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ABSTRACT

Long-day photoperiod is known to positively affect
milk production in confinement dairy systems, and it
has been hypothesized that pineal melatonin (MT)
secretion plays a substantial role in this process. Spe-
cialized mammalian photoreceptors that regulate MT
secretion are optimally stimulated by short wavelength
blue light. We investigated the blue light intensity
administered to one eye required to suppress MT se-
cretion in nonlactating dairy cows, and subsequently
examined effects on milk production in grazing dairy
cows. Following a 14-d light-dark 8:16 h environmental
conditioning period, 5 nonlactating Holstein-Friesian
cows were exposed to treatments of <1, 70, 125, 175,
and 225 Ix for 8 additional hours using a 5 x 5 Latin
square design. Light was administered via headpieces
fitted with light-emitting diodes emitting blue light
(465 nm) to the right eye. All cows were then exposed
to a light-dark 16:8 h cycle for one night via the indoor
lighting system (>200 lx white light). Plasma samples
collected at regular intervals were assayed for MT. A
dose-dependent effect of light treatment on mean circu-
lating MT concentrations (and 95% CI) was observed
[9.4 (7.2, 12.3), 5.0 (3.8, 6.6), 4.4 (3.3, 5.7), 3.3 (2.5,
4.3) and 1.7 (1.3, 2.3) ng/mL for treatments of 0, 70,
125, 175, and 225 Ix, respectively. Only the 225 Ix treat-
ment acutely suppressed plasma melatonin concentra-
tion to levels similar to the light-dark 16:8 h treatment
[1.9 (1.4, 2.5) ng/mL]. Forty spring-calving cows were
blocked on parity, calving date and Economic Breeding
Index for milk production and assigned to the control
treatment or blue light to a single eye (LT) treatment
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from calving through 32 wk of lactation. The cows
assigned to LT treatment were fitted with headpieces
providing 225 1x of blue light to the right eye from
1700 until 0000 h. Mean milk production (and 95% CI)
during 32 wk of lactation was not affected by treatment
[20.3 (19.3, 21.3) vs. 20.9 (19.8, 22.0) kg/d, control and
LT, respectively]. Within multiparous cows, a treat-
ment by week interaction was detected, whereby LT
treatment increased milk production during the first 12
wk of lactation [25.8 (24.3, 27.3) vs. 28.0 (26.5, 29.5)
kg/d; +8.5%], but had no effect thereafter. Treatment
did not affect plasma insulin-like growth factor 1. We
identified the blue light intensity to one eye required to
acutely suppress MT concentrations. Transient favor-
able effects on milk production were observed in mul-
tiparous cows. It remains unclear how single-eye blue
light treatment affects galactopoiesis in grazing dairy
cows, and further research is needed to explore whether
this modality of light delivery represents a useful means
to aid productivity in pasture-based dairy systems.
Key words: melatonin, photoperiod, blue light, milk
production, insulin-like growth factor 1

INTRODUCTION

Photoperiod manipulation is widely used within the
agricultural food sector to increase production and
efficiency, most notably in poultry (Lewis, 2006; Ja-
come et al., 2014) and dairy cows (Dahl and Petitclerc,
2003). The first observation that artificially extending
daylight hours could positively influence milk produc-
tion in lactating dairy cows was made in 1978 (Peters
et al., 1978) and since then, several studies have sup-
ported these initial findings (see review by Dahl et al.,
2000). All studies reiterated that providing lactating
cows with light 16 to 18 h/d can increase milk yield by
approximately 2 kg/d compared with a shorter photo-
period of 8 to 13 h/d.
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Changes in melatonin (MT) secretion from the
pineal gland is a physiological response to changes in
photoperiod, and represents a likely mechanism for
photoperiod effects on milk production. The approxi-
mate 24-h (circadian) rhythm of MT secretion from the
pineal gland is one of the most stable outputs from the
circadian system (Benloucif et al., 2005). Photoperiodic
information travels from the retina to the seat of the
mammalian master clock in the suprachiasmatic nucleus
(SCN) of the hypothalamus (Moore and Eichler, 1972;
Stephan and Zucker, 1972). The molecular interplay of
core clock gene products within the SCN controls the
circadian output to the pineal gland (Perreau-Lenz et
al., 2004) and dictates the timing of MT production
and release (Bartness et al., 1993). Melatonin is syn-
thesized and secreted solely during the dark period of
the light-dark cycle; elevated plasma MT represents the
duration of darkness, mirroring the seasonal changes in
the length of day and night (Bartness and Goldman,
1989). Thus, this neuroendocrine pathway acts as a
signal from the clock to the body conveying seasonal
timing information to organs involved in reproduction
and growth in both seasonal and nonseasonal breeding
animals (Hansen, 1985; Morgan and Mercer, 1994).

