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A Comparison of LED with Fluorescent  
Lighting on the Stress, Behavior, and 

Reproductive Success of Laboratory Zebra 
Finches (Taeniopygia guttata)

Alanna G Backx, DVM, MSc,1 April Wu,1 Alyx Tanner, BA,2 and Niora J Fabian, DVM, MS, DACLAM1,*

There are limited evidence-based husbandry recommendations for laboratory zebra finches (Taeniopygia guttata), includ-
ing appropriate light sources. Light-emitting diode (LED) technology has been shown to improve circadian regulation and 
reduce stress in some laboratory animal species, such as mice and rats, when compared with cool-white fluorescent (CWF) 
lighting, but the effects of LED lighting on zebra finches have not been published. We compared the effects of broad-spectrum, 
blue-enriched (6,500 Kelvin) CWF and flicker-free LED lighting on the behavior, stress, and reproductive outcomes of 
indoor-housed zebra finches. Using breeding pairs housed in cubicles illuminated with either CWF or LED lighting, we 
compared the reproductive output as determined by clutch size, hatching rate, and hatchling survival rate. We also compared 
the behavior of group-housed adult males, first housed under CWF followed by LED lighting, using video recordings and an 
ethogram. Fecal samples were collected from these males at the end of each recording period, and basal fecal corticosterone 
metabolite (FCM) levels were compared. A FCM assay for adult male zebra finches was validated for efficacy and accuracy 
using a capture-restraint acute stress response and parallelism analysis, respectively. The breeding pairs had no significant 
difference in the clutch size or percent hatching rate, but percent hatchling survival improved under LED with an increased 
proportion achieving 100% survival. There was no significant difference in FCM between the lighting treatments. However, 
the activity budgets of the birds were altered, with a reduction in flighted movement and an increase in enrichment manipula-
tion under LED. Overall, these results support the use of blue-enriched, broad-spectrum flicker-free LED as a safe alternative 
to CWF lighting for breeding and nonbreeding indoor-housed zebra finches.

Abbreviations and Acronyms: CCT, correlated color temperature; CORT, corticosterone; CRI, color rendering index; CWF,  
cool white fluorescent; dph, days post-hatch; FCM, fecal corticosterone metabolites; K, kelvin; MANOVA, multivariate analysis 
of variance
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Introduction
The zebra finch (Taeniopygia guttata), an oscine passerine, 

is a well-established model of vocal learning and neurobiol-
ogy.54,60 The ease of breeding in captivity along with methods 
for transgenesis have further increased the popularity of zebra 
finches in various other fields such as genomics and develop-
mental biology.5,35,56,63,66,69,89 Despite their extensive use, there 
is a lack of evidence-based husbandry recommendations for 
zebra finches, potentially impacting their welfare and utility as 
a research model. In particular, the lighting regime is a funda-
mental environmental factor in avian husbandry. Light plays a 
critical role in synchronizing the avian neuroendocrine circadian 
rhythm and has direct impacts on reproductive physiology, 
metabolism, and behavior.5,22,27,69 However, lighting recommen-
dations for laboratory birds are scarce, rarely species-specific, 
and often empirically based and vague. Generally, it is recom-
mended that lighting should mimic natural daylight and have 

high flicker frequencies.5,63,69 The 8th edition of the Guide for 
the Care and Use of Laboratory Animals states that inappropriate 
photointensity, photoperiod, and spectral quality of light are 
potential photostressors for all animals; regarding birds, the 
Guide only mentions that chickens (Gallus domesticus) will not 
eat in low light or darkness.47

Zebra finches are endemic to arid regions of Australia with 
bright desert sunlight.14,66,89 Thus, the low photointensity in 
facilities designed for rodents (that is, 325 lx) is thought to be 
insufficient for zebra finches.73 Photoperiods are also impor-
tant, and continuous light exposure has been associated with 
increased mortality in this species.75 Furthermore, lights that 
provide full spectrum wavelengths (that is, from UV to infra-
red) have been suggested,46,73 although specific wavelength 
ranges have not been experimentally validated in zebra finches. 
Light flicker, a temporal lighting artifact that is determined by 
the change in lighting output over time (measured in flicker 
percent or flicker index) and the frequency of that fluctuation 
(measured in Hz), is another important parameter for birds as 
they have higher spatial resolution than humans.53,55,57,65,73 Some 
laboratory animal husbandry resources recommend cool white 
fluorescent (CWF) tube lighting for zebra finches.5,63,69 However, 
one major drawback is that CWF and other readily available 
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fluorescent tubes are low frequency (100 to 120 Hz) and can 
emit flicker frequencies that are detectable to the avian (but not 
human) eye, which has been found to adversely affect behavior 
and increase basal corticosterone (CORT) levels in other cap-
tive passerines.27,55 In addition, fluorescent tubes contain toxic 
mercury vapors that can pose risks to animals, humans, and 
the environment if the tubes break.32

LED technology is being adopted as a replacement for CWF 
tubes in many facilities due to its superior energy efficiency 
and lifespan, recent reductions in up-front purchasing costs, 
and nonhazardous components.18 Also, LED technology, com-
pared with CWF, has superior color balance with fewer extreme 
spikes in the green and amber wavelength regions and does 
not produce flicker when housed in ballasts with direct current 
power. In laboratory rodents, LED has been shown to improve 
circadian regulation and downstream physiologic parameters 
when compared with CWF.18 Therefore, LED may be a suitable 
alternative lighting source for zebra finches housed indoors. 
At present, there are no published reports that evaluate LED 
as a replacement for CWF lighting in zebra finches or other 
indoor-housed passerines. Our goal was to determine whether 
LEDs are a safe alternative to CWF lights and whether they 
offer any reproductive or welfare benefits to indoor-housed 
zebra finches.

In this study, we compared the effects of LED with CWF 
lighting on various parameters of behavior, physiologic stress, 
and reproduction in a large (n > 200) colony of indoor-housed 
zebra finches at the Massachusetts Institute of Technology. Our 
first aim was to compare the effects of LED and CWF lighting 
on reproductive outcomes of zebra finch breeding pairs as de-
termined by egg production, hatch rate, and hatchling survival 
rate. Our second aim was to evaluate components of behavior 
and stress in adult male zebra finches housed under CWF fol-
lowed by LED lighting using an ethogram-based behavioral 
assay and fecal CORT metabolite (FCM) measurements. We 
hypothesized that LED lighting would be associated with 
equivalent or improved breeding outcomes, behaviors (for 
example, decreased aggression), and stress (that is, decreased 
FCM levels) compared with CWF lighting.

Materials and Methods
Animals and husbandry. Healthy, adult (age greater than or 

equal to 3 mo), wild type, experimentally naïve zebra finches 
were maintained in an AAALAC-accredited indoor facility. 
Cubicle room level records indicate that the ambient tempera-
ture was maintained between 22 and 23 C° (72 and 74 °F) and 
the relative humidity was between 37% and 46% throughout 
the study period; these values were consistent across all 26 
wk of the study. A millet–canary grass seed–oat mix fortified 
with amino acids and vitamins (Supreme Fortified Daily Diet: 
Finch, Kaytee Products, Chilton, WI) and pellets (Roudybush 
Breeder Nibles, Woodland, CA) constituted the main diet, with 
a high-protein supplement (High Potency Mash, Harrison’s 
Bird Foods, HBD International, Brentwood, TN, moistened and 
mixed with minced hard-boiled eggs) fed several times each 
week. All birds received supplemental calcium in the form of 
cuttlebone. Fresh water was provided without restriction, with 
additional bathing bowls offered at least twice weekly. Finches 
were group housed with same-sex conspecifics in flight cages 
(maximum, 16 birds) or in breeding cages (male-female pairs 
with their offspring). All flight cages had a minimum of 8 
perches (6 dowel and 2 swinging perches). All breeding cages 
had 2 perches (one dowel and one natural manzanita branch) 
and a nest box (Nest Leonardo, SKU: N011, 12 × 11 × 13.5 cm from 

S.T.A Soluzioni) that was attached to the outside of the cage. 
All cages received nesting material enrichment 3 times weekly 
in the form of strands of coconut fiber, jute fiber, and white 
linen cotton, in addition to cotton nestlets in the flight cages 
only. New pairs were provided with a nest box that contained 
layers of the nesting materials, except the cotton nestlets. The 
nesting materials within the nest box were in addition to the 
enrichment provided throughout each week. Before the onset 
of this study, a proportion of pairs were found to place whole, 
unshredded cotton nestlets in the center of their nest covering 
any preexisting eggs. To reduce the accumulation of unviable 
eggs and stress of egg production on the adults, nestlets were 
not provided to breeding pairs. Semiannual health monitor-
ing was performed to screen for ectoparasites such as feather 
mites (for example, Neocheyletiella spp.), endoparasites such 
as coccidia, and bacterial pathogens such as Salmonella spp., 
along with regular (every 3 to 6 mo) postmortem surveillance 
for Macrorhabdus ornithogaster and mycobacterial organisms. 
All animal work was approved by the Massachusetts Institute 
of Technology’s IACUC.

