
R

C
b

S
D

h

•
•
•
•

a

A
R
A
A

K
M
P
S
A
M
L

1

t
o
t
m
p

D

h
0

Behavioural Brain Research 327 (2017) 103–111

Contents lists available at ScienceDirect

Behavioural  Brain  Research

journa l homepage: www.e lsev ier .com/ locate /bbr

esearch  report

oordinated  movement  is  influenced  by  prenatal  light  experience  in
obwhite  quail  chicks  (Colinus  virginianus)

tarlie  C.  Belnap ∗,  Robert  Lickliter
epartment of Psychology, Florida International University, United States

 i  g  h  l  i g  h  t  s

Postnatal  motor  coordination  trajectories  are  influenced  by  prenatal  light  experience  in bobwhite  quail  hatchlings.
Declined  motor  performance  was  evident  in  groups  receiving  discontinuous  prenatal  light  experience.
Motor  performance  remained  similar  in  groups  receiving  no  light  and  natural  prenatal  light  experience.
We  propose  falls,  a measurement  of instability,  is a  better  indicator  of compromised  motor  system.
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Sensory-motor  development  begins  early  during  embryogenesis  and  is influenced  by sensory  experi-
ence.  Little  is known  about  the  prenatal  factors  that  influence  the development  of motor  coordination.
Here  we  investigated  whether  and  to what  extent  prenatal  light  experience  can  influence  the  devel-
opment  of  motor  coordination  in  bobwhite  quail  hatchlings.  Quail  embryos  were  incubated  under  four
light  conditions:  no  light  (dark),  2 h  of  total  light  (2HR),  6 h  of total  light  (6HR),  and  diffused  sunlight
(controls).  Hatchlings  were  video  recording  walking  down  a runway  at three  developmental  ages  (12,  24,
and  48 h).  Videos  were  assessed  for forward  locomotion,  a measurement  of  motor  coordination,  falls,  a
measurement  of motor  instability,  and  motivation  to  complete  the  task.  We anticipated  a  linear  decline
of coordination  with  a  reduction  in prenatal  light experience  and  improved  coordination  with  age.  Fur-
thermore,  as  motor  coordination  becomes  more  laborious  we  anticipated  motivation  to complete  the
task  would  decline.  However,  our  findings  revealed  hatchlings  did  not  uniformly  improve  with  age  as

expected,  nor  did  the  reduction  of light  result  in a linear  reduction  in  motor  coordination.  Instead,  we
found  a  more  complex  relationship  with  6HR  and  2HR  hatchlings  showing  distinct  patterns  of  stability
and  instability.  Similarly,  we  found  a reduction  in  motivation  within  the 6HR  light condition.  It  appears
that  prenatal  light  exposure  influences  the  development  of  postnatal  motor  coordination  and  we  discuss
these  finding  in light  of  neurodevelopmental  processes  influenced  by light  experience.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Motor coordination is ubiquitous, seamless, and often unno-
iced. Coordinated muscle contractions have the obvious advantage
f limb movement, but they also facilitate respiration [1,2], diges-

ion [3], posture [4,5], and ocular movement [6]. Coordinated

ovement is the result of combining feedforward motor planning
rocesses with sensory feedback. The development of an optimally

∗ Corresponding author at: Florida International University, 11200 SW 8th Street,
M  256, Miami, FL 33199, United States.

E-mail address: sbelnap@fiu.edu (S.C. Belnap).

ttp://dx.doi.org/10.1016/j.bbr.2017.03.039
166-4328/© 2017 Elsevier B.V. All rights reserved.
functioning sensory-motor system has long-term consequences
not only for motor skill development, but also for social and cogni-
tive development [7–9] because increasing bodily control affords
greater opportunities for learning and exploration [10,11]. There-
fore, it is not surprising that deficits in sensorimotor coordination
can also produce delays in cognitive and social development. This
is especially evident in children diagnosed with autism spectrum
disorder (ASD) and developmental coordination disorder (DCD)
[9,12–14]. Both of these disorders affect a child’s ability to coordi-

nate motor action with perceptual sensory information, resulting
in delayed or fractionated movements, making movement taxing
and even aversive [9,13,15,16].

dx.doi.org/10.1016/j.bbr.2017.03.039
http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbr.2017.03.039&domain=pdf
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In ASD and DCD, visual-spatial perception delays can be detected
uring early childhood [9,13,17] suggesting that motor control
eficits may  be present at birth. Moreover, animal research firmly
stablishes that motor coordination is evident during prenatal
evelopment [18,19]. Early movements have been characterized
s spontaneous, non-evoked, random spurts of jerks and twitches
20]. However, careful investigation has revealed these early
mbryonic movements are important for the development of the
pinal cord [1,21,22] and are susceptible and responsive to sen-
ory stimulation [18,19,23]. This is not surprising since the tactile
nd vestibular systems are the first sensory systems to become
unctional during embryogenesis [21,24].