Administration of slow-release melatonin implants to
grazing dairy cows during summer (Auldist et al., 2007)
was previously shown to reduce milk yield and provides
evidence of a role for melatonin in the photoperiodic
regulation of seasonal milk production. Although its
precise mechanistic role in the regulation of lactation is
not fully known, its function as a marker of photoperiod
manipulation is accepted. Absolute levels of circulating
MT are not just photoperiod dependent, but also re-
flect the physiological state of the animal (Gomes et al.,
2021). Tt has also been suggested that it is the rate of
change of light level that drives the circannual changes
in milk production (Salfer et al., 2019).

Although not a strict seasonal breeder, many repro-
ductive phenomena such as onset of puberty (Hansen
et al., 1983; Kassim et al., 2008), return to cyclicity
following parturition (Hansen and Hauser, 1983), and
semen characteristics (Roussel et al., 1963, 1964) are
influenced by photoperiod in cattle. Melatonin produc-
tion is strongly circadian in the cow (Berthelot et al.,
1990; Eriksson et al., 1998), and its signaling plays an
important role in regulation of the somatotropic axis
and the seasonal pattern of release of prolactin and
IGF-1 in cows (Dahl et al., 2000). A short duration
of MT secretion stimulated by a long-day photoperiod
(LDPP) reportedly increases circulating prolactin and
IGF-1 concentrations, and these endocrine shifts are
consistent with previously observed effects on lactation,
body growth, and carcass composition in cattle (Dahl
et al., 2002). The specific mechanism responsible for
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greater circulating IGF-1 concentrations in cows ex-
posed to longer photoperiod is unknown.

The commercial applications of extending day length
to improve dairy cow production efficiency have re-
sulted in increased interest in determining the optimum
light intensity for eliciting these effects. Lawson and
Kennedy (2001) investigated the threshold levels of
indoor housing white light intensity required to sup-
press circulating MT concentrations to daytime levels
in dairy heifers. Their findings suggested that less than
50 Ix may be sufficient to prevent the initial nocturnal
rise in plasma MT, but that intensities exceeding 400
Ix may be required to sustain this suppression for 8 h
on the first occasion of exposure (Lawson and Kennedy,
2001).

It is now known that blue, short wavelength light
(465-485 nm), optimally stimulates a set of novel
photoreceptors in the mammalian retina that regulate
the SCN in the hypothalamus (Brainard et al., 2001;
Thapan et al., 2001). These intrinsically photosensi-
tive retinal ganglion cells (ipRGC) contain a pigment
called melanopsin (Provencio et al., 2000) and work in
conjunction with photopigments in rods and cones to
regulate biological rhythms (Berson, 2002; Hanifin and
Brainard, 2007). Recent research in humans and horses
has revealed a dose-dependent suppression of the pineal
hormone MT by blue light (West et al., 2011; Walsh
et al., 2013). Furthermore, the provision of blue light
to one eye via a specialized head piece for horses was
shown to advance the onset of seasonal reproductive
activity (Murphy et al., 2014) and influence gestation
length, foal birth weight, and foal hair coat at birth in
horses (Nolan et al., 2017).

Our first objective was to identify the threshold level
of blue light administered to a single eye in the dairy
cow necessary to suppress plasma MT to concentrations
observed in well-lit housing. Our second objective was
to determine if incorporation of the identified threshold
light intensity into a specialized headpiece that pro-
vided extended lighting to cows at pasture would affect
milk yield. We tested the hypothesis that delivering
blue light sufficient to suppress plasma MT concentra-
tions to mimic 18 h of light per day would increase milk
production in grazing dairy cows.

MATERIALS AND METHODS
Animals and Experimental Protocol

All experimental procedures involving cows were
approved by the Teagasc Animal Ethics Committee
and authorized by the Health Products Regulatory
Authority, which is the competent authority in Ireland
responsible for the implementation of European Union
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Figure 1. Schematic outline of the experimental protocol for an example sequence of blue light treatments. Cows were allowed a 2-wk period

of environmental entrainment to allow adjustment to a photoperiod of 8 h of light, 16 h of dark (8L:16D). Indwelling jugular (Jug) catheters
were fitted on d 13, and cows were exposed to a random sequence of blue light treatments from 1600 to 0000 h on d 14, 16, 18, 20, and 22. On

d 24, all cows were exposed to overhead lighting from 1600 to 0000 h.

legislation (Directive 2010/63/EU) for the protection
of animals used for scientific purposes. The study was
conducted at the dairy unit experimental herd of Tea-
gasc Moorepark, Ireland (52°8'9”"N; 8°16'33"W; altitude:
71 m above sea level).

