill their
energetic demands through foraging and might not be able to
reduce the time they spent at the foraging site any further.

Shy individuals avoided foraging during the day more than
bold individuals, leading to a reduced time spent in seed trays
and number of tray visits. The arena provided no shelter except
the nest box so that bank voles, which are common prey for a
large variety of ground and aerial predators (Halle, 1993), might
have experienced an increased perceived predation risk with
increasing illumination. As the highest illumination level was
present during the day, shy individuals who are more risk-averse
might have reduced their diurnal foraging activity to a minimum
while bold individuals did not reduce the time they spent in
seed trays and the number of visits to trays. Thus, animals with
varying personalities may differ in their perception of temporal
risk distribution and in their risk allocation (Lima and Bednekoff,
1999). Alternatively, bold individuals might have to maximize
foraging as they are shown to have a higher metabolism than shy
individuals (Binder et al., 2016; von Merten et al., 2020). In that
case, they are forced to show higher foraging activity even though
perceived predation risk is high to fulfill their energetic needs.

Additionally, we can show a carry-over effect from the
nighttime illumination to the foraging behavior shown at day as
animals tended to visit seed trays more that were illuminated at
night than those that previously were dark. This way, they could
try to compensate for reduced nocturnal foraging. However,
GUDs during the day differed depending on light treatment
and boldness of the individual. With increasing boldness,
the GUDs in the previously illuminated seed trays strongly
decreased, suggesting that bold individuals try to maximize food
consumption to compensate for missed foraging opportunities at
night while shy individuals spent even more time on vigilance
behavior. This might be a result of a so called “memory window”
(Hughes et al., 1992). A foragers’ behavior is influenced by its
recent experiences in that environment. Perhaps shy individuals
reduce their foraging at previously illuminated seed trays during
the day as they remember the increased perceived predation risk
during night and might attach more importance to that memory
than bold individuals.

Depending on the behavioral changes caused by ALAN in
predators of small mammals, the different responses of bold and
shy individuals to spatially heterogeneous nighttime illumination
can lead to a selection of a certain behavioral type and therefore
to a loss of behavioral variation. If predators are avoiding
illuminated sites, bold individuals should be at an advantage as
they face no increased predation risk while having a higher access
to food than shy individuals. On the other hand, studies show
that aerial predators such as owls are able to increase hunting
efficiency under increased nighttime illumination (Clarke, 1983).
In that case, shy individuals might be at an advantage as their

risk of being predated upon is lower than for bold individuals
as they avoid illuminated habitat patches. Either way, ALAN
has the potential to dramatically shift species interactions by a
change in behavior of important prey species and thus can affect
several trophic levels.

In contrast to the laboratory, we could not find an influence
of partial nighttime illumination on the distribution of animals
within grassland enclosures. In a previous study, we had found
that animals increased their activity in illuminated enclosures
compared to dark enclosures (Hoffmann et al., 2019), however,
offering partial illumination in this study, we could not find
a preference or avoidance for the illuminated part. A possible
explanation for this could be that animals were able to avoid dim
nighttime illumination by using vegetation cover and burrows.
Furthermore, the light emitted by the solar garden lamps was
more than ten times lower than the light used in the laboratory
experiment. It resulted in surface illumination levels 2-3 times
brighter than the maximum full moon illuminance on Earth
(hypothetical value: 0.3 1x) down to a typical summer full moon in
Berlin/Brandenburg (~ 0.1 Ix, Jechow et al., 2020) in only small
parts of the enclosure while in most areas artificial illumination
levels were below that level. The presence of high vegetation
in April might have been sufficient to diminish the effect of
increased predation risk sufficiently so that animals did not need
to adjust their space use behavior. However, it may be interesting
to investigate in future studies whether ALAN affects small-scale
behavioral traits, such as time spent foraging above-ground, time
spent hiding in burrows and burrowing activity or time spend
foraging directly under lamps.

This study shows that partial nighttime illumination can affect
night- and daytime foraging behavior of small mammals and
provides further insights into how animal personality is related
to behavioral changes caused by ALAN. While we can show that
ALAN has carry-over effects regarding movement and foraging
behavior into the daytime, it remains unclear how these affect
interspecific interactions with diurnal species on the same and
higher trophic levels. Thus, future studies on the effects of ALAN
should extent their view from the night into the day to be
able to better estimate the consequences of increasing nighttime
illumination for ecosystems.
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Light pollution causes attraction and/or disorientation of seabirds, leading to mortality
events due to multiple threats. This is a poorly understood phenomenon, largely
because of the challenge to track seabirds at night from their nests to the grounding
light-polluted locations. New tracking technologies can inform about this phenomenon.
Here, we used GPS transmitters with remote download to track the flights of Cory’s
shearwater Calonectris borealis fledglings from an inland experimental releasing site
to the ocean. We released birds assigned to three experimental groups: GPS tagged,
tape-labelled, and control birds. We assessed how both intrinsic (such as body mass,
body condition, body size, and down abundance) and extrinsic (i.e., flight descriptors,
such as distance, straightness, and flight duration, wind speed, or moon luminance)
factors influenced light-induced groundings by using two datasets: one including the
three groups and another including just the GPS tagged birds (as GPS devices provide
unique information). We tested whether the probability of being grounded by artificial
lights was related to intrinsic factors. With the use of the whole dataset, we found
that birds with a higher down abundance had a higher probability of being grounded.
GPS data revealed that the probability of being grounded was positively related to the
tortuosity of flights and the overflown light pollution levels. Also, birds with slower flights
were more likely to be grounded than birds with fast flights. Tortuosity increased with light
pollution levels but decreased with the ambient light of the moon. GPSs with remote data
download provided information on birds reaching the ocean, this being a substantial
improvement to previous studies requiring recapture of the individuals to retrieve the
data. GPS tracks of birds reaching the ocean allowed us to know that some birds
overflew coastal urban areas so light-polluted as the landing sites of grounded birds.
We provide novel scientific-based information to manage seabird mortality induced by
artificial lights.

Keywords: Canary Islands, coastal environment, conservation, management, mortality, light pollution, phototaxy
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INTRODUCTION

Light pollution is an important threat to biodiversity
conservation because it can cause cascading effects on ecosystem
functioning (Longcore and Rich, 2004; Holker et al., 2010).
Despite the numerous studies and reviews of the field, the
underlying factors are far from being understood (Gaston et al.,
2014, 2021), especially for secretive species. From a conservation
point of view, mass mortality events of organisms are one of the
most severe ecological consequences of light pollution, involving
a wide range of taxa such as moths, sea turtles, passerine birds,
and seabirds (Rich and Longcore, 2006).

Seabirds are one of the most endangered groups of birds
(Croxall et al., 2012; Dias et al., 2019). Within seabirds, petrels
and shearwaters (Order Procellariiformes; hereafter petrels) are
mainly threatened by introduced predators in their nesting
grounds and commercial fisheries at sea (Rodriguez et al., 2019).
Petrels also suffer from mass mortality episodes caused by
artificial night lighting (Rodriguez et al., 2017). For a long time,
it has been known that petrel fledglings are attracted and/or
disorientated by artificial lights when they are leaving their nests
for the first time and fly towards the sea (Imber, 1975). More
than 56 burrow-nesting petrel species, some of them critically
endangered, are affected by lights (Rodriguez et al., 2017; Silva
etal., 2020). Every fledging season, on islands where humans and
petrels coexist, thousands of fledglings of different species are
grounded by light pollution. This phenomenon called “fallout”
exposes grounded birds to injuries or death by collision with
human structures or vehicles, as well as predation by introduced
or domestic animals (e.g., rats, cats, and dogs), but also plumage
soiling, inanition, or dehydration. To mitigate light-induced
mortality, rescue campaigns are conducted by local governments
and NGOs, releasing into the ocean a high proportion of the
admitted birds. Without human intervention (i.e., the rescue
actions) it is assumed that most grounded birds would die (Le
Corre et al.,, 2002; Rodriguez and Rodriguez, 2009; Fontaine
etal, 2011). Around 10% of birds collected in the campaigns die
before release back to the wild, although light-induced mortality
could be higher as laypeople do not usually report dead birds,
thus 40% is possibly a more accurate estimate (Podolskyi et al.,
1998; Ainley et al., 2001; Rodriguez et al., 2014). Why petrels
become disorientated by lights is far from being fully understood
(Atchoi et al., 2020). The majority of our knowledge about the
fallout comes from observational data from rescue campaigns
and mainly consists of the reporting of species identification,
individual numbers, dates, and locations (Rodriguez et al., 2017).

Analyses of rescue campaign data have uncovered the main
factors determining the number of grounded birds. Thus, more
fledglings are grounded during moonless, windy, and around
peak fledging period nights (Telfer et al., 1987; Rodriguez et al.,
2014; Syposz et al, 2018). Rescue campaign data have also
described the spatial distribution of the fallout, showing the most
dangerous areas. However, the highest numbers of grounded
birds have not been reached in the most light-polluted areas
according to satellite imagery (Troy et al., 2011, 2013; Rodrigues
et al,, 2012). It is probably because of the interaction with other
influential factors, such as distribution of the breeding colonies

and distance to artificial lights. Unfortunately, rescue campaigns
cannot identify the colony of origin of birds grounded by artificial
lights. Therefore, questions regarding the distance at which birds
are attracted to lights and light intensity thresholds leading to
fallout events, remains unanswered (Troy et al., 2011; Rodriguez
et al,, 2015b). In this sense, in Hawaii, it has been suggested that
fledglings could be attracted to lights from a long-distance and
a substantial number of birds are attracted back to land after
reaching the sea (Troy et al., 2013).