Modifications of prenatal sensory experience can have lasting
ffects on the developing nervous system [25–27]. For example,

 highly coordinated action sequence is necessary for hatchlings
o escape their prenatal egg environment. Casey and Martino [28]
emonstrated that chicken hatchlings prevented from experienc-

ng the entire hatch process by experimentally pre-cracking the egg
howed altered postnatal locomotor preferences. While it is appar-
nt that sensory experience does affect the development of prenatal
otor coordination, it remains unclear how prenatal changes in

ensory experience effects the long-term establishment of postna-
al sensorimotor coordination.

Animal models are essential for addressing this critical knowl-
dge gap [29]. Gallinaceous precocial birds are a particularly useful
nimal model for motor research because the embryo is easily
ccessible for prenatal manipulation and its prenatal experiential
ensory history is easily controllable during lab incubation. Like
umans, precocial birds’ sensory systems show a sequence of onset
uring prenatal development, with the tactile and vestibular sys-
ems developing first and the visual system developing last [24].
urthermore, embryos are responsive to sensory stimulation. In
umans, the visual system is responsive during the last 2 months
f gestations [30]. Likewise, the visual system in precocial birds is
esponsive to light stimulation during the last week of incubation
31–33]. Unlike humans, precocial birds are able to walk within
ours after hatching, making it possible to evaluate coordinated

ocomotion and postnatal biases with minimal postnatal influence
rom practice effects or social stimulation. Leveraging these unique
evelopmental conditions provides a means for studying how pre-
atal sensory manipulation effects initial motor coordination at
atch and subsequent motor coordination with additional practice
ithin a social environment.

Chickens and quail are influenced by prenatal light experience.
nder continuous lighting conditions, chicken embryos experience
ccelerated cell proliferation [33] and increased somite differenti-
tion [34], resulting in chicks hatching 1–2 days sooner compared
o dark-incubated controls [33–35]. They also exhibit increased

etabolic rate [36], higher frequency of spontaneous movement
21,37], and longer tibia length [19]. However, continuous light
nder naturalistic conditions is very rare. A more naturalistic study

ound altricial wild sparrows incubated under extended temper-
te daylight conditions (18 h) had increased growth rates and
etabolic function compared to sparrows in shorter tropical day-

ight (12 h) conditions [36].
While light is regulated by seasonal and environmental factors,

aily nesting movements of the hen further attenuates embryonic
ight exposure. Hens spend more time on the nest during early
ncubation and less time on the nest during late incubation [38],
ontributing to species-typical laterality and social preferences
39,40]. Laboratory studies conducted with chickens demonstrated
isual-motor asymmetries with as little as 2.5–6 h of total light

xperience during the last 2 days of incubation [25]. Therefore,
mall amounts of light (less than 12 h, but greater than 0) dur-
ng the last week of prenatal development may  influence motor
evelopment. Furthermore, the timing of when light experience
in Research 327 (2017) 103–111

occurs can also affect the growing embryo [33,36]. For example,
a study conducted by Lickliter [41] demonstrated unusually early
visual experience interfered with species typical auditory learning
and enhanced visual responsiveness in quail. This same pattern is
evident in preterm infants exposed to unusually early light experi-
ence within neonatal intensive care units [42]. Taken together, light
experience during the perinatal stages of development appears
important for species typical neural and behavioral development.

Sindhurakar and Bradley reported accelerated interlimb coor-
dination and motor coordination equivalence for chicken neonates
at time of hatch, despite being exposed to extreme light and dark-
ness [19]. Hatchlings experiencing abnormally bright conditions
hatched one day early (E20), while hatchlings in the abnormally
dark condition hatched one day late (E22). While it appears in
this example that early light experience has enhancing effects on
motor coordination; caution should be given because the long-term
effects of photoaccelerated motor coordination have been rela-
tively unexplored. The few postnatal studies investigating motor
coordination have utilized traditional prenatal light conditions in
precocial birds (24 h, 12 h, and dark) and tested subjects only on the
first day of hatch. While these studies show no negative effects in
continuous light, they do show slight variations in stride width [43]
and gait drift [44], but not stride length for dark incubated chicks,
which suggests a decline in posture control. The current study was
designed to replicate these findings using a behavioral quantitative
approach in bobwhite quail and to extend them by considering light
conditions less than 12 h consistent with naturalistic settings.

The present study provides the first experimental examination
of the effects of light exposure on the development of postnatal
motor coordination in bobwhite quail hatchlings using a longitudi-
nal design. The primary aim of this study was to characterize two
opposing motor behaviors, falls and forward locomotion (FL), and
to track their developmental trajectory across three developmen-
tal age points, 12 h (12HR), 24 h (24HR) and 48 h (48HR) following
hatching. Based on previous postnatal studies, we predicted a
decrease in prenatal light would negatively influence motor coor-
dination, resulting in less forward locomotion and more falls. Since
forward locomotion is a highly coordinated motor task, we  antic-
ipated that hatchlings with reduced motor coordination would be
less motivated to participate in the task, resulting in increased
rates of non-responding and longer delays in forward stepping. Fur-
thermore, we predicted these initial deficits would decrease with
increased motor practice during early postnatal development.

