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Abstract

Nighttime light pollution is quickly becoming a pervasive, global concern. Since the invention and
proliferation of light-emitting diodes (LED), it has become common for consumers to select from
a range of color temperatures of light with varying spectra. Yet, the biological impacts of these
different spectra on organisms remain unclear. We tested if nighttime illumination of LEDs, at two
commercially available color temperatures (3000K and 5000K) and at ecologically relevant
illumination levels affected body condition, food intake, locomotor activity and glucocorticoid
levels in zebra finches (Taeniopygia guttata). We found that individuals exposed to 5000K light
had higher rates of nighttime activity (peaking after one week of treatment) compared to 3000K
light and controls (no nighttime light). Birds in the 5000K treatment group also had increased
corticosterone levels from pre-treatment levels compared to 3000K and control groups but no
changes in body condition or food intake. Individuals that were active during the night did not
consequently decrease daytime activity. This study adds to the growing evidence that the spectrum
of artificial light at night is important, and we advocate the use of nighttime lighting with warmer
color temperatures of 3000K instead of 5000K to decrease energetic costs for avian taxa.
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Introduction

Urbanized areas worldwide are rapidly increasing, with 3.9 billion people currently living in
urban areas and 6.3 billion projected to be by 2050 (United Nations World Urbanization
Prospects, 2014). With this increase comes a pervasiveness of artificial light in nighttime
environments (Cinzano et al., 2001). Already 83% of the world’s human population and
99% of U.S. and European populations are living under light-polluted skies (Falchi et al.,
2016). Though an indispensable tool for human safety and function, nighttime artificial
illumination is disruptive for many organisms, including humans, which have evolved under
natural light-dark patterns (Ouyang et al., 2018). Serious physiological effects have been
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identified across taxa, including disruption of circadian rhythm, immune function,
reproductive physiology, and endocrine pathways (Bedrosian et al., 2011; de Jong et al.,
2016a; Dominoni et al., 2013a; Gaston et al., 2013, 2014; Ouyang et al., 2017, Robert et al.,
2015). Furthermore, there is evidence that, within species, effects of light at night differ
depending on wavelength, i.e., blue light is more stimulatory for locomotor activity than red
light for most taxa (Figueiro and Rea, 2010; Muheim et al., 2002; Ouyang et al., 2015).
However, studies so far have focused on isolated wavelengths (e.g. blue, green, or red) rather
than comparing broad spectrum lights that are commercially available and widely used (but
see Morita and Tokura, 1996 for an example of fluorescent lighting in humans).
Understanding how species perceive and are affected by different kinds of relevant artificial
light is crucial for developing novel nighttime lighting strategies that will mitigate negative
impacts on ecological systems (Gaston et al., 2012).

Currently, many governments, communities, and industries are switching to broad-spectrum
light-emitting diode (LED) lighting due to its low cost and higher energy efficiency as
compared to previous technologies. LEDs are readily available to consumers in a range of
color temperatures, and we lack knowledge of this newer technology’s biological
implications. Color temperature, measured in Kelvin (K), refers to the hue of broad-
spectrum white lights and is determined by the proportion of different wavelengths emitted.
For example, 5000K lighting has a higher proportion of short wavelength light, appears
more blue, and is referred to as “cool” in temperature. In contrast, 3000K lighting emits
more long wavelength light, appears more yellow, and is referred to as “warm” in
temperature (Figure 1a). This difference in kelvin temperature may be significant, as
research has shown that non-visual photoreceptors in eyes (7.e. melanopsin) and in the avian
brain (/.e. melanopsin, pinopsin, and vertebrate ancient opsin) are more sensitive to short
wavelengths of light (Figure 1b; Halford et al., 2009; Kuenzel et al., 2014; Wyse and
Hazlerigg, 2009). These non-visual photoreceptors are the light receptors that inform cells
throughout the body of changes in light levels, which can modify physiology and behavior
(Davies et al., 2012a; Gaston et al., 2012; Hankins and Hughes, 2014).