Lighting regimens and spectral of transmittance measurement.  
Adjacent windowless cubicles with opaque walls (n = 3) receiv-
ing 12:12-h diurnal artificial lighting (lights on, 0700) were used 
to deliver different lighting treatments. Each cubicle contained 
a hardwired standard 48-in. T8-sized standard electric ballast 
(E113705, Cooper Lighting, Americus, GA) in addition to sup-
plemental lighting at the cage level. Supplemental lighting 
consisted of a single high-output, 48-in. T5-sized light fixture 
that spanned each row of either 3 standard breeding cages (di-
mensions: 17′′ L × 16′′ H × 14′′ D each; Figure 1A) or one flight 
cage (dimensions: 60′′ L × 20′′ H × 24′′ D each). The supplemen-
tal light on:off schedule was staggered by approximately 10 min 
with the standard overhead lights by digital timers, such that 
the lights would turn on at approximately 0710 and turn off at 
approximately 1850. The supplemental light sources were cho-
sen to mimic natural daylight (broad-spectrum, correlated color 
temperature [CCT] of 6,500 Kelvin [K], color rendering index 
[CRI] of 100) as closely as possible to deliver light resembling 
daylight, and the ceiling lights complemented the supplemental 
lighting. Specifically, the CWF (control; current practice) cubicles 
had fluorescent Sylvania Octron 800 F032/835/ECO T8 ceiling 
lights (3,500 K, 32 W, and 85 CRI) and Sunlite F28T5/865 T5 sup-
plemental cage lights (6,500 K, 28 W, and 82 CRI) in standard 
plug-in electric ballasts. The LED (experimental treatment) cu-
bicles had Waveform Lighting Centric Daylight T8 ceiling lights 
(6,500 K, 18 W, and 95+ CRI) and Waveform Lighting Centric 
Daylight T5 supplemental cage lights in plug-in direct current 
flicker-free ballasts (6,500 K, 18 W, and 95+ CRI).

Throughout the study period, each cubicle was monitored 
weekly for ambient lighting characteristics at the cage level in 
the upper third of the cage using a hand-held spectrometer with 
a built-in sensor (UPRtek MK350N Premium, Taiwan) held par-
allel to the cage walls. For the flight cages (n = 3), measurements 
were taken from the middle of the most central perch from the 
level of the perch. For breeding cages, one cage on each level on 
all racks (3 levels, 2 racks; n = 6 cages per cubicle) was measured 
at approximately 10 cm from the opening of the nest box at the 
level of the adjacent perch (Figure 1B). Flicker percent and index 
were calculated automatically by the spectrometer software 
according to the Illuminating Engineering Society definitions.

Reproductive success.  With the use of 2 adjacent cubicles 
dedicated to breeding pairs and fashioned with 18 breeding 
cages each, cubicle 1 was equipped with CWF and cubicle 2 
with LED lighting. Over 29 wk, starting in the fall of 2022, 89 
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male-female pairs (n = 44 to 45 pairs per cubicle) were randomly 
assigned to breeding cages in either cubicles 1 or 2 and were 
monitored for an average of 40 consecutive days per pair. Up 
to 3 breeding pairs were randomly assigned to each cubicle 
weekly. All pairs were assessed at least twice weekly for nest 
building, egg laying, hatching, and hatchling development until 
11 d post-hatch (dph), when hatchlings were relocated with the 
adult female by the research laboratory staff for sound isolation 
(Figure 2A). Bonding time (time from pairing to first egg laid), 
clutch size (total number of eggs laid), hatch rate (number of 
eggs hatched per clutch size), and hatchling survival rate (total 
number of hatchlings surviving to 11 dph divided by the origi-
nal number of hatchlings born per clutch) were calculated for 
each pair and compared between treatments. Birds that failed 
to produce offspring after 2 or more consecutive pairings were 
excluded from the study.

Behavioral recordings. Adult nonbreeding males were ran-
domly distributed into 3 flight cages (n = 45 birds total, 11 to 16 
birds per cage) in cubicle 3 (separate from breeding cubicles). 
Ceiling and supplemental cage lighting first consisted of CWF, 
followed by LED. Flight cages were remotely recorded using 
Wi-Fi-enabled HD video cameras (ReoLink E1-3MP Indoor Wifi 
Camera) mounted across from each cage before the first accli-
mation period. Recordings occurred 3 times per week for 4 wk, 
following a 3-wk acclimation;27 a morning (0700 to 1000) and 

afternoon (1500 to 1800) recording on Sundays (day with least 
disturbance by researchers and care staff) and a recording on 
Tuesday morning (0900 to 1200) after twice-weekly water bath 
dishes were provided by care staff (Figure 3A). Time-matched 
(across cage replicates), representative 15-min clips from each 
set of recordings were randomly selected for evaluation by a 
blinded observer using an ethogram (Table 1);15 behaviors of all 
birds were counted every 15 s per recording. This approach was 
used to quantify the proportion of birds performing each type of 
behavior at predetermined time points to create activity budgets.

Fecal sampling, storage, and extraction.  For each light 
treatment, at the end of the 4-wk behavioral observation 
(videorecording) period, pooled fecal samples were collected 
at 1020, 1140, 1240, 1340, and 1610 to evaluate basal levels of 
FCM and any associated diurnal changes during the sampling 
period (Figure 3A). Samples were collected from each cage 
on a Sunday when birds were least likely to be disturbed by 
veterinary and research staff and were collected directly from 
freshly placed paper cage liner. To limit disturbances created by 
serial sampling the appropriate number of sheets was placed 
prior to the sampling period. Fresh droppings were collected 
with the handle end of wood-based sterile cotton-tipped ap-
plicators and transferred to clear polyethylene resealable bags. 
Attempts were made to exclude large amounts of urates, seeds, 
seed hulls, and pellets. Each sample consisted of approximately 

Figure 1.  Lighting setup and measurements. Each cubicle (n = 3 total) consisted of 1 to 2 racks that were included in the study. Each rack  
had 3 rows of breeding cages or a single flight cage. (A) Each cubicle contained a hard-wired 4-ft T8-sized fixture in the ceiling and a single 
4-ft T5-sized light across each row of breeding cages or each flight cage; inset is a graphic of rack setup. (B) Radiospectrometry measurements 
were recorded at the cage level from 6 cages in each breeding cubicle and from each flight cage approximately once weekly throughout the 
study. A representative image of the recording location in the breeding cages is shown. Representative (C) spectral irradiance distributions 
and (D) normalized temporal flicker or power modulation of the LED (red line) and fluorescent (black line) lights as measured by a handheld 
spectrometer at the cage level.
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30 pooled droppings from each cage at each specified time point 
(approximately 0.2 g of lyophilized feces).83 Samples were stored 
at −80 °C (–112 °F) until lyophilization and extraction. Frozen 
samples were lyophilized for 24 h, weighted, transferred to 2 
mL cryovials, and extracted in 7.5 mL of 70% ethanol per gram 
of dried feces. Samples were broken up and shaken for 30 min 
before centrifugation for 15 min at 4 °C (39 °F) and 5,000 rpm.8,78 
The supernatant was transferred to a new 2 mL cryovial, dried 

to remove all alcohol (Eppendorf 5301 Vacufuge Concentrator), 
and reconstituted in 0.5 mL of room temperature assay buffer 
(kit diluent). Samples were stored at −20 °C (–4 °F) until being 
assayed.

FCM ELISA. FCM measurements were made using the DetectX 
Corticosterone Enzyme Immunoassay Kit (Arbor Assays, Ann 
Arbor, MI; K014-H5). Samples and standards were treated ac-
cording to the manufacturer’s instructions. Each sample and 

Figure 2.  Summary of experiment comparing reproductive success of newly formed male-female zebra finch breeding pairs under fluorescent 
or LED lighting systems in different, adjacent cubicles. The study timeline for each reproductive pair is demonstrated (A). Pairs were monitored 
at least twice weekly for an average of 40 d from pairing through 11 d post-hatch (11 dph). Reproductive parameters of breeding pairs housed 
either under fluorescent lighting (control; white) or LED lighting (experimental treatment; red) are summarized. There was no difference be-
tween the 2 treatment groups for bonding time (B) and clutch size (C). Results displayed as scatter plots with the means ± SD. The hatch rate did 
not differ between the treatments (D), but the hatchling survival rate was significantly higher for the LED-treated pairs (E). Results displayed as 
scatter plots with the median ± 95% confidence interval. (*, P ≤ 0.05; ns, not significant).
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standard were measured in duplicate. The following control 
values were determined: nonspecific binding and maximum 
binding/zero standard. A standard curve was created for every 
analysis. All samples had CORT levels that were above the 

manufacturer’s reported limit of detection for this assay (26.99 
pg/mL). Sensitivity of the assay for CORT at 50% binding was 
approximately 0.8 ng/mL. Measurements were adjusted for the 
mass of the fecal sample and concentrations are expressed as 

Figure 3.  Summary of experiments evaluating welfare in nonbreeding adult males. (A) Three cage replicates were used, with each cage contain-
ing 11 to 16 birds. A cross-over design was used with the males housed under fluorescent lighting and then under LED. Video recordings were 
made 3 times a week for 4 wk, after a 3-wk acclimation period for each lighting type. Fecal samples were collected at the end of the recording 
periods at 5 standardized time points in a single day. (B) Behavior time budgets of adult males were created for each lighting treatment type 
based on an ethogram. Proportions of total activity for each treatment group are displayed as means ± SD to demonstrate relative changes in 
activity budgets. Pair-wise comparisons were made with Student t tests and Holm-Šídák correction. (C) Diurnal pattern of fecal corticosterone 
(CORT) in male zebra finches housed under fluorescent or LED lights. Means ± SD are displayed. Fecal CORT did not differ between the 2 
treatments and did not significantly fluctuate during the sampling period (2-way ANOVA, time × treatment, P > 0.05; ng/g = ng CORT per g of 
dried feces; *, P ≤ 0.05).

