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ABSTRACT OF THE DISSERTATION
THE INFLUENCE OF MATERNALLY REGULATED PRENATAL SENSORY
EXPERIENCE ON POSTNATAL MOTOR COORDINATION IN NEONATAL
BOBWHITE QUAIL (Colinus virginianus)
by
Starlie C. Belnap
Florida International University, 2019
Miami, Florida
Professor Robert Lickliter, Major Professor
Comparative animal studies aid in understanding how prenatal sensory experiences
regulated by maternal activity facilitate or interfere with growth and phenotype
development. However, there is a paucity of information on how prenatal sensory
experience influence postnatal motor performance. In the current studies, we used an
avian model, the bobwhite quail, to evaluate the effects of prenatal temperature (study 1),
prenatal movement (study 2), prenatal light duration (study 3), and prenatal light
presentation pattern (study 4) on hatchability, growth and postnatal motor performance in
24hr quail neonates. In study 1, quail embryos were exposed to naturally occurring cool
(36.9°C) or warm (38.1°C) temperatures for a brief 4-day period during early incubation.
In study 2, quail embryos were exposed to increased or decreased egg turning experience
during the second week of incubation. In study 3, quail embryos were exposed to 6hrs or
2hrs of crepuscular light stimulation during the final days of incubation. In study 4, quail
embryos were exposed to either sporadic or crepuscular light patterns for either 2hrs or

6hrs durations during the final days of incubation. All studies, except for Study 4, were

Vi



compared to control chicks who had received industry standard care throughout
incubation, which included optimal temperature exposure of 37.5°C, movement every 2
hours, and light exposure for a 12hr on/off cycle. Motor performance, body mass and
tarsometatarsus length (indicators of growth) were evaluated 24hrs after hatching. Cool
thermal exposure delayed hatching, reduced body mass, and decreased motor
performance. Warm thermal exposure delayed bone growth and increased fall frequency.
Decreased movement exposure delayed hatching, reduced body mass, and delayed motor
performance. Increased movement exposure delayed motor performance and reduced
body mass, but did not delay hatching. Crepuscular light exposure negatively influenced
growth and decreased motor performance, but only delayed hatching in the 2hr
crepuscular treatment. Lastly, results from study 4 demonstrated sporadic light
presentation improved gait performance in 2hr exposed chicks and improved growth
indicators in 6hr exposed chicks. The present studies provide evidence that maternally
regulated prenatal experience contributes to postnatal motor performance and highlights
the importance of non-obvious stimulation for typical motor development.

Keywords: avian embryos, motor development, prenatal temperature, prenatal light,
prenatal movement, egg turning, neurodevelopment, kinematics, motor coordination,

locomotion
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INTRODUCTION

Movement is an important feature of typical development. The very act of moving
affords opportunities for intrinsic learning and exploration (Adolph & Berger, 2006;
Piaget, 1951). In Piaget’s well known theory of intelligence, infant’s overt physical
actions scaffold the foundation of representational thought. Similarly, Kelso viewed self-
organizing activity as the motor driving self-identity, cognition, and social development
(Kelso, 2016). Within the Gibsonian perceptive, acting and perceiving share a reciprocal
relationship, where the dimensions and properties of the environment constrain the
actions of the organism, and the organism’s actions produce not only changes in the
environment but also changes in the organism itself (Adolph & Kretch, 2015; Gibson,
1979; Greeno, 1994). Bushnell and Boudreau argued that the extent a specified motor
ability is limited would likewise correspond to a restriction in perceptual ability which
may have cascading effects on future developmental trajectories (Bushnell & Boudreau,
1993). In each of these perspectives, the activity of the organism guides and constrains
the developmental process, situating motor ability as a central dynamic component of
perceptual, social, and cognitive development.

Extensive research confirms a tight coupling between motor ability and
perceptual, social, and cognitive outcomes (Blair & Raver, 2012; Clearfield et al., 2008;
Diamond, 2000; Leonard, 2016; Leonard & Hill, 2014; Piek et al., 2008). For example,
in typically developing children, cognitive processing speed and memory are influenced
by gross motor ability in early childhood (Piek et al., 2008), infant social bids for
caregivers’ attention increase with the onset of crawling and walking (Clearfield et al.,

2008), and object perception and recognition are enhanced with the onset of infant



reaching, grasping, and sitting (Sommerville et al., 2005; Soska et al., 2010). Needham
and colleagues (Sommerville et al., 2005) designed a clever ‘sticky mitten” paradigm
which facilitated object exploration in typically developing pre-grasping three-month-old
infants using Velcro mittens and toys. By removing a typical motor constraint, infants
improved in object goal behavior and showed improved understanding of others’ actions
(Sommerville et al., 2005). More recent work has confirmed repeated opportunities for
infant reaching facilitates goal directed visual perception and increased skill acquisition
(Williams et al., 2015).

Similarly, motor deficits, characteristic of several neurological disorders,
commonly correspond to social, perceptual and cognitive deficits. For example, children
with Developmental Coordination Disorder (DCD) have deficits in self-regulatory skills,
body self-awareness, and social engagement (Lloyd et al. , 2006). Children with Autism
Spectrum Disorder (ASD) have difficulty with sensory perception, social engagement,
and cognitive flexibility (Lloyd et al., 2013). While both of these disorders are typically
diagnosed during early childhood between the ages of 3 to 5 years, subtle differences are
present during infancy (Johnson et al., 2016; Nickel et al., 2013; Zwicker et al., 2012).
Specifically, research has identified subtle deficits in posture and ocular control in high-
risk ASD infants which corresponded to delays in visual-spatial perception (Johnson et
al., 2016; Nickel et al., 2013) suggesting subtle motor differences during infancy may set
the course for long-term developmental deficits seen in ASD. Interestingly, ASD
children who received motor skill training emphasizing dynamic balance, upper and
lower limb coordination, and strength conditioning, showed greater body control (Catama

etal., 2017) and marked improvement in cognition (Woo & Leon, 2013). In another



example, ASD young adults benefited from dance therapy focusing on developing mirror
motor neurons. During the intervention, participants took turns mirroring body
movements of the instructor, other participates, and leading a group dance. After only 7
sessions, participants showed positive improvements in body awareness, self-other
awareness, empathy, and general social skills (Koch et al., 2015).

Altogether, early motor and rehabilitation research provides evidence for a
compelling argument that motor development facilitates a range of skills. Despite the
importance of motor development, few studies have investigated prenatal factors which
may facilitate optimal postnatal motor development. Since muscle contractions are
evident within the first few weeks of human gestation (within the first few days for small
animals) (de Vries et al., 1982; Hamburger & Balaban, 1963), and are susceptible and
responsive to sensory stimulation (Robinson, 2005; Sindhurakar & Bradley, 2012; Wu et
al., 2001), it is likely these early movements lay the neurological foundation for motor
responsiveness and subsequent sensory system functioning (Gottlieb, 1971; Lickliter,
2011; Turkewitz & Kenny, 1982). However, little is known about what experiences are
necessary during the prenatal period to promote healthy motor development. The use of
animal models offers an essential step in addressing which prenatal factors are important
for optimal postnatal motor development.

In the current series of studies, we used an animal model, the bobwhite quail, to
investigate how key factors provided by the nesting hen influenced hatchability, growth,
and motor performance. Bobwhite quail are a precocial birds that can walk within hours
after hatching and require minimal maternal post hatch care. However, like most avian

embryos, quail embryos require extensive prenatal care. In bobwhite quail, egg care is



provided by the hen. In addition to nest site selection, nest building, and protection from
predation, the maternal hen’s behavior regulates egg incubation temperature, movement
experience, and access to light for the growing embryos. Because of the accessibility of
the quail egg, these factors can be experimentally manipulated independent of the mother
with strict precision and control. By leveraging these unique developmental conditions,
we evaluated how small fluctuations in temperature influenced hatchability, growth, and
motor performance (studyl), how decreases or increases in egg turning influenced
hatchability, growth, and motor performance (study 2), and how duration and
presentation of light (study 3 & 4) influenced hatchability, growth, and motor

performance.
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PRENATAL INCUBATION TEMPERATURE AFFECTS NEONATAL PRECOCIAL
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Abstract
Temperature during the prenatal period is an important factor for developing embryos.

Extensive human and animal research indicate embryos are sensitive to small fluctuations
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in temperature which has profound effects on phenotype development. Much of this
research has focused on survivability, morphology, and incubation duration, but
comparatively less in known about how prenatal temperature influences the development
of motor coordination. In this study, we experimentally tested whether exposure to
naturally occurring cool (36.9°C) or warm (38.1°C) thermal conditions for a brief period
(4 days) during early incubation can influence postnatal motor performance in neonatal
bobwhite quail hatchlings. We compared gait spatiotemporal parameters, body
kinematics, and locomotive behaviors of control chicks incubated in an optimal thermal
environment (37.5°C) with thermally manipulated chicks. Experimental temperature
treatment began on embryonic day five (E5) and ended on E8. Chicks were tested 24-
hours after hatching. Cool thermal exposure during incubation delayed hatching, reduced
body mass, and increased fall frequency, intertarsal joint angle and stride length
variability during the gait task compared to optimally incubated chicks. Warm thermal
exposure during incubation delayed bone growth and increased fall frequency relative to
controls. We discuss the relationship between motor development and thermal regulatory
processes and provide insight into how spatiotemporal parameters aid in elucidating
subtle differences in coordinated movement which may contribute to atypical motor
development and be associated with neural developmental disorders. We provide the first
spatiotemporal evidence for the importance of optimal thermal microclimates for typical
prenatal motor development.

Keywords: avian embryos, motor development, prenatal temperature, neurodevelopment,

kinematics, motor coordination



Introduction

It is well known that temperature during the prenatal period is an important factor
for developing embryos. Temperature has pervasive effects on sex, morphology,
physiology and behavior (Durant et al., 2010; DuRant et al., 2008; Rhen & Lang, 2004).
Different parental behaviors and regulatory processes have emerged to help ensure
offspring survivability and fitness under various thermal conditions (Cockburn, 2006;
Collias & Eollias, 1984; Cooke et al., 2003). In humans, the uterine environment acts as a
heat dispersal system helping to lower fetal basal temperature (Baumgart, 2008). In
reptiles and birds, the ovo nest environment acts as a thermal insulator and parental
behavior regulates heat and protection from predation (Collias & Eollias, 1984; Kolbe &
Janzen, 2002; Orcutt & Orcutt, 1976). However, disruptions in thermal regulatory
processes and behaviors can result in structural and functional defects depending on when
and how long the insult occurs during embryo development (DuRant et al., 2010;
Edwards, 2006; Webb, 1987).

For reptiles, nest site selection and environmental conditions largely determine
prenatal incubation temperature, resulting in considerable fluctuations during
development. These fluctuations during critical periods determine gonadal sex, with low
temperatures (~26°C) producing high ratios of females and high temperatures (~32°C)
producing high ratios of males (Mrosovsky & Pieau, 1991; Rhen & Lang, 2004). In
addition to temperature-dependent sex, small changes in incubation temperature (<2°C)
in reptiles affect hatchling morphology, growth, and locomotor performance (Booth,
2006; Rhen & Lang, 2004). Embryos incubated under cooler conditions take longer to

hatch, and embryos incubated under warmer conditions typically have larger body mass



and longer appendages (e.g. snout, tail, and limb) (Elphick & Shine, 1998; Mrosovsky &
Pieau, 1991; While et al., 2018) Broadly, warmer prenatal temperatures improve
locomotor performance for turtles and lizards (Booth, 2006; Elphick & Shine, 1998;
While et al., 2018), but in most studies developmental age, time spent in the age prior to
hatch, was not considered, even though differences were reported.

In contrast to most reptiles, avian parents actively regulate incubation by investing
considerable time and energy into nest building and maintenance (Cockburn, 2006;
Collias & Eollias, 1984; Jr & Orcutt, 1976; Martin et al., 2007). Parental effort
substantially reduces temperature fluctuations experienced by developing embryos
(Carroll et al., 2018; DuRant et al., 2013), making thermal-regulatory parental behaviors
a key factor in phenotype development and behavioral plasticity. Similar to reptiles, small
differences in incubation temperature can profoundly influence avian incubation periods
(Hepp et al., 2006; Martin et al., 2007), with warmer temperatures resulting in shorter
incubation periods and cooler temperatures producing longer incubation periods
(Deeming & Ferguson, 1992; French, 1997; Hepp et al., 2006). Temperature also affects
locomotor performance, with cooler temperatures resulting in a decline in performance
(Hopkins et al., 2011) but an increase in quick incomplete explorative behaviors (Hope et
al., 2018). Again, developmental age was not considered in these studies. The influence
of small temperature differences on growth parameters (e.g. body mass, limb length) is
less clear. Duck embryos incubated under consistently optimal thermal conditions (37°C)
produced larger body mass compared to medium (35.9°C), and low (35°C) conditions,
but did not show differences in limb length (DuRant et al., 2010). In contrast, Hopkins

and colleagues (2011) failed to detect differences in body mass, but did detect differences



in limb length. Embryos in the medium temperature condition had longer limb lengths
compared to optimal and cooler temperature conditions (Hopkins et al., 2011), whereas
chicken embryos who experienced only 4 days of increased prenatal incubation
temperature (38.5°C) during early development showed both increased body mass and
limb length (Hammond, et al., 2007).

Similar to avian models, mammal embryos are protected from thermal
fluctuations by the mother. Her thermoregulatory system works as a defense from
invading pathogens (Kluger et al., 1996) and helps to regulate important bodily circadian
rhythms (Brown et al., 2002). Naturally occurring oscillating body temperature is closely
associated with locomotor activity. Small variations in behavioral patterns are important
because prenatal activity mediates musculoskeletal formation and lays the neurological
foundation for motor responsiveness and subsequent sensory system function (Gottlieb,
1971; Hammond et al., 2007; Hepper, 2015; Lickliter, 2011; Turkewitz & Kenny, 1982).
The majority of mammalian research has focused on the teratogenic effects of extreme
temperature (>2°C) on embryo development. As a result, comparatively less is known
about how small prenatal temperature fluctuations (<2°C) influence morphological,
neurobehavioral, and motor development in infants. However, infant rat studies
investigating the influence of mild increased postnatal temperature on limb growth
provide some evidence of the likelihood that small prenatal thermal changes may
influences prenatal growth in mammals (Racine et al., 2018; Serrat, 2014). Moreover, the
effects of extreme prenatal temperature on developing embryos provides evidence that
prenatal temperature does influence key systems needed for optimal motor development.

These teratogenic effects have been extensively documented in endotherms, with notable



damage occurring to the central nervous and musculoskeletal systems (Edwards, 1986;
Edwards et al., 1995; Lieberman et al., 2000; Zerbo et al., 2013).

Although research has demonstrated the influence of typical and atypical prenatal
temperature on survivability, morphology, and incubation duration, comparatively less is
known about how prenatal temperature affects the development of motor coordination.
To date, most of the literature has focused on reptilian locomotor performance as
measured by maximum speed on a “racetrack” (Booth, 2006; Du & Ji, 2003; Elphick &
Shine, 1998; Van Damme et al., 1992). However, motor performance in ectothermic
animals is particularly sensitive to environmental thermal conditions at the time of test
(Guderley, 2004). Further, lizard embryos incubated at higher temperatures hatched
nearly ten days sooner than those incubated under moderate thermal conditions (Elphick
& Shine, 1998; Van Damme et al.,1992). Longer incubation length results in more yolk
being converted into tissue (Booth, 2018; Ischer et al., 2009), potentially changing the
composition and relative frequency of the muscle fibers (Booth, 2018). Therefore,
differences in developmental age might explain the observed differences in reported
locomotor performance (Elphick & Shine, 1998; Van Damme et al., 1992). Hopkins and
colleagues (2011) provide evidence that prenatal temperature influences locomotor
performance in ducks, the only known study in endothermic animals. However, like
reptilian locomotor research, this study used maximum speed to measure locomotor
performance and did not account for developmental age.

Speed alone is not an adequate measure of motor performance, especially in
bipedal locomotion. Gait analysis provides comprehensive information about

spatiotemporal components of locomotion and can be used in conjunction with body
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kinematics to evaluate the integration of muscle and joint function to maintain posture
during forward motion (Murray, 1967). Specific spatial measurements such as stride
length (distance traveled between foot falls of the same limb) and step width (distance
between the left and right foot during forward locomotion) provide insight into the base
of support, while joint angles provide information about the body’s range of motion (see
Figure 1 & 2) (Andrada et al., 2013; Biewener & Daley, 2007; Gatesy & Biewener, 1991;
Hausdorff, 2007). Variability in these gait parameters provides information about
neuromotor control and fall risk (Hausdorff, 2005, 2007; Stroobants et al., 2013).
Measurements such as cadence (steps per second) and fall frequency provide information
about the speed and flexibility of the nervous system to compensate for stability
perturbations (Hausdorff, 2007; You et al., 2001). This detailed approach to evaluating
motor performance may provide insight into specific subtle motoric differences
potentially modulating postnatal outcomes and contribute to atypical behavior often seen
in human developmental disorders.

The present study provides the first experimental examination of prenatal
temperature on the development of postnatal motor coordination in bobwhite quail
hatchlings. The primary aim of this study was to determine if prenatal temperature
influences postnatal motor coordination. Avian research has suggested that developing
avian embryos are sensitive to fluctuations in temperature and respond to warmer thermal
conditions with increased prenatal activity (Hammond et al., 2007), shorter incubation
periods (Hepp et al., 2006; Martin et al., 2007), and better locomotor performance
(Hopkins et al., 2011), whereas colder thermal conditions produce lengthened incubation

periods (Hepp et al., 2006; Suarez et al., 1996). Given these findings, we predicted chicks
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incubated under a brief period of naturally occurring warm incubation temperature would
show enhanced motor coordination, while chicks incubated in a brief period of cold
temperature would show decreased motor coordination relative to controls. Additionally,
because some studies showed either an increase in body mass or limb length when
incubated under warmer thermal conditions, we anticipated chicks in the warmer thermal
condition would show increased body composition (i.e. body mass, tarsometatarsus
length) relative to controls and colder thermal conditions.

