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ABSTRACT

Snakes are one of the most successful and speciose extant reptiles on the planet.
Despite this success, our knowledge of their biomechanics, musculature, and
locomotion in these limbless vertebrates is surprisingly limited. This dissertation was
undertaken to fill in some of these gaps in the literature. We analyzed snake vertebral
range of motion, measured sarcomere lengths of their muscles, determined a new
method of propulsion in limbless locomotion, and measured forces and kinematics
during snake strikes.

The zygosphene is a unique process in snake vertebrae with an unknown
function. We found that the zygosphene prevents the vertebrae from reaching positions
where roll would occur across all species analyzed. This process, in combination with the
pre- and postzygapophyses, acts to allow snakes a wide range of motion while
maintaining structural stability. Vertebral stability is exceedingly important in limbless
taxa that rely upon their vertebral column to interact with the natural world.

Sarcomeres are the fundamental component of muscle. We found that despite
variations in mass, position along the body, and muscle analyzed, the sarcomere lengths
were remarkably consistent across all variables in corn snakes (P. guttatus). The
sarcomeres were positioned along the descending limb and ended on the ascending

limb with only a handful ending on the plateau of the length-tension curve. These values



are consistent with being advantageous for constricting snakes allowing maximal force
generation at contracted muscle positions making it difficult for a prey item to escape.

The natural world is full of complex three dimensional landscapes. Snakes have
developed multiple modes of locomotion that are well described to navigate this
complex world. However, we found a new method of limbless locomotion in corn
snakes that makes use of vertical bends to generate forward propulsion. These vertical
waves allow snakes to interact with their world in a new dimension, previously
undescribed, to take advantage of vertical asperities and interact with the environment
in @ more dynamic way.

Finally, to capture prey snakes strike quickly which is indispensable to their
survival. We found that snake strikes in blood pythons, P. brongersmai, between an
open and walled setup did not differ significantly in any metrics we analyzed excepting
lateral force. Snakes achieved similar performance between the two setups by using
their posterior body segments swinging backwards to overcome limitations imposed by
static friction between the substrate and their scales.

In conclusion, my research provides a detailed investigation into the
biomechanics and locomotion of a variety of aspects of limbless locomotion. My
research includes vertebral range of motion, sarcomere lengths in relation to the length-
tension curve, vertical undulation to generate forward propulsion, and the forces during
snake strikes. This work is designed to fill in some of the gaps in the limbless locomotion
literature and provide the groundwork for future analyses to better understand limbless

locomotion.
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CHAPTER |
INTRODUCTION

Limbs are considered one of the milestones of evolution (Clack, 2012) and yet
multiple groups have never evolved limbs (e.g. worms and fish), greatly reduced their
limbs (e.g., the salamander and skink Amphiuma and Lerista), or lost them entirely (e.g.,
most Amphisbaenians, Caecilians, and snakes) (Gans, 1975). Animals that are limbless
benefit in cluttered, fossorial, and aquatic environments where limbs would incur
increased resistance and drag (Gans, 1975; Kelley et al., 1997; Sharpe et al., 2015).
While the majority of limbless animals exploit almost exclusively aquatic or fossorial
habitats (owing to the sheer number of worm species), limb-reduced and limbless
squamates exploit multiple environments including terrestrial, arboreal, fossorial, and
aquatic habitats (both freshwater and marine) (Gans, 1975). Only endothermic taxa lack
limbless species (Gans, 1975) likely because thermal losses from an elongate body plan
are too great (Pough, 1980).

Limb-reduced clades have evolved at least 25 times within squamates (Wiens et
al., 2006). Multiple authors have discussed correlations between body elongation and
limb reduction (Bergmann and Irschick, 2010; Camp, 1923; Caputo et al., 1995; Gans,
1975). Gans (1975) hypothesized that elongation was the first step, followed by digit

reduction, then limb reduction once lateral undulation was possible. However, Wiens



and Slingluff (2001) showed squamates become limbless gradually through concurrent
reduction of the limbs and elongation of the body (through increased vertebral
numbers) and concurrent reduction of limbs and digits. Head and Polly (2015) showed
vertebral division into cervical, thoracic, sacral, and lumbar (as well as caudal, though
these authors do not discuss it) are conserved in snake vertebrae and their increase in
number is not an artifact of malfunctioning hox genes. Vertebral number varies
dramatically among limbless taxa and even within species (Arnold, 1988; Gans, 1970).
Thus, some of the mechanisms as to how animals reduce or lose their limbs can be
explained, but the question remains why become limbless at all?

Limb-reduced squamates typically inhabit dense environments (e.g., grasslands
or brush) or burrow (Gans, 1975). Dense environments appear to be logical places to
become limbless because limbs will hypothetically get caught on brush, resulting in
slower speeds (Astley, 2020; Gans, 1975). Unfortunately, few studies analyze the effects
of locomotor performance in variably dense environments using limbed, limb-reduced,
and limbless species. One study (Kelley et al., 1997) shows that snakes get faster in more
cluttered or dense environments (up to some maximum density, beyond which
undulation is not possible), providing support for limblessness evolving to adapt to
cluttered environments. Additionally, Sharpe et al. (2015) showed Chionactis had less
body slipping during burrowing than the sandfish lizard (Scincus) in part due to its
longer, and more slender, body shape. Multiple authors (Branch, 1988; Camp, 1923;
Caputo et al., 1995; Cogger, 2000; Klemmer; Wiens and Slingluff, 2001) discuss two

2ctomorphs of limb-reduced vertebrates that appear: burrowers appear to be



consistently short-tailed and small, while grass-swimmers appear to be consistently
larger with relatively long tails. It remains unknown why limbless species are split into
these two 3ctomorphs but Wiens and Slingluff (2001) suggest three hypotheses: 1)
performance advantages for short tail length in burrowers and long tail length in grass-
swimmers, 2) increased predation pressure in grass-swimmers might drive selection for
longer tail lengths due to damage to the tail being less likely to be fatal than damage to
the trunk, and 3) limitations in females due to small size to bear young requiring
increased body lengths. Another hypothesis is that tails are relatively useless for
generating propulsion when burrowing but are useful for generating propulsion in grass
where more space is available. Further analyses are needed to discern the role of tail
length in fossorial and epigean (or on the surface) habitats.

Limbless squamate taxa include multiple families: Amphisbaenidae, Anguidae,
Anniellidae, Cordylidae, Dibamidae, Gymnopthalmidae, Pygopodidae, Rhineuridae,
Scincidae, all families within Serpentes, and Trogonophidae (Pough et al., 2004; Vitt and
Caldwell, 2009). The majority of these taxa, excluding Serpentes, are small fossorial
species with small geographic ranges, while the surface-dwelling species are less diverse
but typically occupy larger geographic ranges (Wiens et al., 2006). Interestingly, snakes
are the only limbless taxa within squamates that have exploited fossorial, terrestrial,
arboreal, and aquatic environments (Zug et al., 2001) and have a near-global range.

The origins of snakes are hotly debated as either fossorial or aquatic (Caldwell
and Lee, 1997; Camp, 1923). Multiple morphological characteristics snakes share with

amphisbaenians and dibamids support a fossorial origin (Coates and Ruta, 2000) while



the aquatic origin for snakes is associated with similar jaw structures present within
Mosasaurs an extinct group of giant marine lizards (Caldwell and Lee, 1997). The last
two decades has seen a surprising number of fossil snakes from the Cretaceous
shedding light on the origins of this group. Some of these fossil snakes (e.g., Coniophis,
Dinilysia, and Najash) support a fossorial origin for snakes (Apesteguia and Zaher, 2006;
Longrich et al., 2012; Yi and Norell, 2015) and are consistent with modern basal snakes
(i.e., Scolecophidians) and their fossorial habits. However, others (e.g., Eupodophis,
Haasiophis, and Pachyrachis) support an aquatic (marine) origin (Caldwell and Lee,
1997; Rage and Escuillié, 2000; Rieppel et al., 2003; Tchernov et al., 2000). More
recently, fossil snakes have been found as far back as the Jurassic period (Caldwell et al.,
2015 (i.e. Diablophis, Eophis, Parviraptor, and Portugalophis)) and were found in
multiple environments. Some were terrestrial, but others were found on what would
have been isolated islands, requiring over-water dispersal and thus complicating the
origins of snakes. Recent genetic and morphological work shows snakes are not closely
related to Mosasaurs as was previously thought (Conrad, 2008; Vidal and Hedges, 2004;
Wiens et al., 2010), though other analyses suggest a close relationship between
Mosasaurs and snakes (Lee, 2005) making this debate far from settled. Regardless of the
environment snakes originated in, they appear to have evolved in Gondwana (Hsiang et
al., 2015). In North America and Europe, snakes remained a relatively minor group of
mostly boids and small snakes until the Miocene when colubrids started to radiate and
replace boids (Holman, 2000; Szyndlar and Rage, 2003). This shift appears to be

correlated with increasingly arid environments and the transition to open grasslands in



North America (Cerling et al., 1997; Pagani et al., 1999) and possibly Europe (Bruch et
al., 2011; Pagani et al., 1999). Colubroidea is thought to have originated in Asia and
dispersed to Africa, Europe, and North and South America due to Eocene localities in
Myanmar and Thailand containing colubroids and the subsequent appearance of these
snakes on other continents at later dates (Head et al., 2005; Rage et al., 1992). Africa
has the oldest colubroid-dominated fauna (from the Oligocene) suggesting the
transition from boids to colubroids happened earlier in Africa than in Europe and North
America (McCartney et al., 2014) likely following the same climactic shift to more arid
environments around the globe during this time (Cerling et al., 1997). South Americas
fossil record requires more study but the record in Brazil suggests a radiation of colubrid
snakes around the Miocene but with booid snakes retaining some diversity even to the
present day (Onary et al., 2017). Thus, between the Oligocene and Miocene, colubroid
snakes began to dominate assemblages worldwide (Holman, 2000) where snakes
currently number over 3,500 species (Burbrink and Crother, 2011).