Table 1.  Ethogram describing video assessment behavioral coding

Behavior Description
Moving Locomotor activity without use of wings from perch to perch, perch to floor, moving sideways on a perch, 

swinging (balancing) on plastic clothes hanger, or hopping on floor.
Flying Locomotor activity with the use of wings from perch to perch, or perch to floor.
Alert Frequent head movements and an absence of locomotor activity, not performing any of the other defined 

behaviors.
Resting Absence of head/wing movement or locomotor activity.
Feeding/drinking Drinking water, eating seeds, supplemental mash, or cuttlefish bone; if the bird pauses the behavior for a 

maximum of 3 s and then returns to it, then the whole duration of that activity is considered as the same 
“bout” of foraging.

Interacting with 
enrichment

Pecking at or holding nesting material (for example, sisal, hay, nestlet); if the bird pauses the behavior for a 
maximum of 3 s and then returns to it, then the whole duration of that activity is considered as the same 
“bout” of enrichment interaction.

Preening Grooming feathers, bathing (standing or hopping in, preening or flapping wings in water bath); if the bird 
pauses the behavior for a maximum of 3 s and then returns to it, then the whole duration is considered as 
the same “bout” of preening.

Social behavior Allopreening (bird grooms conspecific or is groomed by conspecific).
Aggression Biting/pecking at, chasing another bird.

Table was adapted from Reference 15.
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nanograms/gram of lyophilized fecal matter. The mean intra- 
and interassay coefficients of variation (n = 3 plates) were 8.9% 
(n = 134) and 5.69% (n = 19), respectively. Cross-reactivity for 
the CORT antibody, according to the manufacturer was as fol-
lows: corticosterone (100%), 1-dehydrocorticosterone (18.90%), 
desoxycorticosterone (12.30%), 1α-hydroxycorticosterone 
(3.3%), 11-dehydrocorticosterone (2.44%), tetrahydrocor-
ticosterone (0.76%), aldosterone (0.62%), cortisol (0.38%), 
progesterone (0.24%), dexamethasone (0.12%), testosterone 
(0.03%), corticosterone-21-hemisuccinate (<0.1%), cortisone 
(<0.08%), estradiol (<0.08%), 17-hydroxyprogesterone (<0.01%), 
allopregnanolone (<0.01%), dehydroepiandrosterone sulfate 
(<0.01%), estrone-3-glucuronide (<0.01%), and estrone-3-sulfate 
(<0.01%).

ELISA validation. To validate a commercially available corti-
costerone ELISA kit, healthy, adult male zebra finches (n = 11 
to 14 birds/cage) underwent hand capture and restraint as an 
acute stress challenge. Following this challenge, a time course 
of FCM measurements was recorded to identify acute changes 
in adrenal activity and subsequent return to basal levels. This is 
a previously validated method when challenging adrenocortical 
tissue and elevating endogenous CORT concentrations in small 
birds.50,79,80,86,88 We used 2 variations of a “capture/restraint” 
stress method, either via an established protocol with an opaque 
cotton bag (method 1, n = 1 cage) or a novel protocol with an 
extended (60 s) hand capture and placement in a new home 
cage (method 2; n = 3 cages).50,86 Fresh basal fecal samples were 
collected and then each bird was hand caught, examined, and 

restrained using one of the 2 methods. Post-stress fecal samples 
were then collected 1, 2, 3, and 5.5 h after restraint (Figure 4A). 
Timepoints were based on similar studies in other passerines.78 
Time-matched, unstressed controls were used for comparison. 
All samples were collected between 1000 and 1630 during the 
middle of the diurnal, lights-on period. To determine the as-
say validity across multiple concentrations, parallelism was 
compared between serially diluted (1:4 to 1:64, n = 4 samples) 
fecal extracts from pooled adult male zebra finch samples and 
kit-provided CORT standards.8,78

Statistical analysis. FCM levels were measured in nanograms 
of CORT metabolite per gram of dried feces. FCM ELISA 
validation and experimental basal stress repeated measured 
samples were analyzed using a 2-way ANOVA (time × stress 
method, or time × treatment), and Bonferroni post hoc tests 
were used to compare stressed and unstressed time-matched 
values. Parallelism was assessed by linear regression. Behav-
iors were summarized for each 15-min video as a percentage 
of behavior performed during that period and were compared 
across treatments, recording week (first through fourth week), 
and recording period (morning, evening, or with water bath) 
using a 3-way full-factorial multivariate analysis of variance 
(MANOVA). Paired t tests with a Holm-Šídák correction were 
performed for each behavioral category to further characterize 
the observed variance from the MANOVA. Bonding time and 
clutch size were compared with unpaired t tests, and hatch 
and survival rates were compared by nonparametric one-sided 
Mann–Whitney U tests. Values of P ≤ 0.05 were considered 

Figure 4.  Fecal corticosterone (CORT) metabolite assay validation. (A) Schematic of capture/restraint physiologic stress test. Basal fecal samples 
were collected. Birds were then restrained to generate a stress-induced CORT release. Post-stress samples were collected at 1, 2, 3, and 5.5 h 
post-restraint. On a separate day from restraint, time-matched fecal samples were collected from unstressed birds from the same cages to serve 
as controls (n = 4 cages). (B) Stress was induced using either an established “capture/restraint” protocol with an opaque cotton bag (method 
1) or a novel protocol with an extended hand capture and new home cage (method 2). Means ± SD over the time course are presented. There 
was no significant difference between the methods (2-way ANOVA time × stress method, F4,8 = 1.442, P = 0.305); the results were combined for 
comparison against unstressed controls. (C) Mean ± SD fecal CORT in stressed male finches compared with time-matched, unstressed controls. 
Restraint resulted in a significant elevation compared with controls at 2 and 3 h post-stress (2-way ANOVA, time × treatment, P ≤ 0.0001), with a 
return to baseline by 5.5 h post-stress (Bonferroni post hoc test). (†, P ≤ 0.001; §, P ≤ 0.0001; ng/g = ng CORT per g of dried feces).
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significant. All tests were performed using GraphPad PRISM 
10.0.2 (GraphPad Software, Boston, MA) or SAS JMP Pro 16.2.0 
(SAS Institute, Cary, NC). Sample sizes were based on a mini-
mum of 80% power (β = 0.2) at a significance criterion of α = 0.05 
and determined using G*Power version 3.1.9.6.29 FCM ELISA 
validation sample size was calculated based on similar tests 
in other passerine species with an estimated δ = 6 and SD = 2 
between baseline and peak elevation in CORT.78 Minimum 
sample size based on a one-sided t test was n = 3. To determine 
whether LED would result in similar or improved reproductive 
outcomes compared with CWF treatment, sample size for the 
reproductive study was based on the one-sided Mann–Whitney 
U test with an estimated medium effect size of d = 0.65 (from an 
estimated θ1 = 0.85, θ2 = 0.75, SD = 0.15). Minimum sample size 
was estimated to be n = 34 per group.

Results
Lighting measurements.  Cage-level illumination from T5 

lights placed above each row of cages was measured from 
a standard location (displayed in Figure 1B) with the detec-
tor facing upward to measure ambient lighting within the 
breeding cages. Measurements (n = 101 total per cubicle) were 
similar to the manufacturer’s specifications. Irradiance (and il-
luminance) values in cubicle 1 (CWF; control) were 7.91 ± 1.96 
mW/m2 (2,555 ± 644 lx) with a CCT of 5,647 ± 120 K and a CRI 
of 83.7 ± 0.56%. cubicle 2 (LED) cages had an irradiance (and il-
luminance) of 6.09 ± 1.27 mW/m2 (1,638 ± 346 lx) with a CCT of 
6,128 ± 178 K and a CRI of 97.5 ± 0.15%. Representative cage-level 
spectral power distributions from 380 to 780 nm are shown in 
Figure 1C. The CWF tubes emitted unnatural peaks in the green 
(approximately 545 nm) and amber (approximately 612 nm) 
regions, which was expected based on previous studies.18,20 The 
LED light had an expected blue (approximately 448 nm) peak 
and a more sunlight-mimicking, natural distribution across the 
visual spectral output. Flicker percent and index were measured, 
and power modulation fluctuations are visually represented 
in Figure 1D. The frequency of flicker (or power modulation/
fluctuation) cycled at 128 Hz for both lighting sources, as de-
termined by the municipal power source. However, the change 
in output as determined by the flicker percent and flicker index 
was approximately 7.6% and 0.014 for the CWF lights and 0.63% 
and 0.0009 for the LED lights, respectively. The flight cage light-
ing measurements were similar to those from breeding cages 
reported above but were measured from the level of the most 
central perch.

Reproductive success.  New pairs acclimated over a 10-d 
bonding/pairing period, approximating the time needed for 
successful pairing before mating.89 They were then monitored 
from egg laying, through incubation, and finally until 11 dph. 
The number of days to produce the first egg of the clutch, 
maximum clutch size, percent hatching rate (eggs hatched per 
maximum clutch size), and percent hatchling survival to 11 dph 
(nestlings per maximum clutch size) were recorded. Eleven 
pairs (n = 9 CWF treated, 2 LED treated) were excluded due to 
aggression (n = 1, CWF treated) or unsuccessful pairing with 
no hatchling production (n = 8 CWF treated, 2 LED treated). 
Results (n = 36 CWF-treated pairs and 42 LED-treated pairs 
after exclusions) showed no statistically significant difference 
in the timing of the first egg produced (t76 = 0.144, P = 0.886; 
Figure 2B), clutch size (t76 = 1.980, P = 0.051; Figure 2C), or per-
cent hatching rate (U = 684, P = 0.223; Figure 2D), but percent 
hatchling survival was higher in the LED group (U = 623.5,  
P = 0.043; Figure 2E).