Methods
Animal and incubation
Two hundred and twenty-five fertilized bobwhite quail eggs were obtained from a
commercial game bird supplier (Strickland) over the course of nine weeks. Each week 25
eggs were randomly selected and placed into one of three digital temperature and
humidity-controlled automatic turning portable incubators (King R-com). Each incubator
provided one of three prenatal temperature conditions: low (36.9°C+ 0.2°C), control
(37.5°C£ 0.2°C), and high (38.1°C+ 0.2°C) during the manipulation period. Before and
after the manipulation period, all incubators were maintained at 37.5°C + 0.2°C, the
optimal temperature for hatchability (Wilson et al., 1979). The temperature manipulation
period was selected following the same design as described by Hammond and colleagues
(2007), with slight adjustments for species differences in incubation length. The
incubation period for chickens typically is 21 days while bobwhite quail incubation
period is 23 days. To account for these differences and to accurately reflect the same
developmental period as described by Hamburger and Hamilton (Ainsworth et al., 2010;

Hamburger & Hamilton, 1951), where extensive myoblast proliferation and limb
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differentiation occurs, the temperature manipulation period began on embryonic day five
(E5) and continued through E8 (4 days). The temperatures selected corresponded with
the upper and lower tolerance range reported for the common quail (Webb, 1987; Wilson
etal., 1979).

The day fertile eggs were placed in an incubator was recorded as day zero and
eggs remained in their assigned incubator until E21 when they were transferred to a
hatcher maintained at 37.5°C + 0.2°C until day of hatching (E23). The incubators and
hatcher were maintained at 65% 5% humidity throughout the incubation period. To
ensure the stability of temperature and humidity, the incubators and hatcher were
monitored every four hours throughout the day.

All incubators and the hatcher were housed within a specially designed
customizable stimulation cabinet (0.61m x0.61m x 1.72m) which allowed for control of
auditory and visual experience. The cabinet consisted of four equal white chambers
(0.61m x 0.61m x 0.43m) with independent maintenance doors. Each cabinet was
outfitted with LED strip lighting (4.5m) which was independently controlled by Samsung
Smartthings controllers located outside the cabinet. Light for each cabinet was
maintained on the same 12-hour light/dark cycle throughout the incubation period.

On day 15, the eggs were candled to identify infertile eggs and non-developed
embryos. Because we wanted to control for developmental age, chicks who hatched one
day early (E22) or one day late (E24) were considered off-cycle hatchlings and were not
tested. Only chicks who hatched on day 23 were tested the following day, at
approximately 24 hours of age.. Chicks’ distal phalanges were marked for individual

identification (traditional leg bands were avoided to prevent confounds during motor

13



testing) and were transferred and separated by treatment to clear plastic rearing tubs in
clutches of 12-15 chicks to simulate naturally occurring brood conditions. Rearing tubs
were maintained within a sound-attenuated rearing room at 30°C on a 12-hour light/dark
cycle with food and water available ad libitum. All hatchling testing and care followed
approved procedures and protocols reviewed by the Institutional Animal Care and Use
Committee.
Gait Task and Body Composition Measures

Hatchling motor coordination was evaluated using a 5-minute gait task one day
following hatch. The 5-minute gait task consisted of a 1-minute acclimation period within
a dark emergence box (10cm x 10cm x 10cm) followed by a 4-minute free roam
exploration period within a Plexiglass runway. One hour prior to testing, square reflective
tape (.5 x .5 cm) was placed in the center of the right and left tarsal pads to enhance
visibility of foot placement during video scoring. To decrease handling effects and stress,
chicks were transported in a plastic opaque container to the testing runway. Only chicks
who emerged from the box were evaluated for motor coordination (see Table 1).
Following testing, chicks were immediately returned to the rearing room, where they
were weighed and the right tarsometatarsus (TARS) (Figure 1) length was measured.
TARS length was measured as the distance between the notch at the intertarsal joint angle
(ITJ) and the juncture of the TARS and the first digit.

The entire 5-minute testing session occurred within a Plexiglas rectangle runway
outfitted with a dark removable lid (95cm long x 13cm wide x 20cm tall) raised
approximately one meter above the floor. The Plexiglas rectangle runway sat within a

wooden support frame housed in a temperature-controlled room (30°C £ 1°C). A black
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foamboard fake floor suspended approximately 40 cm below the runway was fitted
around a black USB camera (60fps 1230x 720dpi) which was connected to a computer
located in an adjacent room. The floor hid the inferior camera from the hatchlings view
and provided the visual effect of a solid floor. A second white USB camera was affixed
on the white wall outside the runway to provide a lateral view and was connected to the
same computer. The inside of the runway was divided into three sections: start area
(15cm long), runway (65cm long), and speaker area (15cm long). The start area contained
the emergence box which remotely opened after the 1-minute acclimation period. The
speaker area located opposite from the start area contained a speaker calibrated at 65dB
which continuously played a bobwhite quail maternal call to motivate hatchlings to cross
the runway during the test period. The lateral and inferior camera views were recorded
using Kinovea, an open source kinematic software program.
Gait parameters

Inferior videos were behaviorally scored using Datavyu (Datavyu Team, 2014), a
quantitative event-recording behavioral program, for frequency of forward steps and falls.
Steps were defined as controlled forward movement, (walk, ground run, or aerial run)
relative to orientation of the hatchling’s head (Belnap & Lickliter, 2017). 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 chick orientation not the speaker area). Hatchlings were scored as falling, a
measurement of instability, when their upper thorax or head contacted with the runway’s

floor. Hatchlings in a crouched position, knees and hip joints flexed with the thorax
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resting on the ground, were not scored as a fall. Step cadence was defined as the ratio of
steps per seconds of active movement.

Spatiotemporal parameters and body kinematics including stride length, step
width, stance width, velocity, and ITJ (see Figure 1 & Figure 2) were measured using
Kinovea. Inferior videos were evaluated for each parameter on separate frame by frame
viewing passes until 20 usable measurements of each parameter were collected. The
supporting wooden frame was used as a reference for measurement calibration. Stride
length, step width, and stance width were scored using the inferior view. Velocity and ITJ
angles were scored using the lateral camera view. Chicks who failed to emerge from the
start box or who failed to produce more than 10 useable data points because of lack of
movement were excluded from analysis (see Table 1).

For stride length and step width, only successfully completed gait cycles were
used to calculated averages. Measurements for stride length were acquired at touch down
for each limb throughout the entire video. Stance width, distance between left and right
limb during standing, was acquired during moments of rest. Rest was defined as 180 (~3
seconds) frames of non-movement, including forward movement, falls, jumps, and other
forms of instability.

Velocity and ITJ angles were evaluated using the lateral view and calibrated using
the wood support frame. 1TJ was measured at initial touchdown of the gait cycle to
capture maximum leg extension. Measurements occurred when the hatchling’s
locomotion was perpendicular to the camera, providing a clear profile view without video
distortion of the right limb. Approximately 20 useable frames were acquired throughout

the video for each bird with a minimum of 10 useable frames needed to be included in the
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analysis. 1TJ angles were estimated by drawing two digital reference lines within
Kinovea. The first line began at the juncture of the TARS and the third digit and followed
the length of the TARS. The second line began at the notch of the ITJ and extended up
the lateral side of the body approximating the position of the tibiotarsus (see Figure 1).
The base of the digital protractor tool within Kinovea was placed on the first reference
line and then extended to the second reference line producing the estimated protraction

ITJ angle per stride for the right limb. Velocity was calculated only during bouts of

forward locomotion using the following formula, v = % , Where X represents the

2=t
bird’s position and t represents time for each frame within a bout. Locomoting bouts were
scored manually by starting and stopping the tracking feature within Kinovea. A bout
initiated at toe off and ended at touchdown of a sequence of forward locomotion. In the
event a bird became unstable during the sequence, the locomoting bout concluded the gait
cycle prior to the instability. Velocity reflected the change in position over the change in
time averaged across all locomotion bouts.

Four observers were assigned to each performance measure. Prior to scoring,
observers were trained until inter- and intra-rater reliability of >85% was achieved. Upon
completion of scoring, roughly 10% of videos were randomly selected to be rescored to
verify accuracy for each measure. Observers were blind to temperature condition and
relied upon individual bird identification markings, which were void of treatment
assignment, to report results.

Data Analysis
Spatiotemporal data per subject per parameter were averaged and the coefficient

of variation (CV = SD/mean*100) was calculated (Searls, 1964), providing the

17



percentage of variability for ITJ, stride length, step width, and stance width, resulting in a
total of eight measures (i.e. stride length, CV stride length, step width, CV step width,
stance width, CV stance width, ITJ, and CV ITJ). All behavioral (step cadence and fall
frequency) and spatiotemporal parameters were bootstrapped with replacement for 2,000
iterations. Right and left limb measurements for stride length were evaluated using paired
sample t-tests. Chi-square likelihood tests and simple binomial outcome tests were used
to characterize the influence of temperature on hatchability and gait task emergence.
Differences in body composition and velocity between temperature conditions were
evaluated using one-way analysis of variance (ANOVA) and were controlled for in
subsequent analysis. Spatiotemporal parameters and behavior were analyzed using
multivariate analyses of variance (MANOVA, three temperature conditions on eight gait
measures and two behavior measures) with body composition and velocity listed as
covariates. MANOVA analysis accounts for potential correlations between dependent
variables allowing for differences to be assessed without increasing type | error (Warne,
2014). Significant gait variables were further analyzed using univariate Bonferroni post
hoc analyses with alpha adjustment set at p-values 0.015. Since the frequency of falls
may be attributed to differences in activity between temperature treatments, the
relationship between step cadence and fall frequency was evaluated using Pearson
correlation. If the preceding relationship was significant then step cadence was included
as an additional covariate in post hoc analyses for falls. All statistical tests were
conducted using SPSS v.22. Statistical significance was set at alpha .05. 95% confidence
intervals and Cohen’s D (Cohen, 1988) effect sizes were calculated and interpreted using

guidelines suggested by Durlak (2009).
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Results

Descriptive Results

A total of 38 eggs were removed during the candling process with no significant
differences between conditions (see Table 1). A total of 154 chicks hatched and 22 off-
cycle chicks were excluded from the study. In the low treatment group, eight chicks
hatched early and seven chicks hatched late. Eight chicks hatched early in the control
condition and one chick hatched early in the high treatment condition. Chi-square
comparisons showed significant difference in off-cycle hatches by temperature treatment
(X2 df(2)= 12.25 p<0.01), with 28% of off-cycle hatches occurring in the low treatment
condition, 15% in the control treatment condition, and 2% occurring in the high treatment
condition. Chi-square results comparing probability of early, late, and on-time hatches by
temperature treatment revealed significant proportional differences (X? df(4)= 20.235
p<0.001). When evaluating late hatches, no significant differences were detected (X?
df(2)=5.76 p= 0.056). However, early hatches were significantly more likely to occur in
the cooler temperature condition when compared to chance using an exact binomial test
(p<.001 95%CI: [.76 — 1]). No significant differences between temperature treatments
were detected for on-time hatches (X2 df(2)=.985 p=0.611). All conditions were equally
likely to exit the emergence box (X? df(2)=2.312 p=0.315) and explore the runway (X2
df(2)= 2.36 p=0.307).

Evaluations of TARS length (F(2,88)=4.066, p<0.05) and body mass
(F(2,88)=3.5, p<0.05) revealed significant differences between groups. Hatchlings
incubated in warmer temperatures showed moderately smaller TARS length compared to

control (AM=-0.089, SE=0.037, p<0.015, deonens=0.615, [95% CI: -0.16, -0.016]) and
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cooler temperature (AM=-0.091, SE=0.037, p<0.015, dcohen’s=0.610, [95% CI: -0.16, -
0.013]) hatchlings (Figure 3). Cool incubated hatchlings weighed significantly less
compared to high temperature hatchlings (AM=-0.358, SE=0.146, p<0.015,
deohen’s=0.785, [95% CI: -0.679, -0.039]), and trended towards weighing less compared to
control hatchlings (AM=-0.325, SE=0.152, p=0.036, dcohen’s=0.517, [95% CI: -0.647, -
0.002]).
Gait Parameters

A one-way ANOVA with gait velocity as the dependent measure and temperature
condition as the independent variable revealed velocity did not significantly differ
between temperature conditions (see Table 2). A paired t-test comparison between right
and left limb stride length for each temperature treatment revealed no significant
differences between limbs. Subsequent analysis included only the right limb values since
TARS length and ITJ angles were only acquired for the right limb. Pearson correlation
analysis revealed a significantly large negative relationship between step cadence and
number of falls (r = -0.606, p<0.001, 95%ClI [ -0.72 - -.47]). Across all temperature
treatments, hatchlings decreased in falls as step cadence increased (see Figure 4).
MANOVA with temperature as the independent variable and the gait parameters as the
dependent measures revealed temperature modestly contributed to the observed
differences after controlling for body composition and velocity (Pillai’s Trace=0.423
F(2,20)=1.88, p<0.05, np>=0.211). Temperature significantly contributed to observed
differences in mean ITJ angle (F(2, 78)=4.247, p<.05, 11,>=0.10), stride length CR (F(2,

78)=4.38, p<.05, np?>=0.10), and number of falls (F(2, 78)=5.594, p<.05, 1,°=0.13) as
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illustrated in Figure 5 and Table 2. No significant differences were discovered for other
gait parameters (see Table 2).

Univariate post hoc evaluations with body composition and velocity as covariates
(step cadence was added when evaluating fall frequency) demonstrated chicks in the low
temperature treatment had significantly larger ITJ angles (AM=16.671, SE=5.861,
p<0.015, dcohen’s=0.634, [95% CI: 2.330, 31.012]), substantially more variability in stride
length (AM=5.432, SE=1.85, p<0.05, dcohen’s=0.54, [95% CI: 0.906, 9.958]), and greater
falls frequency (AM=9.09, SE=3.474, p<0.05, dcohen’s=0.93, [95% CI: 0.59, 17.59]) when
compared to control treatment chicks (Figure 5 and Table 2). Chicks in the warm
temperature treatment demonstrated only an increase in falls (AM=9.89, SE=3.19,
p<0.01, dcohen’s=0.73, [95% CI:2.094, 17.68]). Chicks in the warm and cool temperature
conditions displayed similar fall rates, contrary to our original predictions.

Discussion

In this study, we provide the first evidence of the effect of incubation temperature
on the development of motor coordination in 24-hour old bobwhite quail hatchlings. Our
results indicated that quail embryos incubated under altered temperatures showed a
notable perturbation in postnatal motor instability beyond differences in body
composition, velocity, and step cadence. Chicks in the low temperature condition
showed extensive stride length variability, increased falls, and larger ITJ angle compared
to controls, but performed similarly as controls for step cadence and other gait
measurements. Like reports from previous research, low temperature treated hatchlings
showed a delay in hatching and a reduction in total body mass, but TARS length was

unaffected. Contrary to our prediction, embryos who experienced high prenatal
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temperatures showed an increase in falls and shorter TARS length following hatching
compared to controls. While not significant, they also showed slightly larger 1TJ angle
and stride length variability (see Table 2). Thus, our study identifies incubation
temperature as a parental effect that can contribute to poor motor coordination after only
brief exposure to naturally occurring temperature fluctuations.

Generally, for very young crouching birds with a pronograde trunk like the
bobwhite quail, stiffed legged running maximizes range of motion, assists with stability,
and produces the most efficient stride (Andrada et al., 2013). A major component to
achieve stiff legged running is joint angle of the hip, knee, and tarsal joint (Andrada et al.,
n.d.). Protraction angles, angles produced from the hip, knee, and tarsal joints at
touchdown, do not depend on body size or speed, rather they stay relatively constant
(Abourachid, 2001). Increased stride length observed with acceleration typical occurs by
increasing the retraction angles. However, protraction angles are tightly related to step
length such that the mean protraction angle predicts the average step length (Abourachid,
2001). Therefore, for small birds to achieve speed and stability, they need to have longer
effective legs at touchdown and shorter effective legs at lift-off, all while maintaining
angular momentum about the center of mass. Specifically, the ITJ acts as the spring in
forward locomotion and functions like a damper (Abourachid, 2001; Andrada et al.,
2013) dissipating energy to avoid over acceleration of the center of mass, thereby
stabilizing the trunk (Andrada et al., 2014). In the current study, temperature did not
influence velocity, step cadence, or average stride length, but differences were present in
ITJ angles. The significantly large ITJ angles observed in the cool treatment and the

slightly larger ITJ angles in the warm treatment may correspond with a stiffer leg unit,
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making it more difficult to dissipate forward momentum. This failure to dissipate
acceleration would lead to destabilization and potentially result in more falls.