Study 1. In November 2015, 5 healthy, nonlactat-
ing Holstein-Friesian cows were exposed to a 14-d
environmental conditioning period that comprised 8 h
of light, 16 h of dark (8L:16D), where mean (£SD)
white light intensity levels by day (0800-1600 h) at eye
level were 237 + 68 lx. This photoperiod entrainment
ensured that there were no carryover effects from the
longer natural day lengths the experimental animals
were exposed to before the study. During this entrain-
ment period, walking and socialization were facilitated
by moving the cows from the metabolism shed, where
they were housed in individual stalls, to a loose-housed
straw-bedded pen with access to natural daylight for 4
h each day (0830-1230 h). Environmental lighting in
the loafing area was also measured daily. On the d 13
of the entrainment period, indwelling jugular catheters
were fitted using aseptic technique, and the animals
were confined to the metabolism shed for 12 consecu-
tive days thereafter. This ensured complete elimination
of external environmental influences on MT secretion.
The metabolism chamber was light-proofed such that
at lights-off (1600 h), the ambient light level was <1 Ix,
and further husbandry procedures and sample collection
were conducted using dim red light from head-mounted
or hand-held flashlights. Beginning on d 14, each cow
was exposed to each of 5 different light intensities
(<1, 70, 125, 175, and 225 Ix) for 8 additional hours
(1600-0000 h) using a 5 x 5 Latin square design (Fig-
ure 1). Each treatment night was followed by a break
night, where the animals again received 8L:16D. Two
days after completion of the different light intensity
treatments, all cows were exposed to the indoor lighting
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system until 0000 h (LT-ON). Each light treatment
was administered using an adaptation of a previously
developed light-emitting diode (LED) lighting system
and electronic platform designed for horses (Walsh et
al., 2013) that provided short wavelength blue light
(468 nm) to the right eye and was incorporated into a
custom designed headpiece to fit a dairy cow. Prototype
bovine light masks were designed to fit comfortably ac-
cording to the specific dimensions of the cow’s head
conformation. The <1 Ix treatment was provided by
fitting a mask without a functional LED light source.
For the duration of the study, cows were fed ad libitum
grass silage once a day (22% DM, 72% DM digestibility,
14.6% CP), and refusals were removed daily.

Study 2. The results of study 1 informed the light
intensity for use in study 2. A power analysis was con-
ducted to determine how many cows would be required
to detect a 2 kg/d difference in milk yield between
treatments (difference to detect = 2 kg). Assuming a
standard deviation of 2 kg/d for milk yield, significance
level (a) = 0.05, and power (1 — (3) = 0.8, the mini-
mum number of animals required per treatment was 16
cows. Forty spring-calving Holstein-Friesian cows were
blocked based on parity, calving date, and Economic
Breeding Index for milk production and randomly as-
signed to either a control treatment (CTL) or blue
light to a single eye (LT) treatment from day of calving
through 32 wk of lactation (February to October 2017).
The median calving date of the cows enrolled in the
study was February 15 (range: January 25 to March
31). On the day of calving, the LT cows were fitted with
light masks providing 225 Ix of blue light to the right eye
that activated on a timer from 1700 until 0000 h daily
(16L:8D to 18L:6D, as season progressed). The CTL
cows were exposed to the natural photoperiod changes
and daylight intensities at the study location (Figure
2). Cows were milked twice daily at 0730 and 1500 h,
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Figure 2. Seasonal changes in the natural photoperiod at Moorepark Animal and Grassland Research and Innovation Centre (52°8'9" N;
8°16'33" W; altitude: 71 m). Civil twilight is defined as the time it takes for the sun to move from (at sunrise) or to (at sunset) 6° below the
horizon and when there is enough light to carry out everyday activities. Cows calve in late winter or early spring when there are between 9 to
12 h/d of daylight. Peak milk production coincides with long-day photoperiod. The dry period coincides with the shortest day photoperiod.

and milk yield (kg) was recorded at both the morn-
ing and evening milking using electronic milk meters
(Dairy Master) and collapsed to provide weekly mean
milk production throughout lactation. Milk composi-
tion (fat, protein, and lactose) was determined on 2 d/
wk from successive evening and morning milk samples
using a Milkoscan 605 (Foss Electric). The cows were
stocked at 2.75 cows/ha, and allocated a daily pasture
allowance of approximately 18 kg of DM /cow to achieve
a postgrazing sward height of 4 cm. Rotational grazing
was implemented from February to November. Target
pregrazing herbage mass was 1,400 to 1,600 kg of DM/
ha. The swards were a mixture of perennial ryegrass
(Lolium perenne L.) and perennial ryegrass plus clover
(Trifolium repens L.).

Body weight was recorded weekly, and BCS was re-
corded every 2 wk using a 1 to 5 scale in increments of
0.25 (Edmonson et al., 1989). Light masks were checked
for positioning, and the lens of the light source cleaned
once every 2 wk. Light masks were replaced when the
light source was damaged or had become detached from
the headpiece.