Behavior.  Using an ethogram, a blinded observer scored 
twelve 15-min videos for each cage of group-housed male birds. 
This was repeated under CWF and LED lighting. Behavioral 
time budgets were created for each treatment over 4-wk record-
ing periods, with 3 time points each week for each cage, resulting 
in 36 budget summaries per treatment. The total proportion of 
each type of behavior for each time video was calculated. A 
3-way full-factorial MANOVA (treatment × recording week × 
time of day) showed no significant interactions between inde-
pendent variables (Wilk’s λ18,104 = 0.806, P = 0.845). There was 
also no significant interaction between treatment and time of day 
of recording or treatment and week of recording (treatment ×  
time of day, Wilk’s λ18,104 = 0.753, P = 0.606; treatment × record-
ing week, F9.52 = 0.291, P = 0.117). However, treatment alone 
did significantly influence the time budget profiles (one-way 
MANOVA, F9,62 = 0.454, P = 0.0036), so each behavior type was 
subsequently analyzed by individual paired Student t tests 
and Holm-Šídák correction for multiple comparisons for each 
behavior type to determine the source of variability detected by 
the MANOVA. Trends between the 2 treatments are summarized 
in Figure 3B. The “flying” and “enrichment interaction” terms 
were found to be significantly different between the treatment 
groups. Specifically, when treated with LED lights, there was 
a decrease in proportion of birds flying (4.6% compared with 
6.1%, t35 = 3.599, P = 0.009) and an increase in proportion of 
birds interacting with enrichment (3.2% compared with 1.9%, 
t35 = 3.051, P = 0.034), compared with the CWF treatment.

Physiologic stress. Using 3 groups of adult male zebra finches 
randomly assigned to flight cages, we used a crossover design 
first using CWF lighting type (control; current practice), fol-
lowed by LED (experimental). We used FCM as a measure 
of physiologic stress, as CORT is the major stress hormone in 
birds.42 Pooled fecal samples collected at the end of each 4-wk 
behavioral observation period for each lighting treatment were 
analyzed for basal FCM levels using a 2-way ANOVA (time ×  
treatment; Figure 3C). There was no difference in the FCM levels  
between the 2 treatments. In addition, the FCM levels did not  
fluctuate during the sampling period across all samples com-
bined (effect of time; F2.214,8.856 = 2.401, P = 0.1444) or within each  
treatment group (Tukey’s honestly significant difference, P > 0.05).

ELISA validation. There was no significant difference in the 
FCM elevation between the 2 stress methods (2-way ANOVA, 
time × stress method, F4,8 = 01.442, P = 0.305; Figure 4B). This 
result demonstrates the validity of the novel capture-restraint 
stress method with a 60-s extended manual restraint (method 
2) as an alternative to the traditional method using an opaque 
cotton bag (method 1). The results obtained from both methods 
were combined and compared with unstressed, time-matched 
controls (Figure 4C). There was a significant increase in FCM 
from baseline at 2 and 3 h (2-way ANOVA, time × stress method, 
F4,24 = 9.463, P ≤ 0.0001, Bonferroni post hoc test, P ≤ 0.0001 and 
P = 0.002, respectively) and a return to baseline by 5.5 h, dem-
onstrating that the ELISA can detect increased FCM resulting 
from physiologic stress in laboratory zebra finches.

We also assessed regression curves between CORT standards 
and a dilution series of pooled samples (1:4 through 1:64), 
which demonstrated parallelism with the kit-provided standard 
curve (F1,24 = 0.4415, P = 0.5127; standard slope = −2.262; sample 
slope = −2.210; Figure 5). All samples were within the log-logit 
linear range (13.9% to 92.2% binding) of the standard curve, 
demonstrating that this ELISA can robustly detect and quantify 
FCM within this range. These results demonstrate that FCM 
ELISA can be used as a reliable, noninvasive test to monitor 
stress in adult male zebra finches.
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Discussion
LED lighting is becoming more widely adopted and is ex-

pected to be used in the majority of animal facilities within the 
next decade.16,20,40,45 This shift is largely due to the improved 
energy efficiency, reduced heat, and low vibration or noise from 
the technology compared with fluorescent and incandescent 
lights, compounded with the improved manufacturing costs and 
accessibility of the technology. Lighting quality and characteris-
tics, including spectral irradiance and flicker, have been shown 
to influence avian physiology, behavior, and reproduction.5,27,69 
In addition, photoperiod is an important signal for migratory 
birds.7,36 However, no prior study has specifically compared 
the effect of broad-spectrum LED and CWF technologies on 
the reproduction and welfare of indoor-housed passerines. 
This study compared the effects of LED with CWF lighting on 
the reproductive outcomes, behavior, and physiologic stress of 
laboratory zebra finches. We found that LED lighting resulted 
in an increase in the proportion of breeding pairs without any 
hatchling deaths within the first 11 dph and had no negative 
impact on zebra finch welfare in terms of fecal CORT metabo-
lite measurements. We also found that LED lighting resulted 
in altered behavior of group-housed males, as evidenced by 
less flighted movement and more interaction with provided 
nesting material enrichment items. Overall, we concluded that 
LED lighting did not induce more stress or negative reproduc-
tive outcomes compared with the standard CWF lighting that 
is used in most facilities today, supporting the use of LED as a 
safe and viable lighting alternative for these birds.

Birds have a wider visual spectrum than humans, from ap-
proximately 300 to 700 nm, and like reptiles and freshwater 
fish, most diurnal birds have 4 types of cones (tetrachromacy) 
involved in color vision, rather than 3, with the maximum sen-
sitivities at 567 nm (red), 502 nm (green), 430 nm (blue), and 
360 nm (UV).10,38 These cones contain colored oil droplets that 
are thought to narrow cone spectral sensitivities and improve 
color discrimination,81 which is more accurate at higher light 
intensities.67,68 These are important considerations for 2 reasons. 
First, the established photometric measurements, including 

lux brightness estimates, are not directly applicable to birds 
and other tetrachromats.17 Second, as diurnal birds perceive 
light and visual signals in a different manner, providing a 
species-specific full spectrum of light (that is, wavelengths in-
cluding the UVA range) and ensuring the quality of the light is 
appropriate (for example, high CRI or related measurements 
of color quality, low flicker, balanced wavelengths) is arguably 
more important for avian species compared with rodents. The 
optimization of artificial lighting systems for indoor-housed 
zebra finches and other passerines should be based on well 
controlled studies, with careful consideration for species-specific 
anatomy and physiology.

Light flicker from artificial light sources is a temporal artifact 
that is caused by the inconsistent output of light over time due 
to oscillating power delivery. The level of flicker is a factor of 
both the frequency of the fluctuation and the difference between 
maximum and minimum output (peaks and troughs), which is 
described as flicker index or flicker percent. Low frequency and/
or high flicker index or percent light sources are more likely to 
be perceived as flickering, but perception of this variation is 
also determined by an individual animal’s temporal resolution. 
Animals with high temporal resolution such as flighted birds 
and insects are much more likely to perceive the flickering of 
a low-frequency or highly fluctuating light.46 While a human 
may perceive flicker under 50 to 90 Hz lighting, rock pigeons 
(Columba livia) and other diurnal birds have been recorded as 
high as 100 to 143 Hz.21,53,55,57,65 In our study, we determined 
that the flicker frequency was 128 Hz for both lighting sources, 
but both flicker index and flicker percent measured at the cage 
level were consistently higher in the CWF-illuminated cages. 
Specifically, the flicker percent and flicker index were approxi-
mately 7.6% and 0.014 for the CWF lights and 0.63% and 0.0009 
for the LED lights, or approximately 1,200% higher under the 
CWF lights.

The perception of flicker has been shown to affect behavioral 
patterns and stress levels in several avian species.26,70,84 In a 
series of studies with European starlings (Sturnus vulgaris), one 
study found that low-frequency (100 Hz) full-spectrum light was 
associated with altered behavior, including increased muscle 
spasms, as compared with high-frequency (>30,000 Hz) light.27 
The observed behavioral changes remained for 3 wk following 
the end of the low-frequency light exposure period. In addition, 
in a choice experiment, European starlings consistently spent 
more time under high-frequency lighting, suggesting that they 
found high-frequency lighting less aversive, although, like our 
findings, there was no change in basal CORT levels.34 Lighting 
flicker has also been shown to affect European starling visual 
communication and reproductive behavior. High-frequency 
lighting was associated with more consistent mate choice by 
adult females, which was associated with feather type.24 The 
LED near-zero flicker percent and flicker index in our study 
may have been perceived by the birds as less aversive and less 
stressful than the flicker produced by the CWF lighting, provid-
ing a more stable environment. This is one possible explanation 
for the reduced hatchling deaths and the altered behavior of 
males associated with LED lighting. Based on this key differ-
ence between the lighting types used, LED lights powered by 
high-quality flicker-free drivers should be used for all cage-level 
supplemental lighting or for overhead lighting where cage-level 
lights are not used.