Current technological advances in remote tracking systems
can help to understand why petrels are attracted to lights. One
of our previous studies using GPS data-loggers to track the
flights of Cory’s shearwater fledglings from nest-burrows to
light-polluted areas on Tenerife revealed that: (a) 50% of the
birds were grounded within a 3 km radius from the nest-site;
and (b) flight distance was positively related to light pollution
levels (Rodriguez et al., 2015b). In this study, we conducted an
experiment to assess the percentage of birds grounded by light
pollution and to assess intrinsic and extrinsic factors related to
the probability of grounding. We assessed intrinsic factors, such
as body mass, body size, body condition, and down abundance,
and extrinsic factors, such as moon luminance, wind speed, and
overflown light pollution levels. We hypothesized that fledglings
in a poor body condition have a higher chance of grounding
due to lights and that light levels (from artificial light sources
or the moon) play an important role in the probability of
grounding. We expected that the higher moon illuminance and
the lower overflown light pollution levels would result in a
lower probability of groundings for shearwater fledglings. Given
that shearwater fledgling flights are favoured by wind gusts;
wind speed could help fledglings to keep on flight for longer.
Consequently, we hypothesized that windy conditions reduce the
probability of being grounded. This may seem contradictory to
previous observational studies, which reported higher number
of grounded birds during windy nights (e.g., Rodriguez et al,
2014; Syposz et al., 2018). However, the increase of groundings
could be a consequence of a higher number of fledglings flying
around and then being susceptible to artificial lights. To achieve
these aims, we employed miniaturised GPS-GSM data loggers
on Cory’s Shearwater fledglings from rescue campaigns. This
technology enables downloading positional data remotely, with
no need for recapturing the individuals. Further, we assessed
light pollution levels by using high-resolution nocturnal satellite
imagery. As precise knowledge of factors affecting fallout could
have important implications for conservation and management,
we discuss our findings in relation to previous studies.

MATERIALS AND METHODS
Study Area and Species

The study was conducted on the south face of Tenerife Island,
the largest and the highest of the Canary Islands (2,034 km?
and 3,718 m a.s.l.). The coastline (342 km) is predominantly
rocky with boulder shores, and cliffs up to 300 m high. The
climate is subtropical and oceanic. Oceanographic conditions
are influenced by northeast trade winds and marine upwelling
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that occur off the northwest African coast (Barton et al., 1998).
In 2019, the local human population was around 949,471
inhabitants. In addition, as the island’s economy is heavily
dependent on tourism, several millions of visitors are received
each year, and they mainly stay in touristic resorts in coastal areas
(Martin-Ruiz, 2001; ISTAC, 2020).

Cory’s shearwater (Calonectris borealis) is a medium-sized
pelagic seabird (body mass, 600-800 g; wingspan, 112-
126 cm), that breeds underground in Azores, Berlengas, Madeira,
Selvagems, and the Canary Islands. Its diet is composed of
pelagic fishes, cephalopods, and crustaceans, and it spends the
non-breeding period in the southern coasts of America and
Africa (Reyes-Gonzalez and Gonzalez-Solis, 2016). Shearwaters
are present for breeding in Canarian waters from February to
November. Single-egg clutches are laid in early June, and thus
only up to one individual may fledge per nest and year during late
October to early November (Martin and Lorenzo, 2001). Adults
visit the colonies only at night, and juvenile birds usually leave
the nest in the first 3 h after sunset (Rodriguez et al., 2015b).
Cory’s shearwater is the most abundant seabird species in the
Canary Islands (Martin and Lorenzo, 2001). On Tenerife, its
breeding population has been estimated at 8,200-16,600 pairs
(Rodriguez et al., 2015b).

Cory’s shearwater fledglings are attracted to artificial lights
during their initial flights from their colonies to the Ocean.
This attraction occurs in Azores, Madeira, and the Canary
Islands causing the death of thousands of individuals every
year (Rodriguez and Rodriguez, 2009; Fontaine et al., 2011;
Rodrigues et al., 2012), but also in Mediterranean colonies of
the related Scopoli’s shearwater (Calonectris diomedea; formerly
considered a single species) (Baccetti et al., 2005; Rodriguez
et al., 2015a). In Tenerife, there is an island-wide rescue
programme implemented by La Tahonilla Wildlife Rehabilitation
Centre (thereafter TWRC) and funded by the local Government
(Cabildo Insular de Tenerife). According to the TWRC database,
the number of fledglings recovered by this programme varied
annually according to the moon cycle, but overall it has increased
since its inception in 1990 (Rodriguez et al., 2012b). During the
last five fledging seasons (2016-2020), the annual average of birds
rescued on Tenerife by the programme after being grounded by
artificial lights was 2,124 £ 526.1 (mean =+ SD; range: 1,441-
2,610).

Experimental Design

Tracking shearwater fledglings from their nests to grounding
locations in Tenerife Island is a daunting task. First, Cory’s
shearwater nests underground, in deep and inaccessible burrows
(Rodriguez et al., 2022), located on high vertical cliffs or steep
terrain. Therefore, extracting the nestlings for handling and
marking is precluded for most nests. Second, being unable to
monitor nestling growth, we cannot predict fledging dates with
the accuracy needed. Batteries would get flat before birds fledge
as energy consumption is higher when the GPSs are underground
trying to connect with satellites. Third, sampling nestlings at their
natural nests renders a smaller sample size as many devices would
not work (see Rodriguez et al., 2015b for a complete discussion
on the technical challenges). Given the above shortcomings,
our sample size consisted of fledglings presumably affected by

light pollution and later found by volunteers during the rescue
campaign in 2017, 2018, and 2019. All birds were rescued
the night before our handling took place and admitted to the
programme conducted by TWRC. A visual inspection assessed
the healthy status of birds. Birds underweight (<420 g), lethargic
(with no perceptible reactions when handled), bleeding, with
injuries, or with other clear evidence of violent collisions (e.g.,
damaged plumage or broken limbs) were excluded. Therefore,
we only selected individuals among apparently healthy birds and
thus able to fly.

We released the birds in a natural cave (simulating a natural
burrow) situated 8 km inland and at 900 m a.s.l. on the south
face of the island. In this part of the island, which concentrates
the most largest and densest tourist urban areas of the island,
more than 50% of the total number of stranded fledglings
are reported annually (Rodriguez and Rodriguez, 2009). Before
release, each bird was measured (see below) and randomly
allocated to one of the three experimental treatments: GPS-
tagged, tape-labelled, and control (see procedure details below).
This procedure allowed us to quantify the percentage of birds
attracted to artificial lights for each experimental treatment. Local
authorities and environmental NGOs made a special effort on the
media to involve the general public to rescue as many stranded
birds as possible. The public was requested to collect and retain
the birds, especially those wearing markings, and then call and
inform TWRC. Rescued birds were examined by TWRC staft
before their subsequent release into the sea.

Morphological Measurements

All birds were banded with metal rings and handled as described
in Rodriguez et al. (2012a). For every fledgling, date, recovery
location, body mass, wing length (W), tarsus length (T), skull
length (S), and four bill morphometric measurements were
recorded. Bill measurements were culmen (C, from the base of
forehead feathers in centre of nasal tube to distant part of the
curve of the hooked bill), bill length at nostril (BL, from centre
of dorsomedial part of tube to distant part of the curve of the
hooked bill), bill depth (BD, from the base of forehead feathers
to ventral surface of lower mandible), and bill depth at nostril
(BDN, from the base of nasal tube at nostrils to ventral surface of
bill). The biometrics were taken by the same person (BR) using
a spring balance (nearest 5 g), a rule (precise to 1 mm), and an
electronic calliper (nearest 0.01 mm). The presence of down in
the head and belly was assessed in an ordinal scale (0 = absence,
1 = presence of down, and 2 = entirely covered by down), and the
sum of the two values (head and belly) was used as a down index
(DI), ranging from 0 (down absence) to 4 (head and belly entirely
covered by down).

Treatments

We randomly assigned birds to one of the three treatments:
GPS-tagged, tape-labelled, and control birds. Birds of the
first treatment (GPS-tagged) were tagged with customised
GPS-GSM  devices designed and provided by DigitAnimal’
(Méstoles, Spain). Each device was put in a heat-shrink tube for
waterproofing, and its final size was 28 x 55 x 18 mm. The device

'www.digitanimal.com
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weighed 23 g, which represented less than 4% of the body mass of
Cory’s shearwater fledglings (mean £ SD = 3.4% =+ 0.3; n = 87).
Devices were attached to the mid-dorsal feathers of birds with
TESA tape (Puitz et al., 1997). GPSs were programmed to record
a position every 30 s from approximately one hour after sunset
on the day of deployment. Data were remotely transmitted and
downloaded to an internal server in spreadsheet files. To the just
tape-labelled birds (second treatment), we attached a 4-5 cm long
stripe of TESA tape to the mid-dorsal feathers. Then, we wrote
a code number with a black permanent ink pen. This second
treatment was intended as a control given that birds without
marks on their back could be overlooked by rescue workers
and volunteers (see section “Discussion”). Control birds (third
treatment) were not GPS nor tape-labelled, but they were handled
as long as the other treatment birds, and they were also measured
and banded to allow identification.

Data Processing
The positional data recorded by the GPS devices were imported
in Qgis (version 3.14.16.; Open Source Geospatial Foundation
Project?). We built two databases: one of the complete tracks
(n = 43), ie., those containing all locations from the release
point to the ending sites, and another containing environmental
information of each GPS position of complete tracks (n = 1,985
locations). For each complete track, we calculated fifteen
descriptive variables (Table 1). For each point location, we
calculated land altitude and irradiance. We extracted the
irradiance values of nighttime lights from nocturnal satellite
imagery as a proxy of light pollution. Three cloud-free composite
of VIIRS nighttime lights corresponding to November 2017-2019
and produced by the Earth Observation Group, NOAA National
Geophysical Data Center® were used. A Digital Elevation Model
(DEM) with a cell size of 25 x 25 m and an accuracy of
1 m of horizontal and vertical resolution, respectively, was
obtained from the Digital Atlas of Tenerife Cabildo de Tenerife*
and used to calculate the elevation of every GPS location.
Sunset times in minutes were obtained from the NOAA Global
Monitoring Laboratory.> Moon luminance (continuous variable)
was measured as the percentage of luminance at full moon at
zenith at distance equal to the mean equatorial parallax (Austin
et al., 1976). We calculated moon luminance for each 10-min
period by using the moonlight Fortran software (Austin et al.,
1976). Wind direction and wind speed were taken at 10-min
periods from a meteorological station located at 10 km from the
releasing site (Las Galletas, Agrocabildo, Cabildo de Tenerife®).
To identify the areas where birds concentrated, we created
kernel density estimations for the GPS positions of all tracked
birds by using the heatmap algorithm (Interpolation) at
the processing toolbox of Qgis. We also created animations
of movement trajectories (Schwalb-Willmann et al., 2020;
Supplementary Animations 1).