Another alternative to the observed differences in ITJ angle may be related to the
trunk posture of the birds. In crouching birds with a pronograde trunk, the center of mass
is located forward of the base of support, making joint angle adjustments the primary
method for trunk and head stabilization during terrestrial locomotion (Abourachid et al.,
2011; Andrada et al., 2014; Nyakatura et al., 2014). If cool and warm temperature birds
showed a cranial shift in the center of mass, then an increase in the effective leg length
would be required to maintain stability. This would be achieved by either increasing
trunk inclination or by increasing ITJ protraction angle (Andrada et al., 2014; Z. Wang et
al., 2016). Therefore, the increase in ITJ angle may be compensatory to weak postural
muscles and aid in maintaining balance during forward locomotion. While no study to
date has investigated the role of temperature on posture muscle development, several
chicken and turkey studies have demonstrated incubation temperature does affect muscle
development (Clark et al., 2016; Collin et al., 2007; Loyau et al., 2013). In this case,
failing to adequately compensate would result in a fall. However, this remains unclear
because ITJ angle was only collected during successful strides. In any case, the large
percentage of stride length variability observed in the cool thermal treatment and the
small increase observed in the warm thermal treatment provide some initial evidence for
this conclusion.

Nevertheless, early forms of quail locomotion are highly unsteady, relying on
locally mediated spinal control circuitry which produces large amounts of variability,

increasing the risk of falls (Hausdorff, 2007). For young terrestrial birds, running, albeit
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inefficiently, is the preferred gait for reduced energy expenditure with limited body
control (Nudds et al., 2011). Stiff legged-running allows juvenile birds to benefit from
passive spring biomechanical forces of the musculoskeletal system, thereby conserving
energy and assisting with stabilization (Andrada et al, 2013; Biewener & Daley, 2007,
Nudds et al., 2011). Conversely, slower, more developmentally experienced movements
are regulated by feedforward and feedback spinal-cortical mechanisms after the
acquisition of extensive neuromuscular control and posture stability (Muir & Chu, 2002;
Muir et al., 1996). Our results support this pattern in that inexperienced locomoting
hatchlings were more likely to fall at slower step cadences. An increase in stride
variability further suggests a disruption in neuromuscular control.

Thermal fluctuations during the selected period of development for this study (E5
to E8) likely contributed to the observed perturbations in motor control. In the common
quail, HH23 on the Hamburger and Hamilton (1951) staging series roughly begins on E5,
which corresponds to the beginning of embryonic limb bud differentiation, primary
muscle fibers having been laid in the trunk and secondary mesenchyme start to
differentiate (Hendrickx & Hanzlik, 1965; Stockdale, 1997). By ES8, limb joints are
distinct, all four toes are visible and webbing between toes is thinned and concave
(Hendrickx & Hanzlik, 1965). The final muscle, tendon, and cartilage pattern is present
by E7.5 in chick embryos (Kardon, 1998) which corresponds roughly to stage 27 in a
bobwhite quail embryo which ends on E8 (Hendrickx & Hanzlik, 1965). Additionally, in
Galliforme embryos, the hypothalamus begins to form on E6.5 and becomes functionally
mature approximately at E13.5 (Debonne et al., 2008). In the current experiment, the

mild experimental temperature changes during this sensitive window likely influenced
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endocrine processes modifying proliferation and differentiation of limb development
(DuRant et al., 2014; DuRant et al., 2010; Hammond et al., 2007; Hopkins et al., 2011).

Several studies across different species have highlighted the indirect effects of
glucocorticoid signaling on kinase protein synthesis, satellite cell proliferation and
differentiation, and muscle development (Belanto et al., 2010; Chin et al., 2009; Dong,
Pan, & Zhang, 2013; Nesan et al., 2012; X. Wang, Jia, Xiao, Jiao, & Lin, 2015), which if
dysregulated can have context dependent putative effects. Nesan and colleagues (2012)
demonstrated the important role of glucocorticoids in embryo development using a
receptor-knock-out fish model. The lack of glucocorticoid signaling decreased somite
formation, and restricted optimal mesodermal development and myogenesis (Nesan et al.,
2012). Conversely, excessive glucocorticoid signaling in mammals is known to have
catabolic effects on muscles (Dong et al., 2013; Pereira & Freire de Carvalho, 2011). A
study by DuRant and colleagues (2014) with duck hatchlings found hatchlings incubated
in cooler temperatures who had low body mass at postnatal day 9 (P9) also showed
moderate increased corticosterone concentrations, the primary glucocorticoid in birds, at
hatch and P9. Interestingly, cool incubated ducklings also showed poor motor
performance (Hopkins et al., 2011), indicating a disruption in motor functioning. In the
current study, low incubated birds showed a reduction in body mass and decreased motor
coordination, which may indicate a disruption in glucocorticoid pathways.

Extensive research has outlined the importance of the hypothalamic-pituitary-
thyroid (HPT) axis in regulating avian basal temperature (for review see Debonne et al.,
2008). These processes are tightly controlled by thyroid releasing hormone (TRH)

(Debonne et al., 2008; Marsh & Dawson, 1989; Olson, Vleck, & Vleck, 2006). The up
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and down regulation of TRH is responsible for the increased or decreased production of
thyroxine (T4) and triiodothyronine (T3) from the thyroid gland (Marsh & Dawson,
1989). In young precocial birds, T4 and Tz mediates mitochondrial oxygen consumption,
metabolic function (Marsh & Dawson, 1989) and plays an important role in skeletal
muscle phenotype formation (Deaton et al., 1997; Gardahaut et al., 1992; Salvatore et al.,
2014). Further, several studies suggest thyroid hormones contribute to incubation period
regulation (DuRant et al., 2014, 2010; Igbal et al., 1990), body composition (Loyau et al.,
2013), and social behavior (Gilbert et al., 2013; Lyall et al, 2017; Thompson et al., 2018).
Additional research is required to determine if the observed motor disruptions in the
current study can be attributed, at least in part, to thyroid regulated processes.

The present study provides evidence that relatively small modulations in typical prenatal
incubation temperature are sufficient to affect early postnatal motor performance. Quail
chicks in the low temperature condition showed greater variability in their stride length,
larger 1TJ angles, and increased fall frequency relative to controls, while contrary to our
predictions, high temperature chicks showed an increase in falls and a decrease in TARS
length. Additionally, the observed delay in hatching and decrease in body mass were
consistent with previous studies. We conclude that prenatal temperature microclimates

are important for optimal early postnatal motor development.
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Table 1

Descriptive summary of incubation and data inclusion criteria

No
Condition Set Candled Hatched  Off-Cycle Tested Emerge  No Move | Total N
Low 75 14 53 15%5p 38 7 3 28
Control 75 8 54 6a 48 14 6 28
High 75 16 47 1, 46 11 2 33
Total 225 38 154 22 132 32 11 89

Set=total number of eggs set for incubation, Candled=number of non-viable eggs during incubation,
Hatched=number of chicks who exited the egg, Off-Cycle=number of chicks who hatched one day early
(2) or one day late (), Tested=number of chicks actually tested, No Emerge=number of chicks who
failed to leave the emergence box, No Move=number of chicks who failed to move after leaving the

emergences box, Total N=number of chicks retained for data analysis.
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Table 2

Means (standard error) for spatiotemporal parameters

Incubation Temperature Treatment

Gait Measure Low (36.9°C) High (38.1°C) Control (37.5°)
ITJ) Angle 86.49 (4.32)* 73.83 (3.68) 69.82 (3.93)
ITJ CV 17.34(1.1) 18.94 (0.94) 19.10 (1)
Stride Length 3.11(.11) 3.40 (.09) 3.13(.10)
Stride Length CV | 27.30 (1.36)* 24.74 (1.16) 21.87 (1.24)
Step Width .63 (.05) .59 (.04) .66 (.04)
Step Width CV 39.96 (2.69) 42.85 (2.29) 35.96 (2.45)
Stance Width 1.42 (.053) 1.42 (.045) 1.35 (.049)
Stance Width 24.37 (1.16) 26.40 (.99) 24.04 (1.06)
Ccv
Velocity 7.62 (.62) 6.62 (.48) 5.91 (.59)

ITJ angle=degrees, Stride Length=cm, Step Width=cm, Stance Width=cm,
CV=Coefficient of variation, a percentage of variability for each kinematic parameter,
Velocity= cm/s. Results reflect comparisons to the control incubation treatment after
statistically accounting for the confounding influence of body composition, velocity and
step cadence. *Bonferroni corrected p<0.015
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Figure 1

Illustrated measurements of TARS and ITJ angle in a neonatal quail chick. TARS length
was measured from the intertarsal notch (ITJ junction) to the junction of the first digit.
The protraction 1TJ angle was calculated at initial touchdown during the gait cycle by
drawing two reference lines depicted by the dashed lines. The first line followed the
TARS bone and the second began at the intertarsal notch up the lateral side of the body,
approximating the position of the tibiotarsus.

Figure 2

Illustrated spatiotemporal measurements from a posterior view of a neonatal chick. Stride
length was defined as the distance between consecutive foot strikes of the same foot (i.e.
Li-Lo). Step width was equal to the distance between consecutive left and right foot
strikes in the mediolateral direction. Stance width was the distance between the right and
left foot during rest (i.e Roto Ly after ~3 seconds of no movement).
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Body Composition
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Figure 3

Body Composition measured 24-hours after hatching. Chicks experienced three prenatal
temperature conditions: low (36.9°C) illustrated in light gray, control (37.5°C) illustrated
in dark gray, and high (38.1°C) illustrated in black. A: Body mass measured in grams for
each temperature condition. B: Tarsometatarsus length measured in centimeters for each
temperature condition. Bars show means; vertical lines depict SEM. *Bonferroni
corrected p<.015
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from either low (36.9°C open circle), high (38.1°C closed circle), or control (37.5°C
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Behavior Measurements
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Figure 5

Behavioral measurements for each temperature treatment measured at 24-hours after
hatching. All values account for differences in body composition, and velocity. Chicks
experienced four days of one of three prenatal temperatures during the treatment window
(E5 -E8): low (36.9°C) illustrated in light gray, control (37.5°C) illustrated in dark gray,
and high (38.1°C) illustrated in black. A: Step cadence reflects the average number of
steps taken per second of activity. B: Falls represents the number of falls per video after
controlling for step cadence. Bars show means; vertical lines depict SE. *Bonferroni
corrected p<.015
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Abstract
Comparative animal studies have aided in understanding how prenatal mechanical forces
and vestibular and tactile sensory experiences resulting from maternal activity facilitate
or interfere with growth and perceptual development. However, there is a paucity of
information on how prenatal movement experience influences postnatal motor
performance. In the present study we used an avian model, the bobwhite quail, to
evaluate the effects of decreased and increased prenatal movement on growth and
postnatal motor performance in 24hr quail neonates. We compared all metrics to chicks
who received industry standard normal movement experience. Experimental movement
treatment began on embryonic day eight (E8) and ended on E14. Motor performance and
body mass and tarsometatarsus length (indicators of growth) were evaluated 24-hours
after hatching. As anticipated, decreased movement exposure during incubation delayed
hatching, reduced body mass, and decreased motor performance relative to normal
movement exposure. Contrary to predictions, increased movement exposure also showed
delayed motor performance and a reduced body mass compared to normal movement
exposure, but increased movement exposure did not delay hatching. Further, limb length
did not vary by treatment condition. Results confirmed that gait analysis can detect subtle
changes in motor performance, previously not detected by other motor tasks. The study
provides the first evidence that early prenatal movement can interfere with typical motor
development and indicates that maternally regulated movement contributes to postnatal
motor performance, independent of maternal metabolic processes.

Keywords: Motor performance, prenatal, vestibular, tactile, sensorimotor, development
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Introduction

During prenatal development there are many maternal factors which contribute to
the health and wellbeing of the fetus. Some of these factors have lasting epigenetic
consequences which can extend into adulthood (Wu, Bazer, Cudd, Meininger, & Spencer,
2004). For example, nutrition during the first few weeks of gestation plays an important
role for placental growth and vascularization, which are necessary for oxygenation and
nutrient transmission throughout gestation (Han & Carter, 2001; Wu et al., 2004).
Humans and animals with restricted placental growth experience restricted fetal growth
which corresponds to low weight at birth or hatch (Dwyer, Madgwick, Ward, &
Stickland, 1995; Godfrey, Robinson, Barker, Osmond, & Cox, 1996; Redmer, Wallace,
& Reynolds, 2004; Robinson et al., 1997). Maternal diets low in protein and high in
carbohydrates have been associated with small placental surface area and low birthweight
(Godfrey et al., 1996). In addition to nutritional factors, maternal exercise and activity
modulates placental vascularization and fetal growth (Clapp, 2006; Clapp & Rizk, 1992;
Mangwiro et al., 2018; Rosa et al., 2011). Whereas most research confirms that mild to
moderate exercise is beneficial (Clapp & Rizk, 1992; Rosa et al., 2011), an extreme
sedentary lifestyle paired with obesity (Higgins, Greenwood, Wareing, Sibley, & Mills,
2011) and extremely strenuous exercise (Oliveira, Fileto, & Melis, 2004; Salvesen, Hem,
& Sundgot-Borgen, 2012; Szymanski & Satin, 2012) appears to compromise fetal well-
being. However, in mammalian research it is difficult to separate maternal movement and
nutrition because of their metabolic dependency, making it difficult to fully understand
the role of movement on fetal growth. Further, very few studies have investigated the

effects of prenatal movement on other neurodevelopmental outcomes.
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Precocial birds (e.i., chicken and quail) are a particularly useful animal model for
research because the maternal hen only influences the nutrition available to the embryo
during egg formation. Like mammals, avian embryos benefit from prenatal movement
experience (Deeming, 2009; Robertson, 1961; Wilson, 1991), which also facilitates
vascular development (Deeming, 1989) and embryonic growth (Deeming, 2009;
Lilienthal, Drotleff, & Ternes, 2015; Tullett & Deeming, 1987). Further, the amount of
movement an embryo receives, under natural conditions, is regulated by the behavior of
the nesting hen (Olsen, 1930; Orcutt & Orcutt, 1976). Olsen (1930) reported that wild
chickens rotate their eggs approximately every 15 minutes during early incubation by
nudging eggs with their beak or feet. Similar behavior was observed in pheasants and
quail (Orcutt & Orcutt, 1976). Additionally, there are several important
neurodevelopmental similarities in the organization of motor and sensory systems
(Gottlieb, 1971; Muir, 2000; Oppenheim, 1972), and because they are precocial, their
sensory and motor systems are fully functional at hatching, making it possible to evaluate
motor function with little confounding effects from postnatal experience. Unlike,
mammalian research, with precocial birds we can precisely control embryonic
developmental age as well as prenatal experiential history, since incubation is possible
within the lab. By leveraging these unique properties, it is possible to isolate the effects
of prenatal movement exposure and investigate its role in postnatal motor development.

Even though precocial birds are capable of locomotion shortly after hatching, they
still require several days of experience to develop an efficient oscillating gait pattern to
minimize energy expenditure while maximizing mobility (Muir & Chu, 2002; Muir et al.,

1996). Inexperienced young chicks prefer a fast gait with short strides which reduces
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energy expenditure and aides with stabilization and balance, while more experienced
chicks prefer a slower gait with longer strides (Muir et al., 1996; Nudds et al., 2011).
Research has shown these patterns can be altered by prenatal sensory experience (Belnap,
Currea, & Lickliter, 2019; Belnap & Lickliter, 2017) and by postnatal locomotor
deprivation (Muir & Chu, 2002). Young chickens who were postnatally deprived of
locomotor experience continued to show an immature gait pattern, with an increase in
step cadence and a decrease in stride length compared to age matched controls (Muir &
Chu, 2002). Likewise quail hatchlings with limited prenatal light experience showed
greater instability and fell more frequently compared to control hatchlings (Belnap &
Lickliter, 2017).

Prenatal movement experience through maternal egg turning exposes the growing
embryos to mechanical stress and sensory experience. During egg turning, the fluid
within the egg flows and presses against the amnion, which is also filled with protective
amniotic fluid, gently shifting the embryo. Maternal egg movements not only subjects the
structural components of the egg to mechanical forces, but they also provide the growing
embryo with tactile and vestibular sensory stimulation. Detailed research provides some
understanding of how the mechanical stress of egg turning influences biological
processes and structure formation (Baggott, Deeming, & Latter, 2008; Deeming, 1989,
2009; Fermin et al., 1996; Lychakov et al., 1993; Wilson, 1991), but very few studies
have evaluated how the sensory (vestibular and tactile) stimulation of egg turning
influences perceptual processes and behavior (Carlsen & Lickliter, 1999; Honeycutt &
Lickliter, 2003). From the few studies that have investigated the role of movement on

perception, we know that increased prenatal vestibular and tactile experience can alter the
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sensory responsiveness of other developing sensory modalities (Carlsen & Lickliter,
1999); however, the nature of its effect depends on the developmental timing of when the
exposure occurs (Honeycutt & Lickliter, 2003). These two studies highlight the
importance vestibular and tactile experience and its timing for typical development.
However, to date no study has investigated the effects of egg turning on gait
performance, a highly complex motor skill which relies on tactile and vestibular
feedback.