Because they are limbless snakes must rely on their axial skeleton to generate
propulsion and navigate the environment using their vertebrae either as movable
components (i.e., lateral undulation, concertina, sidewinding) or as rigid structures to
pull on (i.e., rectilinear). Snake biomechanics and locomotion have been studied by a
range of authors (e.g., Astley and Jayne, 2007; Gans, 1970; Gray, 1946; Gray and
Lissmann, 1950; Hu et al., 2009; Jayne, 1985; Jayne, 1988; Marvi et al., 2014; Mosauer,
1935; Sharpe et al., 2015). These studies highlight four types of snake locomotion

(lateral undulation, concertina, rectilinear, and sidewinding) and have shown snakes can



perform multiple modes of locomotion at the same time (Gans, 1974). However, Jayne
(2020) described a litany of locomotor variations in snakes beyond the simplistic
characterization of these four modes. For simplicity’s sake, we will focus on these four
modes for the time being until the new modes of locomotion are better understood
under a new paradigm for snake locomotion. Lateral undulation (Fig. 1.1A) uses
posteriorly propagating lateral waves that push against asperities in the environment,
generating forward propulsion. It is the most common, and it is the fastest locomotor
mode alongside sidewinding (Gans, 1962; Jayne, 1986) for the majority of snakes.
Lateral undulation is seen in almost all limbless vertebrates (Gans, 1986) and has
energetic costs similar to limbed locomotion (Walton et al., 1990). Concertina
locomotion (Fig. 1.1B) relies on areas of static contact with the substrate to anchor
portions of the body while other regions are pushed or pulled forwards and is primarily
used in tunnels (Astley and Jayne, 2009; Gans, 1970; Gans, 1986) and arboreal
environments (Astley and Jayne, 2007; Astley and Jayne, 2009; Gans, 1962). Concertina
requires the largest net cost of transport (Walton et al., 1990). Rectilinear locomotion
(Fig. 1.1C) is a unique mode of locomotion which relies entirely on skin and associated
musculature (Gans, 1970; Marvi et al., 2014), with slow speeds and an unknown net cost
of transport. The vertebrae and ribs do not have to move during rectilinear locomotion
(Bogert, 1947; Lissmann, 1950) and it is primarily utilized by larger and thick-bodied
snakes (Lillywhite, 2014), but also allows snakes to move in a straight line and through

small openings (Gans, 1962). Sidewinding (Fig. 1.1D-E) is the final mode of locomotion



Figure 1.1: Lateral undulation (A), roman numerals denote vertebrae, concertina
locomotion (B), letters denote body markers, rectilinear locomotion (C) showing
progression in cm over time (s), and sidewinding (D-E), direction of travel is oblique (D),
and different segments are held stationary or active (E). Images modified from Gray
(1946).
discussed here and has the lowest net cost of transport compared to the modes of
locomotion listed above (Secor et al., 1992). Two posteriorly propagating waves, one
vertical and one horizontal, allow the snake to lift its body but also advance using a
combination of static and moving body segments primarily used in sandy environments
(Jayne, 1986; Marvi et al., 2014). Sidewinding typically uses two regions of static contact
to prevent slipping while the moving segments lift and advance the snake (Jayne, 1986;
Marvi et al., 2014). However, there are still open questions including how the modes
described by Jayne (2020) compare with these four modes described above, whether
snakes can perform additional modes of locomotion.

The skeletal structure of snakes, and all limbless vertebrates, is essentially

comprised of vertebrae and ribs. Snake osteology is a fundamental component of how

they navigate the world. Studies of the bones of snakes has focused on vertebrae and



the skull (e.g., Cundall and Irish, 2008; Hoffstetter and Gasc, 1969; Holman, 2000;
Romer, 1956) because of taphonomic bias and snakes kinetic skulls are relatively unique
within squamata. However, these studies concerning snake osteology tend to focus on
regional differences in the vertebral column, systematic morphology, phylogeny, and
fossil identification (e.g., Head and Polly, 2015; Hoffstetter and Gasc, 1969; Holman,
2000; Lee and Scanlon, 2002; Mead and Schubert, 2013; Szyndlar and Rage, 2003).
While this body of literature is expansive, functional consequences of morphological
variations in snake vertebrae such as range of motion remain open areas for research.
Additionally, how the variation in morphology affects locomotion and muscle function is
unknown. This is surprising considering how diverse snake vertebral shape is and that it
can be diagnostic for snake identification to genus level (Holman, 2000). For example,
constricting snakes tend to have anteroposteriorly shorter vertebrae while arboreal
snakes typically have anteroposteriorly elongate vertebrae (Pough and Groves, 1983).

In addition to elongate body plans, elongate structures occur frequently in
vertebrates (e.g., vertebral columns, digits, tails). These structures and organisms (e.g.
fish, legless lizards, and snakes) have to balance tradeoffs between flexibility and
stability (Anderson et al., 2001; Johnston and Smidt, 1970; Kazar and Relovszky, 1969;
Scopp and Moorman, 2001; Sumida, 1997; Veeger and Van Der Helm, 2007; Zakani et
al., 2017). Different limbless taxa (within and beyond snakes) may tend towards stability
or flexibility based on the consequences for movement, prey capture, and self-defense.
Tradeoffs are likely to be present between all of these demands on the vertebral

column, ribs, and skulls of these animals.
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Figure 1.2: Snake Muscles from anterior (A) and lateral (B-C) views. Larger muscles
shown are the M. spinalis (blue), M. semispinalis (dark purple), M. multifidus (light
purple), M. longissimus dorsi (green), M. iliocostalis 1-upper (red), M. iliocostalis 2-lower
(light red), and the M. levator costae (orange). Images modified from Gasc (1981).

The complex axial musculature of snakes (Fig. 1.2) shows both qualitative
consistency across snakes and architectural changes between groups (Gasc, 1981).
While there are many studies describing snake musculature (e.g., Gasc, 1981; Jayne,
1982; Lourdais et al., 2005; Penning, 2018; Ridge, 1971), few studies have examined
variation in muscle anatomy between snakes with different lifestyles and prey
acquisition methods. Jayne’s (1982) analysis and Tingle’s (2017) reanalysis remain the
only two studies that extensively and quantitatively analyze a muscle group, specifically
the semispinalis-spinalis complex. These studies revealed up to a four-fold difference in

length of the muscle-tendon unit between species and correlations to both environment

and prey capture techniques. For example, arboreal snakes typically have longer



semispinalis-spinalis muscle-tendon units than terrestrial species enhancing cantilever
ability while constricting snakes tend to have shorter semispinalis-spinalis muscle-
tendon units facilitating flexibility (Jayne, 1982; Tingle et al., 2017). Thus, even though
we only have detailed muscle length data from one muscle group, it is clear snake
musculature can vary dramatically between taxa, and more studies are needed to
determine whether this pattern is prevalent in other muscles. While we have some data
on muscle and tendon lengths (Gasc, 1981; Jayne, 1982), cross-sectional area (Jayne and
Riley, 2007; Moon and Candy, 1997; Penning, 2018), and masses (Penning, 2018) of
snakes muscle lever arms and their effects on snake locomotion are entirely unknown.
Additionally, there is no data on where snake muscles operate on the length-tension
curve (Fig. 1.3), and this can affect whether a muscle functions primarily for propulsion
or is primarily used in stability and control (Burkholder and Lieber, 2001).

The elongate body of snakes is used in locomotion, but it is also used to capture
prey. Snake strikes have to be quick but also accurate. The body needs muscles fast
enough to move rapidly but also strong enough to potentially incapacitate prey. The
head and neck are typically lightweight, which could potentially increase the speed
during strikes, but also need to be robust enough to endure the forces of strikes and
contact with prey. Strike performance in snakes has been analyzed in terms of velocity,
acceleration, scaling, and temperature effects (e.g., Greenwald, 1974; Herrel et al.,
2011; Kardong and Bels, 1998; LaDuc, 2002; Penning et al., 2016). Additionally, attacking
and defensive strikes have been analyzed (Araujo and Martins, 2007; Kardong, 1986;

LaDuc, 2002; Penning et al., 2016). However, forces (kinetics) have never been
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Figure 1.3: Length-tension curve showing the ascending limb, plateau, and descending

limb. Image modified from Lieber and Boakes, (1988).

measured during a snake strike. The kinetics of the body can inform the amount of
recoil during the strike, whether the body slips during strikes, and it can potentially even
allow the calculation of joint moments during a strike.

Snakes are one of the most widespread and speciose terrestrial vertebrate
groups on the planet and have exploited every continent on Earth with the exception of
Antarctica (Vitt and Caldwell, 2009). Despite their incredible diversity in form, size, and
environments occupied, snakes remain an understudied group (Astley, 2020).
Specifically, we understand little about their biomechanics, musculature, and

locomotion. In this dissertation, we aim to understand multiple unknown factors from

11



microscopic sarcomeres to whole animal biomechanics. These studies were conducted
to better understand multiple components of how snakes’ function in the natural world.
Snakes traverse the world using their vertebrae, all of which have a unique bony process
called the zygosphene. Despite the prevalence of this process across Serpentes, its
function remains unclear. We sought to understand how this process (1) affects their
range of motion and (2) whether it plays a role in limiting vertebral roll/twisting. Snake
sarcomeres have never been measured despite their importance in force generation. As
such, we sought to understand how snake sarcomeres have an impact on locomotion.
Most locomotor modes in snakes predominantly interact with the environment through
lateral forces. However, the environment is structurally complex and we hypothesized
that snakes can interact and propel themselves using vertical waves to take advantage
of vertical asperities. Finally, we sought to understand what forces are generated during
snake strikes, which have never been previously measured. These projects together
expand our knowledge of multiple aspects of snake biomechanics, incorporating a
variety of aspects including vertebral range of motion, musculature, locomotor modes,
and predation. Together they give a more holistic understanding of how snakes have

diversified and exploited almost every natural environment on the planet.
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CHAPTER Il
EXPERIMENTAL MODIFICATION OF MORPHOLOGY REVEALS
THE EFFECTS OF THE ZYGOSPHENE-ZYGANTRUM JOINT ON THE

RANGE OF MOTION OF SNAKE VERTEBRAE

Introduction

Trade-offs between the mobility and stability of skeletal joints are determined by
many factors including bone geometry, cartilage, and soft tissues such as ligaments and
muscles. The shape of joints are highly variable, both across and within species, as well
as within individuals, and it depends on both evolutionary history and the function of a
joint in the body which can result in variable shapes (e.g., ball and socket, hinge, and
saddle) (Andersson, 2004; Johnston and Smidt, 1970; Kazar and Relovszky, 1969; Veeger
and Van Der Helm, 2007; Zakani et al., 2017). For example, canine limbs provide stability
during running but are unable to pronate and supinate to the same degree as in felids,
reflecting the canine hunting strategy of chasing prey rather than ambushing and
grappling prey as cats do (Andersson, 2004). Depending on the joint, soft tissue and
bone geometry can have different contributions to the stability and ROM of the joint.
Joints with minimal bony constraints, such as the human shoulder, have a high range of

motion (ROM) but also rely upon soft tissue for support, resulting in a higher injury risk
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(Kazar and Relovszky, 1969; Veeger and Van Der Helm, 2007). By contrast, joints with
substantial bony constraints, such as the human hip, have moderate to minimal soft
tissue support and a correspondingly lower ROM and injury rate (Anderson et al., 2001;
Johnston and Smidt, 1970; Scopp and Moorman, 2001; Zakani et al., 2017).

