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ABSTRACT

DEVELOPMENT OF DOMESTIC FOWL LOCOMOTION OVER INCLINED
SURFACES AND USE OF ANTICIPATION STRATEGIES

Chantal N. LeBlanc
University of Guelph, 2016

Advisor:
Dr. Alexandra Harlander

The aim of this thesis was to determine the safest method for vertical ascent in domestic
fowl to prevent injuries and falls. The first objective was to determine locomotor style and
climbing capacity (0-70°) in relation to age and the surface substrate (sandpaper or wire grid).
The second was to measure modulation of hindlimb (step velocity, foot contact time and
variation in center-of-pressure (COP)) and peak ground-reaction- force (GRF) in anticipating
ramps (0, 40, 70°). Chicks and adults performed walking to climb 40° inclines and did not differ
in the GRFs compared to 0°. They performed wing-assisted incline running or aerial ascent on
steeper inclines (70°) and generated higher GRFs with longer foot contact times. Wire grid
surfaces improved contact on steep inclines. Age did not have a significant effect upon GRFs
relative to body weight, COPx, COPy, and velocity (x and y). Therefore we recommend incline
angles of < 40°.
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CHAPTER 1: GENERAL INTRODUCTION
1.1 The problem
One of the biggest welfare issues in the laying hen industry today is keel bone (bone
extending from the sternum) damage (KBD) and fractures (FAWC, 2010; 2013). Birds housed in
different systems (free-range, free-run, organic and furnished cage) (Wilkins et al., 2011; Petrik
et al., 2015; Bestman and Wagenaar, 2014) and across different genetic lines will acquire KBD
to some degree (Kappeli et al., 2011). KBD is a major welfare concern because of the likely pain
associated with it (Nasr et al., 2012a; 2012c; 2015). Non-cage systems allow for more freedom
of space and increased natural locomotion (Lay et al., 2011), however approximately 80% of
birds will have KBD (Wilkins et al., 2004; 2011). Birds housed in conventional and furnished
caged systems will have similar or less KBD (83% and 36% of birds, respectively) (Hester et al.,
2013; Wilkins et al., 2011) which is assumed to be due to less collisions with the system
(Harlander-Matauschek et al., 2015). With different frequencies of KBD in different housing
systems, housing design and/or management plays an important role in the cause of these injuries
(Rodenburg et al., 2008; Wilkins et al., 2011). There may be other contributing factors to KBD
such as, genetics, nutrition (calcium uptake) or other environmental factors, but their specific
importance and interactions are largely unknown (Whitehead, 2004a).
1.2 The housing system
With the ban of conventional cage systems in Europe in 2012 and the recent decision to
phase out conventionally caged systems in Canada by 2026, the push towards adopting free-run
and aviary systems is greater than ever. Currently in Canada, 90% of laying hen housing systems
are conventional cage systems (Egg Farmers of Canada, 2016). However, large retailers in North
America, such as McDonalds, are phasing out cage systems all together (conventional and
furnished (addition of nest areas, more space, perches and scratch mats)) in order to improve
laying hen welfare by allowing the birds to perform natural behaviour and locomotion. In
addition, building multiple tier levels within systems is becoming attractive for producers since it
allows for increased stocking density with three-dimensional space. The birds are required to
reach different levels within the system to obtain essential resources such as food and water.
However, Gallus gallus domesticus are poor fliers; they are ground birds with limited flight
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abilities (Dial, 2003). Therefore, an increase in collisions with the system or other birds in aviary
systems is assumed to be due to imprecise movements (Gregory and Wilkins, 1996; Moinard et
al., 2004a) or during “escape” behaviour and panic from a perceived life-threatening event
(Richards et al., 2012). During the high-energy movements, the keel bone is at greater risk of
becoming damaged or fractured since it protrudes out from the body and is generally the first
body part to hit an object such as perches (Scott et al., 1997; Moinard et al., 2004a; Sandilands et
al., 2009; Wilkins et al., 2011). The design of proper aviary systems for laying hens from the
birds’ point of view and to prevent injuries or falls is yet to be determined.
1.3 Locomotion
Understanding how these birds navigate between levels is essential to fully understand
the appropriate design of housing systems to improve their welfare. Wild jungle fowl spend 70%
of their daily time budget foraging by walking on the ground (Collias et al., 1966) and they seek
elevated refuges only when threatened or roosting (Jones and Goth, 2008). Birds will fly to the
lowest branch and move upward, branch by branch, to move to the highest branch for roosting.
They return to the ground by flying directly onto the ground (Savory, personal communication;
see Moinard et al., 2004a). In a commercial aviary system, birds are motivated to reach elevated
surfaces where food, water and perches are located, or to escape a perceived threat or dominant
conspecific. However, these domestic birds may have different challenges which could impair
their movement such as overcrowding, foot-pad lesions or foot pad dermatitis (Wilkins et al.,
2011), feather loss (Heers et al., 2011), and KBD (Nasr et al., 2012a). In a commercial aviary
system, laying hens had a prevalence of 9-21% of failed landings after flight, with the majority
of collisions being with other birds (Campbell et al., 2016). Therefore providing an inclined
surface to connect tier levels may be the best solution to prevent injuries and falls. Stratmann and
colleagues (2015a) demonstrated that the addition of short inclined platforms (ramps) and
horizontal platforms within a commercial aviary system (for adult birds) to connect the tier levels
reduced falls by 55%, collisions by 41%, and increased transitions between tiers by 44%.
However, this did not result in lower keel-bone fracture rates (verified via dissection) (Stratmann
et al., 2015a).
There has been very little focus on laying hen locomotion, however learning their basic
locomotor abilities can provide insight to the cause of KBD and how they move within aviary
2

systems. Comparable studies have examined climbing locomotion in wild-type birds including:
Brush-turkeys (Alectura lathami) (Dial and Jackson, 2011), Black–billed magpies (Pica
hudsonia) (Dial et al., 1997), Chukar partridges (Alectoris chukar) (Bundle and Dial, 2003; Dial
et al., 2008; Jackson et al., 2009; Tobalske and Dial, 2007) and Rock doves (Columba livia)
(Dial, 1992; Jackson et al., 2011). These studies explored age-dependent locomotor abilities and
flapping behaviour, but this has never been done in the domestic chicken. Wild Galliform birds
are fully capable of flight but they prefer to perform wing-assisted incline running (WAIR) to
ascend inclines at all ages (Dial et al., 2008). WAIR is described as running with hindlimbs in
combination with wing-flapping of the forelimbs. WAIR provides an energy saving strategy for
birds compared to flight since it requires less aerodynamic energy output (Tobalske and Dial,
2000; 2007). Exploring these processes in domestic fowl on inclined surfaces throughout
development can provide insight to the appropriate degree of incline to connect tier levels within
housing systems that will improve locomotion. Birds use their breast muscles (pectoralis major),
which originate from the keel-bone, to drive the wing and generate aerodynamic force during
climbing (Tobalske and Dial, 2007; Jackson et al., 2011). Therefore, when domestic fowl
perform vigorous flapping behaviour it may detrimental to the health of the keel-bone due to
tensile force on an already weakened keel. Understanding the locomotor patterns and capabilities
in domestic fowl will not only provide insight to the appropriate design of aviary systems from
the birds’ point of view, but will also allow us to reduce injuries or falls within these systems.

1.4 Anticipating inclines
As birds approach inclined surfaces, it is important to understand whether they can
anticipate the steepness of the incline and how they appropriately modulate their hindlimbs. If
birds cannot predict how they should effectively prepare to climb a ramp, it can lead to many
falls and injuries. Anticipation has recently been defined as an actively organized system within
the central nervous system which has, at some point, been outlined by potential acts or
environmental features that can be connected to result in a specific behaviour (Jarvilehto et al.,
2013). This behaviour is triggered by a stimulus from the environment, which allows the body to
retrieve the information from the organized system (Jarvilehto et al., 2013). Once a sensory input
(i.e. sight, touch, temperature) is conveyed to the brain, a response will be carried out by the
motor system or musculo-tendon system to react appropriately (Borghuis et al., 2008). For
3

example, when driving a car, we must anticipate that the traffic light will turn red to press the
brakes in a timely manner to prevent car accidents.
Research has shown that experience or training aids in anticipation by allowing the
subject to build an organized framework by exploring an environment and identifying action
alternatives for different circumstances (Jarvilehto et al., 2013). This priming technique is what
allows for fast action and skilled responses (i.e. driving in humans, Jarvilehto et al., 2013). It is
often used for research measuring motor behaviour (Rosenbaum, 1985). Although, if there is an
impairment in a sensory input (Lord et al., 2006) or motor response (Sturnieks et al., 2008;
Brauer et al., 2001; Szulc et al., 2005) such as inadequate lighting, obstructed walkways (Carter
et al., 1997), or uneven surfaces, the body’s ability to maintain balance is challenged and there is
a great risk of falling incidences.
When an animal wants or anticipates a goal, it may adjust its behavioural patterns, which
can be locomotive or investigatory, before retrieving a reward (Spruijt et al., 2001). The
behaviour of “anticipation” when expecting a reward has been described in laying hens as
showing attentive movements and stretching their necks (Moe et al., 2009). Zimmerman et al.
(2011) also found that when birds expect a positive event they display comfort behaviour
(preening or wing flapping) and stand alert more often, however regardless of whether the
anticipated event was positive or negative, laying hens increase the frequency and intensity of
head movements. These behavioural adjustments are related to different decision-making
processes. A more difficult decision (such as, a steeper incline) involves finely balanced options,
for example, a bird may be highly motivated to reach a reward but the cost of falling or
experiencing injuries is high due to a steep surface. A bird must decide if the risk of falling is
worth it based on priority and/or the cost-benefit analysis. It has been shown that significantly
more cognitive effort is required for a finely balanced decision (Moffatt, 2005), which
demonstrates the importance of investigating anticipatory behaviour leading up to a decision.
Whether birds can anticipate various inclines effectively is crucial for the proper design of aviary
systems to provide safe transitions between tier levels.

