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ptarmigan (Lagopus muta hyperborea): field and laboratory-based approaches’

October 2020

Terrestrial locomotion is crucial for many animals as a way for to travel to find food, avoid
predators, and to find mates and therefore is of great relevance to a species overall fitness.
Terrestrial locomotion has been extensively studied in birds of varied body sizes on a
treadmill where conditions are idealised, providing great insight into animal locomotion.
However, conditions in the real-world are variable and often can depart from these idealised
laboratory conditions. The main objective of my PhD is to elucidate the biomechanics of
locomotion of wild Svalbard rock ptarmigan moving within their natural environment and
how this is constrained. Where possible this will be compared with ptarmigan locomotion
from treadmill-based laboratory studies.

The Svalbard rock ptarmigan is the only bird that permanently inhabits the Arctic
Archipelago of Svalbard year-round. It faces extreme environmental conditions, with
temperatures fluctuating below freezing during winter, above 5 degrees in summer and
annual cycles of 24hr of total darkness and daylight. Although they can fly, they are
predominantly ground-dwelling birds that commute over snowy irregular ground to graze
for food. These birds therefore are an excellent model species for investigating locomotor
biomechanics in the wild as they experience natural fluctuations that will influence the way
they move. A comprehensive dataset exists on the Svalbard rock ptarmigan locomotor
biomechanics and energetics while moving on treadmills under laboratory conditions. These
existing data make the ptarmigan an ideal model to gain insight into how these animals move
in the natural environment compared to during the more idealised laboratory conditions and
allow us to examine the effects of sex and substrate in a free-ranging wild animal.

In this thesis I compared the biomechanics of locomotion in the wild and on a treadmill in
males and female ptarmigan using video recordings of their locomotor kinematics. I provided
evidence that the biomechanics of locomotion in males comparable when moving on the
treadmill and in the field for walking and aerial running gaits. The kinematics of grounded
running gait, however, are modified to negotiate the snowy substrate. Such modifications,
however, are not detected in wild females as grounded running remained similar on
treadmills and in the field. I argue that the conserved grounded running biomechanics in
females may indicate a postural sexual dimorphism towards a more crouched leg enhancing
stability. I also examined the accuracy of using trackways to gain insight into animal
movement; using 3D photogrammetry and thin blade force gauge to measure footprint depth
and snow supportiveness, I demonstrated that both parameters do affect self-selected speed
on ptarmigan males when foot sinking depth do not exceed the intertarsal joint. It remains
unclear how the ptarmigan are capable to detect suitable snow patches for locomotion.
although they might be detecting visual cues for that purpose. Finally, I assessed the accuracy
in predicting speed using trackway stride lengths on a species-specific model and two Froude
number-based models. The results suggest that predicted speeds are problematic when if
only stride lengths are available and no other additional information of the trackmaker is
known.

Altogether, the findings of my thesis highlight the importance that laboratory studies have
in providing meaningful transposable information to the locomotion of wild animals,
indicating intraspecific variation in the mechanisms for stability in a changeable substrate
through kinematic plasticity and leg posture.
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1 Introduction

1.1 Terrestrial locomotion

Intuitively, we recognize individual animal species, in part, by the characteristic
ways that they move from one place to another either on ground, in the water or air. For
most animals, locomotion is tightly linked to the animal’s own fitness manifested in one
or mote advantageous phenotypic traits in response to specific biological/ecological
pressures and that are constrained by the evolutionary history of the species (Alexander
2003a; Reilly et al. 2007). For example, species that migrate very long distances — e.g. to
morte favourable grounds for feeding and/or breeding — may show adaptations towards
greater locomotor efficiency to cover such distances while balancing their overall
energetic budget (e.g. Maresh et al. 2015; Sapir et al. 2010). Also, predators may benefit
more from a greater acceleration capacity powered by fast twitch muscles, whilst a
musculoskeletal system capable of support high lateral accelerations to make sharper
turns may be of greater importance for prey to avoid predation. Alternatively, animals
with relatively low top speeds may possess a greater oxygen uptake and/or a higher lactate
threshold on muscles (Booth et al. 2015). However, an advantageous trait may come at
the expense of others (Alexander 2003b). Thus, only by understanding how animals move
in their natural environment and how this interacts with laboratory-based studies can we

gain insight into the ecological and evolutionary significance of their locomotion.

From the basic principles of animal movement to studies on applied robotics
mimicking animal locomotion (e.g. Li et al. 2013; Mazouchova et al. 2013; Schiller et al.
2019), terrestrial legged locomotion has been an active field of study over the last decades.
These studies have led to a deeper understanding on how animals move while describing
the compromises between energetic efficiency (Hoyt and Taylor 1981; Rubenson et al.

2004; Watson et al. 2011), structural safety of the locomotor system (Andrada et al. 2013b;
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Biewener 1989; Daley and Usherwood 2010) and self-selected speed (Daley et al. 2016;
Rubenson et al. 2004). These studies have helped to better understand how movement is
shaped by the animal’s morphology in terms of size and limb architecture, and the
consequences of interspecific and intraspecific variation of these traits have upon
locomotion (Alexander 2003b). The vast majority of these studies, however, have been
conducted under strict experimental conditions either on treadmills or firm ground to
allow the specific parameters of interests to be manipulated without the pervasive effects
of additional confounding factors. However, the totality of these results remains to be
determined; animals in the real-world often move over complex environments where
steady locomotion is seldom possible, and conditions depart from ideal and where
neuromuscular and biomechanical adjustments are key to maintain the stability of the
system. Such changes, even if they are minor, could translate into greater energetic

demands.

Birds are one of the most diverse clades of extant vertebrates, being found on all
continents of the world. The dispersal across the globe of birds has led to a range of
derived morphological traits of the locomotor system that has enable them to move in
the air, in the water, or on land. Many birds are capable of all three modes of locomotion
and a few are limited to only terrestrial locomotion. However, vital biological processes
of many bitds, including feeding and/or mating, are still dependent on moving bipedally
on the ground. Interestingly, studies seeking to understand the parallels between
locomotion on natural substrates of varying properties and on treadmill are scarce for
birds (e.g. Daley et al. 2016; Turner et al. 2020; Zhang et al. 2017), and the majority of
information comes from humans and other mammals (e.g. Heinonen et al. 1959; Herbin
et al. 2007; Lejeune et al. 1998; Pandolf et al. 1976; Parker et al. 1984; Ramaswamy et al.
1966; Riley et al. 2008). Humans are the other vertebrates where obligated bipedalism has

evolved independently. Although the same natural laws (i.e. earth gravity) governing
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locomotion are affecting both humans and birds, the unique avian morphology makes
direct comparisons between the biomechanics of these two groups difficult (Alexander

2004; Blum et al. 2011).

The main objective of this thesis is to examine the biomechanics of terrestrial
locomotion of the Svalbard rock ptarmigan (Lagopus muta hyperborea) in their natural
environment and to particularly consider the effects that a natural substrate (snow, found
throughout the Arctic) has on the locomotion of this species. The Svalbard rock
ptarmigan offers a great opportunity to study this overarching question because extensive
research on laboratory treadmill conditions has been conducted in the past few years (e.g.
Lees et al. 2013; Lees et al. 2014a; Lees et al. 2014b; Lees et al. 2010; Lees et al. 2012a;
Lees et al. 2012b; Nudds et al. 2011), setting a baseline for a comparative analysis between
locomotion on treadmill #5. locomotion in the wild on snow. In this thesis, I present novel
insights into how the ptarmigan traverse ground with snowy substrates, with a link to the

morphological and behavioural attributes that may influence their overall fitness.

Although the current knowledge into the adaptations for terrestrial locomotion is
vast thanks to the research on animals moving on uniform non-slippery substrates or
treadmills, they might not be necessarily congruent with animal performance under
natural conditions. For example, while the treadmill belt is designed to provide strong
grip, it is also more compliant than firm ground causing a reduction in the ground reaction
forces acting on the feet (Riley et al. 2008; Riley et al. 2007). In line with these differences,
a number of studies in humans show conflicting results; some of them report substrate
effects on the kinematics (Elliott and Blanksby 1976; Riley et al. 2008; Wank et al. 1998),
locomotion dynamics (Riley et al. 2008) and energetics (Daniels et al. 1953), while others
do not detect any effects on these parameters (Van Ingen Schenau 1980). Snow, as a

substrate, may dictate specific behavioural responses to regulate the energetic demands
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moving on it, including lower self-selected traveling speeds and economic gaits to prevent
an energetic imbalance to tip against the animal (Créte and Lariviere 2003; Droghini and
Boutin 2018a; Pandolf et al. 1976; Parker et al. 1984). In Chapter 2, I analyse how
comparable the kinematics of locomotion (stride length, stride frequency, stance phase,
swing phase and duty factor) and the speed range of wild free ranging ptarmigan are to
what has been previously reported for males of this species moving on a treadmill. The
results suggest comparable kinematics for two of the three gaits that ptarmigan males are
capable of and the differences in the third gait are linked to the substrate. They also
suggest ptarmigan select speeds favouring energetic economy. I discuss the ecological
implications of studying the kinematics of wild birds 7 sit« and provide evidence of the

validity of treadmill data to understand locomotion in wild populations.

From differences in plumage colours to differences in body size, birds are known
for being sexually dimorphic. Many aspects of their natural history such as intraspecific
competition, the mating systems and parental care are thought to be correlated with how
dimorphism manifest in species (Dunn et al. 2001; Owens and Hartley 1998). In the
Svalbard rock ptarmigan, the males are usually larger than the females, which could be
attributed to the intense competition between males to defend their territories during the
mating season (Lees et al. 2012a; Steen and Unander 1985; Unander and Steen 1985).
Males also have an improved locomotor performance when compared to females, as they
are capable of using an aerial running gait and can move faster at lower energetic costs
(Lees et al. 2012a). The factors dictating the disparities in the locomotor systems between
sexes in the ptarmigan are unclear; however, evidence from intraspecific comparison in
leghorns suggest that they might be explained by differences limb posture and muscle
architecture (Rose et al. 2016a; Rose et al. 2015a; Rose et al. 2016b). In Chapter 3, 1
present data on the kinematics of wild females moving 7 sitv and I compare it to females

on treadmills. I also analyse the effects of sexual size dimorphism upon the locomotor
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kinematics in the Svalbard rock ptarmigan by comparing size corrected data for the wild
females and wild males. Contrary to the males, the kinematics of the females remain
conserved independent of the gait they use and despite moving on a snowy substrate. I
discuss how sexual dimorphism in leg posture and limb muscle architecture may explain
the lack of kinematic adjustments observed in the females, which enable them to be more

stable when moving on snow.

Snow depth and snow supportiveness (defined as snow resistiveness to
penetration of a thin-blade gauge; see methods in chapter 4) are among the most
important physical properties affecting animal locomotion on snow. Several lines of
evidence exist suggesting important energetic increases depending upon how deep the
feet penetrates on snow. In fact, a positive correlation exists between energetic costs of
locomotion with foot sinking depths in ungulates — including the elk, mule deer (Parker
et al. 1984) and caribou (Fancy and White 1987) — canids (Créte and Lariviere 2003) and
humans (Heinonen et al. 1959; Pandolf et al. 1976; Ramaswamy et al. 1966). When foot
sinking depths exceed 25% of the leg length, it may double the energetic costs compared
to walking on firm ground at a given speed; increasing asymptotically when footprint
depths are beyond 50% of the leg length (Créte and Lariviere 2003; Fancy and White
1987; Heinonen et al. 1959; Pandolf et al. 1976; Parker et al. 1984; Ramaswamy et al.
1966). As a result, animals may adopt behavioural strategies including the reduction of
travelling self-selected speeds (Créte and Lariviere 2003; Fancy and White 1987;
Heinonen et al. 1959; Pandolf et al. 1976; Parker et al. 1984; Ramaswamy et al. 1966), the
use of naturally or man-made compacted snow patches (Créte and Lariviere 2003;
Droghini 2016; Droghini and Boutin 2018b; Fancy and White 1987; Murray and Boutin
1991) or a reduction in the overall activity when snow severely impedes locomotion
(Droghini and Boutin 2018a). In Chapter 4, I present data on snow supportiveness and

footprint depths and how these two factors affect the self-selected speed of ptarmigan
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locomotion. By incorporating these two factors into a linear mixed model, I show
negligible effects on ptarmigan self-selected speeds. Interestingly, ptarmigan sinking
depths do not exceed the intertarsal joints, which might indicate that they are deliberately

choosing optimal routes that minimize the energetic costs (Alexander 2000).

It is vital to gain insights on the constraints that are relevant to animal locomotion
in the field. Of particular interest are those regarding the time budgets for specific
locomotor gaits and speeds of locomotion which may provide key data on the energetic
landscape of the species of interest (Reilly et al. 2007; Shepard et al. 2013). However,
conducting this type of research is challenging, depending on how elusive the species in
question is or how costly it is do fieldwork and to buy equipment. A cheap more practical
alternative to circumvent these issues might be to measure lgyige directly from the
footprints. In order to estimate speed of locomotion and gait preferences using footprints,
in Chapter 5 I present a ptarmigan specific model to examine the predictive accuracy of
this model and two additional models based on the dimensionless “Froude number”
proposed by Alexander (1976) and Thulborn (1984). The analysis revealed that estimating
speeds and gaits solely from footprints is problematic, even when the ptarmigan model
is applied. I discuss the morphological factors obscuring our predictions and propose
alternatives that can be incorporated to better understand how animals move in their

environment.
1.2 The musculoskeletal system and locomotion

Striated muscles are the motors powering locomotion in all animals. These
muscles are capable of producing work by transforming the chemical energy contained
in the adenosine triphosphate molecule (ATP) through hydrolysis into mechanical energy
mediated by the actin-myosin complex (Huxley 1969). Work is defined as the force

exerted over a distance, and in locomotion, these forces are transmitted to ground via
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bones and tendons. How much force a muscle can generate or how fast a muscle can
contract depends on a number of physiological aspects of the muscle itself and the rest
of constituent parts of the musculoskeletal system, which ultimately shape the manner in

which organisms move through their environment.
1.2.1. Muscle function

Muscle force output is the result of the contraction of a number of cellular units
called myofibrils, mainly driven by the actin-myosin protein complex where the thin
filament of actin slide past over the think filament myosin. Both filaments are anchored
to densely packed regions called Z disks at both extremes of the complex forming
sarcomeres, although the myosin is indirectly to it by the elastic titin (Huxley 1963).
Several sarcomeres longitudinally aligned forms the myofibrils. Myofibril contraction may
vary depending on the energetic pathway used, which depends on the number of

mitochondria to power contractions.

Force generation involves cyclic contraction/stretch of the sarcomeres where
actin interlock with myosin though the formation of cross-bridges; an ATP-mediated
reaction triggered by the release of Calcium ions into the cellular matrix (Huxley 1969).
Force, however, depends on the length and the speed at which myofibrils contract. With
longer myofibrils a greater number of cross-bridges could be formed, therefore resulting
in higher force outputs up to a peak just before actin filaments ovetrlap each other

(Gordon et al. 19606).

On the other hand, fast shortening velocities of myofibrils negatively impacts the
cross-bridges formation rate of success (Hill 1938). A trade-off exists between muscle
efficiency and muscle power depending on the velocity of muscle contraction (Biewener
and Patek 2018). For efficient contractions, the muscle must shorten at 30% of the

maximum shortening velocity. Conversely, maximum power usually requires almost half
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the maximum shortening velocity. Animals migrating may prioritize muscle efficiency
with lower shortening velocities, whilst fast shortening velocities would be preferred if a

predatory response is required.

The shortening velocities may differ between myofibrils, depending on how fast
the cross-bridges can be formed. Given that formation requires the mediation of ATP,
the energetic pathway to form ATP will qualitatively distinguish between muscle fibre
types. Three main groups exist: The slow-oxidative (SO) or type I fibres, the fast-
oxidative-glycolytic (FOG) or type IIA fibres and the fast-glycolytic (FG) or type three
fibres (Peter et al. 1972). The SO fibres rely on aerobic pathways for ATP at expenses of
slower but sustained formation rates of cross-bridges. Conversely, FG obtain ATP faster
from glycolytic pathways, enabling fast muscle contractions. However, they can only
sustain work for short periods before reaching lactic acidosis. FOG are intermediate
between SO and FOG. Again, animal ecology shapes muscle fibre type proportions;
animals that rely on rapid burst to catch prey may possess greater proportions of FG
fibres (Williams et al. 1997), while others may show greater proportions of SO and FOG

fibres for sustained locomotion in order to fatigue preys (Biewener and Patek 2018).
1.2.2. Muscle architecture

At a higher level, muscle anatomy is intimately linked to muscle performance.
Muscle can vary in length and in the orientation of attachment of myofibrils. Two major
groups can be recognized: (1) muscles with long fibres attached to short tendons (or
directly to bones) running parallel to the force they exert and (2) muscles with shorter
fibres obliquely attached to long tendons and to the force direction. The latter subdivides
into uni-pinnate, bi-pinnate and multi-pinnate muscles. Muscle architecture may have
profound implications on muscle performance and the energetic demands for contraction

on muscles with the same volume. Generally, parallel muscles provide proportionally
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faster contractions, while pinnate muscles generate proportionally greater forces.
Conversely, pinnate muscles are energetically more efficient than parallel ones given the

larger number of cross-bridges to be formed in the latter.
12.3. Bones

Transmitting the forces that have been generated by muscles through the bones
is required so that the animal is able to move. Bones form through the mineralization of
cartilage (Currey 1984). Being composed of collagen and hydroxyapatite (a mineral with
calcium), variations in the amount of mineralization is strongly correlated to bone
elasticity and its resistance to fracture. Thus, bones with high levels of mineralization have
reduced elasticity, which may promote bone fracture with relatively lower stresses,
compared to bones with less amount of mineralization (Currey 1984). On the other hand,
excessive elasticity may reduce the ability to transfer forces in bones given that
deformation would absorb a significant amount of the force applied (Biewener and Patek
2018). During terrestrial locomotion, bones suffer compression stresses generated mainly
by the ground reaction forces acting on the hindlimb during each stride when the foot is
in contact with the surface. This compression is particularly important for larger animals
as the reaction forces are directly proportional to the mass of the animal (Biewener 1991).
Larger animals, however, prevent possible fractures by having a more upright postures
that allows a reduction in the mass specific force generation of muscles; meaning that
maximum stresses do not increase due to a proportional reduction of muscle mass
compared to smaller animals (Biewener 1991). Further, sex plays a key role in the
structural strength of bones, given that calcium may be sequestered from bones in order
to form the eggshell in gravid females laying eggs (Whitehead 2004). This is particularly
relevant when comparing the locomotion between sexes of a species (Lees et al. 2012a;

Rose et al. 2016a) and is discussed in chapter 3.
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1.2.4. Tendons

Muscles are attached to bones via tendons and these tendons play a key role in
force generation via elastic storage and recoil, thus producing work passively. Tendons
also are characterized by their ability to return energy to the system very efficiently, with
energy lost that rarely exceed one tenth (on average) of the total amount stored (Daley
and Biewener 2003; Matson et al. 2012; Pollock and Shadwick 1994). In animals, the
elastic properties of tendons are directly related to the power generation during
accelerations (Aerts 1998; Roberts and Scales 2002) and power absorption when
deceleration is required (Konow et al. 2012; Roberts and Azizi 2010), which depends
upon muscle length, muscle power and force capacities of the muscle tendon unit (MTU).
During accelerations, the power generated by the MTU is achieved by an initial slow
muscle contraction progressively stretch its associated tendon, thereby storing energy.
During this phase, there is no change in the joints angle. Following, energy recoveries
occur when tendons shorten quickly back just before the joints rotate, delivering a higher
power output (referred to as Power Amplification) (Aerts 1998; Roberts and Scales 2002;

Sawicki et al. 2015).

Conversely to decelerate, energy is first absorbed by the MTU by a fast tendon
stretch with little or no length change of its associate muscle. This is then followed by
tendon shortening to its natural length while the muscle slowly stretches, allowing the
muscle to dissipate the energy; however, power is attenuated given the reduced speed of
lengthening of the muscle (Konow et al. 2012; Roberts and Azizi 2010), preventing
muscle damage caused by an excessively fast contraction (Roberts and Azizi 2010; Thelen
et al. 2005). Thus, the ability of tendons to produce passive work is key for activities that
require rapid acceleration and power outputs, which are likely important for fast sprints,

jumping performance, landing and take-off, and to keep stable locomotion on irregular

23



terrain (Roberts 2016). Also, the level of mineralization of tendons may also affect the
elastic modulus of these tissue (Bennett and Stafford 1988; Landis et al. 1995; Silver et al.

2000)(Bennett and Stafford, 1988, Landis et al., 1995, Silver et al., 2000).
1.2.5. Effects of speed on muscle recruitment and energetics

Faster speeds require muscle contraction cycles to occur at faster rates. Usually,
animals increase the number of strides per unit time to go faster, meaning that muscles
must be recruited faster to meet the power demands of moving fast. Following force-
velocity relation described by Hill (1938), it is inferred that at faster strides would require
faster cross-bridges cycles and therefore greater demands of ATP (Ellerby et al. 2005;
Heglund et al. 1982b). This energetic increase, however, is not independent of size given
that in smaller species (> 1kg) the cross-bridge cycles must be even faster compared to
larger animals (< 1kg) as they often show higher stride frequencies (Alexander and Jayes
1983; Gatesy and Biewener 1991). The costs of muscle activation through Calcium ions
pumped into the muscle cells to trigger contraction are comparable in small and large

species; yet muscle activation occurs at faster rates in smaller species in order to swing

the limbs faster (Heglund et al. 1982b) (Heglund et al. 1982b).

The total energy increase required by the limb muscles, overall, appear to be
somewhat linear; however, the muscle-specific fractional contribution to the energy
increases largely depend on the speed and gait used during locomotion and the specific
function of the muscle. During level locomotion in the guinea fowl, for example, Ellerby
et al. (2005) reported three differentiated groups of muscles that are more active under
specific speed and gait conditions. The first group of muscles (Group 1; see Figure 1.1)
which account for 25% of the total muscle mass of the limb account for more than a half
of the total energy required by the limb from rest to walking speeds around 0.5 ms™. This

proportion, howevet, decreases to only 14% at speeds beyond 0.5 ms™. In contrast, the
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second muscle group (Group II; see Figure 1.1) shows the opposite pattern, where only
15% of the total energetic demands of the limb are accounted for this group from rest to
walking at 0.5ms™, despite being 46% of the limb muscle mass. At higher running speeds,
these muscles become more active contributing with 58% of the total energetic demands
of the limb. In the third group of muscles (Group I1I; see Figure 1.1), the proportion of
energy required remains relatively constant at more than a quarter of the total amount

required by the limb, regardless the speed of locomotion (Ellerby et al. 2005).

Some studies have suggested that the majority of work done by muscles is done
against gravity, while positive work to move forward, to counter air friction, or to swing
the limb is less relevant (e.g. Kram and Taylor 1990; Roberts et al. 1997). Ellerby et al.
(2005) and Marsh et al. (2004), by directly measuring blood flow and aerobic energy
expenditure, suggest that in fact, limb swing and joint stability through co-activation of
agonistic muscles may also account for significant proportions of the total energy
expenditure. Swinging the limb may take up to 25% of the total energy expenditure
(Marsh et al. 2004), while knee stability require knee flexors and extensors to be
simultaneously active, contributing with 15-30% of the total energy costs of the limb.
These costs, however, could be overestimated as muscles may also be involved in other

functions (Ellerby et al. 2005).
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Figure 1. 1. Blood flow distribution to the hind-limb muscles with increasing speed in
the Guinea fowl during level locomotion. The three groups of muscles represented in
degrades of blue (Group I), red (Group II) and green (Group III) based on statistical
differences in the fractional contribution in blood flow of a specific muscle to the blood
flow increases of all limb muscles overall. Bars in A represent proportional blood flow
increases, while the bars in B represent the absolute increases for each speed category.
The muscles included in the figure are the flexor cruris medialis (FMC), the iliotibialis
cranialis (IC), the tibialis cranialis (TC), the iliofibularis (IF), the flexor cruris lateralis
(FCL), the femerotibialis (FT), the iliotibialis lateralis pars postacetabularis (ILPO), the
puboischiofemeralis pars lateralis (PIFL), the fibularis longus (FL), the ilitrochantericus
caudalis (ITC), the puboischiofemeralis pars medialis (PIFM) and the digital flexors
combined (DF). The small muscles category (Sm. Mus.) in group II includes the
iliotrochantericus cranialis (ITCR), the caudofemoralis pars pelvica (CEFP), the iliotibialis
lateralis pars preacetabularis (ILPR), the caudofemoralis pars caudalis (CFC) and the
ambiens (Amb). The Sm. Mus. in group III includes the ischiofemoralis (ISF),
obturatorius medialis (OM) and the digital extensors combined (DE). The three heads of
the gastrocnemius — gastrocnemius intermedia, gastrocnemius lateralis and gastrocnemius
medialis — are included into the GAST category. Taken from (Ellerby et al. 2005).

1.3.  Intrinsic stability of locomotion - a spring-mass model

The intricate configuration of the animal limb makes it extremely difficult to set
up models that fully mimic the dynamics of such an elaborate structure complex system.
For instance, muscles of different architecture can cross more than one articulation. By
incorporating these complex systems into simple templates, it is possible to gain insights

into the dynamics of legged locomotion. Although two models have been traditionally
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used to describe and predict the mechanical patters of walking and running (Mochon and
McMahon 1980), evidence suggest that both gaits can be studied under one unified model:

a simple spring-mass model (Geyer et al. 2000).

By adjusting the length, stiffness and touchdown angle of the limb at the
beginning of stance, the simple spring-mass model predicts remarkably well the
mechanical energy patterns of a steady run from a number of taxa including mammals
(Farley et al. 1993), birds (Birn-Jeffery et al. 2014; Daley and Biewener 2000), lizards (Li
et al. 2012) and insects (Jindrich and Full 2002; Reinhardt et al. 2009), where the vertical
and horizontal energy components of the centre of mass (COM) oscillate in phase, and
muscle work is reduced via elastic store and rebound (Blickhan 1989; Cavagna et al. 1977,
McMahon and Cheng 1990) (see below). This model is also capable to mimic the
trajectory of the COM during steady walk more precisely than a stiff rod inverted
pendulum (Mochon and McMahon 1980), as it accounts for the double support phase.
In this case the vertical and the horizontal energy are cyclically exchanged up to a 70%
(Cavagna et al. 1977), and the remainder is restored via passive work done by the elastic

elements of the limb (Geyer et al. 2000).

The spring-mass model has also been useful to understand how fast animals
recover from an external perturbation (i.e. stability) and how strong should the
perturbation be to impede locomotion (i.e. robustness) (Daley 2018). Simulations of
bipedal locomotion and empirical evidence in humans skipping obstacles have provided
evidence that early swing-leg retraction just before foot contact with the ground improves
locomotion stability (Seyfarth et al. 2003). Similarly, studies in guinea fowls facing sudden
drops and obstacles have shown high variability in leg posture during the perturbed step
mediated by swing-leg retraction that modulates how fast the foot contacts the ground,

which in turn dictates leg loading (Blum et al. 2014; Daley and Biewener 2000).
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Depending on the leg retraction angular velocity at late swing, two conflicting control
targets can be identified: (1) fasts limb retractions allow for shorter delays on ground
contact, reducing limb loadings by minimizing the changes in the vertical velocity of the
COM; whereas (2) slower limb retractions increase the time of fall, resulting in greater
vertical velocities and therefore large leg loadings. Although in the first case injury
avoidance is favoured, fast limb retraction increases the risk of missing stance phase.
Conversely, if limb support is the control target, this may compromise limb safety as limb
may operate under stresses near to bone fracture (Birn-Jeffery et al. 2014; Blum et al.

2014; Daley and Biewener 2006; Daley and Usherwood 2010; Daley et al. 20006).

Evidence suggest that birds often target swing-leg trajectories favouring gait
economy and injury avoidance by keeping leg loadings at minimum rather than
optimizing one-step recoveries at expenses of comparatively higher GRFs and impulses
(Birn-Jeffery et al. 2014; Blum et al. 2014; Daley and Biewener 2006; Daley and
Usherwood 2010). Low GRFs forces favour economy as they do require less muscle work
to counter joint moments (Biewener 1989). Further, depending on the leg posture at
ground contact, leg actuates either by storing energy of by doing positive work in order
to negotiate with uneven ground while keeping the mechanical energy of the COM
dynamically stable (Birn-Jeffery et al. 2014; Blum et al. 2014; Daley and Biewener 20006).
The spring-mass model is not only capable to explain and predict the basic mechanics of
locomotion on uneven ground, but also appear to be similar when species traverse

slippery surfaces (Clark and Higham 2011).

To effectively accomplish dynamic stability of the system, however, the interplay
between active feedforward, proprioceptive and feedback responses coupled with
intrinsic mechanical controls of the muscles are critical for muscle activation in uneven

locomotion (Daley et al. 2007). In the guinea fowl, the best studied avian species, the
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neuromechanical response begins with an anticipated recruitment (i.e. feedforward
response) of muscles at the hip and knee, as well as the distally located digital flexors
(Daley and Biewener 2011; Daley et al. 2007; Daley et al. 2009). Once at the perturbation,
the instant proprioceptive responses allow to tune the force and work output at touch
down, as centrally mediated responses take longer (e.g. 30-40 ms in the Guinea fowl
(Daley et al. 2009)). At this point, for example, the lateral gastrocnemius (LG)
electromyography (EMG) is no different to the one observed in guinea fowl at level
ground, although the LG force output is reduced to a fifth (Daley et al. 2009), indicating
a greater influence of the proprioceptive response in this muscle. It is in the subsequent
steps to the perturbation when proprioceptive stimulus become relevant for a feedback
response for stabilisation. In the case of the guinea fowl lateral gastrocnemius, the EMG
in the following step after perturbation duplicates the one during a normal and perturbed

stride (Daley et al. 2009).