Among physiological systems affected by artificial light at night (ALAN), hormonal axes
may be a first line of defense (Angelier and Wingfield, 2012, Ouyang et al., 2018). One such
system is the hypothalamic-pituitary-adrenal axis, which controls the release of
glucocorticoids (GCs). These hormones regulate metabolism and help individuals adjust
daily behaviors and physiological processes in response to unpredictable stressors, or
according to predictable environmental cues, such as photoperiod (Hau and Goymann,
2015). For example, GCs typically follow a circadian rhythm and peak during more active
periods within the day, as well as increase food intake and fat deposition (Hau et al., 2016;
Jimeno et al., 2017). It has been shown that exposure to white broad spectrum ALAN can
cause an increase in GCs in birds (Ouyang et al., 2015), as well as disrupt metabolism and
lead to weight gain in humans (Figueiro and Rea, 2010; McFadden et al., 2014; Mirick et al.,
2013) and rodents (Fonken et al., 2010, 2012). When chronically elevated, GCs can also
influence immunity and reproductive axes; thus, they are increasingly used as a proxy for
physiological health and allostatic load (Romero, 2004). Comparing physiological effects of
broad-spectrum LEDs at different color temperatures that are commercially available and do
not impair the quality of light for humans is of immediate importance.
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In the present study, we use LEDs of two color temperatures that the US Forest Service,
among others, are considering as an alternative to previous light sources, and test their
effects on activity, food intake, and glucocorticoid levels in zebra finches (7Taeniopygia
guttata). Birds are an ideal study system to investigate effects of ALAN given they are
diurnal and rely on circadian light cycles as a cue for important biological rhythms (Gaston
et al., 2014; Malik et al., 2014). For birds, proximity to light pollution can cause longer
perceived day-lengths (Dominoni and Partecke, 2015), leading to earlier dawn singing
(Miller, 2006; Da Silva et al., 2015), egg laying (Kempenaers et al., 2010), and onset of
dawn activity (Dominoni et al., 2013b). Dominoni et al., 2013a showed that free-living birds
in proximity to street lamps are exposed to an average of 0.3 lux, so we used this light level
to mimic ecologically realistic exposure in a controlled experiment. We predict that exposure
to 5000K LED light at night, a cooler color temperature with a higher proportion of short-
wavelength light, will increase nocturnal activity, increase food intake and fat deposition,
and will increase baseline GC (in birds, corticosterone), in comparison to warmer 3000K
ALAN, which may mitigate such effects.

Twelve male and twelve female adult zebra finches ( 7aeniopygia guttata) were habituated to
laboratory conditions for 38 days under 10L.:14D conditions prior to the start of the
experiment in Reno, NV (39.52° N, 119.81° W). Individuals were weighed (nearest 0.1g)
and their tarsi were measured (nearest mm) to calculate body condition using a scaled mass
index (Peig and Green, 2009). They were housed individually in 47x31x36 cm cages with
access to ad libitum food, grit, cuttlebone, and water. Food mix consisted of white proso
millet, red proso millet, German millet, oat chips, canary grass seed, nylar seed, canola rape
seed, flax seed, and safflower seed (Finch Mix Fancy, Volkman Seed Factory, Ceres,
California, USA). Cages were fixed with two perches, one stationary and one active perch to
record activity (see below). Light-occlusion shades were fitted around each cage so that
birds could not see each other and so that the nighttime illumination within each cage would
not affect neighboring cages. White noise was played constantly throughout habituation and
the experiment to disrupt inter-individual communication and sound, thus preventing more
nocturnally active birds from arousing neighbors. All procedures were approved by the
University of Nevada, Reno Institutional Animal Care and Use Committee and performed in
accordance with NIH guidelines.

Experimental Design

Four males and four females were randomly allocated to one of three groups: 3000K night-
light, 5000K night-light, or no night-light control. Day-lights turned on at 0700h and off at
1700h. Night-lights turned on at 1700h and off at 0700h the following morning (the natural
photoperiod at the time and location of the experiment).