2. Methods

2.1. Protection of animals in research

The protocol and procedures used in this study were reviewed
and approved by the Institutional Animal Care and Use Committee
of Florida International University (approval # IACUC-15-009).

2.2. Subjects

135 fertilized bobwhite quail eggs (Colinus virginianus), obtained
from a commercial game bird supplier (Strickland), were incubated
in a GQF Sportsman Incubator with automatic turning. Since the
visual system is functional during the last week of incubation, on
day 17 (out of 23) embryos in the experimental light conditions
were moved to portable incubators (1602n Air Hova-Bator) with
automatic turners located in a specially designed light stimulation

enclosure (light conditions described below). All incubators were
maintained at 37.5 ± 0.5 ◦C, with a relative humidity of 60–75%. On
day 21, eggs were removed from the automatic turners in prepa-
ration for hatching and placed into individual cylinder wire mesh
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orrals (5 cm × 5 cm). The corrals were grouped together to facil-
tate inter-peer stimulation during hatching. Following hatching,
hicks’ distal phalanges were marked for individual identification,
raditional leg bands were avoided to prevent confounds during

otor testing. Hatchlings were transferred by light condition and
ime of hatch into clear plastic rearing tubs in clutches of 12–15
o simulate natural brooding conditions. Rearing tubs were main-
ained in a sound-attenuated rearing room at 30 ◦C on a 12:12 h
ight dark cycle. Food and water were available ad libitum.

.3. Light conditions

All eggs were incubated under attenuated (indirect) sunlight on
pproximately a 12-hr light dark cycle until day 17. On day 17,
ggs were randomly assigned to one of four light conditions: dark
n = 30) no additional light experience, 2-hr (2HR; n = 33) 2 h of addi-
ional light experience, 6-hr (6HR; n = 31) 6 h of additional light
xperience, and controls (n = 41) 72 h of additional light experience.
ontrol embryos remained in the GQF Sportsman incubator and
ontinued to receive normal diffused sunlight exposure until hatch;
he remaining three light conditions were transferred to the enclo-
ure. The enclosure was a rectangular box (137 cm length × 74 cm
eight × 91 cm width) separated into four equal segregated seg-
ents with one side open for incubator maintenance. The open

ide of the enclosure was covered with dark black-out curtains
o prevent light from entering the enclosure or from illuminat-
ng the neighboring segments. The entire enclosure was further

aintained in a secluded inner room with limited access to light.
wo Ecosmart self-ballasted 23-W florescent bulbs (1600 lux) were
ounting inside two segments of the dark enclosure and controlled

y a programmable automated timer switch located outside of
he enclosure within the dark room. Since early light experience
s known to interfere with typical development, all manipulated
ight conditions occurred during the normal range of visual devel-
pment [41]. Dark condition embryos received no light stimulation
rom day 17 until hatch (day 23). Light stimulation for the 2HR and
HR conditions began on day 21. In the 2HR condition, embryos
eceived 30 min  of continuous light experience twice a day (morn-
ng and evening) for 2 days prior to hatch, for a total of 2 h of prenatal
ight exposure. In the 6HR condition, embryos received 90 min  of
ontinuous light experience twice a day (morning and evening) for

 days prior to hatch, for a total of 6 h of prenatal light exposure.

.4. Coordination testing

Each hatchling was tested once at three developmental ages
12HR, 24HR, 48HR) for two motor behaviors: forward locomo-
ion (FL), a measure of motor coordination, and falls, a measure
f instability. One hour prior to testing, square reflective tape
.5 cm × .5 cm)  was placed in the center of the right and left
oot tarsal pads to enhance visibility of foot placement during

otor behavior scoring, as previously reported by Sindhurakar and
radley [19]. To decrease handling effects and stress, chicks were
ransported in a plastic opaque container to a testing runway and
mmediately returned to the rearing room upon completion of the
rial.

The runway was a wooden rectangle frame with a remov-
ble lid measuring 56 cm long × 13 cm wide × 20 cm tall painted
at white and placed upon a Plexiglas surface. The Plexiglas sur-

ace was elevated approximately 1 meter from the ground with a
igital USB web camera positioned underneath the runway pro-
iding an inferior view of hatchling movement during testing.

he designed was consistent with other studies investigating foot
lacement in vertebrates [43–46]. Video recordings were sampled
t 30 fps using ManyCam software on a computer located outside
he temperature-controlled sound-attenuated testing room. Each
in Research 327 (2017) 103–111 105

recording was  labeled with the individual bird name and age for
manual behavioral scoring providing three measures of frequency,
duration, and latency per hatchling (one at each age). To motivate
hatchlings’ performance, a speaker calibrated at 65 dB was  posi-
tioned outside the runway opposite from the starting position and
continuously played a bobwhite quail maternal call during test-
ing. Hatchlings were placed at the beginning of the runway and
were recorded freely walking/running down the runway until they
crossed a marked finish-line located 46 cm from the start posi-
tion. After 30 s of no movement (regardless of position within
the runway) hatchlings were lifted out of the runway and then
replaced at the starting position. This provided additional stimula-
tion to encourage movement. After three attempts, hatchlings who
failed to cross the finish-line were considered non-responders. It is
important to note that failure to cross the finish-line did not mean
hatchlings did not initiate forward steps or falls during the trial.