Given the applicability of the spring-mass model to understand the mechanical
patterns of locomotion of avian bipeds, we use this model as a template to interpret the
kinematic tuning observed in the Svalbard rock Ptarmigan as it moves through snow in
chapter 2 and 3. Snow may hide sudden drops or obstacles that may compromise the
ptarmigan stability, thus the mechanical responses described theoretically in a spring-mass
model as well as empirically in the Guinea fowl could parallel those occurring in the

ptarmigan.
1.4.  Factors influencing terrestrial locomotion
1.4.1. Gaits

Most animals are capable of moving at a range of speeds. Typically, to change
speed animals change their gait altering the associated kinematics of footfall. Alexander

(1989) defined gaits as “a pattern of locomotion characteristic of a limited range of speeds,
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described by quantities of which one or more change discontinuously at transition to
other gaits”. Moreover, with increasing speed, the fluctuation between the potential and
kinetic energy of the centre of mass (CoM) shift from pendular-like energy exchange to
a bouncing-like exchange, in order to minimize work performed by muscles (Cavagna et
al. 1977). The integration of these two approaches has proven useful in to better
understand gait transitions from walking to running, particularly in avian species (Nudds
et al. 2011). In the following paragraphs, I would refer only to the gaits reported for
striding birds. However, extensive work understanding the energetics and biomechanics
of gaits and gait transitions has been done for other organisms, including mammals (e.g.
Cavagna et al. 1977), lizards (e.g. Irschick and Jayne 1999) and a number of invertebrates

(e.g. Full 1987; Full and Tu 1991).
1.4.1.1. The walking gaits

The walking gait encompass the lower speed ranges used by birds. When birds
walk one foot is always in contact with the ground, and no aerial phases are observed. In
other words, the duty factor (DF) — the time proportion of foot contact during a whole
stride — is always greater than 0.5. Within this gait, the horizontal kinetic energy
component (Eyy) of the COM fluctuates half a cycle out phase with the sum of the
potential and vertical kinetic energy components (Ej, + Eyy) resembling to an inverted
pendulum (Figure 1.2) (Cavagna et al. 1977). E}, + Eyy is greatest during midstance when
the COM passes over the supporting limb, while Eyy, is at its lowest. Energy transfer
occurs as the bird shifts the weight to the next supporting limb. Thus, while the COM
falls, Exy, increases at expenses of a decrease in Ey, + Ejyy. This whole process minimizes

the work required by muscles and may account for up to 70% of the energy required to
lift and reaccelerate the COM (Cavagna et al. 1977). The additional work is required to

compensate for the energy losses due to the inelastic collisions of the limb on the ground
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(Biewener and Patek 2018), which is accounted by the spring leg inverted pendulum

(SLIP), also known as a spring-mass model (Geyer et al. 20006).
1.4.1.2. Aerial running gaits

The highest range of speeds in striding birds are during aerial running gaits.
Contrary to walking, in the running gaits Eyy, fluctuates in phase with E, + Eyy, meaning
that energy transfer between the two energy components of the COM do not occur.
Conversely, the elastic elements of the limb play a key role to minimize muscle work by
releasing stored energy through tendons recoil (Cavagna et al. 1977). In fact, the elastic
elements of the limb in running turkeys can supply almost two thirds of the work required
from the lateral gastrocnemius (Roberts et al. 1997). Further, aerial running is associated

to DF below 0.5 (Figure 1.2).
1.4.1.3. Grounded running gaits

Grounded running is an intermediate gait between walking and aerial running.
Intriguingly, it benefits from the bouncing-like fluctuations in the centre of mass of a
running gait, while always keeping foot contact with the ground (DF > 0.5) (Figure 1.2)
via increased leg compliance (Andrada et al. 2013b). The conundrum around the
grounded running, however, relates to the evolutionary significance of this gait (Nudds
et al. 2011). It has been suggested that the increased leg compliance on the grounded
running gaits coupled with a COM that is closer to the ground provide a greater visual
stability through head movement control (Andrada et al. 2013b) while reducing the
negative work done by bouncing viscera (Daley and Usherwood 2010). Manoeuvrability
is favoured by the increased foot contact of this gaits, allowing for fast turns while running
(Daley and Usherwood 2010; Gatesy and Biewener 1991). Grounded running gaits have
been reported for a wide number of striding birds, including ostriches S#wutio camellus

(Rubenson et al. 2004), the emu Dromaius novaehollandiae (Watson et al. 2011) , the rhea
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Rhea americana, tarkey Meleagris gallopavo, guineafowl Numida meleagris, bobwhite Collinus
virginianus, the painted quail Excalfactoria chinensis (Gatesy and Biewener 1991), the quail
Coturnix cotumix (Andrada et al. 2013b), leghorns Gallus gallus (Rose et al. 2015b) and the
Svalbard rock ptarmigan itself (LLees et al. 2012a; Nudds et al. 2011), while moving on
treadmills. However, the paucity of data on birds using grounded running in the wild
raises the question if this gait is only an artefact of the treadmill-based experimental design
on studies of locomotion (Nudds et al. 2011). In chapter 2 and 3 I provide evidence of
the natural occurrence of grounded running linked to the greater stability of this gait to
move over snow substrates with challenging conditions in the Svalbard rock ptarmigan.
I discuss the ecological relevance of this gait for the ptarmigan as it allows these birds to
move fast while preventing falls during locomotion on snow of varying physical
properties. I also discuss on the different mechanisms for stability during grounded

running largely driven by sex.
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Figure 1. 2. Relation between duty factor (DF) against speed (U) for the three gaits
recorded in the Svalbard rock Ptarmigan z» situ. Red, white and blue filled circles represent
birds while using walking (W), grounded running (G-R) and aerial running (A-R) gaits,
respectively. The inlay plots are approximate estimates of the energy horizontal (Eyy;
solid line) and vertical (E, + Eyy; dashed line) components of the centre of mass (COM):
the lower-left inlay plot shows the typical fluctuations between Eyy, and Ej, + Eyy duting
the walking gait, whilst in the upper-mid and the lower-right inlay plots Eyy, and Ep +
Eyy fluctuate in phase with no energy exchange between the two. Aerial phases are only

possible only at DF below 0.5 where all aerial running circles are located. Adapted from
Marmol-Guijarro et al. (2019).

1.4.1.4. Gait and speed preferences.

With increasing speed there is also an increase in the metabolic demands that are
arguably attributed to the time available to support body weight and push it forward in
all animals moving terrestrially (Kram and Taylor 1990). Contrary to the cost of
locomotion (i.e. mass-specific energy rate of consumption), however, the mass-specific
energy per unit distance (Cost of Transport, COT) decreases with increasing speed in the
majority of species for which data exist as a result of energy optimization (Figure 1.3),
mainly through the decrease of the number of strides per metre travelled (Reilly et al.
2007) and selection of speeds and gaits that minimise the muscle work (Alexander 1989;
Dawson and Taylor 1973; Hoyt and Taylor 1981; Langman et al. 1995; Langman et al.
2012; Maloiy et al. 2009; Nudds et al. 2011; Rubenson et al. 2004; Watson et al. 2011).
Thus, it has been proposed that natural selection favours self-selected speeds and abrupt
gait transitions that optimize the use of energy (i.e. those that are the most energetically
efficient); although, exceptions have been as reported for the platypus (Fish et al. 2001),
the golden-mantled ground squirrel (Hoyt and Kenagy 1988), the barnacle geese (Nudds

et al. 2010) and the common eider (Rose et al. 2014).
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Figure 1. 3. The relation between the Cost of Transport (COT) with increasing U varies
across different taxa. At gait transitions, in particularly from walking to running or trotting,
step changes in the cost of transport occur in several species including (a) horses, (b)
human, camel and donkeys and (c) ostriches and kangaroos, suggesting optimal speeds
and gaits with minimums COT. (d) In small mammas including the platypus (solid line),
and in the barnacle geese (dotted line) step changes in the COT at gait transitions are
absent, where COT decrease smoothly with increasing U. Taken from Nudds etal. (2011).

Alternatively, other studies suggest that speed and gait selection in animals may
not be aligned only to energy optimization in locomotion, but it may be strongly
influenced by the foraging strategies of the species. Species relying on sit-and-wait
predatory strategies use preferentially bouncing gaits associated to fast sprinting bursts
only for few moments of the time budget where they are active, whilst the rest of the time
they remain still and ready to ambush. Such is the case of the zebra-tailed lizard Callisaurus
draconoides (Anderson and Karasov 1981; Reilly et al. 2007). On the other hand, species
that are actively looking for food sources would predominantly walk, despite this being a

relatively less efficient gait (in terms of energy use), and bouncing gaits are only used in

very specific behaviours: to escape from predators or intraspecific competitions. This is
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the case of the western whiptail Cremidophorus tigris (Anderson 1993; Reilly et al. 2007). In
the case of active hunters like coyotes, they use bouncing gaits that are more efficient
~88% of the time they are active (Reilly et al. 2007; Switalski 2003). Although these
studies are revealing, the scarcity of data linking locomotor energy expenditure with the
time budge/activity patterns is still present, in particular for ground dwelling birds.
Moreover, the evolutionary significance of gait selection and speed of locomotion across
species remains to be studies. Of particular interest is to understand the activity patters
of species facing extreme environmental conditions, where food availability is restricted
and energy imbalances mat be significant due to excessive locomotor costs/low food

availability.

In chapter 2 I briefly discuss speed and gait selection in the Svalbard rock
ptarmigan while moving under the variable environmental conditions found in the Arctic
region. In fact, males are known to be exceptional athletes capable of three terrestrial gaits
(walking, grounded running and aerial running), incurring in energy drops at the transition

from grounded to aerial running gaits.
1.4.2. Body size

1.4.2.1. Effects of body size on locomotion kinematics

By altering the frequency at which limbs ate swung (i.e. stride frequency, fstride)
in tandem with increases in the length of each stride (lstrige), animals are capable of
modulating how fast they move. It appears that both parameters increase linearly with
increasing speed (Alexander and Jayes 1983; Gatesy and Biewener 1991); however, the
ability to run at higher top speeds is size dependent, given that lgrjqe increases more

rapidly than fige With increasing body size, explaining why larger species to go faster
(Figure 1.4) (Alexander and Jayes 1983; Biewener and Patek 2018; Gatesy and Biewener

1991). The obvious reason for this pattern has to do with the fact that smaller species
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have smaller limbs that must be swung faster to increase speed. It is important, however,
to consider the pervasive effects of body size on locomotion kinematics, as they may
reveal differences in body form between the species under comparison. Meaningful
comparisons on the locomotion mechanics and kinematics of different-size species can
be obtained under the dynamic similarity hypothesis, a framework proposed

by(Alexander and Jayes 1983).
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Figure 1. 4. Effect of body size (main graph) and speed (inset graphs) on lsgrige and
fstride- The slope (y-axis) in the main graph represent the rates of increase for each of the
kinematic speed with speed, which are greater in smaller species (inlet graph). fsiride
slopes sharply decrease with increasing body size at a faster rate for animals the size of a
mouse up to skunks. From them fgiige slopes decrease more discretely. Conversely, the

slope of lgtrige, has a more attenuated uniform increase with increasing body size. Taken
from Reilly et al. (2007).

The dynamic similarity hypothesis states that all parameters involved in
locomotion such as length, time and force are proportional in animals of different size
and change predictably by multiplying them by a fixed factor (Alexander 1976; Alexander

and Jayes 1983). Thus, it is possible to compare terrestrial locomotion across species of
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all sizes by equalising the centripetal and gravitational force ratio by means of the

dimensionless Froude number (Fr) (Alexander and Jayes 1983). Fr is defined as:

U2

Fr=— )

where U is speed of locomotion, g is gravity (9.8 ms?) and h refers to the effective limb
length defined as the distance between the acetabular joint and the feet at midstance in
bipeds. If species are geometrically similar —i.e. all body dimensions are proportional and
scalable — it can be assumed that animals move in a dynamically similar fashion at given
Fr.The basic kinematic parameters of locomotion — lgride, fstride» Stance phase (Estance)
and swing phase (tswing) — can also be normalized by relating them to effective limb

length and to gravity.

By taking this approach, it has been possible to elicit the effects of limb posture
acting upon the kinematics of locomotion when comparing small (< 5kg) non-cursorial

species with larger (> 5kg) more cursorial species (Alexander and Jayes 1983; Jenkins

1971). At a given Fr, small non-cursorials show longer relative stride lengths ([stride =

Lstride/ Pnip), while relative stride frequencies (Fstride = futride/ \/Whlp) are higher in
the more cursorial ones (Alexander and Jayes 1983; Gatesy and Biewener 1991). The
longer Istride in smaller species are explained by the greater excursion angles of the feet
plus the smaller hy;p/ljeg ratios in this group, which are both characteristic of a crouched
limb (Gatesy and Biewener 1991). Similarly, non-cursorial crouched species use higher
duty factors (i.e. the time proportion of limb support over the time for a whole stride,
DF) compared to the larger species with upright limbs. This difference in DF implies that
force generation in small non-cursorials is more demanding compared to large species
due to the inverse relation between development of force exerted to ground and time of

limb support (tgtance) (Kram and Taylor 1990). Differences in limb posture are major
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factors affecting affects the limb biomechanics, locomotor energy efficiency, and

performance.
1.4.2.2. Effects of body size on posture

Limb posture may be defined by how the limb segments align to each other and
with GRF at midstance. It scales with body mass. Increasing body mass led to an increase
in the stress acting on the musculoskeletal system. Consequently, muscles must be capable
to develop enough forces to counteract the GRF and bones must resist the forces acting
upon them without breaking (Biewener 1989). Resisting such forces might seem trivial
for relatively small species, but in larger animals the musculoskeletal system would operate
close to failure if locomotor stresses also scaled isometrically with body size. Regardless
of body size, however, peak locomotor stresses in bones are highly conserved across
animals spanning from 0.1 to 300 kg, reaching up to half the stresses needed for bone
fracture (Biewener 1989). By aligning the limb joints more vertically to the GRF, large
animals increase the effective mechanic advantage (EMA), allowing not only to reduce
the stress that bones must resist, but also reducing the amount the force that muscles
must exert to counter the external joint moments created by the GRF (Figure 1.5)
(Biewener 1989; Biewener 1990; Biewener 2005). High mechanical stresses on extremely
large animals, however, may constrain top speeds and manoeuvrability during locomotion,
as it is found adult elephants relatively to younger and smaller ones (Hutchinson et al.
20006). Thus, the evolution of an upright posture is well explained by need to alleviate the
physiological and mechanical constrains of being bigger. The muscle-force hypothesis,
however, does not explain why small species do not benefit from upright limbs, which
are usually related to increased stability and manoeuvrability (Biewener 1989; Gatesy and

Biewener 1991).
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Small, crouched Large, erect
(small EMA) (large EMA)

Figure 1. 5. Effective mechanic advantage (EMA) of a limb. The distance from the
rotating joint perpendicular to the force applied is known as a moment arm. In (a) EMA
is defined as the ratio between joint extensor muscle moment arm 7 and the moment arm
R of the ground reaction force (GRF). The two limbs in (b) represent a crouched (left)
and an upright (right) limb, respectively. Thus, the EMA of the crouched limb are
relatively smaller. Taken from Biewener (2005).

Alternatively, Usherwood (2013) suggested that postural scaling can be explained
by the costs of locomotion if those are linked to the recruit demands of activated muscle
per kilogram to do work and to provide enough power for push-off, which are associated
to tstance (therefore DF). Increased amounts of activated muscle would be recruited
cither to do work at long tgance to counter the large impulses accelerating and

decelerating the COM or to power very brief push-offs. For equal values of Fr, the more
upright limb of large species optimises the amount of activated muscle required by
orienting the GRIF more vertically, resulting in a reduction of the horizontal impulses on
the COM and therefore minimizing the work required (Usherwood 2013). Conversely,
the higher power demands of being small to swing their limbs more frequently, are
alleviated by the proportionally longer leg length compared to the hip height, which
require greater limb excursion (Gatesy and Biewener 1991) and longer stance periods

(therefore higher DF) as a result of a more crouched posture (Figure 1.6). Thus, it

39



provides evidence for the physiological constraints being circumvented by having a more

compliant limb (Usherwood 2013).
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Figure 1. 6. The relationship between DF with increasing Fr across (a) birds and (b)
mammals of different body sizes. Bold lines represent the lines of best fit for each of the
species included into the analysis. Small species (> 10 kg) are in blue, whilst large species
(< 10 kg) are in red. The uncertainty on the Fr of mice is due to the lack of precise
measurements on their effective limb length, which is assumed to be 2-3 cm long. Taken
from Usherwood (2013).

Usherwood (2013) hypothesis about postural scaling is in line with previous
findings on the effects of animal size on the cost of locomotion — i.e. the rate of energy
used per kilogram at running — and the time available for force production on each stride.
By measuring the costs of locomotion and the average time of foot contact to the ground
in 5 species of running mammal differing three orders of magnitude in body size (from
32 g to 141 kg), Kram and Taylor (1990) suggested that the energetic costs decrease with
increasing size as a result of longer stance periods for muscles to generate forces
supporting the limb. In other words, the (absolute) longer tgiance as a result of (absolute)
longer legs, allow active muscles to generate forces at a slower rate, which explains why
large mammals show lower energetic demands compared to smaller mammals. The
ground-contact time is also proportional to the cost of locomotion in birds, explaining

70-90% of the increases in energy costs with speed (Roberts et al. 1998).
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Although, the rate of force generation hypothesis predicts the costs of
locomotion of running species, it makes assumptions that obliviate basic physiological
aspects of muscles restricting its ubiquity only to terrestrial locomotion. For instance, the
energetic costs of force development are not only a result of muscle work to develop
forces opposing gravity — as assumed by (Kram and Taylor 1990) — but they are also
influenced by the costs of different rate changes in muscle length (Alexander 2005) and
the cost associated to muscle activation-relaxation (Pontzer 2016) that are likely important
for predicting the energetic costs of climbing or flight. For terrestrial locomotion itself,
this model neglects the muscle work done to swing the limbs, which may underestimate
the overall energetic costs of locomotion; swing phase can account for up to over 25%
of the total energy used during a stride in guinea fowl (Numida meleagris) (Marsh et al.
2004). A unified model that can predict the energetic costs of locomotion based on the
amount of activated muscle required to power locomotion, irrespective of the locomotor

mode, remains undeveloped and it is a key area for future study.
14.3. Sex

While natural selection drives phenotypical differences among species,
intraspecific variation within sexes of the same species is mainly driven by sexual selection.
Phenotypic variation between sexes is highly correlated to the specific reproductive
strategies of the individual of a species — ie. if one sex is polygamous or both are
monogamous — and to the role that each of the sexes take for parental care (Owens and
Hartley 1998). Thus, species with sexually dimorphic individuals are often the result of
strong intrasexual selection upon males (most commonly it is on males) that intensely
compete for mates and where females are choosy (Bateman 1948), given the disparate

resource allocations for gamete formation that are usually lower in males (Trivers 1972).
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Extensive research on sexual dimorphism exists; however, the physiological basis

underlying these adaptations remains pootly understood (Lailvaux and Husak 2014).

Sexual dimorphism in locomotor performance is also influenced by sexual
selection. For example, a study in the territorial lizard (Crotaphytus collaris) indicate that
increases in fitness (i.e. number of offspring sired) of the males are intimately linked to
higher sprinting speed and territoriality (Husak et al. 20006). Interestingly, the females of
this species show similar absolute sprinting speeds compared to males, despite being
smaller (Peterson and Husak 2000), suggesting an improved locomotor capacity on
females compensating a reduction on sprinting speed when females are gravid (Husak
2000). Far fewer examples of sexual dimorphism on locomotor performance in ground
dwelling birds exist. However, two previous studies in the leghorns and the Svalbard rock
ptarmigan have sought to contribute into that gap of knowledge. In the first case using
two varieties of leghorns — the bantam and the standard breeds, it has been reported that
males run at higher sustainable speeds that are linked to intrasexual agonistic behaviours,
while females move more economically with more upright limbs to compensate for the
cost of carrying extra weight during gravity (Rose et al. 2015a). In the Svalbard rock
ptarmigan, males (relative to females) have a higher top speed, are capable of three
locomotor gaits and greater locomotor efficiency in terms of the metabolic cost of
transport, which are thought to be important to engage in combat against other males to
defend their breeding territories. The lower speed of the females, on the other hand, is
thought to be linked to greater resource partitioning towards reproductive effort such as
development of the eggs, which can have a detrimental effect on the hindlimb
musculoskeletal system, or by larger visceral mass associated with the reproductive tissues
and organs (Lees et al. 2012a). By comparing the kinematics of terrestrial locomotion in

both sexes in the wild under natural conditions, in chapter 2 I increase understanding of
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the ecological and evolutionary significance of sexual dimorphism and selection to

locomotor performance previously reported in the Svalbard rock ptarmigan.
1.4.4. Substrate

The physical properties of a given substrate are correlated with the work muscles
must exert to counter the GRF and push-off the body during locomotion. However, the
vast majority of studies on animals have been conducted on a treadmill, where substrates
are firm and grippy (e.g. Alexander and Jayes 1983; Cavagna et al. 1977; Gatesy and
Biewener 1991; Heglund et al. 1982a; Heglund et al. 1982b). The first detailed attempt to
examine the effects of increased substrate compliance on the leg dynamics of running
humans was conducted by McMahon and Greene (1979). By instructing eight males to
run over plywood tracks of different compliance, including an extremely compliant pillow
track, they found that greater track compliance resulted in increased foot contact times,
reduced top speeds and a reduction in the initial peak ground reaction force compared to
firmer tracks. Similarly, a number of studies have examined if the energetics and
kinematics of treadmill-based locomotion, where subjects run over a compliant belt, were
comparable to studies conducted on firm ground, finding conflicting results. Most studies
on human locomotion report that movements of the treadmill itself shorten the stride
cadence (Aaslund and Moe-Nilssen 2008; Elliott and Blanksby 1976; Nelson et al. 1972;
Riley et al. 2008; Riley et al. 2007), which makes strides shorter and faster but with
proportionally longer tgiance’s, that directly reduce GRF — therefore muscle work —
making treadmill locomotion ~ 10% cheaper than overground locomotion (Daniels et al.
1953). However, these results are not ubiquitous as Wank et al. (1998) reported shorter
tstance s in their study. Furthermore, other studies report negligible differences when
comparing treadmill and overground locomotion (Van Ingen Schenau 1980).

Discrepancies between treadmill and overground kinematics have been reported in non-
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human mammals including mice (Herbin et al. 2007), cats (Blaszczyk and Loeb 1993) and
horses (Buchner et al. 1994). The reasoning as to why the kinematic and dynamic
departures between both approaches are found is arguably the result of net energy
transfers from the moving belt during stance, which reduces the amount of work required
by muscles (Buchner et al. 1994). Also, elastic recoil of the compliant treadmill belt could

also contribute in part to the greater energetic efficiency on treadmills (Kerdok et al. 2002).

Most studies on locomotion standarise the friction coefficient between the animal
foot and the substrate. Slippery substrates, like ice, are challenging because the frictional
forces are usually lower than the shear forces generated in the stance, hindering body
weight support and horizontal thrust, and increasing the risk of fall and injury. Specifically,
a slip event occurs if the required friction is higher than the available friction (i.e. foot-
substrate friction coefficient) (Redfern et al. 2001). To keep stable locomotion, humans
may reduce their stride lengths and cadence to reduce the required friction (Cappellini et
al. 2010; Cham and Redfern 2002). Keeping the COM above the supporting limbs also
decreases the chances of slipping (Cappellini et al. 2010). These kinematic adjustments
may be representative for avian bipeds, despite the disparate body geometries in both

groups, as shown for the Guinea fowl (Numida meleagris) by Clark and Higham (2011).

Real wotld substrates, however, are seldom solid and the vast number of them
are composed of an array of particles of differing sizes, such as sand, mud, gravel and
snow. Often, the interaction between the supporting limb and granular media are
complex mainly because grains flow if the yield stresses between particles are exceeded
(Li et al. 2012; Li et al. 2013), which ultimately leads to energy loss to the substrate (Li et
al. 2012). Under such conditions, energy recovery through elastic elements in legged
locomotion decrease while mechanical work done to the substrate increase (Lejeune et al.

1998; Li et al. 2012; Zamparo et al. 1992). In humans walking on sand, for example, the
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additional mechanical work that must be done to compensate for the energy loss to the
substrate may increase up to a 150% compared to walking on firm ground (Lejeune et al.
1998). Similarly, in the zebra-tailed lizard, Callisaurus draconoides, almost 20% of the
mechanical energy of the centre of mass is lost to the sand, which is compensated by
extra work of the hindlimb muscles (Li et al. 2012). Studies of granular media in birds
have provided meaningful data on the mechanisms by which this group, and probably
their theropod ancestors (Falkingham and Gatesy 2014; Gatesy and Falkingham 2017,
Turner et al. 2020), deal with granular sedimentary substrates in terms of foot subsurface
rotation and pattern changes of plantar pressure over the firm ground and sand (Zhang
et al. 2017); although the aim of these studies has focused only into the foot kinematics-
substrate contact interaction, rather than gait kinematics itself. Thus, it remains to further
compare the basic kinematics of birds and how these are influenced over a greater array

of substrates compared to zerra firma.

Of particular interest for this thesis are the effects that snow has on the kinematics
and energetics of locomotion. Snow may behave as a granular media when fresh and dry,
but its mechanical properties change with the environment. For example, snow melts due
to temperature increases, whereas snow crusts can be formed by snow compaction due
to gravity and other external loadings, or the formation of an upper layer of ice after rain
over snow (Bruland et al. 2004; Hagenmuller et al. 2014; Nicot 2004). Thus, snow
properties in terms of the depth of the snow column and the supportiveness can
drastically change in short time periods. These two parameters are arguably the most
influential for locomotion, as they have profound effects on the energetics and the
biomechanics of moving animals. For example, when foot sinking depths exceed 60% of
the effective limb length, the energetic costs increase dramatically. This phenomenon has
been demonstrated in human (Heinonen et al. 1959; Ramaswamy et al. 1966), elk (Cervus

elaphus nelsoni), mule deer (Odocoilens hemionus) (Parker et al. 1984), white-tail deer (Odocoilens
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virginianus) (Mattfeld 1974) and barren ground caribou (Rangifer tarandus granti) (Fancy and
White 1987), where energy increases are attributed to the extra work required to lift the
supporting limb. In the majority of studies, however, a common finding is that behaviour
is key to optimise the related energetic cost of locomotion. Namely, arctiodactyls (Telfer
and Kelsall 1984), canids (Créte and Lariviere 2003; Droghini 2016) and humans
(Heinonen et al. 1959; Ramaswamy et al. 1966) will reduce their travel speed to keep the
energetic imbalances caused by snow under acceptable margins. Other species would use
specific niches where snow is supportive enough to prevent foot sinking (Murray and
Boutin 1991; Pozzanghera et al. 2016). Data on foot sinking depth and snow
supportiveness is non-existent for avian species, in spite of a large number of ground
dwelling birds inhabiting temperate regions. By studying the effects of these snow
parameters upon terrestrial locomotion in the Svalbard rock ptarmigan, we add a valuable
data point that may be relevant to other avian species and also reveal new factors key to

our understanding of animal locomotion in the wild.
15.  The Svalbard rock ptarmigan

The Svalbard rock ptarmigan is a ground dwelling species member of the family
Phasianidae, subfamily Tetraoninae, endemic to the Norwegian archipelago of Svalbard
(77° — 81° N) that permanently inhabits these islands the whole year round (Blix 2005).
Given that the ptarmigan does not migrate to more amenable latitudes, it faces extreme
variations in environmental conditions with temperatures changing seasonally by up to
~40° C (Mortensen et al. 1983) and fluctuations in light from 24 hours of total daylight
to 24 hours of total darkness. One important consequence of these environmental
changes is that food sources and access to food intake become highly unpredictable (Blix
2005). These factors are of great relevance for the ptarmigan survival and the survival of

other permanent residents in the Arctic including: Svalbard reindeer (Rangifer tarandus
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platyrbynchus) (Hansen et al. 2011) and the Arctic fox (Iulpes lagopns) (Hansen et al. 2013)
(Hansen et al. 2013). Ptarmigan, however, have evolved physiological and behavioural
mechanisms to cope with this extreme environment. For instance, the ptarmigan feathers
have air-filled sacs between barbules that increase light reflectance giving the
characteristic white winter plumage to these birds, serving both for camouflage and for
heat isolation during winter (Dyck 1979). Conversely during summer months, these birds
possess a more pigmented plumage that becomes whiter with the advent of shorter
daylight periods at late August, indicating that moulting depends on photoperiod
(Stokkan 1979). Similarly, food intake is linked to photoperiod, being higher at the
beginning of Spring, when sunlight returns to the Arctic, until September when it
disappears again until the following Spring (Stokkan et al. 1986). Body mass, on the other
hand, is low at the beginning of spring and at increases to a maximum in late Autumn
(Stokkan et al. 19806). Such increases are mainly in body fat (Stokkan et al. 1986). The
increases of body mass in spite of a reduction in food intake may be explained by a
reduction in locomotor activity dictated by higher concentrations of plasma melatonin
during winter (Reierth et al. 1999). By reducing locomotor activity, ptarmigans are capable
of avoiding any further energetic imbalance, in particular when food intake during winter
is unpredictable (Hansen et al. 2013; Mortensen and Blix 1985; Stokkan et al. 1986). Yet,
unpredictable changes in the seasonal variation in the Svalbard Archipelago as a result of
climate change that have increased over the past decades are likely to impact on the
Svalbard ptarmigan survival, as they may not be able to adapt fast enough to these rapid

changes.

The Arctic is among the most threatened ecosystems by climate change caused
by anthropogenic activities. The warming rate observed at this region is well above the
global average (Jansen et al. 2020) thereby resulting in the transformation of the Svalbard

rock ptarmigan habitat in terms of food availability and competition. For example,
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although plant biomass is thought to increase with increasing temperatures, the
production of bulbils of P. vivgparum, a primary food item of the Svalbard rock ptarmigan
chicks (Steen and Unander 1985), may be reduced to favour flowering production (Fan
and Yang 2009), which is likely to affect the proper development of chicks prior to winter
(Henden et al. 2017). Similarly, increased food competition for these bulbils due a climate
change-driven increase in the population of another transient herbivore during the
breeding season, the pink-footed geese Awser brachyrhyncus, may constitute a major threat
to the Svalbard rock ptarmigan (Henden et al. 2017) as this food item may be depleted
earlier before the Svalbard rock ptarmigan start to build up the fat reserves key to winter
survival (Grammeltvedt and Steen 1978). Higher predator pressures could be also
expected if the timing of snow cover appearance and retreat is altered, creating a
mismatch between plumage colour with the background (Henden et al. 2017); ultimately
plumage moulting is photoperiod dependent (Host 1942). All these changes are expected
to contribute to greater energetic imbalances affecting the Svalbard rock ptarmigan fitness

in the mid- and long-term.