Humans can anticipate steeper inclines by generating greater hindlimb ground reaction
forces (GRFs) (Sheehan and Gottschall, 2012b) in the last steps before making the transition to
4

climb. In addition, during stair and slope walking, humans are less stable in the anteriorposterior and medial-lateral directions compared to walking on level ground (Sheehan and
Gottschall, 2012a). Transitions to inclined surfaces appear to be more challenging compared to
transitions from a slope to level ground (Sheehan and Gottschall, 2012a). On average, transitions
to sloped surfaces lead to a 40% increase in fall risk due to less stability in the transitional steps
(Sheehan and Gottschall, 2012a). Lastly, over 50% of all the reported fall injuries have occurred
during slope or stair walking (CDC, 2007). Based on these findings, we can infer that bipedal
birds could respond similarly to inclined surfaces.
1.5 Aims of thesis:
The purpose of this thesis was to investigate the development of locomotion skills in chicks,
pullets and laying hens during ramp ascent for the design of appropriate aviary systems to
improve their welfare. Each paper had specific aims.
Manuscript 1: How does the locomotor style and climbing capacity differ between different
strains (Lohmann Brown, Hyline Brown, Dekalb White, Lohmann LSL lite) of domestic fowl
throughout development during ramp ascent of various inclines to reach elevated tier levels?
Differences in conformation across strains could affect their abilities to perform WAIR and the
three-dimensional space utilized. Locomotor style may depend on the age of the birds as it has
been shown that wild ground birds perform asymmetric wing flapping as fledglings then
transition to WAIR, and preferentially perform WAIR as adults.
Manuscript 2: Examines the anticipation of different inclines in adult domestic fowl (Lohmann
Brown, Hyline Brown, Dekalb White, Lohmann LSL lite). It was investigated whether birds can
anticipate steeper inclines by adjusting their hindlimbs accordingly. The ability to anticipate
inclines can reduce the incidences of falls and injuries in commercial aviary systems.
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CHAPTER 2: Development of locomotion over inclined surfaces in domestic fowl
Manuscript submitted to PLOS ONE submission #: PONE-D-16-07115

2.1 ABSTRACT
During post-fledging development, precocial birds are hypothesized to routinely rely on the
integrated use of their hindlimbs and forelimbs to navigate in three-dimensional environments
and to reach elevated surfaces. Previous studies have suggested fledgling chukar partridges will
use wing-assisted incline running (WAIR) before they are able to fly, but the generality of this
behaviour to other species remains largely unknown. The goal of the present study was to
evaluate locomotor strategies during development in domestic chickens (Gallus gallus
domesticus); we were motivated, in part, by current efforts to improve the design of housing
systems in agriculture. Using four different commercial strains, we tested for locomotor style and
climbing capacity (0-70°) in relation to the degree of incline, the age of the birds and the surface
substrate (sandpaper or wire grid). Chicks and adult fowl performed walking behaviour in order
to climb 40° inclines, and performed WAIR or aerial ascent on steeper inclines. Wire grid
surfaces were important for improved hindlimb contact on steep inclines and reduced the amount
of wing use. When birds increased in age/ experience this resulted in increased WAIR or aerial
behaviour. Consistent with a fundamental wing-stroke hypothesis, wing kinematics of chicks
were of a similar pattern to that of mature birds, as indicated by a conserved wing angular
velocity. White feathered strains performed more wing-associated locomotor behaviour
compared to brown feathered strains. The implication of the results for the design of threedimensional housing systems involves providing 40° inclines which are easily negotiated
(without wing use) by chicks and adult fowl.
2.2 KEYWORDS: incline, avian locomotion, performance, WAIR, chicks
2.3 INTRODUCTION
For most animals, locomotion is fundamental for survival: to escape predators, to search
for essential food resources, to mate and to thermoregulate (Drake et al., 2001; Walker et al.,
6

2005; Dial and Jackson, 2011). Animals usually rely on several types of locomotion to varying
degrees depending on factors including their morphology and features of their habitat (Sapir and
Dudley, 2012; Bueno and Motta-Junior, 2015; Enriquez-Urzelai et al., 2015).
Although locomotion in the field can occur on horizontal and planar ground, the real
world is often neither planar nor simple in structure. For example, ascending to a tree branch will
usually require motion in the vertical direction. The nature and orientation of the branch
influences whether and how animals move onto it (Higham and Biewener, 2008). Moving along
an incline in comparison to a level surface involves much greater effort and may be challenging
to control, especially for ’ground-dwelling’ birds (Dial and Jackson, 2011; Jeffery et al., 2013).
Climbing requires additional effort to move because gravity acts against the motion depending
on the angle of inclination (Birn-Jeffery and Higham, 2014). In order to avoid injury during
climbing, birds prevent uncontrolled movement using their feet as the first and last contact with
the surface (Pike and Maitland, 2004) and maintain balance with their wings (Necker, 2006).
There are also some birds that use their tails to balance themselves (e.g. woodpeckers; Short,
1970). Mammals grasp substrates using their extremities and the frictional properties of the
surfaces are essential for securely holding and climbing on inclined planes (Adolph et al., 1993;
Schmitt, 2010). Studies examining bird locomotion on inclines have mainly focused on the
mechanical demands of hindlimbs (e.g., Daley and Biewner, 2003; Gabaldon et al., 2004), with
less focus on the forelimbs or wing mechanics (Birn-Jeffery and Higham, 2014). Wing and
forelimb functions are important factors that should be considered when investigating inclined
surface locomotion (Autumn et al., 2006; Lammers et al., 2006; Lee, 2011). It is known that
several wild birds such as the Brush-turkey (Alectura lathami), Black–billed magpie (Pica
hudsonia), Chukar partridge (Alectoris chukar) and the Rock dove (Columba livia) employ agedependent modes of locomotion during walkway ascent: asymmetric flapping immediately after
fledging transitions to wing-assisted incline running (WAIR), in which the wings generate forces
that supplement the work of the hindlimbs by accelerating the animal upward and toward the
substrate (Dial et al., 2008; Jackson et al., 2009; Tobalske and Dial, 2007). Later, even when the
birds are fully capable of flying upward, in some circumstances they still preferentially perform
WAIR.

7

As natural environments are spatially complex,

precocial birds, including ducks

(Anseriformes) and pheasants and their allies (Galliformes), are likely compelled to move
through this complexity during their development and before they are fully capable of flight.
Recent research has demonstrated that they vary the relative contributions of their legs and wings
as a function of their developmental state (Dial and Carrier, 2012). In a laboratory setting Muir et
al., (1996) and Muir (2000) showed that domestic fowl chicks are able to locomote using only
their legs within 6-8 hours after hatching and that young chicks prefer to be in contact with the
horizontal ground supported by two legs.

However, when escaping on level ground young

chicks prefer to walk or run with the additional assistance of their wings (Collias and Collias,
1967). Under natural conditions, adult domestic fowl spend 70% of their active time foraging
while walking on the ground (Collias et al., 1966). When threatened, Galliformes can outrun
predators and use their wings for brief escape flights (Dial and Jackson, 2011). Domestic hens
seek elevated refuges only when they are threatened or roosting (Jones and Göth, 2008). When
roosting, they fly up to the lowest branch of a tree and from there make their way further up by
moving from branch by branch. They return by flying directly to the ground (Savory, personal
communication; see Moinard et al., 2004).
In complex non-cage housing systems for commercial egg production, domestic fowl are
at a high risk of bone damage from collisions with the environment (Harlander-Matauschek et
al., 2015) due to increased locomotion (up to 80% in adult birds; Wilkins et al., 2004). Although
these systems vary in design, they generally consist of multiple stacked tiers (as high as 4 m (C.
LeBlanc, unpublished observation)) in a shelf-like manner allowing for increased space as well
as providing essential resources on the different tiers (food, water, nests, or perches) (Aerni et al.,
2005). On average, the heights of the 1st two tiers are 70 cm and 160 cm in commercial settings.
Domestic fowl must be able to reach these tier heights in order to gain access to resources but are
often not provided with a climbing aid to do so. Providing a continuous path or walkway may be
important for birds to make safe transitions from the ground to the multiple tier levels. A primary
motivation for our present study was to improve understanding of mechanisms developing
chickens use for navigating complex 3D environments; as such information may be useful for
improving animal welfare in agricultural systems.
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In the current study, we investigated age-dependent responses of domestic fowl of four
commercial strains (Lohmann LSL lite, Dekalb White, Lohmann Brown, and Hyline Brown) to
various inclined surfaces in order to reach an elevated tier in a test arena. To determine potential
differences in locomotor performance on various inclines, we assessed the following: (1) Do
domestic fowl successfully climb various inclined surfaces for two different tier heights? (2)
How do birds differ in their mode of locomotion (for example: walking, WAIR or aerial ascent)
as inclines become steeper? (3) Are the success rates and modes of locomotion dependent on (a)
experience, (b) strain or (c) surface material? (4) Do bird morphometrics or kinematics
contribute to locomotor performance?
First, we hypothesized that domestic fowl would require different strategies for
successfully managing the two different tier heights. Based on prior research using wild-type
birds (Dial, 2003; Jackson et al., 2009), we predicted that domestic chickens would show an
increase in the use of wing-assisted locomotion when ascending steeper inclines and that the
performance on steeper inclines should vary with experience (age), wing loading (weight per unit
wing area), wing kinematics and surface substrates with different friction or grip.
2.4 MATERIALS AND METHODS
2.4.1 Ethical statement
This study was approved by the University of Guelph Animal Care Committee (Animal
Utilization Protocol Number 2501) prior to testing.

2.4.2 Animals and housing
A total of 40 chicks (Lohmann Brown, Lohmann LSL lite, Dekalb White and Hyline
Brown) were used in this experiment. There were approximately 10 birds in each home pen
(strains were separated by pen), and 20 test birds were chosen randomly (5 birds of each strain)
at the start of the experiment (1st week of life) and individually tagged. The home pens (182 x
243 x 280 cm) contained wood shavings on the floor, a total of four platforms at two platform
heights mirrored within each pen (70 cm and 160 cm), and a wooden ramp (width = 15 cm) and
ladder (width = 15 cm) at 45° to vertically connect them. The birds were provided with a dark
brooder box with a heat pad until they were 8 weeks of age, and nest boxes were put in each pen
9

at 16 weeks of age. Birds were provided with nipple drinkers and commercial feed in round
feeders ad libitum. Also, the birds were supplemented with hay and straw. Standard commercial
management by the University of Guelph Arkell Poultry Research Station staff was provided.