Zhttp://qgis.osgeo.org
*https://eogdata.mines.edu/products/vnl/#monthly
“http://atlastenerife.es/portalweb
Shttps://www.esrl.noaa.gov/gmd/grad/solcalc

Swww.agrocabildo.org

TABLE 1 | Variables used to describe flights of GPS-tagged Cory’s Shearwater
(Calonectris borealis) fledglings in Tenerife, Canary Islands, during 2017-2019.

Variable Description

Ending site Three categories depending on where the
departure flight ended: (a) ground (if the bird was
stranded by light pollution), (b) coastal sea (if the
bird rested on the sea surface closer than 1 km
from the coastline), or (c) sea (if the bird rested on

the sea surface farther than 1 km offshore).

Sea Yes or no, if the bird overflew the sea surface and

come back to land prior to reaching its ending site.
Straight distance Minimum distance (km) from the release point to
the ending site.

Flight distance Distance (km) covered from the release point to the

ending site.

Duration Time (minutes) since the bird left the release point
until it reached the ending site.

Flight speed Mean speed (km/h) calculated by dividing covered
distance by duration.

Bearing Horizontal angle (degrees) between the direction

from the release point to the ending site with

respect to the true north.
Straightness Index calculated as the ratio between straight
distance and flight distance.

Moon luminance Percentage of moon luminance at the onset of the

flight.

Sunset time Time elapsed from sunset to flight initiation
(minutes).

Wind direction Wind direction at the time of the flight starting
(degrees).

Wind speed Wind speed at the time of the flight starting (m/s).
Mean irradiance from all GPS locations of each
flight.

Standard deviation of irradiance from all GPS

locations of each flight.

Mean light pollution

SD light pollution

Maximum value of irradiance overflew from all GPS
locations of each flight.

Maximum light pollution

Variables included in the univariate GLMs explaining the probability of being
grounded are in bold (see main text).

Data Analysis

To estimate bird size and bird body condition, we first ran
a principal component analysis (PCA) on the seven centred
and scaled morphometric variables (W, T, S, C, BL, BD, and
BDN; see above for details). The first principal component was
used as a body size index (BSI). The first principal component
retained 67.8% of the variation (Supplementary Table 1). The
seven morphometric variables showed positive factor loadings
(factor loadings: 0.28, 0.35, 0.43, 0.41, 0.41, 0.38, and 0.36 for W,
T, S, C, BL, BD, and BDN, respectively) and highly significant
correlations to the first principal component (Supplementary
Figure 1). Then, we run a linear model of body mass on
BSI (the first principal component). This regression showed
a R = 0.35 and it was statistically significant (F = 150.5,
df =1, 275, P < 0.001). Diagnostic plots indicated that model
assumptions were not violated (see Supplementary Figure 2).
Finally, we extracted the standardised residuals of this model
and used them as a body condition index (BCI), where positive
and negative values indicate that birds are heavier and lighter
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than the average in the population, respectively (Green, 2001;
Rodriguez et al., 2012a).

We ran three linear models to test for potential differences
in body mass, body size index (BSI), and body condition index
(BCI) of birds allocated to the three treatments. We also tested
for potential differences in body mass, BSI, and BCI among the
study years (2017, 2018, and 2019). No significant differences
were observed among treatments or years (see section “Results”).
Chi-square tests were used to test for differences in the frequency
of groundings among treatments and years.

We ran a generalised linear model (GLM) with binomial
error and logit link function to model the probability of being
grounded as a function of bird traits (body mass, BSI, BCI,
and DI) and experimental treatments (categorical variable: GPS-
tagged, tape-labelled, or control). As a response variable, we
included the fate of each bird as 1, if the bird was grounded
and reported in the rescue programme, or 0, if the bird
was not reported by the rescue programme. For the latter
case, we assumed the bird reached the ocean successfully. As
explanatory variables, we included body mass, BSI, BCI, and DI,
and the three-level factor treatment. To avoid multicollinearity,
we calculated variance inflation factors (VIFs) for explanatory
variables, and those with VIF values higher than 2 were excluded
(Zuur et al, 2010). Body mass, which was positively related
to BSI and BCI, reached the highest VIF value (>500), and,
consequently, it was excluded from the analyses. After that, all
VIF values were lower than 1.03.

We also assessed the probability of being grounded by using
the dataset of complete tracks. We used GLMs with binomial
errors, logit link functions, and the fate of birds (0 = non-reported
in rescue programmes; 1 = grounded) as a response variable.
Given our sample size (n = 43), we ran univariate GLMs to
avoid overparameterization. Explanatory variables in univariate
models were bird traits (i.e., body mass, BSI, BCI, and DI) and
the variables describing flight traits in Table 1 (excepting the
factor ending site, straight distance, and the two circular variables:
bearing and wind direction). To assess the variables involved
in the flight straightness, we ran univariate linear models, i.e.,
with an explanatory variable per model. As explanatory variables
in univariate models, we used bird traits (i.e., body mass, BSI,
BCI, and DI) plus the variables wind speed, time since sunset,
moon luminance, and mean, standard deviation, and maximum
of light pollution.

We ranked the models according to the AICc value to assess
the most explaining variables (the lower the AICc, the better
the model). Because variables were taken on different scales,
we standardised continuous explanatory variables (mean = 0;
SD = 1) prior to modelling. Statistical analyses were conducted in
R (version 4.0.0; R Foundation for Statistical Computing, Vienna,
Austria). We used the packages ggplot2, MASS, car, circular,
and MuMIn.

RESULTS

Recovery Rates and GPS Performance
We handled and released 277 fledglings, which were allocated
to the three treatments: 87 GPS-tagged, 92 tape-labelled, and

98 control birds (Table 2). Body mass, body size index (BSI),
and body condition index (BCI) did not differ among treatment
groups (Body mass: F = 1.248, df = 2, 274, p-value = 0.289; BSI:
F =1.460, df = 2,274, p-value = 0.234; BCI: F = 0.414, df =2, 274,
p-value = 0.662) nor among years (Body mass: F = 2.26, df = 2,
274, p-value: 0.106; BSI: F = 0.459, df = 2, 274, p-value = 0.632;
BCIL: F = 2.092, df = 2,274, p-value = 0.125).

Thirty-seven out of 277 fledglings were later recovered when
they got stranded inland after release (Table 2). The percentage
of grounded birds was slightly higher for GPS-tagged birds
(19.5%) than for tape-labelled and control birds (13% and 8.2%,
respectively), but differences were statistically non-significant
(Pearson’s Chi-squared test = 5.166, df = 2, p-value = 0.076)
(Table 2). However, we observed significant differences in
grounding rate among the years, with higher rates in later years as
follow: 2019 > 2018 > 2017 (Pearson’s Chi-squared test = 8.084,
df = 2, p-value = 0.018). A majority of birds (18; 49%) were
rescued within 24 h after release, while thirteen (35%), four
(11%), and two (5%) birds were rescued 24-48 h, 3 days, and
5 days after release, respectively. Body mass decreased for all the
rescue fledglings and this variation ranged from —103 to —5 g.
No obvious differences among treatments were observed in days
elapsed and body mass loss from release to rescue (Figure 1).

The probability of being grounded for control birds
decreased in relation to the two other treatments
(estimate £ SE = —1.114 £ 0.470, 95% CI = —2.085, —0.220).
No differences in the probability of being grounded by artificial
lights were detected between GPS-tagged and tape-labelled birds
(estimate £ SE = —0.640 + 0.427, 95% CI = —1.500, 0.187
using GPS-tagged birds as the reference value). The probability
of being grounded was positively related to the down index
(estimate &+ SE = 0.485 + 0.189, 95% CI = 0.123, 0.866), but
BSI and BCI were not significant (BSI 95% CI = —0.607, 0.134;
BCI 95% CI = —0.465, 0.285). The GLM including BSI, BCI,
DI, and treatment was significant in relation to the null model
(Deviance = 14.924, df = 5, p-value = 0.011; AICc = 215.2; null
model AICc = 219.8).

Flight Characteristics

Seventy-one of the 87 deployed GPS devices recorded positions,
but we got complete tracks, i.e., with GPS locations from the
release site to the grounding location or the ocean, from just
43 birds. Additionally, we got incomplete tracks from nine
birds (not included in the statistical analyses). Most incomplete
tracks lack the first few meters of the flight, probably due to
the difficulties the devices experienced to connect with satellites
from inside the releasing cave. Thus, loggers unable to connect
with satellites before flight initiation started to log data once the
birds were flying.

Bird flights covered distances of 18.7 £ 10.8 km and lasted for
47.3 £ 45.3 min on average (mean =+ SD; Table 3). According
to the binomial GLMs, the explanatory variables that reached
significance to explain the probability of grounding (i.e., 95%
confidence intervals did not include the 0) were straightness,
those related to light pollution, and flight speed (Table 4). The
probability of being grounded decreased with the straightness
and the speed of the bird flight, but it increased with light
pollution levels (Table 4 and Figure 2). According to linear
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TABLE 2 | Number of Cory’s Shearwater (Calonectris borealis) fledglings experimentally released, and those recovered during rescue campaigns (R) in

Tenerife in 2017-2019.