We know from surgical and pharmacological sensory deprivation studies in birds
and mammals that vestibular and tactile sensory experience are also important for optimal
motor performance (Geisler & Gramsbergen, 1998; Ronca, Fritzsch, Alberts, & Bruce,
2000). The vestibular system aides in the stabilization of eye, neck, body position, and
spatial orientation in response to changes in the head (Dickman & Lim, 2004; Geisler &
Gramsbergen, 1998; Gottesman-Davis, 2011; Kenyon, Kerschmann, & Silbergleit, 1988).
In birds, a loss of vestibular feedback results in a loss of equilibrium, balance, and
postural control, which effectively inhibits goal oriented locomotion (Dickman & Lim,
2004; Kenyon et al., 1988). Research with preterm infants who receive unusually early
augmented vestibular and tactile experience (Field, Diego, & Hernandez-Reif, 2010;
Nelson et al., 2001) and animal neural injury studies (Maldonado, Allred, Felthauser, &
Jones, 2008; Muir & Steeves, 1995) indicate that sensorimotor training, including touch
and vestibular sensation, can aide in motor recovery. However, the role of prenatal
movement experience on early motor development is not well understood. The current

experiment was designed to address this knowledge gap.
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In the current study we examined if gait performance, body composition, and
incubation length in 24hr bobwhite quail hatchlings would be influenced by prenatal
movement experience. Since previous avian research has documented the negative effects
of the absence of egg turning experience (Robertson, 1961; H. R. Wilson, 1991), our
study used a decreased prenatal movement treatment, reducing egg-turning by 50%
during incubation, to evaluate how reduced vestibular and tactile experience could
influence hatching, growth, and postnatal motor performance. We predicted that
decreased prenatal movement would delay development by increasing incubation length,
decreasing body weight and tarsometatarsus length (measurements of body composition),
and delay motor performance when compared to chicks who received industry standard
normal movement stimulation of one turn every two hours. In contrast to research on
decreased levels of turning, research on increased levels of turning have found little to no
effect on hatchability, nor were there any reported difficulties in motor performance
(Carlsen & Lickliter, 1999; Honeycutt & Lickliter, 2003; Robertson, 1961). Given thier
findings, we predicted chicks incubated under conditions of increased prenatal movement
would show typical developmental patterns, by hatching within the typical incubation
period, have similar body composition as controls, and show accelerated motor
development compared to normal prenatal movement controls. Further we anticipated
that gait analysis would accurately predict movement treatment.

Methods
Incubation & Housing
Two hundred and fifty fertilized bobwhite quail eggs were obtained from a

commercial game bird supplier (Strickland) over the course of ten weeks. Each week 25
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eggs were randomly selected and placed into one of three digital temperature and
humidity-controlled incubators (King R-com) and placed upon an automatic turning
cradle until 75 eggs were assigned to each of the experimental treatment conditions. The
standard cradle rotated the entire incubator 45° per turn cycle at a rate of 30s every 2hrs
providing embryos with vestibular and tactile sensory experience during incubation. The
day fertile eggs were placed in an incubator was recorded as day zero and eggs remained
in their assigned incubator until embryonic day 21 (E21) when they were removed from
the turning cradle until day of hatching (E23). The incubators were maintained at 65%
+5% humidity and 37.5°C = 0.2°C on a 12hr light/dark cycle within a four-chamber
stimulation cabinet (Belnap et al., 2017, 2019) throughout the entire incubation period.
To ensure the stability of temperature and humidity, the incubators were monitored every
four hours throughout the day.

Starting on embryonic day E8 embryos received one of three movement
treatments, increased, decreased, or normal for a seven-day period. The selected
manipulation period overlaps with the onset of vestibular (Ginzberg & Gilula, 1980) and
tactile (Gottlieb, 1968) sensory functioning, and the onset rhythmic embryonic movement
(Hamburger & Balaban, 1963), after accounting for small variations in the timing
between chicken and quail developmental stages (Hendrickx & Hanzlik, 1965). The
increased movement condition received 10 times the normal amount of movement
experience following the same pattern described by Carlsen and Lickliter (1999). Eggs
turned at a rate of one turn per 30s for 10mins every 4 hrs resulted in a total of 420 mins
of vestibular and tactile experience during the seven-day manipulation period. Because

of the possible negative effects of a severe reduction in movement experience (Deeming,
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1989; Robertson, 1961), embryos in the decreased movement condition received only
50% less the normal amount of movement experience. In the reduced movement
treatment, eggs turned at a rate of one turn per 30s every 4 hrs resulted in a total 21mins
of vestibular and tactile experiences during the seven-day manipulation period. The
normal movement condition received standard incubation care resulting in a total of 42
mins of movement experience during the seven-day manipulation period. Modified
turning experience was provided through a specially customized turning cradle (King R-
com) which was controlled by a customizable automation program designed for Samsung
Smartthings controllers.

On day 15, the eggs were candled to identify infertile eggs and non-developed
embryos (see table 1). Upon hatching, chicks were transferred by movement condition
and day of hatch (E22, E23, and E24) into clear plastic rearing tubs in clutches of 12-15
to simulate naturally occurring brooding conditions. Chicks who hatched on day 22 were
excluded from testing. Chicks’ distal phalanges were marked with red paint (Revlon
quick drying nail polish) for individual identification (traditional leg bands were avoided
to prevent confounds during motor testing). Tubs were maintained in a sound-attenuated
rearing room at 30°C on a 12hr light/dark cycle. Food and water were available ad
libitum. All testing and animal care followed procedures and protocols approved by the

Institutional Animal Care and Use Committee #200826.

Gait Task and Body Composition Measures
Chick motor coordination was evaluated using a 5-minute gait task one day

following hatch. The 5-minute gait task consisted of a 1-minute acclimation period within
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a dark emergence box (10cm x 10cm x 10cm) followed by a 4-minute free roam
exploration period within a rectangular Plexiglass runway. One hour prior to testing,
square reflective tape (.5 x .5 cm) was placed in the center of the right and left tarsal pads
to enhance visibility of foot placement during video scoring. To decrease handling effects
and stress, chicks were transported in an opaque plastic container to the testing runway.
Only chicks who emerged from the box were evaluated for motor coordination (see Table
1). Following testing, chicks were immediately returned to the rearing room, where they
were weighed and the right tarsometatarsus (TARS) length was measured. The TARS
length was measured as the distance between the notch at the intertarsal joint (ITJ) and
the juncture of the TARS and the first digit.

The entire 5-minute testing session occurred within a Plexiglas rectangle runway
outfitted with a dark removable lid (95cm long x 13cm wide x 20cm tall) raised
approximately one meter above the floor. The Plexiglas rectangle runway sat within a
wooden support frame housed in a temperature-controlled room (30°C £ 1°C). A fake
black foamboard floor suspended approximately 40 cm below the runway was fitted
around a black USB camera (60fps 1230x 720dpi) which was connected to a computer
located in an adjacent room. The floor hid the inferior camera from the hatchlings view
and provided the visual effect of a solid floor. A second white USB camera was affixed
on the white wall outside the runway to provide a lateral view and was connected to the
same computer. The start area contained the emergence box which remotely opened after
the 1-minute acclimation period. A speaker isolated from the main runway located
opposite from the start area calibrated at 65dB continuously played a bobwhite quail

maternal call to motivate hatchlings to cross the runway during the test period. The lateral
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and inferior camera views were recorded using Kinovea, an open source kinematic

software program.

Gait parameters

Inferior videos were behaviorally scored using Datavyu (Datavyu Team, 2014), a
quantitative event-recording behavioral program, for frequency of forward steps and falls.
Steps were defined as controlled forward movement, (walk, ground run, or aerial run)
relative to orientation of the chick’s head (Belnap & Lickliter, 2017). The 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 chick orientation not the speaker area). Chicks were scored as falling, a
measurement of instability, when their upper thorax or head contacted with the runway’s
floor. Chicks in a crouched position, knees and hip joints flexed with the thorax resting
on the ground, were not scored as falling. Step cadence was defined as steps per second
of active movement.

Spatiotemporal parameters and body kinematics including stride length, step
width, stance width, velocity, and ITJ were measured using Kinovea. Inferior videos were
evaluated for each parameter on separate frame by frame viewing passes until 20 usable
measurements of each parameter were collected. The supporting wooden frame was used
as a reference for measurement calibration. Stride length, step width, and stance width
were scored using the inferior view. Velocity and ITJ angles were scored using the lateral

camera view. Chicks who failed to emerge from the start box or who failed to produce
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more than 10 useable data points because of lack of movement were excluded from
analysis (see Table 1).

For stride length and step width, only successfully completed gait cycles were
used to calculated averages. Measurements for stride length were acquired at touch down
for each limb throughout the entire video. Stance width, distance between left and right
limb during standing, was acquired during moments of rest. Rest was defined as 180 (~3
seconds) frames of non-movement, including forward movement, falls, jumps, and other
forms of instability.

Gait speed and ITJ angles were evaluated using the lateral view and calibrated
using the wood support frame. The ITJ angle was measured at initial touchdown of the
gait cycle to capture maximum leg extension. Measurements occurred when the
hatchling’s locomotion was perpendicular to the camera, providing a clear profile view
without video distortion of the right limb. Approximately 20 useable frames were
acquired throughout the video for each bird with a minimum of 10 useable frames were
needed to be included in the analysis. The I1TJ angles were estimated by drawing two
digital reference lines within Kinovea. The first line began at the juncture of the TARS
and the third digit and followed the length of the TARS. The second line began at the
notch of the I1TJ and extended up the lateral side of the body approximating the position
of the tibiotarsus (see Belnap, Currea, & Lickliter, 2019). The base of the digital
protractor tool within Kinovea was placed on the first reference line and then extended to
the second reference line producing the estimated protraction 1TJ angle per stride for the

right limb. Gait speed was calculated only during bouts of forward locomotion using the
following formula 2= | where x represents the bird’s position and t represents time for
1

-
t—t
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each frame within a bout. Locomoting bouts were scored manually by starting and
stopping the tracking feature within Kinovea. A bout initiated at toe off and ended at
touchdown of a sequence of forward locomotion. In the event a bird became unstable
during the sequence, the locomoting bout concluded the gait cycle prior to the instability.
Gait speed reflected the change in position over the change in time averaged across all
locomotion bouts.

Four observers were assigned to each performance measure. Prior to scoring,
observers were trained until inter- and intra-rater reliability of >85% was achieved. Upon
completion of scoring, roughly 10% of videos were randomly selected to be rescored to
verify accuracy for each measure. Observers were blind to the movement condition and
relied upon individual bird identification markings, which were void of treatment

assignment, to report results.

Data Analysis

Because of nonnormality, all behavioral (step cadence and fall frequency) and
spatiotemporal parameters were bootstrapped with replacement for 2,000 iterations. Right
and left limb measurements for stride length were evaluated using paired sample t-tests.
Chi-square likelihood tests and simple binomial outcome tests were used to characterize
the influence of movement on developmental age and gait task emergence. Differences in
body composition and gait speed between movement conditions were evaluated using
one-way analysis of variance (ANOVA) and were controlled for in subsequent analysis.
Spatiotemporal parameters and behavior were analyzed using multivariate analyses of

variance (MANOVA, three movement conditions on 4 gait measures and two behavior
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measures) with body composition, gait speed, and developmental age listed as covariates.
The MANOVA analysis accounts for potential correlations between dependent variables
allowing for differences to be assessed without increasing type | error (Warne, 2014).
Significant gait variables were further analyzed using univariate Bonferroni post hoc
analyses with alpha adjustment set at p-values 0.015. Since the frequency of falls may be
attributed to differences in activity between movement treatments, the relationship
between step cadence and fall frequency was evaluated using Pearson correlation. If the
preceding relationship was significant then step cadence was included as an additional
covariate in post hoc analyses for falls. To evaluate the sensitivity, and odds ratios of gait
parameters and body composition on predicting movement treatment condition a
multinomial logistic regression was performed. To aide with interpretation all values
were mean centered. model fit was assessed using the likelihood ratio test. All statistical
tests were conducted using SPSS v.22. Statistical significance was set at alpha .05. 95%
confidence intervals and effect sizes were calculated and interpreted using guidelines
suggested by Durlak (2009).
Results

Hatch Description

A total of 32 eggs were removed during the candling process with no significant
differences between conditions (see Table 1). Because of health concerns and physical
leg deformities a total of 5 chicks from the decreased movement treatment were not
tested. Three of these chicks hatched on E24 and two hatched on E23. Chi-square
comparisons of developmental age by movement treatment showed significant

differences (X2 df(4)= 44.07 p<0.001). A total of 183 chicks hatched with 16 chicks
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hatching early, 20 chicks hatching late, and 147 chicks hatching on-time. Six of the early
hatching chicks belonged to normal movement treatment while the remaining ten chicks
belonged to the increased movement treatment. All the late hatching chicks belonged to
the decreased movement treatment. However, the distribution of chicks who hatched on
E23 did not vary by movement condition. When evaluating the likelihood of emerging
during the gait task, chi-square results revealed chicks behaved similarly across all
movement treatments (X2 df(2)= 3.064 p= 0.22). The failure to move after exiting the
start box was also similar across movement treatments (X2 df(2)= .44 p= 0.8). Even
though significant differences were not detected, the decreased movement treatment
condition had a slightly higher number of chicks excluded from analysis and a slightly
lower hatch rate which required an additional batch of eggs be set to obtain sufficient

power for statistical analysis.

Body Composition & Developmental Age

Evaluations of body mass found significant differences between movement
treatments (F(2,90)=15.753, p<0.001, n?=.26) and developmental age (F(1,90)=4.58,
p<0.05, n?=.05). Hatchlings incubated with normal movement stimulation (M=7.43,
SE=.13, 95%CI [7.25 — 7.60]) weighed significantly more compared to chicks incubated
with increased prenatal movement stimulation (M=6.46, SE=.12, 95%CI [6.16 — 6.73])
and chicks incubated with decreased prenatal movement stimulation (M=6.74, SE=.14,
95%CI [6.5 — 6.98]). Further the weight between increased movement and decreased
movement treatment conditions also significantly varied (see Figure 1). Chicks who

hatched on E23 (M=6.97, SE=.07, 95%CI [6.82 — 7.11] weighed significantly more than
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chicks who hatched on E24 (M=6.44, SE=.24, 95%CI [6.04 -6.88]). However significant
differences were not found for TARS length for developmental age (F(1,90)=.88,
p=0.352, n?=.01) or movement treatment (F(2,90)=2.80, p=0.07 1?=.06).
Gait Parameters

Evaluations of gait speed found significant differences between movement
treatment (F(2,89)=11.194, p<0.001, n?=.20), but not developmental age (F(1,89)=1.02,
p=0.32, 1?=.01). Chicks in the normal prenatal movement treatment (M=5.91, SE=.62,
95%CI [4.83 — 7.20]) walked slower compared to chicks in the increased prenatal
movement treatment (M=9.79, SD=.59, 95%CI [8.71 — 10.96]) and the decreased
prenatal movement treatment (M=8.28, SE=.66, 95%CI [7.0 — 9.60]). However, chicks
in the increased movement and decreased movement treatments did not differ (see Table
2). Because gait speed may influence step cadence and fall frequency, gait speed
continued to be listed as a covariate in subsequent analysis. Pearson correlation test
between step cadence and falls revealed a non-significant negative relationship (r=-.07,
p=.53, 95%CI[-.17 - .04]), indicating fall rate was not related to the number of steps taken
when active. A paired t-test comparison between right and left limb stride length for each
movement treatment revealed no significant differences between limbs for the normal
movement and increased movement treatments. However, there was a significant
difference in stride length between the right and left limb for the decreased prenatal
movement treatment (t(33)=-3.64, p<.001). The left limb (M=2.65, SE=.44) on average
had shorter strides compared to the right limb (M=2.82, SE=.58). Subsequent analysis
included only the right limb values since TARS length and ITJ angles were only acquired

for the right limb.
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We ran a MANOVA with movement treatment as the independent variable and
the gait parameters as the dependent measures with gait speed, body composition, and
developmental age as covariates. Of the covariates included in the model, only gait speed
significantly contributed to the overall model (Pillai’s Trace=0.37 F(6,80)=7.87, p<0.001,
1n9>=0.37). Gait speed was significantly related to stride length (F(1,85)=21.72, p<0.001,
np’=.20), stance width (F(1,85)=4.33, p<0.05, np?=.05), and cadence (F(1,85)=22.22,
p<0.001, np?=.21). As speed increased stride length, step cadence and the BoS increased.

After controlling for gait speed, the movement treatment continued to contributed
to the model (Pillai’s Trace=0.55 F(12,162)=5.15, p<0.001, np?>=0.28). Movement
treatment significantly influenced stride length (F(2, 85)=8.57, p<.001, 11,?=0.17) and
step width (F(2, 85)=11.07, p<.001, n,?>=0.21) as shown in Table 2. However, movement
treatment failed to significantly influence fall rate (F(2, 85)=11.07, p<.001, n?>=0.21) or
step cadence (F(2, 85)=11.07, p<.001, n,?=0.21) as anticipated. Chicks who experienced
decreased prenatal movement (M=2.75, SE=..09, 95%CI [2.57 — 2.94]) and increased
prenatal movement (M=2.62, SE=.11, 95%CI [2.41 — 2.83]) during incubation took
significantly smaller steps compared to chicks who experienced normal prenatal
movement (M=3.26, SE=.11, 95%CI [3.04 — 3.47]). Additionally, increase movement
treated chicks took narrower steps (M=.51, SE=.04, 95%ClI [.44 - .57]) when compared to
decrease movement (M=.73, SE=.03, 95%CI [.67 - .79]) and normal movement (M=.66,
SE=..04, 95%CI [.58 - .73]) treated chicks. However, decreased movement treated chicks
did not differ significantly from normal movement treated chicks. No significant

differences were discovered for other gait parameters (see Table 2).