2.4.3 Experimental design
Starting in their second week of life, the 20 domestic fowl comprising four different
strains (5 birds per strain) (Lohmann Brown, Lohmann LSL lite, Dekalb White and Hyline
Brown) were tested on seven walkway inclines (0 (horizontal control), 20, 30, 40, 50, 60, 70º),
with two different walkway (15 cm wide) surface materials (60-grit Mastercraft sandpaper and
2.5 cm2 wire mesh grid), at two constant tier heights (70 cm and 160 cm). Horizontal starting (37
cm length on the ground) and landing (41 cm length) platforms flanked the ramp sections.
Chicks were trained to move up the walkway in the first week of life. The inclines tested for the
higher tier (160 cm) did not include 0º and 20º due to space limitations within the test arena.

Each test consisted of an individually neck-tagged (Ketchum, Canada) subject beginning
in the start box until the start door was lifted after a 3 second pause by the experimenter. The
subject then had one minute (determined from pilot study) to climb up to the tier height being
tested. Chicks were provided with motivation to climb using 5 same-age and same-strain chicks
(pen mates) in a crate on each tier in addition to providing a tablespoon of their commercial feed
along with 5 raisins for each tier. Experimenters were blinded to the strains as much as possible
during the entire testing period. All subjects were presented with inclines in a systematic
variation of increments/decrements (weeks 2, 3, 4, 5, 6, 7, 8, 9, 11, 13, 15, 17, 19, 21, 26, 31, and
36). In each testing week, all birds were tested once on both surface materials for every ramp
incline for each tier height. Once the birds started to lay eggs at 17 weeks of age, testing began in
the late morning to allow for eggs to be laid before testing. Experimenters observed the
behaviour of each subject for each incline tested (See Ethogram, Figure 2.7.1) from outside the
test arena via a Japan’s Victor Company (JVC) application on an ipad® mini (see video, below)
in order to avoid visual distractions for the birds. When birds were successful (reached the tier
height and did not reach the one minute maximum time to initiate ascent), the mode/modes of
locomotion were observed and recorded for each test.
10

2.4.4 Video
Each individual test was video recorded using a JVC GC-PX100BU HD Everio
camcorder (high speed video capture, 600 Hz) that was mounted within the test arena. The
videos served several functions in addition to capturing the behavioural data of each bird. From
these videos, we calculated wing beat frequency (Tobalske and Dial, 1996), wingbeat amplitude
(distance from wingtip at peak upstroke and downstroke) (Tobalske and Dial, 2000), and change
in angle of wingbeat (degrees) to calculate angular velocity (radians/second) (Dial et al., 2008).
2.4.5 Morphometrics and kinematics
Each subject was weighed and photographed with their wings spread against a solid
background in order to obtain wing area (analysed in ImageJ®) to calculate wing-loading (body
mass divided by surface area of both wings) (Dial and Jackson, 2011). These variables were
measured on a weekly basis for weeks 2-9 of testing, biweekly for weeks 11-21, and every 5
weeks from weeks 26-36. Low wing-loading (large wings relative to body size) represents the
ability to produce high aerodynamic forces relative to body weight.
In weeks 2-9 of life, video records from the individual birds that performed WAIR on the
50° incline (majority of WAIR behaviour was performed on the 50° incline) with the coarse
sandpaper (60-grit Mastercraft) surface substrate were digitized frame by frame, in order to
calculate wingbeat frequency, wingbeat amplitude and wing angular velocity. All values for
body mass, wingbeat frequency, wingbeat amplitude and angular velocity were log transformed
to derive linear scaling relationships. Angular velocity of the wing was calculated as total
angular excursion of the wing divided by wingbeat duration (radians per second).
2.4.6 Statistical analyses - behaviour
Data were analyzed in 3 groups: weeks 2-4, 5-7, and 8-36. The purpose of the analysis of
weeks 2-4 was to compare how chicks managed the inclines for only the 1st tier height (70 cm)
and using only the sandpaper covered ramps. Testing on the wire mesh grid began when birds
were 5 weeks of age when their feet were physically large enough to grip the grid and not fall
through. Analysis of weeks 5-7 compared the behaviour of the birds on both (sandpaper and wire
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mesh grid) surface materials for the 1st tier height only (70 cm). Birds were only tested on the 2nd
tier height (160 cm) when they were observed to reach the same height in their home pens (8
weeks of age). Finally, analysis of weeks 8-36 compared the behaviour of the birds on both
surface materials (sandpaper and raised wire mesh grid) for both tier heights (70 and 160 cm).
Statistical analyses were performed using the generalized linear mixed model procedure
(PROC GLIMMIX) in SAS version 9.4 (SAS Institute Inc., Cary, NC, USA, 2012). Plots of
studentized residuals were used to assess normality and confirm the best fitting distribution. Full
models with all fixed and random effects were then fit to the appropriate distribution and model
fitting criteria (AIC) were used to select the best fitting model.

The proportion of success, walking, WAIR, and aerial ascent for each walkway test was
calculated (N= 5 for each strain, total N= 20 birds) based on a binary distribution. For weeks 2-4
analysis, the strain, week (age), incline and interactions (strain*week, strain*incline and
week*incline) were included as fixed effects. For weeks 5-7 analysis, the strain, week (age),
incline, material, and interactions (strain*week, strain*incline, strain*material, material*week,
week*incline, and incline*material) were included as fixed effects. For weeks 8-36, the strain,
week (age), incline nested within tier height, material, and interactions (strain*week,
strain*incline, material*week, week*incline, incline*material, tier*material, tier*week,
tier*strain, incline (tier), material*incline (tier), strain*incline (tier), and week*incline (tier))
were included as fixed effects. The incline was nested within tier height because there were
different inclines tested for each tier height (0° and 20° were not tested for the higher (160 cm)
tier height). All 3 sets of analysis (weeks 2-4, weeks 5-7 and weeks 8-36) included the covariable of week*wingloading. Parameters were estimated using LAPLACE integral
approximation (METHOD=LAPLACE). A compound symmetry structure (TYPE=CS) was fit
with bird nested within strain as the repeated measure subject. All dependent variables (count
outcomes) were fit with complementary log-log link (LINK= CCLL). Denominator degrees of
freedom were determined using the Containment method in the GLIMMIX procedure (Littell et
al., 2006). Results are presented as mean estimates ± standard error of the mean in the results,
and raw data are presented as percentage of birds ± standard error in the graphs. Statistical
comparisons performed on the model scale were considered significant at P <0.05, and displayed
in the graphs if P<0.05, P<0.01 and P<0.001.
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2.4.7 Statistical analyses – morphometrics and kinematics
The same statistics program and model were used for the morphological and kinematic
data except for some minor differences. The Gaussian distribution was fit for all the following
variables: wingloading, log body mass, log wingbeat frequency, log wingbeat amplitude and log
angular velocity. A first order autoregressive covariance structure (TYPE=AR (1)) was fit as the
repeated measure subject for the wingloading, log body mass, log wingbeat frequency and log
angular velocity data. A heterogeneous AR (1) covariance structure (TYPE= ARH (1)) was fit as
the repeated measure subject for the log wingbeat amplitude variable. The Kenward-Roger
method (DDFM= KR) was used to determine denominator degrees of freedom for wingloading
and log body mass data. The Containment method (DDFM= CONTAIN) was used to determine
denominator degrees of freedom for log wingbeat amplitude, log wingbeat frequency and log
angular velocity.
Wingloading results are presented as an average for each strain across week ± standard
error of the mean.
Results are presented as raw data for log wingbeat frequency, log wingbeat amplitude and
log angular velocity plotted against log body mass ± standard error and all statistical differences
were considered significant for P < 0.05.
2.5 RESULTS
2.5.1 Weeks 2-4 (1st tier height only and sandpaper covered inclines)
All chicks were successful on 0°, 20°, 30°, and 40° inclines. When considering 50° and
60° (F1, 129.5 =4.19, P=0.0427), the number of successful tests (per bird) decreased (93% and
62%) as the inclines became steeper (t129.5 = 2.05, 2.79±1.36, P= 0.0427). All chicks performed
walking behaviour on 0°, 20°, 30°, and 40°, and therefore did not employ WAIR.