Extreme weather events, on the other hand, are likely to have the strongest effect
on the Svalbard Archipelago fauna, including the Svalbard rock ptarmigan, as they can
drastically change population numbers from one year to another (e.g. Hansen et al. 2011;
Hansen et al. 2013). In particular, relatively warmer days coupled with rain-on-snow
events in winter promote stronger defrost-freezing cycles of the snowpack that result in
the formation of ice layers that cover plant food items on or beneath the ground (Cohen
et al. 2015), on which large herbivores (e.g. Svalbard reindeer (Hansen et al. 2011)), small
herbivores (e.g. sibling vole (Yoccoz and Ims 1999) and the Svalbard rock ptarmigan
(Hansen et al. 2013)) feed upon. Thus, a decrease in the population of these species can

be expected after years with warmer winters and relatively higher number of days with
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rain on snow events, as many individuals will not survive due the very limited food

sources available (Hansen et al. 2013).
1.5.1. Svalbard rock ptarmigan locomotion — Iaboratory-based studies

Increases in body mass by external loads are correlated to increases in metabolic
costs of transport (e.g. Marsh et al. 2006; Taylor et al. 1980; Tickle et al. 2013; Tickle et
al. 2010). Following this line of thinking would imply that in winter, when the ptarmigan
almost double their body weight via increase in subcutaneous fat reserves (Grammeltvedt
and Steen 1978), the metabolic costs of locomotion would increase accordingly. The extra
fat that these birds gain prior to the onset of winter is thought to prevent heat losses and
provides an extra source of energy that could be used for a short time, while new food
sources are found although this can sustain them for only a short time (14 days approx.)
(Grammeltvedt and Steen 1978; Mortensen et al. 1983). However, the Svalbard rock
ptarmigan possess one of the most striking adaptations among many Arctic species:
winter males are capable of transporting the extra body fat at no extra metabolic cost

(Lees et al. 2010).

It has been hypothesised that the improved locomotor performance of the
Svalbard rock ptarmigan males is a trait under strong sexual selection, given that males
often combat vigorously with other males to establish and defend a breeding territory,
thus increasing fitness (Lees et al. 2012a; Steen and Unander 1985; Unander and Steen
1985). Fitness in females, in contrast, is more related to number and survival of the
hatchlings until adulthood as only female ptarmigan provide parental care to the young
(Steen and Unander 1985); thus, sexual selection may act upon other morphological traits
that remain unknown. The improved locomotor capacity of the males rapidly develops
in subadult prior their first winter, prioritising a developed locomotor system arguably to

move more efficiently while foraging in winter, and for future reproductive success for
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their first mating season (Lees et al. 2012b). Given that females do not have the same
locomotor capacities as males, it is assumed that their locomotor capacity remains very
similar compared to sub adult females. Yet it is unknown how locomotor perfomance

develop on females.

Despite the increasing knowledge on locomotion in the Svalbard rock ptarmigan,
several questions have also arisen regarding the applicability of these findings to wild
populations of the species. Without validating the ptarmigan locomotion models obtained
under the idealised controlled conditions typical of laboratory-treadmill experimental
design by ground truthing them with data on ptarmigan freely moving on their natural
environment, it is difficult to assess the utility of extrapolating predictions from these
models and determine if they are meaningful in a biological, ecological and evolutionary
context. Data validation may also be particularly useful if it is viewed as a baseline for
comparative analysis to gain insight on the effects that the change of one factor (e.g.

substrate compliance) has over the Svalbard ptarmigan locomotion.

This has been particulatly recognized by Nudds et al. (2011) as they found it
difficult to explain the occurrence of a grounded running gait in the Svalbard ptarmigan
running on treadmills. Grounded running is enigmatic as it is a transitional gait that
benefits from bouncing-like mechanics of the COM while keeping permanent contact
with the ground. While walking might be strongly related to foraging and aerial running
may be linked to predation avoidance, it is not clear the evolutionary relevance of
grounded running gait. Nudds et al. (2011) question if this gait is actually an artifact of
treadmill-based studies or if it is naturally performed in the wild. Indeed, the ecological
and evolutionary relevance of grounded running and the mechanisms by which the
Svalbard ptarmigan are capable of keeping dynamic stability on highly variable snow,

irrespective of sex, are explored in Chapters 2 and 3.
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Another adaptation that is thought to be relevant for the Svalbard rock ptarmigan
when moving over the snowy Arctic tundra are the snowshoe-like feet found in this
species. In fact, the name Iaggpus comes from the Greek “/gg0” which means hare, and
“pois” which mean feet, in clear reference to the feet densely cover by feather. Thus,
snowy substrates have likely played a major role on shaping the ptarmigan feet. By
increasing the foot surface via feet densely covered in feathers, it is possible to alleviate
the foot loads exerted on ground, which are key to a more efficient locomotion on snow
(Hohn 1977; Knapik et al. 1997; Muray and Lariviere 2002; Whiteman and Buskirk 2013).
Yet, all previous studies have not assessed the effects of snow has on ptarmigan
locomotion. Therefore, it remains to be established up to what extend the results of
previous treadmill-based studies can be extrapolated to the wild Svalbard rock ptarmigan,
in particular by taking into account the effects of snow on locomotion that are explored

in chapter 4.
1.6. Overview and thesis aims

A pressing question in all treadmill-based studies on animal locomotion is how
representative are the results of their studies for wild populations of the same species.
The Svalbard rock ptarmigan offers an opportunity to address how comparable are the
treadmill-based approaches with animals moving on their natural environments were
conditions depart from ideal and substrate becomes highly significant. I consider the
evolutionary and ecological implications of the morphological and behavioural
adaptations of ptarmigan locomotion through the interactions these birds have with the

snowy substrate that they encounter.
The specific aims of this thesis are:

1) To determine how comparable are the kinematics of locomotion of the

Svalbard rock ptarmigan males previously reported on treadmills to ptarmigan moving 7z
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sitn, at a self-selected speed using ground truth data obtained video recordings. I will test
the hypothesis that reliable extrapolations can be made from treadmill-based studies to
birds moving in their natural environment.

2) To determine how substrate influences the locomotor kinematics of wild
female ptarmigan moving 7 sitn compared to females on treadmills and wild males
moving at comparable gaits, using ground truth data obtained from video recordings. I
will test the hypothesis that females should move using faster but shorter strides and
reduced stance phases when compared to wild males and to females on treadmills.

3) To assess, using trackways, the effects of footprint sinking depth and
snow supportiveness on ptarmigan self-selected speed of locomotion and route choice,
using video recordings, 3D photogrammetry and a thin blade force gauge. I will test the
hypothesis that speed decrease as footprint depths increases and snow supportiveness
decreasing,.

4) To develop a species-specific predictive model to examine gait and speed
preferences derived from stride length by measuring the latter directly from the trackways
of the Svalbard rock ptarmigan. I will test the hypothesis that it is possible to acquire
meaningful speed values solely from the trackways, data which can be used to better

understand the activity patterns of this species.
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Chapter 2

Terrestrial locomotion of the Svalbard rock ptarmigan:

comparing field and laboratory treadmill studies

This chapter is a reprint of an article published in Scentific Reports:

Marmol-Guijarro, A.C., Nudds, R., Marrin, J.C., Folkow, L.P. and Codd, J.R. (2019).

Terrestrial locomotion of the Svalbard rock ptarmigan: comparing field and laboratory

treadmill studies. Scientific reports 9, 11451 (https://doi.org/10.1038/s41598-019-47989-

6).
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Jonathan R. Codd(®?

Research into the terrestrial locomotion of birds is often based upon laboratory treadmill experiments.
However, it is unclear how transposable these results are for birds moving in the wild. Here, using video
recordings, we compared the kinematics of locomotion (stride frequency, stride length, stance phase,
swing phase, duty factor) and speed range of Svalbard rock ptarmigan (Lagopus muta hyperborea)
under field and laboratory treadmill conditions. Our findings indicate that the kinematics of walking
and aerial running are conserved when moving on the treadmill and in the field. Differences, however,
were found when grounded running under the two conditions, linked to substrate. Substrate effects
were confirmed by analysing trials only moving over very hard snow. In line with laboratory treadmill
energetic predictions, wild ptarmigan have a preferred speed during walking and to a lesser extent
when aerial running but not when moving with a grounded running gait. The birds were also capable of a
higher top speed in the field than that observed during treadmill studies. Our findings demonstrate that
laboratory treadmill research provides meaningful information relevant to wild birds while highlighting
the importance of understanding the substrate the animals are moving over.

Animals may be defined by the way they move around and are often capable of multiple forms of locomotion'.
For example, although most birds can fly, many species during key times of the year, and for such vital processes
such as feeding and mating, are dependent on terrestrial locomotion. Research into avian terrestrial locomotion
has tended to focus on locomotor energetics and kinematics from treadmill-based studies (see for example?~'3).
While the treadmill provides a uniform, very hard, rubbery and grippy surface, real world substrates can be
anything from grass, mud, loose or firm rocks, snow or ice and combinations thereof. There is comparatively
little data from wild free-ranging animals; meaning that information such as speed ranges and gait classifica-
tions have yet to be collected under natural conditions’. While treadmill studies have facilitated great insight
into animal locomotion, they are conducted under idealised conditions'*'>. These basic tenants of experimental
research allow specific parameters of interest to be manipulated without additional factor(s) confounding results.
However, it also means the relevance of these results for an animal moving through a constantly changing land-
scape needs to be established.

Aside from temperature, wind and light, perhaps the principle difference between laboratory treadmill and
field conditions is substrate, which is known to affect locomotion. For example, previous work has shown that
moving on a treadmill, as opposed to a natural substrate, can affect the ground reaction forces, causing a reduc-
tion in the extension and flexion moments of the foot joint in humans'®. For humans and rats moving on a
treadmill there is also an increase in stride frequency concomitant with a decrease in stride length, compared
to moving over natural substrates'®!”. Substrate differences can also require adjustments in the neuromuscular
control of locomotion in order to maintain stability’®-?2. Interestingly, locomotion over snowy ground has often
been chosen to examine the effect of substrate on locomotion. Moving over snow also affects the locomotor
behaviour of animals, in terms of the pathway taken over the ground and the speed at which an animal moves®-%.
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Despite the influence of different conditions, a key assumption in all studies into the evolutionary significance of
locomotor adaptations is that laboratory treadmill studies reflect what the animals do under natural conditions?.

Research into the congruence between field and laboratory treadmill locomotion data has largely focussed on
the effects of substrate on energy expenditure during locomotion in humans, and has found conflicting results.
Some studies note differences in kinematics'®?*-** and energetics* while others have found no difference in either
of these?. For mammals other than humans, the relatively few studies have focused on Artiodactyls, and have
demonstrated that elk and mule deer moving in soft deep snow experience an increase in energy expenditure®®.
In birds there are even fewer studies. Recent work looking at gait transitions in paddock-housed ostriches indi-
cated that the preferred walking speed of these birds was around that predicted to minimise energy expendi-
ture'®. Preliminary attempts to analyse substrate effects on Svalbard ptarmigan locomotion* focused only on
grass rather than the natural snowy substrate the birds move over in the wild and did not distinguish between
the sexes. Aside from these studies, comparative real-world data from birds moving over natural substrates are
lacking. Without this research it is difficult to understand how factors that affect locomotion relate to fitness
and therefore place any experimental laboratory treadmill data into an evolutionary context’. These data are
important because without them it is impossible to determine, for example, what the potential impact might be
of environmental change.

Here we examined the locomotor kinematics and self-selecting speed of free-ranging wild, male Svalbard
rock ptarmigan (Lagopus muta hyperborea) on Spitzbergen, Svalbard. The birds were moving over natural snowy
substrates and were compared to existing laboratory treadmill data on the energetics and kinematics of their loco-
motion”*!. We aim to determine if we can reliably extrapolate from laboratory treadmill data to the field, using
the Svalbard ptarmigan as a model species.

Materials and Methods

Study species and data collection.  We recorded videos of terrestrial locomotion from wild, free-ranging
male L. muta hyperborea (n=91) in the Adventdalen valley and adjacent side valleys on Spitzbergen, Svalbard
(78°1318"N, 15°38/30"E), from 22" April to 4 May 2017 and the 21™ April to 7* May 2018. Svalbard ptarmigan
were selected for these studies as they are one of the few avian species where a comprehensive laboratory tread-
mill dataset exists on the kinematics and energetics of their locomotion’. During terrestrial locomotion Svalbard
ptarmigan move faster by either changing the number of strides they take in a given time or by increasing the
length of each stride, or both. These birds are ideal for locomotor studies as they can make use of up to three
terrestrial gaits: walking (where one foot is in contact with the ground at all times), aerial running (where both
feet are off the ground) and grounded running (a transitional gait with intermediate characteristics of walking
and aerial running). During spring the ground is snow covered, the midnight sun was already present and birds
were at their summer weight*2. Only males, identified from their calls and secondary sexual characteristics (red
supraorbital combs and eye-stripe) were used to facilitate comparison with existing laboratory treadmill data”*!.
Where possible each bird was filmed moving at low and high speed and a total of 165 videos were analysed.
Snowmobiles were used to cover the ground between sites. Once a bird was identified it was filmed from a fixed
distance moving across level ground at either 25 frames per second (fps) using a SONY® Handycam HDR-XR250
(SONY® Corporation, Japan) during the 2017 season, or at 100 fps using a SONY® Cyber-shot RX10-III camera
(SONY® Corporation, Japan) during the 2018 season. While filming the camera was maintained in a fixed posi-
tion at the same height and parallel to the moving bird. After the bird had been filmed a 1 metre scale bar was then
placed along the track way of the animal to calculate speed (U). Stride frequency (fiq.) and stride length (I;4.)
were calculated for each bird as the average of 3-5 complete strides during which the birds was neither acceler-
ating or decelerating. f;;;q. was obtained by dividing the number of strides by the duration of the video clip and
Lirige Was calculated as U divided by f, ;4. Data from the 100fps videos were used to measure stance () and
swing (f,ing) duration, and duty factor (DF), apart from ;. and fqiqe- To reduce pseudo replication of data, bird
locations were GPS marked and those locations were used only once. Data collection techniques used in the field
were refined from preliminary attempts at comparing treadmill locomotion of captive Svalbard rock ptarmigan
to birds moving within an outdoor race over grass*.

Previous laboratory treadmill-based studies by our group identified that the Svalbard rock ptarmigan use
three different terrestrial gaits identified by the phase relationship between Ej, (horizontal kinetic energy vector)
and E, + E, (the sum of the potential and vertical kinetic energy vectors) of the centre of mass (CoM)’. During
walking Ey, and E, + E,; fluctuate out of phase, whilst during grounded and aerial running E, and E, + E, are
in phase®. To confirm gaits across the speed range for wild ptarmigans, we tracked the movement of the CoM of
birds to determine Ey, and E, + E, from the 100 fps recordings. The location of the CoM was identified relative
to known morphological points; by using the points to build a polygon and then using it to estimate the centre of
mass. Points used were either the proximal end of the neck or the eyeball of the bird, the proximal end of the tail,
and the sternum. Mean body mass estimates were taken from literature values***. To further test the influence
of substrate on our results we re-ran the analysis having excluded all trials other than those moving over very
hard snow. This was done to allow a close to like-for-like substrate comparison between the animals moving in
the wild and on a treadmill in the laboratory, with its uniform firm surface. Video analyses were conducted using
Tracker® v. 5.0.5 (Open Source Physics). Substrate classification over which the birds were moving (electronic
Supplementary Material, ESM, Table S1) was conducted during locomotor trials was based the hardness of depos-
ited snow*.

Experimental procedures and methods were carried out under ethical approval from the University of
Manchester Ethics Committee in accordance with the Animal (Scientific Procedures) Act 1986, covered by Home
Office project licence (40/3549).
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model Slope Intercept
Gait Parameter Field Laboratory treadmill | z p-value |z p-value
0.142+0.204 U 0.102+0.246 U
Lride (t=9.287,72=0.65, (t=5319,7=096, |—0.837 |0.401 1.362 0.174
n=48, p<0.001) n=3,p<0.001)
1.022+2.051 U 1.043+2.130
Faride (t=10.08, r*=0.69, (t=36.28,7=099, |—0372 |0.711 —0.149 | 0.881
n=48, p<0.001) n=3,p<0.001)
—0.679-0.720log, U | —0.646-0.623 log,, U
Walk Fance (t=—1097,7=0.83, | (t=—7.368,7=098, | —1.178 |0.238 —1217  |0222
n=26,p<0.001) n=3,p=0.086)
—0.879-0.184log, U | —0.838-0.012log,, U
Hyving (t=—2.30,7=0.18, (t=—020,7=003, |—1688 |0.091 —1.172 | 0242
n=26,p=0.031) n=3,p=0.88)
0.814-0.230 U 0.858-0.281 U
DF (t=—-6.21,7=0.62, (t=—-6.72,=0.98, 0.930 0.352 —1.390 0.165
n=25,p<0.001) n=3, p=0.094)
0.260+0.088 U 0.194+0.158 U
Lirie (t=3.74,=0.21, (t=7.934,=095 | —2275 | <005 |— —
n=56,p<0.001) n=5,p<0.01)
0.979+1.925 U 1.621+1.258 U
Futrige (t=9.55,12=0.63, (t=5728,7=092, |2.238 <005 | — —
n=>56,p<0.001) n=>5,p<0.05)
—0.707-1.021log,, U —0.656-0.955 log,, U
Grounded running | funce (t=-9.91,r=0.78, (t=—44.49,7=0.99, | —0.845 0.593 — —
n=30, p<0.001) n=>5,p<0.001)
—0.833-0392log,, U | —0.79640.00 log,, U
Faving (t=—353,2=0231, (t=0,7=0.51, —3529 |<0.001 |— —
n=30, p<0.01) n=5,p=0.167)
0.689-0.122 U 0.734-0.164 U
DF (t=—4.47,=0.42, (t=-18.18,*=0.99, | 1.479 0.139 — —
n=30, p<0.001) n=5,p<0.001)
0.144+0.162 U 0.247+0.131 U
Lirie (t=11.54,72=0.69, (t=2.484,77=0.75, | 0.552 0.582 — —
n=61,p<0.001) n=4,p=0.131)
2.947 +0.665 U 1.788+4+1.078 U
Futrige (t=5.27,17=0.32, (t=3.12,7=0.82, —1.122 | 0.263 — —
n=61,p<0.001) n=4,p=0.089)
—0.83-0.469 log,, U —0.698-0.723 log,, U
Aerial Running france (t=—3.41,7=0.28, (t=-3.32,7=085 |0.983 0.327 — —
n=32,p<0.01) n=4,p=0.08)
—0.855-0.136log,, U | —0.722-0.311 log,, U
foving (t=—1.20,=0.04, (t=—171,7=059, |—0.636 |0.522 — —
n=32,p=0.24) n=4,p=0.23)
0.54-0.042 U 0.621-0.095 U
DF (t=—2.084,1>=0.13, (t=-1.992,2=0.67, | 1.02 0.308 —
n=32, p=0.045) n=4,p=0.185)

Table 1. Results of the linear regressions of each kinematics parameter against U for each gait and the z-test
comparisons of the slope and intercept coefficients. The lines of best fit are also given. Only the intercepts for
the walking gaits were compared, because comparison for grounded running and aerial running would require
extrapolating the lines of best fit too far beyond the data range rendering their estimates unreliable. Statistical
significance is set as p < 0.05.

Statistical analyses. To check for potential differences in Iy, and fiyiq. between years we performed
ANCOVA:s for each of the parameters using U as a co-variate. Walking, grounded and aerial running are distinct
gaits and were therefore analysed separately in all analyses. All kinematic parameters within each gait were ana-
lysed using linear regression. £,nc. and £, data (and U for these two parameters) for locomotion in the wild and
on a laboratory treadmill were linearized using a log,, transformation prior to analyses. To facilitate comparison
between our results for wild and laboratory treadmill datasets, we reanalysed the laboratory treadmill data from
our group using linear regression within each gait. Shapiro- Wilks tests were then performed on the residuals of
each linear model to ensure the data were normally distributed. Once the linear models were derived two-tailed
Z-tests were performed, in order to identify any differences in the slopes of each kinematic parameter between
the data from wild ptarmigans and that of the existing laboratory treadmill dataset. Z-tests were used, as they
are robust to violations of the assumption of equal variances for two samples. Only the intercepts for the walking
gaits were compared, because doing the same for grounded running and aerial running would be extrapolating
the lines of best fit too far beyond the data range rendering their estimates unreliable. All statistical analyses were
conducted in R v.3.4.3% and results are summarized in Tables 1 and S2.

Ethics. This project was conducted under ethical approval from the University of Manchester Animal Ethics
Committee and a permit from the Governor of Svalbard Research in Svalbard (RiS Project No 10790).
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Figure 1. Duty Factor (DF) plotted against speed (U) for walking (red), grounded running (white) and aerial
running (blue) gaits. (a) Includes data points for trials over all snow conditions and (b) includes data points for
ptarmigan exclusively moving over a very hard snow surface only. Inlay figures in (a) represent the horizontal
kinetic energy Ey;,(J), and potential plus vertical, E, + E,; (J) energy plots of fluctuations of in the Centre of
Mass (CoM) for each gait from one bird; walking (W), grounded running (G-R), aerial running (A-R). On the
inlay figures the solid black line within each box are represent the kinetic energy, whereas the dashed black line
represents the potential gravitational energy fluctuations. In the main figure the lines of best fit describing the
linear regression for wild ptarmigans freely moving in the field are shown in black. The solid red lines represent
the lines of best fit for the laboratory treadmill data. The vertical dashed line denotes the maximum sustainable
speed from the treadmill data’. To the right of the vertical line at 2.0 ms ™!, the red line becomes dashed to
denote projected speed beyond that sustainable in the laboratory. The horizontal dotted line represents the
threshold duty factor of 0.5.

Results

Gait analysis. No significant differences were found for ;4. and fy;q. when comparing data across 2017
and 2018 (Table S3), allowing these datasets to be combined. Walking, grounded and aerial running gaits were
confirmed from field data. When the fluctuations of Ey, and E,;, + E, were out of phase the birds were walking
and suggested a pendular mechanism of energy recovery®, that extended from 0.26 ms~! to 0.91 ms™' (Fig. 1a).
Grounded and aerial running gaits were identified from 0.92ms™! to 2.76 ms™!, where the fluctuations between
Ey and E,;, + E, were synchronized and energy recoveries occur by means other than kinetic energy to grav-
itational energy transfer*>. DF was then used to separate grounded running (DF > 0.5) and aerial running
(DF <0.5). The shift between these two gaits occurred at slightly lower speeds than previously suggested” and
overlapped between 1.46 ms™! - lowest aerial running speed - and 1.50 ms™~! - highest grounded running speed
(Fig. 1a).

Walking gait kinematics. 4. and fyq increased linearly with U (Fig. 2a,c, Table 1) for both the field
and laboratory treadmill derived measurements. Log; Zyance a0d 10g;g £,,in, decreased linearly with log,, U and
DF with U for the field data (Figs la, 2e,g and Table 1). Similar trends are seen in the laboratory treadmill data,
although the decrease in ty,, tyance and DF with U was not supported statistically (Figs 1a, 2e,g and Table 1).
None of the relationships between the kinematics parameters and U differed (neither intercepts nor slopes)
between the field and laboratory treadmill data (Table 1). Birds used walking gaits in 48 trials, from which 25
(52%) were over very hard snow.

Grounded running gait kinematics. . and fq. increased linearly with U for both field and laboratory
treadmill measurements (Fig. 2a,c, Table 1). The incremental increase in [4. with U, however, was greater in the
laboratory treadmill data than in the field data (Table 1). In contrast, the incremental increase in fy4., was less in
the laboratory treadmill data than in the field data. Log,, f,nc decreased linearly with log,, U and at a similar rate
in both data sets (Fig. 2e, Table 1). log;, ;g decreased linearly with log,, U in the field data, but was not affected
by Uin the laboratory treadmill data (Fig. 2g, Table 1). The linear decrease in DF with increasing U was similar
in both field and laboratory treadmill data (Fig. 1a, Table 1). A grounded running gait was used in 56 trials, from
which 23 (41%) were over very hard snow

Aerial running gait kinematics. . and fyq. increased with U in the field and laboratory treadmill data
although these trends were not statistically significant in the latter (Fig. 1a). Log,g tance decreased linearly with
log,, Uin the field and a similar trend (p = 0.08) was seen in the laboratory treadmill data sets (Fig. 2€). Log; Laying
did not change with log,, U in either field or laboratory treadmill data sets (Fig. 2g). DF decreased linearly with
U. For all the kinematic parameters, the relationship with U did not differ between field and laboratory treadmill
data (Fig. 1a, Table 1). Aerial running was used in 61 trials, of which 24 (39%) were over very hard snow. There
were no aerial running trials over soft or medium snow.
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Like for like comparison of kinematics over very hard snow. When only data for birds moving over
very hard snow were analysed no differences were detected in the laboratory treadmill and field data kinematics
for each specific gait (Figs 1b, 2b,d,f,h and Table S2).

Self-selected speeds. Counts (binned into arbitrary 0.07 ms~! increments) were used to determine the
frequency with which each speed was selected and a density bandwidth plot (right axis) was added in order to
visualize the speed distribution for ptarmigan within each gait (Fig. S1). The density bandwidth was automati-
cally estimated using the ggplot2 package for R. Ptarmigan in the field used a range of U from 0.26-2.76 ms™".
Probability density estimations (Fig. S1), however, suggest that walking at around 0.7ms ™! and to a lesser extent
aerial running around 1.7-1.85ms™! was preferred. Generally, the birds infrequently moved at very slow (0.1-
0.4ms™') and very high (>2.1 ms™') speeds. There was no obvious preferred speed within the grounded running
gait (Fig. S1).

Discussion

It is imperative to our understanding of animal locomotion that we can be confident that locomotion data col-
lected from laboratory treadmill studies is representative of natural movement in the field*. These results provide
new insight into the congruence between field and laboratory treadmill data. Our findings show that the kinemat-
ics of locomotion in the Svalbard ptarmigan when walking and aerial running are conserved across laboratory
treadmill and field datasets where the birds were moving over snow. These findings intuitively make sense as
both walking and aerial running have clear evolutionary relevance. Birds use a walking gait when foraging for
immobile food objects and general exploration’, while aerial running functions in predator escape and facilitates
the economic movement over large distances”'%*”*%. The birds in the current study utilised walking gaits over a
range of substrates from soft, powdered snow to mixed and harder snow as they were commuting between feed-
ing sites, most often tending to use the relatively faster walking speeds which are the most energetically efficient”.
Optimal foraging theory suggests that foraging decisions (like how and where to move) are made to maximise
fitness-related currencies based on combinations of the energy and time to be expended**. In other words nat-
ural selection should favour animals that forage the most efficiently®.

Svalbard ptarmigan feed by pecking at the ground, scratching away the snow with their feet to uncover vegeta-
tion as they move around, primarily selecting feeding sites that are loosely covered in snow. Selecting a relatively
fast walking gait when foraging is the most efficient means for the Svalbard ptarmigan to commute between
sites while still being able to identify and access food sites, as found in other species of birds*>. Moving slowly
can also negate the negative effects of moving through a substrate that might otherwise result in an increase in
the energetic cost of movement™. Conversely, we found the birds used aerial running gaits exclusively on firmer
snow suggesting that the bouncing mechanism, linked to elastic energy recovery during the stance phase when
running®***, only functions when moving over firm ground. Other animals, for example many mesopredators, in
snowy conditions also demonstrate a preference for moving over shallow compressed snow either to minimize
energy expenditure?*~*” or simply to travel faster®®. A softer substrate would absorb some or (all) of the kinetic
and potential energy during the stance phase reducing the elastic energy available for the next stride®. Other links
between the type of substrate and locomotor gait have previously been noted with slow speed walking linked to
softer snow and higher speed running on hard snow in humans®. The selection of gaits depending on substrate
correlates with increases in energy expenditure which relate to the depth of footprints or trackways?3-23856-58,

Interestingly, differences in kinematics were found when the birds were moving with a grounded running gait
in the field compared to the laboratory treadmill data, when all snow types were considered. Ptarmigan moving
with a grounded running gait in the wild took faster, smaller steps for the same speed range as laboratory tread-
mill studies. Grounded running is an intriguing gait as it links duty factors over 0.5 with running-like energy
fluctuations in the centre of mass®’. Grounded running is associated with more compliant limbs and improves
visual stability through better control of head movements*’ and reduces the mechanical work of the bouncing
non-locomotor body tissues?'. It has also been suggested that grounded running keeps the centre of mass low and
facilitates the execution of fast turns that results from keeping one foot in contact with the ground at all times>*".
The birds in the current study were moving over a variable hardness snowy/icy substrate where stability will be
paramount, particularly when the birds want to increase their speed, but are prevented from moving into an
aerial running gait by the substrate being too compliant. By taking more frequent and shorter steps whilst keeping
their centre of mass lower by selecting a grounded running gait, the birds would be able to effectively improve
stability over slippery snow or ice®’, while also increasing speed above walking range. Maintaining the centre of
mass closer to the vertical plane of the contact foot improves the chance of correcting a slide on ice, something
that is not an issue on the uniform rubberised substrate of a treadmill. The notion that substrate is important
when considering locomotor kinematics was supported when only data for the birds grounded running over very
hard snow were analysed. Very hard snow is the substrate that is as close as possible to enable a like-for-like com-
parison with the laboratory treadmill experiments. Examining data when the birds were moving only over very
hard snow eliminated the kinematics differences found during the grounded running gait, whilst maintaining
the finding of no differences between laboratory treadmill and field kinematics for walking and aerial running.