Treatment 2017 2018 2019 Total
N R (%) N R (%) N R (%) N R (%)
GPS-tagged 24 2(8.3) 21 2(9.5) 42 13(31.0) 87 17 (19.5)
Tape-labelled 33 2(6.1) 24 6 (25.0) 35 4(11.4) 92 12 (13.0)
Control 32 1(6.3) 29 2(6.9) 37 5(13.5) 98 8(8.2)
Total 89 5 (5.6) 74 10 (13.5) 114 22 (19.3) 277 37 (13.4)
N = number of handled birds; R = number of rescued birds.
Days Body mass
y Treatment y
5 -
GPS-tagged
151 44
Tape-labelled
t= 104 . Control € 31
> >
O o
O O 24
5 -
il .:
o —
T T L§ T T T T T T T T T
1 2 3 4 5 -120 -100 -80 -60 -40 -20 0
Days elapsed from release to rescue Body mass variation (Q)
FIGURE 1 | Histograms of the days elapsed from release to rescue and body mass loss between experimental release date and rescue date.

models, flight straightness was related to environmental light
levels. Flights were more tortuous with high light pollution levels,
but straightness increased with moon luminance (Table 5 and
Figure 3).

TABLE 3 | Flight descriptors (mean + SD) of GPS-tagged Cory’s Shearwater
(Calonectris borealis) fledglings in Tenerife, Canary Islands, during 2017-2019.

Variable 2017 2018 2019 Total
(n=14) (n=6) (n=23) (n=43)

Ending site

Ground 1 0 10 1

Sea close 2 3 3 8

Sea far 11 3 10 24

Sea

Yes 2 1 8 11

No 12 5 15 32

Straight distance (km) 12.1 +1.4 118+ 1.1 10.7 £ 21 11.3+£19

Flight distance (km) 150+ 25 149+£382 220+139 187+10.8

Duration (min) 246 +35 31.5+£93 5854582 43.7+453

Flight speed (km/h) 369+59 297+64 2924103 31.8+92

Bearing (°) 187.2 £ 26.8 200.8 £27.0 211.0£27.9 201.8 +28.9

Straightness index 0.8+ 0.1 0.8+ 0.1 0.6+0.3 0.7+0.2

Moon luminance 20.6 £ 4.2 59+ 91 3.3+6.1 8.8+9.8

Sunset time (min) 78 +£ 65 259 + 274 93 + 65 110 £ 123

Hotspots

All birds left the release site towards low altitude areas following
a southern heading, irrespective of wind direction at flight
initiation (Figure 4). The directions birds followed corresponded
to the most light-polluted areas in the south of our study area
(Figure 5). The areas highlighted by the kernel density estimation
(heatmap) overlapped with light-polluted and urban areas in
coastal sectors (Figure 5 and Supplementary Animations 1).

DISCUSSION

Several methodologies, i.e., radar, night-vision scopes, and GPS
data-loggers, have been employed to study the attraction of
seabirds to artificial lights (Day and Cooper, 1995; Day et al.,
2015; Rodriguez et al., 2015b). Radar and night-vision scopes do
not allow identifying the individual, so that intrinsic information
is not provided. Formerly used GPS data-loggers involved
recapturing tagged individuals to retrieve the information. As
such, information was only available for grounded individuals
(Rodriguez et al., 2015b). Our GPS-GSM devices with remote
data download let us obtain information from all fledglings,
even those not grounded and reaching the sea. They provide
substantially more data. However, our approach used a non-
random sample of birds, i.e., they had been previously exposed
to light pollution and rescued in the programme. Uncertainty in
predicting the fledging date and battery lifespan preclude the use
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TABLE 4 | Univariate GLMs explaining the probability of being grounded ranked by AlCc.

Explanatory variable AlCc AAICc Estimate Lower limit Upper limit
Straightness 32.14 0 -1.55 —-275 -0.67
Mean light pollution 32.60 0.46 145 0.61 256
SD light pollution 33.60 1.46 1.54 0.62 281
Maximum light pollution 34.66 252 1.65 0.59 3.36
Flight speed 41.57 9.43 -0.82 -1.78 -0.02
Body mass 41.83 9.69 —0.83 —1.81 0.01
Down index 42.00 9.86 0.83 —0.02 1.91
Body condition index 4219 10.05 -0.79 -1.80 0.04
Sea 42.83 10.69 1.39 —0.25 3.06
Null model 43.42 11.28 - - -
Flight distance 43.54 11.4 0.49 -0.19 1.22
Moon luminance 43.97 11.83 —0.56 —1.61 0.27
Duration 44.38 12.24 0.38 —0.33 1.15
Body size index 45.36 13.22 —0.20 -1.05 0.58
Wind speed 45.49 13.35 0.13 —0.71 0.84
Sunset time 45.59 13.45 —0.07 —1.26 0.64

Estimate and 95% confidence intervals are showed.

Significant explanatory variables are highlighted in bold, i.e., confidence intervals not including the 0.

of birds fledging from their natural nests (see a full discussion
in Rodriguez et al., 2015b). In addition, the narrow and long
entrances of the underground nests, as well as the steep nesting
colonies in cliffs, make studying fledglings at their natural nests
a challenging, even life-risky, task (Supplementary Figure 3).
Despite this shortcoming, our experimental design has shed light
on the grounding risk of young seabirds in relation to their
exposure to light pollution, as well as their pathways to the
sea, two pieces of information critical for the management of
artificial lights around seabird colonies. We also identified the
most dangerous light-polluted areas in the south of Tenerife,
where more than 50% of birds rescued on the whole island are
grounded (Rodriguez and Rodriguez, 2009).

All tracked birds oriented their flights towards low altitude,
coastal areas, which is consistent with previous research
(Rodriguez et al, 2015b; Syposz et al., 2021). The rate of
grounding, including all birds, was similar to that reported in
a previous tracking study (this study 13.4 vs. 14% in Rodriguez
etal,, 2015b). Interestingly, according to the GLM, the probability
of being grounded differed among treatments. The significant
differences detected in the frequencies of grounding for control
birds and tape-labelled or GPS-tagged birds, but not between
tape-labelled or GPS-tagged birds, suggest that control birds are
overlooked during the rescue programme. Small metal rings are
harder to spot than artificial marks on the back of the birds
(whether labels or GPSs), particularly for shearwaters which hide
the legs under their belly when they are on land. In fact, we, the
authors, noticed two ringed birds, which had been overlooked by
the rescue volunteers, among the birds we handled at the main
rescue station (note we just checked and handled a minority
of rescued birds). Another non-exclusive potential explanation
is that the labels and GPSs could affect the flight performance
of birds by disturbing aerodynamic. This is supported by our
finding on the positive correlation between down abundance

and the probability of being grounded. Fluffy down protruding
from feathers may negatively affect the aerodynamics of the
birds (Aldheeb et al., 2016). Therefore, the flight performance
of younger or less developed fledglings may diminish. In this
sense, the probability of releasing a rescued fledgling back to
the wild decreases with the abundance of down, but not with
body condition (Rodriguez et al., 2012a; Cuesta-Garcia et al,
2022). Dedicated rehabilitation centres that are equipped with
facilities to provide food, liquid and shelter in a safe place, could
additionally consider allowing birds to stay up until they grow the
plumage completely to increase their chances of survival.

Regarding the differences in grounding rates among years,
they may be related to the ambiance light level (moon
illuminance) according to the moon cycle. It is well known
that seabird groundings are reduced during the moon-lit nights
probably related to the less conspicuousness of focal artificial
lights (Imber, 1975; Telfer et al., 1987; Ainley et al., 2001; Le
Corre et al., 2002; Rodriguez and Rodriguez, 2009; Miles et al.,
2010). The full moon of November 2017 coincided with the
emancipation peak of Cory’s shearwater fledglings on Tenerife
(Rodriguez and Rodriguez, 2009). Thus, the recaptured birds
were fewer in 2017 in comparison with the two following years
(see Table 2), which is in line with the number of rescued
birds during the whole campaigns during the three study years
(2017 = 1,692; 2018 = 2,610; 2019 = 2,539 birds).

Most birds were rescued during the first 24 h after grounding,
but some of them were rescued up to 5 days after their
experimental release. All birds lost body mass, as expected given
that no food or water was provided. Body mass at fledging is
a crucial trait for the future survival and recruitment into the
breeding population for seabirds (Becker and Bradley, 2007;
Meathrel and Carey, 2007; Maness and Anderson, 2013; Perrins,
2014), and this is also true for our model species (Mougin et al.,
2000). Thus, rescuing and delivering the birds to the sea as
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FIGURE 2 | Relation of the fate of birds (grounded birds vs. birds which reached the ocean successfully) with the significant explanatory variables (see Table 4).
Black lines and grey areas indicate the predicted effects and the 95% confidence intervals according to the GLMs (Table 4). Dots have been jittered for better
visualization. The line within boxes indicated the median, the right and the left edges of the boxes represent the first and third quartiles, and the whiskers extend 1.5
times the interquartile range. Straightness is the ratio between straight distance and flight distance.

the birds grounded by light pollution, but also for those birds who
reached the ocean successfully (Figure 2). Straightness and flight
speed are two flight traits related to grounding. Birds with more
tortuous and slower flights were more susceptible to grounding.
The observed correlation between the chance to be grounded

soon as possible increases survival during the first weeks, and
consequently, increases the probability of recruitment into the
breeding population (Cuesta-Garcia et al., 2022).

The flight trajectories provided by our GPS devices are
particularly useful as they provided basic descriptive statistics for
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TABLE 5 | Univariate linear models explaining flight straightness ranked by AlCc.