When considering 50° and 60° inclines, chicks performed walking and WAIR behaviour
on the 50° incline, but did not perform walking behaviour on the 60° incline. There was a
significant (F3, 128.9 = 3.24, P=0.0243) strain*incline effect for WAIR behaviour which can be
attributed to the fact that Lohmann LSL lite chicks performed more WAIR on 60° (83% of birds)
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compared to 50° (42% of birds) (t128.9 =-2.23, -1.52±0.70, P= 0.0275). All other strains
performed more WAIR on 50° (71% of birds) compared to 60° (53% of birds).
2.5.2 Weeks 5-7 (1st tier height and both surface materials on the inclines)
All birds were successful on 0°, 20°, 30°, and 40° inclines for both materials. When
considering 50°, 60° and 70° for both materials, there was a significant (F 4,279.3 =2.86, P=0.0237)
week*incline effect. This could be attributed to an increase in success rate across weeks (weeks
5, 6 and 7) for the 50° incline, but not for the 60° and 70° inclines (Fig. 2.7.2A). In week 6, there
was a lower number of successful tests compared to weeks 5 and 7 on the 60° and 70° inclines
(Fig. 2.7.2A).
There were also significant material*incline (F 2, 279.3 =4.75, P=0.0093) and material*week
(F2, 279.3 =4.73, P=0.0096) effects for successful tests. For both materials, there was no difference
in the number of successful tests on the 50° incline; however as inclines became steeper (60° and
70°), birds were more successful on the wire grid material (60°: t279.3 = - 3.70, - 1.29±0.35, P=
0.0003; 70°: t279.3 = - 4.89, - 2.27±0.46, P< 0.0001) compared to the sandpaper material. In
addition, as the birds aged, they were more successful on the wire grid material. However, on
sandpaper covered inclines, birds were more successful in weeks 5 and 7 compared to week 6
(Fig. 2.7.2B).
All birds performed walking behaviour on 0°, 20°, and 30° inclines, and did not perform
WAIR behaviour. There was a significant (F 1, 58 = 7.35, P= 0.0074) material*incline effect when
considering walking behaviour on 40° and 50° inclines. As inclines became steeper (50°) there
was much less walking behaviour performed on the sandpaper material (40°: 85% of birds; 50°:
17% of birds) compared to wire grid material (40°: 95% of birds; 50°: 78% of birds) (t158 = -5.16,
-3.14±0.61, P< 0.0001). Birds did not perform any walking behaviour on 60° and 70° inclines for
both surface materials.
Similar to weeks 2-4, birds did not perform WAIR behaviour until ascending 50°, 60°
and 70° inclines. There was a significant (F 4,265 =3.50, P= 0.0083) week*incline effect which
may be due to the fact that in weeks 6 and 7 birds performed WAIR behaviour less often as the
inclines became steeper, but birds in their 5 th week of life performed more WAIR on 60° (45% of
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birds) compared to 50° (34% of birds) (t 265 = -2.82, -1.49±0.53, P= 0.0051). There was also a
significant (F2, 265 = 18.94, P< 0.0001) incline*material effect for WAIR behaviour. Birds
performed more WAIR behaviour on the sandpaper material for the 50° incline (t265 = 5.24,
2.25±0.43, P< 0.0001), but the opposite occurred for the 70° incline due to birds performing
more WAIR on wire grid material (Fig. 2.7.3A). There was also a significant (F 2, 265 = 5.83, P=
0.0033) week*material effect, which can be attributed to the fact that birds performed more
WAIR on the sandpaper material in week 5, but as the birds increased in age (weeks 6 and 7),
they performed more WAIR on the wire grid material (Fig. 2.7.3B).
Aerial ascent did not begin until the birds were in their 4 th week of life. However, during
weeks 5-7 when considering 40°, 50°, 60° and 70°, there were significant (F 3,372 =7.42, P<
0.0001) incline and (F1,372 =15.10, P= 0.0001) material main effects. Birds performed
significantly more aerial ascent on the 60° (25% of birds) and 70° (29% of birds) inclines
compared to 40° (6% of birds) and 50° (7% of birds) (60° vs. 40°: t372 = -3.27, -1.68±0.51, P=
0.0012; 60° vs. 50°: t372 = -3.33, -2.04±0.61, P= 0.0010; 70° vs. 40°: t372 = -3.39, -1.75±0.52, P=
0.0008; 70° vs. 50°: t372 = -3.43, -2.11±0.62, P= 0.0007). In addition, birds performed more aerial
ascent on inclines with wire grid surface material (24% of birds) compared to sandpaper surface
material (9% of birds) (t372 = -3.89, -1.60±0.41, P= 0.0001).
2.5.3 Weeks 8-36 (1st and 2nd tier heights with both surface materials for each)
During this stage of development, birds were successful at mastering 20°, 30°, and 40°
inclines. When considering 50°, 60° and 70° there was a significant (F 2,2330 = 5.74, P= 0.0033)
material*incline(tier) effect (Fig. 2.7.4A). Interestingly, when birds were tested on the higher tier
(160 cm), the wire grid material was more important for success, which was reflected by this
interaction. For sandpaper covered inclines, there was a significant decrease in success rate for
the 2nd tier height (39%, 17%, 5%), but not for the 1 st tier height (77%, 67%, 66%) (Fig. 2.7.4A).
There was also a significant (F 6, 2330 =2.47, P= 0.0218) strain*incline (tier) interaction for
bird success (Fig. 2.7.4B, 2.7.5). On the 1st tier height, birds were always more successful at 50°
while there was no difference in success at 60° and 70° (Fig. 2.7.4B). However, on the 2nd tier, as
inclines became steeper, Lohmann LSL lite, Lohmann Brown and Dekalb White birds
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experienced a significant decrease in their success rates, but Hyline Brown birds did not have a
significant decrease in success from 60° to 70° (Fig. 2.7.5).
All birds performed walking behaviour on 0°, 20° and 30° inclines, and did not perform
WAIR. When considering a comparison between 40° and 50° there was a significant (F 3,

1481

=

5.31, P= 0.0012) strain*incline interaction. For sandpaper material covered inclines, the
Lohmann Brown strain was the only strain to perform walking behaviour on the 50° incline for
both tier heights (Fig. 2.7.6A). For the wire grid material, the Hyline Brown, Lohmann Brown
and Dekalb White birds demonstrated a decrease in walking behaviour as the inclines became
steeper (50°), but the Lohmann LSL lite strain demonstrated the same amount of walking
behaviour for both inclines (Fig. 2.7.6B). Birds did not perform any walking behaviour on 60°
and 70° inclines for both surface materials.
There were also significant (F3,
1481

1481

= 3.12, P= 0.0252) strain*material and tier*strain (F 3,

= 4.19, P= 0.0058) interactions. All strains performed more walking behaviour on the wire

grid material compared to the sandpaper material however; the difference was much greater for
Hyline Brown birds compared to the other strains. This was demonstrated by the fact that
Lohmann Brown birds performed significantly more walking behaviour on the sandpaper
material compared to Hyline Brown (t1481 = -2.61, -1.11±0.43, P= 0.0092), and conversely, the
Hyline Brown birds performed

significantly more walking behaviour on the wire grid material

compared to the Dekalb White birds (t1481 = 1.96, 1.04±0.53, P= 0.0497). Lohmann LSL lite and
Lohmann Brown demonstrated no differences in the amount of walking behaviour when
comparing both tier heights. Hyline Brown birds (t1481 = 2.28, 1.23±0.54, P= 0.0229) and
Lohmann Brown birds (t1481 = 2.87, 1.43±0.50, P= 0.0042) performed significantly more walking
behaviour compared to Dekalb White birds on the 1 st tier height.
Birds started to perform WAIR at 40° and continued to do so at 50°, 60° and 70°. There
was a significant (F30,

3180 =

1.62, P= 0.0179) week*incline (tier) interaction. When considering

the 1st tier height, birds in weeks 8 (t3180 = -3.41, -1.91±0.56, P= 0.0007), 9 (t3180 = -3.68, 2.46±0.67, P= 0.0002) and 11 (t3180 = -3.66, -2.45±0.67, P= 0.0003) performed more WAIR
behaviour on steeper inclines (60°) compared to 40°. As the birds grew older in week 13 (t3180 =
3.11, 2.63±0.85, P= 0.0019), 17(t3180 = 1.98, 1.62±0.82, P= 0.0476), 19 (t3180 = 3.87, 4.56±1.18,
P= 0.0001), 21 (t3180 = 2.77, 1.98±0.71, P= 0.0057), 26 (t3180 = 5.08, 4.10±0.82, P<0.0001), 31
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(t3180 = 2.99, 3.64±1.22, P= 0.0028) and 36 (t3180 = 4.15, 3.65±0.88, P< 0.0001) they performed
more WAIR on shallower inclines (40° and 50°) compared to the steeper inclines (60° and 70°).
For the 2nd tier height, when the birds were 8 weeks of age (t318 = -3.71, -3.99±1.06, P= 0.0002)
they performed more WAIR on 70° incline compared to 40°, and as they matured (weeks 13-36)
they demonstrated no differences in WAIR behaviour for the inclines.
Birds started to perform aerial ascent on the 40° incline and continued for 50°, 60° and
70° for this age class. There were significant (F 3,

3183

= P< 0.0001) material*incline and (F 10,

3183

= 2.51, P= 0.0084) week*material interactions. Birds performed significantly more aerial ascent
on the sandpaper material at 50° (t3183 = 6.13, 2.30±0.40, P< 0.0001) and 60° (t3183 = 4.13,
0.93±0.22, P= <0.0001), but this was the opposite for 70° (t3183 = -2.85, -0.68±0.24, P= 0.0044),
where birds performed more aerial ascent on the wire grid material. As birds developed, there
was an increase in the number of birds performing aerial ascent on both materials, however there
was more of a dramatic effect for the sandpaper material; the difference in the amount of aerial
ascents performed for the materials was much greater. Birds at 31 weeks of age (t 3183 = -2.55, 2.55±1.00, P= 0.0108) and 36 weeks of age (t3183 = -2.42, -3.32±1.37, P= 0.0157) performed
significantly more aerial ascents compared to birds at 15 weeks of age on the sandpaper material.
2.5.4 Morphometrics and kinematics (weeks 2-9)
The body mass of the birds had a significant strain*week interaction (F 21,54.44 =4.21,
P<0.0001) which could be attributed to Hyline Brown birds and Lohmann Brown birds having
the lowest body masses in week 2 of life, but then increased to the highest in week 9.
Conversely, the Lohmann LSL lite birds and Dekalb White birds demonstrated the highest body
mass in week 2 but then decreased to lowest in week 9. There was an obvious increasing trend in
wing-loading throughout development, with brown strains having higher wingloading compared
to white strains (Fig. 2.7.7). However, there was no effect of week*wingloading as a co-variable
across all age groups.
The wingbeat frequency and wingbeat amplitude of the birds changed as the bird’s
increased in body mass (wingbeat frequency: F 1, 35.9 = 9.05, P= 0.0048; wingbeat amplitude: F1,
9.89 = 45.27, P<