Videos were behaviorally scored using Datavyu [47], a quanti-
tative event-recording behavioral program, for latency (seconds),
duration (seconds) and instances of FL and falls. FL was defined as
forward propelling footfalls (walk, ground run, or aerial run), rela-
tive to orientation of the hatchling’s head. This definition excluded
lateral movement (i.e. side steps used in turning), movement with
no distance traveled (i.e. shifting of center of gravity from foot to
foot), and backwards movement (relative to chicks’ orientation not
to the finish line). Hatchlings were scored as falling when their
upper thorax or head came in contact with the runway’s floor.
Hatchlings in a crouched position, knees and hip joints flexed with
the thorax resting on the ground, were not scored as a fall. Behav-
ioral scoring began the frame after both tarsal pads were in contact
with the floor and the investigator’s hand was no longer visible in
the frame and concluded in the frame after both tarsal pads crossed
the finish line. Duration was  calculated as the total time spent in
a behavioral state and latency was  defined as the time lapse until
the first occurrence of a behavior. If a behavior did not occur, then
total test video length was  considered the latency score. Since the
observations time varied per video frequency counts were normal-
ized based on video duration while cadence of falls and FL were
normalized by FL duration.

2.5. Data analysis

We utilized the generalized linear model (GLiM) with maxi-
mum likelihood estimations to make statistical inferences about
the effect of light condition and age on motor outcomes using
SPSS v22. The following four outcomes were investigated: counts
for each behavior, cadence for each behavior, probability of falls
and non-responder rates, and latency of FL. For counts, estimates
were generated based on a negative binominal distribution [48]
with observation time used to normalize the data producing esti-
mated behavior counts per condition. Cadence (FL or fall count/total
FL duration) was evaluated using a similar model producing the
average rate of steps or falls performed per second per condition.
Logistic probabilities of non-responder rates and falls were calcu-
lated using a binomial distribution after accounting for individual
covariance and differences in observation time (video duration).
Probabilities reflect the likelihood of falling or responding (cross-
ing the finish-line) given age and condition. FL latency, a continuous
right-skewed variable was used to assess motivation. We  analyzed
this variable using a negative binomial distribution. Each model
included three factors—two primary factors (i.e. light condition
and age) with age considered a repeated measure and one sec-
ondary factor (i.e. response status)—and their interactions. Subjects

missing data were retained in the model. We  conducted post-hoc
evaluations of estimated means using univariate pairwise compar-
isons controlling for multiple comparison using the false discovery
rate (FDR). Statistical significance was  stated at  ̨ = 0.05. Values



106 S.C. Belnap, R. Lickliter / Behavioural Bra

Fig. 1. The average probability of responding (crossing the finish) for four prenatal
light conditions at three developmental time points 12HR, 24HR, and 48HR. Tradi-
tional light conditions are depicted with dark black lines and a square at each time
point and new light conditions are depicted with gray lines and a circle at each time
point. Note that 6HR hatchlings showed the lowest probability of responding across
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3.3.1. FL counts
ime, thus indicating less motivation to complete the task. Vertical lines represent
EM. *p < .05.

eported include means, standard error, and 95% confidence inter-
als unless otherwise indicated.

. Results

.1. Descriptive

135 hatchlings were tested at three developmental age points
esulting in 405 videos. Due to complications during video capture
digital freezing) ten videos were excluded from analysis equating
o less than 5% missing data. Hatchlings with missing data were
etained within the model (see Table 1). In 80 videos, hatchlings
ailed to show any stepping behavior and in 20 of these videos
atchlings fell. Additionally, in 57 videos hatchlings did not cross
he finish-line but did initiate FL. Analysis revealed 65.6% of hatch-
ing crossed the finish-line reflecting odds greater than chance in a
ne-sample binomial test (Z = 6.134, p < .001).

The overall likelihood of crossing the finish-line varied by age
nd light condition (X2 df(11) = 29.575, p < .0021). Dark hatchlings
ere more likely to respond compared to 6HR hatchlings at 12HR
�x̄ = −0.25, SE = 0.103, p < .01, 95% CI: −0.46 to −0.05) and this
iscrepancy remained consistent with age (b = 0.039, SE = 0.015, X2

f(1) = 7.050, p < .01, 95% CI: 0.01–0.069). When holding age con-
tant 6HR hatchlings were nearly 3.5 times less likely to cross the
nish-line compared to dark hatchlings (b = 1.234, SE = 0.4409, X2

f(1) = 7.835, p < .001, 95% CI: 0.370–2.098), but did not differ from
ther light conditions (see Fig. 1). 6HR hatchlings had the most
ifficulty completing the task.