Svalbard rock ptarmigan were the first avian species for which a demonstrable decrease in the energetic cost of
locomotion was found upon the switch to a high-speed aerial running gait”. Maximum running speed is impor-
tant to the overall fitness of an animal, although it is not always the case that simply moving away the fastest
is the best way to avoid predation?. The current study also expands the range of speed these birds can aerial
run at, from the previously reported 2ms™" in the laboratory treadmill study to 2.76 ms™! for birds moving in
the wild, a 1.4-fold increase. Similar results have been reported for other species, for example ostriches have a
1.5-fold greater speed in the wild than on the treadmill'*'. These findings aren’t limited to birds, as the maximum
running speed in humans and other mammals ranged from 1.7 to 2.6-fold higher when freely moving®>%. The
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Figure 2. Kinematic parameters plotted against U for each gait - (a,b) L4 against U; (¢,d) fiqc against U; (e,f)
logg tyance against log,o Us and (g,h) log, ,ing against Logy, U. The left panels (a,c,e,g) represent data points

for the trials over all snow conditions. The right panels represent data points for ptarmigan exclusively moving
over very hard surfaces to facilitate like-for like substrate comparisons between field and laboratory treadmill
datasets. Walking, ground running and aerial running gaits are denoted by the red, white and blue circles,
respectively. The lines of best fit describing the linear regression for wild ptarmigans are shown in black. The
red lines represent the lines of best fit for the laboratory treadmill data. The vertical dashed line denotes the
maximum sustainable speed recorded in the laboratory treadmill experiments’. To the right of the vertical line
at 2.0ms ™, the red line becomes dashed to denote projected speed beyond that sustainable in the laboratory.

treadmill underestimates top speed because these studies are principally investigating the metabolic cost of loco-
motion as speed increases, meaning speeds must be maintained for long enough (often 5-10 minutes) to allow

stabilisation of respiratory gas measurements.
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Very slow speeds (which are the most energetically expensive way to move’) and very high speeds (which are
not aerobically sustainable for a long period of time’) are rarely selected by the Svalbard rock ptarmigan in the
wild. The distribution of speeds in the current study indicates that the ptarmigan are making decisions linked to
minimising the metabolic cost of locomotion when self-selecting speeds underpinned by the substrate they are
moving over. A similar pattern has been found in other cursorial birds, where they select a narrow band of ener-
getically optimal speeds'*%, a trend also found in horses®. The maximum attainable top speeds are likely selected
as an escape strategy to move as far away as quickly as possible over a short distance rather than for sustained
locomotion. Our results suggest that when conducting treadmill experiments examining animal locomotion it
would be beneficial to film up to the maximum obtainable speed even if this cannot be sustained as the kinematics
could then be compared to wild animals.

Conclusion

The kinematics of locomotion are conserved across walking and aerial running gaits when Svalbard rock ptar-
migan are moving under laboratory treadmill or field conditions. Walking is unaffected as moving slow negates
the influence of substrate on gait while aerial running is unaffected as the birds can only use this gait over firmer
ground mimicking treadmill locomotion. However, on uneven slippery ground when they want to go faster the
birds must use a grounded running gait and an icy snowy substrate requires faster, shorter steps when doing
this (as found for a range of animals®) compared to moving on a treadmill in order to maintain stability. This
treadmill versus field difference disappears, however, when only field data from very hard snow conditions is
considered (i.e., when differences in substrate are, as far as possible, removed). Currently the feedback mechanism
the animal relies on for identifying a given substrate to move on is unknown. Two options appear possible, either
that the birds rely on real time information feedback from moving over the substrate (such as substrate hardness
or slipperiness) that influences gait choice and subsequent speed, or that they are able to assess substrate prop-
erties in some way, perhaps through visual inspection. However, this remains to be determined. Investigations
into diurnal and seasonal time activity budgets of gait selection for the birds, likely through bio-logging (see for
example e.g.'*76%) would provide information of great interest towards better understanding the evolutionary
significance of gait selection and the influence of substrates in the wild and contribute toward building an accu-
rate picture of the energy budgets of wild animals and how this relates to laboratory treadmill based studies.

Data Availability
All data supporting this article are provided either in the text or as part of the ESM files available through Figshare.
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Figure S1. Self-selected speed (U ms™) frequency distribution across all trials.
Walking, ground running and aerial running gaits are denoted by the red, white and
blue bars, respectively. The birds demonstrate a preference for walking at a relatively
fast speed around 0.7ms™* and to a lesser extent aerial running around 1.7-1.85ms™.
Generally, the birds infrequently moved at very slow (0.1-0.4ms™) and very high
(>2.1ms™?t) speeds. There was no obvious preferred speed within the grounded
running gait. Trials were binned into 0.07ms™! speed increments across the full range.

Axes show the frequency of trials.



Term Hand test | Estimated Ram Sample of footprint
Resistance
(Swiss
rammsonde)
(N)

Object range

Soft Four 0-390
fingers

Hard Sharp >390

pencil tip

Table S1. Representative trackway footprints over snow of different hardness. Snow
hardness measure are modified from [32].



Parameter | Covariate/ Model1 | F P Model 2 F P Model 13 F P r
factor/ d.f. d.f. d.f.
interaction

Walking

Istrice U 1,44 0.431 0.668 1,45 9.120 <0.001 1,46 9.287 < 0.001 0.65
Year 1,44 0.738 0.465 1,45 1.649 0.106 * * *
Year x U 1,44 -0.429 0.670 * * * * * *

fstride U 1,44 -1.649 0.106 1,45 8.270 <0.001 1,46 10.083 | < 0.001 0.68
Year 1,44 -1.960 0.056 1,45 -1.721 0.092 * * *
Year x U 1,44 1.651 0.106 * * * * * *

Grounded

running

Istride U 1,53 1.358 0.180 1,54 3.910 <0.001 1,55 3.768 < 0.001 0.19
Year 1,53 1.176 0.245 1,54 -1.176 0.245 * * *
Year x U 1, 53 1.357 0.180 * * * * * *

fstride U 1,53 -1.448 0.154 1,54 9.318 <0.001 1,55 9.620 < 0.001 0.62
Year 1,53 -1.289 0.203 1,54 1.017 0.314 * * *
Year x U 1,53 1.450 0.153 * * * * * *

Aerial

Running

Istride U 1,57 -0.419 0.676 1,58 11.461 <0.001 1,59 11.543 | <0.001 0.68
Year 1,57 -0.368 0.715 1,58 0.343 0.733 * * *
Year x U 1,57 0.422 0.675 * * * * * *

fstride U 1,57 -0.005 0.996 1,58 5.214 < 0.001 1,59 5.268 < 0.001 0.31
Year 1,57 -0.029 0.977 1,58 -0.158 0.875 * *
Year x U 1,57 0.006 0.995 * * * * *

Table S2. Results of ANCOVAs testing for differences in lstide and fstide between the 2017 and 2018 seasons. Istride, Stride length;

fstride, Stride frequency. Speed (U) is a covariate, Year is a fixed factor and Year x U is the interaction term within the model, d.f. are
represented as (d.f., error d.f.). The adjusted r? values are reported for the third GLM analyses. In all cases the interaction term was

not significant (Model 1) and was consequently removed from the model (Model 2). Similarly, no effect of year was found so the

models were further simplified leaving only the speed term (effectively la regression analysis), which significantly affected lstridce and
fstride In all gaits (Model 3).




Gait Parameter model Slope Intercept
Field Laboratory Z p-value Z p-value
Walk
Istride 0.127 + 0.222 U 0.102 + 0.246 U -0.426 0.667 0.705 0.478
(t=6.321, r2 = 0.63, (t=5.319, r2 = 0.96,
n =25, p<0.001) n=23,p<0.001)
fstride 1.258 +1.744 U 1.043 + 2.130 -1.137 0.271 0.941 0.347
(t=5.208, r? = 0.54, (t=36.28, r2 = 0.99,
n =25, p < 0.001) n=23,p<0.001)
tstance -0.666 — 0.619 logio U | -0.646 — 0.623 logio U 0.040 0.992 -0.642 0.522
(t=-6.257,r> = 0.80, (t=-7.368, r> = 0.98,
n=12 p<0.001) n=3, p<0.086)
tswing -0.797 + 0.200 logioU | -0.838 —0.012 logio U 1.447 0.147 0.998 0.317
(t=1.507, r2 = 0.19, (t=-0.20, r2 = 0.03,
n=12, p=0.163) n=3, p=0.88)
DF 0.871-0.330 U 0.858 — 0.281 U -0.589 0.555 0.261 0.795
(t=-4.746, r> = 0.69, (t=-6.72,r>=0.98,
n=12, p <0.001) n=3, p=0.094)
Grounded
running
Istride 0.211 +0.122 U 0.194 + 0.158 U -0.888 0.373 - -
(t=4.353, 2= 0.47, (t=7.934, r2=0.95,
n =23, p<0.001) n=5, p<0.01)
fstride 1.400 + 1.624 U 1.621 +1.258 U 1.203 0.230 - -
(t=6.737, r2 = 0.68, (t=5.728, r2 = 0.92,
n =23, p<0.001) n=5,p<0.05)
tstance -0.715- 0.896 logio U | -0.656 — 0.955 logio U 0.335 0.734 — -
(t=-5.738, 1> = 0.75, (t=-44.49, r> = 0.99,
n =13, p < 0.001) n=5, p<0.001)
tswing -0.877 — 0.021 log1o U -0.796 + 0.00 log10 U -0.117 0.904 - -
(t=0.123,r2=0.001, (t=0,r2=0.51,
n=13, p <0.01) n=>5,p=0.167)
DF 0.739 - 0.157 U 0.734-0.164 U 0.140 0.889 - -
(t=-3.442,r?=0.52, (t=-18.18,r>=0.99,
n =13, p <0.001) n=>5, p<0.001)
Aerial Running
Istride 0.207 + 0.126 U 0.247 +0.131 U -0.104 0.920 - -




(t=8.034, r2=0.75, (t=2.484, r>=0.75,
n =24, p <0.001) n=4,p=0.131)
[stride 2.384 +0.981 U 1.788 +1.078 U -0.256 0.795
(t=6.354, r> = 0.65, (t=3.12,r>=0.82,
n=24,p<0.001) n=4,p=0.089)
tstance -0.770 - 0.726 logio U | -0.698 — 0.723 logio U -0.012 0.992
(t=-4.403,r?=0.62, (t=-3.32,r2=0.85,
n=14,p<0.01) n=4,p=0.08)
tswing -0.797 -0.380 log1o U -0.722 - 0.311 logwo U -1.684 0.093
(t=-2.839,r2=0.4, (t=-1.71,r>=0.59,
n=14,p=0.24) n=4,p=0.23)
DF 0.539-0.041 U 0.621 - 0.095 U 0.967 0.332
(t=-1.449,r?=0.15, (t=-1.992, r> = 0.67,
n=14, p = 0.045) n=4,p<0.185)

Table S3. Results of the linear regressions of each kinematics parameter against U for each gait and the z-test comparisons of the
slope and intercept coefficients for laboratory data and field data collected from birds moving over hard snow. The lines of best fit are
also given. Only the intercepts for the walking gaits were compared, because comparison for grounded running and aerial running
would require extrapolating the lines of best fit too far beyond the data range, rendering their estimates unreliable.
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Abstract

The majority of locomotor research is conducted on treadmills and few studies attempt to
understand the differences between this and animals moving in the wild. For example, animals
may adjust their gait kinematics or limb posture, to a more compliant limb, to increase stability
of locomotion to prevent limb failure or falling on different substrates. Here, using video
recordings, we compared locomotor parameters (speed range, stride length, stride frequency,
stance duration, swing duration and duty factor) of female Svalbard rock ptarmigan (Lagopus
muta hyperborea) moving in the wild over snow to previous treadmill-based research. We also
compared the absolute and body size (body mass and limb length) corrected values of
kinematic parameters to published data from males to look for any sex differences across
walking and grounded running gaits. Our findings indicate that the kinematics of locomotion
are largely conserved between the field and laboratory in that none of the female gaits were
drastically affected by moving over snow, except for a prolonged swing phase at very slow
walking speeds, likely due to toe dragging. Comparisons between the sexes indicate that the
differences observed during a walking gait are likely due to body size. However, sexual
dimorphism in body size could not explain the disparate grounded running kinematics of the
female and male ptarmigan, which might be linked to a more crouched posture in the females.
Our findings provide insight into how males and females moving in situ may use different

strategies to alleviate the effects of a variable substrate.

Keywords: Arctic, sexual dimorphism, biomechanics, substrate



Introduction

Although terrestrial animals moving in the real world almost never experience stable
substrate conditions, locomotion studies are overwhelmingly conducted through treadmill
experiments (e.g. Abourachid 2000; Abourachid and Renous 2000; Nudds et al. 2010;
Rubenson et al. 2004; Tickle et al. 2010; Watson et al. 2011). Attempts have been made to
understand the influence of substrates, including the incorporation of additional factors
affecting locomotion such as substrate friction coefficients with the feet (Cappellini et al. 2010;
Clark and Higham 2011), substrate compliance (Lejeune et al. 1998) and/or substrate
irregularities (Birn-Jeffery and Daley 2012; Daley and Biewener 2006; Daley et al. 2007; Daley
et al. 2006). It is only by direct comparison, however, that the real effect(s) of substrate
variations can be ascertained. For example, reductions in stride frequency ( fsirige) and
increases in stride length (Liqe) fOr a given speed (U) have both been reported in rodents and
humans when moving ground and on treadmills (Herbin et al. 2007; Riley et al. 2008). When
running humans also experienced greater moments acting around the limb joints due to
increased ground reaction forces (GRF) caused by the relatively stiffer natural ground
compared to the more compliant treadmill belt (Riley et al. 2008). On slippery substrates, the
low frictional coefficient between the substrate and the feet makes it challenging to attain
enough GRF, increasing the risk of missing the step and falling (Cappellini et al. 2010; Clark
and Higham 2011). This is mitigated by ensuring that the centre of mass (COM) remains close
to or directly above the supporting limb via reductions in the retraction angle of the limb,
resulting in smaller l.i4e in avian (Clark and Higham 2011) and non-avian bipeds (Cappellini
et al. 2010). Unexpected changes in substrate can trigger the proprioceptive responses of limb
muscles that alter limb-posture to facilitate either recovery of energy through elastic recoil or
to absorb/produce mechanical energy depending on how the foot lands on the ground (Daley
and Biewener 2006; Daley and Biewener 2011; Daley et al. 2007). Intrinsic factors such as
differences between sexes can also have significant effects on the metabolic cost and
kinematics of locomotion (Lees et al. 2012a). Generally, however, data documenting sex-
specific locomotor characteristics are lacking, particularly for species moving over natural

substrates in situ in their own habitats.

A broad range of experimental locomotor data demonstrates that limb posture is a major
factor influencing limb biomechanics, locomotor energetics and the effectiveness of energy
saving mechanisms (Reilly et al. 2007). Defining stability as “the ability of a system to return

to a steady-state, periodic gait after a perturbation” following Full et al. (2002), comparative



studies suggest that the more crouched postured species are inherently more stable and
manoeuvrable during locomotion compared to species with relatively more upright and stiffer
limbs (Daley and Usherwood 2010; Gatesy and Biewener 1991). This greater stability is a
result of proportionally longer stance times (tsw.nce) that alleviate and redistribute GRF acting
over the limb (Alexander and Jayes 1983; Andrada et al. 2013; Gatesy and Biewener 1991).
Often, crouched-postured species also use bouncing gaits with duty factors (DF) greater than
0.5, meaning they grounded run with no aerial phase which is thought to improve stability
(Abourachid and Renous 2000; Alexander and Jayes 1983; Andrada et al. 2013; Daley and
Usherwood 2010; Gatesy and Biewener 1991); however, to our knowledge empirical data is
lacking. Thus, it is possible that a more stable species with a more crouched posture would
experience only minor changes in kinematics parameters when walking over natural substrates

relatively to those over uniform ground.

Structural (Biewener 1989), physiological (Usherwood 2013) and biomechanical
(Daley and Usherwood 2010) factors must combine to determine the limb posture of animals.
The scaling of morphological components (i.e. muscles and bones) and related biomechanical
concepts (i.e. stress and strain) are thought to drive the phenomenon whereby smaller species
tend to have a more crouched posture and larger species have more upright limbs (Alexander
and Jayes 1983; Biewener 1989; Gatesy and Biewener 1991; Jenkins 1971). Relatively small
species have proportionally longer — i.e. the sum of all the leg segments — crouched limbs that
move over a greater range of angles during the stance phase (tsiance) (Gatesy and Biewener
1991), allowing for higher duty factors (DF) that optimize the volume of active muscle to
power locomotion (Usherwood 2013). These generalities hold true across a number of distantly
related taxa, including members of the mammalian families of canids, felids, mustelids and
ceratomorphids (Alexander and Jayes 1983; Biewener 1989), and avian representatives of the
galliformes and palaeognates (Gatesy and Biewener 1991). However, any scaling effects are
complex and not always uniform for phylogenetically close taxa or at an intraspecific level.
For example, in felids, limb posture remains uniform among 9 species despite differing in body
mass up to 41-fold (Day and Jayne 2007). Conversely, in cercopithecine monkeys of
comparable body size, Polk (2002) found that extended limb postures were often associated to
longer limb segments. Interestingly, size-dependent shifts in posture towards increased
erectness with increasing body size is not always the case. In fact, among nine species of
varanid lizards, including the small Varanus brevicauda (7.6 g) and the large Varanus

komodoensis (40 kg), the largest species of the clade compensate for larger stresses of being



larger by increasing the muscle mass and physiological cross-sectional area (PCSA; which is
positively correlated with the muscle force output) of the muscles at the hindlimb joints (Dick
and Clemente 2016).

The Svalbard rock ptarmigan (Lagopus muta hyperborea) is an ideal model species for
examining limb posture during locomotion as its locomotor performance has been extensively
studied, including comparative work spanning the laboratory and field (Marmol-Guijarro et al.
2019). Svalbard ptarmigan are also interesting as treadmill-based studies in these birds
demonstrate that there is strong sexual selection towards improved locomotor performance in
males compared to females (Lees et al. 2012a). Males use walking, grounded, and aerial
running gaits with energy savings upon the transition to aerial running (Nudds et al. 2011). In
contrast, females do not use an aerial running gait and their locomotion is circa 34% per kg
more metabolically expensive than males moving at the same speed (Lees et al. 2012a). These
differences in male and female performance are thought to result from sexual selection acting
on the males, likely related to agonistic encounters with other males to secure a breeding
territory (Unander and Steen 1985). To our knowledge, comparable studies analysing walking
kinematics and limb posture in birds have only been made in leghorn chickens on treadmills
(Gallus gallus domesticus). When comparing limb posture between sexes of large and bantam
chickens, postural sex differences are only found in the larger variety, with females having a
more erect limb posture despite being smaller than males, relatively, whereas no differences
were found between both sexes of the small variety (Rose et al. 2016b; Rose et al. 2015).
Whether if postural changes become apparent at the onset of maturity in the leghorns is unclear;
however, evidence of this has been reported in the Chacma baboons Papio hamadryas ursinus,
where adult males walk with more upright limbs than comparatively lighter females and
younglings (Patel et al. 2013). In the case of leghorn, males experience proportionally larger
increases in limb muscle mass than females (Rose et al. 2016a). This sex-specific difference
may cause postural changes particularly in males at the onset of maturity. Similar to leghorns,
the disparities in locomotor performance and size between male and female Svalbard ptarmigan
are less evident in juveniles, which have comparable kinematics and energetics (Lees et al.
2012b). Adult male ptarmigan, however, are 6% heavier and possess longer limbs (172.7 mm)
than adult females (153.2 mm) (Lees et al. 2012a; Steen and Unander 1985) which might lead

to potential differences in limb posture.

Recently we compared locomotor kinematics in male Svalbard rock ptarmigan when

moving on a treadmill and in the wild under natural conditions (Marmol-Guijarro et al. 2019).



Overall, the kinematics of locomotion were conserved when the birds were walking slowly and
aerial running, however important differences were found during grounded running. When
moving on snow with a grounded running gait, the limb kinematics of male ptarmigan showed
areduction in lgge @nd an increase in fgriqe, Presumably because of an early retraction of the
limb moments before the foot lands on the ground. By making this adjustment males would be
capable of stabilizing their body, if needed, after an unexpected perturbation caused by the
snowy substrate (Daley and Biewener 2006; Daley et al. 2006; Seyfarth et al. 2003). Females
in the wild would be affected by snow as well; however, it is unclear if they will alter kinematic
adjustments in response to the uneven and highly variable snowy substrate, irrespectibly of

their gait.

Redressing the lack of comparable wild data for female ptarmigan was the principal
aim of our current research. Accordingly, here, we compare the gait kinematics of female
Svalbard rock ptarmigan moving in situ over snowy substrates to a previous report on females
moving on treadmills (Lees et al. 2012a), to determine how substrate affects their locomotion.
We also test how comparable are the effects of snow over the limb kinematics between female
ptarmigan with the data previously published for wild male ptarmigan by Marmol-Guijarro et
al. (2019). Given that the males of this species are larger than the females, strategies to
negotiate with snow would be dynamically comparable if the spatial (i.e. L iqe) @nd temporal
(i-€. fstrides tstance @Nd tswing) Kinematic parameters of the limb are scalable after accounting
for body size (Alexander and Jayes 1983). As snow is a common factor affecting locomotion
in both sexes, we hypothesize that walking and grounded running in wild female ptarmigan be
dynamically similar to the kinematics of the wild males. In other words, females should use
shorter but faster strides, with reduced periods of absolute tgi,nce 10 SUpport the body within
each stride (Abourachid and Renous 2000; Alexander and Jayes 1983; Gatesy and Biewener

1991), all of them scalable to the limb kinematics of the males.
Material and methods

The terrestrial locomotion of wild female Svalbard ptarmigan (L. muta hyperborea, n
= 58) moving over snow in Adventdalen and adjacent side valleys (78° 18 13*> N, 15° 38’
30”” E) in Spitzbergen on the Svalbard archipelago was examined through video recordings
during spring (April-May) in 2017, 2018, and 2019, coinciding with the beginning of the
breeding season. During this period the midnight sun was already present, the birds are at their

lowest seasonal body weight and females are not egg bearing (Steen and Unander 1985;



Stokkan et al. 1986). Females were distinguished from males by the presence of a relatively
thin dark eye stripe, their reduced supra-orbital red combs, and by their quieter ‘kee-ah kee-ah’
calls (as opposed to the thicker eye stripe, pronounced combs and characteristic loud ‘aarr-aa-
ka-ka’ calls in males). Each video recording consisted of filming a bird moving parallel across
the camera frame (held at a fixed height and distance from the subject during recording) over
level ground, at either 25 frames per second (fps) with a SONY® Handycam HDR-XR250
during the 2017 season or at 100 fps with a SONY® Cyber-shot RX10 Il (SONY®
Corporation) during the 2018 and 2019 seasons. Immediately after the bird had moved out of
camera shot, a 1 metre scale bar was carried into the frame and held directly over the trackways
left by the bird in order to measure U. Pseudo-replication of the data was avoided by marking
data location sites with GPS and using each location only once, as the Svalbard ptarmigan are

highly territorial during the breeding season (Stokkan et al. 1986).

From the 58 video recordings obtained, firige Was calculated from 1-3 consecutive
strides and Lgriqe derived by dividing U by fiirige- tstance: tswing. @d DF were also calculated
from the high-speed (100 fps) recordings. We considered the beginning of stance immediately
after foot was fully loaded on the ground, while the end of stance was marked immediately
after the limb began protraction. From the high-speed recordings we also estimated the
mechanical energy (the sum of the potential (Ep) and kinetic (Ex) energies) of the COM using
the same method for male ptarmigans as described in Marmol-Guijarro et al. (2019). A mean
body mass of 476.7 g for the females was obtained from literature (Lees et al. 2012a). Previous
treadmill research by our group found that females are restricted to walking and grounded
running gaits with a subsequent lower top speed (Lees et al. 2012a) than males, which can
make use of an additional aerial running gait (Marmol-Guijarro et al. 2019; Nudds et al. 2011).
Gaits were determined by the fluctuations in potential and kinetic energy of the COM (Cavagna
et al. 1977). Grounded and aerial running were further identified by the presence of an aerial
phase (i.e. DF < 0.5). The analyses of the video recordings were conducted in Tracker® v.5.1.2
(Open Source Physics).

Prior to data analyses, all data points for each wild female ptarmigan were allocated to
a specific gait based in phase relationship of Ep and Ex of the COM: in a walking gait Ep and
Ex fluctuate out of phase, whilst in a grounded running gait Ep and Ex fluctuate in phase. Gait
changes occur at U ranging from 0.85 to 0.95 ms. For analysis in this paper, the data from
females moving on treadmill reported by Lees et al. (2012a) was placed into either a walking

or grounded running gait based on the speed ranges of the wild females. We first analysed the



kinematics of locomotion of female ptarmigan moving in situ over snowy ground and
compared it to the corresponding treadmill data using linear models (LM). LM were then used
to test whether limb kinematics within each gait changed in a similar way in both sexes (using
male data from Lees et al. (2012a) and Marmol-Guijarro et al. (2019)) when moving over
snowy substrates in-situ using U as a covariate. Initially, both the slope and the intercept were
tested for differences. The resulting model was then simplified by removing the interaction
term (sex x U) if it was non-significant (i.e. similar slopes), and the LM was rerun to test only
for differences in the intercepts. Shapiro-Wilks tests were used to ensure the residuals of the
linear regressions and LMs approximated a normal distribution. To conform to the assumption

of normally distributed data, in some cases kinematic parameters were transformed to logzo.

Male ptarmigan are larger than females and differences in body mass and limb length
are known to affect leg kinematics. Therefore, two sets of sex comparisons were done. The
first set was analysed using the absolute value for each kinematic parameter regressed against
U, where body mass and limb length effects were not considered. Then to account for size
effects and test if male and female ptarmigan move in dynamically similar way, the second
analysis used transformed kinematic parameters by relating them to hip height (hnip), taken
from Lees et al. (2012a), and gravity (g), following Alexander and Jayes (1983): stride length

(Zstride = lstride/hhip)1 stride frequency (fstride = fstride/\/ g/hhip)1 stance (fstance = tstance/
\/ hnip/ g) and swing (fswing = tswing/+/ Pnip/ 9), and u(u/, [hnip X g) as the speed covariate.

DF is dimensionless and was therefore not corrected when regressed against U. All the
statistical analyses were conducted in R v. 3.6.6 “Holding the Windsock” (R Core Team 2020)
and the results are summarized in Tables 1, 2 and S1.

Results
Comparison of absolute values for wild and treadmill locomotion kinematics in females

When compared to the previous treadmill studies (Lees et al. 2012a) females did have
a higher top speed in the wild, increasing by up to 8% to a maximum of 1.63 ms™* (Fig. 1) but
in line with treadmill studies they never displayed an aerial running gait (Fig. 1A). Overall
locomotor kinematics for the female ptarmigan are similar in both walking and grounded

running gaits when moving under laboratory and field conditions.

Within the walking gait, L ige and fiirige iNCreased linearly with increasing U (Fig. 1B
& C; Table 1). tiance decreased curvilinearly with U and DF decreased linearly with U (Fig.
1A & D; Table 1). The only difference between the two groups was that tging Was slightly



higher in females walking in the wild at the slowest speeds and decreased at a faster rate with

U than in females walking on treadmills (Fig. 1D; Table 1).

For grounded running, lgyige and fierige increased linearly with U (Fig. 1B & 1C;
Table 1). tsiance aNd tswing decreased linearly and curvilinearly with increasing U, respectively
(Fig. 1D; Table 1). Similar to the walking gait, DF decreased linearly with U (Fig. 1A; Table
1).

Comparison of absolute values for wild kinematics between females and males

For the walking gait, lgiriqe @nd fsirige iNCreased linearly with increasing U at the same
rate in males and females. However, [ iqge aNd fiirige Were lower (14%) and higher (16%)
across all walking speeds in females (Fig. 2A & B; Table 2), respectively. With increasing U,
tstance ANd tsying decreased curvilinearly at the same rate for both sexes. tgiance Was shorter
across all speeds in females; however, tg,ing Was similar for both sexes at all speeds (Fig. 2C;

Table 2). Consequently, DF is lower in females at the slowest speeds relatively to the DF of

males but becomes similar at the fastest walking speeds for both sexes (Fig. 2D; Table 2).

Within the grounded running gait, females showed lower [iq at the slowest grounded
running U that progressively became similar to the ones observed in the males as they moved
faster. The opposite was true for fyiqe, Where females took faster strides at the slowest
grounded running U, that became comparable to the f;.iqe Values observed in males as they
moved faster (Fig. 2A & B; Table 2). tsiance and tswing decreased curvilinearly with increasing
U and was similar across all values of U for both sexes (Fig. 2C; Table 2). Therefore, DF was

also similar at all speeds in both sexes (Fig. 2D; Table 2).
Body size-corrected kinematics of wild females and wild males

After accounting for body mass and limb length, most of the differences between sexes

reported above during the walking gait disappeared, whereas differences in fswing became

apparent. Iy iqe and fitrige inCreased linearly with, and were similar at all values of, U for
males and females (Fig. 2E & F; Table 2). f.nce decreased curvilinearly with U, and again no
differences were detected between the sexes (Fig. 2G, Table 2). fswing decreased curvilinearly
with U at the same rate for each sex. Across all U, however, females had a greater fswing (Fig.

2G, Table 2). Concordant with the non-size-corrected results above, females had a lower DF
at lower U than the males, but their DF converged at the highest U (Fig. 2H, Table 2). Thus,
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the differences in lgrides fstride @Nd tstance, COUld be attributed to the unequal body mass and

limb lengths of males and females, because those differences disappeared after size correction.