Blood Sampling

Blood samples were collected from indwelling jugular
catheters (study 1) or from the coccygeal vessels (study
2) into evacuated lithium heparin tubes (Vacutainer,
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Becton Dickinson). Samples were centrifuged for 15
min at 1,500 x g and 4°C, and plasma was harvested
and stored at —20°C until further analysis.

Study 1. A blood sample was collected from each
animal at 1600 h immediately before overhead lights
were turned off and light mask treatments were turned
on, and additional samples were collected at 1700,
1800, 2000, 2300, and 0000 h, which encompassed the
8-h period of light mask treatments. All light masks
were turned off at 0000 h, and a final blood sample was
collected one hour later at 0100 h. All blood samples
were used for determination of plasma MT concentra-
tions. A previous study evaluating circulating melato-
nin concentrations in dairy cows at 30 min intervals
over 24 h under multiple photoperiod regimens clearly
demonstrated that regardless of photoperiod (8L:16D
or 16L:8D), serum melatonin concentrations decline
from increased night-time concentrations to basal con-
centrations during daytime hours, precluding the need
to sample throughout the night (Lacasse et al., 2014).
On break nights, blood samples were collected at 1800
and 2200 h for determination of plasma MT levels. The
samples were collected on break nights to verify that
there were no carryover effects of the previous night’s
treatment on plasma MT concentrations.

Study 2. Blood samples were collected from each
animal within 48 h after calving, and on wk 2, 4, 6,
8, 12, 16, 20, 24, 28, and 32 after calving at 0800 h
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following morning milking for determination of plasma
IGF-1.

Radioimmunoassay

Melatonin was measured in all samples collected in
study 1 using a Biithlmann melatonin RIA kit (RK-
MEL2, ALP-CO Diagnostics). Plasma aliquots (500
pL) were column-extracted using a vacuum mani-
fold (Visiprep-DL Solid Phase Extraction Vacuum
Manifold; Supelco) according to the directions of the
manufacturer and reconstituted in 500 pL of incubation
buffer solution provided with the kit. Aliquots of the
reconstituted extracted samples (200 pL) were assayed
in duplicate. The inter- and intra-assay coefficients of
variation for low and high MT controls were 10.8 and
12.9%; and 6.2 and 4.7%, respectively. As documented
by the manufacturer, the efficiency of the extraction
method was >90%, and the assay had an estimated
functional sensitivity of 0.9 pg/mL (coefficient of vari-
ance, 10%) and an estimated analytical sensitivity of
0.3 pg/mL. This assay has been used previously to
examine MT concentrations in bovine plasma (Lawson
and Kennedy, 2001). Plasma IGF-1 was measured fol-
lowing ethanol-acetone-acetic acid (6:3:1) extraction
using a radioimmunoassay as previously described by
Beltman et al. (2010). The sensitivity of the assay was
6pg per tube (6ng/mL). The inter- and intra-assay co-
efficients of variance for low, medium, and high serum
IGF-1 controls were 3.3 and 16.4%, 1.7 and 10.9%, and
1.3 and 5.5%, respectively. Mean serum IGF-1 concen-
trations for low, medium, and high controls were 58.9,
156.87, and 280.6 ng/mL, respectively.

Statistical Analyses

Study 1. Plasma MT concentration data were
log-transformed and analyzed using SAS (SAS Insti-
tute Inc.). For the 5 nights of different light intensity
treatments delivered to a single eye, plasma MT data
were analyzed using a mixed model with treatment,
period, hour, and treatment x hour included as fixed
effects, and cow was included as a random effect. For
the single night when all cows were exposed to the LT-
ON treatment, plasma MT data were analyzed using a
mixed model with hour as a fixed effect, and cow was
included as a random effect. Plasma MT data from the
4 break nights were analyzed using a mixed model with
hour and treatment x hour included as fixed effects,
and cow was included as a random effect. The Tukey-
Kramer adjustment was used to correct for multiple
comparisons. Plasma MT data are presented as back
transformed means with 95% confidence intervals. P-
values <0.05 were considered significant.
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Study 2. Mean daily milk yield (kg/d), BCS, BW,
and plasma IGF-1 concentrations were analyzed using
SAS (SAS Institute Inc.) mixed models with treatment,
week of lactation, parity and all 2-way interactions with
treatment as fixed effects, and cow as a random effect.
P-values <0.05 were considered significant. Data are
presented as means + SEM.