In general, hatchlings were more likely to respond with increas-
ng age (b = 0.03, SE = 0.009, X2 df(1) = 11.401, p < .001, 95% CI:
.012–0.047) suggesting improved motivation to complete the
ask. Latency to first step, another measure of motivation revealed
on-responding hatchling took longer to begin FL compared
o responding hatchlings (b = 1.169, SE = 0.01, X2 df(1) = 137.77,

 < .001, 95% CI: 0.974–1.364). However, after accounting for
esponder status, latency did not differ by age (X2 df(2) = 1.135,

 = .567) or light condition (X2 df(3) = 3.09, p = .378), suggesting
atchlings were equally motivated by the maternal call to begin
xploring of the runway. Even though 6HR hatchlings had more

ifficulty with the task, they initiated FL similarly to other light
onditions. Therefore, it is unlikely the observed differences were
ue to changes in auditory perception.
in Research 327 (2017) 103–111

3.2. Fall analysis

3.2.1. Fall counts
Analysis using the GLiM revealed significant primary effect of

light condition (X2 df(3) = 15.63, p = .001) and an age by condition
interaction (X2 df(11) = 33.149, p < .001) illustrated in Fig. 2A. Fall
frequency within light conditions remained similar at each testing
period; however, there were significant between group differences.
On day of hatch 2HR hatchlings (�x̄ = 1.079, SE = 0.16, p < .01, 95%
CI: 0.759–1.399) and 6HR (�x̄ = 1.693, SE = 0.41, p < .05, 95% CI:
0.870–2.516) hatchlings fell significantly more compared to control
hatchlings. Two days later these same hatchlings no longer differed
from controls, but they did differ from differ from dark hatch-
lings (2HR �x̄ = 1.294, SE = 0.254, p < .05, 95% CI: 0.786–1.802; 6HR
�x̄ = 1.908, SE = 0.506, p < .01, 95% CI: 0.896–2.921). 2HR and 6HR
hatchlings fell significantly more when compared to dark hatch-
lings. After accounting for age, two groups emerged with 2HR
(x̄ = 2.30, SE = 0.520) and 6HR (x̄ = 2.914, SE = 0.772) hatchlings
having similar falling averages and control (x̄ = 1.22, SE = 0.361)
and dark (x̄ = 1.01, SE = 0.266) hatchlings showing similar fall
averages. Each group differed statistically from each other (con-
trol �x̄2HR = 1.0793, p < .05, 95% CI: 0.76–1.40, �x̄6HR = 1.693,
p < .05, 95% CI: 0.87–2.516; dark �x̄2HR = 1.294, p < .05, 95% CI:
0.786–1.802, �x̄6HR = 1.908, p < .05, 95% CI: 0.96–2.92). Overall, fall
frequency suggests 2HR and 6HR hatchlings are less stable com-
pared to dark and control hatchlings.

3.2.2. Fall cadence
Analysis of FL cadence, revealed significant primary effects of

age (X2 df(1) = 5.824, p < .01), and age by condition interaction
(X2 df(3) = 8.816, p < .05), but not by condition (X2 df(3) = 6.881,
p = .076). 6HR hatchlings showed a significant increase in fall
cadence with age (�x̄ = 5.33, SE = 2.228, p < .01, 95% CI: 0.97–9.70)
and differed significantly in their average fall rate at 48HR test-
ing when compared to all other light conditions (dark: �x̄  = 5.85,
SE = 2.261, p < .01, 95% CI: 1.42–10.29; 2HR: �x̄ = 4.60, SE = 2.311,
p < .05, 95% CI: 0.07–9.13; control: �x̄  = 5.88, SE = 2.275, p < .01, 95%
CI: 1.43–10.34) as depicted in Fig. 2B. Overall, these results suggest
that hatchlings in the 6HR condition increased in instability with
age while the other light conditions remained consistent in their
rate of falls with age.

3.2.3. Likelihood estimates
Logistic GLiM analysis accounting for observation period

revealed a significant primary effect of age (X2 df(1) = 22.517,
p < .01), condition (X2 df(3) = 14.096, p < .01), and their interaction
(X2 df(3) = 18.812, p < .001). Hatchlings were slightly more likely to
fall with age (b = 0.030, SE = 0.009, X2 df(1) = 11.401, p < .001, 95%
CI: 0.012–0.047) and 6HR hatchlings were almost 3.5 times more
likely to fall compared to control hatchlings (b = 1.234, SE = 0.44, X2

df(1) = 7.835, p < .01, 95% CI: 0.370–2.098). Posthoc analysis of the
age by condition interaction revealed 6HR hatchlings on the third
day of testing had a significantly higher probability of falling when
compared to control hatchlings (�x̄ = −0.21, SE = 0.104, p < .05, 95%
CI: −0.41 to −0.01). When accounting for differences in time spent
in FL, 6HR hatchlings remained five times more likely to fall com-
pared to control hatchlings (b = 1.609, SE = 0.5235, X2 df(1) = 9.452,
p < .01, 95% CI: 0.583–2.635). Overall, 6HR hatchlings on the third
day of testing had the highest probability of falling.