0.0001) (Fig. 2.7.8A and 2.7.8B). The wingbeat frequency gradually decreased as

body mass increased while the wingbeat amplitude gradually increased. There was no effect of
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strain for wingbeat frequency and wingbeat amplitude (wingbeat frequency: F 3, 26.8 =1.70,
wingbeat amplitude: P= 0.1916; F3, 8.88 =1.28, P= 0.3393). The angular velocity did not change as
the bird’s body mass increased (F1, 35.9 =0.02, P= 0.8904) and there was also no effect of strain
(F3, 32.3 =1.15, P= 0.3442) (Fig. 2.7.8C).
2.6 DISCUSSION
In this study we tested four strains of domestic fowl throughout development in their
ability to ascend inclined ramps of varying heights, angles and surfaces. The main results
indicate that chicks and mature birds were able to master inclines of up to 40° with only walking
behaviour, and performed WAIR to ascend steeper ramps. In addition, wire grid surfaces
provided grip to help birds climb – especially steeper inclines. We observed that chicks were
more successful in performing WAIR than older birds, and particular strains were more
successful than others.
All birds from two weeks old through maturity were successful in ascending ramps at
20°- 40° angles at 70 cm and 160 cm heights without the use of their wings. These results do not
reflect the expectation that motor development would first require birds to undergo significant
morphological changes (Dial and Carrier, 2012). These include body size, tail muscle function,
feather development, and claw length and curvature. Chicks’ heads and torsos are relatively large
compared to their legs and wings, and vice versa for adult domestic birds. It has been observed
that tail and feather function contributes to lift, while claw function allows for more controlled
motion up the ramp (Gatesy and Dial, 1996; Tobalske and Dial, 2007). More developed claws
are able to interact with the grooves on the ramp and provide an upward force (Bock and Miller,
1959). Since no differences were observed within the 20°- 40° range in the present study, these
morphological changes did not alter the birds’ abilities to walk on these inclines.
Chicks and mature birds had different amounts and different sources of motivation to
ascend the inclines (Ryan and Deci, 2000). The birds might have found the task itself rewarding,
associating a positive experience with exercising and extending their willingness to climb.
Incentives included food rewards, seeing or hearing a conspecific, and desiring to reach the top
with intrinsic motivation. Without providing social attraction or food rewards, birds would not be
motivated to use elevated surfaces, especially at less than 9 weeks of age (Kozak et al., 2015
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submitted). In this study, reaching conspecifics as chicks seemed to be the most important and
this desire decreased over time. It has been demonstrated chicks become distressed when they
are alone or away from their group, and this behaviour stops once they are reunited with their
conspecifics (Collias and Collias, 1967). Date from the current study indicates that as birds
matured they ignored their conspecifics and food rewards or intrinsic motivation took
precedence. Other studies have also found that after 2 weeks of age, chicks begin to increase
their distance from their conspecifics and explore their environments (Muir et al., 1996; WoodGush, 1971). This distance continues to increase as the chick’s mature as they develop positive
associations with other resources such as raisin food rewards.
When ramps were configured at angles greater than 40° for both tier heights (70 cm and
160 cm), there was an increased use of WAIR. The birds used their wings to create an upward
force or to maintain balance and control while ascending the ramp (Heers et al., 2014; Dial,
1992; Dial, 2003; LeBlanc et al., 2015 submitted). This type of motion, WAIR, requires much
more energy compared to walking (Crabtree and Newshome, 1972). The birds make use of their
breast muscles (pectoralis major) to generate enough force to assist with climbing (Tobalske and
Dial, 2007; Jackson et al., 2011). In the case of inclined motion, gravity acts down the ramp and
opposes the motion. The larger the angle, the more force required by the bird to move. In this
study, the amount of WAIR performed on steep inclines (60° and 70°) was dependent on age and
strain. Young birds demonstrated successful WAIR more frequently than older birds, especially
for the Lohmann LSL lite strain. They were able to do this by making use of their fluffy,
feathered wings to climb the steep slopes. In general, young birds were found to have lower
wing-loading (ratio of weight to surface area of the wings) which requires less propulsion to
move. Birds of the white strain (Lohmann LSL lite and Dekalb White) had the lowest wingloading when compared to the brown strains (Lohmann Brown and Hyline Brown). An
interesting finding was that morphological differences at a young age did not affect the angular
velocity of the wings during WAIR, which means that young birds performed it with similar
kinematics to mature birds. This is consistent with a “fundamental wing stroke hypothesis” that
juveniles perform a similar wing pattern until adulthood, which may be intrinsic to the motor
program of developing birds (Dial et al., 2008).
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It is important to animal welfare that domestic fowl develop these appropriate techniques
at a young age (Harlander-Matauschek et al., 2015), which we observed in this study. The force
that propels a bird (air resistance on the wings) depends mostly on the surface area and angular
velocity of its wings. As a result, younger birds are more capable of ascending steep ramps using
WAIR despite not having undergone many morphological developments.
The capacity to use WAIR and, in general, the ability to ascend ramps depended on the
amount of friction and grip provided by the ramp. Domestic birds may act on similar information
to that of children to assess an incline, who make use of exploratory looking and touching
movements (Adolph, 1995). Children do this by stretching the skin of their digits/toes to touch
the inclined surface and adjust their movement to avoid a backward or sideways slip. Similar
patterns are exhibited by wild-type chukars (Alectoris chukar), where birds make little to no
forward progress on non-textured inclines due to slippage, even though the birds used their fully
functional wings to assist them (Dial, 2003). In our trials, all birds were more successful in
reaching the tier levels on wire grid surfaces than sandpaper ramps. Hyline Brown birds
demonstrated increasingly more walking behaviour on the wire grid surfaces as they increased in
age (weeks 8-36). This could be because white strains have retained more instinctive tendencies
to perform wing-associated behaviours associated with predator-escape throughout selection in
comparison to brown strains (Hakansson and Jensen, 2005).
As birds mature, they develop morphological features that can have variable effects upon
ground and aerial movement. Tail muscle function assists locomotion by providing lift,
movement control and balance (Gatesy and Dial, 1996). This has been observed in peacocks
(Askew, 2014) and barn swallows (Balmford et al., 1993). Also, tail feather coverage may
decreases the amount of lift required from the wings during ascent. Alternatively, the additional
surface area from the feathers results in more drag acting against the motion (Veit and Jones,
2003). Whole body feather coverage has been shown to affect balance in domestic fowl, with
poor feather coverage demonstrating a decrease in rotational and linear balance on an elevated
moving perch (LeBlanc et al., 2015 submitted). In this study the birds had intact feather cover
throughout the entire testing period, which may have contributed to the high success rates.
Another feature affecting locomotion is claw length and curvature. In woodpeckers, claw length
and curvature have been shown to be important for assisting in climbing, especially in nature
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where it is essential for bird’s claws to dig into the bark of a tree while climbing it (Bock and
Miller, 1959). This is applicable to the wire grid surfaces, where developed claws would be able
to grasp the wire more effectively.
On inclines greater than 40°, birds performed aerial ascent behaviour more frequently as
they increased in age (weeks 8 -36). Mature birds had larger wing-loading and had to produce
larger aerodynamic forces to overcome gravity. Why is it that birds perform more aerial
behaviour when they need to produce larger aerodynamic forces? Perhaps the morphological
developments mentioned previously contributed to the success by providing more control,
balance and lift (Gatesy and Dial, 1996; LeBlanc et al., 2015 submitted). Increased development
of the mass of flight muscles was probably important (Dial and Carrier, 2012). Other features
may have increased the bird’s coordination and confidence over time. Interestingly, birds
performed more successful aerial behaviour when tested on the wire grid surface compared to the
sandpaper surface. They began by grasping the wire grid before flight to provide a take-off force
(C. LeBlanc, unpublished observation). When a bird lands, the momentum from their motion
tends to cause difficulties and instability. Therefore, grip on the landing surface was also
essential. It is possible that other features of the surfaces contributed to the amount of aerial
ascent behaviour performed such as ramp width (15 cm), but this was not tested in the current
study.
Keel bone damage can have an effect on wing-associated behaviours, since the wing
muscles are attached to the keel bone and pain may inhibit use of the muscles (Proctor and
Lynch, 1993). In this study, there were no keel bone injuries or fractures found in the birds at the
end of the study, which was determined via palpation. This may be because they were trained
and tested on inclines starting from their first week of life until they were fully developed.
During this time the birds may have developed sufficient muscle and bone strength to protect
their keels from fractures or damage.
This research provides new insight on how domestic chicks and mature fowl can walk up
ramp inclines up to 40° without the assistance of their wings, but must use their wings on steeper
inclines. A wire grip surface enabled more effective ascent than sandpaper on all inclines and
also facilitated takeoff and landing. Lastly, presumably because of muscle development, mature
birds were more willing to perform aerial behaviour compared to young chicks regardless of
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increased wing-loading. Providing inclined walkways within rearing environments in agricultural
settings will likely provide chicks with locomotor experience that should improve their capacity
to safely negotiate complex rearing and laying environments (LeBlanc et al., 2015 submitted;
Harlander-Matauschek et al., 2015).

2.7 TABLES AND FIGURES
Success: bird reaches the tier height being tested, with both feet on the tier
Fail: after 1 minute, the bird does not move up the ramp OR the bird moves away from
the test arena
Walk: putting one foot in front of another at any pace (bipedal), without any assistance
from the wings (no wing movement)
Wing-assisted incline running (WAIR): a combination of bipedal walking and wing
flapping, with no aerial time
Aerial ascent: use of hindlimb jumping in addition to aerial wing flapping.