The vertebral column is part of the axial skeleton and essential for protecting the
spinal cord and joining the cranial and appendicular parts of the skeleton together. All
extant tetrapod vertebrae articulate via the centra and pre- and post-zygapophysis
joints that maintain vertebral connection and provide stability (Sumida, 1997). As in
other joints, there is a trade-off between stability and flexibility, depending on the
needs of the animal (Anderson et al., 2001; Johnston and Smidt, 1970; Kazar and
Relovszky, 1969; Scopp and Moorman, 2001; Veeger and Van Der Helm, 2007; Zakani et
al., 2017). Limbless species often rely on the vertebral column for propulsion, and
enhanced axial flexibility probably benefits the locomotion of terrestrial limbless
animals by allowing them to contact and conform to a wide variety of shapes and sizes
of surfaces that are used to generate propulsive forces.

Snakes, the most speciose limbless tetrapods, have vertebrae with variable
shape, but consistently possess three articulations: 1) the cotyle-condyle joint at the
centrum, 2) the pre- and post-zygapophysis joint, and 3) a distinctive joint formed by the
zygosphene and zygantrum (Fig. 2.1; Hoffstetter and Gasc, 1969; Johnson, 1955; Romer,
1956). This zygosphene-zygantrum joint is large and prominent in all snakes, diagnostic
for their vertebrae, and absent or minimal in all other vertebrates (Hoffstetter and Gasc,

1969; Romer, 1956). Furthermore, snakes are the only clade of limbless squamates that
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Figure 2.1: Anatomy and articulation of snake vertebrae. (A) uCT scan slice showing the
anterior (green) and posterior vertebrae (blue) of a corn snake (Pantherophis guttatus).
Note the zygosphene-zygantrum, pre- and post-zygapophyses, and cotyle-condyle
articulations have narrow gaps. (B) Normal vertebra in anterior view. (C) Normal
vertebra in posterior view. (D) Right lateral view with anterior and posterior vertebrae
articulated. Note how deeply the zygosphene inserts into the zygantrum. Vertical bar
represents the uCT scan location. (E) Altered vertebra in anterior view. (F) Altered
vertebra in right lateral view. Terms: ar-altered region, ce-centrum, cd-condyle, ct-
cotyle, nc-neural canal, po-postzygapophysis, pre-prezygapophysis, zyg-zygosphene,
zyga-zygantrum. Scale bar =1 mm.

possess a zygosphene-zygantrum joint, despite many other independent evolutionary
origins of limblessness (Wiens et al., 2006). Although the morphology of the
zygosphene-zygantrum joint is well described (Auffenberg, 1963; Gasc, 1974; Hoffstetter
and Gasc, 1969; Holman, 2000; Johnson, 1955), its function is poorly understood. The
zygosphene has long been postulated to prevent axial torsion (Gasc, 1976; Romer,

1956), but empirical tests of the function of this distinctive joint are lacking. However,

because all snakes have the zygosphene-zygantrum joint, determining the
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consequences of its presence or absence is not possible by comparing different snake
taxa, and comparisons with other squamate vertebrae lacking a zygosphene would be
confounded by other morphological differences.

Methods such as finite element analysis, CT scanning, and 3D printing offer the
ability to experimentally alter morphology to test hypothetical alternatives providing a
new way to test the function of existing morphology. For example, caecilians have two
types of skulls (solid and fenestrated), one of which was hypothesized to enhance
burrowing by reducing bone strain, but no extant species have an intermediate anatomy
suitable for testing this hypothesis (Kleinteich et al., 2012). Thus, Kleinteich et al. (2012)
digitally altered the skulls of multiple caecilians from fenestrated to solid and vice-versa,
and used finite element analysis during loading revealed no significant difference
between the performance of altered and unaltered skulls. This clever use of digital
manipulation of morphology solved the problem of isolating the functional
consequences of morphological variation not found in extant species. These methods
are a way of experimentally manipulating morphology instead of relying only on natural
variation and existing biological species to test functional consequences.

In this chapter, we provide the first empirical test of the hypothesis that the
function of the zygosphene is prevention of roll (Gasc, 1976; Romer, 1956) by
experimentally manipulating the morphology of the vertebrae by digitally deleting the
zygosphene of four species of snakes. Although we primarily tested the hypothesis that
removing the zygosphene will increase roll (torsion), we also examined the broader

consequences of the zygosphene-zygantrum joint on ROM.
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Materials & Methods

To digitally reconstruct and experimentally manipulate vertebral morphology,
we used specimens of four phylogenetically diverse species of snakes from three
families. We dissected and cleaned vertebrae from the mid-body of the following four
specimens (Fig. 2.2): boa constrictor (Boidae, Boa constrictor, American Museum of
Natural History, AMNH-R176819, snout vent length (SVL)= 54.3 cm), corn snake
(Colubridae, Pantherophis guttatus, AMNH-R176816, SVL= 96.7 cm), brown tree snake
(Colubridae, Boiga irregularis, BCJ pers. collection, SVL= 184.0 cm), and prairie
rattlesnake (Viperidae, Crotalus viridis, University of Michigan-no specimen number,
SVL=83.4 cm).

During prior fieldwork, two authors (HCA and BCJ) gathered data on maximal
lateral and dorsoventral bending from a freshly euthanized but otherwise intact brown
tree snake. We photographed the mid-body while it was maximally bent laterally,
dorsally, and ventrally, and images were analyzed in FlJI (Schindelin et al., 2012, Image)
1.8.0_66 64 bit, 3D Viewer, Wayne Rasband, NIH, Bethesda, MD). We calculated
intervertebral ROM by determining the total angular displacement over 8-14 vertebrae
along an arc with a uniformly minimal radius of curvature and then divided this quantity
by the number of intervening joints. For the brown tree snake, these data were
obtained from the same snake and body segments as were used during uCT scanning

and digital rendering. Using procedures similar to those for the brown tree snake, we
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Figure 2.2: Unaltered CT scanned vertebrae of the four species used in this study in
oblique anterior/lateral view. (A) Boiga irregularis. (B) Crotalus viridis. C) Boa constrictor.
(D) Pantherophis guttatus. Scale bars =1 mm.
also determined the ROM for one intact, freshly euthanized corn snake specimen (SVL =
107) and a boa constrictor specimen (SVL = 135 cm), although these were different
individuals than those used to create the 3D prints of vertebrae. Hereafter we use
“intact” to refer to all measurements from these fresh specimens.

For each species, two sequential vertebrae from mid-body were isolated,
dissected, and uCT scanned (SkyScan 1172, Bruker, Billerica, MA), segmented manually
with Adobe Photoshop (CC 2015 Adobe Inc., San Jose, CA), and digitally rendered with

FUI (Fig. 1A-F). Voxel size was 26.16 um for all snakes except Boiga irregularis for which

it was 19.88 um. We used the following settings during our scans: voltage was 80 kV,
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amperage was 120 pA, rotation step was 0.4, frame averaging of eight, with an
aluminum filter. After segmentation, the vertebrae were smoothed in MeshLab (v.
2016.12 ISTI-CNR, Pisa, Italy) with a Laplacian Smooth method (coefficient of three).
Two copies were made of the posterior vertebra for each species, one of which was
unaltered and the other was edited digitally to remove the zygosphene (Fig. 2.1E-F)
using Meshmixer (v.3.4.35 Autodesk, Inc., San Rafael, CA), referred to as the altered
vertebra henceforth. All vertebrae were then 3D printed (Lulzbot TAZ 6, Fargo Additive
Manufacturing Equipment 3D, Fargo, ND, layer height-0.18 mm, xy resolution-0.05 mm,
ABS) at 14x their actual size (7-16 mm) to limit the effects of print resolution and the
expanding plastic as the vertebrae are printed.

To determine ROM during manual manipulations of the 3D-printed vertebrae,
we used four motion capture cameras (Flex 13, 120 images s, NaturalPoint, Inc.
Corvallis, OR). We attached six or more adhesive reflective markers to the anterior
vertebra and we affixed four reflective spherical markers to the posterior vertebra. The
anterior vertebra was fixed in place to prevent movement. We tracked the markers
using Motive Optitrack V2.0.2 (NaturalPoint, Inc. Corvallis, OR), and the markers on each
vertebra were used to define a rigid body. The software uses a non-linear least squares
solver to reconstruct rigid body position, and computes rotations using quaternions,
which are then decomposed into yaw, pitch, and roll relative to the external frame of
reference. Because the computation is initially in quaternions, the order of rotations
which can affect Euler angles is not problematic for this methodology (Richards, 2019;

Richards and Porro, 2018). Dorsal pitch is defined as dorsal motion of the vertebra due
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Figure 2.3: Examples of mobility and articulation of snake vertebrae. (A-E) Corn snake (P.
guttatus) vertebrae (anterior is normal and gray, posterior is altered and red). (A) Dorsal
view, straight. (B) Ventral view, straight. (C) Dorsal view, maximal yaw = 27 deg. (D)
Ventral view maximal yaw = 27 deg, note lack of overlap of pre- and post-zygapophyses.
(E) Right lateral view dorsal pitch = 12 deg. Note lack of contact of neural spines. (F)
Prairie rattlesnake (C. viridis) vertebrae (anterior is normal and gray, posterior is altered
and red) in right lateral view ventral pitch = -12 deg. Note lack of contact of
hypapophyses. Scale bar =1 mm for all images.
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to rotation about a horizontal transverse axis (Fig. 2.3E), whereas ventral pitch is ventral
motion of the vertebra due to rotation about the same axis (Fig. 2.3F). Yaw is defined as
lateral motion of the vertebra due to rotation about a dorso-ventral axis, while roll is
defined as rotation of the vertebrae about an antero-posterior axis. In all cases, the
center of rotation was considered to be the cotyle-condyle joint. We calibrated cameras
via a wanding procedure in the Motive software and advanced to trials only if the
calibration error was below 0.1 mm. Vertebrae were manually manipulated over the
ROM for a minimum of 11,000 frames of data to ensure thorough coverage of the
possible ROM, including intermediate values. When manipulating the vertebrae, the
cotyle-condyle joint remained articulated (Fig. 2.3), as disarticulation may damage living
snakes. To achieve full coverage in kinematic space, the graphed data were analyzed
guantitatively for gaps, and subsequent trials were performed to achieve full coverage.
Certain postures at which roll was effectively unlimited would likely damage a living
snake; hence we excluded all data when roll was beyond 40 deg. Because we used
natural vertebrae, we note that morphological asymmetries could be present and
produce asymmetries in ROM (Appendix A: F-G), though none of these asymmetries
appeared to affect yaw at zero pitch. The yaw, pitch and roll angles were not smoothed
or filtered.