Another important photometric parameter to consider when 
choosing an artificial light source is the CCT or color balance, 
which indicates the color tone of white light and is measured 
on the Kelvin scale. Lights with a warmer color have a lower 

Figure 5.  Parallelism between serially diluted standards and pooled 
fecal corticosterone (CORT) levels detected in feces using ELISA.  
A log–logit transformed standard curve (Y = −2.210 × X + 6.506,  
r2 = 0.9940, P ≤ 0.0001) and log–logit transformed curve of serial di-
lutions of fecal extracts collected from adult male zebra finches 
(Y = −2.262 × X + 6.723, r2 = 0.9925, P ≤ 0.0001). The standard curve is 
indicated by the red line and closed circles. The fecal dilutions are in-
dicated by the black line and open circles.
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color temperature or CCT; for example, warm, red-toned late 
afternoon light is approximately 2,000 to 3,000 K, while cool, 
blue-toned midday sunlight is approximately 6,500 K. Diurnal 
animals in the wild are adapted to natural sunlight, and the 
visible spectrum of sunlight is best simulated by cool-toned or 
blue-enriched broad-spectrum lighting.18 The CCT of white light 
and single-wavelength lights have both been shown to affect 
avian behavior and reproduction. Broiler chickens raised under 
cool-toned (5,000 K) white LED lights had reduced stress and 
fear responses compared with those raised under warm-toned 
(2,700 K) white LED lights.4 In addition, broilers reared under 
blue LED lights had the highest reproductive performance, low-
est CORT and behavioral stress scores, and highest melatonin 
levels compared with red, green, white, and mixed LED light.1,31 
However, the Guide for the Care and Use of Agricultural Animals 
in Agricultural Research and Teaching recommends between 3,000 
and 3,500 K for stimulating egg production in layer poultry.30 
Similar lighting tone and color studies in budgerigars (Melopsit-
tacus undulatus) found that blue LED light was associated with 
an increase in social behavior, but birds spent more time under 
yellow light compared with blue, red, or white LED light.23 The 
lights used in our study were both cool-toned, broad-spectrum 
white lights, with a CCT over 5,500 K at the cage level (with 
higher levels reported by the manufacturers).

Importantly, cool-toned daylight-mimicking broad-spectrum 
lighting is optimized when delivered by LED technology due 
to the balance of irradiance across all wavelengths of light. 
Conversely, CWF lights of the same overall CCT will inher-
ently emit unnatural spikes in the green and amber regions, 
as demonstrated in our cage-level measurements. Previous 
comparisons of these 2 lighting technologies on rodent physi-
ology found that animals housed under LED lighting had a 
significant increase in melatonin release in the middark phase 
and an enhancement of the circadian regulation of multiple 
neuroendocrine, metabolic, and physiologic parameters.3,19,20 
For example, when comparing groups of rats exposed to either 
LED or CWF technology during the day, LED-exposed rats had 
similar circadian patterns of release, but overall lower plasma 
glucose, lactic acid, and CORT levels, which are associated with 
improved physiology and well-being.20 Similarly, our study 
compared cool-toned broad-spectrum LED and CWF lighting. 
However, the effect of LED and CWF lights on physiologic 
changes in zebra finches beyond FCM were not compared in 
this study and would require further investigation.

Our study found an increased hatchling survival rate of 
11 dph in the LED-treated male-female breeding pairs, with 
a greater proportion of pairs achieving 100% survival. Thus, 
while the hatch rate did not differ, LED lighting appeared to 
positively alter the post-hatching conditions and increase the 
chances of survival of the hatchlings. Therefore, the LED lighting 
had nuanced effects on different aspects of reproductive success 
in these birds. An improvement to the cage microenvironment 
due to reduced flicker or optimized spectral profile may have 
enhanced parental care, for example, through optimized feed-
ing and brooding behaviors. However, this explanation for 
the improvement in hatchling survival under LED lighting is 
speculative, and further studies are needed to elucidate the 
specific mechanisms underlying this phenomenon.

Captive animals can be negatively impacted by the inability to 
express or perform natural behaviors.58 To counter this, biologi-
cally relevant enrichment has been studied in many production, 
companion, exhibitory, and laboratory species. Avian studies 
have identified species-specific positive changes in behavior 
associated with the addition of environmental enrichment 

to baren or otherwise lightly furnished enclosures, includ-
ing increased foraging and preening in chickens,25 reduced 
fear responses in Amazonian parrots (Amazona amazonica),59 
reduced periods of inactivity in zebra finches and mute swans 
(Cygnus olor),13,48 and increased vocalizations and singing in 
zebra finches.47 However, a study with garden warblers (Sylvia 
borin) found no correlation between basal CORT levels with the 
addition of environmental enrichment.28,61 In our study, the 
environmental enrichment offered during each lighting period 
did not change and included a variety of nesting fibers. Overall, 
the most common behaviors recorded did not differ between 
the lighting types, but the nonbreeding males spent more time 
manipulating the provided nesting fiber enrichment in the 
second half of the study when the lights were changed from 
CWF to LED. This manipulation included collecting, shredding, 
and piling. During this time, there was no change in ambient 
temperature or relative humidity. We consider this a positive 
behavioral shift as male zebra finches are the sex that collects 
and deposits nesting material, while the female will shape it into 
a dome nest, and nest building is associated with an increase 
in activity in the dopaminergic/reward circuits in the brains 
of zebra finches.37 In addition, the nonbreeding males in this 
study spent less time in flighted locomotion (“flying”) when 
lights were changed from CWF to LED. Although the welfare 
implications of this finding are less clear, the decreased loco-
motion could be associated with a positive affective state. For 
example, it has been reported in the literature that male zebra 
finches increase their “perch hopping” activity (similar to our 
“flying” term) after separation from their breeding partner, and 
ravens (Corvus corax) increase their locomotor activity when in 
a negative affective state.2,71 Alternatively, the decreased flight 
could be a result of the increased time spent interacting with 
enrichment.

The factors that affect optimal parental care and reproductive 
outcomes in birds are complex and multifactorial, including 
experience or parity, overall health, genetics, and age.85 Other 
considerations more specific to diurnal lighting quality include 
the interactions between melatonin and other hormones in 
avian parental care physiology. For example, in groups of rats 
housed under natural light (sunlight) or CWF lights, natural 
light was associated with greater melatonin peaks during the 
dark cycle and a stronger circadian pattern of prolactin release.51 
Therefore, while melatonin is involved in regulating sleep-wake 
cycles in most vertebrate species, changes in melatonin patterns 
can have cascading effects on other hormones. In zebra finches, 
prolactin plays a critical role in maternal and paternal behaviors, 
influencing the time and effort invested in nurturing offspring, 
and plasma prolactin is highest in the post-hatching period in 
this species.11,74 While it is unclear how zebra finch melatonin 
and prolactin levels vary under different diurnal lighting con-
ditions, it is possible that the LED lighting resulted in higher 
hormone levels in both nonbreeder and breeder birds, possibly 
through changes in melatonin release. If this were the case, 
changes in prolactin levels may have altered the allocation of 
time and resources toward nesting material manipulation due 
to a perceived need for nest building and parental care. Thus, 
it might explain both the behavioral change in the nonbreed-
ing males and the improved hatchling survival rate associated 
with LED lighting. Although beyond the scope of this study, 
investigating how LED lighting influences nighttime melatonin 
secretion, prolactin plasma levels, and daytime behavior in 
zebra finch breeding pairs could provide a better understand-
ing of the influence of lighting on hormone modulation and 
breeding success.
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FCM measurements have been used to noninvasively assess 
stress in a variety of mammalian and bird species, but validation 
had not been performed in zebra finches.64,83 We validated a 
FCM ELISA and demonstrated its utility as a low-stress alterna-
tive to blood sampling to assess physiologic stress in adult male 
zebra finches. This method was preferred over plasma measure-
ments, as the handling and restraint required for blood sampling 
have been shown to increase CORT levels within a few minutes, 
requiring investigators using this method to collect blood within 
the first 2 min after capture.33,39,62 To demonstrate that the assay 
accurately detected changes in CORT release, we used 2 varia-
tions of a capture-restraint stress method to cause a physiologic 
increase in CORT. The opaque cotton bag method (method 1) 
has been used extensively in field studies that require short-term 
capture of wild birds43,50,77,86 or in captive avian physiology 
studies to induce an acute stress response.49 We compared this 
traditional method to a novel extended (60 s) hand-restraint 
method (referred to as method 2). The elevation in FCM from 
baseline was equivalent between the 2 methods, with an ap-
proximately 2-fold increase by 2 h post-restraint and a return 
to baseline by 5.5 h post-restraint. As the 2 methods resulted in 
comparable elevations in FCM, extended manual restraint may 
be a safe, easily applied alternative for the experimental induc-
tion of stress in indoor-housed domesticated birds. These results 
also highlight the importance of considering any study effects 
or variables secondary to handling and restraint and whether 
an acclimation or a recovery period should be standardized in 
studies using zebra finches. In addition, we found a high level 
of parallelism between the kit-provided standard curve and se-
rial dilutions of 4 concentrated samples, demonstrating validity 
of experimental samples across a wide range of concentrations 
with little interference by contaminants, including dyes used in 
commercial seed and pelleted diets. This assay is most suitable 
for comparisons within a single population; between 2 or more 
treatment groups or over a time course. Additional validation 
should be completed before using this assay to assess FCM in 
juveniles, adult female zebra finches, or wild zebra finch popula-
tions, as physiologic variation from the adult male population in 
our study can result in altered metabolism of CORT excreted in 
the feces. Finally, as there were no significant variations in FCM 
seen within each group between 1020 and 1610, smaller groups 
of birds may be analyzed by pooling samples collected during a 
predetermined timeframe (for example, between 1100 and 1600).