Figure 2.7.1 Ethogram describing the behaviour of birds observed on the walkway inclines.
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Figure 2.7.2 Success rate to reach the 1st tier height on 50°, 60° and 70° inclines for four
strains (Hyline Brown, Lohmann Brown, LSL lite and Dekalb White) (N = 5 for each
strain, displayed together, total = 20) of birds in weeks 5, 6, and 7 of life (± s.e.m.).
(A) each incline across weeks.
(B) each material across weeks.
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Figure 2.7.3 WAIR behaviour performed to reach the 1st tier height on 50°, 60° and 70°
inclines for four strains (Hyline Brown, Lohmann Brown, LSL lite and Dekalb White) (N =
5 for each strain, displayed together) of birds in weeks 5, 6, and 7 of life (± s.e.m.).
(A) each material on the inclines.
(B) each material across weeks.
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2.7.4 Success rate to reach the tier on 50°, 60° and 70° inclines for four strains (Hyline
Brown, Lohmann Brown, LSL lite and Dekalb White) (N = 5 for each strain) of birds in
weeks 8-36 of life (± s.e.m.).
(A) each incline for both tier heights comparing the materials.
(B) each incline for the 1st tier height comparing the different strains.
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Figure 2.7.5 Success rate to reach the 2nd tier height on 50°, 60° and 70° inclines for four
strains (Hyline Brown, Lohmann Brown, LSL lite and Dekalb White) (N = 5 for each
strain) of birds in weeks 8-36 of life (± s.e.m.).
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Figure 2.7.6 Walking behaviour performed to reach the 1st and 2nd tier heights on 40° and
50° inclines for four strains (Hyline Brown, Lohmann Brown, LSL lite and Dekalb White)
(N = 5 for each strain) of birds in weeks 8-36 of life (± s.e.m.).
(A) sandpaper covered inclines for both tier heights within each strain.
(B) wire grid covered inclines for both tier heights within each strain.
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Figure 2.7.7 Average wing-loading (± s.e.m.) represented in a graph within four strains of
birds (Hyline Brown, Lohmann Brown, LSL lite and Dekalb White) (N = 5 for each strain)
throughout development.
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Figure 2.7.8 Log body mass relative to (A) log wingbeat frequency (B) log wingbeat
amplitude and (C) log wing angular velocity of four strains of birds (Hyline Brown,
Lohmann Brown, LSL lite and Dekalb White) (N = 5 for each strain, displayed together) in
weeks 2-9 of life tested on the sandpaper covered 50° incline.
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CHAPTER 3: Anticipation of inclines during terrestrial locomotion in domestic fowl
Manuscript format ready for submission.
3.1 ABSTRACT
Control of movement is important during daily life to prevent falls and injuries, especially when
encountering uneven surfaces. The present investigation measured modulation of hindlimb
movements and ground-reaction forces in domestic fowl (Gallus gallus domesticus, n = 20 birds)
anticipating the navigation of inclined surfaces. Determining the degree of incline that domestic
fowl anticipate appropriately is essential for providing the safest method to ascend vertically in
commercial housing systems. The effects of incline angle (0, 40 and 70 deg) and age (17 – 36
weeks) upon characteristics for the last foot contact before climbing were examined including:
vertical ground reaction force (GRF), step velocity, foot contact time and variation in center of
pressure (COP). Birds generated higher peak GRFs and had the longest foot contact time prior to
the steepest incline (70 degrees). There were no significant differences in peak GRFs between 0
and 40 degrees, but the birds had longer foot contact times before a 40-degree incline. Age did
not have a significant effect upon peak GRFs relative to body weight. Age and incline did not
have a significant effect upon COPx, COPy, and velocity (x and y). Overall, these data reveal
that even when birds are experienced at climbing inclines, the time they require for sensory
processing or decision making varies directly with the degree of the challenge before them and
that modulation of GRF is only required for the steepest inclines. Thus to minimize stress on
domestic fowl in aviaries, we recommend incline angles of < 40 degrees.
3.2 KEYWORDS: domestic fowl, inclines, locomotion, decision making, anticipation
3.3 INTRODUCTION
Locomotion can be categorized into three basic components: production of locomotor
movement, maintaining stability, and making adjustments to environmental cues or desired goals
(Forssberg et al., 1980). Control of movement is important during daily life, especially when
faced with uneven surfaces. When anticipating what forces are required to overcome an inclined
surface, animals must first predict or be aware of what is coming and take the appropriate action.
The ability to perceive the consequences of a given choice provides important information
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during cost-benefit analysis. When a task becomes difficult and the energetic cost is greater (for
example, walking over a steep incline), significantly more cognitive effort is required to make a
decision for climbing (Moffat, 2005).
Anticipatory behaviour is defined as goal-directed activity which occurs in the appetitive
or wanting phase just prior to receiving or obtaining a reward when the reward is not visible
(Craig, 1918). The behaviour can be locomotive or investigatory (Spruijt et al., 2001) and we can
quantify it in this case by measuring hindlimb motor responses (such as GRFs) (Sheehan and
Gottschall, 2012b). In order to maintain stability during motion, a sensory input such as vision or
touch conveys a message to the brain and a response is carried out by the motor system
(Borghuis et al., 2008). Failure to anticipate a surface or maintain balance effectively can lead to
falling or injuries (Sheehan and Gottschall, 2012a).
Animal locomotion on inclined surfaces is important in nature for escaping predators and
searching for food. Previous wild-bird locomotion studies have focused on age-dependent incline
maneuverability and wing-associated behaviour, such as wing-assisted incline running (WAIR)
(Dial et al., 2008; Jackson et al., 2009; Tobalske and Dial, 2007). WAIR involves the wings
producing forces that assist the work of the hindlimbs by accelerating the animal upward and
towards the substrate. Even when the birds are capable of flight, they may still choose to perform
WAIR. In a recent study, domestic fowl were tested on similar inclines to the wild-bird study and
investigated how chicks and adult fowl traversed up inclines of varying degrees (LeBlanc et al.,
2016 submitted). The results indicated that chicks and adult fowl can ascend 40-degree inclines
without the use of their wings. As the birds increased in age/experience they performed more
WAIR or aerial behaviour. Understanding which inclines domestic fowl can manage and the
mode of locomotion they use to navigate them can provide insight for the safe and effective use
of continuous vertical paths within commercial systems. However, it is also important to
consider what the domestic fowl visually perceive when approaching an incline that they are
motivated to climb.
Measuring motor responses from limbs provides information about how the motor system
reacts to sensory stimuli such as inclined surfaces. These responses can be measured through
their interaction with force plates on the ground. Ground reaction forces (GRFs) can provide
information on how different inclines are anticipated. Also, force plates can gather data
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pertaining to the stability of the transition step which are important for the prevention of falls.
This includes monitoring the centre of pressure and how it changes throughout a step. Stability
will depend on the speed and direction of this change (Kendell et al., 2010; Lemaire et al., 2006;
Schmid et al., 2005). To my knowledge, there have only been studies involving humans to
examine how sloped surfaces have an effect on the transitioning steps and the anticipation of
inclines. It was found that humans adapt to inclined surfaces with a unique anticipatory step
producing higher vertical ground reaction forces (GRFs) as inclines became steeper (Prentice et
al., 2004; Sheehan and Gottschall, 2011; Sheehan and Gottschall, 2012b).

The purpose of this study was to test for effects of inclination and age upon hindlimb
movement and ground-reaction forces during anticipation of climbing in domestic fowl during
their last foot-contact before transitioning. I measured locomotor variables including ground
reaction forces (GRF), step velocity, foot contact time and variation in center of pressure (COP).
Based on previous studies I hypothesized that domestic fowl will exert higher peak GRFs
(Sheehan and Gottshall, 2012a; Minetti et al., 1999), decreased velocity (Huey and Hertz 1984;
Farley 1997; Zaaf et al., 2001; Claussen et al., 2002; Pinch and Claussen 2003; Lammers et al.,
2006; Russell and Higham 2009; Prenter et al. ,2012), increased foot contact time and more
variation in COP (Chou et al., 2003) in the last step before transitioning as inclines become
steeper. These factors will also depend on experience/age as it has been shown to affect gait
variability in humans (Hausdorff et al., 2011).
3.4 MATERIALS AND METHODS
3.4.1 Ethical statement
This study was approved by the University of Guelph Animal Care Committee (Animal
Utilization Protocol Number 2501) prior to testing.

3.4.2 Animals and housing
Refer to Chapter 2 section 2.4.2.
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3.4.3 Experimental design
The present study provides quantified measurements of the 20 domestic fowl comprising
four strains (Lohmann Brown, Lohmann LSL lite, Dekalb White and Hyline Brown) aged from
17-36 weeks of age (see Table 1 for body measurements) and how they anticipate three incline
treatments: 0, 40 and 70 degrees. The inclined surfaces (15 cm wide) were covered in a wire
mesh grid surface (2.5 cm2 ) and reached a constant tier height (160 cm). Only adult hens, after
they began laying, were used for this study to maximize external validity with relation to
commercial housing systems. By this age, birds are housed in a more complex environment with
multiple tier heights and various ramp inclines. Refer to Chapter 2 for details on a broader range
of ages and treatments.
Similar to Chapter 2 section 2.4.3, each test began with the individual bird standing in a
closed box for 3 seconds until the start door was lifted by the experimenter. The subject then had
one minute (determined from pilot study) to step on the force plate (one or two feet) and climb
up to the tier height. Each bird was given a maximum of 2 trials if they failed to ascend the
incline or if they failed to step on the force plate (only successful trials where the bird placed
their entire foot/feet on the force plate were used in this study). The force plate and the 15 cm in
front of the start box were covered with sanded roofing material, and the birds had experience
with this material from their 1st week of life. A fail was defined as refusing to move up the
surface, moving away from the test arena or reaching the one minute maximum. Birds were
provided with motivation to climb using 3 same-age and same-strain birds (pen mates) in a crate
on the tier to indicate a refuge, with the additional lure of a tablespoon of their commercial feed
along with 5 raisins. All subjects were presented with inclines in random systematic order of
increments/decrements weekly (weeks 17, 21, 26, 31, and 36).
3.4.4 Limb measurements
Each bird was photographed on a weekly basis while being held on their left side against
a gridded background. The photos were used to measure tibiotarsus and metatarsus length of the
right leg (analyzed using ImageJ).
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3.4.5 Video
To avoid visual distractions for the birds, the experimenters observed each test from
outside the test arena using a high-speed video camera (JVC GC-PX100BU HD Everio;
720p/1080p resolution; high speed video capture, 600 Hz) remotely connected via wifi
streaming to an iPad mini (Apple, Inc.) The videos also served to confirm placement of one or
two feet on the force plate.
3.4.6 Force plate
The force plate (Bertec Corporation, Colombus, Ohio, United States) used was custom
made (15 cm X 15 cm) and had an internal digital preamplifier with a 16-bit digital signal output
via RS-485 format. The output was amplified using BERTEC AM6500, a digital signal
converter, which connected directly to a computer. Bertec Digital Acquire software was used to
obtain the force plate data recorded at a frequency of 1000 Hz. It recorded 6 channels of
internally-calibrated data including three axes of force (N) and three axes of moment (N*m):
vertical force (Fz), anterior-posterior force (Fx), medial-lateral force (Fy), and moments around
Mx, My, and Mz about the respective axes. Raw data was filtered using Loess (low-pass) via R
programming (Cleveland et al., 1992). Our variables for subsequent analysis included onset and
offset time of ground-reaction force (t1 and t2 ; s), peak Fz, variance in center of pressure about
the x and y axes (meters; COPx and COPy), and velocity about the x and y axes (m s-1 ; Vx and
Vy) computed using change in COPx and COPy as a function of time (i.e., t2 – t1 ).
3.4.7 Statistical analyses
Data files were categorized according to the number of feet (one or two) on the force
plate in the bird’s transitions to climb. Only the tests where the birds placed one foot on the force
plate were analyzed.
Statistical analyses were conducted using the generalized linear mixed model procedure
(PROC GLIMMIX) in SAS version 9.4 (SAS Institute Inc., Cary, NC, USA, 2012). Plots of
studentized residuals were created to evaluate normality and determine the best fitting
distribution. Full models with all fixed and random effects were then fit to the appropriate
distribution and model fitting criteria (AIC) were used to select the best fitting model.
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A repeated measures variance analysis for each variable (peak Fz relative to body weight,
variance of center of pressure (COPx and COPy), foot contact time and velocity (Vx and Vy)
was conducted. The week (age), incline and interaction (week*incline) were included as fixed
effects. Strain of the birds was removed from analysis due to no significant strain effects. A first
order autoregressive covariance structure (TYPE=AR (1)) was fit with bird as the repeated
measure subject. Due to heterogeneity of error, separate error variances were fit at each incline.
All dependent variables were fit with identity link (LINK= ID) and denominator degrees of
freedom were calculated using the Kenward-Roger method (DDFM=KR) in the GLIMMIX
procedure (Littell et al., 2006). Planned comparisons of interaction means were conducted by
comparing incline least square means within each week.