We used a custom-written script in MATLAB (MathWorks, Natick, MA) to analyze
data. Due to the imprecision of manually centering the vertebrae, we calculated the 1%
and 99" percentile values of yaw at zero pitch, and assumed that these values would be

symmetrical about the neutral axis of the vertebrae in yaw. Thus, we subtracted half of
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the difference between these percentile values from all yaw values to center the data.
Because our data were not smoothed, we used percentile values to ensure that isolated
high values due to error did not unduly bias our data. We analyzed a subset of data from
the fixed vertebra to determine error for yaw, pitch, and roll in all four species. The
errors from the fixed vertebrae (n=11,000 data points minimum per fixed vertebra) for
yaw, pitch, and roll ranged from 0.6-1.2 deg, 1.1-1.9 deg, and 0.4-1.4 deg, respectively,
showing high precision and accuracy.

To determine the anatomically neutral pitch (true zero), we constructed a line
between the centers of the circles of curvature of the cotyle and condyle in a transverse
UCT scan (Fig. 2.4A). After determining this line independently for each vertebra, we
locked custom, 3D-printed parts onto the condyle and projected the reference line
outward (Fig. 2.4A). This gave us the orientation in ‘lab space’ of the true zero for pitch
of the anterior (fixed) vertebra. The corresponding 3D-printed part was attached to the
posterior (mobile) vertebra (Fig. 2.4C), which was then raised to maximum dorsal pitch.
The resultant difference between the slopes of the true zero axes of each vertebra in
world space was used to determine true maximum pitch. We used this value to re-zero
the pitch of the datasets measured from Motive Optitrack. Roll was oriented in ‘lab
space’ by making a line with the pre- and post-zygapophyses and making this line
parallel to the table line (Fig. 2.4B, E). Yaw was oriented by making the neural spines line
up in dorsal view (Fig. 2.4D, E).

The hypapophyses of both the brown tree snake and prairie rattlesnake created

a bony limit on ventral pitch. However, the boa constrictor and corn snake lacked
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Figure 2.4: Vertebrae showing the red component and its attachment in the 3D printed
vertebrae and the different axes. (A) uCT scan showing a mid-sagittal section of a corn
snake (P. guttatus) vertebra with anterior to the right. We used circles (yellow) to
estimate the axis of rotation in pitch for the cotyle and condyle to determine the slope
of the neutral position of the vertebra (white dashed line). The red component was a 3D
printed part designed to lock on to the vertebra (P. guttatus) and hold the posterior bar
parallel to the neutral position axis. (B) Anterior vertebra (B. irregularis) showing its
orientation in lab space flat with the table aligned with the pre- and post-zygapophyses.
(C) Anterior and posterior vertebrae (B. irregularis) in lateral view with the red
component attached and level with the centra and oriented in lab space by the neural
spines and the table. (D) Anterior and posterior vertebrae (B. irregularis) in dorsal view
with the red component attached and in-line with the neural spines. (E) Vertebra
showing the intersections of the different anatomical planes. Scale bars =1 mm.

hypapophyses that limited ventral pitch and thus prevented disarticulation of the

cotyle-condyle. Because this is unrealistic, we used the intact dorsal and ventral pitch

data from the boa constrictor and corn snake measurements to define their ventral

pitch limits. Once we obtained the maximum isolated value of dorsal pitch based on the

printed vertebrae, we removed points from the dataset that would have exceeded the
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dorsoventral pitch ROM from the intact snakes. Reported maximum and minimum yaw
angles for the altered isolated vertebrae were restricted to values within the range of
roll reported from normal vertebrae to prevent high roll angles influencing yaw. Values
reported for ROM refer to only one side.

To quantitatively characterize and compare ROM between species (both
between normal vertebrae and altered vertebrae between species) and between
normal and altered vertebrae of the same species, we created a custom-written
MATLAB script to calculate overlap of the areas in two-dimensional (yaw and pitch)
kinematic space. First, we used the boundary function with a shrink factor of 0.8 to
create a boundary that conforms to the shape of the point cloud of pitch and yaw
values. These boundaries were then converted to polygons using the polyshape
function. Finally, the intersect function was used to determine overlap. If two
separate regions of overlap occurred, the data were analyzed using the above steps in
two parts: one for positive yaw and one for negative yaw, and the resulting areas were
then added together. Using these tools, we conducted two separate tests. First, to
assess if values of increased roll in altered vertebrae occurred at pitch and yaw
combinations within the pitch and yaw ROM of normal vertebrae, we compared the
overlap between the pitch and yaw ROM of normal vertebrae and the pitch and yaw
values of altered vertebrae at which roll > 2.5 deg (Appendix B). Second, in order to
assess shape similarity of ROM across species, the overlap between the pitch and yaw
ROM was computed for all interspecific pairs of both normal and altered vertebrae after

being normalized by area for each combination of snakes (Appendices C-D). In altered
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vertebrae, regions with high roll were eliminated (Appendices C-D). To avoid being
confounded by differences in the total ROM between species, we normalized the
polygon areas of their ROM of the species being compared by equalizing their areas to
each other. Thus, two highly overlapping shapes show high similarity while shapes that

are highly different will show low overlap.

Results

Despite the variable shapes and proportions of the vertebrae, some general
patterns of yaw, pitch, and roll were consistent for all four species (Table 2.1, Figs. 2.5-
2.8, Appendix A). The normal isolated vertebrae from all species had a range of maximal
yaw values from 13.9-18.5 deg, ventral pitch values from -13.5 to -8.7 deg, dorsal pitch
values from 4.8-10.7 deg, and roll values < + 2.5 deg for all species at all combinations of
yaw and pitch (Table 2.1, Figs. 2.5-2.8).

After normalizing the yaw-pitch ROM areas of the normal isolated vertebrae to
better analyze ROM shape space, the values of yaw-pitch ROM overlap between pairs of
species ranged from 56-89% (Appendix E). The prairie rattlesnake consistently had the
lowest overlap with other species (56-69%) due to asymmetries in the vertebra,
whereas the other three species had quite similar overlap values with each other
between 82-89% (Appendix E).

The altered isolated vertebrae had increased ROM for yaw, pitch, and roll, with
most yaw and pitch combinations showing similar values of roll to unaltered vertebrae

(Table 2.1, Figs. 2.5-2.8). Yaw ROM depended on pitch position and vice versa for
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Table 2.1: Values (Figs. 2.5-2.8) of vertebral range of motion (in deg).

Vertebrae Type Yaw Max Yawat Ventral Max Dorsal  Roll
Min. Ventral Pitch Dorsal
Max OdegPitch  Pitch ) Pitch at 0 Max
at 0 deg Yaw Pitch
Min. deg Yaw
Max
Intact B. irregularis 169 - -11.4 - 8.9 - -
Normal B. irregularis 139 134 -13.5 -13.5 6.7 6.7 1.7
Altered B. irregularis 19.8 144 -14.7 -12.6 11.2 10.5 253
Normal C. viridis 152 14.6 -8.7 -8.6 4.8 4.6 1.7
Altered C. viridis 18.8 13.0 -11.6 -10.8 7.7 6.6 12.5
Intact B. constrictor 164 - 8.0 - 9.0 - -
Normal B. constrictor 162 155 - - 6.6 6.4 1.3
Altered B. constrictor 223 17.6 - - 6.5 6.3 -
Intact P. guttatus 225 - -16.0 - 11.3 - -
Normal P. guttatus 18.5 184 - - 10.7 10.6 1.7
Altered P. guttatus 269 239 - - 15.9 15.0 -
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Figure 2.5: Vertebral ROM of the brown tree snake (B. irregularis). Red/black borders
show limits obtained from an intact brown tree snake for yaw and pitch respectively. (A-
C) Normal vertebra. (D-F) Altered vertebra. Red and black represent roll < +2.5 deg and
blue represents roll > £2.5 deg, respectively.
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Figure 2.6: Vertebral ROM of the prairie rattlesnake (C. viridis). (A-C) Normal vertebra.
(D-F) Altered vertebra. Red and black represent roll < 2.5 deg and blue represents roll >
12.5deg, respectively. A subtle asymmetry in the zygosphene morphology produced
asymmetric ROM at combinations of ventral pitch and high yaw in the normal vertebra
(A).
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Figure 2.7: Vertebral ROM of the boa constrictor (B. constrictor). Red/black borders
show limits obtained from an intact boa constrictor for yaw and pitch respectively. (A-C)
Normal vertebra. (D-F) Altered vertebra. Red and black represent roll < +2.5 deg, blue
represents roll > +2.5 deg, respectively. The gray dotted line highlights the arbitrary
ventral cutoff.
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Figure 2.8: Vertebral ROM of the corn snake (P. guttatus). Red/black borders show limits
obtained from an intact corn snake for yaw and pitch respectively. (A-C) Normal
vertebra. (D-F) Altered vertebra. Red and black represent roll < 2.5 deg, blue represents
roll > +2.5 deg. The gray dotted line highlights the arbitrary ventral cutoff.
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normal and altered vertebrae. The normalized areas of the altered vertebrae all had
very similar overlap values ranging between 79-89% (Appendix F). The prairie
rattlesnake overlap percentage increased to be similar to the other three snakes
analyzed in the altered vertebrae compared to the normal vertebrae (Appendices E-F).

The maximal bending in yaw of the intact vertebrae for all species agreed closely
with values obtained from the normal isolated vertebrae with a difference in range
between 0.7-4.1 deg and an average difference of 2.4 deg (Table 2.1, Figs. 2.5-2.8). Yaw
increased for all species in the altered vertebrae (Table 2.1, Figs. 2.5-2.8). Yaw values for
normal isolated vertebrae ranged from +13.9-18.5 deg but increased to £18.8-26.9 deg
for the altered vertebrae. For the altered vertebrae, the smallest increase was 27% for
the prairie rattlesnake, and the largest increase was 42% for the brown tree snake. The
corn snake and boa constrictor had increases of 31% and 38%, respectively.