There was no change in the basal FCM of the nonbreeding 
male finch population after 7 wk of exposure to each lighting 
type. However, this result may not fully capture the complex 
dynamics of the avian neuroendocrine response to chronic 
environmental stressors. Some avian studies have indicated 
that responses to chronic stressors can be highly adaptive and 
involve various physiologic and behavioral adjustments.87 Thus, 
the impact of the lighting conditions on CORT excretion may 
present as a short-term change that is modulated over time. 
Therefore, transient deviations in basal CORT may have been 
missed. As an alternative approach, previous avian studies have 
suggested that the magnitude of an acute stress response more 
reliably reveals the overall stress state compared with relying 
solely on basal CORT levels.12,49,82 This approach is grounded in 
the idea that acute stress responses are often more pronounced 
and consistent, and the magnitude of change can be influenced 
by chronic stress states.72 For example, capture restraint or 
exposure to novel environments can induce rapid elevations 
in CORT levels, which can reflect both the habituation to the 
event and the underlying physiologic state of the individual or 
population. In the context of our study, considering the acute 

stress response of the adult nonbreeding males, in addition to 
early changes in basal FCM levels, may have provided a more 
comprehensive understanding of how the different lighting 
conditions influenced their physiologic stress levels.

Our study did not consider UV wavelengths, and both 
cage-level light sources emitted a negligible amount of UVA 
(315 to 400 nm; less than or equal to 1% of maximum irradiance 
output) and UVB (280 to 315 nm; less than 1% of maximum ir-
radiance output), as stated by the manufacturers and verified by 
a spectrometer (SpectraPro 2300i, Acton Research Corporation; 
data not shown). However, birds do see into the UVA range, 
and these wavelengths are an inclusive portion of the full avian 
visual spectrum of light. As such, UVA is important for visual 
communication cues in birds, and female zebra finches will alter 
their mate selection behavior when visualizing males under a 
full avian spectrum of light.6,44 Thus, artificial lighting excluding 
UVA wavelengths can withhold important visual cues in the 
form of UV plumage reflectance and can influence mate choice. 
In addition, UVB is important for vitamin D production and 
calcium absorption, although an appropriate diet can generally 
overcome the absence of UVB.52,76 Conversely, inappropriate 
exposure to UV wavelengths can have negative consequences 
for birds (for example, retinal damage) and for vivarium care 
staff and research personnel, so its inclusion in the overall 
lighting regimen in a facility should be carefully considered, 
and decisions for implementation should include input from 
occupational health and safety specialists.9,41

Our study has shown that lighting spectral quality appears 
to affect zebra finch reproductive success, which we suspect 
is due to a change in reproductive behavior and investment; 
however, the physiologic cause is not known. In addition, these 
lighting factors will influence the behavior of group-housed 
nonbreeding adult males, with an increase in manipulation 
of nesting materials under LED light. While the link between 
increased nest material manipulation by nonbreeding males 
and enhanced nestling survival of breeding pair offspring under 
LED lighting remains speculative, it is plausible that improved 
nest construction, mate attraction, and parental care may col-
lectively contribute to the observed outcomes. Changes to the 
cage microenvironment due to lighting spectral color balance 
and flicker may have altered photoperiodic cues, potentially 
affecting circadian hormone regulation and stress responses and 
ultimately impacting nest-building behaviors and parental care. 
Further inquiry into the underlying mechanisms and behavio-
ral processes is needed to elucidate the complex relationship 
between lighting conditions, nest building, and reproductive 
success in zebra finches.

The findings of this study support the use of broad-spectrum 
LED as an alternative to CWF lighting for indoor-housed 
zebra finch colonies without compromising key aspects of 
their reproductive behavior.89 Specifically, we recommend 
tubes or strips housed in a frosted casing and powered by an 
LED-specific high quality flicker-free ballast. The CCT should 
be blue-enriched (6,500 K) with a balanced irradiance and have 
a CRI of 95% or higher. Cage-level supplemental lighting should 
also provide enough illuminance to mimic the light levels these 
birds are adapted to, and we recommend 1,000 lx or higher at 
the cage level. Future studies on the effects of both dawn-dusk 
color-shifting technology and UV supplementation on physi-
ology and well-being are recommended to provide additional 
evidence-based lighting recommendations for zebra finches. 
Continued optimization and standardization of the husbandry 
practices for zebra finches will improve their welfare and the 
use of this species as a research model.



248

Vol 63, No 3
Journal of the American Association for Laboratory Animal Science
May 2024

Acknowledgments
We thank Dr. Michale Fee and members of the Fee lab for their helpful 

discussions and for providing the birds used in this study. We also thank 
Sebastian Gomes, Corey Gallo, Tenzin Ghechen, Malcolm Williams, and 
Steven Kooi for their technical support. We also thank Mary Patterson, 
Kelly A Metcalf Pate, James G Fox, Anthony Mannion, Carolyn Cray, 
Ned Place, and Blanca Jimeno for their helpful discussions.

Conflict of Interest
The authors have no conflicts of interest to declare.

Funding
This work was generously supported by the 2022 Grants for 

Laboratory Animal Science (GLAS) from the American Association for 
Laboratory Animal Science (to AGB, NJF, and Dr. Michale Fee) and the 
Dorothy W Poitras Fund (via Dr. Kelly Metcalf Pate at the Division of 
Comparative Medicine at MIT; internal).

Author Contributions
AGB and NJF designed the research study; AGB, AT, and NJF cared 

for the animals in the study and created breeding pairs; AGB, AW, and 
NJF performed the laboratory assays; AGB, AW, and NJF analyzed the 
data; AW created original images for the figures; AGB and NJF wrote 
the first draft of the paper. All authors reviewed and critically edited 
the manuscript.

References
	 1.	Abdelazeem AF. 2019. Productive and physiological response of 

broiler chickens exposed to different colored light-emitting diode 
and reared under different stocking densities. Egyptian Poult Sci 
J 38:1243–1264.

	 2.	Adriaense JEC, Martin JS, Schiestl M, Lamm C, Bugnyar T. 2019. 
Negative emotional contagion and cognitive bias in common 
ravens (Corvus corax). Proc Natl Acad Sci U S A 116:11547–11552.

	 3.	Alves-Simoes M, Coleman G, Canal MM. 2016. Effects of type 
of light on mouse circadian behavior and stress levels. Lab Anim 
50:21–29.

	 4.	Archer GS. 2018. Color temperature of light-emitting diode light-
ing matters for optimum growth and welfare of broiler chickens. 
Animal 12:1015–1021.

	 5.	Bateson M, Feenders G. 2010. The use of passerine bird species in 
laboratory research: Implications of basic biology for husbandry 
and welfare. ILAR J 51:394–408.

	 6.	Bennett ATD, Cuthill IC, Partridge JC, Maier EJ. 1996. Ultraviolet 
vision and mate choice in zebra finches. Nature 380:433–435.

	 7.	Berthold P. 1996. Control of bird migration. London (UK): 
Chapman & Hall.

	 8.	Blickley JL, Word KR, Krakauer AH, Phillips JL, Sells SN, Taff 
CC, Wingfield JC, Patricelli GL. 2012. Experimental chronic noise is 
related to elevated fecal corticosteroid metabolites in lekking male 
greater sage-grouse (Centrocercus urophasianus). PLoS One 7:e50462.

	 9.	Boulton M, Rózanowska M, Rózanowski B. 2001. Retinal photo-
damage. J Photochem Photobiol B 64:144–161.

	 10.	Bowmaker JK, Heath LA, Wilkie SE, Hunt DM. 1997. Visual 
pigments and oil droplets from six classes of photoreceptor in the 
retinas of birds. Vision Res 37:2183–2194.

	 11.	Bridges RS. 2015. Neuroendocrine regulation of maternal behavior. 
Front Neuroendocrinol 36:178–196.

	 12.	Carere C, Groothuis TGG, Möstl E, Daan S, Koolhaas JM. 2003. 
Fecal corticosteroids in a territorial bird selected for different per-
sonalities: Daily rhythm and the response to social stress. Horm 
Behav 43:540–548.

	 13.	Claydon M, Brereton J, Rose P. 2024. Never be mute about bird 
welfare: Swanning around with environmental enrichment. Zoo 
Biol 43:83–91.

	 14.	Cooper CE, Hurley LL, Deviche P, Griffith SC. 2020. Physiological 
responses of wild zebra finches (Taeniopygia guttata) to heatwaves. 
J Exp Biol 223:jeb225524.

	 15.	Corbani TL, Martin JE, Healy SD. 2021. The impact of acute loud 
noise on the behavior of laboratory birds. Front Vet Sci 7:607632.

	 16.	Council on Science and Public Health. [Internet]. 2016. Report 
2-A-16. Human and environmental effects of light emitting diode 
(LED) community lighting. American Medical Association An-
nual Meeting, Chicago, Illinois, 10–15 June 2016. AMA Policy 
Resolution 907-I-16. AMA Policy Database. [Cited 3 January 2024]. 
Available at: https://policysearch.ama-assn.org/councilreports/
downloadreport?uri=/councilreports/a16_csaph2.pdf.