RESULTS
Study 1

A dose-dependent effect of blue light treatment on
mean circulating MT concentrations between 1600 and
0000 h was observed (P < 0.0001; Figure 3A). Mean
baseline plasma MT concentration did not differ (P >
0.05) between treatments at 1600 h when the cows were
still exposed to the final minutes of the basic 8-h photo-
period (237 & 68 Ix), or at 1 h after the light treatments
commenced (1700 h; all P> 0.05). At 1800 h, the <1 Ix
treatment had greater plasma MT compared with the
treatments of 125, 175, and 225 Ix (all P < 0.01). At
2000, 2300, and 0000 h, there were no differences (all P
> 0.05) between <1 Ix and either the 70 or 125 Ix treat-
ments, but 175 and 225 Ix treatments had lesser (all P
< 0.001) plasma MT compared with <1 Ix. There were
no differences in plasma MT concentration between 175
and 225 Ix at any individual time point (all P > 0.05).
The 225 1x treatment had lesser plasma MT compared
with 70 Ix (1800, 2000, 2300, and 0000 h; all P < 0.02)
and 125 Ix (2000, 2300, and 0000 h; all P < 0.02), but
175 1x did not differ from 70 or 125 Ix at any time point
(all P> 0.05). After the light treatments ceased and all
cows had been exposed to dark for 1 h (0100 h), there
were no differences in plasma MT between any of the
treatments (all P > 0.9; Figure 3B).

The LT-ON treatment was not included in the statis-
tical analysis of the Latin square design light treatment
administered via a head mask, but the plasma MT
concentrations are included in Figure 3 for comparison.
Based on overall mean plasma MT (Figure 3A) and the
temporal profile of plasma MT (Figure 3B), only the
225 Ix treatment recapitulated the effects of the LT-ON
treatment on plasma MT concentrations.

On break nights, there was an effect of time (P <
0.0001) but no effect of night (P = 0.45) on plasma
MT concentrations (Figure 3C). At 1800 h, mean (95%
CI) plasma MT concentrations were consistently low
[4.93 (3.44, 6.42) ng/mL]| and at 2200 h, plasma MT
concentrations were consistently elevated [20.65 (19.16,
22.14) ng/mL]. These data confirm that there were no
carryover effects of the previous night’s treatment on
subsequent plasma MT concentrations the following
night.
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Figure 3. Plasma melatonin response to light treatment. (A) Mean
plasma melatonin concentrations during the 8-h period of light treat-
ment (1600 to 0000 h). Lights on was not included as a treatment, and
data are included for comparison only. A treatment effect (P < 0.001)
was observed for the light mask treatments. The error bars indicate
the 95% confidence interval. Treatments with different letters (a, b,
¢) indicate significant differences (P < 0.05). (B) Temporal profile of
plasma melatonin concentrations during the 8-h period of light treat-
ment (16:00 to 00:00) and 1 h after light treatments ceased. Lights on
was not included as a treatment, and data is included for comparison
only. A treatment x time interaction (P = 0.004) was observed for
the light mask treatments. (C) Plasma melatonin concentrations on
each of the 4 break nights at 1800 and 2200 h. The effect of hour was
significant (P < 0.001), but there was no effect of night (P = 0.45).
The error bars indicate the 95% CI.
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Study 2

Of the 40 cows enrolled in the study, 2 CTL cows
and 1 LT cow were removed from the study due to ill
health unrelated to the experiment or due to incorrect
expected calving date. Hence, 18 CTL cows (6 primipa-
rous and 12 multiparous) and 19 LT cows (6 primipa-
rous and 13 multiparous) completed the study. Mean
(95% CI) milk production during 32 wk of lactation
was not affected by treatment [20.3 (19.3, 21.3) vs. 20.9
(19.8, 22.0) kg/d, P = 0.4; CTL and LT, respectively,
Figure 4A]. Within multiparous cows, a treatment X
week interaction was detected (P = 0.048), whereby LT
treatment increased milk production during the first 12
wk of lactation [25.8 (24.3, 27.3) vs. 28.0 (26.5, 29.5)
kg/d; +8.5%)], but had no effect thereafter (Figure 4B).
There were no effects of treatment, or interactions be-
tween treatment and week of lactation or treatment
and parity on milk solids yield (kg of protein plus fat),
milk composition (fat, protein, and lactose %), BW, or
BCS (Table 1). There were no effects of treatment (P =
0.19) or interactions between treatment and parity (P
= 0.56) or treatment and week of lactation (P = 0.44)
on plasma IGF-1 (Figure 5).

DISCUSSION

Numerous previous studies have confirmed the ga-
lactopoietic effects of LDPP in lactating dairy cows. In
all cases, stimulatory photoperiods were provided via
timed illumination from fixed light sources in indoor
housing environments. In the present studies, we identi-
fied the threshold level of blue light delivered to a single
eye via a head worn mask required to suppress plasma
MT concentrations in dairy cows, and evaluated the
effects of this level of blue light on milk production
in grazing dairy cows. Previous investigations of in-
door confinement lighting systems that elicited milk
production responses to LDPP in cows include use
of fluorescent, metal halide and high-pressure sodium
lights (Peters et al., 1978; Lawson and Kennedy, 2001;
Kennedy et al., 2004; Rius and Dahl, 2006), with light
intensities ranging from 50 to 400+ lx measured at eye
level. These regimens for photoperiod management
require indoor housing of animals, which is associated
with greater costs related to feeding, management, and
energy utilization (Lawson and Kennedy, 2001; Farina
et al., 2011). However, the productivity gains may
outweigh the costs associated with these management
regimens. The primary physiological marker of LDPP
lighting regimens is suppression of pineal melatonin
production and secretion (Stanisiewski et al., 1988;
Muthuramalingam et al., 2006; Kassim et al., 2008)
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Table 1. Treatment (Trt)" effects on mean (95% CI) milk solids yield, milk composition, BW, and BCS during 32 wk of lactation