In contrast to the walking gait data, all sex differences identified in the relationships
between the absolute kinematic parameters and U within a grounded running were conserved
after accounting for the effects of body mass and limb length. I e increased curvilinearly
with U and was longer in males at lower U, but, conversely, longer in females at higher U (Fig.
2E; Table 2). fiiriqe increased with U. Males had a higher f,iq4e at higher U than females, but
their firiqe CONVerged at the lowest grounded running gait U (Fig. 2F, Table 2). £5tance and
fswing decreased in a curvilinear manner with increasing U and decreased at a similar rate in
males and females. Females, however, had greater £g,,ce and fswing than the males across all
U (Fig. 2G; Table 2). Despite these differences, DF was similar in each sex and decreased
linearly with increasing U in both (Fig. 2H, Table 2). In contrast to the sex differences in the
absolute values for the walking gait, body size cannot explain the kinematic differences in

grounded running between male and female ptarmigan.
Discussion

Generally, walking in females, aside from tg,i,g, Was not greatly affected by moving

over snow relative to on a treadmill (Fig. 1). The robustness of a walking gait over snow was
found previously in males (Marmol-Guijarro et al. 2019) where an increased stability is
achieved via passive mechanics of the musculoskeletal system (Jindrich and Full 2002)
(Jindrich and Full 2002) in tandem with the presence of a period of double support, thereby
contributing to lower lateral displacements of the centre of mass (COM) after by a medio lateral
perturbations compared to a running gait (Qiao et al. 2012; Qiao and Jindrich 2014). The
greater absolute tging Observed in the wild females at very slow walking U, compared to
females on treadmills, could be caused by a reduction in the toe clearance. Toe dragging was
observed in the trackways associated with very slow, which would increase the length of time
it took to swing the limb (see Fig. S1), although snow hardness and/or depth may also be
important. Toe dragging may be the best option, as increasing toe clearance by lifting the foot
clear of the snow during each stride could potentially impose greater energetic penalties for
each stride (Gates et al. 2012; Wu and Kuo 2016). The absence of an effect on tin, at faster
speeds likely reflects the fact that toe dragging is not an option when moving faster as the risk

of falling, limb failure or injury becomes too great (Gates et al. 2012; Schulz 2011).
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Interestingly, and unlike the findings for male ptarmigan (Marmol-Guijarro et al. 2019),
there were no differences in the kinematics of a grounded running gait for females in the wild
when compared to the treadmill. This result was surprising as faster gaits are usually more
susceptible to destabilization of the COM because of the relatively greater time spent with only
one limb on the ground (Qiao et al. 2012; Qiao and Jindrich 2014), particularly when moving
faster over a highly irregular substrate like snow. Birds minimize the risk of falling by a
reduction of [giq. @nd an increase in fiqe. achieved by an earlier retraction of the limb just
before the stance phase (Bhatt et al. 2005; Birn-Jeffery and Daley 2012; Cappellini et al. 2010;
Clark and Higham 2011; Daley and Biewener 2006; Daley et al. 2006), that ensures that the
COM passes over the supporting limb (Seyfarth et al. 2003). Similar adjustments have also
been reported in a number of avian species when negotiating obstacles and/or drops, including
the guinea fowl (Numida meleagris) (Birn-Jeffery et al. 2014; Daley and Biewener 2006; Daley
et al. 2006), the pheasant (Phasianus colchinus) (Birn-Jeffery and Daley 2012; Birn-Jeffery et
al. 2014), the bobwhite (Colinus virginianus), the turkey (Meleagris gallopavo) and ostriches
(Struthio camelus) (Birn-Jeffery et al. 2014) or when locomotion occurs over other slippery
surfaces as shown in the guinea fowl (Clark and Higham 2011) and in humans (Bhatt et al.
2005; Cappellini et al. 2010). The Svalbard ptarmigan males are thought to adjust their limb
kinematics in this way to negotiate with snowy substrate while using grounded running
(Marmol-Guijarro et al. 2019). Generally, grounded running is thought to improve locomotor
stability due to longer supporting phases (Andrada et al. 2013; Gatesy and Biewener 1991),
while still recovering energy through the elastic elements of the limb (Nudds et al. 2011;
Rubenson et al. 2004). Grounded running is also associated with other benefits like an
increased stability of the head (Hancock et al. 2007) and a reduction in the bouncing of non-
locomotor tissues (Daley and Usherwood 2010). It is puzzling therefore as to why the female
ptarmigan are not modifying their limb kinematics during grounded running over snow when
all these potential effects could be beneficial. We believe it is likely that the differential
influences of snow on a grounded running gait for males and females can be explained by
differences in limb compliance. If female ptarmigan had a more compliant limb during
grounded running relative to males, this may explain why their kinematics were less affected
at increasing speeds over an inherently unstable substrate. Therefore, by examining sex
differences between the kinematics of walking and grounded running it should be possible to
detect whether any disparities are caused solely by sexual dimorphism in body mass and limb
length or if the apparent robustness of female locomotion over snow is explained by differences

in limb posture.
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Sex differences in locomotion over snow

Males are up to 6% heavier and have longer limbs (Lees et al. 2012a; Steen and Unander 1985)
than females. Therefore, if the two sexes are to move in a dynamically similar way and the
absolute kinematics and hip heights scale with body mass and limb length (Alexander and
Jayes 1983), the rates of change in the kinematic parameters with increasing U should remain
similar. Except for t,,ing and DF, all the absolute kinematic parameters during a walking gait
in male and female ptarmigan are in line with the differences associated with body size for
birds (Abourachid and Renous 2000; Gatesy and Biewener 1991). The smaller females had
smaller absolute I iqe, and greater absolute fgi.ge and absolute tgi nce at any given U
compared to the males (Fig. 2A, B & C). The differences in the absolute L ige, fstride @Nd
tstance, NOWever, all disappeared when comparisons were made using body mass and limb
length-corrected values for any given relative speed U (Fig. 2E, F & G). Therefore, male and
female ptarmigan are using a dynamic similar walking gait where body size has a major

influence on the kinematic parameters.

Conversely, male and female ptarmigan do not appear to move in a dynamically similar
way within a grounded running gait. As the differences in the absolute [l .iq. and absolute
fsiride Detween males and females when using a grounded running gait persisted after
correcting for body size (body mass and limb length), a difference appeared in size-corrected
tstance. Differences, such as these, in limb posture are often associated with a departure from
dynamic similarity (Alexander and Jayes 1983; Gatesy and Biewener 1991). The greater Is;iqe
of the females at the top end of the speed range during grounded running, may be attributed to
a greater excursion of a more crouched limb in females relative to males (Fig. 2E). Changes in
limb posture may also explain the lower f 40 Of the females for almost all the range of
grounded running U (Fig. 2F). A more crouched posture of the females is also supported by
the greater fgance across grounded running U (Gatesy and Biewener 1991) (Fig. 2G).
Adjusting their 5,0 Would confer additional stability to females (Andrada et al. 2013;
Gatesy and Biewener 1991), which might explain why they do not change their kinematic

parameters in the same way as males do when moving on snow.

The relatively longer fswing of the female ptarmigan for all walking and grounded

running U (Fig. 2G) can likely be explained by departures in the mass proportions of each of
the limb segments when compared to ptarmigan males. Experiments on limb loading in birds

demonstrate that if the distal portion is heavier relative to the proximal portion, for example
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with loads added equivalent to 5% of their body mass, then these birds face difficulties in
decelerating the swinging limb as the extra load caused greater moments of inertia, increasing
tswing (Tickle etal. 2010). Similarly, a study of three species of shore birds revealed that fswing
was longer in the species that naturally possessed limbs with heavier distal portions (Kilbourne
et al. 2016). In the case of the female ptarmigan, the longer fi,, Might be explained by
departures in mass of the proximal limb segments (the femoral and the tibiotarsal regions) with
females having smaller muscles, relative to the males. This would make it more challenging
for the females to counter the moments of inertia of the swinging limb, if the mass of the distal
limb segment in both sexes is proportional. Yet, data on joint kinematics in the ptarmigan is

needed to test this hypothesis.

Sexual dimorphism in limb posture is evident in leghorn chicken, where females have
amore upright posture compared to the males (Rose et al. 2016b; Rose et al. 2015). In leghorns
the more upright limbs reduce the work that muscles must produce and bones must resist due
to a proportionally greater visceral mass of females compared to males, without decreasing
tstance (ROSE et al. 2016b). However, this is the opposite of what we see in the female
ptarmigan, which have a more crouched posture compared to the males. These differences are
likely explained by important differences between how female leghorns and ptarmigan move.
In contrast with female ptarmigan, the female leghorns are not capable of grounded running,
at least on treadmills, and all the sex differences in their locomotor kinematics were found
during a walking gait (Rose et al. 2016b). Moreover, female leghorns have been artificially
selected to be in a permanently gravid state able to lay eggs all year (Mitchell et al. 1931; Rose
et al. 2016b), whereas female ptarmigan breed once a year normally in June (Stokkan et al.
1986). Therefore, female leghorns must support 1.32 times larger reproductive organs for
longer; maximum ovaries mass in the female ptarmigan is 34.60 g in June (Mitchell et al. 1931;
Stokkan et al. 1986). Conversely, the ptarmigan females in this study were sampled at the end
of April/beginning of May, at the onset of ovarian development prior egg laying (Stokkan et
al. 1986). As a result, the female ptarmigan in this study were free from the constraint of having
to support any extra weight, which means that joint moments can be reduced enough to make
crouched postures attainable, thus allowing for longer stance periods, lower power demands
(Usherwood 2013) and greater locomotor stability. Furthermore, the risks of bone fracture in
ptarmigan females might be lower, as bone calcium deficits are expected to be negligible at

this time of the year. Bone fracture is a particular risk for Leghorn hens as they often suffer
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from osteoporosis as a result of the permanent transfer of calcium to the egg shell (Whitehead
2004).

Implications for limb architecture and muscle anatomy

From an anatomical perspective, the limbs of the female ptarmigan may not be as suited
to generating force in the way males do in order to run faster. The PCSA of a muscle is directly
related to the forces that muscles, in this case of the pelvic limbs, can produce and depends
directly on the mass and volume of the muscle and the length and angle of pennation of the
fascicles within that muscle. In leghorns, males have a greater PCSA on several locomotor
muscles, including the ilitibialis cranialis and lateralis, the ilifibularis, and the flexor cruris
medialis and lateralis pars pelvica, at the onset of maturity compared to females, conferring
them an improved locomotor performance (Rose et al. 2016b; Rose et al. 2016¢). The Svalbard
ptarmigan appear to fit this general pattern with a higher U achieved by males under both
treadmill and wild conditions (Lees et al. 2012a). Higher U are likely due to a greater PSCA
and more upright posture of the males. It is particularly interesting that wild females’ top speed
only increased by 8 % (from 1.5 to 1.62 ms™!) compared to the speed achieved running on
treadmills (Fig. 1). Whereas in males the differences are greater for the wild individuals that
could achieve up to a 34% increase in top speed (from 2 to 2.76 ms™) (Marmol-Guijarro et al.
2019). These differences between females and males may be related to the relative composition
of fibre types in the ptarmigan limb muscles. Indeed, sex differences in fibre type composition
are common on many muscles of a number of species. For example, in mice hindlimb the
expression levels of the myosin heavy chain isoform for type-11B fibres (fast glycolytic) are
higher in females compared to males in the soleus (64% in females vs. 42% in males) and the
tibialis lateralis muscles (75% in females vs. 61% in males), whilst in the plantaris muscle
higher levels of the type-11B isoform are observed in males (84%) than in females (63%)
(Haizlip et al. 2015). Similarly in humans, the vastus lateralis muscle located in the thigh show
higher percentages of type-1 myosin isoforms (slow oxidative) in females (41%) than in males
(34%), while type-l1A isoform is higher in males (46%) than in females (36%) (Staron et al.
2000) . In the tropical golden collared manakin (Manacus vitellinus), 49% of the fibres in the
scapulohumeralis caudalis and 47% of the fibres in the supracoracoides in the males correspond
to fast oxidative glycolytic and fast oxidative fibres compared to only 4% and 2% in the
females, respectively; as these muscles are key for the wing snaping behaviour of males during
courtship (Schultz et al. 2001). Similar to the manakin, sexual selection favouring higher

proportions of fast twitch fibres on the hindlimb muscles of the ptarmigan males provides
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further support to the improved locomotor capacity show by them compared to females. On
the other hand, a greater proportion of slow oxidative fibres would explain the greater f¢.ce
observed for the during grounded running in females, as they would find challenging to

produce enough force to move faster and restricting them from using aerial gaits.
Future Directions

There is a marked seasonal variation in body mass in the Svalbard rock ptarmigan over
the year (Steen and Unander 1985; Stokkan et al. 1986). In particular for females, it would be
interesting to study the locomotion their throughout breeding cycle, in particular when they are
at their heaviest prior to egg laying, and throughout winter, when they double their body weight
seasonally to further test some of these hypotheses. Sampling across the range of seasonal mass
fluctuations would enable us to tease apart the influence of mass gain specifically associated
with reproductive effort and that associated with overwintering survival. These data would be
particularly interesting in the Svalbard ptarmigan as males have adaptations that mitigate the
influence of winter mass gain, meaning they move more efficiently in terms of the metabolic
cost of locomotion, albeit over a reduced speed range (Lees et al. 2010). It is unknown if

females show the same adaptations.

At the muscular level, a detailed analysis of the muscle architecture of the limb,
including PSCA measures, fibre typing and limb proportions, of the male and the female

ptarmigan remains to be done.

Comparisons between laboratory and field datasets are challenging. Snow by its own
nature is a highly variable substrate, where a number of physical properties relevant for
terrestrial locomotion, including snow harness, humidity, stratification and depth, might
drastically change at very short spatiotemporal scale. For the sake of this study, we have
considered here snow to be a more uniform substrate; however, research on the effects of snow
properties upon Svalbard ptarmigan locomotion is underway (Marmol-Guijarro et al. in
progress). Moreover, studying the wild ptarmigan locomotor kinematics through video
recordings depends on the ability to identify temporal events (i.e. tsiance) that can be hindered
either because foot landing and lifting may occur in deep snow or simply because the frame
rate used for recording may not precisely capture such event. This results in estimation errors
particularly affecting DF (Fig. S2). With the development of smaller and more powerful
batteries, bio-loggers that allow the study of key ecological, behavioural and physiological

aspects of wild birds may be used to link these traits to adaptations in the locomotor system.
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For example, bio-loggers that are capable of detecting the time that the GRF acts on the feet
may give a more accurate detection of foot landing and take-off. These types of loggers have
been already used to analyse the locomotor biomechanics in other species including ostriches
(Daley et al. 2016), cheetah (Wilson et al. 2013), and elephants (Ren and Hutchinson 2008).
Moreover, they could provide valuable information regarding underlying evolutionary
constraints leading to disparate locomotor capabilities in males and females in terms of
locomotor biomechanics and energetics. Overall, our study adds new data on sex differences
in locomotion and the kinematic mechanisms used by birds to improve stability while moving

OVer snow.
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Fig. 1 Female kinematic parameters plotted against speed (U). DF (A), lsirige (B), fstride (C)

and tsiance aNd tswing (D) are plotted against U for females moving in the wild (dashed line

and white points) compared to females moving on treadmills (solid line and grey points) during
walking (rhomboids) and grounded running (circles). The results of the linear models with the

best-fine line equations are summarized in table 1.
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Fig. 2 Kinematic parameters plotted against speed (U) and relative speed (U), compensated for
body size (body mass and limb length), for each gait and both sexes. lsirige (A), fstride (B),
tstance AN tswing (C) and Duty Factor (D), and the body-size-compensated correlates (please
see text for definitions), Isridge (E), fstride (F), Estance aNd Eswing (G), and Duty Factor (H) are
plotted against U (left column) and U (right column), respectively, for females (dashed line
and white points) and males (solid line and grey points) when walking (rhomboids) and
grounded running (circles) in situ over snowy substrate. Male data from. The results of the

linear models with the best-fine line equations are summarized in table 2.
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Table 1. Results of the linear models investigating differences in the absolute kinematics between female ptarmigan locomoting on

treadmills and in the field.

Gait Parameter Final model R? Equations
Walking Lstride U (Fy1, 22 = 81.769; P < 0.001) 0.764 4 & 2=0214U +0.115
fstride U (F1,24 = 73.663; P < 0.001) 0.744 4 & Q=2041U +1.193
10810 tstance Logio U (Fy1, 15 = 75.568; P < 0.001) 0.797 J & 9 =0.200 U 0564
log 1 tswing Logio U (F1,16 = 7.576; P < 0.0001) 0.575 4 =0.133 U 00
sex (F1,16 = 5.650; P < 0.05) Q=0.127 U 03
Logm U x sex (Fl, 16 =4.851; P < 0.05)
Duty Factor U (F1,16 = 35.36; P < 0.01) 0.733 4'=-0.207 U +0.792
sex (F1,16 = 12.937; P < 0.01) Q@ =-0.075U +0.682
U x sex (Fl, 16=6.891; P < 0.05)
Grounded Lstride U (F1, 32 =55.191; P <0.001) 0.608 4 & Q2 =0.157 U + 0.164
running
fstride U (F1, 34 = 40.303; P < 0.001) 0.529 4 &Q=1297U+1.839
tstance U (Fy, 24 =55.484; P < 0.001) 0.686 4 & Q=-0.108 U + 0.296
log1o tswing Logio U (F1, 24 = 7.0584; P < 0.05) 0.195 4 & Q2 =0.140U 023
Duty Factor U (F1,24 = 21.409; P < 0.001) 0.449 3 &2=-0.113 U + 0.682
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Table 2. Results of the linear models investigating differences in kinematics between male and female ptarmigan.

Kinematic comparison with absolute values

Gait Parameter Final model R? Equations
Walking Lstride U (F1,67 = 137.419; P < 0.001) 4:=0.202 U +0.143
sex (F1,67 = 10.736; P < 0.001) 0.689 ©:=0.202 U +0.123
fetride U (F1, 67 = 149.940; P < 0.001) 0.698 8:=2.036 U + 1.032
sex (F1,67 = 11.125; P < 0.01) Q:=2.036 U + 1.205
1og10 tstance Logio U (F1, 30 = 140.057; P < 0.001) 0.808 4:=0.218 U 0647
sex (F1,39 = 34.525; P < 0.001) Q:=0.190 U 064
1010 tswing U (F1, 40 = 14.349; P < 0.001) 0.286 3 &Q=0.131U 02
Duty Factor U (F1, 30 = 42.223; P < 0.001) 0.674 d:=-0.230U +0.814
sex (F1,39 = 34.947; P < 0.001) Q:=-0.075U + 0.682
U x sex (Fl, 39=10.611; P < 0.01)
Grounded lstride U (F1, 82 = 58.446; P < 0.001) 0.451 3:=0.346 U 021
running sex (Fy, 84 = 11.127; P < 0.01) ©:=0.318 U 05
U x sex (F1, 34 = 4.869; P < 0.05)
fotride U (F1,84 = 117.949; P < 0.001) 0.583 4:=1.925U +0.979
sex (F1, 84 = 2.269; P = 0.136) Q:=1.309U +1.851
U x sex (F1, 84 = 4.358; P < 0.05)
log1o tstance Logio U (F1,50 = 130.3; P < 0.001) 0.717 4 & Q=0.189 U 0872
log,, tswing Logio U (F1, 50 = 17.883; P < 0.001) 0.249 3 & Q=0.144 U 0302
Duty Factor U (F1, 50 = 33.96; P < 0.001) 0.393 4&Q=-0111U + 0.677
Body size (body mass and limb length)-corrected kinematic comparison
Walking Lseride U (F1,6s = 145.18; P < 0.001) 0.676 d &9 =1571U+0.810
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Fitride U (F1 68 = 147.39; P < 0.001) 0.679 d & 9=0.332U +0.144
10810 Estance Logio U (Fy, 40 = 153.83; P < 0.001) 0.789 4 & @ =1.351 0 0662
10810 Eswing Logio U (Fy, 38 = 19.028; P < 0.001) 0.363 d:=0.901 0 025
sex (Fy, 33 = 6.343; P < 0.05) Q:=1.016 U 02
Duty Factor U (Fy, 37 = 40.928; P < 0.001) 0.674 d:=-0.299 U +0.814
_sex (F1,37 = 34.947; P < 0.001) Q:=-0.092 0 + 0.682
U x sgx (Fl, 37=11.907; P < 001)
Grounded 10810 lstride Logio U (F1,84 = 58.446; P < 0.001) 0.441 d:=2164 0 021
running sex (Fy, s = 8.539; P < 0.05) Q:=2231U05%
Logio U x sex (F1, 84 = 4.869; P <0.05) _
Friride U (F1, 84 = 116.187; P < 0.001) 0.587 d:=0.333 U0 +0.130
_sex (F1, s = 3.098; P = 0.082) @:=0.200 U +0.231
U x sex (F1, 84 = 7.456; P < 0.01)
10810 tstance Logio U (Fy1, 49 = 108.936; P < 0.001) 0.680 d:=-1.1680 +2.333
sex (F1,40 = 1.374; P =0.247) Q:=-1.168 U + 2.468
10810 Lswing Logio U (Fy, 49 = 17.494; P < 0.001) 0.264 &:=1.005 U 030
sex (F1, 49 = 2.809; P < 0.05) Q:=1.071 Y0300
Duty Factor U (F1, 50 = 31.456; P < 0.001) 0.374 4 & P =0.669U-0.133
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Fig. S1. Examples of tracks highlighting incidences of toe dragging for female ptarmigan
moving soft snow at very slow (a, U = 0.5 ms™?) and faster (b and ¢, U = 0.68 & 1.5 ms™
respectively) locomotion speeds. Toe dragging in snow may decelerate the swinging limb, thus

increasing tgwing. TO€ dragging decreases with increasing U.
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Fig. S2. Precision-related issues in Duty Factor (DF) estimates. DF is plotted against speed
(V) for females (red points and dashed red lines) and males (blue points and solid lines) while
walking (rhomboids) and grounded running (circles) over snow. The relative size of each
point represents the error estimates in DF, the larger being associated with larger errors. The
error bars represent the upper and lower limits if the beginning or the ending of tg,,ce Was
delayed by one hundredth of a second (one frame). All data points and limits were obtained
from videos recorded at 100 fps using the same manual technique described in the method
section of the paper. DF lower than 0.5 (0.48 and 0.49, respectively) were recorded in two
females and would technically be classified to an aerial running gait. However, at these U,
tstance aNd tswing Vary only in a few hundredths of second, which is at the limit of the
accuracy that can be obtained from the video recordings. For example, if the foot lifting of
these two females occurs only one hundredth of a second (a frame) later, DF would become
0.52 as suggested by the upper limits of the error bars and would be reassigned to a grounded
running gait. Determining foot landing or lifting when the bird’s feet sink into the substrate

can be challenging.
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Abstract

Snow supportiveness is linked to the metabolic cost of locomotion, as it
influences the depth to which the foot of a moving animal will sink. As track depth
increases animals typically reduce their speed to minimise any potential energetic
imbalance. Here we examine how self-selected speed in the Svalbard rock ptarmigan
is affected by snow supportiveness and subsequent footprint depth measured using
thin-blade penetrometry and 3D photogrammetry, respectively. Our findings indicate
that snow supportiveness and footprint depth are poor estimators of speed (r?> = 0.149)
and stride length (r? = 0.106). Interestingly, the ptarmigan in our study rarely sunk to
depths beyond the intertarsal joint, regardless of the speed, suggesting that at this
relatively shallow depth any increased cost is manageable. 3D reconstructions also
indicate that the ptarmigan may exploit the compressive nature of snow to generate
thrust during stance, as a trend towards greater foot rotations in deeper footprints was
found. In support of the theory that animals should choose routes that minimise energy
costs, our results suggest that the ptarmigan are selecting snow patches that are
supportive enough to prevent large foot sinking depths, however, it is unclear what

mechanisms they may be using to do this.



Animals traverse complex environments with heterogenous terrain, where
obstacles and variations in substrate, such as ground compliance and roughness, are
commonplace. Under such conditions, animals adjust the way they move to maintain
stability, manoeuvrability and grip to prevent falls and injures (Birn-Jeffery and Daley
2012; Clark and Higham 2011; Daley et al. 2006; Li et al. 2012; Wilson et al. 1991).
Animals will also modulate the speed they move at and the route taken, in relation to
the energy landscape (Alexander 2000; Shepard et al. 2013). Snow is a common
substrate across the temperate and circumpolar regions of the planet. It permanently
covers up to 10% of the earth’s surface, and during winter in the northern hemisphere,
may extend over 60% of the available surface (Hornberger and Winter 2009). Snow is
a fascinating and variable substrate to consider in relation to animal locomotion. When
fresh and dry, snow behaves as a fluidizing granular material (Hagenmuller et al. 2014;
Nicot 2004), however, temperature increases, rainfall, gravity and external loadings
over time can all lead to changes in the mechanical properties of the snow, creating a
spectrum of snow types ranging from very soft, dry snow to crusted hardened layers,
to slippery icy layers (Bruland et al. 2004; Nicot 2004). Variability in snow properties

can occur rapidly over large and small scales both temporally and spatially.

Any changes in snow properties ultimately shape the fitness of the animals that
must move over this substrate, as it influences access to food (Descamps et al. 2017;
Hansen et al. 2013), reproductive success (Descamps et al. 2017; Hansen et al. 2013)
and the metabolic cost of locomotion (Créte and Lariviere 2003; Fancy and White 1987;
Heinonen et al. 1959; Ramaswamy et al. 1966). In terms of animal movement any
increase in the metabolic cost of locomotion over snow is significant; particularly in
areas where snow cover is abundant and there would appear to be a selective

advantage for animals opting for specific behavioural strategies to minimise the



increase in cost (Shepard et al. 2013). For example, arctiodactyls, including the mule
deer (Cervus americanus) and moose (Alces alces), self-select snow pathways where
foot sinking depth does not exceed 66% of the height to the chest (Kelsall 1969).
Similarly, coyotes (Canis latrans) and grey wolves (Canis lupus) are known to exploit
human-made compressed snow paths to travel more efficiently (Créte and Lariviere
2003; Droghini and Boutin 2018b). Many species, including humans, will self-select
slower speeds (U), relative to when moving over firm ground, to mitigate the increased
energetic costs of moving on deep snow with a natural “firm-ground” pace (Créte and
Lariviere 2003; Parker et al. 1984; Ramaswamy et al. 1966). Specific anatomical
adaptations have also evolved to mitigate the energetic cost increase caused by
moving through snow, such as relatively longer limbs and larger foot areas. Relatively
longer foot edge lengths may also be advantageous, although empirical evidence of
this has only been obtained on natural granular media other than snow (Falkingham
et al. 2010). Having a ‘snowshoe’ foot is an effective adaptation for moving over
unsupportive snow. For example, the relatively large feet of moose facilitate
movement in areas where snow depth exceeds 70 cm, whilst deer, with their relatively
narrow feet, do not move on snow where they might sink deeper than 40 cm because
locomotion is severely impeded (Kelsall 1969). A similar relationship is found in lynx
(Lynx canadiensis) which inhabit places with deeper snow when compared to the
coyote (C. latrans), with their relatively small feet (Murray and Boutin 1991). A
snowshoe foot lowers the pressure applied to the substrate. A common adaptation for
moving over snow seen in birds such as the Adélie penguins (Pygoscelis adeliae) is
switching to a “toboggan” gait, to spread their body weight more evenly when the snow

is non-supportive and deep (Wilson et al. 1991).



The Svalbard rock ptarmigan (Lagopus muta hyperborea) is endemic to
Svalbard and is the only bird that permanently lives in this Archipelago. Lagopus (from
the Latin /agopis, from the ancient Greek lagé for ‘hare’ and pous ‘foot’) refers to the
feathered foot densely covered in semiplume feathers (HOhn 1977), that in
combination with wider and longer claws in winter (Lees et al. 2014) creates a
snowshoe which is thought to reduce foot loadings by increasing foot area (HOhn
1977). Ptarmigan face extreme environmental conditions, with temperatures below
freezing from September to May and snow cover that persists from October until April-
May (Mortensen et al. 1983). Ptarmigan regularly commute over snowy ground and
are therefore an ideal species for studying the effects of snow properties on locomotion.
Although they can fly, they are predominantly a ground-dwelling bird, with males
capable of three terrestrial gaits; walking, grounded running, and aerial running at
higher speeds (Nudds et al. 2011). Juvenile ptarmigan rapidly develop adult-like
locomotor capacities prior to winter (Lees et al. 2012b). Males gain weight before the
onset of winter, which restricts them to walking and grounded running gaits; however,
they can carry this extra fat (up to 32% of body mass (Mortensen et al. 1983)) at no

additional metabolic cost (Lees et al. 2010).

It is widely accepted that animals select optimal routes on which to move
principally to reduce the associated energetic costs of movement (Alexander 2000),
however there is a general paucity of studies examining animal movement in the wild
to test these hypotheses (Marmol-Guijarro et al. 2019; Shepard et al. 2013). Here, we
investigated movements of free-ranging Svalbard rock ptarmigan in the Arctic and test
hypotheses about how snow depth and supportiveness affect track profile, stride
length and the speed of locomotion and ultimately route choice. We used 3D

photogrammetry to measure foot sinking depth and footprint morphology. We



hypothesized that speed will decrease as track depth increases on softer, deeper
snow and that there should be evidence of route choice to avoid deeper snow that

would be more energetically costly to move over.

Methods

Data from 14 males was obtained during a fieldtrip to Adventdalen (78° 13’18”
N, 15° 38’ 30” E) and the surrounding side valleys in the Svalbard Archipelago from
the 18" of April to the 3 of May 2019. In spring, the midnight sun is already present,
and the ground is snow covered. Ptarmigan body mass changes seasonally and males
are at their summer weights at this time (Mortensen et al. 1983). Males were identified
by their secondary sexual characteristics (distinctive red supraorbital comb, a thick
black eye-stripe and calls). Birds were recorded moving at self-selected speed (U) at
100 frames per second using a SONY® Cyber-Shot RX10 Il (SONY® Corporation,
Japan) camera on a tripod parallel to the direction of movement at a fixed height and
position. Immediately after the bird was out of the shot, a 1 metre scale bar was placed
in frame, and over the trackway, to allow distance calibration so U could be determined
using Tracker® v. 5.1.3 (Open Source Physics). A trackway consisted of at least 2 to
4 footprints (i.e. 1-3 strides). A stride consisted of two subsequent footfalls from the
same foot (e.g. left footprint to the next left footprint). Gaits were allocated for a given
speed; 0.26 to 0.91 ms* (walking) 0.92 to 1.48 ms™ (grounded running) and 1.45 to
2.76 ms™! (aerial running), respectively using (Marmol-Guijarro et al. 2019). Additional
tracks made by the same birds immediately before and/or after the video field of view
were also photographed when available (Figure 1A). For these trackways, stride
length (lsrige) Was used as a predictor of U for walking and aerial running speeds

(Marmol-Guijarro et al. 2020). Lgiqe Was measured using ImageJ v. 1.52q (Schneider



et al. 2012). Grounded running U was not predicted because of the high error
associated to the predictions based on [ 4. and the lack of certainty of gait

identification (Marmol-Guijarro et al. 2020).

3D Reconstructions and footprint depth analysis

After each video recording, 60 photographs were taken of each trackway from
different angles, with a scale bar placed beside the tracks. Then, these photographs
were imported into Agisoft Metashape software to generate the 3D models. “Very High
Quality” settings were used for image alignment and mesh generation, and texture
files were produced. 3D models were exported as .OBJ files and then imported to
CloudCompare v. 2.10.2 to measure the footprint depths ( D). Prior to the
measurements, the footprints for each stride were cropped from the main model to the
level of the snow surface. In the majority of trackways where the foot morphology was
well preserved, depth measurements from the impressions of Toe Il, Toe Ill, Toe IV
and the metatarso-phalangeal joint (MTP) were taken (Figure 1C). In a few deep
footprints, the toe regions collapsed after the foot was lifted. In such cases h was taken
from the deepest, most distal portion that remained. A mean footprint depth value (D)
from two successive footprints was taken and a total of 121 strides with measured U
and 186 strides with gi4.-0nly were analysed from the 3D reconstructions. Previous
studies have suggested foot subsurface rotation on granular substrates of varying
depths (Li et al. 2012; Turner et al. 2020) and this is an important measure of the
functional movements of the foot through any substrate (Turner et al. 2020). To
examine this the angle of the Toe Ill — MTP segment relative to the surface was

measured (Figure 1D).