	 17.	Dauchy RT, Blask DE. 2023. Vivarium lighting as an important 
extrinsic factor influencing animal-based research. J Am Assoc Lab 
Anim Sci 62:3–25.

	 18.	Dauchy RT, Blask DE, Hoffman AE, Xiang S, Hanifin JP, Warfield 
B, Brainard GC, et  al. 2019. Influence of daytime LED light 
exposure on circadian regulatory dynamics of metabolism and 
physiology in mice. Comp Med 69:350–373.

	 19.	Dauchy RT, Hoffman AE, Wren-Dail MA, Hanifin JP, Warfield 
B, Brainard GC, Xiang S, et al. 2015. Daytime blue light enhances 
the nighttime circadian melatonin inhibition of human prostate 
cancer growth. Comp Med 65:473–485.

	 20.	Dauchy RT, Wren-Dail MA, Hoffman AE, Hanifin JP, Warfield 
B, Brainard GC, Xiang S, et al. 2016. Effects of daytime exposure 
to light from blue-enriched light-emitting diodes on the nighttime 
melatonin amplitude and circadian regulation of rodent metabo-
lism and physiology. Comp Med 66:373–383.

	 21.	Dodt E, Wirth A. 1954. Retinal flicker response in cat. Acta Physiol 
Scand 30:80–89.

	 22.	Dominoni DM, Quetting M, Partecke J. 2013. Artificial light at 
night advances avian reproductive physiology. Proc Royal Soc B 
280:20123017.

	 23.	Ergun D, Taskin A. 2022. Comparison of some behavioural re-
sponses in budgerigars (Melopsittacus undulatus) raised in cages 
enriched with coloured LED lights. Animals 12:2454.

	 24.	Evans JE, Cuthill IC, Bennett ATD. 2006. The effect of flicker from 
fluorescent lights on mate choice in captive birds. Anim Behav 
72:393–400.

	 25.	Evans L, Brooks GC, Anderson MG, Campbell AM, Jacobs L. 
2023. Environmental complexity and reduced stocking density 
promote positive behavioral outcomes in broiler chickens. Animals 
13:2074.

	 26.	Evans JE, Manwell A, Revell P. 2013. The effects of flicker from 
fluorescent lights on the behaviour of captive European starlings. 
Anim Welf 22:297–303.

	 27.	Evans JE, Smith EL, Bennett ATD, Cuthill IC, Buchanan KL. 2012. 
Short-term physiological and behavioural effects of high- versus 
low-frequency fluorescent light on captive birds. Anim Behav 
83:25–33.

	 28.	Fairhurst GD, Frey MD, Reichert JF, Szelest I, Kelly DM, 
Bortolotti GR. 2011. Does environmental enrichment reduce stress? 
An integrated measure of corticosterone from feathers provides a 
novel perspective. Plos One 6:e17663.

	 29.	Faul F, Erdfelder E, Lang AG, Buchner A. 2007. G*Power 3: A flex-
ible statistical power analysis program for the social, behavioral, 
and biomedical sciences. Behav Res Methods 39:175–191.

	 30.	Federation of Animal Science Societies (FASS). 2020. Guide for 
the care and use of agricultural animals in agricultural research 
and teaching, 4th ed. Champaign (IL): FASS.

	 31.	Franco BR, Shynkaruk T, Crowe T, Fancher B, French N, 
Gillingham S, Schwean-Lardner K. 2022. Light color and the 
commercial broiler: Effect on behavior, fear, and stress. Poult Sci 
101:102052.

	 32.	Freeman TW, Oppold JA. 1972. Mercury hazard and its control 
during operation of fluorescent tube breakers. Am Ind Hyg Assoc 
J 33:419–422.

	 33.	Goymann W. 2005. Noninvasive monitoring of hormones in bird 
droppings: Physiological validation, sampling, extraction, sex dif-
ferences, and the influence of diet on hormone metabolite levels. 
Ann N Y Acad Sci 1046:35–53.

	 34.	Greenwood VJ, Smith EL, Goldsmith AR, Cuthill IC, Crisp LH, 
Walter-Swan MB, Bennett ATD. 2004. Does the flicker frequency 
of fluorescent lighting affect the welfare of captive European star-
lings? Appl Anim Behav Sci 86:145–159.

https://policysearch.ama-assn.org/councilreports/downloadreport?uri=/councilreports/a16_csaph2.pdf
https://policysearch.ama-assn.org/councilreports/downloadreport?uri=/councilreports/a16_csaph2.pdf


249

LED compared with fluorescent lighting on zebra finch reproduction and welfare

	 35.	Griffith SC, Ton R, Hurley LL, McDiarmid CS, Pacheco-Fuentes 
H. 2021. The ecology of the zebra finch makes it a great laboratory 
model but an outlier amongst passerine birds. Birds 2:60–76.

	 36.	Gwinner E. 1996. Circannual clocks in avian reproduction and 
migration. Ibis 138:47–63.

	 37.	Hall ZJ, Bertin M, Bailey IE, Meddle SL, Healy SD. 2014. Neural 
correlates of nesting behavior in zebra finches (Taeniopygia guttata). 
Behav Brain Res 264:26–33.

	 38.	Hart NS. 2001. The visual ecology of avian photoreceptors. Prog 
Retin Eye Res 20:675–703.

	 39.	Heatley JJ, Oliver JW, Hosgood G, Columbini S, Tully TN. 2000. 
Serum corticosterone concentrations in response to restraint, anes-
thesia, and skin testing in Hispaniolan Amazon Parrots (Amazona 
ventralis). J Avian Med Surg 14:172–176.

	 40.	Heeke DS, White MP, Mele GD, Hanifin JP, Brainard GC, Rollag 
MD, Winget CM, Holley DC. 1999. Light-emitting diodes and cool 
white fluorescent light similarly suppress pineal gland melatonin 
and maintain retinal function and morphology in the rat. Lab Anim 
Sci 49:297–304.

	 41.	Hemmingsen EA, Douglas EL. 1970. Ultraviolet radiation thresh-
olds for corneal injury in antarctic and temperate-zone animals. 
Comp Biochem Physiol 32:593–600.

	 42.	Holmes WN, Phillips JG. 1976. The adrenal cortex of birds,  
p 293–420. In: Chester-Jones I, Henderson I, editors. General and 
comparative endocrinology of the adrenal cortex. New York (NY): 
Academic Press.

	 43.	Huber N, Mahr K, Tóth Z, Szarka EZ, Çınar YU, Salmón P, 
Lendvai ÁZ. 2021. The stressed bird in the hand: Influence of sam-
pling design on the physiological stress response in a free-living 
songbird. Physiol Behav 238:113488.

	 44.	Hunt S, Cuthill IC, Swaddle JP, Bennett ATD. 1997. Ultraviolet 
vision and band-colour preferences in female zebra finches, 
Taeniopygia guttata. Anim Behav 54:1383–1392.

	 45.	 Illuminating Engineering Society of North America. [Internet]. 
2017. IES board position on AMA CSAPH Report 2-A-16, human 
and environmental effects of light emitting diode (LED) com
munity lighting. [Cited 3 January 2024]. Available at: https:// 
www.ies.org/advocacy/position-statements/ies-board-position- 
on-ama-csaph-report-2-a-16-human-and-environmental-effects-of- 
light-emitting-diode-led-community-lighting/.

	 46.	 Inger R, Bennie J, Davies TW, Gaston KJ. 2014. Potential biologi-
cal and ecological effects of flickering artificial light. PLoS One 
9:e98631.

	 47.	 Institute for Laboratory Animal Research (ILAR). 2011. Guide for 
the care and use of laboratory animals, 8th ed. Washington (DC): 
National Academies Press.

	 48.	 Jacobs H, Smith N, Smith P, Smyth L, Yew P, Saibaba P, Hau J. 
1995. Zebra finch behaviour and effect of modest enrichment of 
standard cages. Anim Welf 4:3–9.

	 49.	 Jimeno B, Briga M, Verhulst S, Hau M. 2017. Effects of de-
velopmental conditions on glucocorticoid concentrations in 
adulthood depend on sex and foraging conditions. Horm Behav 
93:175–183.

	 50.	 Jimeno B, Hau M, Verhulst S. 2018. Corticosterone levels reflect 
variation in metabolic rate, independent of ‘stress’. Sci Rep 8: 
13020.

	 51.	Laakso M-L, Porkka-Heiskanen T, Alila A, Peder M, Johansson 
G. 1988. Twenty-four-hour patterns of pineal melatonin and 
pituitary and plasma prolactin in male rats under ‘natural’ and 
artificial lighting conditions. Neuroendocrinology 48:308–313.

	 52.	Lietzow J, Kluge H, Brandsch C, Seeburg N, Hirche F, Glomb M, 
Stangl GI. 2012. Effect of short-term UVB exposure on vitamin D 
concentration of eggs and vitamin D status of laying hens. J Agric 
Food Chem 60:799–804.

	 53.	Lisney TJ, Ekesten B, Tauson R, Håstad O, Ödeen A. 2012. Using 
electroretinograms to assess flicker fusion frequency in domestic 
hens Gallus gallus domesticus. Vision Res 62:125–133.

	 54.	Lovell PV, Wirthlin M, Kaser T, Buckner AA, Carleton JB, Snider 
BR, McHugh AK, Tolpygo A, Mitra PP, Mello CV. 2020. ZEBrA: 
Zebra finch Expression Brain Atlas-A resource for comparative 
molecular neuroanatomy and brain evolution studies. J Comp 
Neurol 528:2099–2131.