Food was recorded once per week by weighing food before and after a 23-hour period. Each
bird was provided with approximately 60g of food every Monday at 1100h. Food remaining
in the bowl or bottom of the cage was collected at 1000h the following day, and the

J Exp Zool A Ecol Integr Physiol. Author manuscript; available in PMC 2019 October 01.



Alaasam et al.

Page 5

difference in mass was measured to the nearest 0.01g. Seed husks were blown off thoroughly
and excrement was removed by hand before taking final food mass measurement.

Blood was collected from each bird at 0900h over a span of three days, for both pre- and
post-treatment time points. Pre-treatment samples were collected six days before the
beginning of the experiment. Activity began recording on day 1 of the experiment and night-
light treatment began on day 4. Post-treatment samples were collected on days 24 — 26 of
experiment. We were able to collect blood from 7-10 birds per day, selected randomly, and
the day of collection had no effect on corticosterone levels (p=0.97 and 0.73 for pre- and
post-treatment samples respectively). All blood samples were collected in under 3 minutes
from the time we entered the room (2:18 £0:50 min) and this bleed time had no effect on
corticosterone levels (p>0.6). Samples were spun for 10 min at 16,000 g within 30 minutes
after collection. Plasma was immediately separated and frozen at —20°C until analysis. We
measured weight to the nearest 0.1g with a spring scale (Pesola, Ecotone — Poland, micro-
line 20030) and scored fat on a 0-5 scale, 0 indicating no fat stores and 5 indicating
maximum fat stores.

Locomotor Activity

Lights

Active perches within each cage recorded movement on/off of the perch constantly, which is
a reliable measure of circadian activity (Astheimer et al., 1992; Daan and Aschoff, 1975;
Ganshirt et al., 1984). The perch activity was recorded on a Dell Precision 5810 Tower with
an Intel® Xeon® Processor (E5-1620 v3) at 3.5GHz, and an AMD FirePro™ W4100
graphics card. A graphical user interface (GUI) was created in MATLAB to both record and
display the activity of the birds via the active perches. The active perches were connected to
an optical end-stop so that the downward force of the bird caused the wooden perch to shift
down, thus blocking the signal between the emitter and the receiver on the end-stop. Upon
hopping off, the active perch returns to its neutral position. Each end-stop sent a 1 or 0 to the
computer depending on whether the bird was on or off the active perch, respectively. The
perch activity via the end-stop was recorded through the use of four separate Arduino Mega
2560 units, each responsible for six cages. Data for all of the active perches were collected
every 0.23 seconds (approximately), and totaled for every minute of activity.

Each cage was fixed with one day-light fixture and one night-light fixture mounted near the
top center of the cage. Day illumination in each cage was provided by a single commercial
1.4-Watt LED aluminum fixture with a diffusing lens. The fixtures measured approximately
7 cm in diameter and were rated at 95 Lumens at a color temperature of 5000K. Day-light
fixtures were powered by three 24-Volt non-dimmable LED drivers. Night-light fixtures
were constructed using commercial LED strip lighting, cut to the desired length and
mounted in an aluminum channel with a diffusing lens. The night-light fixtures measured
approximately 20 cm long, 1.5 cm wide, and 0.6 cm deep. Each night-light fixture contained
a strip of three LEDs rated at either 5000K or 3000K (Figure 1) and powered by commercial
12-\Volt dimmable drivers, except for the control treatment fixtures, which had no LEDs
inside. Light output from the night-lights was greatly attenuated by covering the back of the
diffuser with black construction paper in order to reach the low level required for this
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experiment. llluminance of all 3000K and 5000K night-lights was then measured in lux at
perch height (15 cm from light) and at opposite corners (farthest location away from light)
using an Extech Easyview Digital Light Meter (model EA13), and standardized at 0.3 Ix
+0.01. We used 0.3 Ix, as this is a realistic level of light exposure birds living in urban
environments may experience, though many individuals do experience much higher
exposure (Dominoni et al., 2013a). Variance in average illuminance between treatment cages
was negligible (Welch Two Sample t-test, t=1.24, p > 0.2, n=8), and illumination in control
(dark) cages was less than 0.01 Ix. A programmable commercial timer switched AC power
on and off to all LED drivers (day- and night-lights).