P-value
Ttem Control Light Trt Trt x week Trt x parity
Milk solids (kg/d) 1.40 (1.18, 1.66) 1.55 (1.30, 1.83) 0.40 0.99 0.68
Milk protein (%) 3.47 (3.37, 3.57) 3.50 (3.397 3.60) 0.68 0.84 0.85
Milk fat (%) 4.53 (4.30, 4.77) 4.53 (4.29, 4.78) 0.99 0.19 0.85
Milk lactose (%) 4.83 (4.79, 4.87) 4.83 (4.79, 4.88) 0.94 0.88 0.34
BW (kg) 498 (477, 519) 501 (479, 523) 0.80 0.43 0.57
BCS 2.98 (2.94, 3.02) 2.97 (2.93, 3.01) 0.79 0.47 0.77

!Control = no blue light treatment; cows exposed to the natural photoperiod changes and daylight intensities; Light = exposure to blue light
at 225 Ix to the right eye from 1700 until 0000 h daily (16L:8D to 18L:6D , as the season progressed) from day of calving to 32 wk of lactation.

and support for the role of melatonin as regulator of
lactation and prolactin secretion has been reviewed (Li
et al., 2020). In study 1, we identified a dose-dependent
effect of blue light administered to a single eye on sup-
pression of plasma MT concentrations, and observed
that intensity of 225 Ix was required to effectively sup-
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Figure 4. (A) Weekly milk production (and 95% CI) across all
cows [primiparous: control group (CTL), n = 6, and treatment group
(blue light to a single eye; LT), n = 6; multlparoub CTL, n = 12, and
LT, n = 13] enrolled in the study during 32 wk of lactation. Mcan was
not affected by treatment [20.3 (19.3, 21.3) vs. 20.9 (19.8, 22.0) kg/d,
CTL and LT, respectively; P = 0.4]. (B) Within multiparous cows, a
treatment by week interaction was detected (P = 0.048), whereby LT
increased milk production during the first 12 wk of lactation. The inset
depicts the mean milk production in multiparous cows during wk 1 to
12 and wk 13 to 32, and the error bars represent 95% CI.
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press plasma MT concentrations to those observed in
well-lit housing.

In a previous study examining suppression of circu-
lating MT concentrations by white light, Lawson and
Kennedy (2001) reported that 400 Ix light intensity was
required to suppress circulating MT concentrations to
daytime basal concentrations. In the current study, we
observed equal suppression of plasma melatonin con-
centrations with 225 Ix short-wavelength blue light. Of
note, this was achieved by administering the blue light
to a single eye versus exposure of both eyes to ambi-
ent light in the previous work (Lawson and Kennedy,
2001). This difference in efficacy is likely explained by
the wavelengths of light used. Melanopsin, the phot-
opigment identified in ipRGC (Provencio et al., 2000),
is primarily responsible for signaling photic information
to the SCN and thus, regulating melatonin secretion.
Melanopsin exhibits peak spectral sensitivity for short-
wavelength blue light (Brainard et al., 2001; Thapan
et al., 2001) that is in the range employed in the head-
piece used in the current studies. Furthermore, it was
recently discovered that light stimulation of a single
melanopsin containing ipRGC within the retina can
bilaterally innervate the SCN (Fernandez et al., 2016).
Collectively, these findings may explain why blue light
administration to a single eye has equal or stronger
suppressive effect on melatonin secretion than ambient
white light to both eyes.

In the current study, plasma MT was suppressed
in response to a single exposure of 225 Ix blue light
stimulus. The term “Zeitgeber” refers to exogenous (ex-
ternal) cues that influence the timing of internal clocks
to entrain an organism to a 24-h cycle. By definition,
an endogenously generated circadian rhythm can only
adapt gradually to changes in the Zeitgeber, primarily
the light-dark cycle (Aschoff et al., 1975), as the system
evolved to only deal with gradual seasonal changes in
day length provided by the natural environment. Time
is required to allow complete readjustment of molecular
and cellular events that occur both in the SCN and
peripheral tissues during resetting to a new 24-h cycle
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Figure 5. (A) Plasma IGF-1 concentrations from parturition to
wk 36 of lactation across all cows enrolled in the study. There was no
effect of treatment (P = 0.19) or treatment x week interaction (P =
0.44). CTL = control treatment; LT = light treatment that received
blue light to a single eye. (B) Within multiparous cows, there was also
no effect of treatment (P = 0.29) or treatment x week interaction (P
= 0.24). The inset depicts the mean plasma IGF-1 concentrations in
multiparous cows during wk 1 to 12 and wk 13 to 32. The error bars
represent 95% CIL.