Analysis of variance for the tibiotarsus, metatarsus and total limb length measurements
was performed. The week (age) was included as the fixed effect. Due to heterogeneity of error,
separate error variances were fit. The dependent variable was fit with identity link (LINK= ID)
and denominator degrees of freedom were calculated using the Kenward-Roger method
(DDFM=KR) in the GLIMMIX procedure (Littell et al., 2006).

Results are presented as mean estimates ± standard error of the mean. Statistical
comparisons performed on the model scale were considered significant at P <0.05.

3.5 RESULTS
There was an effect of incline upon capacity to perform the test. All 20 birds were
successful in completing the task and stepped one foot on the force plate for the control (0
degrees) at each of the five weeks of testing; however this was not the case for 40 and 70 degree
inclines (Table 3.7.1). There were some birds that used two feet on the force plate to prepare to
ascend the 70 degree incline (week 17: N= 3, 15% ; week 21: N= 5, 25%; week 26: N= 9, 45%;
week 31: N= 6, 30%; and week 36: N= 4, 20%). Reasons for using two feet to ascend steep
inclines (70 degrees) include using jumping or flight to initiate climbing. For subsequent force
analysis, we only present data from one-foot contacts with the force plate to maintain
consistency.
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The hindlimb ground reaction forces (peak Fz relative to bodyweight) during the
transitions were dependent on the angle of inclination (F 2, 37.55 = 28.88, P<0.0001). Tests on the
70 degree incline experienced higher peak GRFs compared to the 40 degree inclines (-1.31±0.18,
t17.49 = - 7.32, P<0.0001) and the control (0 degrees) (-1.34±0.18, t17.08 = - 7.58, P<0.0001) (Table
3.7.2). There were no significant differences when comparing 40 degrees to the control (Table
3.7.2).

Domestic fowl did not demonstrate a significant difference in the Vx and Vy when
comparing the 3 different inclines across ages.

The force plate contact time of the domestic fowl depended on the angle of the incline
(F2, 41.28 = 10.73, P= 0.0002). There were longer foot contact times when transitioning to the 70
degree incline compared to the 40 degree incline (-11.27± 4.95, t26.36 = -2.27, P= 0.0313) and the
control (-17.12± 4.60, t19.81 = -3.72, P= 0.0014) (Table 3.7.2). There were also longer foot contact
times when transitioning to the 40 degree incline versus the control (-5.85±1.99, t78.28 = - 2.95,
P= 0.0042) (Table 3.7.2). In addition, there were no significant differences in variance of COPx
and COPy for all inclines tested across ages.

Tibiotarsus length of domestic fowl depended on their age (F 4, 58 = 3.41, P= 0.0143). At
36 weeks of age, birds had a significantly longer tibiotarsus length compared to week 17 (0.65±0.19, t58 = -3.52, P= 0.0009) and week 21 (-0.52±0.24, t58 = -2.19, P= 0.0324) (Table 3.7.1).
There was no age effect for metatarsus length.

3.6 DISCUSSION
This study investigated how domestic fowl of different ages anticipate inclined surfaces
by generating greater Fz GRFs, decreasing their step velocity, increasing foot contact time or by
altering their COP. All birds generated higher peak GRFs and had the longest foot contact time
for the steepest incline (70 degrees). There were no significant differences in the peak GRFs
when comparing 0 degrees (control) to 40 degrees, but the birds had longer foot contact times on
the 40 degree incline. The results indicate that domestic fowl exhibited the capacity to modulate
their movement to successfully prepare for different inclines.
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Consistent with the hypothesis that domestic fowl would generate higher peak GRFs for
the 70 degree incline, the birds adjusted their motor responses for these transitions. They
perceived the need to increase hind limb vertical forces prior to ascending the ramps in order to
be successful in the climb. Similar results were found in a study involving humans as they
adjusted their walking strategy prior to moving up a hill by increasing their GRFs (Sheehan and
Gottschall, 2012b). Anticipation of inclined surfaces had not been examined in other animal
species. However, species such as lizards (Sceloporus malachiticus) (Kramer and McLaughlin,
2001; Kohlsdorf and Biewener, 2006) and guinea fowl (Numida meleagris L.,) (Daley et al.,
2006) have shown to modify their locomotion based on environmental cues. These guinea fowl
were able to anticipate changes in their walking surfaces by adjusting their hind limb mechanics
based on the visual information they were provided (Daley et al., 2006). With the results of this
study, we have shown that birds are not only visually aware of their surroundings but also adjust
their neuromuscular responses appropriately.

In general, inclined surfaces require more locomotive adjustments within the
musculoskeletal system when compared to flat surfaces (Biewener and Daley, 2007). Contrary to
the hypothesis, this study showed no significant differences in the peak F z GRFs when
comparing the flat surface control to the 40 degree incline. The hypothesis was based on a
human study where they produced significantly higher vertical GRFs in their transition onto a 7
degree incline compared to level walking (Sheehan and Gottschall, 2012). The ground reaction
forces for the control and 40 degree incline are comparable to a previous study conducted on
domestic broiler chickens. Paxton and colleagues (2013) found that broiler chickens walking on
a flat surface tended to produce forces equal to or slightly more than their body weight during a
step, with peak GRFs not exceeding 1.4 times their body weight. The laying hens in the current
study had forces that did not exceed 1.34 times their body weight. By producing similar GRFs
for 0 and 40 degree inclines, most birds did not anticipate the extra force required and likely had
to adapt their gait once on the inclined surface. These results are supported in that birds do not
change their mode of locomotion when transitioning to 40 degree inclines compared to flat
surfaces (LeBlanc et al., 2016 submitted).
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There were no age based differences in the peak GRFs relative to body weight across the
inclines in this study (birds from 17- 36 weeks of age did not differ in the peak GRFs relative to
their body weight). However, the birds had significantly longer tibiotarsus length at 36 weeks of
age compared to younger birds (17 and 21 weeks of age). This might have gave the birds
decreased torque about the ankle joint, which results in more effort required to produce a GRF.
Therefore, the 36 week old birds may have required more muscular effort than the others to
provide the necessary GRF (per their weight) to ascend the inclines.

In order to ascend different inclines, birds had to consider both the strength and direction
of the force generated by their hind limbs. To increase their vertical speed, they had to either
increase GRF strength or the time the force is applied for. Both of these quantities are
proportional to the momentum change of an object in the direction of that force. The birds spent
a significantly longer period of time in contact with the force plate for steeper inclines, which
could be attributed to generating larger forces and needing more time to make a decision. Gatesy
and Biewener (1991) suggest that birds may keep their feet in contact with the ground for longer
time periods in order to gain better stability during locomotion. The birds of this study took 2.7
times longer to complete the step for the 40 degree incline and 5.8 times longer for the 70 degree
incline compared to a flat surface. Humans also tend to hesitate more when anticipating inclined
surfaces in order to avoid falls or injuries (Sheehan and Gottschall, 2012a).

Average COPx, COPy, Vx and Vy did not have any significant differences when
comparing across different inclines and ages of birds. We predicted that as inclines became
steeper birds would demonstrate an increase in variance of COP which would suggest that the
birds were not prepared to make the climb. With differences among means being insignificant, it
suggests the birds were prepared to make the transitions by consistently stepping in the same
spot to push off for climbing. This can be explained as birds were trained on these ramps from
their 1st week of life and they were provided with one minute to make their decision. Another
important observation is that the Vx values were similar in all cases despite there being less
forward and more vertical momentum required to ascend steeper inclines.
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Anticipating steep inclines effectively through cost-benefit analysis and understanding
how birds process information about their environment is important to consider for the design of
non-cage commercial systems and the prevention of falls and injuries. This research
demonstrates that domestic fowl anticipate steeper inclines (70 degrees) differently by producing
greater hind limb forces allowing them to safely transition onto the inclined surfaces. In the case
of the 40 degree incline, birds did not show a difference in GRFs compared to flat surfaces which
suggests birds had to adapt to the incline post transition or that hindlimb modulation was not
necessary. Longer force plate contact times for steeper inclines emphasizes that even when the
birds are trained on inclines, they still require more time for sensory processing or decision
making, generating additional force, or to gain stability for a more challenging task. The lack of
significance for COPx, COPy, Vx and Vy may indicate the birds were in control for each
transition, probably as a function of their training. Furthermore, this may indicate that birds have
the ability to use adaptive decision- making (Weller et al., 2010) by using their prior experiences
to properly evaluate potential gains and losses to make a choice in a given circumstance.