Explanatory variable AlCc AAICc Estimate Lower limit Upper limit
Mean light pollution —24.83 0 -0.18 -0.23 -0.13
Max light pollution -9.84 14.99 -0.14 -0.21 —0.08
SD light pollution -8.34 16.49 -0.14 -0.20 —0.07
Moon luminance 1.54 26.37 0.09 0.02 0.16
Body condition index 5.53 30.36 0.06 —0.02 0.13
Null model 5.53 30.36 - - -
Body size index 7.26 32.09 —0.03 —0.11 0.05
Body mass 7.31 32.14 0.03 —0.05 0.11
Time since sunset 7.36 32.19 0.03 —0.05 0.10
Down index 7.83 32.66 0.01 —0.07 0.08
Wind speed 7.84 32.67 0.00 —0.08 0.08

Estimate and 95% confidence intervals are shown.
Significant explanatory variables are highlighted in bold, i.e., confidence intervals not including the O.
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FIGURE 3 | Relationships between flight straightness (calculated as the ratio between straight distance and flight distance) and significantly correlated variables
according to the linear models (see Table 5). Black lines and grey areas indicate the predicted effects and the 95% confidence intervals of univariate linear models

(Table 5).

and the above-mentioned traits could be due to the necessity the = “emergency landing” (because they were, for example, blinded
birds had to land. In other words, landing birds might need to by the light, or dazzled, they went exhausted, they perceived the
slow down their flight speed to avoid abrupt collisions. Similarly, —urban matrix as an unsafe place, or whatever the reason made
because they were seemingly forced to do what we may call an  them land), they changed their flight directions multiple times.
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FIGURE 4 | Flight direction (bearing) and wind direction at the time of flight initiation.
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FIGURE 5 | GPS locations of Cory’s shearwater Calonectris borealis fledglings tracked in the south of Tenerife, Canary Islands, during the fledging seasons of
2017-2019. (A) Heat map of all GPS locations. (B) Digital elevation model. (C) Irradiance levels taken as a proxy of light pollution from a monthly composite of
November 2019 VIIRS. (D) Urban areas are depicted in grey. Yellow star indicates the release site.

Light pollution levels, measured as the mean, the standard
deviation, and the maximum irradiance from satellite imagery,
increased the probability of being grounded. These findings
are in line with our predictions and previous research
(Rodriguez et al., 2015b). However, some birds safely reached
the ocean having flown over more light-polluted areas than
those overflown by some grounded birds (Figure 2 and
Supplementary Animations 1). How these birds managed to

reach the ocean is still an open question that deserves further
research. It would be interesting to know, for instance, if there is
a positive selection of birds able to negotiate a lighted nightscape,
and whether we should expect less grounded birds in the
future. Although certain variables, such as the increasing light
pollution levels and the rescue awareness by the general public,
could mask a decline, the number of admitted birds into the
rescue programme increases annually (Rodriguez et al., 2012b).
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Therefore, the information available does not seem to support the
latter hypothesis.

CONCLUSION

The attraction and disorientation of seabirds by artificial lights is
a poorly understood phenomenon causing mass mortality events
of seabirds (Rodriguez et al., 2017). Contrary to other marine
animals stranded by light pollution, e.g., sea turtles that leave
tracks on beach sand (Hirama et al., 2021), tracking the fledgling
flights from their nests to grounding locations is challenging.
Our experimental study has revealed that intrinsic factors, such
as down abundance in the plumage, are associated with the
probability of being grounded by artificial lights. Our GPS devices
with remote downloads have provided new insights into this
poorly known conservation issue, as they rendered information
on flight characteristics for both birds that successfully reached
the ocean and those that got stranded inland. However, given
that battery life was limited to a few hours, we had to resort
to deploying GPS tags and tracking individual birds that had
previously been grounded once after leaving their natal nests.
Longer-lasting GPS devices that may be deployed on birds that
have never experienced flight would be the next technological
development needed to provide novel information to better
understand the process of seabird fallout.
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Light is a fundamental cue regulating a host of biological responses. The artificial
modification thereof demonstrably impacts a wide range of organisms. The use of
artificial light is changing in type, extent and intensity. Insect vector-borne diseases
remain a global scourge, but surprisingly few studies have directly investigated the
interactions between artificial light and disease vectors, such as mosquitoes. Here
we briefly overview the progress to date, which highlights that artificial light must be
considered as a modulator of mosquito-borne disease risk. We discuss where the
mechanisms may lie, and where future research could usefully be directed, particularly
in advancing understanding of the biological effects of the light environment. Further
understanding of how artificial light may modulate mosquito-borne disease risk may
assist in employing and redesigning light regimes that do not increase, and may even
mitigate, already significant disease burdens, especially in the developing world.

Keywords: ALAN, light emitting diode, vector control, sustainable development goals, disease vectors

INTRODUCTION

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

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

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

MOSQUITOES AND ARTIFICIAL LIGHT

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

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

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

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

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

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

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

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

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

BIOLOGICAL EFFECTS OF ARTIFICIAL
LIGHT

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

Much attention has been paid to the circadian rhythms of
vectors since endogenous circadian clocks regulate many aspects
of behavior, physiology and metabolism (Rund et al., 2013; Prior
et al.,, 2019; Baik et al., 2020). There is extensive circadian and
light regulation of the transcriptome in An. gambiae (Rund
et al., 2013), and host circadian rhythms are disrupted during
malaria infection (Prior et al., 2019). Circadian rhythms also alter
detoxification and insecticide resistance in the malaria mosquito
An. gambiae (Balmert et al., 2014). In humans, artificial lights
have altered and extended human activity beyond strictly diurnal
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Characteristics of the
light environment

Disease risk

FIGURE 1 | Conceptual illustration to predict how artificial light may act as a modulator to mosquito-borne disease transmission. It captures the characteristics of
the light environment which alter species biologically respond to light, which then may modulate disease transmission risk. Note that all the other known drivers can
interact with that of artificial light to influence disease transmission risk. Simplified from Gaston et al. (2013).

into extensive night time hours (Chepesiuk, 2009). The causes
and consequences of daily rhythms in the interactions between
vectors, their hosts and the parasites they transmit is an emerging
research area [most recently reviewed by Rund et al. (2016)].
Increases in human activity into the nighttime mean that
nocturnal mosquitoes have a greater chance of obtaining a blood
meal, if it extends human activity outside of other prevention
methods, such as bed-net use (Barghini and de Medeiros, 2010).
In the Bolivian Amazon, 48% of An. darlingi total night biting
takes place from 19:00 to 21:00pm (Harris et al., 2006), and
there is a similarly early biting time in other anophelines in
Kenya (Cooke et al., 2015). Furthermore, Anopheles and Culex
are predominantly crepuscular and nocturnal, while Aedes spp.
are predominantly diurnal (Honnen et al, 2019; Baik et al,
2020). As such, the timing of artificial light outside of natural
regimes is a key aspect that alters mosquito biology (Sheppard
et al,, 2017). As one might expect, in the nocturnal An. gambiae
biting rates are suppressed under artificial light (Sheppard et al.,
2017), particularly UV light (Baik et al., 2020). Conversely,
under LED lights, Ae. aegypti may increase their biting rates on
humans (Rund et al., 2020). This limited evidence suggests that
ALAN reduces biting rates in nocturnal mosquitoes, but that it
may increase those of diurnal ones. How increased biting rates
translate into mosquito fitness and disease prevalence can be
further explored, especially in both laboratory and field settings.

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

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

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

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

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

CHARACTERISTICS OF THE LIGHT
ENVIRONMENT

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

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

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

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

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

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

CONCLUSION

Research conducted to date on disease transmission and risk has
mainly focused on the impacts of artificial light on vectors in
laboratory settings rather than on how real-world environments
are artificially lit, and how humans and vectors respond and
interact in those environments. While the evidence-base for
artificial light as a modulator of mosquito-borne diseases is
now established, there are still many unanswered questions and
future research can be informed by what has already been
learned from laboratory experiments and responses in other
taxonomic groups. Many questions may be answered by testing
how different characteristics of the lit environment may be
translated into the myriad of biological effects that it influences.
New approaches can quantify the key features of lit environments
and the generally overlooked components we mentioned above
(Nilsson and Smolka, 2021). Of course, ALAN can interact
with other, better known anthropogenic drivers of increased
disease risk like land transformation (Meyer Steiger et al., 20165
Lee et al, 2020) and changing climatic conditions (Medlock
and Leach, 2015). Teasing their individual contributions apart
experimentally will advance understanding into disease risk.
Popular disease frameworks such as RO equations (Hartemink
et al.,, 2015), Dynamic SEIR (Susceptible, Exposed, Infectious,
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Artificial light at night (ALAN) is altering the behaviour of nocturnal animals in a manifold
of ways. Nocturnal invertebrates are particularly affected, due to their fatal attraction
to ALAN. This selective pressure has the potential to reduce the strength of the flight-
to-light response in insects, as shown recently in a moth species. Here we investigated
light attraction of ground beetles (Coleoptera: Carabidae). We compared among animals
(three genera) from a highly light polluted (HLP) grassland in the centre of Berlin and
animals collected at a low-polluted area in a Dark Sky Reserve (DSR), captured using
odour bait. In an arena setting tested at night time, HLP beetles (n = 75 across
all genera) showed a reduced attraction towards ALAN. Tested during daytime, HLP
beetles were less active in an open field test (measured as latency to start moving),
compared to DSR (n = 143). However, we did not observe a reduced attraction towards
ALAN within the species most common at both sides, Calathus fuscipes (HLP = 37,
DSR = 118 individuals) indicating that not all species may be equally affected by ALAN.
Reduced attraction to ALAN in urban beetles may either be a result of phenotypic
selection in each generation removing HLP individuals that are attracted to light, or
an indication for ongoing evolutionary differentiation among city and rural populations
in their light response. Reduced attraction to light sources may directly enhance
survival and reproductive success of urban individuals. However, decrease in mobility
may negatively influence dispersal, reproduction and foraging success, highlighting the
selective pressure that light pollution may have on fitness, by shaping and modifying the
behaviour of insects.

Keywords: light pollution, artificial light at night (ALAN), Carabidae beetles, environmental change, llluminance,
solar powered light-emitting diode

INTRODUCTION

Light pollution is defined as the alteration of natural light levels at night by anthropogenic artificial
light sources (Cinzano et al., 2001; Falchi et al., 2016). It is no longer confined to urban areas,
with the effects also visible in remote and rural areas, sometimes many kilometres away from the
light source, i.e., sky glow (Grubisic et al., 2018). Nocturnal invertebrates, including both flying and
ground dwelling insects, are especially affected from light pollution due to their attraction towards

Frontiers in Ecology and Evolution | www.frontiersin.org 123

February 2022 | Volume 10 | Article 751288


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2022.751288
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fevo.2022.751288
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2022.751288&domain=pdf&date_stamp=2022-02-16
https://www.frontiersin.org/articles/10.3389/fevo.2022.751288/full
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Kaunath and Eccard

Light Attraction in Carabid Beetles

outdoor illuminations, such as street lanterns, spotlights at sport
events and festivals, tourist sightseeing highlights (Rich and
Longcore, 2013; Owens and Lewis, 2018), and even ornamental
LED garden tools (Eccard et al, 2018; Grubisic et al., 2018;
Owens et al., 2020).