Measuring snow supportiveness



Snow supportiveness (Rs,0w) Was measured using a modified thin-blade force
gauge set-up (Borstad and McClung 2011) as a proxy for snow hardness to provide a
measure of the resistiveness of the snow. Using a SPK-FMG-008A Chatillon® force
probe attached to a Chatillon® DFE2-002 force gauge 10 £ 0.01 N (Ametek Inc.
Florida, USA), 10 readings were taken at equidistant points (Figure 1B) closely beside
each track by letting the probe penetrate into the snow up to a fixed depth (1cm) under

its own weight.

Data Analysis

All variables were normalised using a logio transformation prior to analyses to
ensure that the data met the normality assumptions of the statistical tests used.
Quantile-quantile plots were used to confirm this: a normal distribution is achieved if
the residuals lie close to the line of best fit of the plot. A linear mixed model (full model
-FM) was fitted with logio U as the dependent variable and logio Ry, and logio D as
independent fixed variables including the interaction term (Iog10 Rg,ow X l0g10 D). The
individual contribution of each bird was also included in the statistical model as random
effects to account for repeated measures in some individuals. A second linear mixed
model using the same independent variables as above was also performed with logio
lsirige @s the dependent variable. For both dependent variables the FM models were
simplified to assess, which statistical model (combination of independent variable)
described the data best. Three statistical models in addition to the FM were used. The
main effects model (MM) included only fixed effect variables with no interaction term.
RM (the snow supportiveness model) refers to a linear mixed model only containing
the independent variable logio R, - The footprint depth model (DM) refers to a linear

mixed model only containing the independent variable logio D. The random effect,



individual, was retained in all of the statistical models. In order to assess which model
best fits our data, first, we analysed the AIC. of all models to estimate the likelihood of
the models (pi) to effectively minimize the AlCc. Where AIC. did not discriminate clearly
between statistical models - i.e. if the AIC. of the i""- model is not significantly different
from AIC. of the model with the lowest score (Burnham and Anderson 2004) - the
model which explained the largest amount of variation (highest r?) was considered
best. Thus, a model with the lowest AIC. score or with a significantly comparable AIC.
to the lowest AIC: and the largest amount of variation explained was selected as the
best model. Although included for completeness (Table 1), the statistical models
containing only the intercept were excluded as they would imply that the data is not
influenced by any independent variable. To compare the mean subsurface rotation of
the foot between varying depth profiles, we binned all data into 0.5cm depth ranges
and performed a Kruskal-Wallis test and a post hoc pairwise Dunn’s test to explore
the differences between depth profiles. All the statistical analyses were conducted in
R v. 3.6.3 (R Core Team 2020), using the Ime4 (Bates et al. 2015) and the MuMIn
(Bartdbn 2020) packages to generate the mixed models and to estimate their
associated r?, respectively. We used the Kruskal-Wallis built-in R function for the foot
rotation comparisons, and the Dunn’s Test function of the FSA (Ogle et al. 2020)

package in R.

Results

The effect of Rgyo,, and D on U

The FM had the lowest AIC. score and the highest r 2 explaining 14.9% of the
total variation in U (Table 1). The effect of Ry, ON U was not consistent across D

(t04 = -3.42, p < 0.001) (Figure S1). At high values of Rg,.,, U has no effect on D



whereas at low values of Ry, D increases linearly with U. At intermediate values of
R.now, D again increases with U, but at a lower incremental rate. The U increased with
increasing D (ti04 = 3.58, p < 0.001), but decreased with increasing Rq, o (t104 = -3.44,
p <0.001). The intercept (0.864) of the FM differed from zero (ti04 = 3.36, p < 0.001).
This, however, has little biological meaning here as it suggests that birds move at 7.32
ms? when Ry, and D are zero, which is approximately 2.3 times the highest
documented U for the Ptarmigan [29]. Considerably, more variation (31.9%), than
explained by the fixed effects in U, was explained by differences among individuals

(random effect).

The effect of Ry, and D 0N Lgyige

Again, the FM provided the best fit to the data explaining 10.6 % of the variation
in Lyrige @nd having an AlCc not significantly different from that of the statistical model
(DM) with the lowest AIC. (Table 1). The results for I iq. Were similar to those for U.
The effect of Ry,ow ON lgrige WAS NOt consistent across D (tis7 = -3.41, p < 0.001)
showing a similar pattern across D at different levels of R, to that found for U
(Figure S2); 4. increased with increasing D (t1e7 = 3.30, p < 0.001) and decreased
concomitantly with increasing Rsnow (t167 = -2.95, p < 0.001). Again, the intercept (tie7
=-5.15, p < 0.001) by itself lacks any biological relevance. The amount of variation in
lstrige @ccounted for by the main-effects (10.6%) was once again lower than that

accounted for by the random effect, individual (31.4%).

Foot subsurface rotation at different D

Our data (Figure 2 and Table 2) suggest that the ptarmigan foot rotates to a

greater extent when pushed deeper into the snow (X? = 81.2 d.f. =6, p < 0.001). The



foot has very little subsurface rotation 1.07° (SD + 2.61°) when penetrating at the
shallowest depths (0-0.5 cm depth) and rotates detectably less than at all deeper
profiles. Other than at the shallowest depth profile, and although the angle of rotation
increases progressively with depth profile, no other depth profile category is

statistically discreet from all others (Figure 2 and Table 2).

Discussion

Effects of snow depth and supportiveness upon speed

Our study hypothesised that the ptarmigan travel speed would tend to decrease
with decreasing snow supportiveness (R, ) and increasing fooprint depth (D).
However, contrary to our hypothesis, U and l4. Were only weakly affected by D and
SNOW Ry, 0w iN OUr models (r> = 0.149 and r? = 0.106 for U and Iy, iqe, respectively).
Thus, our data indicate that ptarmigan use similar speed ranges even when moving
over snow that offers reduced structural support and that allows the foot to sink to
variable depths. This contrasts to the only other data that exist for bipedal locomotion;
studies of humans (Heinonen et al. 1959; Ramaswamy et al. 1966) show a reduction
in U as sinking depth increases. Reductions in self-selected U are observed in other
species, albeit quadrupedal mammals, to keep the energetic cost of moving in deep
snow acceptable (Créte and Lariviere 2003; Droghini and Boutin 2018a; Fancy and
White 1987; Parker et al. 1984). These previous studies also report a positive
association between the cost of locomotion and D. For example, when D reaches 30%
of the brisket heightin elk (Cervus elaphus nelsoni), mule deer (Odocoileus hemionus),
white-tail deer (Odocoileus virginianus) and the barren ground caribou (Rangifer
tarandus granti), the net energy costs of locomotion increases from 12 to 34% (Fancy

and White 1987; Mattfeld 1974; Parker et al. 1984). However, if the feet of these



species sink to 60% of the brisket height, the energetic costs could span from 111 to
137% of that for a firm substrate, and beyond this point energy costs increase
asymptotically (Fancy and White 1987; Mattfeld 1974; Parker et al. 1984). A 100%
increase in the energy cost of locomotion has also been reported for coyote-sized
dogs moving through 35 cm deep snow [15] —i.e. 77% of the chest height of a coyote

(Murray and Boutin 1991).

In our study the ptarmigan D rarely exceeded 3.71 cm of depth, approximating
the mean height to the intertarsal joint of the ptarmigan males (Lees, et al.,
unpublished data) and only two incidences during our study (n = 182) exceeded this
depth (4.15 and 4.48 cm in two different males). These D correspond to 21.4 % (25.9
% in the case of the extreme value) of the total leg length reported for the Svalbard
ptarmigan males elsewhere, although as Lees and colleagues (Lees et al. 2012a)
pointed out these values may be underestimated due to the crouched posture of the
ptarmigan limb. If it is assumed that similar increases in the cost of locomotion occur
in the ptarmigan as in humans — the only other biped for which energetic data on snow
of varying depth is available —, sinking 25% of the ptarmigan leg length into the snow
would imply an increase of more than 2-fold in the cost of locomotion compared to firm
ground. We did not quantify the energy expenditure of the birds in relation to
movement over varying snow depths; however, the fact that the ptarmigan in our study
rarely exceeded the intertarsal joint, and that up to this depth there was no evidence
that it was affecting U, indicates that it is possible that the increase in the energetic
cost of locomotion is manageable up to this depth but may increase rapidly if the foot
sinks much further. Additional energy savings might also be obtained at bouncing gaits
by the ptarmigan as a result of their avian morphology (i.e. horizontally oriented trunk,

crouched hindlimb, etc.) (Watson et al. 2011). The snowshoe-like feet of the ptarmigan



also contribute to minimise underfoot pressures, preventing them from sinking deeper
into the snow, which translates into further energy savings. In humans, for instance,
savings of up to 50 % of the energy being expended are possible compared to moving
without snowshoes (Knapik et al. 1997; Rogers et al. 1965), despite the limitations of
carrying a long and heavy device on the feet upon leg kinematics (Browning et al.
2012). In birds generally, and ptarmigan specifically, the avian foot enables a large
surface area during stance, but it can also flex into a much smaller area during swing
which decrease snow resistance. Hence, it is likely that the energetic costs of
locomotion in the ptarmigan are less pronounced than in humans at comparable

footprint depths.

In comparison to the ptarmigan, on the other hand, it appears that human
bipeds might be less efficient when walking through deep snow. A study of military
personnel, walking at self-selected U, reported a 120% increase in the metabolic cost
of locomotion when subjects sank 30% of the leg length into snow compared to moving
over firm ground (Ramaswamy et al. 1966) — a 4-10 fold increase compared to
ungulates sinking to an equivalent proportion. The disproportionate increase in the
energetic costs of locomotion in humans compared to quadruped mammals may be
attributed to the morphological and kinematic differences between both locomotor
modes, in particular the greater energetics cost of swinging limbs reported in humans
(Pontzer 2007), which may also apply to ground dwelling birds (Marsh et al. 2004).
Bipedal locomotion is only seen obligatorily in humans and birds and occasionally in
apes (Alexander 2004); although, it is widely accepted that no animal moves in a
similar way to humans (Alexander 2004). So, while it is interesting to look for parallels

between humans and the ptarmigan, it is worth remembering that there are good



reasons why human bipedal locomotion cannot be considered representative. We are

not aware of any comparable data from other bird species for direct comparison.

Our study was conducted during the early spring months in Svalbard. Before
the onset of winter, the Svalbard ptarmigan increase their body mass by 30-50% and
this extra mass is maintained until early spring of the following year (Stokkan et al.
1986). This extra mass would translate into higher foot loading being transferred to
the snow which would increase foot sinking depth. Intriguingly, previous work from our
group found that despite the additional body mass the metabolic cost of locomotion is
lower in winter (Lees et al. 2010) which, in light of the findings of this current study, we
speculate could indicate an adaptation to mitigate the increased costs of the feet
sinking at relatively greater depths during the heavier winter snowfalls. However,
further study would be required to assess if there is evidence for any avoidance of
very deep soft snow areas, for example using GPS tags together with measurements

of the associated metabolic costs (Shepard et al. 2013).

Our models indicate that a large portion of the variance is explained by
individuals (repeated measures), which may reflect the necessity to better control for
the confounding effects of body size and mass. The gold standard in this approach
that would enable this to be quantified would be to measure these parameters in each
individual bird being recorded, however this is logistically difficult in a field setting.
However, Stokkan and colleagues (Stokkan et al. 1986) found that, at the time of year
our current study were conducted, body weight varies by about 30g in wild caught

birds so this may not be a major issue. Comparable data on body size are not available.

Footprint Morphology



The 3D reconstructions of the footprints suggest greater foot rotations in deeper
footprints (Figure 2, Table 2). Similar foot kinematics have been seen in guineafowl
[32] and zebra-tailed lizards (Li et al. 2012) moving on granular media, indicating
increased rotation of toe Il below the surface with increasing depth (Turner et al. 2020).
The ptarmigan may also be taking advantage of the compressive nature of snow by
forming a densely packed and supportive snow layer beneath the rotating foot,
generating enough ground reaction forces to move forward and leaving a well-defined
footprint. A similar phenomenon has been reported in sea turtle hatchlings, where a
supportive region of natural sand is created beneath the edge of the flipper after stance
and during flipper rotation for thrust (Mazouchova et al. 2010). Irrespectively of the
substrate, however, it appears that footprint rotation within the substrate may be an

additional source of energetic cost.

There is a large source of variation within all the depth profiles included in this
study. One possible explanation for this might be related to the snow cover
stratification, where layers of snow beneath the surface may vary in their physical
properties directly affecting foot rotation and support. For example, a denser layer of
snow buried under a layer of fresh new snow at a given depth, or a relatively thin layer
of snow above terra firma, might prevent subsurface foot rotation, as it would provide
enough support during the ptarmigan’s stance phase. Rocks or other debris may also
prevent foot subsurface rotations by keeping one or more toes at shallower depths
than the metatarsophalangeal joint, if the ptarmigan stand on them. In the same way,
foot subsurface rotation may not be accurately estimated in the footprints showing
signs of snow collapse. These two factors may obscure a potential relationship
between subsurface foot rotation with I 4. and U. When plotted together (Figure S3),

a positive trend (differences between Ig;q4. ranges are statistically non-significant —



Table S1) between foot rotations and g4 IS Suggested from 0.15 to 0.35 m but no
association is evident at longer L iqe- A Similar positive trend is observed between
foot rotation and U up to 1 ms™ (Figure S4), and again it becomes highly variable at
higher speeds (grounded running and aerial running). Angle, however, is only
detectably different at the lowest speed (Table S2). The lack of an association between
foot rotation angle and higher U and Ly iqe, May, in part, be because of low sample

sizes at these higher non-walking (grounded and aerial running) speeds.

Conclusion

Our data provide evidence that the Svalbard ptarmigan moving over snow of
varying depth may be preferentially choosing to move on routes through the snow that
aren’t deep enough to affect locomotion speed and therefore help them avoid
increases in the energetic cost of locomotion. Evidence from other animals suggests
that this strategy may be widespread as animals seek to maintain their energy balance
(Wall et al. 2006). They also raise an interesting question about what feedback
mechanisms the birds (and indeed all animals) are using to identify regions of any
substrate that are supportive enough to keep sinking depths reasonable, for example
under the intertarsal threshold identified here for the ptarmigan. It would clearly be
advantageous if they could identify which areas of the substrate would provide less
support and therefore potentially require more energy to move over. Options for
detecting variations in substrate would likely be limited to visual cues or through learnt

trial and error behaviour.
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set A set B set C

Figure 1. Schematic representation of the footprint analysis in the field. All footprints
were taken only from one side. (A) represent three sets of continuous footprints where
set A and set C were not video recorded, whilst set B was. A 30 cm scale bar was
placed alongside each footprint set and up to 10 force penetration measurements were
taken, as a proxy of snow supportiveness (Rgnow ) (the dots on B). After 3D
reconstruction (B), lsiqe Was measured from the tip of toe Ill of two continuous
footprints. (C) D was then estimated as the mean depth at four different footprint
landmarks corresponding to toe I, toe lll, toe IV and MTP joint. Finally, the angle
between toe Ill — MTP segment to the surface was measured as a proxy of foot
subsurface rotation (D).
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Figure 2. Subsurface rotation of the feet at varying snow depth profiles. Each snow

depth profile is binned into 0.5 cm bins from 0 to 4.5 cm. “a”, “b” and “c” represent
similarities in foot subsurface rotation based on pairwise Dunn’s tests comparisons
(Table S3) between all depth profiles. Data points within the grey shaded area were

not included in the analyses due to a low sample size.



Table 1. Model selection describing the influence of footprint sinking depth (D) and snow supportiveness (Rg,0.) ON estimates of
speed (U) and stride length (Is,iqe). FM refers to the linear mixed models (LMM) including both R, and D as independent variables
and the interaction term (Rg,ow % D). The MM refers to the LMMs exploring the main effects of R,,,,, and D as independent variables
without the interaction term. RM and DM are LMMs where R, and D are analysed independently as single variables. LMMs where
neither of the independent variables influenced L 4. and U are represented only by the intercept.

Model K AlC. A AIC AlCut pi r2
Logio U
Intercept 3 -36.44 0 0.412 1 -
Intercept + 10910 Rgpow * |0g10 D (FM) 6 -35.83 0.613 0.303 0.960 0.149
Intercept + logio D (DM) 4 -34.76 1.686 0.177 0.462 0.044
Intercept + 10910 Rgpow (RM) 4 -33.52 2.92 0.096 0.249 0.038
Intercept + l0g10 Repow + 10910 D (MM) 5 -29.33 7.112 0.012 0.033* 0.050
Log10 lstride _
Intercept + logio D (DM) 4 -297.02 0 0.41 1 0.052
Intercept 3 -296.73 0.29 0.355 0.827 -
Intercept + 10910 Rgpow * |0g10 D (FM) 6 -295.61 1.402 0.204 0.562 0.106
Intercept + l0g10 Repow + 10910 D (MM) 4 -290.92 6.097 0.019 0.050*  0.053
Intercept + 10910 Rgpow (RM) 4 -289.87 7.15 0.011 0.028* 0.009

K = the number of parameters within the model.

pi-values indicate if the statistical model's AlC. differs from the model with the lowest AlCec.

r? corresponds to the explained variance of the fixed effects within the model.

Bold text indicates the best linear mixed effect model based on the largest r? and an AIC. score not significantly different from the
model with the lowest AlCec.

Ptarmigan individual identity was included as random factor (1|bird id) in all the statistical models to account for repeated
measures.



Table 2. Mean foot subsurface rotation angles at different depth profiles.

95% Confidence Intervals

Depth profile

(cm) n Angle (°) Lower Upper
percentile percentile

0-0.5 66 1.08+2.62°2 0.47 1.71
0.5-1.0 32 424 +4.15" 2.85 5.66
1.0-1.5 34 6.41 +4.18 bc 5.13 7.86
1.5-2.0 19 6.48 + 4.64 ¢ 4.42 8.45
2.0-2.5 11 9.75+5.27°¢ 6.90 12.80
2.5-3.0 10 11.76 £4.34°¢ 9.09 14.20
3.0-35 7 10.24 + 6.38 be 5.89 14.60
3.5-4.0 1 10.85 - -
4.0-4.5 2 245+ 1.34 23.5 25.4

ab.c represent similarities in angle between depth profiles determined using Dunn’s
test pairwise comparisons of each profile.
Data in the shaded areas were not included in the analyses because of their low n.



Electronic Supplementary Material

Potential evidence for route choice through snow in the Svalbard

rock ptarmigan

Andres Marmol-Guijarro?, Robert Nudds?, Lars Folkow?, William Sellers®, Peter Falkingham?*

& Jonathan Codd"

1School of Biological Sciences, Faculty of Biology, Medicine & Health, University of
Manchester, Manchester, UK; 2Department of Arctic & Marine Biology, University of Tromsg —
the Arctic University of Norway, Tromsg, Norway; 3School of Earth & Environmental
Sciences, Faculty of Science & Engineering, University of Manchester, Manchester, UK;

4School of Natural Sciences, Liverpool John Moores University, Liverpool, UK.

*Corresponding author: Dr. Jonathan Codd

Email: jonathan.codd@manchester.ac.uk



mailto:jonathan.codd@manchester.ac.uk

0.0 1

D I0910 R snow
- ] 039
o {E] 077

je)] | 129

0.5 1

35 3.0 25 20 15 1.0

|Og10 5

Figure S1. Interaction plot for the linear mixed model (full Model-FM) predicting the logio of
speed (U) from mean footprint depth (D) and snow supportiveness (Rs,ow)- The lines of best fit
represent the slope between U and D at the first (red), second (blue) and third (green) quartiles

of Rsnow- The shaded areas represent the 95% confidence intervals of the slopes.
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Figure S2. Interaction plot for the linear mixed model (full Model-FM) predicting the logio of
stride length (Iiqe) from mean footprint depth (D) at different values of snow supportiveness
(Rsnow)- The lines of best fit represent the slope between U and D at the first (red), second

(blue) and third (green) quartiles of Rg,,.. The shaded areas represent the 95% confidence

intervals of the slopes.
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Figure S3. Subsurface rotation of the feet at different stride lengths (lstride). Istide Was binned into
0.05 m bins from 0.10 to 0.60 m. No differences among the lsrice bins were found based on a
pairwise Dunn’s tests. Bars indicate the confidence intervals of the mean for each Istige bin.

Data points within the shaded area were not included in the analyses due to low sample sizes.
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Figure S4. Subsurface rotation of the feet at different speeds (U). U was binned into 0.25 m
bins from 0 to 2.5 ms™. No differences among U bins were found based on a pairwise Dunn’s
tests. Bars indicate the confidence intervals of the mean for each U bin. Data points within the

shaded area were not included in the analyses due to low sample sizes.
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Figure S5. The base 10 logarithm of footprint depth plotted against the base 10 logarithm of
show supportiveness. As snow compliance increases (right side of the x-axis), footprint depth
decreases (lower side of the y-axis), which is indicated by the line of best fit (solid blue) drawn
over the data points. Similar results have been previously reported for humans walking on sand

by Bates et al. (2013) The shaded area represents the 95% confidence intervals of the slope.



Table S1. Mean foot subsurface rotation at different ranges of Istride.

95% Confidence Intervals

Istride (M) n Angle (°) Lower Upper
percentile percentile

0.10-0.15 1 1.35 - -
0.15-0.20 10 2.06+3.552 0.02 4.24
0.20-0.25 31 3.19+4.46° 1.78 4.85
0.25-0.30 39 4,22 +3.842 3.04 5.44
0.30-0.35 52 6.55+5.982 4,98 8.18
0.35-0.40 23 5.67+£5.24°2 3.55 7.77
0.40-0.45 14 6.45+6.81° 3.46 10.20
0.45-0.50 4 6.24+11.852 -1.40 17.60
0.50-0.55 6 252+5452 -0.19 7.06
0.55-0.60 2 8.65+11.742 0.35 17.00

2indicates similarities between Isride bins determined using pairwise comparisons (Dunn’s

tests) of each profile.
Data in shaded areas were not included in the analyses due to a low n.



Table S2. Mean foot subsurface rotation at different ranges of U.

95% Confidence Intervals

U (ms?) n Angle (°) Lower Upper
percentile percentile

0-0.25 1 1.35 - -
0.25-0.50 10 2.62+3.122 1.49 3.76
0.50-0.75 31 426+4.462 3.09 5.46
0.75-1.00 39 5.60+5.22¢2 3.16 8.46
1.00-1.25 52 8.82+754¢2 0.35 14.80
1.25-1.50 23 8.66 +4.26 2 5.44 12.20
1.50-1.75 14 1.40 - -
1.75-2.00 4 7.95+13.4772 -0.25 23.50
2.00-2.25 6 0.47 +£2.13° -0.94 1.98
2.25-2.50 2 10.27 +8.76 @ 0.35 17.00

arepresents similarities between lsrice bins determined by pairwise comparisons (Dunn'’s tests)
of each profile using the p-adjusted values.
Data on shaded areas were not included into analysis due to their low n.



Table S3. Dunn’s test pairwise comparisons output for foot rotation over different (binned)

depth profiles summarised in Figure 2 and table 2.

Comparison z p p - adjusted
0-0.5vs. 0.5-1 -3.49 4.82E-04 1.69E-03
0-0.5vs. 1-1.5 -4.98 6.40E-07 4.48E-06
0.5-1vs. 1-15 -1.12 0.262 0.324
0-0.5vs. 1.5-2 -4.38 1.19E-05 6.26E-05
0.5-1vs. 1.5-2 -1.28 0.199 0.279
1-15vs. 1.5-2 -0.34 0.732 0.768
0-0.5vs. 2-25 -5.13 2.83E-07 2.98E-06
0.5-1vs. 2-25 -2.63 0.008 0.020
1-1.5vs. 2-2.5 -1.89 0.059 0.103
1.5-2vs. 2-2.5 -1.48 0.140 0.210
0-0.5vs. 2.5-3 -5.78 7.33E-09 1.54E-07
0.5-1vs. 2.5-3 -3.34 0.001 0.002
1-1.5vs. 2.5-3 -2.64 0.008 0.022
1.5-2vs. 2.5-3 -2.18 0.029 0.061
2-2.5vs. 2.5-3 -0.66 0.506 0.591
0-0.5vs. 3-3.5 -4.11 3.88E-05 1.63E-04
0.5-1vs. 3-35 -2.12 0.034 0.065
1-1.5vs. 3-3.5 -1.49 0.137 0.221
1.5-2vs. 3-3.5 -1.18 0.238 0.313
2-2.5vs. 3-3.5 0.08 0.940 0.940

2.5-3vs. 3-3.5 0.66 0.507 0.560
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Abstract

the animal in question.

Background: Using Froude numbers (Fr) and relative stride length (stride length: hip height), trackways have been
widely used to determine the speed and gait of an animal. This approach, however, is limited by the ability to
estimate hip height accurately and by the lack of information related to the substrate properties when the tracks
were made, in particular for extinct fauna. By studying the Svalbard ptarmigan moving on snow, we assessed the
accuracy of trackway predictions from a species-specific model and two additional fr based models by ground
truthing data extracted from videos as the tracks were being made.

Results: The species-specific model accounted for more than 60% of the variability in speed for walking and aerial
running, but only accounted for 19% when grounded running, likely due to its stabilizing role while moving faster
over a changing substrate. The error in speed estimated was 0-35% for all gaits when using the species-specific
model, whereas fr based estimates produced errors up to 55%. The highest errors were associated with the walking
gait. The transition between pendular to bouncing gaits fell close to the estimates using relative stride length
described for other extant vertebrates. Conversely, the transition from grounded to aerial running appears to be
species specific and highly dependent on posture and substrate.

Conclusion: Altogether, this study highlights that using trackways to derive predictions on the locomotor speed
and gait, using stride length as the only predictor, are problematic as accurate predictions require information from

Keywords: Gait, Locomotion, Arctic, Biomechanics, Snow, Track, Speed

Background

Understanding what speeds of locomotion animals
choose during interactions with conspecifics (i.e. social
or reproductive behaviour), other species (i.e. predation
or predator avoidance), and when moving through an
often-changing environment is paramount to better un-
derstanding their biology. Studies of terrestrial animal
locomotion, however, are overwhelmingly conducted
under laboratory conditions using treadmills [1].

* Correspondence: jonathan.codd@manchester.ac.uk

'Faculty of Biology, Medicine & Health, University of Manchester, Manchester,
UK

Full list of author information is available at the end of the article

B BMC

Treadmill studies have facilitated great insight into the
biomechanics of locomotion and using this approach the
correlation between kinematic parameters like stride
length ([sige), stride frequency (fiuiqe) stance (fsiance) and
swing (tswing) time with speed (/) has been widely re-
ported in the literature across a range of species. For ex-
ample; treadmill kinematic data exists on a wide range
of mammals including polar bears [2]; horses [3]; otters
[4]; deer [5] cats [6], rodents [7, 8] and monkeys [9].
However, perhaps the most comprehensive research into
animal locomotion has been conducted in birds [10-17].
The focus on avian biomechanics is likely due to birds
evolutionary link to their theropod ancestors, being
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which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
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licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.
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bipedal, easy to train, experimentally tractable and exi-
biting a wide range of adaptations. For example, the
Svalbard rock ptarmigan (Lagopus muta hyperborea) has
been extensively studied for locomotor adaptations re-
lated to energy savings upon gait change [18], sexual se-
lection [19], efficient load carriage [20] and ontogeny
[21].

Studying the locomotion of wild animals in their nat-
ural enviroment can be challenging, many animals are
elusive and fieldwork can be protracted, expensive and
prone to a wide range of factors that cannot be con-
trolled. Trackways are one way to circumvent these is-
sues and may provide insight into the biology of animals
in the absence of the animal themselves. To this end,
tracks have been used to help understand aspects of ex-
tinct fauna such as their diversity, the description of new
ichnotaxa, and to gain inference into morphological, be-
havioural, and ecological aspects of the trackmakers (e.g.
[22-26]). Trackways have also provided evidence of key
evolutionary events such as the transition of tetrapods
from water to land ( [27], see [28]) and the first bipedal
hominids (e.g. [29-31]). Outside of the evolutionary in-
sights, perhaps the most common usage of the informa-
tion gleaned from trackways relates to gait selection and
speed (e.g. [23, 32-35]). An established concept for
extracting speed (and gait) from trackways uses the Fr
[10, 36], defined as:

2
o (1)

gh

Where U is speed, g is the acceleration due to gravity
and / is the functional hip height. Fr is a dimensionless
number that by equalising the centripetal to gravitational
force ratio allows the locomotion of terrestrial animals
to be compared equally across all sizes. Geometrically
similar animals of different sizes will move in a dynamic-
ally similar way at any given Fr. In practice, not all ani-
mals are geometrically similar, but it was argued that
despite this, the ratio of stride length (/iqe) to /1 gave a
highly predictable relationship across a broad size range
of mammals and birds [10, 11]. By using this empirically
derived relationship with the Fr concept, it was further
suggested [10] that the forward U of a terrestrial animal
can be calculated from:

U = 025g051 1.67h—1.17 (2)

stride

Fr may also allow the U at which gait transition occurs
(e.g. walking to running) to be estimated [36]. Alexander
[10] and Thulborn [37] suggest that gaits will shift from
walking to a bouncing gait (e.g. trotting) when Iiq./h
reaches 2.0, and the transition from trotting to running
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(or galloping) at an [yq./h of 2.9. Eq. 2 is therefore
probably applicable to walking animals only [38]. For
highspeed gaits where [y,q.// is greater than 2.9 the fol-
lowing is advocated as being more appropriate for esti-
mating U [23, 38]:

Istride) >*° o

gh < 187 ) ] ®

For trotting U is better estimated by the mean of pre-
dictions derived from eqs. 2 & 3 [23]. Irrespective of the
equation used, the reliability of estimates of U may be
compromised if there is lack of certainty on /2 —in par-
ticular in extinct animals where % is not available [39—
42]- and the use of 4. boundaries that may not be
compatible with bipedal gaits [39]. Trackways are there-
fore restricted in the information that they can provide
as much of the information needed for accurate locomo-
tion analysis, such as leg morphology and stride fre-
quency, depends on data from the animal itself. It is
worth remembering that anecdotally the vast majority of
extant animal movement does not leave evidential
tracks. Aside from seeing occasional footprints in the
sand or on muddy ground, overwhelmingly animals are
not moving over substrates where their feet will leave
lasting impressions. An exception to this is locomotion
over snow which will, in the vast majority of cases, leave
tracks. Regions of the world, like the Arctic are season-
ally covered in snow which provides an opportunity to
examine trackways and the kinematics of locomotion in
context of the real-world influence of variations in sub-
strate. Svalbard rock ptarmigan are endemic to the high
Arctic Archipelago of Svalbard meaning they spend ap-
proximately half a year locomoting over snow and they
are also one of the few species in which a comprehensive
laboratory treadmill dataset exists which can be used for
comparison. Recently one of the first comparisons of the
kinematics of locomotion under field and laboratory
treadmill conditions was undertaken in the Svalbard
rock ptarmigan [1]. The kinematics of locomotion were
conserved for ptarmigan moving in the field and during
laboratory treadmills studies but only for walking and
aerial running gaits. Important differences were found
when the birds were grounded running, with the birds
taking faster and shorter steps in the field when com-
pared to the movement on the treadmill. These kine-
matic differences were attributed to differing substrate
when moving over snow compared to a treadmill belt
[1]. Our ptarmigan studies also highlighted the import-
ance of understanding the influence substrate can have
on locomotion [1]. Studies in extant animals have dem-
onstrated that substrate can influence the neuromuscu-
lar control of locomotion to maintain stability [43—45]

U=
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and can affect the energetic cost [46, 47] and the speed
[48] of locomotion. Furthermore, despite the obvious
links between trackways and the ground, substrate is
rarely considered when inferences into speed and gait
are made from tracks. Not taking any potential effect of
substrates into account is surprising as information de-
rived from tracks depends more on the substrate proper-
ties than other potentially important variables like the
anatomy of the foot itself [49]. Substrate effects can be
difficult to assess under some situations. For example,
the water content of the substrate at the time of track-
way formation is uncertain. However, when substrate is
considered it is most often examined in terms of the for-
mation of the physical tracks themselves (see [49]). Con-
sideration of substrates and tracks has also been used to
demonstrate that in extant species foot morphology can
vary with stance and gait [50, 51] and highlighted the
interaction of the feet with different sedimentary sub-
strates [52, 53].