	 55.	Maddocks SA, Goldsmith AR, Cuthill IC. 2001. The influence of 
flicker rate on plasma corticosterone levels of European starlings, 
Sturnus vulgaris. Gen Comp Endocrinol 124:315–320.

	 56.	Mak SS, Wrabel A, Nagai H, Ladher RK, Sheng G. 2015. Zebra 
finch as a developmental model. Genesis 53:669–677.

	 57.	Mankowska ND, Marcinkowska AB, Waskow M, Sharma RI, 
Kot J, Winklewski PJ. 2021. Critical flicker fusion frequency: A 
narrative review. Medicina 57:1096.

	 58.	Mason GJ. 2010. Species differences in responses to captivity: 
Stress, welfare and the comparative method. Trends Ecol Evol 
25:713–721.

	 59.	Meehan CL, Mench JA. 2002. Environmental enrichment affects 
the fear and exploratory responses to novelty of young Amazon 
parrots. Appl Anim Behav Sci 79:75–88.

	 60.	Mello CV. 2014. The zebra finch, Taeniopygia guttata: An avian 
model for investigating the neurobiological basis of vocal learning. 
Cold Spring Harb Protoc 2014:1237–1242.

	 61.	Mettke‐Hofmann C, Rowe KC, Hayden TJ, Canoine V. 2006. Ef-
fects of experience and object complexity on exploration in garden 
warblers (Sylvia borin). J Zoöl 268:405–413.

	 62.	Möstl E, Rettenbacher S, Palme R. 2005. Measurement of corti-
costerone metabolites in birds’ droppings: An analytical approach. 
Ann N Y Acad Sci 1046:17–34.

	 63.	Nager RG, Law G. 2010. The zebra finch, p 674–685. In: Kirkwood 
J, Hubrecht R, editors. The UFAW handbook on the care and man-
agement of laboratory and other research animals, 8th ed. Oxford 
(UK): Wiley-Blackwell.

	 64.	Nieves W, Johnson E, Patzwald J, Cappendijk SLT. 2008. The 
effects of 2-deoxyglucose in the male zebra finch. Bios 79:83–91.

	 65.	Nuboer JFW, Coemans MAJM, Vos JJ. 2007. Artificial lighting in 
poultry houses: Do hens perceive the modulation of fluorescent 
lamps as flicker? Br Poult Sci 33:123–133.

	 66.	Olson CR, Wirthlin M, Lovell PV, Mello CV. 2014. Proper care, 
husbandry, and breeding guidelines for the zebra finch, Taeniopygia 
guttata. Cold Spring Harb Protoc 2014:1243–1248.

	 67.	Olsson P, Lind O, Kelber A. 2015. Bird colour vision: Behavioural 
thresholds reveal receptor noise. J Exp Biol 218:184–193.

	 68.	Olsson P, Wilby D, Kelber A. 2017. Spatial summation improves 
bird color vision in low light intensities. Vision Res 130:1–8.

	 69.	Patterson MM, Fee MS. 2015. Zebra finches in biomedical research, 
p 1109–1134. In: Fox JG, Anderson LC, Otto G, Pritchett-Corning 
KR, Whary MT, editors. Laboratory animal medicine, 3rd ed. 
Cambridge (MA): Academic Press.

	 70.	Raabe J, Raveendran G, Otten W, Homeyer K, Bartels T. 
2023. Research note: Irritating flashing light or poultry-friendly 
lighting–Are flicker frequencies of LED luminaires a potential 
stress factor in the husbandry of male fattening turkeys? Poult Sci 
103:103214.

	 71.	Remage-Healey L, Adkins-Regan E, Romero LM. 2003. Behavioral 
and adrenocortical responses to mate separation and reunion in 
the zebra finch. Horm Behav 43:108–114.

	 72.	Romero LM, Wingfield JC. 2015. Tempests, poxes, predators, and 
people: Stress in wild animals and how they cope. New York (NY): 
Oxford University Press.

	 73.	Sandmeier P, Coutteel P. 2005. Management of canaries, finches, 
and mynahs, p 879–914. In: Harrison G, Lightfoot T, editors. Clini-
cal avian medicine, vol 2. Palm Beach (FL): Spix Publishing.

	 74.	Smiley KO, Adkins-Regan E. 2018. Factors that influence the 
onset of parental care in zebra finches: Roles for egg stimuli and 
prolactin. Behav Processes 153:47–54.

	 75.	Snyder JM, Molk DM, Treuting PM. 2013. Increased mortality in 
a colony of zebra finches exposed to continuous light. J Am Assoc 
Lab Anim Sci  52:301–307.

	 76.	Stanford M. 2006. Effects of UVB radiation on calcium metabolism 
in psittacine birds. Vet Rec 159:236–241.

	 77.	Strochlic DE, Romero LM. 2008. The effects of chronic psycho-
logical and physical stress on feather replacement in European 
starlings (Sturnus vulgaris). Comp Biochem Physiol A Mol Integr 
Physiol 149:68–79.

	 78.	Suzuki K, Yamada H, Kobayashi T, Okanoya K. 2012. Decreased 
fecal corticosterone levels due to domestication: A comparison 
between the white‐backed munia (Lonchura striata) and its 

https://www.ies.org/position-statements/ps-09-17-ies-board-position-on-ama-csaph-report-2-a-16-human-and-environmental-effects-of-light-emitting-diode-led-community-lighting/
https://www.ies.org/position-statements/ps-09-17-ies-board-position-on-ama-csaph-report-2-a-16-human-and-environmental-effects-of-light-emitting-diode-led-community-lighting/
https://www.ies.org/position-statements/ps-09-17-ies-board-position-on-ama-csaph-report-2-a-16-human-and-environmental-effects-of-light-emitting-diode-led-community-lighting/
https://www.ies.org/position-statements/ps-09-17-ies-board-position-on-ama-csaph-report-2-a-16-human-and-environmental-effects-of-light-emitting-diode-led-community-lighting/


250

Vol 63, No 3
Journal of the American Association for Laboratory Animal Science
May 2024

domesticated strain, the Bengalese finch (Lonchura striata var. 
domestica) with a suggestion for complex song evolution. J Exp 
Zool A Ecol Genet Physiol 317:561–570.

	 79.	Touma C, Palme R. 2005. Measuring fecal glucocorticoid metabo-
lites in mammals and birds: The importance of validation. Ann N 
Y Acad Sci 1046:54–74.

	 80.	Turpen KK, Welle KR, Trail JL, Patel SD, Allender MC. 2019. 
Establishing stress behaviors in response to manual restraint in 
cockatiels (Nymphicus hollandicus). J Avian Med Surg 33:38–45.

	 81.	Vorobyev M. 2003. Coloured oil droplets enhance colour discrimi-
nation. Proc Biol Sci 270:1255–1261.

	 82.	Walker BG, Meddle SL, Romero LM, Landys MM, Reneerkens 
J, Wingfield JC. 2015. Breeding on the extreme edge: Modulation 
of the adrenocortical response to acute stress in two High Arctic 
passerines. J Exp Zool A Ecol Genet Physiol 323:266–275.

	 83.	Wasser SK, Hunt KE, Brown JL, Cooper K, Crockett CM, Bechert 
U, Millspaugh JJ, Larson S, Monfort SL. 2000. A generalized fe-
cal glucocorticoid assay for use in a diverse array of nondomestic 
mammalian and avian species. Gen Comp Endocrinol 120:260–275.

	 84.	Watts HE, Withrow JJ, Higginbotham AS. 2016. Illuminance of 
full-spectrum and conventional cool-white fluorescent lighting 
on physiology, immune function, and behavior in Japanese quail. 
Poultry Sci 95:1848–1858.

	 85.	Williams TD. 2018. Physiology, activity and costs of parental care 
in birds. J Exp Biol 10:jeb169433.

	 86.	Wingfield JC, Deviche P, Sharbaugh S, Astheimer LB, Holberton 
R, Suydam R, Hunt K. 1994. Seasonal changes of the adrenocortical 
responses to stress in redpolls, Acanthis flammea, in Alaska. J Exp 
Zool 270:372–380.

	 87.	Wingfield JC, Maney DL, Breuner CW, Jacobs JD, Lynn S, 
Ramenofsky M, Richardson RD. 1998. Ecological bases of 
hormone–behavior interactions: The “emergency life history 
stage.” Am Zool 38:191–206.

	 88.	Xie S, McWhorter TJ. 2021. Fecal glucocorticoid metabolite 
concentration as a tool for assessing impacts of interventions in 
Humboldt penguins (Spheniscus humboldti). Birds 2:106–113.

	 89.	Zann RA. 1996. The zebra finch: A synthesis of field and laboratory 
studies. Oxford (UK): Oxford University Press.


	A Comparison of LED with Fluorescent 
Lighting on the Stress, Behavior, and Reproductive Success of Laboratory Zebra Finches (﻿Taeniopygia guttata﻿)
	Abbreviations and Acronyms
	Introduction
	Materials and Methods
	Animals and husbandry.
	Lighting regimens and spectral of transmittance measurement.
	Reproductive success.
	Behavioral recordings.
	Fecal sampling, storage, and extraction.
	FCM ELISA.
	ELISA validation.
	Statistical analysis.

	Results
	Lighting measurements.
	Reproductive success.
	Behavior.
	Physiologic stress.
	ELISA validation.

	Discussion
	Acknowledgments
	Conflict of Interest
	Funding
	Author Contributions
	References