49



The multinomial logistic regression model which used gait parameters and body
composition to predict movement treatment was significant (R?mefadden=.51,
¥?(18)=102.16, p<.001). Gait and body composition accurately predicted vestibular
treatment condition 79% of the time, with normal movement treated chicks being
accurately predicted 80% of the time, increase movement treated chicks being accurately
predicted 74% of the time, and decreased movement treated chicks being accurately
predicted 86% of the time. This predictive model reflects a 49% increase in accuracy
from the base model. Body mass (b=-1.86, OR=0.16, Wald=7.00, p<.01 95%CI[.04 —
.62]), gait speed (b= 0.42, Wald=6.35 OR=1.52, p<.05 95%CI[1.1 — 2.11]), stride length
(b=-2.63, OR=0.7, Wald=9.19, p<.01 95%CI[.01 — 0.395]), and fall frequency (b= -.286,
OR=.75, Wald=4.14, p<.05, 95%CI[.57 - .99) were significantly different for decreased
movement treated chicks when compared to normal movement treated chicks. The odds
of a chick being successfully classified as receiving decreased movement treatment
decreased as body mass and stride length increased. Further, as fall frequency increased
the odds of being classified as receiving decreased movement treatment as opposed to
normal movement treatment decreased. Whereas, chicks who locomoted faster were 1.5
times more likely to be successfully classified in the decreased movement treatment as
opposed to normal movement treated chicks.

When considering the increased prenatal movement treatment classification as
opposed to decreased movement prenatal treatment, body mass (b=-2.82, OR=0.06,
Wald=11.16, p<.001, 95%CI[.01 — .31]), gait speed (b=.74, OR=2.09, Wald=11.97,
p<.001, 95%CI[1.38 — 3.17]), step length (b=-3.62, OR=.03, Wald=10.28, p<.001,

95%CI[.003 - .25]), and step width (b= -11.65, OR<0.001, Wald=11.85, p<.001,
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95%CI[0 — .001]), significantly aided in accurate classification. Decreasing step width,
step length, and body mass increased the odds of being classified into the increased
movement treatment. Whereas, an increase in chicks speed showed 2 times increase in
the odds of receiving an increased movement treatment classification as opposed to
normal movement treatment classification.
Discussion

Here in we provide evidence for the importance of prenatal movement for motor
development in 24-hour old bobwhite quail hatchlings. Our results indicate that quail
embryos who experienced decreased or increased movement during early incubation
showed a notable perturbation in postnatal body mass, and motor skill development 24-
hours after hatching. As anticipated, chicks who were exposed to decreased prenatal
movement weighed less and showed minor delays in gait skill acquisition compared to
chicks who received normal prenatal movement. Further, chicks who experienced
decreased prenatal movement stimulation also showed delays in hatching. The delay in
hatch results follow those reported for meat poultry (Boleli et al., 2016; Deeming, 1989;
2009; Tullett & Deeming, 1987). Contrary to our predictions, chicks who were exposed
to increased prenatal movement stimulation also showed decreased body weight and
perturbations in motor performance; interestingly, these outcomes occurred despite
hatching within the normal developmental window (E23). Moreover, body weight and
gait outcomes were sensitive enough to accurately predict chick’s prenatal movement
treatment. Thus, our study identifies incubation movement as a maternal effect which

contributes to postnatal motor outcomes at hatching.
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In chicken embryos, egg turning is closely associated with hatchability (Deeming,
2009; Robertson, 1961), with optimal rates of hatchability occurring at 96 turns per day
throughout incubation (Robertson, 1961). Field reports corroborate that wild chickens
turned their eggs roughly every 15 mins during the day (Olsen, 1930), resulting in
approximately 96 turns per day. Robertson (1961) further reported increased turning
rates, up to 480 turns per day, only showed slight decreases in hatchability relative to the
optimal frequency; whereas, decreased rates, down to 0 turns per day, showed
significantly large decreases in hatchability. Moreover, Deeming (1989) found that egg
turning during the first week of incubation was critical for the development of the blood
vessels near the eggshell, which facilitated gas exchange and nutrient uptake from the
yolk. In our study, chicks received their assigned turning treatment for only seven days
during the second week of incubation and normal turning experience (1 turn every two
hours), during all non-treatment periods. During the seven-day treatment period, increase
movement treated birds received 120 turns per day; whereas, decreased movement treated
birds received 6 turns per day. Similar rates of hatchability between the increased and
decreased treatments suggest the extreme turning regimens did not interfere with vascular
development, which typically develops during the first week of incubation, but the
variation in incubation length and the number of sickly birds reported in the decreased
movement treatment suggests prenatal movement does generally influence development.

Several experiments have highlighted the importance of the albumen (egg white)
for nutrition and growth (Everaert et al., 2013; Hill, 1993; Willems et al., 2014; Willems
et al., 2015). In domestic fowl the albumen is regarded as the main source of water and

represents 67% of the protein available for developing embryos (Willems et al, 2014).
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The fluid from the albumen flows into the yolk sac to form the subembryonic fluid (SEF)
which surrounds the developing embryo and supports the transfer of nutrients (Babiker &
Baggott, 1992; Deeming, 2009). Egg turning plays an important role in nutrient transfer.
The lack of turning slows the distribution of fluid, thereby changing the protein and ion
concentration found in the SEF and ultimately delaying development (Baggott, Deeming,
& Latter, 2008; Deeming, 2009; Lilienthal, Drotleff, & Ternes, 2015). During the second
half of incubation, once the fluid has been completely transferred to the yolk, the
dehydrated albumen is then absorbed and comingles with amniotic fluid where it is
ingested by the embryo and assimilated into tissue (Willems et al., 2014). However, the
rate of absorption and subsegent ingestion is also dependent upon the mechanical stress
of egg turning and ultimately influences total body mass at hatch (Deeming, 2009;
Lilienthal et al., 2015; Tullett & Deeming, 1987). According to Deeming (2009) the
cessation of turning prior to the albumen being absorbed into the amniotic fluid (on E12
in domestic chickens) has negative consequences to postnatal body mass, while the
cessation of turning after absorption, but prior to ingestion (on E16 in domestic
chickens), has little effect on postnatal body mass. In our study, the movement treatments
began during the second week of incubation which corresponds to the onset of the second
phase of incubation for quail (Yoshizaki, Ito, Hori, Saito, & Iwasawa, 2002). As reported
by Yoshizaki and colleagues (2002) the absorption process for quail begins on E8 but the
digestion process is not complete until E16. Therefore, the decreased movement
treatment, in the present study, likely interfered with the absorption process and
contributed to the observed reduction in body mass. However, both treatment conditions

showed a reduction in body mass. Very few studies have investigated the effects of
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increased egg turning on albumen absorption, making it less clear if the reduction in
weight in the increased movement treated chicks was due to alter albumen absorption
processes. Additional research is necessary to assess the effects of increased turning on
the albumen absorption process.

The second week of incubation is also a sensitive period for the development of
the vestibular reflex, which connects specialized hair cell mechanosensors of the inner-
ear to brainstem interneurons which then transform and transmits the signals from hair
sensors to motor neurons (Ginzberg & Gilula, 1980; Represal, Van De Water, & Bernd,
1991). The mechanosensors of the inner-ear provide information about angular and linear
motion of the head, which facilitates postural control, balance, and head and eye
movement; all necessary components of motor performance. In chickens, the hair cells
of the vestibular system begin to develop around E3 (Ginzberg & Gilula, 1980; Gottlieb,
1971) with chemical synapse with interneurons forming between E5 -E9 (Glover, 2003;
Gottesman-Davis, 2011). Stimulation to the vestibular interneurons can evoked motoric
responses as early as E10 (Hamburger & Balaban, 1963; Sharp, 2015). However,
compound action potentials directly from vestibular sensory hair cells are not detectable
until after myelination which occurs around E14 (Peusner & Giaume, 1997). While there
is not direct corroborating evidence that the chicken timeline is accurate for quail
embryos, there are several morphological and physiological studies which suggest quail
ontogeny follows a similar, but slightly elongated temporal pattern, as the incubation
period for chickens is slightly shorter (21 days) compared to the incubation period for
bobwhite quail (23 days) (Ainsworth et al., 2010; Hamburger & Hamilton, 1951;

Hendrickx & Hanzlik, 1965; Jones & Jones, 1996). Since the manipulation period for the
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current study began on E8 and continued through E14, it is possible that the movement
treatments may have affected these processes, especially since gait analysis showed a
difference in early postnatal motor performance.

Studies investigating altered vestibular feedback consistently show perturbations
in motor performance. For example, adult pigeons who’s vestibular hair cells were
pharmacologically removed showed severe postural and head instability, making them
incapable of successfully completing a previously learned gait task (Dickman & Lim,
2004). Motor decline also occurs in young animals deprived of vestibular experience
(Geisler & Gramsbergen, 1998; Kenyon et al., 1988). Both young rats and chicks who
experienced severe reductions in vestibular experience showed difficulties with postural
control. Further, chick and rat studies investigating the effects of altered vestibular
experience through microgravity found delays in gravistatic synapse development, but
not linear acceleration-sensitive synapses (Fermin et al., 1996; Lychakov et al., 1993;
Ronca et al., 2000), suggesting vestibular sensory development is plastic and adaptable to
the environmental context. Interestingly, microgravity studies with chicken and quail
chicks do not report motor delays (Fermin et al., 1996; Lychakov et al., 1993), whereas
investigations with rat pups only detect delays after accounting for other compensatory
sensory (e.g., proprioceptive and cutaneous) systems (Ronca et al., 2000), indicating that
changes in vestibular perception associated with environmental factors may only have
subtle effects on motor performance. In the current study, only subtle motoric delays
were found in both the increased movement and decreased movement treatments,
indicating that prenatal movement treatment does not cause severe harm to sensorimotor

function. Nevertheless, our results do highlight the importance of prenatal vestibular
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experience for typical motor development. Specifically, increases or decreases in prenatal
movement stimulation produces similar delayed outcomes as those reported in postnatal
locomotor restricted chicken hatchlings (Muir & Chu, 2002). However, unlike postnatal
motoric enrichment treatments (Adkins, Boychuk, Remple, & Kleim, 2006; Muir &
Steeves, 1995), an increase in prenatal movement stimulation does not facilitate motor
skill development.

The present study provides evidence that both increased and decreased prenatal
movement during early incubation can affect growth and early postnatal motor
performance. Quail chicks exposed to increased or to decreased early incubation
movement had locomotor perturbations (i.e., decreased stride length and increased gait
speed) and reduced postnatal body mass. However, increased and decreased prenatal
movement stimulation did not influence fall frequency. Quail chicks exposed to
decreased prenatal movement stimulation presented higher rates of delayed hatching.
Further, gait analysis paired with the growth measure was sensitive enough to detect and
distinguish between prenatal movement treatments. We conclude that both increased and
decreased prenatal movement stimulation has negative consequences on growth and

subtle alternations early postnatal (24-hour) motor development in bobwhite quail chicks.
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Table 1

Descriptive summary of movement treatments and data inclusion criteria

Movement No No
Treatment  Set  Candled | Early Ontime Late | Tested Emerge Move | Total N
Control 75 8 62 48 0 48 14 8 28
Decreased 100 15 0 51 202 66 20 12 34
Increased 75 9 10° 48 0 48 8 8 32
Total 250 32 16 147 20 162 42 28 94

Note: 5 unhealthy chicks from the decreased treatment were not tested. Set=total eggs incubated,
Candled=non-developing eggs, Early= chicks who hatched on E22, Ontime=chicks who hatched
on E23, Late=chicks who hatched on E24, Tested=healthy chicks administered gait task, No
Emerge= chicks who failed to exit the emergence box, No Move=number of chicks who failed to
move after exiting the emergences box, Total N=number of chicks retained for data analysis.
a=significant (p<.05) between group difference.
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Table 2

Gait Measures means (standard error) by movement treatment

Incubation Movement Treatment

Gait Measure Normal Decreased Increased
ITJ Angle (°) 70 (4.21) 75 (3.53) 83 (3.97)
Stride Length (cm) 3.28 (.11) 2.76 (.09)2  2.63 (.11)?
Base of Support 1.37 (.04) 1.41(.03) 1.42 (.03)
(cm)
Step Width (cm) .66 (.04) .73 (.03)° .51 (.04)>°
Gait Speed (cm/s) 6.07 (.67) 8.84 (.60)? 9.41 (.66)?
Cadence (step/s) 2.93 (.36) 3.46 (.3) 2.55(.34)
Falls (frequency) 3.57 (.65) 1.85 (.55) 2.41(.62)
Activity (s) 78 (8.36) 75 (5.73) 85 (6.15)

Means reflect prenatal movement treatment after
statistically accounting for body composition, velocity
and developmental age. a=Significant differences
(p<.015) between normal movement (NM) treatment.
b=significant differences (p<.015) between decreased
(DM) and increased (IM) treatment.
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Body Composition by Movement Treatment

Body Mass TARS Length
*
8 _ N 16
7 = 14 | 1 ™
6 12
5 E 1
£ <08
= =
=3 § 06
2 0.4
1 0.2
0 0
Ctrl Low High Ctrl Low High
Figure 1

Body composition for movement treatments measured 24-
hours after hatching. Hatchlings were incubated under one of
three prenatal movement conditions: control (ctrl) illustrated
in white, decreased movement (Low) illustrated in light gray
or, and increased movement (High) illustrated in dark gray.
Body mass measured in grams for each treatment.
Tarsometatarsus (TARS) length measured in centimeters
for each. *p<.015, vertical lines represent SE.
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Probability of Movement Treatment
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Figure 2

Predicted probabilities of movement treatment by stride length (A.) and gait speed (B.)
measured 24-hours after hatching. During incubation embryos received either increased
(IM), decreased (DM) or normal (NM) movement stimulation. The solid line represents
the change in the predicted probability of IM classification (1) by stride length in
comparison to the NM (0) classification. The circles represent actual probability
outcomes of individual IM treated chicks. The dashed line represents the change in the
predicted probability of DM classification by stride length in comparison to NM
classification. The triangles represent actual probability outcomes of individual DM

treated chicks.
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Abstract
Maternal nesting behavior provides key elements essential for avian embryonic
development. For example, avian research consistently shows the importance of prenatal
light exposure for several developmental processes; however, previous research has
primarily focused on artificial light regimens (i.e., 24hr, Ohr light). Comparatively less is
known about how exposure to naturally occurring light patterns during incubation
influence motor performance, body composition, and incubation length. Herein, we
conducted two experiments which investigated the effects of prenatal light exposure on
incubation length, body composition (i.e., body mass, and bone length), and gait
performance in 1-day-old bobwhite quail hatchlings. Study3 investigated discontinuous
light exposure during the last two days of incubation under two light exposure treatments
(2hr vs 6hr) compared to a 12hr continuous light schedule. Results indicated
discontinuous prenatal light experience extended the incubation period for 2hr exposed
embryos, but not for 6hr exposed embryos, and negatively influenced postnatal body
composition and postnatal gait performance when compared to 12hr exposed embryos.
Study 4 examined the influence of prenatal light duration (2hr vs 6hr) and light
presentation (discontinuous vs sporadic). Results demonstrated sporadic light
presentation improved gait performance in 2hr exposed hatchlings, but not 6hr exposed
hatchlings, improved body composition in 6hr exposed hatchlings, but not 2hr exposed
hatchlings, and did not alter incubation length when compared to discontinuous light
counterparts. Our study provides further evidence for the importance of maternally
regulated sensory stimulation during the prenatal period for early motor performance.

Keywords: avian, prenatal light, kinematics, motor, body composition, incubation
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General Introduction

Avian parents sit on their nests, getting up occasionally to reposition eggs, forage
for food, or protect the nest from predation (Carroll et al., 2018; Kendeigh, 1952; Orcutt
& Orcutt, 1976). The periodic episodes when avian parents are away from the nest are
called inattentive periods (Kendeigh, 1952; Orcutt & Orcutt, 1976). During early
incubation, ground nesting precocial birds (i.e., ducks, chickens, quail) have periods of
inattention during the early morning and late evening hours, while during late incubation
inattentive periods shift to mid-day (Kendeigh, 1952). Moreover, inattentive periods
become progressively increased over the course of incubation with long nest absences
occurring late during incubation (Kendeigh, 1952; Orcutt & Orcutt, 1976). Nesting
behavior thus exposes developing precocial avian embryos to sporadic episodes of
prenatal light experience, primarily during late incubation, contributing to species-typical
phenotypic variability (Casey & Sleigh, 2014; Rogers, 2014).

Research with chickens and quail consistently indicate the importance of prenatal
light exposure for several developmental processes, including incubation duration
(Lauber, 1975; Siegel, Isakson, Coleman, & Huffman, 1969), metabolic function
(Cooper, Voss, Ardia, Austin, & Robinson, 2011; Gimeno, Roberts, & Webb, 1967),
body composition (Rozenboim, Piestun, et al., 2004; Sindhurakar & Bradley, 2012),
hemispheric lateralization (Ocklenburg & Guntirkin, 2012; Rogers, Zucca, &
Vallortigara, 2004), and motor development (Belnap & Lickliter, 2017; Bradley & Jahng,
2003; Sindhurakar & Bradley, 2012). Further, research indicates that within four days of
incubation duck embryos can respond to light exposure, well before the development of

the visual system (Gottlieb, 1968). Vallortigara and colleagues (2013; 2019) found that
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early prenatal light exposure or lack of light exposure can affect gene expression in
photosensitive regions, which affects the development of cerebral lateralization.
Similarly, studies investigating light exposure during late-stages of incubation, following
the development of the visual system, have demonstrated visual-motor asymmetries with
as little as 2.5 to 6 hours of total light experience (Rogers, 1990). Prenatal light exposure
has also been shown to accelerate development, thereby shortening the incubation period.
Embryos who experience 24hrs of continuous light hatch one day earlier when compared
to embryos who experience 12hrs of continuous light (Lauber, 1975; Siegel et al., 1969).
In contrast, embryos who experience complete darkness hatch one day later when
compared to embryos who experience 12hrs of continuous light (Lauber, 1975; Siegel et
al., 1969).