The principle objective of our study was to develop a
species-specific model to examine gait and speed predic-
tions directly from [y,qe Of trackways of the Svalbard
rock ptarmigan. The accuracy of these trackway derived
speed predictions and gait transitions was determined by
ground truthing data extracted from videos of the birds
taken as the tracks were being made. Finally, a compari-
son between the predictions obtained using our ptar-
migan species-specific model and existing Fr based
models [10, 23, 38] were made to elucidate the accuracy
of each approach. Further, we discuss how reliable infor-
mation extracted from trackways is for examining the
predicted speed of locomotion in both extant and extinct
animals.

Results

As expected, U increased linearly with increasing I iqe
across all gaits (Fig. 1a, b), although the amount of vari-
ation in U explained by /[g,iqe during grounded running
was much lower than that for the other two gaits (walk-
ing: F 1, 46 =86.25, * =0.64, p <0.001; grounded run-
ning: F | 54 = 14, 7 =0.19, p <0.001; aerial running: F q
50 =133.2, ¥ =0.69, p <0.001). For walking trackways,
the corresponding regression model predicts ptarmigan
walking speeds in the range 0.49 +0.18 to 0.80 +0.18
ms™'. For the grounded running trackways, the model
predicts birds using speeds that range from 1.07 +0.33
to 1.36 +0.33 ms™ *. The predictions of U/ for aerial run-
ning suggest ptarmigan use this gait in a speed range
from 1.57 + 0.34 to 2.74 +0.37 ms~ ' (Fig. 1).

Predicted U for each of the 50 birds in this study, were
more accurate using our model than those of Alexander
[10] and Thulborn and Wade [23]. The error (Eq. 4) as-
sociated with predictions derived from the ptarmigan
specific model for the 50 birds within all gaits were
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between 0 and 30% (mean error =11.8, SD = + 8.2), ex-
cept one that was 35% (Fig. 2). In contrast, the errors re-
lated to the predicted U from Alexander [10] and
Thulborn and Wade [23] were 0 to 55% (Alexander:
mean error = 14.4, SD = + 11.0; Thulborn & Wade: mean
error = 17.0, SD = £ 13.8), in both cases (Fig. 2). Within
the three gaits, walking was associated to the largest er-
rors, although they had less variation.

Discussion

The ptarmigan specific model for the walking and aerial
running gait accounted for a moderate amount of the
variation in U (64 and 69%, respectively), and for the
grounded running gait was lower, accounting for less
that 20% of the variation. The inability to predict U for
the grounded running gait with any confidence is likely
due to the influence of substrate, which particularly ef-
fects this intermediate gait [1]. All terrestrial locomotion
involves interaction with a substrate. The slow walking
speeds, however, are thought to negate the influence of
substrate on locomotion kinematics as they provide
greater resistance to external ground perturbations act-
ing on the centre of mass [54, 55] whilst fast running
speeds where only possibly over hard substrates anyway
[1]. The reason there is much more variability in U dur-
ing the grounded running gait which reduces the ability
to make accurate predictions is that a grounded running
gait is used as a mechanism to move faster while also
maintaining stability, by cancelling the effects of uneven
ground and a changing substrate through increased
times of contact of the foot to the ground and a more
compliant leg [11, 45, 56]. For ptarmigan moving over
snow, modifications in /4. during grounded running
are required to prevent falls [1] since shorter steps im-
prove locomotion over slippery surfaces by keeping the
centre of mass above the supporting limbs [57, 58].

The ptarmigan specific model represents the best-case
scenario in terms of using /4. to predict speed in that
we were able to match these data to accurate morpho-
logical measurements of hip height and also to double
check predictions against real speeds calculated from
simultaneous video recordings. Despite these advantages
the ability to predict speeds still lacks of accuracy, likely
accounted for by the inherent variation in kinematic pa-
rameters within a gait (as demonstrated in Fig. 1a). After
comparing the error estimates between the predicted U
of the three models (Alexander [10] and Thulborn and
Wade [23] and the current study) against the measured
U from the 50 video-recordings, the error associated
with the predictions were lower using our model. This
result is not surprising, as our models were built upon
previously measured and validated data for the three
gaits specifically from Svalbard ptarmigan. Therefore, it
deals only with the uncertainty associated with the
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Fig. 1 Trackways of the Svalbard Rock Ptarmigan. a length (FL), Stride length (/sige) and Hip Height (h) are used to estimate speed. h is the
distance to the top of the hip perpendicular to ground. This measurement however, is entirely dependent on accurate joint angles of the leg
bones. As illustrated, a small alteration in joint angle results in different hip height measurements (h < h’). It has been suggested that four times
FL can be used as a proxy of effective hip height however this method is also prone to error when applied to extinct animals where there is no
information on the joint angles. Digits are numbered 1-4 for analysis as indicated. b Speed (U) predictions from stride length (/sige) USing the
ptarmigan species-specific model. The stars represent the data determined from video recordings and the filled circles represent the predicted
value for a given Iiqe for 50 birds calculated from trackways that corresponded to the video recordings. Red, green and blue represent walking,
grounded running and aerial running gaits, respectively. The coloured area delimited by the dashed lines represents the predictive interval for
the lines of best fit (corresponding to the filled circles) described by the following equations: U = 3.20 /yyige — 0.23 (walking), U = 2.34 Iyige + 0.34
(grounded running) and for aerial running is U =4.29 Isige — 0.03 (aerial running)

intraspecific variation within the Svalbard ptarmigan. On
the other hand, the equations from Alexander [10] and
Thulborn and Wade [23] were derived from kinematic
data of several extant taxa, most of them quadrupedal
mammals, that possess diverse geometries and move in a
subtly different way. Despite the relatively low error for
the ptarmigan speed estimates using the three models
(up to 55% in our study compared to up to 200% re-
ported elsewhere [59-61]) they would still lead to in-
accurate predictions on the metabolic cost of

locomotion, in particular at walking speed where the
predictions would change drastically [18].

Identifying gaits in the absence of the animal solely
from footprints is challenging if no other information is
available. However, approximations of the relative [ qe
and the dimensionless Fr before a gait change was sug-
gested by Alexander [10] as a means that allowed re-
searchers to infer which gait an animal was using.
Alexander [10], in his paper on dinosaur footprints, pro-
posed that the transition from a walking gait to trotting
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(1976) and Thulborn, and Wade (1984) for walking gaits are identical because they use the same equation for this gait. Errors have been binned
to 10

or running occurs approximately at Fr of 0.6 and at a
relative [y ige (i-€. Lrige divided by hip height) of 2.0. His
suggestions were based on a comparison of extant mam-
mals under the principle of dynamic similarity. Our re-
sults partially agree with those intervals. By estimating
relative /gy using the mean hip height of 0.1727 m for
a male ptarmigan as hip height doesn’t change [19], our
data suggest that ptarmigan shift from walking to
grounded running at a maximum relative 4. taken by

a walking bird of 2.03 (/syiqe = 0.35 m) (Fig. 1b). The fast-
est walking ptarmigan was recorded moving at a Fr of
0.5 (U =0.92ms™ 1) (Fig. 1b). These data support the
widely accepted idea that animals shift from a pendular
to a bouncing gait at similar relative speeds when mov-
ing in a dynamically similar fashion [11, 36]. Conse-
quently, it is not surprising that our predictions for the
walking gaits fall within these proposed boundaries. In a
further attempt to distinguish between trotting and



Marmol-Guijarro et al. Frontiers in Zoology (2020) 17:17

running gaits, Thulborn and Wade [23] extended the
scope of the Alexander [10] method by incorporating
the transition from trotting to running at a relative [qe
of 2.9 [23]. However, this conclusion was based on re-
cords of ungulates shifting from trotting to galloping/
running [39] and therefore they may not be applicable to
the bipedal gaits of birds. Indeed, differences in the leg
kinematics of birds and mammals moving at similar Fr
were shown by Lees et al. [62]. Our results suggest that
ptarmigan shift from grounded to aerial running at a
lower relative [y,iqe ranging from 1.93 to 2.57. Within
the existing literature, however, there are conflicting re-
sults even among avian species. For example, a closer
look at the relative Igyq. vs. relative velocity plot in
Gatesy and Biewener [11] shows similar values for os-
triches (relative /gyige = 2.44) and rhea (relative /gyige =
2.37) at the point of change to aerial running. Aboura-
chid and Renous [13] found that relative [y 4. at the
transition to aerial running is 2.02 and 1.76 for ostriches
and emus, respectively. In contrast, turkeys and guinea
fowls show a higher relative 4. of 3.14 and 3.73 at the
transition, respectively [11]. Such differences suggest
that posture needs to be considered if a diagnosis of gait
is to be made solely on the footprints of extant animals
and casts doubt on using this approach for extinct
animals.

Implication for trackways of extinct animals

Obtaining accurate information from trackways in rela-
tion to speed and gait choice is difficult even for extant
animals for which morphological measurement, and
matched field and laboratory treadmill data exist. How-
ever, meaningful data are only possible if researchers are
able to measure locomotor kinematics and gait selection
of the animal concomitant with analysis of the track-
ways. Therefore, in order to obtain accurate predictions
of the biomechanics of locomotion from trackways this
requires data from the animal themselves in order to
ground truth the data. Unfortunately, the uncertainty
about morphology of extinct bipeds lead to several as-
sumptions that may compromise speed estimates de-
rived from hip height when using Alexander [10] and
Thulborn and Wade [23] methods, in particular if they
are derived from trackways alone. When using track-
ways, posture is often estimated by deriving hip height
as approximately four times foot length (e.g. [10, 23, 32—
34, 63, 64]). However, such postural estimates can vary
by a factor of 1.5 or more [59, 60], and might be further
affected if the trackmakers moved over compliant sub-
strates, such as sedimentary river banks or mud, creating
mismatches between the “real” foot morphology of the
trackmaker compared to the imprinted track that may
be relatively smaller [49, 52]. These methodical limita-
tions are often acknowledged in such studies and were
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recognized by Alexander himself [60, 61]. Numerous ef-
forts to incorporate biomechanical principles to improve
the predictive models have been done in regards to pos-
ture on specimens where fossilized skeletons are avail-
able ([10, 40—-42], reviewed in [61, 65]). researchers have
also recognized the sensitivity to assumptions on hind-
limb anatomy [41, 65], including assumptions on muscu-
lar mass and power [66]. Hence, irrespective of the
equation used, the reliability of estimates of speed are
compromised by the lack of certainty in the foot length—
hip height ratio of an extinct trackmaker [39-42, 59]
and the use of stride /4. boundaries that may not be
compatible with bipedal gaits [39]. Trackways are there-
fore restricted in the information that they can provide
as much of the information needed for accurate locomo-
tion analysis, such as leg morphology and stride fre-
quency, depends on data from the animal itself.

The lack of certainty on the morphology of the track
maker raises the conundrum that if data from the animal
is required when it is making the tracks to calculate
speed and gait choice, why keep trying to get this infor-
mation from the trackways alone? There is no doubt
that tracks offer an unique record of behavioural and
evolutionary aspects of extinct fauna, including discrete
locomotor events like transition from slow to fast loco-
motion [34, 35, 67]. The caveat is that the trackways on
their own cannot provide a complete and accurate quan-
tification of the animals’ speed and gait [39, 60, 61]. For
the ptarmigan 34% of tracks would have been unable to
be classified into a given gait and speed based on the
trackways lgiq. alone because of the overlap when the
birds were transitioning between either walking to
grounded running or grounded running to aerial run-
ning gaits. It should be noted that we are only able to
accurately assess the error in predicting just from tracks
for the ptarmigan as it represents a ‘best case scenario’
where we have all possible information. Many birds and
other animals use transitional gaits, suggesting this issue
is likely widespread in extinct forms as well. Other un-
knowns, not quantified in the current study, but likely to
further cloud the inferences from tracks in isolation are
the influence of sex differences on the kinematics of
locomotion [16, 68—70] and ontogenetic influences [21]
all of which cannot be quantified in extinct animals. In-
ferences into the biology of extinct forms commonly suf-
fers from large errors [60, 61, 71] and rely on numerous
assumptions when extrapolating from extant to extinct
forms [65, 72, 73].

Conclusion

Here we calculated the speed of locomotion of the
Svalbard rock ptarmigan measured from video record-
ings of ptarmigan while moving over snow, and immedi-
ately after estimated using lyiq. from trackways left by
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the birds, using one species specific model that
accounted for body size and two more general models
based on dynamic similarity of locomotion [10, 23].
After ground truthing the measured speed with esti-
mated speeds with three models giving estimates with
30-35% of error, 55 and 55% error, for the species-
specific model (our study), and the models of Alexander
[10], and Thulborn and Wade [23], respectively. Simi-
larly, more than one third of the tracks were not able to
be assigned to a specific gait due to speed ranges over-
lapping between gaits. Our results suggest that speed
and gait estimates are not reliable when they are only
based on trackways. A better understanding of the inter-
action between tracks and locomotion is likely to be use-
ful for future studies, in conjunction with biologging
data on activity budgets, for examining how substrates
influence the metabolic cost of locomotion. For example,
to improve the predictive power of all models, in par-
ticular for transitional gaits, future analysis including a
quantitative assessment of the hardness, density and
roughness of the substrate immediately after the impres-
sion of trackways are made would be beneficial.

Methods

Animals and data collection

All data were collected in Adventdalen valley (78°13°18"
N, 15°38°30"E) and the surrounding side valleys in the
Svalbard Archipelago, during Spring, 22nd April to 4th
May 2017. At this time of year, the ground is covered by
snow and daylight persists for 24h per day. Svalbard
ptarmigan were already at their summer weight [74].
Male birds were spotted with binoculars, identified by
their distinctive calls and secondary sexual characteris-
tics; red supraorbital combs and thick black eye stripes.
Birds were generally close to the foothills or near clear
patches were food is accessible. Sites where individual
bird data were collected were GPS marked and used
only once to minimise, as much as possible, any pseudo
replication.

We recorded videos (25fps, SONY® Handycam, HDR-
XR250, SONY® Corporation, Japan) with the camera par-
allel and at a fixed height and position relative to the
birds (n =50) moving across level ground covered in
snow at self-selected U. After filming, when the bird had
moved out of shot, the camera was left recording, kept
in its position and a 1 m scale bar was then held above
each track way so it was visible on the video recording
to determine actual speed for comparison with that cal-
culated from the trackways. Bird speeds were calculated
by analysing the videos using the Tracker® v. 5.0.5 (Open
Source Physics) program to calculate speed as the dis-
tance moved for a given time. Only recordings where
the bird was moving steadily were included in the study.
To facilitate prediction of self-selected speed (U) using
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stride length (/syiqe), @ photograph of each trackway was
taken after filming from approximately 1.5m directly
above the tracks, individual strides were documented
corresponding to the exact region of the track where the
video recording was taken. Trackway photos were used
for a direct comparison between speed from the video
and trackway stride length (/iqe)- The mean of [yiqe
was measured from 1 to 5 strides using Image J v.1.50i.
Data from the current study were also previously used
to examine the differences between the kinematics of
locomotion for freely moving ptarmigan in the field and
from laboratory treadmill studies (see [1]).

Data analyses

The relationship between leg kinematic parameters and
U differs (i.e., the incremental change of y with x) de-
pending on the gait used (e.g. [11, 13, 18, 75, 76]).
Therefore, here, walking, grounded running and aerial
running gaits were analysed separately. In a previous
study [1] the relationship between Iy, 4. and U was de-
termined for free ranging male Svalbard ptarmigan. Here
the same data were used, but this time U became the
dependent variable and /4. the independent variable to
produce a gait specific predictive relationship (Fig. 1a).
The sample sizes were n =48 for walking, n =56 for
grounded running and n =61 aerial running. Shapiro-
Wilks tests were run on the residuals from the three re-
gressions to ensure the data approximated a normal dis-
tribution, which they did in each case. To estimate speed
using Alexander [10] and Thulborn and Wade [23]
models, it is necessary to obtain hip height (/) for the
ptarmigan. Unfortunately, we were not able to capture
the birds, therefore we took the hip height estimate of
172.7 mm from literature [19]. To assess the accuracy of
predictions of U derived from the three regression
models for the 50 birds whose data were collected in this
study, we estimated the percentage of error (Fig. 2) using
the following:

predicted u—measured u

Y%error = (4)

measured u

Where predicted U is the estimate derived from the
line of best fit based on the data from Marmol-Guijarro,
Nudds [1] and measured U refers to the speed derived

from the 50 new video recordings. All analyses were
done in R v. 3.5.2 “Eggshell Igloo” [77].
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6. Discussion

Studies into the locomotion of terrestrial species are often performed under strict
laboratory conditions controlling for environmental confounding factors like
thermoneutral metabolic temperatures, wind, light, and substrate; all of them potentially
impacting on the kinematics of locomotion of all animals. These studies have been most
valuable to gain insights into the drivers behind the locomotor performance in many
species and several rules have been obtained through these studies that are applicable to
a large number of species representing many of the major taxa in the animal kingdom.
Despite these efforts, there are still many unknowns regarding the ubiquity of these
findings, in particular when extrapolations are made to animals moving on more natural
environments. Prior to the onset of my PhD, little work had focused on the effects of
the substrate on which animals often move in the wild. Thus, the ultimate aim of my PhD
was to extend the knowledge of a high Arctic species, the Svalbard rock ptarmigan.
Animals from the polar regions are confronted to a wide spectrum of substrates including
snow. In contrast to other less variable substrates (i.e. rocks, sand, grass, etc.), snow is
extremely variable, as it rapidly changes at a temporal and spatial scale depending of the
environmental conditions that ultimately have profound effects on the energy
expenditure of the species moving over it. Only by understanding how animals move on
their own environment, it is possible to better understand the mechanisms by which
species prevent any energetic imbalance and structural safety that are key for survival. In
the case of the Svalbard rock ptarmigan, and for other high Arctic species, this is
particularly relevant given the alarming current trend of global warming, which is strongly

warming the Arctic region at a higher rate compared to other regions.
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6.1.  Summary of findings

The principal aim of this thesis was to examine how comparable treadmill-based
approaches to study animal locomotion are to estimates for animals moving on their
natural environment, in order to determine how representative are these results to wild
populations of the species in question. The Svalbard ptarmigan were used as a model
because the changes in terrestrial locomotion kinematics with increasing speed have been
extensively studied under laboratory-treadmill conditions. Furthermore, these studies
have sought to find how seasonal changes in body mass, sex and age may influence how
the individuals of this species move. The principal findings in each of the chapters are as

follows:

The objective of Chapter 2 was to compare the locomotor kinematics at self-
selected speeds of the wild Svalbard rock ptarmigan males moving on their natural
environment compared to the kinematics of this species moving on treadmills at varying

speeds finding that:

1) The wild Svalbard rock ptarmigan males moving in their natural environment
are capable of the three terrestrial gaits previously reported in treadmill-based
studies.

2) The kinematics of locomotion of wild Svalbard rock ptarmigan are
comparable to those observed in captive individuals exercising on treadmills
and are conserved for the waking and the aerial running gaits.

3) Grounded running kinematics differ between both groups when all types of
substrates (i.e. soft and hard snow) are included. These differences, however,
become less evident when only ptarmigan trials moving over very hard
substrates are considered, confirming the effects that substrate has on the

locomotor kinematics of the ptarmigan.
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In chapter 3, the main objective was to determine the effects of substrate upon
wild female Svalbard rock ptarmigan locomotion kinematics moving # sitn by comparing
them to the kinematics of captive females moving on treadmills. Furthermore, the
analyses are extended to incorporate the sex effects upon locomotor kinematics of wild
Svalbard rock ptarmigan when moving in the wild, to assess if substrate affects males and

females in a similar way, which is interesting because males are larger than females. I

found that:

1) Locomotion kinematics are remarkably conserved between the wild female
Svalbard rock ptarmigan and females moving on treadmills, irrespective of
the gait used, indicating that females may be less susceptible to substrate
effects when compared to males.

2) Sex dimorphism in body size explained the differences observed between
male and female wild Svalbard rock ptarmigan locomotion kinematics of
walking gait.

3) Differences in the grounded running kinematics, on the other hand, could not
be explained by the differences in body size between sexes, and a more
crouched limb posture in the females relative to males could alternatively

explain such differences.

The objective of chapter 4 followed the results from chapter 2 and 3 and are to
ascertain the effects that snow supportiveness and footprint sinking depth into snow have
upon ptarmigan locomotion speed, stride length (as a proxy of speed), which ultimately

could lead to route choice in the Svalbard rock ptarmigan. I concluded that:

1) Footprint depth and snow supportiveness are poor predictors of stride length

and speed of locomotion in the Svalbard rock ptarmigan.
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2) The Svalbard rock ptarmigan footprint depth did not exceed the intertarsal
joint in all the trials analysed, suggesting that the birds may be choosing the
routes that minimize the effects of snow upon locomotion.

3) Foot subsurface rotation increases in deeper footprints, indicating that the
birds may exploit the compressive nature of the uppermost snow layer to

generate enough thrust during stance.

The aim of chapter 5 was to develop a species-specific model to predict the gait
and speed preferences only from stride lengths obtained from the Svalbard rock

ptarmigan footprints. The findings in this chapter concluded:

1) Predictions on speed of locomotion using stride length as the only predictor,
even when derived from a Svalbard rock ptarmigan species specific model
involve large estimation errors, making them problematic

2) Although gait transition from walking and running could be predicted from
trackways, transitions from grounded running to aerial running could not be

precisely identified.
6.2.  The walking gait: an ecological perspective

Animal locomotion is intimately linked to critical biological processes including
food acquisition, predator avoidance and reproduction. The bouncing gaits and fast speed
of locomotion are the result of strong selective pressures upon the locomotor system in
order to allow species to avoid being catch by predators (Husak and Fox 20006; Irschick
et al. 2005; Wilson et al. 2015). Sexual selection through reproductive success has also led
to the evolution of improved locomotor performance in species where intrasexual
competition is strong (Husak et al. 2006; Peterson and Husak 20006). In addition, fast
speeds usually require less energy for a given distance travelled (Dawson and Taylor 1973;

Fish et al. 2001; Maloiy et al. 2009; Nudds et al. 2011; Nudds et al. 2010; Rubenson et al.
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2004; Watson et al. 2011). Slow speeds related to walking gaits, on the other hand, are
more costly and therefore it should be expected to observe such speeds in nature with
less frequency, at least if energetic economy is the main driver for speed and gait selection.
In the following paragraphs I will argue the relevance of the walking speeds for the
ptarmigan in an ecological and biomechanical context in an attempt to explain the great
portion of walking trials recorded while the birds move on snow. In our dataset 32 % of
the trials fell into the walking gait. Of particular interest is the fact that in ptarmigan males
and females, the walking kinematics remain highly conserved across all walking speeds
when comparing locomotion on snow compared to treadmill, despite the obvious

differences between both substrates.

Studies on self-selected speeds of locomotion of animals moving in the wild are
scarce. However, the few studies into this topic have shown that species often use self-
selected speeds that are only a fraction of the maximum speed recorded for such species,
suggesting that energy economy is not the only factor determining speed choice. A key
task for the ptarmigan is to find enough food for reproduction in summer and to build
up enough body fat reserves upon the onset of winter (Stokkan et al. 1986), aside from
conserving basic metabolic and physiological functions such as growth and maintenance.
Furthermore, in winter the ptarmigan still need to continuously find the sparce sources
of food available (Stokkan et al. 1980), as their fat reserves are only capable to last for
shorts periods of starvation before they are depleted — usually no more than 18 days
(Grammeltvedt and Steen 1978). It is here where competing interests exist between the
energy intake by means of food acquisition and the energy cost of moving to find the
food; hence, the ptarmigan must undergo a decision-making process to evaluating where
and how to move, and for how long keep foraging on a path of food in order to maximise
fitness via energy expenditure optimisations in the cost of locomotion (per unit time) or

the cost transport (per unit distance) (Wilson et al. 2015). By using slow walking speeds
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while foraging, the energy intake may offset the elevated costs of locomotion in the
Svalbard ptarmigan. Walking slowly would enable ptarmigan to locate and peck for the
nutritious buds from which they feed upon that are often found underneath snow,
including the bulbils of Saxifraga oppositifolia, Saxifraga cespitosa, Salix polaris and Polygonum
viviparum (Pedersen et al. 2005). Nonetheless, faster, more economical speeds and gaits
may be preferred when the Svalbard rock ptarmigan commutes between food patches.
This foraging strategy is consistent to what has been previously reported for other
herbivore birds (Ebbinge et al. 1975; Zhang and Lu 1999) and mammals (Mace et al.
1983), where slow speeds of locomotion are used for feeding. This also aligns with the
slow-speed foraging strategy reported for grizzly bears that are restricted to a mostly
herbivore diet (Edwards et al. 2011). Further, such a foraging strategy would be in line
with the decrease in locomotor activity of the ptarmigan from August until the end of

winter to reduce the associated energy expenditure of moving (Lees et al. 2010; Stokkan

et al. 1980).

Similar to the trade-off between food acquisition and the cost of transport, the
relatively higher energetic costs of walking at less efficient low speeds may be preferable
than moving cheaply but faster, as it might be on detriment of antipredator response. By
choosing slower speeds, animals commuting through snow patches are expected to detect
and react faster to sudden predation threats. For example, a study in juvenile convict
cichlids (Amantitlania nigrofasciata) suggests that fish exploring a new enclosure took longer
to trigger anti predatory responses when swimming faster compared to slower fish (Jones
and Godin 2010). Antipredator responses, however, are also driven by habitat cover (i.e.
open areas or areas with hiding places), interaction with conspecifics and other species,
and predation intensity. Often species moving within covered habitats may show longer
times to react in the presence of predators (Vasquez et al. 2002). Similarly, a species may

trigger a faster antipredator response, if it associates with another species with better

63



detection abilities (Fitzgibbon 1990). For instance, if two species of different heights are
foraging together on a patch of tall grassland, the smaller species may benefit of an earlier
antipredator response simply because the taller species would have a high sight, hence
improved ability for predator detection. In species under constant predation pressures,
paying an extra cost by moving at slowly offsets the gains of moving at more economical
speed, as better detectability and faster antipredatory responses attainable at slow
locomotor speeds may be prime to avoid being catch (Fu et al. 2015). In Svalbard, the
ptarmigan are often found in open areas looking for the sparse patches of available food.
Being the only herbivore, aside from the Svalbard reindeer, it is unlikely that these birds
are seeking any association with other species to enhance an antipredator response. Yet,
the ptarmigan are still predated by Arctic foxes (Alopes lagopus), glaucous gulls (Larus
hyperborens), the Arctic skua (Stercorarins parasiticus) (Pedersen et al. 2005) and presumably
the snowy owl (Nyetea scandiaca) (Steen and Unander 1985). If the predation intensity upon
the ptarmigan is relatively high, then moving slowly while foraging or exploring may help
the ptarmigan to avoid predation, regardless the increased energetic cost of moving slow.
However, this idea requires further investigation as predation intensity upon the Svalbard
ptarmigan and how this affects males, females and juveniles remains unknown. There are
only two direct observations reporting predation of the Svalbard ptarmigan and it appears

that most of the predation occurs on eggs (Steen and Unander 1985).

A quantitative analysis of the speed preferences in the Svalbard ptarmigan moving
in the wild was not made given that birds were encouraged to move by an investigator
moving towards the bird to make them move past the camera to obtain the video
recordings. Whilst this does not represent a totally natural situation the birds are still self
selecting the speeds to move when ushered. Such stimulus could trigger a bird reaction
that resembles more to an antipredatory response, making it difficult to interpret the

recorded speed ranges as the preferred ones by the ptarmigan. It could also bias the results
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towards faster speeds, although I did not see evidence of this. A speed frequency
distribution plot built upon the speed recorded in wild male ptarmigan (Chapter 2, figure
S1) showed that all data points (7 = 165) were evenly distributed across the entire speed
range. This may imply that even with the stimulus, we could speculate on the decision
making process linking speed of locomotion and energetics. Nonetheless, acknowledging
this problem, interpretation of this data is only applicable to the ptarmigan analysed in
this thesis, while data on daily activity patterns that effectively show speed preferences
are still needed. Future work using remote biologging tags could help to build a complete

picture of speed and gait selection in wild birds.