The maximal values of bending in ventral pitch for the intact vertebrae of the
brown tree snake agreed closely with values obtained from the normal isolated
vertebrae with a difference of only 2.1 deg (Table 2.1, Fig. 5). Compared to the normal
isolated vertebrae, ventral pitch of the altered vertebrae increased for both the brown
tree snake and prairie rattlesnake (Table 2.1, Figs. 2.5-2.8). We could not determine
maximal ventral pitch angles for 3D printed vertebrae of the boa constrictor and corn
snake because they pitched ventrally indefinitely. In the isolated vertebrae of the brown
tree snake and the prairie rattlesnake, ventral pitch was limited by the zygosphene-
zygantrum articulation. Maximal values of ventral pitch for the normal isolated

vertebrae ranged from -13.5 deg to -8.7 deg, and they increased to -14.7 deg and -11.6
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deg in the altered vertebrae of the brown tree snake and prairie rattlesnake
respectively. When the zygosphene was removed, ventral pitch increased for the brown
tree snake by 10% and in the prairie rattlesnake by 36%, and ventral pitch was further
limited by the hypapophyses on the anterior vertebra contacting the rim of the cotyle
on the posterior vertebra (Figs. 2.3F, 2.5-2.6).

The maximal values of bending in dorsal pitch for the intact vertebrae agreed
closely with values obtained from the normal isolated vertebrae with a difference in
range between 0.6-2.4 deg and an average difference of 1.6 deg (Table 2.1, Figs. 2.5-
2.8). Altering the isolated vertebrae increased dorsal pitch for all species in this study
except for the nearly constant values for the boa constrictor (Table 2.1, Figs. 2.5-2.8).
Among all of the species, maximal values of dorsal pitch for normal isolated vertebrae
ranged from 4.8-10.7 deg and increased in the altered vertebrae from 7.7-15.9 deg.
Maximal dorsal pitch increased for the brown tree snake by 67%, prairie rattlesnake by
58%, and corn snake by 49%.

Roll increased for all species in the altered isolated vertebrae but by different
amounts (Table 2.1, Figs. 2.5-2.8). Roll increased from 1.7 deg to 25.3 deg in the brown
tree snake and from 1.7 deg to 12.5 deg for the prairie rattlesnake. Roll for the corn
snake and the boa constrictor was effectively unconstrained in the altered vertebrae,
with values greater than the 40 deg cut off. Roll was limited in the brown tree snake and
the prairie rattlesnake because roll caused the cotyle-condyle to twist and disarticulate,
which is not possible in the corn snake and boa constrictor. Thus, we halted roll at

values before disarticulation would occur.
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Discernable roll only occurred in the altered vertebrae at combinations of high
yaw and ventral pitch for all species. Roll ROM quickly shifted from <2.5 deg for a
particular pitch-yaw combination to >30 deg over small changes in pitch-yaw position in
the altered vertebra (Figs. 2.5-2.8). Such increased roll only occurred in the altered
vertebrae at combinations of yaw and pitch of approximately +15-20deg and -10 deg,
respectively. These extreme postures did not overlap with the normal isolated vertebrae
ROM in the brown tree snake and the prairie rattlesnake. However, there was overlap of
regions of increased roll in the altered vertebrae that occurred within the normal
vertebrae ROM of 3% and 11% in the boa constrictor and the corn snake respectively.
The pre- and post-zygapophyses prevented roll at lower yaw angles, especially in the
prairie rattlesnake, which has large pre- and post-zygapophyses compared to the other

species (Fig. 2.2).

Discussion

Snake vertebrae have highly variable shapes, but a prominent zygosphene is
always present (Gasc, 1974; Johnson, 1955; Romer, 1956). Our experimental removal of
the zygosphene increased roll in all snakes examined, but only at a combination of low
ventral pitch and high yaw that could not occur when the zygosphene was present in
two species, as shown by our overlap data (Appendices C-D). ROM is generally similar
between species with and without a zygosphene (Appendices C-D). The overlap of the
pre- and post-zygapophyses prevented roll at the other positions (Fig. 2.3). The base of

the hypapophyses in the prairie rattlesnake and the brown tree snake limited ventral
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pitch because they collided with the cotyle of the adjacent vertebra. The zygosphene in
the normal vertebrae and the neural arch or the pre- and post-zygapophyses in the
altered vertebrae limited dorsal pitch. By contrast, the neural spines did not contact
each other and therefore did not limit dorsal flexion on the 3D printed models.

The ability of bony structures other than the zygosphene-zygantrum to constrain
roll raises the question of why the novel zygosphene-zygantrum articulation evolved,
rather than enlargement of existing processes. Perhaps the zygosphene acts as an
osseous limit on the ROM of the vertebral column, particularly in yaw. An osseous limit
is stronger than relying on soft tissue for restricting movement due to the ability to
withstand higher forces without damage. Snake vertebrae can have a wide ROM during
some normal locomotor behaviors (Jayne, 1988; Morinaga and Bergmann, 2019; Sharpe
et al., 2015), and reliance on soft tissue limits could increase the propensity for injury as
seen in rotator cuff injuries and their prevalence among humans (Yamamoto et al.,
2010). This bony limit could be beneficial for multiple behaviors that rely upon both high
forces and tight bending such as constriction, concertina locomotion, or gripping narrow
arboreal substrates. The zygosphene could also reduce the need to rely on
proprioception and motor control to prevent the body from reaching postures that
could damage tissues similar to the antitrochanter articulating with the femur to restrict
rotation in birds (Kambic et al., 2017). Thus, a bony blocker has some benefits that
expanding the zygapophyses would be unable to provide (limiting yaw), potentially
outweighing the reduced ROM due to the zygosphene. Additionally, snakes can still

achieve high flexibility despite the limitations of the ROM via their large total number of
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vertebrae compared to other vertebrates. Together, these benefits could potentially
give snakes access to increased range of motion compared to legless lizards, which lack
a zygosphene-zygantrum articulation (Hoffstetter and Gasc, 1969). The lack of a
zygosphene in other limbless tetrapods is puzzling, and may be due to evolutionary
trade-offs, constraints, or contingency. Presumably, limbless lizards must limit range of
motion either using soft tissue structures, which are vulnerable to injury, or
modifications of existing vertebral processes, which may reduce range of motion
(Anderson et al., 2001; Johnston and Smidt, 1970; Kazar and Relovszky, 1969; Scopp and
Moorman, 2001; Veeger and Van Der Helm, 2007; Zakani et al., 2017). More research is
needed to determine how limbless lizards limit roll and measure how their overall range
of motion compared with snakes.

Our results suggest that normal isolated snake vertebrae can roll 2-3 deg even
with the zygosphene. However, we suggest caution, as such small values could be due to
cumulative errors from limited CT resolution, errors in segmenting, and the 3D printing
process. The error from the fixed vertebra showed errors in pitch, yaw, and roll of
between 0.4-1.9 deg. Any small errors due to our process will comprise a small fraction
of the total ROM of pitch and yaw due to the large values of these variables (up to 20
degrees), while small or zero values could be dominated by error. Therefore, roll in vivo
could be minimal and not biologically important. A prior study (Moon, 1999) reported
similar amounts of roll in snakes in vivo and in skinned body segments and suggested
that roll is actively used in locomotion. However, these in vivo estimates of roll were

determined from two-dimensional dorsal-view distances between marks along the
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dorsal midline and the sides of the snake, although the author acknowledged that rib
movements can alter this distance (Moon 1999). Furthermore, apparent roll across
multiple joints (with no actual roll between adjacent vertebrae) can arise from
combined lateral and dorso-ventral flexion without departing from planar motion (Zhen
et al., 2015), which could have confounded both the in vivo and skinned body segments
data in Moon (1999). Without more direct methods of obtaining in vivo data on
vertebral motion, it remains unclear if substantial roll occurs in vivo in snake vertebrae.
Our ROM values of yaw are similar to some previously reported maximal values
for snakes (Jayne, 1988; Sharpe et al., 2015) suggesting they are biologically relevant.
Even though one might expect diverse species of snakes to have large differences in
ROM, many values are actually rather similar. The maximal amount of realized yaw,
however, does vary among the different modes of snake locomotion. For example,
Jayne (1988) estimated yaw from marks on the mid-dorsal scales of Crotalus cerastes,
Nerodia fasciata, and Pantherophis obsoleta and found less during lateral undulation
(approximately 5 deg) than during sidewinding (approximately 7-10 deg). After
commonly finding values of yaw between 15-16 deg in both Nerodia fasciata and
Pantherophis obsoleta performing concertina locomotion in tunnels ranging from 3-10%
of total snake length, Jayne (1988) suggested that snakes using this mode often may
approach their maximal yaw ROM. Although our study did not include the same species,
our maximal yaw for a congeneric (Pantherophis) reached a similar value of 16 deg
(Table 1), supporting the idea that at least some snakes do indeed use their maximal

yaw ROM during concertina locomotion. Morinaga and Bergmann (2019) found Nerodia
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sipedon had inter-vertebral joint angles between 6 and 9 deg when using lateral
undulation between different peg spacings. These values are higher than Jayne (1988)
found for lateral undulation, but they are still below any of our observed values,
supporting Jayne’s (1988) conclusions that during lateral undulation, and many other
locomotor activities, snakes do not bend maximally. Additionally, Sharpe et al. (2015)
found that anaesthetized Chionactis occipitalis (165-175 vertebrae) could form an
average of 6.2 complete (360 deg) coils when bent by an experimenter (though whether
these are maximal values remains unclear), resulting in average yaw ROM between
12.8-13.5deg which is similar to Jayne (1988) and our own results (Table 2.1). Thus,
despite considerable phylogenetic and ecological differences among the few species
studied to date, ROM appears broadly similar across snake species, suggesting that
variation in overall flexibility depends primarily on variation in the total number of
vertebrae.

Snake vertebral ROM values for yaw, dorsal pitch, and ventral pitch are also
similar to values previously reported for crocodiles (lateral, dorsal, and ventral flexion:
18.6, 9.4 deg, and 12.7 deg, respectively) (Molnar et al. 2015), skinks (lateral flexion:
13.5 deg) (Sharpe et al. 2015), and armadillos (lateral, dorsal, and ventral flexion: 6, 7,
and 8 deg, respectively) (Oliver et al., 2016). Collectively, the data suggest that the
considerable flexibility of snakes is mainly from large numbers of vertebrae per unit
rather than unusually high ROM.