Research has also indicated that the color, intensity, and timing of prenatal light
experience can affect the incubation period (Rozenboim, Piestun, et al., 2004;
Sindhurakar & Bradley, 2012) and can have long term effects on musculoskeletal
physiology (Rozenboim, Biran, et al., 2004; Sindhurakar & Bradley, 2012; van der Pol et
al., 2019; L. Zhang et al., 2012). For example, adult fast-growing male broiler chickens
incubated under monochromatic green LED (light emitting diode) light on an intermittent
15min on/15min off schedule showed an increase in total body mass and breast muscle
compared to broiler chickens incubated in the dark (Rozenboim, Piestun, et al., 2004).
Further, common chicken embryos incubated under continuous full-spectrum white light
showed longer tibia lengths compared to embryos incubated in the dark (Sindhurakar &

Bradley, 2012), while faster growing broiler chicken embryos incubated under

64



continuous white LED light showed shorter tibia lengths compared to dark incubated
embryos (van der Pol et al., 2019).

Since chickens and quail are precocial walkers and are able to maneuver and
explore their surrounding within a few hours after hatching, they are a useful model for
examining the effects of prenatal light exposure on early motor development. Several
studies have shown that controlled stepping is established 1 to 3 days before hatching
(Bradley, Solanki, & Zhao, 2005; Ryu & Bradley, 2009), with symmetric inter-limb
alternations improving with light experience (Sindhurakar & Bradley, 2012). Kinematic
evaluations of newly hatched chickens who experienced 24hrs of full spectrum light
showed that chicks performed similarly to those incubated under 12hrs of light or
complete darkness (Sindhurakar & Bradley, 2010), despite differences in developmental
age. In other words, chicks who hatched a full day early performed similar to chicks who
hatched a full day late (Sindhurakar & Bradley, 2010). A recent study conducted in our
laboratory using full spectrum white florescent light found similar locomotor competence
in quail chicks incubated under 12hrs of continuous light or complete darkness, but a
sharp decline in locomotor performance in quail incubated under 2hrs or 6hrs of
discontinuous prenatal light during the last two days of incubation (Belnap & Lickliter,
2017). Quail hatchlings in the discontinuous light conditions (2hrs or 6hrs) fell more
frequently at hatch and 2-days later when compared to continuous light (12hrs or dark)
conditions (Belnap & Lickliter, 2017). However, their study did not address if
developmental age, musculoskeletal physiology, or neurological control contributed to

the observed differences.
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Gait and balance are complex sensorimotor behaviors which are sensitive to
subtle changes in neuronal activity (Kannape & Blanke, 2013; Pearson, 2004; Snijders et
al., 2016). In humans, subtle changes in gait can predict the development of several
diseases (Hausdorff, 2007; Pettersson, Olsson, & Wahlund, 2005; Sawacha et al., 2012)
and can help to clinically diagnose not only neuromotor disorders (Ebersbach et al., 1999;
Pradhan et al., 2015), but also depression (Schrijvers, Hulstijn, & Sabbe, 2008) and
developmental disorders such as autism spectrum disorder (Cook, 2016; Travers, Powell,
Klinger, & Klinger, 2013). In animals, gait analysis is used to evaluate toxicology,
neuroteratogens, and to elucidate mechanistic neural pathways (Kulig, 1996; Tecott &
Nestler, 2004; Tilson, 1993). Gait analysis appears to be a functional tool which can
identify changes in neurological control, measure functional improvement, and inform
therapeutic treatment.

The present study examined if gait performance, body composition, and
developmental age in 1-day old bobwhite quail were influenced by the duration and
pattern of presentation of prenatal light exposure. Specifically, in the first experiment we
evaluated the role of discontinuous light duration using full spectrum white LED light
under three light exposure conditions, 12hrs continuous (12C), 2hrs discontinuous (2D),
and 6hrs discontinuous (6D). In the second experiment both the duration of the light
exposure (i.e., 2hr and 6hr) and the pattern of presentation of the light exposure
(discontinuous vs. sporadic) were investigated. If gait performance and body composition
are affected by prenatal light exposure, results would suggest that parental nesting

behavior can influences prenatal motor development.
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General Methods

Fertilized bobwhite quail eggs (Colinus virginianus) were obtained weekly from a
commercial game bird supplier (Strickland) and incubated in a GQF Sportsman Incubator
with automatic turning under naturally low sunlight conditions (varied between 50-500
lux depending on weather and time of day) on approximately a 12hr light/dark cycle until
embryonic day 17 (E17). The day fertile eggs were initially placed in the incubator was
recorded as embryonic day zero out of 23 (E0). On E8 and E15, eggs were candled to
identify infertility and non-developing embryos. On E17, experimental eggs were
randomly selected and transferred to portable incubators (Brinsea Octagon 20 Advance)
outfitted with an external automatic turning cradle. The incubators and cradle were
placed within a specially designed light stimulus enclosure and administered their
designated prenatal light exposure treatment. All incubators were maintained at 37.5°C +
0.2°C, with a relative humidity of 60-65%.

The light stimulation cabinet (0.61m x0.61m x 1.72m) contained four equal sized
chambers (0.61m x 0.61m x 0.43m), each with independent doors for selectable access.
Each chamber independently controlled the intensity, duration and presentation of a
customizable LED strip lighting (4.5m) capable of producing up to 10,000 lux within a
single chamber without affecting neighboring chambers. Intensity, duration, and
presentation of light for each chamber was controlled through an automated lighting
system produced by Samsung Smartthings. Light intensity was set at 1600 lux,
replicating the light stimulus utilized by Belnap and Lickliter (2017), with the

modification from florescent light to LED light.
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On day E20, eggs were removed from the turning cradle in preparation for
hatching. Following hatching, chicks’ distal phalanges were marked for individual
identification (Belnap et al., 2019; Belnap & Lickliter, 2017). Because we wanted to
account for developmental age, hatchlings were transferred by light treatment group and
by day of hatch (E22, E23, and E24) into clear plastic rearing tubs in clutches of 12-15 to
simulate naturally occurring brooding conditions. Chicks who hatched on day 22 and did
not receive the entire light exposure treatment were excluded from testing. Tubs were
maintained in a sound-attenuated rearing room at 30°C on a 12hr light/dark cycle. Food
and water were available ad libitum.

Gait analysis task

Hatchling’ motor coordination was evaluated using a Smin gait task administered
one day after hatch. The 5min gait task consisted of a 1min acclimation period within a
dark emergence box (10cm x 10cm x 10cm), followed by a 4min free roam exploration
period within a Plexiglass runway. One hour prior to testing, square reflective tape (.5 x
.5 cm) was placed in the center of the right and left tarsal pads to enhance visibility of
foot placement during video scoring. To decrease handling effects and stress, chicks were
transported in an opaque plastic container to the testing runway. Only chicks who
emerged from the box were evaluated for motor coordination. Following testing chicks
were immediately returned to the rearing room, where they were weighed and the right
tarsometatarsus (TARS) length was measured. The TARS length was measured as the
distance between the notch at the ITJ and the juncture of the TARS and the first digit.

The entire 5min testing session occurred within a Plexiglas rectangle runway

outfitted with a dark removable lid (95cm long x 13cm wide x 20cm tall) raised
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approximately one meter above the floor in the same manner as reported by Belnap and
colleagues (2019). The Plexiglas rectangle runway sat within a wooden support frame
housed in a temperature-controlled room (30°C + 1°C). A speaker calibrated at 65dB
located opposite from the emergence box continuously played a bobwhite quail maternal
call to motivate hatchlings to cross the runway during the test period. Cameras were
positioned to capture a lateral and inferior view and recorded the gait task using Kinovea,
an open source kinematic software program (see Belnap et al., 2019 for more details).

Gait parameters

Steps and falls were acquired using Datavyu (Datavyu Team, 2014). Steps were
defined as controlled forward movement, (walk, ground run, or aerial run) relative to
orientation of the hatchling’s head (Belnap & Lickliter, 2017) and excluded lateral
movement (i.e. side steps used in turning), weight transfer, and posterior movement. Step
cadence was defined as the ratio of steps per seconds of active movement. Falls were
defined as unstable movement, which resulted in the upper thorax or head contacting the
runway floor. Hatchlings in a crouched position resting their upper thorax on the runway
floor, were not scored as falling.

Spatiotemporal and body kinematics parameters were measured on separate frame
by frame viewing passes until 20 usable measurements of each parameter were collected
using Kinovea and followed the same techniques described by Belnap and colleagues
(2019). Stride length, the distance between steps of the same limb, step width, the
distance between contralateral limbs steps, and stance width, the distance between left
and right limbs during double limb support, were scored using the inferior view, while

velocity and 1TJ angles were captured using the lateral camera view. Chicks who failed
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to emerge from the start box or who failed to produce more than 10 useable data points
due to lack of movement were excluded from analysis (see Table 1).

Stride length and step width were acquired at touch down, when the tarsal pad
makes initial contact with the surface. Stance width was acquired during moments of rest.
Rest was defined as 180 (~3 seconds) frames of non-movement, including forward
movement, falls, jumps, and other forms of instability. ITJ was measured at initial
touchdown of the gait cycle to capture maximum leg extension. Measurements occurred
when the hatchling’s locomotion was perpendicular to the camera, providing a clear
profile view without video distortion of the right limb (for more details see Belnap et al.,
2019). Spatiotemporal data per subject per parameter were averaged and the coefficient
of variation (CV = SD/mean*100) was calculated (Searls, 1964), providing the
percentage of variability for ITJ, stride length, step width, and stance width, resulting in a
total of eight measures (i.e. stride length, CV stride length, step width, CV step width,

stance width, CV stance width, ITJ, and CV ITJ). Velocity was calculated only during

bouts of forward locomotion using the following formula, = % , reflecting the change
274

in position over the change in time averaged across all locomotion bouts.

Four observers were assigned to each performance measure. Prior to scoring observers
were trained until inter- and intra-rater reliability of >85% was achieved. Upon
completion of scoring, approximately 10% of videos were randomly selected to be
rescored to verify accuracy for each measure. Observers were blind to light treatment and
relied upon individual bird identification markings, which were void of treatment

assignment information.
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Study 3: The effect of discontinuous prenatal light exposure on body
composition and gait performance

Discontinuous light exposure has been shown to negatively influence motor
coordination in quail chicks by increasing fall rate during the first few days after hatching
(Belnap & Lickliter, 2017). Since no differences were found between the 12hrs light
exposure condition and the dark exposure condition in the original study (Belnap &
Lickliter, 2017), and complete darkness is ecologically implausible for quail, we removed
the dark condition from the current study. The remaining three light exposure treatments,
12C, 2D, and 6D were tested using the gait task. The purpose of Experiment 1 was to
replicate previous behavioral results (i.e., fall frequency and step cadence) and to
determine if exposure to discontinuous light influenced developmental age, body
composition, and motor performance. We expected 6D and 2D chicks would hatch one
day late (E24). However, based on pervious findings with chickens, we did not anticipate
developmental age would directly affect gait. Rather, we expected that developmental
age would predict body composition, specifically that chicks who hatched one day later
would have larger body mass and shorter tarsometatarsus (TARS) lengths. We
anticipated behavior measurements would mirror results from our pervious study, such
that 6D and 2D hatchlings would fall more frequently compared to hatchlings in the 12C
treatment. Lastly, we predicted the 6D and 2D treatments would show difference in their
gait patterns, which may help explain differences in motor trajectories observed by

Belnap and Lickliter (2017).
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Methods

On E17 75 eggs were randomly selected and distributed into one of three portable
incubators located within the light stimulus cabinet. Each incubator was assigned to a
single light exposure treatment. This process was repeated every two weeks until 50
embryos were assigned to each treatment condition, with eggs originating from at least
two different egg batches, utilizing a total of 150 eggs. For the 12C treatment, the light
stimulus continued as before, following a 12hr on/off cycle, but within the portable
incubator within the stimulus cabinet. For the discontinuous treatments, the eggs
remained in darkness until E21, following the same regime described in Belnap &
Lickliter (2017). The 2D treatment received 30min of continuous light experience in the
morning and 30min of continuous light experience in the evening for two days prior to
hatch, equaling a total of 2hr of overall light exposure. Similarly, the 6D treatment
received 90min of continuous light experience twice a day for two days, equaling 6hr of
total light exposure. On hatch day (E23) embryos received no light experience.
Following hatching, neonatal quail motor coordination was evaluated using the 5min gait
analysis task.

Data Analysis. Because of some of the data did not have normal distributions, all
behavioral (step cadence and fall frequency) and spatiotemporal parameters were
bootstrapped with replacement for 2,000 iterations. Right and left limb measurements for
stride length were evaluated using paired sample t-tests. Chi-square likelihood tests and
simple binomial outcome tests were used to characterize the influence of prenatal light
experience on developmental age and gait task emergence. Differences in body

composition and velocity between light conditions were evaluated using one-way
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analysis of variance (ANOVA) and were controlled for in subsequent analysis.
Spatiotemporal parameters and behavior were analyzed using multivariate analyses of
variance (MANOVA,; three light conditions on eight gait measures and two behavioral
measures) with developmental age, body composition and velocity listed as covariates.
MANOVA analysis accounts for potential correlations between dependent variables
allowing for differences to be assessed without increasing type | error (Warne, 2014).
Significant gait variables were further analyzed using univariate Bonferroni post hoc
analyses with alpha adjustment set at p-values 0.015. Since the frequency of falls may be
attributed to differences in activity between temperature treatment groups, the
relationship between step cadence and fall frequency was evaluated using Pearson
correlation. If the preceding relationship was significant then step cadence was included
as an additional covariate in post hoc analyses for falls. All statistical tests were
conducted using SPSS v.22. Statistical significance was set at alpha .05. 95% confidence
intervals and effect sizes were calculated and interpreted using guidelines suggested by
Durlak (2009).
Results

Hatch description

Developmental age did differ between light treatment conditions (¥2(4)=36.441,
p<0.001, @c = 0.525), with 71% (n=22) of the late hatches occurring in the 2D treatment
and 29% (n=9) occurring in the 6D treatment, and all the early hatches occurring in the
6D treatment (n=2; see Table 1). Early hatches were excluded from analysis. Despite, the
variability in light exposure, the majority of birds (n=99) hatched on E23 (y2(2)=6.18,

p<0.05). When evaluating the likelihood of emerging during the gait task by light
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treatment, chi-square test results revealed chicks behaved similarly across all light
exposure treatments (x2(4)=4.124, p=0.127, ¢c= 0.177). The failure to move after exiting
the start box was also similar across light treatments (x2(2)=0.69, p=0.71, ¢ = 0.07).

Developmental age & body composition

Evaluations of body mass found significant differences between light exposure
conditions (F(2,81)=28.03, p< 0.001, n>=0.41) and developmental age (F(1,81)= 1.65,
p<0.001, n?>=0.02). Chicks is the 12C treatment (M=7.47, SE= 0.10, p<.05, 95%CI[7.28
— 7.66]) weighed significantly more than chicks in the 6D (M=6.14, SE= 0.14, p<.05,
95%CI[5.86 — 6.41]) or 2D (M=6.43, SE= 0.12, p<.05, 95%CI[6.18 — 6.66]) treatments
(see Figure 1). Chicks who hatched on E23 (M=6.73, SE= 0.09, p<.05, 95%CI[6.55 -
6.91]) weighed significantly more than chicks who hatched on E24 (M=6.55, SE= 0.23,
p<.05, 95%CI[6.12 — 7.01]). Also, significant differences were found for TARS length
by light treatment (F(2,81)=14.77, p<0.001, n>=0.15) and developmental age
(F(1,82)=4.54, p<0.05, 1>=0.05). Chicks in the 12C treatment (M=1.41, SE= 0.05,
95%CI[1.311 — 1.51]) had longer TARS lengths compared to chicks in the 6D (M=1.22,
SE= 0.03, p<.015, 95%CI[1.14 — 1.25]) and 2D (M=1.31, SE= 0.03, p<.015, 95%CI[1.26
— 1.36]) treatments (see Figure 1). Additionally, chicks in the 6D treatment had
significantly shorter TARS lengths compared to chicks in the 2D treatment (AM=-0.1,
SE=0.03, p<0.015, 95%CI[-0.18 - -0.04]). Chicks who hatched one day late (M=1.41,
SE=0.05, p<.05, 95%CI[1.311 — 1.51]) had longer TARS lengths compared to chicks

who hatched on time (M=1.32, SE= 0.02, p<.05, 95%CI[1.28 — 1.36]).
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Gait & behavior

Evaluations of velocity found no significant differences between light treatments
(F(2,80)=1.47, p=0.24) or developmental age (F(1,80)=0.16, p=0.69). Chick’s average
speed was 5.34cm/s (SE= 0.27) with a minimum speed of 1.27 cm/s and a maximum
speed of 14.21 cm/s (see Table 2). Pearson correlation test between step cadence and
falls revealed a non-significant negative relationship (r=-0.13, p=0.23, 95%CI[-0.31 —
0.11]), indicating fall rate was not related to the number of steps taken when active.
Because velocity is tightly related to step cadence and may influence fall frequency,
velocity continued to be listed as a covariate in subsequent analysis. Furthermore, since
there were no significant differences between the right (M=3.05, SD=0.51) and left
(M=3.06, SD=0.50) limb stride length (t(89)=-0.265, p=0.79), further analysis included
only measurements for the right limb.