From a biomechanical perspective, a walking gait may contribute to maintain
dynamic stability during locomotion, meaning that animals would be less prone to fall
and injury, therefore increasing the probability of survival (therefore fitness). It has been
suggested that a walking gait is robust to external perturbations, including the ones caused
by the substrate. A study, where mediolateral perturbations are applied to human subjects,
suggests that the displacements of the COM are comparatively lower within the walking
gait compared to running (Qiao and Jindrich 2014). This works in conjunction with faster
compensatory mechanisms for stability because it involves longer stance periods and
extended double support that allows the system recovery in fewer subsequent steps than
in running (Qiao et al. 2012; Qiao and Jindrich 2014). Further, by allowing longer periods
of time to visually detect physical perturbations, slow walking speeds enable earlier
anticipatory responses (Gordon et al. 2015). Thus, the dynamic stability and the improved
visual response found in the walking gaits provide a biomechanical explanation to the
higher proportion of walking trials observed in the male and female ptarmigan in this

thesis.
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It is intriguing, however, that walking kinematics in the wild Svalbard ptarmigan
on snow paralleled those reported for individuals exercising on treadmills, regardless of
sex. Changes in the physical properties of the substrate, namely when comparing
compliant to firm substrate or by selecting substrates of low friction coefficients with the
limb, often result in shorter but faster strides (Cappellini et al. 2010; Cham and Redfern
2002; Clark and Higham 2011; Lejeune et al. 1998). Although, most of the empirical
evidence regarding kinematic adjustments with varying substrates comes from humans
(Cappellini et al. 2010; Cham and Redfern 2002; Lejeune et al. 1998) making comparisons
with birds complicated. Snow, in particular, may show extremely high spatial variation in
terms of compliance and slipperiness, and the only study on the effects of slippery
substrates in the locomotion of a bird used substrate with a very low friction coefficient
with the feet (Clark and Higham 2011), which represent only a fraction of the snowy
substrates that the ptarmigan may find in the wild. One possible explanation for the lack
of kinematic adjust seen in the ptarmigan walking over snow and on the treadmill may be
linked to their ancestry. The ptarmigan avian limb allows for greater flexibility for limb
adjustments, where effective leg length can be shortened or lengthened to a greater extend,
in contrast to the already extended leg in human, making the ptarmigan limb more robust
to the foot sinking in the snow (analogous to a sudden drop) (Blum et al. 2011), although
I can not test this idea with my datasets. Alternatively, it might be that snow on which
wild ptarmigan walk exert only minor disturbances that require little kinematic adjustment
to deal with, thus making walking kinematics on snow highly similar to those used on the
treadmill. This second idea is supported by the results reported in chapter 4, suggesting
that the ptarmigan may be selecting for optimal routes on which to move that do not

impede locomotion.

6.3.  The ecological relevance of grounded running
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It has previously been challenged the ecological relevance of the grounded
running gaits for species moving in their natural environment (Nudds et al. 2011). The
increased leg compliance associated to the grounded running gait coupled with the lack
of aerial phases are thought to improve stability compared to aerial running as altogether
they reduce the GRF acting upon the limb (Gatesy and Biewener 1991). Additionally,
grounded running gait attenuates the forces transmitted to the head via trunk thus
stabilising vision (Andrada et al. 2013b; Hancock et al. 2007; McMahon et al. 1987), and
reduces negative work done by the bouncing viscera (Daley and Usherwood 2010).
Although this gait has been widely reported among literature in avian and human
locomotion, the majority of these studies have manipulated the speeds at which birds
move using treadmills (Abourachid 2001; Abourachid and Renous 2000; Andrada et al.
2015; Gatesy and Biewener 1991; Lees et al. 2010; Nudds et al. 2011; Rose et al. 2015b;
Rubenson et al. 2004; Watson et al. 2011). Thus, this led to researchers to challenge the
existence of the grounded running gait as part of the normal gait repertoire in species
moving in the wild (Nudds et al. 2011). Yet, the evidence found in the ptarmigan suggest
that the gait enables to move faster than with a walking gait without compromising the

stability of locomotion and therefore minimizing the risk of fall.

The results in chapter 2, 3 and 4, provides evidence of the use of the grounded
running gait in male and female ptarmigan while moving on snow. In the males, the
grounded running gaitis viewed as a mechanism to move faster while keeping locomotion
dynamically stable. On treadmills and in the wild lgirige and fitrige increased lineatly with
increasing speed within grounded running. However, there are differences in the rates at
which both parameters increase. In the wild, speed increases are mainly achieved by faster
strides, whilst on the treadmill longer strides are contributing the most to increase speed.
In other words, wild ptarmigan moving over snow take shorter but faster strides at a

given grounded running speed. Such differences, however, disappear when trials when
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the snow was hard and supportive were included into the analyses, providing evidence of
substrate effects on the kinematics of locomotion in the grounded running gait. The
kinematic disparities found in wild ptarmigan grounded running over snow may be the
result of modifications in the effective leg length, leg stiffness and the leg angle of contact
with ground at the end of the swing phase, just before stance begin (Birn-Jeffery et al.
2014; Blum et al. 2011; Daley and Biewener 2006; Daley and Birn-Jeffery 2018; Daley and
Usherwood 2010; Daley et al. 2000; Seyfarth et al. 2003). With more compliant limbs
rotating at an appropriate angular velocity for an earlier limb retraction, it is possible to
reduce loadings acting on the limb without missing stance phase ensuring that the COM
passes over the supporting limb. This might be key for dealing with unsupportive snow
emulating sudden drops (Birn-Jeffery and Daley 2012; Blum et al. 2014; Daley and
Usherwood 2010; Daley et al. 2006; Seyfarth et al. 2003) or simply when snow is too
slippery and GRF must be maximized (Clark and Higham 2011). Moving with a more

compliant limb usually requires shorter and faster strides (Gatesy and Biewener 1991).

An intriguing result is that the grounded running kinematics of the wild Svalbard
ptarmigan females paralleled the kinematics reported of those running on treadmill
(results chapter 3). There is no reason to think that stability is not prime for the Svalbard
ptarmigan females; therefore, the lack of kinematic tunning (i.e. earlier limb retraction)
may suggest different intrinsic limb compliances between sexes, with females having a
more compliant limb posture overall. By making pair-comparison using size-corrected
kinematic parameters and relative speed (U = U/(gh)®®) between males and females, it
is possible to see evidence of non-dynamically similar grounded running gait, thereby
providing suggesting a more crouched posture in the females. For a given grounded
running U, wild females showed lower f stride but higher Zstrides compared to the males.

This is consistent with the kinematics reported for crouched-limb posture species, as the
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females appear to undergo greater limb excursions of the limb (Gatesy and Biewener
1991). Similarly, the females showed longer fstance, Which result in higher DF, which
could be associated to the greater stability to the females (Gatesy and Biewener 1991).
The anatomical basis for such postural differences is unclear, however, it is likely that

them are a direct result of sexual dimorphism.

A first indicator of sexual dimorphism in limb anatomy in the Svalbard rock
ptarmigan is related to the relatively longer swing periods of females, which can be
associated to the moments of inertia acting upon the limb joints (Kilbourne et al. 2016;
Tickle et al. 2010). If the inertial moments were greater in the female ptarmigan compared
to the males, it would be expected to see larger muscle masses on each limb segment in
the females. However, this seems unlikely given than males, on average, have greater body
masses and longer limbs compared to the females (Steen and Unander 1985).
Alternatively, it is possible that the ptarmigan females have proportionally smaller muscles
in the proximal limb segment than males, thus making it more difficult for females to
decelerate the swinging limb. Similarly, the relatively longer stance phases may be viewed
as a mechanism by which females compensate for the lower capacity of the proximal
muscles to generate forces. A detailed anatomical description of limb musculoskeletal
anatomy would provide useful information about the morphological constraints dictating

the sex-specific strategies by which ptarmigan keep dynamic stability.

Metabolically speaking, the grounded running gait offers more economical speeds
of locomotion compared to the slower walking gait. Flightless birds including ostriches
(Struthio camelus) (Daley and Birn-Jeffery 2018; Rubenson et al. 2004; Watson et al. 2011),
thea (rhea americana) (Roberts et al. 1998; Watson et al. 2011) and emus (Dromains
novahollandiae) (Watson et al. 2011) all experience an abrupt drop in the cost of transport

at the walking-grounded running gait transition. Other ground dwellers also show more
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economical grounded running gaits, although with a more continuous transition including
the chicken (Gallus gallus) (Rose et al. 2015b). The Svalbard ptarmigan are no exception.
At the grounded running speed range — from 1 to 1.5 ms™ — the ptarmigan males use
~33% less energy on average, compared to the fastest walking speed before the transition
(Nudds et al. 2011). Therefore, if the only consideration for gait selection is dictated by
energy optimisation, animals should always prefer grounded running gaits rather than the
more metabolically costly walking gaits. Results from chapter 2 and 3 may be aligned
with the idea of locomotor economy. From all the Svalbard ptarmigan data approximately
40% of all trials recorded, including males (#= 56) and females (#= 32), fell into the
grounded running gait. It is possible, however, that the energy savings from using a more
economical grounded running gait compensate for the costs lifting the feet from snow in
particular when snow is unsupportive (Heinonen et al. 1959; Parker et al. 1984
Ramaswamy et al. 1960) in particular in winter when snow influence may be more

pronounced. Yet, evidence of the latter in the wild ptarmigan remains to be found.
6.4.  The aerial running as a result of sexual dimorphism

Aerial running is thought to be the result of sexual selection upon improved
locomotor performance of the males (Lees et al. 2012a), as they compete with other males
to defend their breeding territories during the reproductive season (Steen and Unander
1985; Unander and Steen 1985). On the other hand, females achieve top speed ranges
restricted to the grounded running gait compared to males (Lees et al. 2012a). In line with
evidence obtained in the lab, aerial running gaits were only recorded for wild ptarmigan
males (chapter 2). They accounted for ~36 % of the 165 trials recorded in males. The
maximum self-selected speed for wild male ptarmigan was 2.72 ms™, a 1.36-fold increase
compared to the maximum sustainable speed reported on treadmills (Nudds et al. 2011);

a common finding among studies where animals are not restricted to aerobically
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sustainable speeds (e.g. Daley et al. 2016). Nevertheless, wild female ptarmigan do not
show such an increase; they only attain speeds 8% higher than from treadmill studies
within the grounded running gait (chapter 3) (Lees et al. 2012a). This difference may
again be the result of divergent limb anatomies, in particular muscles. Faster speeds within
the aerial gait require of muscle physiologically capable to generate large forces acting on
ground concomitantly with stiffer legs (Andrada et al. 2013a). Thus, it might be that the
absence of aerial running gait in the females is related to smaller physiological cross-
sectional area (PCSA) of the muscles in charged to do work against the ground.
Proportionally longer stances may also compensate the reduced force capacity of the
muscles by providing longer times to develop enough force for thrust, consistent with a

more crouched limb posture as discussed in the previous section.

Similar to a walking gait, aerial running kinematics were highly conserved when
comparing males on treadmills vs. males running on snow. Although fine adjustments for
stable locomotion cannot be ruled out as compensatory mechanisms for stability, it is
possible that aerial running stability is directly correlated to the high firige, thereby
allowing for rapid recoveries when ground perturbations are found (Qiao and Jindrich
2014), which might explain the similarities between both approaches. Furthermore, aerial
running only occurred over firm terrain where snow offered enough support for optimal
energy recovery through recoil of the elastic elements without high energy losses to the
substrate (Lejeune et al. 1998). This also might explain the lack of kinematic differences
when our data is compared to Svalbard ptarmigan using aerial running over treadmills.
The fact that no aerial running gaits were found when ptarmigan moved over softer snow
is in line with the narrower speed ranges reported for other species moving in
unsupportive snow (Créte and Lariviere 2003; Droghini 2016; Whiteman and Buskirk

2013).
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Activities involving fast running speeds with aerial phases are thought to be
mostly attained under extreme circumstances, either to escape from predators, to chase a
prey or to engage in combat with other conspecifics of the same sex (Reilly et al. 2007).
These activities, however, are very infrequent compared to the whole activity landscape
of species (e.g. Williams et al. 2014; Wilson et al. 2013) as they are often strenuous and
demands extremely high locomotor costs (i.e. | kg s™). In the Svalbard rock ptarmigan,
intraspecific male combat only occurs during the breeding season, between April and
June (Steen and Unander 1985; Unander and Steen 1985), thus the chances of spotting
fast aerial running speeds may increase during this time. Despite this, the accounts
regarding activity patterns of territorial ptarmigan males are anecdotic, and time-based
characterization of them are solely inexistent. A similar situation relates to escaping
behaviour, where no detailed account has been made for the Svalbard rock ptarmigan. It
would be interesting to see which is the escaping strategy (i.e. top speed or agile turns)
most frequently used by the ptarmigan under a predatory stimulus. It has been widely
reported for many species that they rarely use they maximum sprinting in the wild, even
under the presence of predators, which might indicate that more manoeuvrable and agile
speeds of locomotion may be more relevant for escaping from predators (Irschick et al.
2005; Reilly et al. 2007; Wilson et al. 2018). More interesting would be to find that aerial
running gaits in other activities apart from the ones previously discussed. There would be

clear energetic benefits if ptarmigan use aerial running gaits simply for travel.
6.5.  Challenges of studying the Svalbard rock ptarmigan in the field

One of the main objectives of my PhD was to tend the links between the
locomotor biomechanics of the Svalbard rock ptarmigan and with ecologically relevant
aspects of their life history. It is often the case that what has been reported from studies

into the locomotor performance of diverse taxa are difficult to interpret under an
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ecological context due to fundamental aspects of laboratory-based approaches used by
researchers. Laboratory-based approaches are intended to provide greater control over
the experimental design so the data could be fitted into a simpler model due to a reduced
number of confounding variables coupled with a number of replicates per experiment.
This has allowed researchers to tackle questions on the effects of specific morphological
(e.g. limb posture, body size), physiological (i.e. sex, age, seasonal) and external (i.e.
locomotion on inclines or uneven substrate, temperature, etc.) factors acting upon
locomotion, although in nature all these factors interact between each other in intricate
ways. Moreover, the inherent nature of field research makes it challenging to obtain
adequate sample sizes that may be affected by unpredictable changes in weather
conditions, and increased model complexity due to additional environmental cofounding
factors that are not necessarily under scrutiny coupled with higher risk of pseudo-
replicates. Some of these problems can be mitigated by planning the fieldwork before
hand, but others might be more difficult to circumvent. In the following section I discuss

on the challenges of studying the Svalbard rock ptarmigan 7 sztu.

Typically, getting an appropriate sample size in the field demands great effort
from the researcher first to visually detect individuals of the species of interest, and
second to obtain the data of interest from individuals. By the time when fieldwork was
conducted — at the beginning of the Spring — both male and female Svalbard rock
ptarmigan are in their winter plumage and snow cover is still present, meaning that the
birds easily blend with the white snowy landscape (Unander and Steen 1985). Moreover,
the Svalbard rock ptarmigan population density is relatively low, with individuals ranging
from 2.7 to 4.9 individuals per kilometre square (Pedersen et al. 2005). These make it an
extremely difficult task for the observer to spot the birds even at short distances. Once a
bird was spotted, the risk of failure was still present given that some birds would take-off

before obtaining suitable video-recordings for speed and gait kinematic analysis, which
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make up for a large portion of the data measured in the field. The latter besides the known
tameness of the Svalbard rock ptarmigan compared to other ptarmigan species in lower
latitudes (Unander et al. 2016). These caveats, however, are minor and were controlled
by increasing the time spent looking for individuals while covering as much area where

ptarmigan are known to be found as possible.

A major factor affecting sampling relates to the number of days of with extreme
weather events that drastically change the physical properties of the snowpack. In years
with more events of rain on snow and overall warmer temperatures, the snowpack suffers
a defrost-refreeze cycle that promotes the formation of icy crusts and the decrease of the
snowpack (Cohen et al. 2015). These brings two consequences affecting our sampling.
First, a smaller snowpack means that snow will retreat earlier in the following Spring
(Cohen et al. 2015), therefore, most of the sampling sites that were accessed only by snow
scooter become inaccessible. Indeed, during the last fieldwork season — in early spring of
2019 — snow began melting earlier restricting the sampling sites adjacent to the main road.
Second, rain on snow can also restrict food access to the Svalbard rock ptarmigan and
other high-Arctic herbivores due to the formation of ice layers covering the plants on
which these species feed on, resulting in a reduction of the population in all these species
(Hansen et al. 2011; Hansen et al. 2013; Yoccoz and Ims 1999). Although I do not have
evidence for the latter being the case, the fall in the number of birds spotted in 2019 to a
~30% of the numbers recorded in 2017 (87 birds) and 2018 (84 birds) can be explained
by our limited capacity to cover greater areas, as the earlier retreat of snow cover in the

Spring of 2019 restricted us only to places accessible by walking.

Finally, to counter to some extent the low number of birds spotted in 2019
repeated measures of footprint depths were taken for a number of tracks left by all the

bird included into the analysis in chapter 4. If repeated measurements in the dataset are
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mistakenly considered independent, any statistical inference on the effects of snow over
speed becomes misleading due to overestimated degrees of freedom that may give
spurious significant trends (Crawley 2013; Steel et al. 2013). This problem is often referred
as pseudoreplication (Hurlbert 1984). A proper analysis of the data required the use of
linear mixed models, where the individual contribution of each Svalbard rock ptarmigan
to the model (i.e. the repeated measures of each bird) is considered, resulting in an
adequate estimation of the degrees of freedom for statistical inference (Bolker et al. 2009;
Hurlbert 1984). As a result, the linear mixed models describing the data in chapter 4 are
comparatively more complex than the linear regressions used in chapter 2 and 3 where

no repeated measures were taken.

Other challenges inherent to field research are associated to a higher complexity
in the logistics required to visit remote places like Svalbard, where local permits to
conduct research must be obtained, accommodation may be expensive and data
collection relies on the proper function of equipment. These challenges may discourage
researchers to do fieldwork. Moreover, the relatively smaller funding available for field
research coupled with a reduced scope of high-profile journals where to publish their
work may induce researchers to opt for other approaches including laboratory and model-
based studies (Rios-Saldafia et al. 2018). Clearly, huge progress has been made in the field
of animal physiology and biomechanics thanks to these two approaches. Specifically for
animal locomotion, laboratory based approaches have been key to understand the links
between physiology and performance (Gatesy and Biewener 1991; Irschick et al. 2005;
Lees et al. 2012a; Nudds et al. 2011), favouring energy optimisation (Hoyt and Kenagy
1988; Hoyt and Taylor 1981; Rubenson et al. 2004; Watson et al. 2011) while keeping the
structural safety of the locomotor system (Daley and Usherwood 2010), whereas

modelling studies have enabled us to gain insights on the general locomotor dynamics

(Blickhan 1989; Pontzer 2007; Seyfarth et al. 2003) of extant (Birn-Jeffery et al. 2014;
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Clark and Higham 2011) and extinct organisms (Alexander 19706; Sellers and Manning
2007; Sellers William et al. 2005). However, field work is also crucial to integrate the
results obtained for species studied in lab with the data on natural behaviour of the species
while interacting with its habitat. This allows us to gain insights into the ecological and
evolutionary constrains dictating how animal locomotion (chapter 2). Likewise,
mathematical models explaining a phenomenon of interest, for example predicting speeds
and gaits from trackways of elusive or extinct species (as shown with the Svalbard rock
ptarmigan in chapter 5), would benefit from further refinement by ground truthing
predictions with data through direct observation of animals moving in the wild. Hence,
both approaches, laboratory-based studies and field research, should be taken as

complementary.
6.6.  Future directions

The data presented in this thesis have shed new light on the constraints on the
biomechanics of locomotion of the Svalbard rock ptarmigan, in particular when birds
move over snow. However, this thesis constitutes only the beginning of a series of studies
linking ptarmigan locomotion into ecological and evolutionary contexts. Thus, new

avenues of research are warrant.
6.6.1. Mechanism for stability while moving on snow

The data presented in this thesis suggest that snow, particularly when it is soft
and unsupportive, lead to the adjustment of the basic kinematics of grounded running in
males. Such changes are translated into faster fgirige and shorter lgijgewith increasing U.
Despite this result parallels those found in laboratory studies testing for a specific
neuromechanical response to a given external perturbance (i.e. obstacles, drops, slippery
or compliant substrates) in human (Cappellini et al. 2010; Clark and Higham 2011) and

birds (Birn-Jeffery et al. 2014; Daley et al. 2006), I could not identify if the kinematic
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adjustments obey to the same mechanism reported in those studies with my data. It was
impossible to detect precisely the time when foot contacts the ground and to track the
limb joints to measure the orientation of the limb segments to each other, to the trunk
and to the ground. Optimised swing leg control (i.e. leg retraction) prior stance phase and
leg actuation at foot-ground contact are key to stabilise the mechanical energy of the
COM, while keeping the structural safety of the leg (Blum et al. 2014). Perhaps this
mechanism explains the decrease in lgige and the increase in fgrige, if the leg of the
ptarmigan male is retracting relatively faster, leading to a more crouched posture and a
lower vertical peak in the GRF. Evidence of this could be obtained by making trials where
the ptarmigan males run over a force platform covered by a layer of snow of a given
depth and supportiveness to compare if the GRF patterns coincide with those reported
by for other species (Birn-Jeffery et al. 2014; Blum et al. 2014; Daley et al. 2000). Such an
experiment would parallel the kinematic response and recovery of a sudden drop and
would allow to track limb segment trajectories. Alternatively, by using a triaxial
accelerometer sensor directly attached to the limb segments of wild Svalbard rock
ptarmigan males moving 7 situ, it could be possible to quantify the maximum force
applied by the bird at the beginning of stance which reciprocates GRF and overall limb
dynamics, aside from other basic gait parameters such as stance and swing phase, step
velocity and stride length. This technique has been previously applied on walking male
turkeys (Meleagris gallopavo) (Stevenson et al. 2019). Either way, a study examining in more
detailed the effects of snow on limb dynamics remains to be done. Such data could also
be representative for avian species that often experience foot sinking while moving on

mud or sand.

6.6.2. Sex dimorphism on Iimb architecture in the Svalbard ptarmigan
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Our results also suggest a strong sex component affecting the kinematic
adjustments to negotiate with snowy substrates in the Svalbard rock ptarmigan. Sexual
dimorphism is widespread among birds, and it has been recently that such differences
have been reported in the avian locomotor system in species including the jungle fowl
(Hammond et al. 2000), the leghorn (Rose et al. 2016a; Rose et al. 2016b) and in the
locomotion energetics and performance in the Svalbard rock ptarmigan moving on
treadmills (Lees et al. 2012a). Contrary to the males, female ptarmigan appear to be more
robust to the effects of snow, which is reflected in the indistinguishable kinematic
adjustments while moving on snow. Our data suggest that this may be the result of a
more crouched posture given the morphological constrains of sex; although again, it was
impossible to directly measure posture due to the inability to track limb joints and limb
segments from our recordings. A similar approach using accelerometers directly attached
to the female’s limb could provide valuable information on the dynamic changes in limb
posture at ground contact (Heebner et al. 2015; Takeda et al. 2009). However, this
technique requires a larger number of sensors attached to the upper limb, knee and ankle
(Takeda et al. 2009), which might affect normal locomotion of the females due to the
added weight (Tickle et al. 2010). If such is the case, more traditional approaches using

reflective marking to visually detect the motion of each limb joint, may also preferred.

Moreover, up to date, there is no detail anatomical account on the limb muscle
physiology of the adult Svalbard rock ptarmigan of both sexes. Based on our results, we
would expect to see comparatively smaller muscle masses in the thigh of the females,
which would be consistent with the proportionally longer tsying required to counter the
moments of inertia acting on the limb joints, as seen in chapter 3. This would also make
more challenging for the females to provide enough power for fast gaits, which is also
consistent with the lack of high speeds at aerial running gaits observed in chapter 3 and

a previous report (Lees et al. 2012a). Such data would be valuable not only to gain insight
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into the mechanisms behind the greater intrinsic stability of the females to moving on
snow, but also to understand the physiological basis dictating the more expensive

locomotion seen in females compared to males.

6.6.3. Ubiquity of findings - Understanding the energy landscape of the Svalbard

rock ptarmigan

A central idea to understand whether or not the movement patterns of animals
are highly influenced by external environmental factors that vary over time and space is
that organisms must aim to optimise their energy costs by modulating a set of behavioural
responses to save energy (Shepard et al. 2013; Wilson et al. 2012). The integration of the
environmental variability of habitat of a species to the effects it has on the energetic costs
is known as the energetic landscape (Shepard et al. 2013; Wilson et al. 2012). Eliciting the
energy landscape of a species may provide valuable information on the routes the species
take that implies the less energy costs (Wall et al. 2000), on the animal’s energy budget
ascribed to daily activity patterns (Williams et al. 2014; Wilson et al. 2013), and if
individuals move at speeds and gaits favouring energy economy under a given
environmental constraint like substrate (e.g. Droghini and Boutin 2018a; Fancy and White

1987) and water currents (e.g. Wilson et al. 2012).

This thesis may be viewed as a first attempt to examine how environmental
factors constraining locomotion in the Svalbard rock ptarmigan while moving in their
natural habitat. In Svalbard, there is a number of environmental factors that are likely to
increase the locomotor costs. These factors could change seasonally — e.g., snow cover,
vegetation cover — while other may drastically change in days or in hours — e.g., wind
speed, temperature, sun. Other factors, such as topography, may be regarded as
immutable as they remain consistent over millennia. In this thesis, however, the analysis

was restricted to the effects of snow upon locomotion of individual birds: during
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fieldwork, good trials were considered only the ones were the birds were moving on level
ground, while the effects of wind, temperature and precipitation were assumed to be

negligible, as data was taken mostly when weather conditions were favourable.

The results in chapter 4 may suggest that the Svalbard rock ptarmigan are
deliberately selecting routes with snow patches where foot sinking do not exceed the
intertarsal joint in order to avoid excessive increases in the costs of locomotion associated
to move over deep, unsupportive snow. However, confirmation of such behaviour
occurring in the field is still required. Moreover, one of the motivations to conduct the
study in chapter 5 was to develop an alternative economic model to predict the use of
self-selected speeds and gaits by the ptarmigan in the wild solely from footprints; however,
the large errors associated to the speed predictions coupled with the inability to identify
the gait transition between grounded and aerial running ruled out this possibility. Thus,
future studies could be focused to build the snow-related energy landscape of the
Svalbard rock ptarmigan, by overlaying the movement patterns of these birds onto the
seasonal variation in snow cover changes occurring throughout a year in Svalbard. With
the advent of a new generation of smaller bio-loggers capable to record multiple
biologically relevant aspects of the bird life history, including location and the body
dynamics state, it is possible to analyse zz vivo activities that are ecologically relevant for
the ptarmigan. GPS tracking, for example, would enable us to determine if an individual
moves stochastically around its habitat or if its movement follow a specific pattern — e.g.
to avoid steep terrain (Wall et al. 2006). Measuring the external accelerations acting on
the body of an individual via triaxial accelerometers (i.e. body dynamics) can be used to
identify specific activities, including if the birds is foraging, traveling or resting; and for
how long these activities endure. Moreover, triaxial accelerometry can be used to estimate
energy expenditures proxies ascribed to a particular locomotor activity (Green et al. 2009;

Wilson et al. 2006). Such technique has been already applied in several birds and mammals
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including the imperial cormorant Phalacrocorax atriceps (Wilson et al. 2012), the common
chicken Gallus gallus (Green et al. 2009), the little penguin Ewudyptula minor (Carroll et al.
2014), the Magellanic penguin Spheniscus magellanicns (Wilson et al. 2008), the cheetah
Acinonyx jubatus \Wilson et al. 2013), the puma Puma concolor (Williams et al. 2014) and the
polar bear Ursus maritimus (Pagano et al. 2018). On the other hand, fine timescale
geographically referenced information on the variation of several environmental factors
measured over decades, including snow cover, are available as GIS maps for the entire
Svalbard Archipelago, and have been already used to model suitable breeding habitats for
the Svalbard rock ptarmigan (Pedersen et al. 2017; Pedersen et al. 2007). The integration
of such information into the energy landscape of the Svalbard rock ptarmigan will be
useful to validate the results reported in chapter 4. Moreover, the development of the
Svalbard rock ptarmigan energy landscape may help to gain insight into the life history of
the species during winter regarding habitat preferences and locomotor activities during
winter, when many physiological changes affecting locomotion occur and that have

remained elusive to researchetrs.

More broadly, with the addition of other relevant environmental factors like
vegetation cover, terrain slopes (Pedersen et al. 2017) and intraspecific and interspecific
competition (Henden etal. 2017) to the energy landscape of the Svalbard rock ptarmigan,
it would be possible to better understand how individuals partition their energy and time
for specific activities and behaviours linked energy optimisation and fitness, which are
paramount to develop conservation and management strategies for the Svalbard rock
ptarmigan in a rapidly changing Arctic environment. Although, the Svalbard rock
ptarmigan may be regarded as an ideal model to build a broad energy landscape, given
that these birds are embedded in a much simpler trophic chain compared to other
ptarmigan across the circumpolar region (Henden et al. 2017), the information provided

by such model could found resonance in the conservation efforts of other ptarmigan
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populations, including the willow and the rock ptarmigan inhabiting the low-Arctic and
high alpine regions of Europe, Asia, North America and Japan, as well as other high-artic
populations from Iceland and Greenland, which are likely to be affected by climate

change.
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Concluding remarks

Selective pressures act upon whole-organism performance on ecologically
relevant activities, including animal locomotion. Locomotion requires precise kinematic
tunning, that may largely depend on the morphological and physiological traits of
individuals, to move over complex environments. On the other hand, energy optimisation
while moving would largely depend on the decision-making processes dictated by
environmental constrains — biotic or abiotic — that may change in a daily or seasonal basis.
By integrating the internal (organismal) and external (environmental) factors into broad
scale studies will provide insights into the animal adaptations to live in their environment
environments, and how changes in these environments, in particular those created by
human activity, may affect the species survival. While more efforts should be devoted to
study animal locomotion 7 situ powered by sustained advances in technological tools that
allow us to quantitatively analyse relevant physiological aspects of individuals in the wild,
this thesis highlights the importance of laboratory-based studies as baselines to interpret
the results obtained in the field. Only by combining both approaches, it is possible gain
insight into the internal (organismal) and external (environmental) factors behind animal
adaptations to succeed in their habitat, and how changes in these environments, in

particular those created by human activity, may affect the species survival.
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