Corticosterone Assay

We measured plasma corticosterone (cort) using enzyme-linked immunosorbent assays
(Enzo Life Sciences, lot# 12021512D; Farmingdale, NY, USA) following manufacturer
instructions. We first validated this assay for zebra finches by using serial dilutions of
plasma (1:10, 1:20, and 1:40), with two concentrations of steroid displacement reagent
(SDR; 0.5% and 1% of plasma volume) and a standard curve. We determined that for our
subsequent assays, plasma would be diluted 1:20 at SDR 1%. We randomized samples
across plates, but always made sure to include before and after treatment samples of the
same bird next to each other, and included three pooled zebra finch plasma samples in the
beginning, middle, and end of the plate. Intra- and inter- plate CV calculated from pooled
plasma run in triplicates was 1.7% and 2.5%, respectively.

Statistical Analyses

Results

We conducted statistical analyses using R (v. 3.1.2). All final models met assumptions, and
a =0.05. We used a generalized linear mixed model (Poisson distribution and log link
function) to test if nighttime activity was affected by an interaction of treatment x day while
controlling for sex and individual as a random effect, in a repeated measures design. We
used general linear models to determine whether changes in cort, body condition, fat score,
and food consumption varied between treatments while controlling for sex and the pre-
treatment condition. All changes in physiological variables were measured as the difference
between post-treatment and pre-treatment levels. For example, changes in body condition
were measured as body condition after treatment-body condition pre-treatment with sex and
pre-treatment body condition as covariates. For changes in cort levels, we controlled for
initial body condition because body condition is known to be correlated with cort. We used
Tukey posthoc tests to determine if the interaction of treatment and day differed in pairwise
comparisons. Lastly, we tested whether nighttime and total (day and night combined)
activity levels were related to changes in cort levels while controlling for sex and body
condition, and with individual as a random effect to control for repeated measures.

Prior to the start of the experiment, there were no differences in cort levels, food
consumption, body weight, fat, or body condition between treatment groups (all p-values
>0.1). There were also no pre-treatment differences in nighttime activity (o= 0.44) or total
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activity (o= 0.89) between treatments. We did not find any effect of treatment on change in
weight, fat deposition, or food consumption throughout the experiment (all p-values>0.07).

Treatment had a significant effect on nighttime activity (Table 1; Figures 2,3). Post-hoc
Tukey tests show a significant difference in nighttime activity between 5000K treatment and
control groups (estimate = 6.13; Cl = 10.23, 1.99; p<0.002). Nighttime activity was not
different between control and 3000K treatment groups (p=0.1) or between 3000K and
5000K treatment groups (p=0.3). There was no effect of treatment on daytime activity (F =
0.86, p=0.42).

There was also a significant effect of treatment on individual changes in corticosterone
levels (Table 2; Figure 4). Post-hoc Tukey tests revealed significant differences between
5000K and 3000K treatments (estimate = 5.64; Cl = 1.44, 9.84; p=0.008), and between
5000K and control (estimate = 6.25, 10.45; p = 0.003), but no difference between control
and 3000K treatment (o = 0.92). On average, cort levels increased 4.97ng/mL in the 5000K
treatment group (CI = 0.74, 9.20; p=0.01), but did not change significantly in control and
3000K treatment groups (p>0.9). Sex, pre-treatment cort level, and pre-treatment body
condition had no effect on change in cort levels (Table 2). There was no effect of individual
change in cort on nighttime activity or total activity (p>0.1).

Discussion

We used zebra finches in a controlled repeated measures experiment to determine the
impacts of exposure to ecologically relevant nighttime light levels. We found that the
responses of nighttime activity and cort levels were dependent on the color temperature of
the LED, whereby exposure to 5000K LED night-lights, but not 3000K or control
treatments, increased nighttime activity and cort levels over a three week experimental
period. Additionally, we used a low level of illuminance (0.3 Ix) not much brighter than what
animals may experience under a full moon (Rich and Longcore, 2006), as compared to
previous studies (Bedrosian et al., 2013; Burger, 1949; Raap et al., 2016a, b; Titulaer et al.,
2012; Yorzinski et al., 2015).