Various function of natural light insects may explain how
artificial light at night (ALAN) can interfere in the life history
of insects in a powerful manner (Sanders et al., 2021). Natural
light sources play a crucial role in the orientation of many
insect species (Grubisic et al., 2018; Owens et al., 2020). African
Dung beetles (Scarabaeus satyrus) use the Milky Way (Dacke
et al., 2013), moths (Noctua pronuba) are known to combine
stars and moon light (Sotthibandhu and Baker, 1979), and sand
hoppers (Talitrus saltator) maintain their nightly route by the
moon (Ugolini et al, 1999). Further, visual communication
can also be part of reproductive behaviour: for example, firefly
beetles (Lampyridae) depend on light signals to find suitable
mating partners (Ineichen and Riittimann, 2012). Polarised light,
reflected from incoming light by aquatic surfaces, is used by
aquatic insects, such as mayflies, to detect suitable oviposition
locations (Longcore and Rich, 2004; Szaz et al., 2015).

Previous studies have mainly investigated the attraction of
invertebrates towards ALAN (flight-to-light response) which
causes an increase in local mortality, either by higher risk of
predation, exhaustion, and death by burning (Eisenbeis et al.,
2006). One third of attracted insects will suffer death before
the next sunrise due to one or more of the previously named
causes (Frank et al., 2006; Owens et al., 2020). Epigaeal ground-
dwelling organism such as ants, ground beetles, amphipods and
harvestmen are also affected by ALAN and accumulate in higher
abundances under artificial light sources (Davies et al., 2012;
Eccard et al., 2018; Owens et al., 2020). This behaviour is the basis
for the widespread use of light-traps as comprehensive method
for assessing the diversity of insects in which the light-trap consist
e.g., of a basic pit trap with an additional light source to increase
the number of specimen captured. Also, light trapping is a very
cost and time-efficient sampling method to produce qualitative
and quantitative data on species occurrence and distribution in a
short time period (Szentkiralyi, 2002).

Artificial bright light sources can work as an ecological trap
(Longcore and Rich, 2004; Frank et al., 2006), i.e., reduce the
fitness of animals attracted to them. In some cases they work
as evolutionary traps, (Hopkins et al., 2018) implying large-scale
effects on insect populations by adding a light specific mortality.
Given their crucial role in ecosystems as pollinators and as pest
control, this can potentially lead to a cascade across species
networks (Jankielsohn, 2018).

The massive decline of insect diversity and biomass across
ecosystems in human dominated landscapes (Hallmann et al.,
2017; Powney et al., 2019; Seibold et al., 2019) has often been
attributed to habitat loss (e.g., land use change, agricultural
intensification), chemical pollution (increased use of fertilizers),
climate change, invasive species, or a combination of these
factors. However, Owen et al. (2019) suggested that researchers
possibly suffer a “diurnal bias,” in that most attention has
been paid to daytime phenomena, and that we have not yet
studied the potential effects of light on night time phenomena

(Owens et al., 2020). Light pollution is itself potentially a
severe threat to biodiversity (Holker et al., 2010b; Grubisic
et al, 2018). Still, ALAN it is often not recognised as
potential driver: for example Hallmann et al. (2017) did not
consider the potential role of ALAN on insect biomass decline,
even though all study sites were located in the most light
polluted areas of Germany [(Grubisic et al., 2018), see Krefeld
lightpollutionmap.info/]. Since many taxa show alteration of
physiological and behavioural traits by, and fatal attraction to
ALAN [review see Sanders et al. (2021)], thus, light pollution as
a driving factor for decline cannot be excluded (Holker et al.,
2010b; Grubisic et al., 2018). More recently, several years after
Holker et al.’s proposal in 2010 to include light pollution in
insects research, studies are beginning to investigate the role of
light pollution when analysing cascading effects of insect decline
(Kehoe et al., 2021).

When looking at potential long-term consequences of light
pollution as a threat to insect populations, nocturnal, light-
attracted micromoth populations suffer a stronger decline
than corresponding diurnal species not attracted by light (van
Langevelde et al., 2018; Wilson et al, 2018), demonstrating
that, possibly combined with other factors, artificial night-
time lighting affects moth populations (Wilson et al.,, 2018).
Altermatt and Ebert (2016) also observed a reduced flight-to-
light behaviour in moth population exposed to intense light
pollution when compared to populations from Dark Sky Habitats
(Altermatt and Ebert, 2016).

Given that alteration of activity patterns (e.g., increase,
decrease, or shift of activity) are one of the main impacts
of ALAN (Sanders et al., 2021), a possible, yet understudied
outcome of constant light exposure in insects may be the general
mobility decline, as suggested by Altermatt and Ebert (2016).
In urban open spaces, highly mobile individuals encounter
artificial light sources at a higher likelihood, hence, they are
more easily captivated by light than less mobile individuals. Once
attracted, insects are not able to escape from the illuminated
zone (“captivity effect”) and face death (Eisenbeis et al., 2006),
reducing fitness of more active individuals compared to less active
ones in the same environment. It remains to be seen whether
these disadvantages for highly mobile individuals have long-
term consequences, including possible directional selection as
suggested by Altermatt and Ebert (2016).

In this study we investigate the attraction to light sources,
and the importance of long-time exposure of carabid beetle
populations by comparing animals from two populations -
either originating from a grassland habitat exposed to intense
light pollution for many decades, or from location exposed
to low light pollution levels. Carabid beetles are known
to show a positive phototaxis response to ALAN [(Owens
et al., 2020) and see Eccard et al. (2018) for some species
turning immobile at illumination], and illumination can even
result in a shift in species composition (Davies et al., 2012;
Eccard et al., 2018). We hypothesised that (a) light polluted
grassland harboured a different species community, than less
polluted areas and (b) carabid beetles (from any genus)
from highly light polluted (HLP) areas are less attracted to
artificial light sources than their counterparts. Further, we
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investigated general activity pattern in an open field test and
hypothesised that HLP beetles may be less mobile in their general
activity when compared to beetles from low light pollution.
We compared behaviour of several genera captured at both
very light polluted urban or very dark rural sites, but also
compared within populations of the same species captured at
both sites.

MATERIALS AND METHODS

Location and Animals

We collected carabid beetles from an urban area which has
been exposed to intense light pollution over several decades
in the Tiergarten (Central Berlin, Germany), and in rural
areas with very low light pollution levels at the Biological
Station Giilpe (Brandenburg, Germany), 80 km east of Berlin
during August and September 2020 (Table 1 and Figure 1).
The latter area was awarded as an “Sternenpark” [Dark Sky
Reserve (DSR)] by the International Dark Sky Association (IDA)
in 2014.

We trapped adult carabid beetles with ten wine-baited
pitfall traps at both sites for 4 days and nights in August
2020 (93 animals at DSR, 66 at HLP) and for 2 days and
four nights in September 2020 (74 animals in DSR and 88
at HLP). Traps were emptied every 12 h, i.e., after sunrise
and during sunset to distinguish dark and light capture
intervals. Beetles were kept groupwise in plastic boxes (1.3 1,
12.5 cm x 19 cm x 7.5 cm; item number RK1285A) and were
fed with pinkie maggots (Lucilia Caesar) or seeds every day.
Boxes included shelters (pinecones, moss, leaves from originated
site) and were moistened every day. Boxes were kept in an open
garden shed outside the sun, in which beetles were exposed
to the natural light-day cycle to ensure no effect of changing
light conditions. During this time in captivity, beetles were not
exposed to any artificial light sources unless they were tested in
the arena.

Animals were kept from 3-44 days until the start of the
experiment. The attraction experiment and the open field test
were conducted on two separate days for each animal. Beetles
were released at their origin afterwards.

Characterisation of Artificial Light

Source Solar Powered LED
The artificial light source used in the experiment consisted
of commercial solar powered LED (SPLED) garden lamps

(Conrad Electronics, Hirschau, Germany, Model 5721129) which
contained a 4 cm x 6 cm solar panel in its black plastic head
(diameter 105 mm) and one diode (LED). Mainly cold white
light was emitted from the integrated diode, but with a high
percentage of blue light (correlated colour temperature = 7250 K).
The spectral irradiance pattern of these lamps was published in
Eccard et al. (2018)." The position of the diode and the shape of
the diffusor created a small highly illuminated zone close by and
around the LED lamp (radius r = 25 cm, illuminance E, = 0.8 Ix)
and a further, less illuminated outer zone (r = 2.5m, E, < 0.1 Ix).
Each day the solar panel was placed in the sun to recharge its
battery (1.2 V, 600 mAh).

Behavioural Experiments

Attraction Towards Artificial Light at Night

We experimentally measured the attraction towards an artificial
light source in elongated arenas (60 cm long x 8.5 cm wide
tracks) where one SPLED was attached to one side of track
(yellow field, Appendix). Approach to the lamp by a beetle
was quantified by its presence in an area nearest to the lamp
(85 x 8.5 cm, called illuminated zone). Six beetles were
tested simultaneously (runs) in six adjacent tracks, and the
position of the lamps was swapped between subsequent runs.
The beetles were randomly selected from either HLP or DSR
origins sites and species and placed gently into the middle of
the track when the experiment started and observed for 15 min.
Location within/outside the illuminated zone was recorded
every 15 s (total: 60 observation intervals). Experiments were
conducted at night.