Overall, these data reveal that even when birds are experienced at climbing inclines, the
time they require for generating force varies directly with the degree of the challenge before
them and that modulation of GRF is only required for the steepest inclines. As a recommendation
to minimize stress on domestic fowl in commercial egg-production aviaries, we recommend
incline angles of < 40 degrees.
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3.7 TABLES AND FIGURES

Table 3.7.1 Average raw data (mean ± s.d.) body mass, tibiotarsus length, tarsometarsus length and total right limb length (N
values are presented for each measurement).

Age
(weeks)

40 degrees
N values

Age
(weeks)

Body mass (kg)

70 degrees
N values

Body mass (kg)

Tibiotarsus Length
(cm) N= 20

Right limb measurements
Tarsometatarsus Length
(cm) N= 20

Total (cm)
N= 20

17

16

1.34 ± 0.08

17

6

1.31 ± 0.06

9.4 ± 0.6

7.2 ± 0.6

16.6 ± 0.9

21

14

1.72 ± 0.14

21

2

1.65 ± 0.01

9.5 ± 0.3

7.2 ± 0.2

16.8 ± 0.5

26

19

1.78 ± 0.17

26

4

1.86 ± 0.21

9.7 ± 0.1

7.3 ± 0.7

17 ± 0.3

31

18

1.95 ± 0.17

31

4

1.89 ± 0.15

9.9 ± 0.4

7.3 ± 0.4

17.2 ± 0.7

36

13

1.97 ± 0.18

36

6

1.92 ± 0.17

10.0 ± 0.8

7.4 ± 0.6

17.4 ± 1.1

40

Table 3.7.2 Average raw data values of the transition step for all conditions in domestic
fowl (See Table 3.7.1 for N values). Bold numbers indicate significant from level walking. Bold
numbers with asterisk indicate significant from level walking and 40 degrees.
17 weeks of age:
Max. peak Fz (Newtons)

0 degrees (control)

40 degrees

70 degrees

14.57

14.23

24.53*

1.09

1.09

1.91*

Velocity x-direction (metres/second)

-0.0242

-0.0158

-0.0286

Velocity y-direction (metres/second)

-0.0439

-0.0201

-0.0229

3.79

12.09

33.56*

Variance of COPx (metres)

0.0007

0.0007

0.0018

Variance of COPy (metres)

0.0002

0.0003

0.0011

Max. peak Fz/Body weight

Contact time (seconds)

21 weeks of age:
Max. peak Fz (Newtons)

0 degrees (control)

40 degrees

70 degrees

17.52

16.76

61.65*

1.04

0.99

3.81*

Velocity x-direction (metres/second)

0.3687

0.0367

0.0125

Velocity y-direction (metres/second)

0.2365

-0.008

-0.0075

Max. peak Fz/Body weight

Contact time (seconds)

2.86

7.49

4.07*

Variance of COPx (metres)

0.0221

0.246

0.0001

Variance of COPy (metres)

0.0136

0.1458

0.0001

26 weeks of age:
Max. peak Fz (Newtons)
Max. peak Fz/Body weight

0 degrees (control)
20.01

40 degrees
21.7

70 degrees
44.80*

1.09

1.17

2.5*

Velocity x-direction (metres/second)

0.047

0.0968

-0.0032

Velocity y-direction (metres/second)

-0.001

0.0061

-0.004

3.3

6.72

23.19*

Variance of COPx (metres)

0.0011

0.1541

0.0015

Variance of COPy (metres)

0.0003

0.0914

0.0005

Contact time (seconds)

31 weeks of age:
Max. peak Fz (Newtons)
Max. peak Fz/Body weight

0 degrees (control)
20.93

40 degrees
20.31

70 degrees
34.70*

1.1

1.06

1.83*

Velocity x-direction (metres/second)

-0.0515

0.4367

-0.1725

Velocity y-direction (metres/second)

-0.1219

0.243

-0.1673

5.16

6.5

6.2*

Variance of COPx (metres)

0.0617

0.0749

0.0239

Variance of COPy (metres)

0.0519

0.0264

0.017

Contact time (seconds)

36 weeks of age:
Max. peak Fz (Newtons)

0 degrees (control)

40 degrees

70 degrees

22.25

21.14

37.76*

1.14

1.09

2.05*

Velocity x-direction (metres/second)

0.1584

-0.0078

0.0039

Velocity y-direction (metres/second)

0.0585

-0.034

-0.0013

1.3

10.72

28.47*

Max. peak Fz/Body weight

Contact time (seconds)

41

Variance of COPx (metres)

0.0078

0.0048

0.0009

Variance of COPy (metres)

0.004

0.0021

0.0003
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CHAPTER 4: CONCLUSION
The purpose of this thesis was to investigate domestic laying hen locomotion skills and
abilities throughout development to facilitate the design of proper housing systems. Determining
the most appropriate ramp incline for vertical movement within aviary systems is essential for
the improvement of domestic hen welfare. In order to provide an answer to this question, we
must understand the locomotive style and capabilities of laying hens across development. In
addition, determining whether laying hens can anticipate steeper inclines and how they modulate
their hindlimb forces in preparation for climbing can provide information on how they perceive
different stimuli. It is important to investigate the most appropriate ramp incline domestic laying
hens can negotiate safely for the reduction or prevention of unnecessary falls or injuries within
aviary housing systems. With 80% of domestic hens acquiring KBD within non-cage housing
systems, which is assumed to be due to collisions and falls (Wilkins et al., 2004a, 2011); it is
crucial to improve their movement in the third dimension.
In chapter two, locomotor capacity and strategies on inclined surfaces were evaluated
during development in domestic chickens (Gallus gallus domesticus) of four different strains
(Lohmann LSL lite, Dekalb White, Lohmann Brown, Hyline Brown). Starting from their 2nd
week of life to 36 weeks of age, birds were tested on various inclines (0-70 degrees) to determine
if they can successfully reach two elevated tier heights and what style of locomotion they used to
do so. It was found that chicks and adult fowl performed only walking behaviour in order to
climb 40 degree inclines, and performed WAIR or aerial ascent on steeper inclines. At all ages,
the birds did not require the use of their wings on the 40 degree incline to successfully reach the
tiers. This result is very important for commercial aviary systems because vigorous wing-use can
potentially cause keel-bone fractures due to unequal bone loading from a keel-bone deviation or
from a collision with the system or flock mates. In addition, birds were more successful at
negotiating the ramp surfaces covered in wire grid and reduced wing use on these ramps, which
could be attributed to improved hindlimb contact. When birds increase in age/ experience we
observed an increase in WAIR or aerial behavior. The conserved wing angular velocity with an
increase in age demonstrated that the wing kinematics of chicks were of a similar pattern to that
of mature birds. White feathered strains performed more wing-associated locomotor behaviour
compared to brown feathered strains. This study revealed that a ramp incline of 40 degrees does
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not require the use of wings in domestic fowl across development and chicks climb with a
locomotor style similar to that of more mature birds, revealing that chicks have the locomotor
abilities to be housed in three-dimensional systems similar to mature birds.
In chapter three, we measured modulation of hindlimb responses in the last step prior to
successfully climbing wire grid covered inclines (0, 40 and 70 degrees) in adult domestic
chickens (Gallus gallus domesticus). These response variables included: vertical ground reaction
force (GRF), step velocity, foot contact time and variation in center of pressure (COP). I found
that birds generated significantly higher peak GRFs and had the longest foot contact time with
the force plate prior to the 70 degree incline. There were no significant differences in peak GRFs
between 0 and 40 degrees; however the birds had double the amount of foot contact time before
a 40 degree incline. This could be due to the birds adjusting their hindlimbs post-transition or it
could be that it was not necessary to modulate their hindlimb GRFs for 40 degrees. Age did not
have a significant effect upon peak GRFs relative to body weight. In addition, age and incline did
not have a significant effect upon average COPx, COPy, Vx and Vy. Therefore, this experiment
revealed that when birds are trained on inclined surfaces, it presumably takes significantly longer
for sensory processing or decision making depending on the degree of incline they are
challenged with indicating that adult domestic hens can perceive the steepness of uneven terrain
before making a decision to climb. Overall, chapter two and three demonstrated that domestic
chickens easily negotiate inclines up to 40 degrees and 70 degree inclines pose a significant
challenge for them.
4.1 RECOMMENDATIONS AND FUTURE RESEARCH
From the results of these studies, I can make three recommendations for the commercial
poultry industry. First I recommend using a raised wire grid (2.5 cm2 ) surface material at inclines
≤ 40 degrees for adult domestic fowl in commercial aviary systems. However, further research is
required for chicks and pullets in order to determine the appropriate wire grid size to fit the size
of their feet and leg length. Exposing chicks to the appropriate wire grid inclines as early as
possible is important to train them and for them to gain the cognitive skills required. In chapter 2,
it was revealed that even when the birds were trained on ramps in their 1 st week of life, they still
required increased time for sensory processing just prior to climbing 40 and 70 degree inclines.
Therefore, the second recommendation is to allow the chicks to train themselves on a daily basis
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on the inclined surface as early as possible because it allows them to gain the cognitive skills for
perceiving different surfaces (that may not have been present otherwise). However, it requires
further research in order to compare trained birds to untrained birds on inclined surfaces.
The birds did not acquire severe KBD throughout the course of these experiments (data
not present), which could also be attributed to the training the birds received which allowed them
to gain the appropriate musculoskeletal development. Lastly, it was found that as chicks, the
ramp width (15 cm) was not ideal for wing flapping on the sandpaper surface material.
Therefore, for the third recommendation we need to consider the ramp width when installing
ramp inclines in systems for housing of chicks and pullets to prevent unnecessary wing collisions
with the ramp surface. For example, installing a narrower ramp width for chicks and pullets due
to their small wing size and short wing span, but increasing the ramp width for adult hens would
be a suitable solution.
To conclude, novel research reported herein on locomotion in domestic laying hens offers
significant insight for researchers designing aviary systems to ameliorate risk of KBD and other
accidental damage due to falls and collisions.
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