For birds in the 5000K night-light treatment, nighttime activity patterns significantly differed
from the 3000K and control groups in both slope and intercept without changes in total
locomotor activity. This pattern of activity difference is consistent with that of an experiment
on dose-dependent light intensity levels on nighttime activity in free-living great tits (Parus
major, de Jong et al., 2016a). However, if we compare our activity results with the
actograms presented by de Jong et al., who used 0.1 and 0.5 Ix, their actograms suggest there
was a shift in circadian rhythms, i.e. an earlier onset of dawn activity. In contrast, our
experiment (using 0.3 1x) shows that 5000K treatment individuals were highly active
throughout the night (Figure 2). Moreover, nighttime activity for the 5000K treatment
peaked after 7 days of treatment and individuals lowered their nighttime activity levels
toward the end of the experiment (Figure 3). These differences can potentially be attributed
to differences in species, experimental period, or type of LED used. One commonality
between these two studies is that short wavelength light affects nighttime activity levels, but
how the pattern manifests differs by experiment. Importantly, nighttime activity did not
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differ significantly between the 3000K and control treatments, suggesting that 3000K ALAN
did not disrupt nocturnal rest.

The increase in nocturnal activity in 5000K treatment birds was paralleled by a within-
individual increase in cort levels. If we approximate the 5000K treatment to white night-
light treatments (see spectral compositions in Figure 1 and Figure S1 in Ouyang et al.,
2015), the magnitude of increase in cort we document here is similar to a study on free-
living great tits (Ouyang et al., 2015). Most studies on free-living animals report high
variation in individual physiological responses to ALAN and whether this variation
represents differential quality, phenotypic plasticity or avoidance of ALAN remains unclear
(de Jong et al., 2016b). Here, we have reduced these sources of variation. However, it is
important to note that the zebra finches were born in captivity and presumably have not been
exposed to any light at night (natural or artificial) in their lifetime, in contrast to studies on
wild birds.

We found 5000K treatment birds maintained higher levels of nocturnal activity and within-
individual increases in cort levels without increasing food consumption and without losing
body mass. Even when nocturnal activity for 5000K individuals was highest (days 9-13,
Figure 3), food intake (measured on day 12) did not differ from controls. Additionally,
individuals in 5000K treatment did not change their daytime locomotor activity despite
increasing nighttime activity. However, if we continued the treatment for more time, it is
possible that pathology and damage can occur (Bedrosian et al., 2011; Raap et I., 2016b).
Alternatively, if nighttime activity of the 5000K treatment birds continued to return to
normal levels, as the pattern suggests, perhaps individuals can acclimate to nighttime light
levels of 5000K lights under 0.3Ix. Again, there was no difference measured between 3000K
and control treatments, suggesting that zebra finches respond to the cool color temperature
lights (emitting a higher proportion of short-wavelength light), similar to studies on two
different vertebrate taxa (Bedrosian et al., 2011, 2013; Migaud et al., 2007).

The underlying mechanism explaining differential responses to 5000K and 3000K light are
potentially related to the spectral sensitivities of the non-visual photoreceptors (Ruby et al.,
2002). We did not measure direct effects on the non-visual photoreceptors; thus, we cannot
state specifically which non-visual photoreceptors and respective hormones are responsible
for the differences in activity between the two light treatments. Nevertheless, non-visual
photoreceptors are more sensitive to short wavelengths of light (Davies et al., 2012b;
Kuenzel et al., 2014), and one potential explanation for our results is that the non-visuals
photoreceptors were stimulated more by the 5000K LED than the 3000K LED. Our
hypothesis is consistent with previous research, which has shown that short-wavelength light
at night can suppress melatonin and alter daily activity patterns (Dominoni, 2015; Haim and
Zubidat, 2015; Navara and Nelson, 2007). Lastly, the increased activity under light
conditions that better match spectrally to natural sunlight is expected, as the birds’ non-
visual photoreceptors are still being activated as though it is daytime.