Digitally altering bones to create hypothetical morphologies is a powerful tool to

circumvent limitations of using naturally occurring biological morphologies (Kleinteich et
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al., 2012; this study). In our study system, differences in vertebral form between lizards
and snakes would create a confounding factor that could not be excluded via traditional
analyses. Consequently, creating hypothetical morphologies provides a way to test
effects of morphology that would otherwise be impossible using only natural specimens.
This approach can also be applied to paleontological specimens (Shiino et al., 2012),
modeling of transitional forms throughout the fossil record, and for small bones for
which testing can be difficult (this study). However, caution is warranted in interpreting
these results, because these are not natural morphologies, and may not represent the
ancestral form of snake vertebrae prior to the development of the zygosphene.
Potential sources of discrepancies include rib interactions, partial cotyle-condyle
disarticulation, and soft tissue limitations (particularly in pitch). Our results have a
ventral bias, which may result from an effect of soft tissue such as synovial fluid in the
cotyle-condyle joint, but resolving this requires further investigation. It is also possible
cartilage in the joints of the cotyle-condyle provide a slight increase in ROM of yaw and
pitch. Our data obtained from the intact brown tree snake, boa constrictor, and corn
snake did not include forces generated when bending the snakes, which may differ from
in vivo ranges. Nonetheless, the data from the brown tree snake, boa constrictor, and
corn snake matched closely with the observed intact values, supporting the validity of
our results and suggesting minimal soft tissue influence in contrast to that observed
influence of soft tissue in avian hip and limb joints (Baier, 2012; Kambic et al., 2017;
Manafzadeh and Padian, 2018). Thus, biological validation should be used wherever

possible.
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ROM in joints relies on soft tissue and joint geometry for stability though the
contribution of each differs between joints. Whether a system relies on soft tissue or
joint geometry, the body typically has to constantly interact with that system, whether
that is stiff connective tissue around the joint (Oliver et al., 2016), a deep joint cotyle, or
articular facets such as the pre- and post-zygapophyses. However, in snakes, the
zygosphene only interacts at positions of high yaw or high dorsal pitch with no effect at
most other positions. Through the interaction of multiple joints (i.e., zygosphene-
zygantrum and pre- and post-zygapophyses) and a process (i.e., hypapophysis) or soft
tissue an overall functional response is achieved that limits yaw, dorsal pitch, and
ventral pitch even though any given component listed above may not actively interact at
all joint positions. Thus, the zygosphene may allow snakes to avoid certain trade-offs
between mobility and stability, while also providing an additional load-bearing structure
at high yaw positions. Future work investigating other joint articulations that engage
only at high ROM could provide insight into whether other species employ similar

mechanisms.
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CHAPTER 11l
CORN SNAKES (Pantherophis guttatus) SHOW CONSISTENT SARCOMERE

LENGTH RANGES ACROSS MUSCLE GROUPS AND ONTOGENY

Introduction

Sarcomeres are the fundamental component of skeletal muscle and despite their
microscopic size, they can have dramatic consequences on whole animal performance
(Bennett, 1985; Taylor, 2000; Gidmark et al., 2013). Sarcomeres are composed of thick
and thin filaments, myosin and actin respectively, that slide past each other and
generate force (Huxley, 1963). Furthermore, the sarcomere’s position on the length-
tension curve has a direct effect on the amount of force it can generate due to overlap
and interactions between the filaments, with the maximum being across the plateau
region (i.e., 2.2-2.1 um in vertebrates) (Gordon et al., 1966). Within vertebrates,
sarcomeres are typically found to operate over lengths from 3.6-1.2 um (Burkholder &
Lieber, 2001).

Initial position on the length-tension curve and subsequent length change has
important implications for animal biomechanics in a variety of contexts. In fish,
sarcomere lengths have been shown to influence bite force at different gapes relevant

to prey size (Gidmark et al., 2013; Kaczmarek & Gidmark, 2020). In frogs, sarcomeres
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shorten across large length ranges during jumping, but different muscles show different
sarcomere lengths in the pre-jump posture. The semimembranosus, a hip extensor,
shortens across the plateau for increased force and power production during jumping
(Lutz & Rome, 1996). In contrast, the plantaris muscle (an ankle extensor with an elastic
tendon) shortens from the descending limb onto the plateau to match the increasing
resistance while stretching the elastic tendon (Azizi & Roberts, 2010; Astley & Roberts,
2012). Additionally, sarcomere length has been shown to aid in stability during
locomotion via preflexes at timescales too fast for neural feedback due to the rising
force on the ascending limb (along with contributions from the force-velocity
relationship) (Wagner & Blickhan, 1999; Dickinson et al., 2000; Hooper et al., 2016).
Snakes have a complex repeating sequence of muscles along their axial skeleton
(Gasc, 1974, 1981) which faces multiple demands from several modes of locomotion as
well as capturing and restraining prey. A snake could have sarcomeres at the plateau of
the length-tension curve when the body is straight to ensure near maximum force and
power generation during lateral undulation. Conversely, sarcomeres starting on the
descending limb and ending on the plateau would be beneficial for constriction by
providing increasing force as the coil of the snake tightens around its prey. Snake
sarcomere lengths could also potentially differ between muscles and along the body to
correspond to different functions such as force generation and stability. Furthermore,
these muscles could also vary along with age/size, with small snakes having sarcomere
lengths advantageous for speed to evade predators and adults having sarcomere

lengths advantageous for constriction. This ontogenetic shift would prioritize
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locomotion when predation pressure is highest in neonates and juveniles (Mushinsky &
Miller, 1993). As the snakes increase in size and predation pressure declines, sarcomere
lengths could shift to be advantageous for constriction to prioritize the capture of larger
prey (Rush et al., 2014).

We hypothesized that an ontogenetic series of sarcomeres in corn snakes would
show a shift from being centered on the plateau in small individuals to being on the
descending limb in adults. To test this hypothesis, we obtained corn snakes
(Pantherophis guttatus, Linnaeus, 1766) (n=5) across a wide size range (80-335 g), and
measured sarcomere length across sizes, muscles, locations on the body, and posture

(straight vs bent).

Materials & Methods

Five wild-caught corn snakes, P. guttatus, were obtained from a commercial
provider (snout-vent length, SVL, range 69.5-101.0 cm; mass range 80-335 g). This
species was chosen because they are locomotor generalists, constrictors, and wild-
caught specimens are readily available. All experiments were approved by University of
Akron IACUC.

Snakes were chosen to have an approximately even distribution of logio
transformed masses and were either euthanized upon arrival or housed and fed weekly
with water ad libitum until reaching an appropriate mass. Corn snakes were euthanized
using MS-222 following the two-stage injection protocol in Conroy et al. (2009). After

euthanasia, snakes were measured, placed on a corrugated plastic board and positioned
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with maximal lateral bending at 25% (anterior), 50% (middle), and 75% (posterior) SVL
and a straight posture in all other regions (Fig. 3.1). Dissection pins adjacent to, but not
piercing, the body were used to hold the posture, and small incisions were made into
the skin and formalin was injected into the body cavity to ensure thorough fixation of
the musculature. After fixation, we dissected the five largest epaxial muscles, the
spinalis, semispinalis, multifidus, longissimus dorsi, and iliocostalis (upper and lower),
and one hypaxial muscle, the levator costae (Jayne, 1985; Penning, 2018). Once the
muscles were dissected, they were placed into 15% nitric acid for 3-5 days to loosen the
connective tissue and allow easy separation of the muscle fibers. The muscle fibers were
photographed using a MU1000 microscope camera connected to a FMAQO50 adaptor
(AMScope, Irvine, CA, USA) under a microscope (40x magnification) and sarcomere
lengths were measured using FlJI ((Schindelin et al., 2012); Image) 1.8.0_66 64 bit,
Wayne Rasband, NIH, Bethesda, MD, USA). A minimum of 20 sarcomeres in series were
measured per muscle fiber with seven muscle fibers measured per muscle and posture.
A calibration slide with 0.01 mm spacing was used to convert pixels to mm. In bent
segments, measurements were repeated bilaterally to quantify contracted and
extended lengths. Once all measurements had been collected, an ANOVA was
conducted with and without a random effect assigned to mass (equivalent to individual)
and the full factorial for mass, posture (straight, extended, and contracted), position
(anterior, middle, or posterior of the body), and muscle (spinalis, semispinalis,
multifidus, longissimus dorsi, dorsal iliocostalis, ventral iliocostalis, and levator costae).

A stepdown Bonferroni method was used to correct for multiple comparisons.
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Figure 3.1: Corn snake preservation posture, showing three maximal bends at 25%, 50%,
and 75% SVL. A, D, and G denote regions where straight sarcomere lengths were taken.
B-C, E-F, and H-I denote regions where extended and contracted sarcomere lengths
were taken.
Results

In the ANOVA with mass considered a fixed effect, all factors and interactions
were found to be significant, with p-values <0.0001 (Table 3.1). In the ANOVA with mass
as a random effect, only posture, mass ® posture e position, mass ® posture e position e
muscle, mass e position e muscle, and posture ¢ muscle were found to be significantly
different (Table 3.2).

Corn snake sarcomere lengths were largely consistent across mass, position
along the body, and muscle analyzed (Table 3.3). While all factors and interactions were
significant with mass as a fixed effect and many were significant when mass was treated

as a random effect, the effect sizes (i.e. differences between the highest and lowest

least square mean values) were relatively small for main factors of mass, position, and
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Table 3.1: Sarcomeres in the corn snake showing contracted, straight, and extended
lengths in um with meants.d. for all seven muscles. Measurements are combined for all
masses and positions (i.e., anterior, middle, posterior).

Muscle Contracted Straight Extended
Spinalis 1.72+0.28 2.4610.21 3.11+0.29
Semispinalis 1.73+0.28 2.4310.24 3.05+0.33
Multifidus 1.76+0.20 2.41+0.20 3.25%0.30

Longissimus dorsi 1.760.28 2.47+0.31 3.45+0.22
lliocostalis 1-upper 1.84+0.29 2.50£0.21 3.36%0.25
lliocostalis 2-lower 1.87+0.29 2.50£0.18 3.3210.24
Levator costae 1.88+0.23 2.42+0.22 3.29+0.22

Table 3.2: ANOVA for snake sarcomere measurements without random linked to mass
(or individual). All variables came out significant.
Range of Least-

Variable F314,1893 Ratio  P-value squared Means
Mass 46.25 <0.0001 2.43-2.58
Posture 13317.63  <0.0001 1.79-3.26
MassePosture 35.61 <0.0001 1.73-3.39
Position 21.27 <0.0001 2.47-2.53
MassePosition 6.89 <0.0001 2.38-2.62
PostureePosition 412 <0.0001 1.76-3.31
MassePostureePosition 19.11 <0.0001 1.68-3.41
Muscle 49.44 <0.0001 2.40-2.57
MasseMuscle 20.53 <0.0001 2.25-2.71
PostureeMuscle 19.97 <0.0001 1.72-3.45
MassePostureeMuscle 7.02 <0.0001 1.44-3.63
PositioneMuscle 7.42 <0.0001 2.36-2.64
MassePositioneMuscle 9.28 <0.0001 2.17-2.82
PostureePositioneMuscle 6.49 <0.0001 1.67-3.46
MassePostureePositioneMuscle 4,78 <0.0001 1.34-3.79

muscle excluding posture (0.06-0.17 um) (Tables 3.1-3.2). Interactions among these
three factors can result in larger effects, up to 0.65 um, but the largest of these effects
are interactions with muscle and thus are comparing different muscles at different

positions and/or sizes, making these comparisons of limited value. In contrast, posture
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Table 3.3: ANOVA for snake sarcomere measurements with mass (or individual) as a
random factor. Bolded variables denote significance. Range of least-squared means is
identical to Table 3.2.