Activity in the Open Field Test

Activity of the carabid beetles were observed for 3 min in an
open field test (round plastic Petri dish, diameter 13.8 cm, rim
height: 2.5 cm) under a desk light (110-240 V, E14, max. 40 W,
mean Ix 276. 62 £ 27.6). The open field was separated into
eight 1/8 sectors. Activity was measured by counting the number
of line crossings by an individual. The open field was further
divided into an outer and inner zone with the same area size
(A = 74.78 cm?). The inner concentric zone was within a radius
of (r = 4.8 cm), the outer a ring between inner and outer radius
(r = 6.9 cm). Each beetle was released at one of the sectors
in the outer zone and the following behaviour was recorded:
time to start moving [latency to move (sec)] and number of
line crossings (number of crossings). Open field were conducted

Thttps://onlinelibrary.wiley.com/doi/full/10.1111/icad.12303

TABLE 1 | Sampling sites of carabid beetles in Tiergarten (High Light pollution, HLP) and in Guilpe (Dark Sky Reserve, DSR) in 2020.

Population Latitude/ Light pollution radiance (10~° Sky brightness ratio Sampling period Numb. of captured
longitude Watt cm? x sr) beetles

Dark sky reserve (DSR) 52°44023"N, 0.15 0.273 August 93
12°15018"0 September 74

High light pollution (HLP) ~ 52°51426"N, 75.57 35.3 August 66
13°37576"0 September 88

Light pollution levels (radiance and sky brightness) were taken from the lightpollutionmap.info (Stare, 2021).
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FIGURE 1 | Location of the sites in Germany (map data OpenStreetMap contributors, CC-BY-SA), whereas red rectangle shows close-up from Berlin and its
surrounding federal state Brandenburg where the red points mark the exact location of the sites. Light pollution radiance maps (VIIRS 2020) are showing the capital
Berlin (bottom right) and part of the federal state Brandenburg (top right). White arrows are highlighting the urban site (Tiergarten, HLP) and the rural site (Biological
Station Gulpe, DSR). Colours represent the radiance values in which bright colours (green, yellow, orange, and red) show higher light pollution values (see legend/
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during day times to also test for possible differences of main
activity pattern of species.

Behavioural Analyses

Analyses of the individual behaviour were conducted for
218 beetles all species that occurred in both sites divided
into 3 genera. Attraction towards the artificial light source
was analysed in two sequences (hurdle model): firstly, a
binary variable of attraction towards the illuminated zone
(binomial value yes/no for the entire experiment) and
secondly, if yes, the number of 15 s intervals spent in the
illuminated zone.

In both sequences, general linear distribution models (GLMs)
were used to analyse the effect of the origin (HLP vs. DSR)
including the genus of the beetle species, the interaction
term of light pollution*genus, the side of the attached
LED, the capture interval of emptying the trap (day/night),
the days in captivity and species-specific activity pattern
(diurnal/nocturnal) as fixed factors. The species-specific activity
pattern was defined by literature records, to be either nocturnal
or diurnal (Thiele, 1977; Van Dijk and Den Boer, 1992;
Kielhorn, 2005).

Activity in the open field test was analysed in two separate
models [linear model (Im) for continuous variable (latency
to start moving (seconds), generalized linear model (glm) for

count data (number of sectors crossed)]. We included either
the latency (seconds) to start moving, or the number of
crossings of sector borders as a response variable, and, as fixed
factors, we used genus, capture interval of emptying the traps
(day/night), the days in captivity and species-specific activity
pattern (diurnal/nocturnal).

Full models including all fixed factors were reduced via
stepwise backwards model selection by comparing the Akaike
Information Criterion (AIC). Factors that improved the model
were included, even if the factor did not explain the variation.
Factors genus and origin were always kept in the model. The
interaction term (pollution*genus) was removed if it did not
improve the model fit.

Across some variables, the addition of fixed factors as species-
specific activity pattern (nocturnal/diurnal) and the capture
interval of emptying the pit traps (morning/evening) did not
improve the model (AIC selection) and did not explain variation
in the variable impro. Thus, these factors were removed during
the model reduction process.

The species Calathus fuscipes was captured with > 20 animals
per origin, thus, we conducted a within-species comparison of
behaviour among origins.

All analyses were done with R Version [4.0.3 (2020-10-10)
using the Ime4 package (version 1.1-25, (Bates et al., 2015)] and
figures always represent raw data.
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TABLE 2 | Species captured by odour trapping in grassland habitats in the city (HLP) and in a Dark Sky Reserve (DSR).

Species HLP DSR Activity pattern Perc. night captures (HLP/DSR)
C. fuscipes (GOETZE, 1777) 37 118 Nocturnal 86/87
C. melanocephalus (LINNE, 1758) 3 13 Nocturnal 100/38
H. anxius (DUFTSCHMIED, 1812) 12 3 Diurnal 58/33
A. bifrons (GYLLENHAL, 1810) 10 1 Nocturnal 100/100
C. ambiguus (PAYKULL, 1790) 5 1 Nocturnal 80/100
H. affinis (SCHRANK, 1781) 2 4 Diurnal 50/75
A. apricaria (PAYKULL, 1790) 4 1 Nocturnal 50/0
A. aenea (DEGEER, 1774) 2 2 Diurnal 100/50
only at HLP

H. smaragdinus (DUFTSCHMIED, 1812) 76 - Nocturnal 59

H. griseus (PANZER, 1796) 3 - Nocturnal 100
only at DSR

P versicolor (STURM, 1824) - 18 Diurnal 22

H. rufipes (DE GEER, 1774) - Nocturnal 100
H. pumilus (STURM, 1818) - 1 Diurnal 100
C. erratus (SAHLBERG, 1827) - 1 Nocturnal 0

Numbers refer to captured individuals, activity pattern refers to distribution of activity in response to natural light phases (Thiele, 1977; Van Dik and Den Boer, 1992;
Kielhorn, 2005) and the percentage of beetles captured during the night for HLP/DSR. Genera: Amara, Calathus, Harpalus, Poecilus.

Diversity Analysis

Species composition was compared among the plots, using the pit
trapping rounds for animal collection as repeat. We analysed 11
sampling rounds (six rural and five urban with 11-60 individuals
of 3-9 species captures) and removed three sampling rounds with
< 3 species collected. Species composition was analysed using
ordination to visualise the data, and multivariate, permutational
analyses of variance (MPANOVA) to compare among the two
plots (both with the R package vegan 2-5-5).

RESULTS

Carabid Communities and Diversity

A total of 14 carabid species (n = 321, Genus Calathus,
Harpalus, Amara and, only at DSR, Poecilus) were captured
(Table 2), of which eight species (218 individuals, 3 genera) were
recorded at both sites.

The animal abundance [28.3 & 14 (mean & SD) animals
per sampling round] and species richness (5 £ 1.9 species)
did not differ among urban and rural sites (¢-test abundance,
t = 0.56, p = 0.59; Wilcoxon test species richness: W = 12.5,
p = 0.711). However, their species composition was dissimilar
between the rural and urban grassland plot [see Figure 2,
MPANOVA (origin) = 9.9, p = 0.002, df = 1/10)], but without
finding any difference in the Diversity Index (Shannon Wieder
Index. urban: 1.2 & 0.4, rural: 0.65 £ 0.2, student’s t = -1,5,
df =9, pr=0.158).

Behaviour

Behavioural experiments were performed with 218 beetles
belonging to eight species present in both origins (Table 2) from
three genera: Amara (20 individuals, 3 Species), Calathus (177
individuals, 3 Species), and Harpalus (21 individuals, 2 Species).

A lower proportion of beetles from HLP (57%) went into the
illuminated sector compared to DSR beetles (72%, Chi? -Test,
X?=4.1,df = 1, p = 0.041, Figure 3A).

Among those beetles that entered the illuminated zone
(n = 146), the number of time intervals in the illuminated zoner
was lower for HLP [n =43, 8.5 &= 1.29 time intervals (Mean = SE)]
than in DSR (n = 103, 10.4 &+ 1.02 time intervals; Table 3),
accordingly the DSR individuals stayed longer in the illuminated
zone than their HLP counterparts (glm, pollution (HLP): Chi?,
df =1, p = 0.04%, Figure 3B).

Activity in Open Field
Beetles from HLP origin began moving slower [46 + 6.7
(Mean =+ SE) seconds] than beetles from DSR origin which

NMDS2
00
|

05

NMDS1

FIGURE 2 | Ordination plot of ground beetle species data (grey names, Family
species = Ospe, Families include Harpalus, Calathus, Poecilus, and Amara),
captured in 11 sampling rounds (numbers) on an urban (green) and a rural
(blue) dry grassland. Model with two clusters, stress = 0.009. NMDS1 maybe
interpreted as a urban-rural gradient with species left occurring only on urban,
centre on both, and the right only rural plots. NMDS2 may be interpreted as
an abundance axis.
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FIGURE 3 | Use of the illuminated sector in an experiment on light attraction of carabid beetles captured in a Dark Sky Reserve (DSR) and in an urban area with high
light pollution (HLP) divided into three genera Amara, Calathus, Harpalus. (A) Percentage of animals approaching the LED (total n = 218), (B) time spend near the
LED based on those animals from HLP (red color) and DSR (grey color) that approached LED (n = 146) divided into genera. The boxplot presents the median and
the quartiles. Width of box relates to sample size.

TABLE 3 | General linear distribution model analysis of light attraction of ground beetles (step 1: n = 218, step 2: n = 146, three genera) investigated in an elongated
arena comparing animals originating from two areas with different light pollution exposure.

Step 1: enter the illuminated sector Step 2: time intervals in the illuminated sector
Fixed factor Estimate SE t-value Pr (>]t]) Estimate SE t-value Pr (>]t])
Intercept 0.68 0.67 1.02 0.31 2.38 0.31 7.68 0
Pollution (HLP) —0.71 0.33 —-2.14 0.0321* —-0.32 0.16 —1.99 0.048*
Genus (Calathus) -0.28 0.54 -0.52 0.61 -0.18 0.25 -0.72 0.47
Genus (Harpalus) -0.13 0.68 -0.19 0.85 0.12 0.32 0.38 0.70
Days in captivity 0.03 0.02 1.51 0.13 0.01 0.01 1.92 0.06
Position LED —-0.21 0.30 —0.69 0.49 removed
Captive interval (night) 0.20 0.34 0.58 0.56 —-0.22 0.16 —1.41 0.16

Effect sizes of HLP (highly light polluted) refer to Dark Sky Reserve (DSR). Effect sizes of genera refer to Amara and capture intervals to day capture. Variables that
explained variation are highlighted in bold. Asterisks represent statistical significance (‘o < 0.05).