3.3. Forward locomotion (FL) analysis
Statistical analysis of frequency of FL revealed a significant
age by condition interaction (X2 df(3) = 15.953, p < .001) and a pri-
mary effect of age (X2 df(1) = 13.636, p < .001). On day of hatch



S.C. Belnap, R. Lickliter / Behavioural Brain Research 327 (2017) 103–111 107

Table  1
Descriptive summary data depicting total videos counts by condition.

Condition Na Video N Responder N Falls N FL

Missing Total Yes No FL No FL Yes No

Dark 31 5 88 67 21 37 3 73 15
2HR  33 1 98 62 36 59 4 82 16
6HR  31 4 89 49 40 46 2 62 27
Ctrl  40 0 120 80 40 41 9 98 22

Total  135 10 395 258 137 201 18 315 80

Each hatchling was tested at three developmental ages (12HR, 24HR, 48HR) for a total of 405 videos.
a N values represent total number of hatchlings per condition. All other N values reflect total number of videos. Missing video, number of videos per condition with corrupt

video  files; total video, number of videos retained for analysis per condition; responder, videos in which hatchlings crossed the finish-line or failed to cross the finish-line
by;  falls, videos in which hatchlings fell and initiated forward locomotion (FL) or fell and did not initiated FL; FL, videos in which hatchlings initiated FL or failed to initiate FL.

Fig. 2. Fall trajectories of counts and cadence for 4 prenatal light conditions at three developmental time points 12HR, 24HR, and 48HR. Traditional light conditions are
depicted with dark black lines and a square at each time point. New light conditions are depicted with gray lines and a circle at each time point. (A) Fall counts represents
a ence 

N  group
w
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h
t
f
9
p

 hatchling’s average fall count per video given light condition and age. (B) Fall cad
ote  videos with no FL were excluded from fall cadence. Brackets indicate between
ithin  group age differences. Vertical lines represent SEM. *p < .05.

ontrol hatchlings took less steps compared to 2HR hatchling
�x̄ = −7.911, SE = −1.939, p < .01, 95% CI: −11.788 to −4.034), sig-
ifying control hatchlings may  be more coordinated at time of
atch. The frequency of stepping remained consistent for con-
rol hatchlings throughout testing as illustrated in Fig. 3A. Step

requency decreased for 2HR (�x̄ = −8.027, SE = −1.962, p < .01,
5% CI: −11.951 to −4.102) and dark (�x̄ = −6.747, SE = −2.198,

 = .013, 95% CI: −11.143 to −2.351) hatchlings with increasing age
represent a hatchling’s average falls frequency per second of forward locomotion.
 difference (sometimes of multiple overlapping groups); *without brackets reflects

suggesting motor coordination improved for 2HR and dark hatch-
lings with experience.

3.3.2. FL cadence

Analysis of FL cadence revealed significant primary effects of age

(X2 df(1) = 9.359, p < .01), condition (X2 df(3) = 31.142, p < .001), and
their interaction (X2 df(3) = 26.669, p < .001). Control (�x̄ = −1.21,
SE = −0.076, p < .001, 95% CI: −1.362 to −1.058) and dark (�x̄ =
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Fig. 3. Forward locomotion (FL) trajectories of counts and cadence for 4 prenatal light conditions at three developmental time points 12HR, 24HR, and 48HR. Traditional
light  conditions are depicted with dark black lines and a square at each time point. New light conditions are depicted with gray lines and a circle at each time point. (A) FL
c d age. 
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ounts  represent a hatchling’s average step count per video given light condition an
ocomotion). Note videos with no FL were excluded from FL cadence. Brackets ind
rackets reflects within group age differences. Vertical lines represent SEM. *p < .05

1.027, SE = −0.07, p < .01, 95% CI: −1.167 to −0.886) hatchlings
howed a reduction in step cadence with time indicating greater
otor control with age (see Fig. 3B). On the day of hatch, 6HR hatch-

ings had significantly higher step rate when compared to dark
atchlings (�x̄ = 1.444, SE = 0.026, p < .01, 95% CI: 1.392–1.496)
nd these differences persisted 2 days after hatch (�x̄ = 3.386,
E = 0.356, p < .001, 95% CI: 2.674–4.098). Furthermore, the step
ate for 6HR (�x̄  = −1.398, SE = −0.15, p < .001, 95% CI: −1.698
o −1.097) and 2HR (�x̄ = −3.111, SE = −0.394, p < .01, 95% CI:
3.898 to −2.324) hatchlings on the last day of testing was signif-

cantly higher compared to controls hatchlings revealing the same
rouping pattern as observed with fall frequency. After controlling
or age, 2HR (x̄ = 4.44, SE = 0.323) and 6HR (x̄ = 4.88, SE = 0.314)
atchlings had higher step rates compared to dark (x̄ = 2.88,
E = 0.323) and control (x̄ = 3.24, SE = 0.231) hatchlings (control
x̄2HR = −1.21, p < .001, 95% CI: −1.90 to −0.51, �x̄6HR = −1.64,