We ran a MANOVA with light treatments as the independent variable, 8 gait
parameters and 2 behavioral measurements as the dependent variables, and velocity and
developmental age as covariates. Of the covariates included in the model, only velocity
significantly contributed to the overall model (Pillai’s Trace = 0.238, F(10,68)=2.12,
p<.05, n*=0.24). However, body mass and TARS length contributed to individual
parameters within the model. Velocity was significantly related stride length (F(1,
77)=17.96, p<.01, n?=0.09), and stance width (F(1,77)=6.38, p<.05, n?=0.08), showing that
faster hatchlings took longer strides and had significantly larger stance widths when at
rest. Body mass significantly influenced CV stride length (F(1,77)=6.99, p<.01, n?>=0.08)
with heavier hatchlings showing less variability in stride length. TARS length

significantly influenced stride length (F(1,77)=7.96, p<.01, n?>=0.09) and fall frequency
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(F(1,77)=5.96, p<.05, n>=0.07). Chicks with shorter TARS lengths took longer strides
and fell more frequently.

Light treatment continued to significantly contributed to the model (Pillai’s Trace
=0.45, F(20, 138)=2.01, p<.05, n>=0.23) after accounting for the body composition and
velocity. As shown in Table 2, stride length (Pillai’s Trace=0.24, F(2, 77)=3.59, p<.05,
1n*=0.09), stance width (Pillai’s Trace = 0.26, F(2, 77)=4.27, p<.05, 1?=0.10) and fall
frequency (Pillai’s Trace = 0.016, F(2, 77)=3.4, p<.05, n?>=0.08) all significantly differed
by light treatment, and step cadence (see Figure 2) trended toward significance (Pillai’s
Trace = 0.05, F(2, 77)=2.99, p=.056, 1?=0.07). Chicks in the 6D (M=3.12, SE=0.07,
p<.05, 95%CI[-0.59 - -0.14]) and 2D (M= 3.21, SE= 0.08, p<.05, 95%CI[-0.6 - -0.13)
treatments took significantly longer strides compared to the 12C treatment (M=2.76,
SE=0.09). Chicks in the 2D (M= 1.46, SE= 0.04, p<.05, 95%CI[1.38 — 1.54) treatment
had significantly wider stance widths compared to chicks in the 12C treatment (M=1.24,
SE=0.06, 95%CI[1.12 — 1.37]), but not compared to chicks in the 6D treatment (M= 1.38,
SE=0.06, 95%CI[1.25 — 1.5).

When considering behavior, chicks in the 6D treatment (M= 7.8, SE= 1.72, p<.05,
95%CI[4.37 — 11.29) and 2D treatment (M= 8.4, SE= 1.11, p<.05, 95%CI[6.18 — 10.62)
fell significantly more compared to the 12C treatment (M=2.21, SE=1.21, 95%CI[0.03 —
5.45), which replicated the findings of Belnap and Lickliter (2017) (see Figure 2). Lastly,
posthoc evaluations of step cadence indicated that chicks in the 2D (M=2.77, SE=0.16,
95%CI[2.44 — 3.10) took significantly more steps per second compared to the 6D light

treatment (M=2.19, SE=0.24, 95%CI[1.67 — 2.69]), but not when compared to the 12C
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treatment (M=2.32, SE=0.24, 95%CI[1.84 — 2.8), indicating that chicks in the 2D
treatment were more active than their 6D and 12C counterparts.
Discussion

The findings from Experiment 1 replicated previous findings and extended them
by identifying that discontinuous light duration did influence developmental age, body
composition and gait. As anticipated, hatchlings who experienced 2hrs of discontinuous
light were more likely to hatch late, but surprisingly hatchlings in the 6D treatment had
relatively few late hatches, which suggests that 6hrs of total light presented in 90min
bouts during the last two days of incubation was sufficient to accelerate development and
stimulate the hatching process. Studies have consistently demonstrated that light
stimulation increases oxygen consumption and heart rate (Gimeno et al., 1967; Lauber,
1975), whereas more recent research has identified that light exposure during incubation
affects neuroendocrine signals through the cyclic production of neurohormones such as
melatonin, corticosterone, and thyroid hormones (Khalil, 2009; Ozkan et al., 2012; Tong
et al., 2018). Interestingly, these hormones also play a significant role in physiological
metabolic processes and embryonic growth performance (Khalil, 2009; Ozkan et al.,
2012; Tong et al., 2018; Yu et al., 2018).

In the current study, light exposure did influence body composition such that
chicks who experienced discontinuous light had smaller body mass and shorter TARS
lengths, partially following the results reported by Sindhurakar and Bradley (2012).
Moreover, chicks with smaller body mass showed more stride length variability and
chicks with shorter TARS lengths took longer strides and fell more frequently, suggesting

body composition is an important factor in locomotion performance. Overall, this study
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confirmed discontinuous 2hr and 6hr white light exposure during late incubation
negatively influenced postnatal motor performance and body composition.

Study 4: The effect of prenatal light exposure duration and presentation

pattern on body composition and gait performance
Within their natural environment, light exposure for developing quail embryos

occurs in sporadic episodes during periods of maternal inattention. These bouts of
inattention, while longer during late incubation, typically do not exceed 20mins (Mills,
Crawford, Domjan, & Faure, 1997). In Experiment 1, embryos were exposed to 30 or 90
minutes of light only twice a day, which likely contributed to the observed decline in
motor performance. The purpose of Experiment 2 was to identify if poor motor
performance observed in Experiment 1 resulted from the duration of the light exposure
(i.e. 2hr or 6hr), the presentation pattern of the light exposure (i.e. discontinuous or
sporadic), or the combination of the both (2hr sporadic, 2hr discontinuous, 6hr sporadic,
or 6hr discontinuous). Using a 2x2 (duration x presentation) factor model we evaluated
developmental age, body composition, gait performance, and motor behavior in 1-day old
bobwhite quail hatchlings. Given that sporadic light experience is what embryos
typically experience in the wild, we anticipated motor performance would improve in the
sporadic light exposure treatments, with a reduction in falls and gait variability compared
to the discontinuous light pattern. However, we were unsure how the sporadic
presentation light would affect body composition and developmental age, since the
majority of research investigating body composition in birds has focused on meat
production, rather than fitness. Because hatchlings in the 2hr condition appeared to better

stability at 48hrs in Belnap and Lickliter (2017) and wider stance widths from
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Experiment 1, we further anticipated an interaction effect such that chicks in the 2hr
sporadic treatment would show the greatest gains in motor performance.
Methods

Experiment 2 utilized the discontinuous data collected from Experiment 1 and
added two additional prenatal light conditions, 2hr sporadic (2S) and the 6hr sporadic
(6S). 50 eggs were randomly selected and equally distributed into one of two portable
incubators located within the light stimulus cabinet. This process was repeated until 50
embryos were assigned to each light exposure treatment with eggs originating from at
least two different egg batches, utilizing a total of 100 eggs. Embryos in the sporadic
light treatments received several short bursts of light experience across a 12hr period,
mimicking natural hen nesting behavior. Each burst was between 5 to 15 minutes in
duration and pseudo-randomly occurred throughout a 12-hour period (7am to 7pm), with
at least 15 minutes of darkness between each burst of light experience. Depending on the
light duration treatment (2hr or 6hr), embryos received either 60-min or 180-min of light
exposure per day for the last two days prior to hatch. Following hatching, neonatal
quails” motor coordination was evaluated using the 5min gait analysis task as described
in Experiment 1.

Data Analysis. Pearson Chi-square tests were used to evaluate significant
differences in developmental age between for light duration and for presentation type,
and to assess the likelihood to emerge from the start box during the gait task. Differences
in body composition and velocity between prenatal light factors were evaluated using 2x2
factor analysis of covariance (ANCOVA) with developmental age listed as a covariate.

All behavioral (step cadence and fall frequency) and spatiotemporal gait parameters were
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bootstrapped with replacement for 2,000 iterations. Right and left limb measurements for
stride length were evaluated using paired sample t-tests. Subsequent analyses controlled
for body composition, developmental age, and velocity by including them as covariates
within the model. Spatiotemporal parameters and behavior were analyzed using 2x2
multivariate factor analyses of variance (MANOVA, prenatal duration, prenatal
presentation type, and their interaction on eight gait measures and two behavior
measures). Significant gait variables were further analyzed using univariate techniques
for two-factor models including simple effects tests.
Results

Hatch description

Chi-square analysis with developmental age and light duration revealed a
significant effect of light duration on developmental age (x?(2)=43.51, p<.001, ¢.=0.5)
(see Table 3). Of the chicks who hatched late (E24), 84% (n=48) received 2hr of prenatal
light and 16% (n=9) received 6hrs of prenatal light experience. In contrast, presentation
type did not reveal significant differences (x*(2)=1.30, p=0.52, ¢=0.09) for
developmental age. Chicks in the sporadic treatments hatched late 46% (n=26) of the
time, whereas chicks in the continuous type hatched late 54% (n=31) of the time. Early
hatches were excluded from analysis. When considering the influence of prenatal light
exposure on the likelihood to emerge in testing trials Pearson chi-square results revealed
no significant differences between light duration (x?(1)=1.62, p=0.20, ¢.=.10) or light
presentation type (x%(1)=0.56, p=0.46, ¢.=.06). Of the chicks that did emerge, 14 failed

to move. These chicks were distributed across all the light treatment conditions, with no
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reported difference between light duration (x?(1)=0.002, p=0.97, ¢c=.002) or presentation
type (¥%(1)=0.36, p=0.55, ¢c=.05).

Developmental age & body composition

Analysis of body mass found no significant differences with light duration
(F(1,108)=0.28, p=0.6), light presentation (F(1,108)=0.33, p=0.7), or their interaction
(F(1,108)=0.75, p=.39). Chicks in the 2hr light treatments weighed (M= 6.4, S.E.=0.11,
95%CI[6.18 — 6.60]) about the same as those in the 6hr light treatments (M= 6.32, S.E.=
0.09. 95%CI[6.14 — 6.49]) and chicks in the sporadic presentation treatment (M= 6.4,
S.E.=0.09, 95%CI[6.22 — 6.58]) weighed about the same as those in the discontinuous
presentation treatment (M= 6.32, S.E.= 0.1, 95%CI[6.14 — 6.50]). Furthermore, weight
did not vary by developmental age (F(1, 108)=0.08), p=0.78).

When considering TARS length, there was a significant effect of light duration
(F(1, 108)=5.08, p<.05, n 2=.05), but not presentation type (F(1, 108)=0.83, p=0.36), or
their interaction (F(1, 108)=1.12, p=0.29) as illustrated in Figure 3. Chicks in the 2hr
light treatments (M= 1.32, SE= 0.02, 95%CI[1.28 — 1.36]) had longer TARS lengths than
chicks in the 6hr light treatments (M= 1.257, SE= 0.02, 95%CI[1.20 — 1.29]), while
chicks in the sporadic treatments (M= 1.29, SE=0.02, 95%CI[1.26 — 1.33]) had similar
TARS lengths as chicks in the discontinuous treatments (M= 1.27, SE= 0.02, 95%CI[1.23
—1.31]). Even though the omnibus interaction test was not significant, simple effects tests
showed that 6D hatchlings (M= 1.22, SE=.03) had significantly shorter TARS lengths
compared to 2D hatchlings (M=1.32, SE=0.03., AM=-0.10, p<0.015, 95%CI[ -0.175 - -
0.018]). Furthermore, developmental age did significantly contributed to the model F(1,

108)=22.32, p<.001, 12=0.17); chicks who hatched late (M= 1.41, SE= 0.03, 95%CI[1.32
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—1.47]) had longer TARS lengths compared to chicks who hatched on time (M= 1.24,
SE=0.02, 95%CI[1.21 — 1.27]).

Gait & behavior

Evaluations of velocity found a significant effect for light presentation (F(1,
106)=4.55), p<.05, n 2=.04), but failed to detect a significant effect for light duration or
the interaction. Chicks in the sporadic presentation (M= 5.85 cm/s, SE= 0.31,
95%CI[5.26 — 6.49]) were faster compared to chicks in the discontinuous presentation
(M=4.97, SE= .29, 95%CI[4.4 — 5.52]) (see Table 4). The average chick speed was 5.54
cm/s (SE=.24) with a minimum of 1.27 cm/s and a maximum of 14.21 cm/s. Speed did
not vary due to developmental age (F(1, 106)=.68), p=.41, n 2=.006). A paired t-test
comparison between the right and left limb stride length revealed no significant
differences between limbs. Subsequent analysis included only the right limb values.
Pearson correlation analysis revealed a very weak and nonsignificant negative
relationship between falls and step cadence (r=-0.01, p=0..91, 95%CI[-0.19 — 0.19]),
indicating that chicks rate of falling was not related to the number of steps they took
when active.

We ran a MANOVA with light duration and light presentation as independent
variables, gait and behavior parameters as dependent variables and body composition,
developmental age, and velocity as covariate. Of the covariates listed, body mass (Pillai’s
Trace=0.231, F(10, 94)=2.825, p<.01, n 2=.23) and velocity (Pillai’s Trace=0.352, F(10,
94)=5.10, p<.01, n 2=.35) significantly contributed to the overall model. Body mass was
significantly related to stride length (F(1,103)=5.94, p<.05, n 2= 0.06), stride length CV

(F(1,103)=6.46, p<.05, n 2= 0.06), stance width (F(1,103)=5.67, p<.05, n 2= 0.05) and
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fall frequency (F(1,103)=4.18, p<.05, n 2= 0.04), while velocity was related to nearly all
parameters with the exception of I1TJ angle, stride length CV, step width CV and stance
width CV. Despite not contributing to the overall model, developmental age and TARS
length did contributed to select parameters. TARS length was significantly related to fall
frequency (F(1,103)=5.05, p<.05, n 2= 0.05), and developmental age significantly
influenced step width (F(1,103)=5.99, p<.05, n 2= 0.06).

After accounting for covariation, light duration (Pillai’s Trace=0.157, F(10,
94)=1.75, p=.08, n 2=.16) or presentation type (Pillai’s Trace=0.06, F(10, 94)=0.63,
p=0.79, n 2=.06) did not significantly contribute to the overall model. However, light
duration did individually influence select parameters. As illustrated in Figure 4,
hatchings in the 2hr treatments (M= 2.77, SE=0.13, 95%CI [2.51 - 3.03]) took on average
significantly (F(1,103)=4.56, p<0.05, 1,°=0.04) more steps per second compared to
hatchlings in the 6hr treatments (M= 2.32, SE=0.15, 95%CI [2.03 - 2.61]). No other
parameters significantly varied by light duration or presentation type (see Table 4 and
Figure 4).

The interaction between light duration and presentation significantly contributed
to the overall model (Pillai’s Trace=0.257, F(10, 94)=2.825, p<.01, n 2=.26). Stride
length (F(1,103)=8.88, p<0.05, np?=0.08), step width (F(1,103)=7.68, p<0.05, n,>=0.07),
and falls (F(1,103)=3.94, p<0.05, np>=0.04) showed simple effect differences, after
accounting for body composition, developmental age, and velocity (see Table 4). Chicks
in the 2S light treatment (M= 2.82, SE= 0.09, 95%CI[2.64 — 3.00]) had significantly
shorter strides compared to chicks in the 2C light treatment (M=3.14, SE=0.08., AM=-

0.32, p<0.05, 95%CI[ -0.63 - -0.01]), indicating better motor control. In contrast, chicks
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in the 6S and 6D light treatments performed similarly (see table 4). For step width, chicks
in the 6S (M= 0.48, SE= 0.04, 95%CI[0.4 — 0.56]) treatment had significantly narrower
step widths in comparison to chicks in the 6D treatment (M=0.6, SE=0.05., AM=0.12,
p<0.05, 95%CI[ 0.03 - 0.27]), indicating a narrowing in their base of support, whereas
chicks in the 2hr light treatment group did not differ. Lastly, for fall frequency, chicks in
the 2S treatment (M= 4.12, SE= 1.21, 95%CI[1.72 — 6.53]) showed a notable reduction in
fall frequency when compared to 2D treatment chicks (M=8.38, SE=1.04., AM=-4.26,
p<0.05, 95%CI[ 0.9 - 8.54]).
Discussion

In this experiment we evaluated the role of prenatal light duration and pattern of
presentation on the development of postnatal motor performance, body composition, and
incubation period in one day old bobwhite quail hatchlings. Sporadic light presentation
reduced the number of falls in the 2hr light exposure treatments as anticipated, but not in
the 6hr light exposure treatments. When evaluating gait parameters, hatchlings in the 2S
condition showed a reduction in stride lengths, some improvement in step width
(although not significant) while maintaining step cadence and velocity compared to 2D
treatment chicks. Together these gait parameters indicate 2S treatment chicks employed
compensatory strategies to reduce the rate of falls when traversing the challenging
runway surface. Contrary to our prediction, 6S treatment chicks maintained their stride
length, greatly narrowed their base of support, and showed a significant increase in
velocity while maintaining a similar rate of stepping compared to 6D treatment chicks.
Together these gait parameters indicate 6S treatment chicks continued to show similar

motor performance as 6D treatment chicks.
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When considering developmental age, the sporadic presentation of the light
stimulus did not accelerate development. Hatchlings in the 2hr light exposure treatment
continued to hatch one day later than those in the 6hr light exposure treatment. Further
after for controlling for possible developmental age effects, chicks in the 2hr treatment
had longer TARS lengths regardless of the light presentation type. However, the sporadic
presentation of the light stimulus did influence hatchlings in the 6hr light exposure
treatments; hatchlings’ TARS length was longer in the 6S treatment compared to 6D
treatment hatchlings. Although not significant, a similar trend was also present for body
mass in the 6hr light exposure chicks. Overall the results from this experiment confirm
the importance of prenatal light duration and prenatal light presentation for body
composition and motor performance in bobwhite quail. Specifically, the sporadic light
presentation improved motor performance within the 2hr light treatments, and the
sporadic presentation of light enhanced body composition within the 6hr light treatments.