provided by artificial light (Yamazaki et al., 2000; Red-
dy et al., 2002). Melatonin production from the pineal
gland is considered one of the most stable outputs from
the mammalian circadian clock (Benloucif et al., 2005),
and multiple studies have demonstrated the gradual
adaptation of melatonin rhythms following phase-shifts
of the light-dark cycle (Feve-Montange et al., 1981;
Kennaway, 1994; Drijthout et al., 1997; Barnes et al.,
1998). Therefore, it is speculated that the time required
for complete resynchronization to an LDPP in cattle
would take several days or even weeks, especially as
melatonin secretion is known to be strongly circadian
(Berthelot et al., 1990).

For these reasons, we hypothesize that MT sup-
pression to daytime levels would be attained following
repeated exposure to lower light intensities delivered to
one eye and within the blue light spectrum. A similar
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hypothesis was proposed in relation to intensities of
white light exposure (Lawson and Kennedy, 2001) and
is supported by studies showing that repeated daily
photoperiod extension using white light intensities
between 114 and 231 Ix improved cattle productivity
(Peters et al., 1978, 1981). Moreover, Reksen et al.
(1999) observed that repeated daily photoperiod exten-
sion with dim illumination (mean 36 lx) increased milk
production. Importantly, the authors noted that this
response to dim light occurred when preceded by high
intensity light during the day (Reksen et al., 1999). Tt is
therefore reasonable to suggest that repeated exposure
to photoperiod extension by lower blue light intensi-
ties in grazing dairy cattle exposed to bright natural
daylight might facilitate the required MT suppression
to elicit desired physiological responses. Future studies
should evaluate MT suppression following continued
nightly exposure to lower intensities of blue light to a
single eye.

An additional important finding from study 1 was the
lack of any observed carryover effects of the previous
night’s light treatment on MT patterns during break
nights. On each break night, plasma MT concentrations
were consistently low at 1800 h and high at 2200 h and
mimicked the plasma MT pattern observed for the <1
Ix treatment. An alternative finding might have con-
founded results. Lesser plasma MT concentrations at
2200 h on break nights might have suggested that the
preceding treatment light intensities were serving to en-
train the hormone’s production pattern. The consistent
results on break nights serve to further underline how
regulation of melatonin requires repeated exposure to
a light stimulus to elicit a gradual adaptation to a new
environmental signal related to changing day length.

In study 2, we evaluated the effect of providing
LDPP to individual grazing dairy cows via a wearable
headpiece delivering 225 Ix of blue light to the right
eye, which negated the requirement for indoor man-
agement or lighting infrastructure. There was no milk
production response in primiparous cows at any stage
during the study. In contrast, multiparous cows ex-
hibited a modest increase in milk production (+8.5%)
during the first 12 wk of lactation, corresponding to
the period from late winter to late spring. It is perhaps
not surprising that light treatment did not elicit a milk
production response when all cows were exposed to
a natural LDPP (summer months), but interestingly
light treatment also did not stimulate a milk produc-
tion response in late summer and autumn months when
natural photoperiodic day length was again becoming
shorter.

To our knowledge this is the first controlled trial to
evaluate LDPP in grazing cows for 32 wk of lactation.
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Most previous studies that examined the effect of ma-
nipulating photoperiod on milk yield in dairy cows were
shorter duration, ranging from 8 to 20 wk (Peters et
al., 1978, 1981; Marcek and Swanson, 1984; Bilodeau
et al., 1989; Phillips and Schofield, 1989). The short
study duration in these previous studies was likely a
consequence of the significant practical challenges as-
sociated with maintaining a control treatment group
of animals under short day conditions as the natural
photoperiodic day length increases. One important
study that succeeded in overcoming this was conducted
by Evans and Hacker (1989), whereby the effect of vari-
ous skeleton photoperiods on milk yield were evaluated
in cows housed in light-proof rooms for 28 wk. The
authors concluded that exposure to a light stimulus 13
to 15 h after subjective dawn was necessary to elicit a
photoperiodic response in milk production in the dairy
cow (Evans and Hacker, 1989). This is in agreement
with the original hypothesis by Bunning (1960) that
the photoperiodic effect of a light-dark cycle depends
on the position of light relative to the photosensitive
phase of an animal’s endogenous circadian rhythm (El-
liott, 1976).