Following this experiment and with the support of other studies on both laboratory and
experimental vertebrate animals (Bedrosian et al., 2013; Migaud et al., 2007; Ouyang et al.,
2015), we advocate warm color temperature white light as nighttime illumination. However,
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it is important to note that we used a low level of illuminance based on what free-living birds
may experience, and that light at 3000K may still attract insects and other phototaxic species
(Knop et al. 2017). Long wavelength light at higher intensities may also have other
implications, such as increased fertility (Li et al., 2014). Still, using broad spectrum LED
lighting does not disrupt human visibility, and is commercially-available in a wide range of
color temperatures. Warmer, 3000K lights represent a viable alternative to shorter
wavelength lights in terms of activity and cort levels, at least for some diurnal vertebrate
species. We urge follow up of light spectra studies in field settings in addition to studies in
non-model organisms to form a holistic management plan for urban and rural nighttime
lighting conditions to reduce the impacts of light pollution.
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Research highlights

Exposure to dim (0.3 lux) 5000K LED light at night caused an increase in nocturnal
activity (peaking after 7 days) and baseline corticosterone (measured after 3 weeks) in
captive zebra finches, relative to 3000K light which had no effect.

J Exp Zool A Ecol Integr Physiol. Author manuscript; available in PMC 2019 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Alaasam et al. Page 14

[0
O
= -
= g | —— 3000K
T o —— 5000K
8 <+ Daylight
N o
© -
E o
(23 o | | T |

400 500 600 700
()
O
=
g —
= g _ — Pinopsin
3 _ Melanopsin
g <+ — Vert Ancient
qN) o
-c_—u =
€ o _
5 o | | | |
Z 400 500 600 700

Wavelength (nm)

Figurel.

J Exp Zool A Ecol Integr Physiol. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

ooooooo

i

‘ V
h» | 11

\\\

DDDDDD
0

J Exp Zool A Ecol Integr Physiol. Author manuscr

o
i M'

I
|

m iM\ M

\ \I ‘I‘
‘II
HI}\N | ' ‘” |‘

IH\‘ IlIHI
\ \

ipt; available in PMC 2019 October 01

w

Page 15

1

W\
i

[

i

‘.

g
|

1

f

)

I

Il W\\
\| ]

|

| I\I [ \'

| II H lﬂl ’”'

ql

V

OOOOO



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Alaasam et al.

Control

[ T < &
o o O

...-i-—-—hl--[l—lu.q_

=

3000K

(&)
-

e
=

:._rs}f {}"{“l'*l

-

T

S000K

Nighttime Activity Bouts

Figure 3.

J Exp Zool A Ecol Integr Physiol. Author manuscript; available in PMC 2019 October 01.

Page 16



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Alaasam et al.

Corticosterone (ng/mL)

Page 17

=]

Control
3000K
—=— 5000K

on

Ca

Initial Final

Figure 4.

J Exp Zool A Ecol Integr Physiol. Author manuscript; available in PMC 2019 October 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Alaasam et al. Page 18

Table 1

Generalized linear mixed model using Poisson distribution of nighttime activity, including day and treatment
interaction, with individual as a random effect.

Variable Estimate se z p

Treatment x Day 0.01 000 -8.05 <gooo1™

Treatment 0.19 0.17 1.10 1.27
Day 0.06 0.01 8.66  <0.0001*
Sex 0.16 0.69 0.23 0.82

Asterisks identify significant relationships.
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Table 2

Linear model of change in baseline corticosterone (final - initial levels) by treatment, including fixed effects of
sex, pre-treatment cort, and pre-treatment body condition.

Variable Estimate se t p
Treatment 089 039 230 qg3*
Pre-treatment cort -0.79 045 -174 0.10
Pre-treatment body condition 0.39 0.52 0.75 0.46
Sex -043 176 -025 081

Asterisks identify significant relationships.
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