TABLE 4 | General linear distribution model for behavioural variables measured in an open field test with 218 ground beetles captured at two origins differing in light
pollution intensity.

Latency (seconds) to start moving Numbers of sectors crossed
Fixed factor Estimate SE t-value Pr (>]t]) Estimate SE t-value Pr (>]t])
Intercept 1.25 0.22 5.69 0 2.8 0.6 4.69 0
Pollution (HLP) 0.25 0.12 2.20 0.029* —2.05 0.6 —3.42 0.00"**
Genus (Calathus) -0.14 0.18 -0.78 0.43 —1.35 0.58 -2.33 0.00**
Genus (Harpalus) 0.25 0.23 1.08 0.28 —0.21 0.69 -0.3 0.77
Days in captivity —0.01 0.01 —2.11 0.036* 0.01 0.01 1.42 0.16
Capture interval (night) -0.07 0.12 —0.60 0.55 removed
Activity pattern (Nocturnal) removed 2.16 0.64 3.39 0.00"*
Origin (HLP)* Genus (Calathus) removed 1.82 0.62 2.94 0.00**
Origin (HLP)* Genus (Harpalus) removed 2.31 0.75 3.08 0.00**

Effect size reports behavioural difference for beetles from highly light polluted (HLP) area to a Dark Sky Reserve (DSR). Genera are compared to the behaviour of
Amara, capture intervals to day capture, species-specific activity pattern to diurnal. Variables that explained variation are highlighted in bold. Asterisks represent statistical
significance (p < 0.05, “p < 0.01, **p < 0.00).

initiated their movement after (26 & 3.8) seconds [glm, pollution  sectors during the open-field test. Effect of pollution
(HLP): Chi?, df = 1, p = 0.029]. on the number of sectors crossed was only observed

Beetles originating from DSR crossed 42.7 £ 83 when looking at the effect size of the glm model (see
(mean + SE) sectors and HLP beetles crossed 29.1 + 54 Table 4), but were not supported in the final Anova
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FIGURE 4 | Number of crossings in in nocturnal beetles originating from DSR bestles (n = 134, dark grey) and HLP areas (n = 59, red). (A) Division between
nocturnal (n = 193) and diurnal beetles (n = 25) and (B) division into three genera of all beetle species independent their main activity pattern. Boxplots show median

TABLE 5 | General linear distribution model for behavioural variables measured in an open field test with 155 beetles C. fuscipes captured at two origins differing in light

pollution intensity.

Step 1: enter the illuminated sector

Step 2: time intervals in the illuminated sector

Fixed factor Estimate SE t-value Pr (>] t) Estimate SE t-value Pr (>] t)
Intercept 0.99 0.44 2.26 0.024 2.31 0.22 10.42 0.00
Pollution (HLP) -0.62 0.40 —1.55 0.122 -0.12 0.20 —0.61 0.54
Days in captivity 0.01 0.02 0.54 0.59 0.01 0.01 1.26 0.21
Position LED —0.56 0.35 —1.58 0.12 removed

Captive interval (night) removed —0.31 0.19 —1.61 0.11

Effect size reports behavioural difference for beetles from highly light polluted (HLP) area to a Dark Sky Reserve (DSR). Capture intervals are compared to day capture.
Variables that explained variation are highlighted in bold.

TABLE 6 | General linear distribution model for behavioural variables {latency to start moving [log(seconds)], numbers of sectors crossed} measured in an open field test
with 155 beetles C. fuscipes captured at two origins differing in light pollution intensity.

Latency to start moving (seconds) Number of sectors crossed

Fixed factor Estimate SE t-value Pr (> t]) Estimate SE t-value Pr (> t])
Intercept 2.32 0.39 5.98 0.00 2.31 0.22 10.42 0.00
Pollution (HLP) 0.59 0.33 1.79 0.076 —-0.12 0.20 —0.61 0.54
Capture interval (night) —0.04 0.34 —-0.12 0.91 0.01 0.01 1.26 0.21
Days in captivity -0.02 0.02 —1.50 0.14 —0.31 0.19 —1.61 0.11

Effect size reports behavioural difference for beetles from highly light polluted (HLP) area to a Dark Sky Reserve (DSR). Capture intervals are compared to day capture.

Variables that explained variation are highlighted in bold.

output [negative glm, pollution (HLP): Chi?, df = 1,
p=0.106].

Nocturnal beetles had a higher number of crossings
40.5 £ 3.9 than the diurnal species 18.8 + 3.7, in which
nocturnal ones are more active than diurnal species
in the open field test [negative glm, species-specific
activity pattern (nocturnal): Chi® -Test, df = 1, p = 0.019,
Figure 4A].

The effect of origin was different among genera (Interaction
pollution*genus: chi?, df = 2, p = 0.047*, Figure 4B) but in

post hoc analyses no effects of origin within each genus were
detected (all Turkey, p > 0.1).

Analyses Within Calathus fuscipes

In the most abundant species C. fuscipes with 37 and 118
individuals (HLP and DSR), differences in behaviour obtained
from the beetle community were not confirmed. Effects of light
pollution did not explain the percentage of animals which went
into the illuminated zone, the times spent in it, or the number
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of crossings in the open field test [glm, pollution (HLP): Chi?,
p > 0.5, see Tables 5, 6].

DISCUSSION

Our study confirmed that urban carabid beetles have a
reduced attraction to artificial light sources (ALAN), relative to
individuals with rural origins. Effects of origin did not differ
among the 14 species of three genera investigated, which were
all common at both sites of origin. However, different from
Altermatt and Ebert (2016) that found different flight-to-light
responses in urban and rural moths of the same species, we did
not find different responses within the species most common at
both origins C. fuscipes.

The species C. fuscipes was the most abundant species in
both origins and was also collected both during day and night
(approx. 86% during night, 24% during day, see Table 2). This
suggests that this species may be very resilient to light pollution.
Likewise, the lack of differentiation among species could be seen
as evidence that a systematic change in behavioural patterns due
to ALAN has already happened and that it has comprehensive
implications beyond singular species levels, while resilient and
ubiquitous species, such as C. fuscipes, are not strongly affected.

A reduced attraction to light at night of urban insect
populations may affect results of light trapping, which is often
used to assess the diversity of insects. The use (or addition) of a
light-independent survey method should therefore be advised.

Species in human-altered environments (e.g., through
the introduction of light, invasive species) have lower
population sizes, demonstrating the potentially negative
effect of anthropogenic activity on insects (Eisenbeis et al., 2006;
Sih et al., 2011), including the fatal attraction to ALAN.

The findings in our study are coherent with the observation of
reduction in flight-to-light behaviour in urban moth population
seen by Altermatt and Ebert (2016). This suggests that the
reduction in light attraction (or even possible avoidance of
light sources) can lead to a higher survival rate in urban
population by reducing mortality caused by ALAN. Reduction
in attraction outweighs potential benefits of light attraction,
instead favouring individuals that are not inclined to move
towards ALAN (Frank et al., 2006; Altermatt and Ebert, 2016).
We also found a reduction of the general activity of urban
beetles, compared to rural. The potential underlying mechanism,
general mobility reduction (number of crossings or latency
to start movement), which was confirmed in one of the two
measurements in the open field.

The parameters of the open field highlight the different
responses between the genera, as well as a need for more
caution in further studies when including both diurnal and
nocturnal species in analyses. These are not equally affected by
light pollution (Sanders et al., 2021). Here, nocturnal beetles
were more active than diurnal ones (Table 3), alas runs were
done during daytime and should have been either undertaken
in accordance to species-specific activity pattern or both during
day and night time. Higher activity in in nocturnal beetles can be
caused by the urge to escape direct light exposure to hide under
soil or leaves, as it is common for nocturnal carabid beetles over

day time (Lindroth and Bangsholt, 1985). Nonetheless, treatment
was equal to both cohorts and only partly revealed expected lower
activity in beetles from HLP.

General activity decline can constrain migration and exchange
between habitat patches on a regional scale (Bennie et al., 2015),
thereby restricting gene flow and limiting the inflow of genetic
diversity (Kotler, 1984; Eisenbeis et al., 2006; Sih et al., 2011;
Hopkins et al, 2018). This can impact persistence of meta-
populations in urban green spaces (Bennie et al., 2015) through
negatively impacting reproduction success (Gaston and Bennie,
2014). Further, limited genetic exchange between rural and
urban habitats can lead to evolutionary differentiation of urban
and rural populations with the potential to create new species
(Hopkins et al., 2018).

Much recent attention has been paid to light pollution and
its manifold and complex impacts on individuals, populations
and ecosystems. Our study demonstrates, firstly, that there is
a behavioural change in urban population with high potential
for adaptation, but with further need to investigate in long-
term rearing experiments and in the physiological underlying
mechanism; and secondly, that this behavioural change could
negatively affect foraging capacity, dispersal and reproduction if
lower activity levels are fully confirmed of urban settlers (Lenski,
1984; Hopkins et al., 2018). Previous research shows that rodents
have reduced mobility or reduced foraging activity when exposed
to increased illumination in open habitats (Kotler, 1984; Bird
et al., 2004), but research regarding foraging success in insect
under illumination is lacking.

In summary, light pollution can function as an agent of
selection (Eisenbeis et al., 2006; Tuomainen and Candolin,
2011) and can shape the behavioural responses towards ALAN
in beetle communities. Nonetheless, light pollution is still on
the rise in both intensity and in its distribution around the
globe (Kyba, 2018; Falchi et al., 2019), highlighting the need
for action to develop lightning strategies that minimize the
adverse ecological impacts. For example by preventing dark areas
from being artificially lit, reduce trespassing of light sources,
only illuminating surfaces intended to (by adjusting angle of
light, baftles above lamps), changing the spectral composition of
used light and further, to raise awareness about the conscious,
sustainable use of light in our daily life [see review: Gaston
et al. (2012), IDA (2021), Holker et al. (2010a)]. It is time to
turn off the lights.
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