This finding has relevance for interpreting the results
of study 2, whereby control animals were naturally
exposed to day lengths in excess of 13 h from early
April, increasing to 15.5 h in May, and peaking at 16.5
h in June, without accounting for the additive effect
of twilight intensities. This suggests that cows in the
CTL group were exposed to light within their circadian
photosensitive phase from as early as wk 4 of lactation
(for cows that calved in March), and may explain the
absence of treatment differences in milk production
after wk 12 of lactation in spring calving cows.

A previous study that reported greater lactation per-
sistency was initiated earlier during the winter months
(Peters et al., 1981). Additional studies were conducted
at lower latitudes (Marcek and Swanson, 1984; Bilodeau
et al., 1989) where spring and summer day lengths are
shorter than at the present study location on the 52nd
parallel North. Still, this fails to explain why differences
between treatments in milk production did not re-
emerge in the later weeks of lactation during autumn,
when the LT treatment cows once again were exposed
to an artificial LDPP, whereas CTL cows were exposed
to a continuously shortening natural photoperiodic day
length. It is feasible that the varying day lengths ex-
perienced by CTL treatment cows at specific weeks of
lactation and their effect on circadian photosensitivity
may have diluted the effect. Alternatively, once milk
production became equal in the 2 treatments during
the natural LDPP, it is possible that the LT stimulus
was inadequate to stimulate an increase in milk pro-
duction in cows that were in the declining phase of
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the lactation curve. It was also previously suggested
that even though cows have been shown to respond
to long days at any stage of lactation, the potential
to become refractory to an extended LDPP remains
unknown (Dahl and Petitclerc, 2003). Thus, refractori-
ness to the LDPP provided by the head mask cannot
be ruled out. Another important consideration is the
method by which the headpiece used in this study ex-
tended photoperiod for the treatment cows. The blue
light activated each day at 1700 h. After the summer
solstice, however, the gradually advancing sunrise
times that all cows were exposed to meant daily total
light exposure reduced from 18.5 to 16 h for the treat-
ment cows. It was previously reported that it is the
direction of photoperiod change, rather than the total
day length that influences reproductive physiology in
seasonal breeding sheep (Robinson and Karsch, 1987).
Future studies should be conducted at lower latitudes,
where the maximum natural day lengths are shorter
than at the current study location, and use a modified
headpiece that maintains a stimulatory day length that
accounts for changes in sunrise time to evaluate the
effects of LDPP on milk production and lactation curve
persistency during autumn in grazing cows.

Despite study limitations, the mean milk production
gains observed in multiparous cows during wk 1 to 12
of lactation (2.2 kg/d) agree with the mean production
gains reported across 10 previous studies evaluating
LDPP facilitated by timed exposure to white lighting
from light fixtures in indoor housing (Dahl et al., 2000).
Our finding that LDPP provided by a head mask did
not influence milk production in primiparous cows
is also consistent with previous reports (Marcek and
Swanson, 1984; Vanbaale et al., 2005). Authors of pre-
vious studies did not speculate as to why primiparous
cows do not respond similarly to multiparous cows to
extended photoperiod. Milk yields in primiparous cows
are less than in mature cows (Ray et al., 1992). As
endogenous hormone production is thought to facilitate
photoperiod influences on milk production, it is pos-
sible that one or more hormones associated with nutri-
ent partitioning, lactogenesis, and galactopoiesis may
be preferentially directed toward growth rather than
lactation in primiparous cows. Hence, it is possible
that age and stage of mammary gland development are
important factors that impinge the milk production
response to photoperiod.

Dahl et al. (1997) reported that cows exposed to a
long photoperiod for 8 wk had greater circulating con-
centrations of IGF-1 compared with cows exposed to
ambient natural photoperiod. A later study from the
same research group showed no effect of photoperiod
on IGF-1 despite an effect on milk yield (Miller et al.,
1999). In study 2, we failed to observe an increase in



Murphy et al.: BLUE LIGHT EFFECTS ON PLASMA MELATONIN AND MILK YIELD

IGF-1 in response to LT treatment throughout the 32
wk study period. Hence, our results agree with Miller
et al. (1999), who concluded that IGF-1 may not be
responsible for LDPP induced increases in milk produc-
tion.

CONCLUSIONS

We identified that 225 1x was the minimum thresh-
old intensity of blue light administered to a single eye
required to acutely suppress plasma MT concentrations
to basal daytime concentrations. Extension of photo-
period using blue light to one eye via head masks to
lactating multiparous dairy cows caused a modest (12
week) increase in milk production compared with cows
exposed to ambient natural photoperiod at the 52nd
parallel. Milk production gains were similar to previous
studies of LDPP provided by light fixtures in indoor
housing. The precise mechanisms through which MT
suppression influences galactopoiesis remain to be fully
elucidated. Future studies should explore the factors
that regulate milk production responses of grazing
dairy cows exposed to LDPP delivered via blue light
head masks.
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