 < .001, 95% CI: −2.43 to −0.85; dark �x̄2HR = −1.56, p < .001, 95%
I: −2.38 to −0.74, �x̄6HR = −1.99, p < .001, 95% CI: −2.89 to −1.09).
aken together, these results suggest dark and control hatchlings

mproved with age, whereas 2HR and 6HR hatchlings did not.
. Discussion

In this study, we provide the first examination of the longitu-
inal effects of prenatal light experience on the development of
(B) FL cadence represents a hatchling’s average FL rate (steps per second of forward
between group difference (sometimes of multiple overlapping groups); *without

motor coordination in bobwhite quail hatchlings. Our results indi-
cated that embryos incubated under discontinuous light conditions
differed in their postnatal patterns of coordinated locomotion and
instability and that these patterns varied by age. Hatchlings did
not uniformly improve with age as expected, nor did the reduction
of light exposure result in a linear reduction in motor coordina-
tion. Instead, we found an overall pattern in which dark hatchlings
performed similarly to controls in both behaviors; 2HR and 6HR
hatchlings showed distinct patterns of stability and instability. FL
results for dark and control hatchlings mimicked those found by
Sindhurakar and Bradley [43] when investigating effects of light
(24 h, 12 h, and dark) on over-ground locomotion in domestic chick-
ens on the day of hatch. We  extended these findings by measuring
instability (falls) and the effects of smaller amounts of light (2HR
and 6HR) during forward locomotion.

The overall motor coordination patterns observed for 2HR and
6HR hatchlings were complex. 2HR hatchlings maintained a consis-
tent pattern of fall counts and cadence with age. Yet the number of
forward steps declined with age while the step cadence remained
high. Thus, to maintain the same cadence with a reduction of total
steps 2HR hatchlings decreased the time required to take those

steps, suggesting hatchlings took longer steps in shorter time to
cover the same distance. In contrast, 6HR hatchlings increased in
fall counts and cadence while maintaining the same number of total
steps with increasing step cadence. Together this indicates 6HR
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atchlings were stepping faster. 2HR hatchlings’ FL performance
ppeared to be more efficient with age (less steps in less time),
hile 6HR hatchlings’ FL performance accelerated with age (same

teps, less time). These differences in locomotion patterns may
xplain the corresponding increased instability and non-responder
ates observed in 6HR hatchlings, but not in 2HR hatchlings. In
errestrial birds gait typically slows with age, indicating greater

uscle control and efficiency [49].
Although precocial birds are capable of locomotion shortly

fter hatching, they still require several days of experience to
evelop an efficient oscillating gait pattern to minimize energy
xpenditure while maximizing mobility [49,50]. For young terres-
rial birds, running, albeit inefficiently, is the preferred gait for
educed energy expenditure with limited body control [49,51].
tiff legged-running allows juvenile birds to benefit from passive
pring biomechanical forces of the musculoskeletal system, thereby
onserving energy and assisting with stabilization [51–53] Nev-
rtheless, these early forms of locomotion are highly unsteady,
elying on more locally mediated spinal control [52]. Spinal locomo-
or circuitry allows for quick response to perturbations, not possible
hrough cortical processes, but accurate correction is dependent on
ensorimotor input. Under-correction or overcorrection by the ner-
ous system would result in irregular foot placement and increased
nstability [54]. Conversely, slower, more developmentally expe-
ienced movements are regulated by feedforward and feedback
pinal-cortical mechanisms after the acquisition of extensive neu-
omuscular control and posture stability [49,52].

When applying these biomechanical principles to our data, it is
ot surprising that 6HR hatchlings showed substantially increased
robability of falling and a reduction in motivation to complete the
ask. The 6HR light condition is the only group of hatchlings that
howed accelerated FL cadence. In contrast, control and dark hatch-
ings maintained slower rates of FL, subsequently producing lower
nstances, rates, and probabilities of falls. However, 2HR hatchlings
id not conform to this biomechanical model. Overall, 2HR hatch-

ings fell more when compared to control and dark hatchlings and
aintained the same rate and probability of falling with age, yet

hey maintained similar patterns of locomotion as dark and control
atchlings with only a slight elevation in FL cadence. This suggests
ther factors besides gait velocity may  play a role in instability.

nstability may  result from a reduction of innervated motor units at
he time of hatch or modulation of sensorimotor feedback in regu-
ating posture control. Since neuromuscular circuitry is inseparably
inked with functional activity [1,22,55], reductions in activity dur-
ng critical periods of development may  have cascading biological
ffects on the musculoskeletal and motor systems. These differ-
nces may  contribute to altered long-term cognitive and social
utcomes. For example, a study investigating posture in high and

ow risk ASD infants found high risk infants were more likely to
all and spent less time in the sitting and walking positions com-
ared to low risk infants [56]. Another study investigating 4–6 year
ld ASD locomotion patterns during a goal oriented task found ASD
hildren had shorter step lengths, irregular translation of body seg-
ents, and reductions in task completion [57], mirroring results we