Variable F314,1893 Ratio  P-value

Posture 374.02 <0.0001
Mass&RandomePostureePosition 4 <0.0001
Mass&RandomePostureePositioneMuscle 4.78 <0.0001
Mass&RandomePositioneMuscle 1.94 0.003
PostureeMuscle 2.85 0.005
Mass&RandomeMuscle 1.78 0.0481
Mass&RandomePostureeMuscle 1.47 0.0566
Muscle 2.41 0.0578
Position 3.09 0.1015
PostureePositioneMuscle 1.36 0.1508
Mass&RandomePosture 1.67 0.1715
Mass&Random 1.43  0.3465
PositioneMuscle 0.8 0.6493
PostureePosition 0.22 0.9259
Mass&RandomePosition 0.29 0.9614

had a much larger effect size (1.47 um), with interactions producing still larger effects
(up to 2.45 um) (Table 3.1). Thus, while all factors were significant, the effects are so
small without posture that they are hardly meaningful in regard to sarcomere lengths
and the larger scale effects of muscle shortening. The ANOVA with a random effect
assigned to mass (or individual) has broadly similar results and showed five factors and
interactions as significant, four of which involved posture. As seen in the first ANOVA,
the variation in the highest and lowest values was small in the significant factorial
without posture and unlikely to be meaningful in the large-scale muscular contractions
of the animal (Table 3.2). Posture (i.e., straight, extended, or contracted) is the strongest
signal found in our data and all other variables are relatively minor in their effects on

sarcomere lengths.
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Discussion

Corn snake sarcomeres had large differences between extended, straight, and
contracted lengths (Fig. 3.2, Table 3.3). Different muscles, body sizes, and positions on
the body showed only minor differences in sarcomere lengths and thus were combined
in Fig. 3.2. Straight and extended lengths of sarcomeres for every muscle were on the
descending limb of the length-tension curve. Contracted lengths of sarcomeres for most
muscles were on the ascending limb, with only a few exceptions on the plateau of the
length-tension curve (Fig. 3.2).

We found the sarcomere positions on the length-tension curve (Fig. 3.2) are
consistent with being advantageous for a snake that constricts its prey. As the muscles
contract and the body bends, they generate higher forces and make it more difficult for
the prey to escape the constricting coils. However, while this is consistent with
constriction performance, we cannot say it evolved for that reason based on only a
single species (Gould & Lewontin, 1979; Felsenstein, 1985; Garland & Adolph, 1994).
However, contrary to our hypothesis, sarcomere length did not change with size, so the
sarcomeres are not shifting during ontogeny to optimize from one function (i.e.
locomotion) to another (i.e. constriction). However, there could be other beneficial
aspects of sarcomeres on the descending limb that we are currently unaware of,
potentially in locomotion or strike performance. There may also be non-selective
reasons including evolutionary history or developmental constraints.

Having muscles on the descending limb of the length-tension curve could have
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Figure 3.2: A length-tension curve showing all snake muscles analyzed in this study from
five corn snakes. Shapes are placed at straight lengths and the ends of the color bars
represent extended and contracted sarcomere lengths respectively. Smaller gray and
black bars represent standard deviation for each element. Inset in the top left shows a
LCT scan of a corn snake body segment stained with PMA with relevant muscles
highlighted and labeled (Sp, blue, pentagon-spinalis; Ssp, dark purple, hexagon-
semispinalis; M, light purple, square-multifidus; Ld, green, triangle-longissimus dorsi; 11,
red, circle-upper iliocostalis; 12, light red, oval-lower iliocostalis; and Lc, orange,
diamond-levator costae).

complex effects on locomotion. For example, if a snake is perturbed in the direction of
an active contraction, it will increase the contraction force further and assist the motion.
If the perturbation is in the opposite direction of the contracting segment, the body
would stretch as the muscle would lose force due to the effects of the length-tension
curve (though this would be partially counteracted by the force-velocity relationship).
This could harm the snake’s ability to maintain its posture during locomotion, but could

also help the snake passively conform to the substrate. However, our results only show
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the change in force due to length-tension relationships in snake muscle, and during
active locomotion multiple other factors influence force production, including the force-
velocity relationship and activation-deactivation dynamics (Josephson, 1985).

This is the first study to analyze sarcomere lengths in snake musculature.
Accordingly, it is unclear if this pattern is conserved among snakes or if variation exists
based on a multitude of factors including phyletic history, constrictors versus non-
constrictors, habitat type (e.g., terrestrial, arboreal, aquatic, and burrowing), and taxa
that have developed venom. However, sarcomere lengths have been reported in a
variety of other taxa including frogs, mice, rats, rabbits, fish, cats, birds, and humans
(Burkholder & Lieber, 2001). The majority of these taxa have highly variable sarcomere
lengths (see Burkholder and Lieber, 2001, and references therein) but two exceptions
included bird (pectoralis, patagialis, and surpracoracoideus) and fish (red and white axial
muscle) sarcomeres that were both positioned almost entirely on the plateau and the
ascending limb (Cutts, 1986; Ashmore et al., 1988; Mathieu-Costello, 1991; Rome &
Sosnicki, 1991; Lieber et al., 1992). Both of these groups operate in dynamic habitats
that prioritize power production that would benefit from sarcomeres with short
excursions near the plateau of the length-tension curve. These restricted sarcomere
lengths are unsurprising in these habitats. For birds, power production is important to
produce fast wing beats to maintain flight, whereas fish benefit from the plateau of the
length-tension curve by activating fewer motor units and the associated energetic
savings (Cutts, 1986; Rome & Sosnicki, 1991). However, it is relatively unclear why corn

snake sarcomeres are highly consistent across mass/age, position of the body, and even
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different muscles. More generally, it is unclear what factors govern the ranges of
sarcomere lengths a muscle operates over. Muscles perform a wide variety of tasks
from force production to stabilization (Dickinson et al., 2000) and one muscle can
perform multiple functions, depending upon stimulation (Full et al., 1998). Thus,
functional inferences based on sarcomere length should be regarded tentatively.

The consistent sarcomere length range across postures in a variety of snake
muscles, despite highly variable distances from the vertebrae, is puzzling. Theoretically,
muscles close to the vertebral midline, such as the spinalis and semispinalis, should have
a shorter muscular excursion compared to muscles further away from it, such as the
iliocostalis (Full et al., 1998) (see inset in Fig. 3.2). However, we found a surprising
consistency in muscular excursions regardless of distance from the center of rotation.
This is unlikely to be a result of mistakes in preservation or other methodological errors
due to the high consistency regardless of mass, muscle, position on the body, or tendon
length (because muscles with short and long tendons still showed consistent values).
One possible explanation for these values could be muscle and tendon length ratios. For
example, the iliocostalis is predicted to undergo large length changes due to its distance
from the center of rotation, and since it has relatively long muscle fibers with short
tendon lengths (Jayne, 1988), the relative length change of the muscle fiber will closely
match that of the whole muscle-tendon unit (Ruben, 1977; Lawing et al., 2012; Astley,
2020). In contrast, the semispinalis-spinalis is located close to the midline of the snake
and thus expected to undergo only modest length change during lateral bending, but

because the anterior tendon comprises over 70% of the length of the muscle-tendon
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unit (Jayne, 1982), the relative length change of the muscle fiber would be
correspondingly amplified (Ruben, 1977; Lawing et al., 2012; Astley, 2020). However,
future work investigating snake muscular lever arms will explore this quantitatively to
better understand how these muscles undergo similar excursions regardless of their

distances from the center of rotation.
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CHAPTER IV
GENERATION OF PROPULSIVE FORCE VIA VERTICAL

UNDULATION IN SNAKES

Introduction

All animals achieve locomotion by applying force to the environment, thereby
generating reaction forces which propel the animal (Dickinson et al., 2000). Limbed
vertebrates typically have discrete propulsive contact points (feet) which must
simultaneously generate forces to support the body weight, provide propulsive force,
and maintain stability. However, in terrestrial limbless vertebrates, any individual body
segment can be propulsive while stability and support needs are minimal in most
environments. Additionally, frictional forces overwhelm inertial effects (Gray, 1946; Hu
et al., 2009). Terrestrial limbless vertebrates propel themselves using a wide range of
locomotor modes, depending upon the type of environment they encounter; however,
lateral undulation is the most common across and within taxa (Gans, 1962). Lateral
undulation uses posteriorly propagating horizontal waves of bending that contact and
push against asperities in the environment (e.g., grass, rocks, sticks), generating reaction
forces that propel the animal forward (Gans, 1962; Gray and Lissmann, 1950; Jayne,

1986).
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Snakes are also capable of generating propagating vertical waves, observed
during lateral undulation and sidewinding to reduce friction on certain body segments
(Hu et al., 2009; Marvi et al., 2014) and during gliding for stabilization (Yeaton et al.,
2020). However, the ability of snakes to generate propulsive reaction forces from
vertical waves in terrestrial environments has never been tested. We hypothesize that
snakes can use vertical waves to generate propulsive forces via a similar mechanism to
lateral undulation when in contact with vertical asperities in the substrate at suitable
angles (Fig. 4.1A-D). To test our hypothesis, we measured substrate reaction forces and
kinematics as snakes traversed an experimental setup designed to elicit this behavior
while impeding other modes of locomotion and confounding factors. Furthermore, our
hypothesis predicts that snakes should only be able to generate net propulsive forces
from surfaces with a vertical slope beyond the angle of frictional slipping (Fig. 4.1B-D).
Thus, our experimental setup tested the snake with only a single potential propulsive
surface oriented at an angle predicted to be either sufficient or insufficient for
propulsion via vertical undulation. Finally, we attempted to replicate propulsion via
vertical undulation in a robotic model to show that observed propulsion in the snake is
not attributable to unobserved mechanisms, and that the proposed mechanism is
mechanically sound even in the absence of snake musculoskeletal anatomy and neural

control.
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Figure 4.1: A) A lateral-view diagram of a snake using vertical undulations across
multiple dowels (black circles) showing idealized forces. Inset shows the force
distribution across the contact surface, which is summed into an overall reaction force
in the main image. Fap-anteroposterior force, Ff-frictional force, Fn-normal force, Fr-
resultant force, Fv-vertical force, 8-angle of F.. B) Diagram of reaction forces for a snake
progressing at constant velocity. Because there is no net acceleration, there is also no
net force. C) Diagram of reaction forces if the snake is accelerating, generating a net
forward force. D) Diagram of reaction forces if the snake is decelerating, generating a
net braking force. E) Experimental setup showing cameras overhead and the horizontal
ladder setup, with an arrow depicting the direction the snake is moving. F) Dorsal view
of a corn snake using vertical undulations. The body is close to but not in contact with
the side wall. G) Lateral view of a corn snake using vertical undulations. H and ) Side
views of a corn snake moving through a tunnel with a single potential contact for
vertical undulations. The snake initially performs concertina locomotion (H), indicated
by the tight body waves, but switches to vertical undulations (1) once it has sufficient
contact with the wedge.
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Methods & Materials