General Discussion

The present study evaluated the effects of prenatal light experience on postnatal
motor development, body composition, and incubation period. The results from
Experiment 1 confirmed the deleterious effects of prenatal discontinuous light exposure
on motor performance after accounting for the confounding influence of developmental
age and differences in body composition in bobwhite quail hatchlings. Additionally, the
results from Experiment 2 showed that the duration of light exposure and the pattern of
presentation of light during the final days of incubation influenced postnatal body
composition and motor performance during the gait task. These findings suggest that

maternally regulated prenatal light exposure during incubation is an important factor for
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species-typical motor development. Specifically, the sporadic presentation of prenatal
light experience, which mimicked naturally occurring hen nesting behavior, aided in
optimizing body composition and motor performance within select light durations.

This study adds to the growing body of literature showing that maternally
regulated prenatal sensory experience is important for species-typical development and
phenotypic variability. This includes morphological development (Rozenboim, Biran, et
al., 2004; Rozenboim, Piestun, et al., 2004; Serrat, 2014; Sindhurakar & Bradley, 2012;
C. M. Wilson & McNabb, 1997), thermoregulatory ability (Collin et al., 2007; DuRant et
al.,2013; Mariette & Buchanan, 2016), locomotor performance (Belnap et al., 2019;
Belnap & Lickliter, 2017; Hopkins et al., 2011; Porterfield et al., 2015), behavioral
reactivity (Archer & Mench, 2017; Guenther & Trillmich, 2013; Hope et al., 2018; Pittet
etal., 2013; Reed & Clark, 2011), and perceptual and cognitive development (Gottlieb et
al., 1989; Lickliter, 2005; Lickliter et al., 2002; Roy et al., 2014). Each of these studies
show fluctuations in sensory experience (i.e. temperature, light, or sound), which are
typically regulated through parental care, can have significant effects on the developing
avian embryo.

The motor system is one of the first functional systems to provide the growing
embryo with both exogenous sensory information, which typically results from maternal
stimulation, and endogenous sensory feedback, which typically results from self-
generated movement. As a result, the motor system has the most extensive experiential
history at hatching and lays the neurological foundation for subsequent sensory systems
(Ainsworth et al., 2010; Gottlieb, 1971; Hamburger & Balaban, 1963). Further, early

embryonic spontaneous movements are known to be important for the formation of
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cartilage and bone (Hamburger, 1973; Muller, 2003; Nowlan et al., 2010), skeletal
muscle development (Hall & Herring, 1990; Nowlan et al., 2010), and facilitates
synaptogenesis between interneurons and motorneurons within the spinal cord
(Hamburger, 1973; Le Ray et al., 1993; Sharp, 2015). These early movements are highly
susceptible to sensory stimulation. For example, a study conducted by Reynolds and
Lickliter (2002) demonstrated E21 bobwhite quail embryos increased embryonic activity
after unimodal auditory and visual stimulation and this effect was amplified when the
visual and auditory systems were concurrently stimulated. A study conducted by Bradley
and Jahng (2003) demonstrated motility increase in E18 chicken embryos who
experienced continuous light compared to 12hr light/dark photoperiod during incubation.
Hammond and colleagues (2007) further demonstrated chicken embryo activity was
sensitive to small adjustments to ambient air temperature. Each of these sensory
experiences are in part regulated through the maternal hen’s nesting behavior.

In the current study, embryos’ recurring episodic experience with the light
stimulus over the course of a 12hr period (Experiment 2) may have elicited increased
motility, while protecting the embryo from fatigue and habituation. Increased motility
would not only affect motor performance, but also body composition. However, it is
unclear if increased motility independent of light experience would affect the length of
incubation. Previous research has confirmed a relationship between prenatal light
experience and accelerated maturation of the motor system (Bradley & Jahng, 2003;
Sindhurakar & Bradley, 2010, 2012) and other types of sensory stimulation (Hammond et
al., 2007; Reynolds & Lickliter, 2002), but to date no study has evaluated if increased

motility alone is sufficient to reduce the incubation period. Further there is evidence that
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the relationship between light and motor activity persists throughout adulthood in
chickens. Postnatal studies evaluating intermitted light schedules for meat chickens
found that recurring 4hr light/dark cycle increased motoric activity, feed intake, tibia
length, and suppressed myopathy (Lan, Feldkaemper, & Schaeffel, 2014; Yang et al.,
2015) compared to extended light, extended dark, or equal light/dark photoperiods.

In contrast, it is less clear how discontinuous light regimens (Experiment 1) may
have affected prenatal motility. Unlike the current study, most research reports positive
effects of prenatal light experiences on development (Akasaka, Nasu, Katayama, &
Murakami, 1995; Khalil, 2009; Lauber, 1975; Porterfield et al., 2015); however, few
studies have investigated the influence of short photoperiods on embryogenesis. These
studies typically compare 12hrs light/dark regimen to complete darkness. Most agree
embryos incubated in complete darkness show reductions in activity and metabolic
function which typically corresponds to arrested development and delayed hatching
(Lauber, 1975; Siegel et al., 1969; Sindhurakar & Bradley, 2012). However, this delay
does not affect motor coordination at time of hatch (Sindhurakar & Bradley, 2012).
Instead, small motoric differences appear a few hours later while ambulating in the
common chicken (Porterfield et al., 2015) and in the bobwhite quail (Belnap & Lickliter,
2017). Also, postnatal studies investigating extended darkness periods (1hr light/23 hr
darkness and 4hr light/ 26hr darkness) with limited light exposure reported similar
declines in motor performance and body composition (see Olanrewaju et al., 2006 for a
review). Broiler chicks reared under these conditions had smaller body mass, increased
immobility and mortality rates (Olanrewaju et al., 2006). The reported decline was

attributed to decreased activity and metabolic function induced by long periods of
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darkness. In the current study, 2D treatment chicks showed a significant delay in
hatching, indicating arrested development, whereas the majority of 6D treatment chicks
hatched on-time, but also showed motor and body composition decline. Other metabolic
pathways influenced by light may be responsible for this observed decline and may
explain the differential improvement observed in the sporadic light exposure treatments.
Regardless of the mechanistic pathway, this study provides initial evidence of the
importance of prenatal light duration and pattern of light presentation for incubation
period, body composition, and motor performance in one day old bobwhite quail
hatchlings. Findings from this study highlight the importance of species-typical nesting
behavior on shaping offspring phenotype. Further investigation of these prenatal sensory
experiences may help to identify which factors are necessary for optimal motor

development.
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Table 1

Descriptive summary of incubation and data inclusion criteria for Experiment 1

Light No
Treatment Set Early Ontime Late Tested Emerge  No Move | Total N
12C 50 0 45 0 45 12 5 28
6D 50 2 33 9 44 7 3 34
2D 50 0 21 228 43 15 5 23
Total 150 2 99 31 132 34 13 85

C=continuous light, D=discontinuous light, Set=total number of eggs transferred to a light treatment,

Early=number of chicks who hatched on E22, Ontime=number of chicks who hatched on E23,
Late=number of chicks who hatched on E24, Tested=chicks who completed the gait task, No
Emerge=number of chicks who failed to exit the emergence box, No Move=number of chicks who failed
to move after exiting the emergences box, Total N=number of chicks retained for data analysis.
a=significant (p<.05) between group difference.
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Table 2

Experiment 1 means (standard error) for spatiotemporal parameters

Incubation Light Treatment
Gait Measure 12¢C 6D 2D
IT) Angle 63.40 (6.30) 75.144 76.01 (4.31)
(6.66)
IT) CV 19.52 (2.26) 24.38(2.39) 22.35(1.55)
Stride Length 2.76 (.13) 3.12 (.14)? 3.21 (.09)?
Length CV 24.56 (1.77) 21.68(1.86) 22.94(1.21)
Step Width .62 (.05) .59 (.06) .53 (.04)
Step CV 33.87(3.08) 37.52(3.26) 33.26(2.12)
Stance Width 1.24 (.06) 1.38 (.06) 1.46 (.04)®
Stance CV 22.19(1.53) 24.27(1.62) 22.34(1.05)
Velocity 5.97 (.49) 4.60 (.5) 5.30(.42)

ITJ angle=degrees, Stride Length=cm, Step Width=cm, Stance
Width=cm, CV=Coefficient of variation, a percentage of variability
for each kinematic parameter, Velocity= cm/s. Means reflect
prenatal light treatment after statistically accounting for body
composition, velocity and developmental age. a=Significant
differences (p<.015) between the 12hr continuous light treatment.
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Table 3

Descriptive summary of incubation and data inclusion criteria for Experiment 2

No
Light Factor Set Early Ontime Late Tested Emerge  No Move | Total N
Duration
6hr 100 6 742 92 89 21 7 61
2hr 100 0 39 48 87 29 7 52
Presentation
D 100 2 54 31 87 22 8 57
S 100 4 63 26 89 27 6 56
Interaction
6D 50 2 33 9 44 7 3 34
2D 50 0 21 22 43 15 5 23
6S 50 4 45 0 45 14 4 27
2S 50 0 18 26 44 13 2 29
Total 200 6 117 57 176 49 14 113

D=discontinuous light, S=sporadic light, Set=total number of eggs transferred to the light conditions,
Early=number of chicks who hatched on E22, Ontime=number of chicks who hatched on E23,
Late=number of chicks who hatched on E24, Tested=number of chicks actually tested, No

Emerge=number of chicks who failed to exit the emergence box, No Move=number of chicks who failed
to move after exiting the emergences box, Total N=number of chicks retained for data analysis.

a=significant (p<.05) between group difference.
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Table 4

Experiment 2 means (standard error) for spatiotemporal parameters

Light Duration Light Presentation Interaction
Gait Measure 2hr 6hr D S 2S 2D 6S 6D
ITJ Angle 71.15 74.64 72.95 72.84 67.05 75.29 78.63 70.65
(3.25) (3.64) (3.27) (3.19) (4.78) (4.10) (4.66) (5.37)
ITICV 21.28 27.62 23.0 25.90 21.27 21.29 30.53 24.71
(2.09) (2.34) (2.11) (2.05) (3.08) (2.64) (3.0 (3.46)
Stride Length 2.98 3.01 3.03 2.97 2.822 3.142 311 2.92
(.06) (.07) (.06) (.06) (.09) (.08) (.09) (.10)
Length CV 24.82 24.20 23.91 25.12 25.39 24.25 24.84 23.56
(1.01) (1.13) (1.02) (.99) (1.49) (1.28) (1.45) (1.67)
Step Width .56 54 .56 54 .60 51 482 .602
(.03) (.03) (.03) (.03) (.04) (.03) (.04) (.05)
Step CV 33.51 36.20 34.0 35.71 34. 33.02 37.43 34.98
(2.02) (2.26) (2.03) (1.98) (2.97) (2.55) (2.9 (3.34)
Stance Width 1.39 1.37 1.38 1.37 1.35 1.43 1.40 1.33
(.03) (.04) (.03) (.03) (.05) (.04) (.05) (.05)
Stance CV 22.96 22.06 22.05 22.71 23.32 22.06 22.10 22.03
(.73) (.82) (.73) (.72) (1.07) (.92) (1.05) (1.22)
Velocity 5.49 5.33 5.852 4972 5.64 5.33 6.07° 4.6
(.27) (.32 (.31 (.29) (.43) (.32 (.44) (.48)

ITJ angle=degrees, Stride Length=cm, Step Width=cm, Stance Width=cm, CV=Coefficient of

variation, a percentage of variability for each kinematic parameter, Velocity= cm/s. Means reflect
prenatal light treatment after statistically accounting for body composition, velocity and
developmental age. Each superscript the row indicates a significant pairwise comparison p<.015.
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Figure 1

Body composition for Experiment 1 measured 24-hours
after hatching. Hatchlings were incubated under one of
three prenatal light conditions: 12hr continuous (12C)
illustrated in strips, 6hr discontinuous (6D) illustrated in
light gray or, 2hr discontinuous (2D) illustrated in dark
gray. Body mass measured in grams for each light
treatment. Tarsometatarsus (TARS) length measured
in centimeters for each light treatment. *p<.015,
vertical lines represent SE.
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Experiment 1: Behavior Measurements
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Figure 2

Behavioral measurements for each light treatment
measured at 24-hours after hatching. All values
account for differences in body composition,
velocity and developmental age. The 12hr
continuous (12C) prenatal light treatment is
illustrated in white. The 6hr discontinuous (6D)
prenatal light treatment is illustrated in light gray.
The 2hr discontinuous (2D) prenatal light
treatment is illustrated in dark gray. Step cadence
reflects the average number of steps taken per
second of activity. Falls frequency represents the
number of falls per video. Vertical lines depict SE.
*p<.015.
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Body Composition: Experiment 2
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Body composition for Experiment 2 measured 24-hours after hatching. Hatchlings were evaluated for the effects of prenatal light duration (6hr, 2hr),
prenatal light presentation (discontinuous (D), sporadic (S)), and their interaction: 6hr discontinuous (6D), 2hr discontinuous (2D), 6hr sporadic (6S), or 2hr
sporadic (2S). The 6hr treatment is illustrated in light gray and the 2hr treatment is illustrated in dark gray. A: Body mass measured in grams B:
Tarsometatarsus (TARS) length measured in centimeters. *p<.05, vertical lines represent SE.
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Experiment 2: Behavior Measurements
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Behavioral measurements for experiment 2 tested at 24-hours after hatching. All values account for differences in body composition, velocity and
developmental age. Chicks who experienced 2hr of prenatal light are illustrated in dark gray. Chicks who experienced 6hr of prenatal light are illustrated in
light gray. The first column depicts the main effect of light duration. The second column depicts the main effect of light presentation. The third column
illustrates the interaction between light duration and light presentation. A: Step cadence the average number of steps taken per second of activity. B: Fall
Frequency represents the number of falls per video. Vertical lines depict SE. *p<.01
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CONCLUSION

In this series of studies, we used gait kinematics, body composition, and
incubation period to evaluate the effect of prenatal temperature, prenatal movement, and
prenatal light exposure on motor performance and development in bobwhite quail chicks.
From these studies we can conclude that these key factors, regulated by the maternal hen,
do influence motor development and growth. Specifically, we found that variations from
optimal prenatal sensory conditions resulted generally in declined motor performance and
augmented growth; however, each augmented treatment showed different gait
perturbations and growth. For example, in Study 1 we found that cool prenatal
conditions reduced body mass, increased ITJ angle and stride variability which when
combined likely produced the observed increase in fall frequency; whereas in Study 2,
reduced prenatal egg turning resulted in a reduction in body mass, increased gait speed
and decreased stride length, but the combination of these factors did not increase the fall
frequency. These different patterns suggest that different biological mechanisms are

affected by domain-specific stimulation.

Understanding more about these mechanisms may provide insight into different
therapeutic techniques which promote optimal motor development and in turn alleviate
deficits in closely associated domains such as perception, cognition, and sociality. For
example a recent study which investigated sunlight and vitamin D supplementation in
depressive mother and 2-day old infants dyads found that infant exposed to sunlight
showed improved motor function and reduced cortisol levels compared to vitamin D

supplement treatment only and mothers exposed to sunlight reported a reduction in
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depression symptoms (Zhang et al., 2019). In Study 4, we found that the pattern of light
exposure was important for bobwhite quail; quail who experienced short burst of light
throughout the day mimicking the hen’s nesting behavior showed improved motor
function. However, we did not evaluate its effect on avian stress hormones. Nor, did we
use naturally occurring sunlight. Further research is needed to see if similar results can
be reproduced in quail embryos. This line of work makes it possible to evaluate specific
endocrine pathways which may be influenced by sunlight and further evaluate their
connection to motor systems, thereby expanding our knowledge and facilitating the

development of new treatments.

Indeed, it is possible the neuroendocrine mechanistic pathways may explain most
of the observed differences in motor disfunction and growth. Chicken research
investigating incubation temperature (Debonne et al., 2008; Parma & de Marchena, 2016)
light (Lin Zhang et al., 2014) and turning (Tona, Onagbesan, Bruggeman, Mertens, &
Decuypere, 2005; Tona, Onagbesan, De Ketelaere, Decuypere, & Bruggeman, 2003)
indicate a connection to endocrine regulatory processes, with overlap in thyroid and
stress hormones. However, it remains unclear if these processes correspond to declines in
motor dysfunction. Additional research is necessary to investigate the role of
neuroendocrine hormones and its relationship to maternally regulated environmental

stimulation on the developing motor system.

Regardless of the mechanistic pathway, this series of studies adds corroborative
evidence supporting the importance of the prenatal experiences for phenotype

development. During the prenatal period many biological and neurological processes are
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being formed which play a critical role in establishing physiological and behavioral
preferences. While these studies did not specifically evaluate physiological or behavioral
preferences, they did show that small variations in sensory exposure during the prenatal
period can negatively affect postnatal outcomes. Similarly, there is mounting evidence
that environmental exposure during the prenatal period and immediately after birth are
critical for determining life-long health and disease (Lieberman et al., 2000; Marques,
Bjarke-Monsen, Teixeira, & Silverman, 2015; Vallés & Francino, 2018). Therefore,
identifying which factors are important for optimal developmental is of critical value.
Here we identified three non-obvious factors which are important for growth and motor
performance in bobwhite quail, namely: prenatal temperature, prenatal movement, and
prenatal light exposure. While it is not possible to directly compare human and animal
work, our findings can help identify similar functioning processes and minimize the
amount of exploratory human research necessary to discover viable treatments and
develop preventative strategies to improve health and reduce disease risk (Gottlieb &
Lickliter, 2004). Further research investigating these maternally regulated factors may

help to identify potential motor treatments and aid in guiding prenatal maternal care.
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