ound in 6HR hatchlings. In our present study growth factors such
s height and weight were not collected, so it is possible variations
n step rate were influenced by these factors. Further, kinematic
nd kinetic gait analyses are necessary to determine if stride vari-
bility and posture control might be valuable predictors of falls in
obwhite quail and subsequent reductions in goal directed locomo-
ion. These fluctuations appear to be a promising tool in assessing
ne differences in spinal-cortical control [54,57].
This study presents evidence that quantity of prenatal light
xposure can influence the development of motor coordination.
owever, there are many properties of light exposure, including

iming, intensity, and duration, that may  have contributed to the
in Research 327 (2017) 103–111 109

observed differences. Within our experimental design, light pre-
sentation followed two  general patterns: sustained predictability
throughout incubation (control and dark), and alternating vari-
ability (2HR and 6HR). Under sustained predictable conditions,
embryos received similar light experiences for the entire incuba-
tion period. Control embryos received 12-hr cycles of low-level,
naturally diffused sunlight, while dark hatchlings were incubated
in sustained darkness. In contrast, 2HR and 6HR embryos expe-
rienced three shifts in light, first being identical to the controls,
second sustained period of darkness, lastly intense contrasts of
darkness to bright light. The stark change from dark to bright
might have induced physiological stress, disrupting normal devel-
opmental patterns and influencing the observed decline in motor
coordination demonstrated in the 2HR and 6HR light conditions.
Fluctuating prenatal heat in chickens has resulted in altered activity
in hypothalamic-hypophyseal-adrenal axis and modified social-
behavioral outcomes [58]. Variable light exposure may  function
in a similar manner. Moreover, correlational studies investigat-
ing the relationship between stress and developmental disorders
report children are at greater risk for neurological developmental
impairments (e.g. ASD and DCD) when experiencing prenatal and
perinatal stress [59–61].

The timing of light presentation during embryogenesis can have
cascading effects on developmental processes. Recent research
investigating the effects of light on hemispheric specialization iden-
tified two  sensitive periods [62]. The first window occurs during
early prenatal development by stimulating epigenetic processes
of gene regulation [62] and the second occurs during late prena-
tal development with activation of retina photoreceptors [25,40].
Due to the invariant position of the avian embryo within the egg,
light experience is differentially attenuated to the right side of
the body, influencing the development of left cerebral hemisphere
[63,64]. Within the current study, quail embryos experienced low
natural sunlight during early prenatal development; however, dur-
ing late prenatal development, two  conditions experienced intense
artificial light, potentially influencing developmental hemispheric
processes. Since we did not examine behavioral lateralization, but
rather focused our attention on motor development, the observed
locomotor similarity between control and dark hatchlings and
between 2HR and 6HR hatchlings are not indicative of behavioral
laterality preferences. However, since lateralization has been func-
tionally linked to improved cognitive and social discrimination
skills [65,66], it may  also influence motor development. Further
research is needed to explore this possibility.

Light also plays a role in the development of circadian rhythms
after the formation of the pineal gland. Embryonic sensitivity to
light is mediated by production of melatonin [67]. Light reduces
melatonin production [68] and periods of darkness increase pro-
duction [69]. Like birds, human melatonin production is regulated
by light cycles [70]. Research indicates children with ASD show
irregular melatonin regulation [71] and increased states of insom-
nia [72]. Research with chicken embryos has demonstrated that
a reduction in melatonin production occurs with as little as 1 h
of light [73]. During late prenatal development, light also influ-
ences the activity of clock genes found in some avian tissues [74];
however, little is known about the embryonic ontogeny of avian cir-
cadian clocks [75]. Entrainment to light regulates periods of activity
and inactivity of the embryo, influencing biological regulatory pro-
cesses, such as stem cell regeneration [76] In our research design,
continuous light experience for 30 or 90 min occurred at 12 h inter-
vals (i.e. morning and night), which possibly disrupted typical
circadian rhythms. However, prenatal entrainment to photoperi-

ods typically does not persist after hatching. Rather, hatchlings
assume patterns regulated by their new environmental conditions
[73]. Thus, further investigation is necessary to determine if alter-
ing circadian rhythms during embryogenesis contributes to the
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evelopment of postnatal motor coordination or other neurological
isorders.

In this study, we examined whether reductions of light expo-
ure during prenatal development can have a negative impact on
otor development in bobwhite quail. We  examined the num-

er of instances, rates, and probability of forward locomotion and
alls at three developmental age points to assess motor devel-
pment trajectories of each light condition. Findings from this
nalysis revealed consistent differences between hatchlings incu-
ated in the 6HR and 2HR versus control and dark conditions.
urther, the similarities between dark and control birds were
onsistent with previous studies investigating over-ground loco-
otion. Developmental trajectory was largely dependent on light

xposure condition. Thus, we conclude discontinuous prenatal light
xposure negatively impacts motor coordination. Future research
ocusing on timing, intensity, and duration of light is needed to
pecify which aspects of light influence motor development. The
iscontinuous prenatal light paradigm may  prove to be a useful
ool for investigating factors contributing to atypical neurological
ehavior.
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