Four adult wild-caught corn snakes (Pantherophis guttatus) were obtained from
a commercial provider (mean +/- s.d.: snout vent length (SVL) = 102.4 +/- 9.3 cm, range
92.6-114.3 cm, mass = 463 +/- 62.6 g, range 340-550 g). This species was chosen
because they are locomotor generalists and thus likely to elicit the desired behavior. All
experiments were approved by University of Akron IACUC. Locomotion trials were
conducted after warming the snakes to 29-32°C, the field active temperature of a
congeneric (Brattstrom, 1965).

We constructed a 248 cm long trackway consisting of a frame of 80/20
longitudinal supports with eleven horizontal oak dowels (91 cm long, 2.5 cm diameter)
placed perpendicular to the longitudinal supports and spaced at 20 cm intervals, much
like the rungs of a ladder laid horizontally (Fig. 4.1E). Walls were placed 45 cm apart on
either side of the dowels (walls extend 36.5 cm above the dowels and 22.0 cm below)
and the trackway was raised 88 cm above the ground to dissuade the snakes from
leaving the trackway. Oak dowels were sanded and treated with a polyurethane sealant.
Snakes were induced to move along the length of the trackway and thus perpendicular
to the dowels (Fig. 4.1F-G). Trials were performed in sets of three per 24 hours and
individuals were allowed a minimum of five minutes rest between trials to prevent
fatigue. A dark enclosure was placed at the end of the trackway to encourage
movement in the desired direction and to allow for a location of rest between trials.
Light tapping, rubbing with fingers, or touching with a snake hook were used on the tail

to encourage movement though we did not attempt to induce maximal speed from the
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animals. Snakes were not tested for 24 hours after feeding occurred. To provide an
experimental control and clear contrast between the forces produced in active versus
passive systems, and to show that our data are not an artefact of our measurement
system, we dragged a braided nylon rope (229 g, 144 cm long, 1.7 cm diameter) across
the dowel array, as this should produce only braking force and braking impulse. The
coefficient of friction was measured using a standard tilting plane method, in which
snakes were conscious and alert. The snakes were oriented with most body segments
parallel to the slope with anterior downwards (the presence of body segments at other
angles would slightly over-estimate the coefficient of friction due to scale anisotropy) on
a plane of oak prepared identically to the dowels and tilted until they began to slide
(Astley and Jayne, 2007; Gray and Lissmann, 1950; Sharpe et al., 2015); the average
coefficient of friction was 0.17 (+/- 0.02, range 0.14-0.19) for the snakes (n=4) and 0.28
(+/-0.03, range 0.23-0.32) for the rope based on three trials per individual/object. While
there were some trials in which only braking force was recorded, to streamline analysis,
only trials with propulsive force were analyzed (see Results).

Two six-axis force/torque sensors (Nano 43, ATI Industrial Automation, Apex, NC,
USA) were connected on either end of a single dowel mid-way along the trackway
(dowel 6 of 11). Outputs of the force sensors were collected using 12 channels (six per
sensor) on a NIDAQ N1-USB-6218 (16 bits, National Instruments, TX, USA) and recorded
using the software IGOR Pro (WaveMetrics, Tigard, OR, USA) at 1 kHz. This force-sensing
dowel was calibrated using hanging masses and pulleys at different angles and locations

along the dowel to apply known anterior/posterior, lateral, and vertical forces, which
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were used to create a calibration matrix using the MATLAB (MathWorks, Natick, MA,
USA) function linsolve. Force data were splined to smooth the data in IGOR Pro and
analyzed using a custom-written script in MATLAB. Data were normalized to body
weight to facilitate comparisons between individuals (Appendix G). During rope trials,
forces induced by inertial motion of the end of the rope dropping from an adjacent
dowel would confound analysis, thus we only included the smooth rise and steady state
of the forces during these trials (Appendix H). The impulse (the time integral of force, in
BW*s) is the total change in momentum of the system, and was used to determine if the
overall interaction between the snake and the force-sensing dowel had a net propulsive
or net braking effect, similar to limbed studies (Budsberg et al., 1987; Hodson et al.,
2001).

Kinematics were recorded at 120 images s using six motion capture cameras
(Flex 13, NaturalPoint, Inc., OR, USA) placed 1 m above the dowels at varying angles (Fig.
1E). Small markers of infra-red 7610 reflective tape (3M, MN, USA) were placed at
regular intervals (~10 cm) along the dorsal side of each snake. Camera synchronization,
recording, calibration, point tracking, and position calculation were all accomplished
using Motive Optitrack software v.2.0.2 (NaturalPoint, Inc.), which then exported 3D
marker coordinates. A HEROG6 Black GoPro (GoPro Inc., CA, USA) camera was also used
to record video from above for visual confirmation, but not analysis. To determine how
straight the snake was when moving across the force-sensing dowel (and thereby rule
out lateral undulation), we analyzed motion capture data (dorsal view, fore-aft and

lateral components) using a custom-written script in MATLAB to perform a linear
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regression on the points within 20 cm of the force dowel throughout the trial. The
captured region spanned three dowels (middle dowel with the force sensors) while the
entire snake’s body contacted between five and six dowels at any one time. Snakes
occasionally used lateral bends prior to and after this region, however trials were
discarded if any lateral bends occurred on the force-sensing dowel or adjacent dowels.
We quantified the maximum residual and the 95% confidence interval of the residuals
as metrics of body straightness, and the angle of the body relative to the trackway (¢ =
0° is parallel and ¢ = 90° is perpendicular). To quantify the vertical undulations along the
captured region, we analyzed the motion capture data (lateral view, vertical and fore-aft
components) by splining along the captured region, normalized the splines by height at
the force-sensing dowel, and ran both an ANOVA and Tukey’s (5% probability) post-hoc
statistical tests using custom-written scripts in MATLAB. Overall velocity was calculated
from Motive Optitrack data in the horizontal plane, fore-aft and lateral components.
The snake exerts a net normal and frictional force on the dowel, with the normal force
being perpendicular to the substrate and the frictional force being tangent and equal to
the magnitude of the normal force multiplied by the coefficient of friction () (Fig. 4.1B-
D). The vector sum of the normal force and frictional force is the net substrate reaction
force, the angle of which determines whether there is net propulsive or braking force
(Fig. 4.1B-D). The force sensors in our study provide us the antero-posterior (Fap) and
the vertical (Fv) components of this reaction force (Fig. 4.1A-D). Based on these

relationships, one can calculate the magnitude of the normal force (Fy):
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where 6 is the angle of the resultant force (Fg),:

(4.1) IFnll =

(4.2) 6= tan_l(”FV”/”FAP”)
From these equations (and those easily derived from them), the magnitude and
orientation of any of the vectors can be derived (Fig. 4.1B-D), however, we report the
antero-posterior (Fap) and the vertical (Fv) forces (particularly Fap), as these components
directly test our hypothesis.

To test whether single vertical asperities of the appropriate orientation could be
used to generate propulsion in a terrestrial setting (despite drag on many body
segments), we constructed a trackway made of 1.27 cm thick expanded PVC boards, a
common construction material consisting of foamed PVC interior with a smooth surface
finish. This trackway was 5 cm wide and 180 cm long with a sloped wedge three-
quarters of the way along the trackway (Fig. 4.1H-I). All horizontal surfaces were
covered with masking tape, which had an average coefficient of friction with the snakes
of Wtape = 0.21 (+/- 0.06). One lateral wall was clear acrylic, and video was recorded using
a Nikon D3300 DSLR camera (Nikon, Tokyo, Japan). In one set of trials, the wedge had a
slope of 30°, steeper than the predicted minimum necessary for propulsive force (tan
Y tape) = 11.3°) and thus suitable for generating propulsive forces (Fig. 4.1C, Appendix 1),
while in the second set of trials, the wedge had a slope of 8°, which is predicted to be
insufficient for generating net propulsive force (Fig. 4.1D, Appendix |). Each snake

moved through the tunnel three times, separated by rest periods of at least 15 minutes.
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To test whether pure vertical undulation is sufficient to traverse our experimental setup
and rule out unobserved mechanisms, a 13-link snake robot composed of twelve servo-
motors (Hitec HS-85BB, Hitec RCD USA, Inc., Poway, CA) mounted in custom 3D printed
brackets was constructed (total length: 73.5 cm, mass: 398.6 g, coefficient of friction:
0.47 +/- 0.03, range 0.45-0.53). The snake robot was controlled through a USB servo
controller (Lynxmotion, SSC-32U, Robotshop, Mirabel, Canada) using a custom-written
Python (Python Software Foundation, Wilmington, Delaware, USA) script using a
serpenoid wave (Hirose, 1993) with the equation:

(4.3) M; = a *sin(t + p;) + x;
where M; is the angle of motor number i, a is the maximum angle possible, t is time, pi is
phase shift between successive motors, and x; is an offset to ensure all links are parallel
when all motors are at an angle (M) of zero. The values used for these experiments were
a= 600 s (for pulse-width modulation control) and p = 1.5 radians, which produced two
waves on the body and a suitably long, shallow wave to span two or more pegs in order
to support itself. The robot had no sensors and body posture was under open-loop

control.

Results

Snakes were able to move across the setup using propulsive vertical undulations
(velocity 0.04 SVLes! + 0.03, 4.1 cmes® £+ 2.6) despite minimal lateral undulation and no
apparent use of other modes of locomotion. The motion capture data revealed

significant vertical displacement of the body across the force-sensing dowel (Fs,90=4.37,
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Figure 4.2. A) Splines of dorsal marker paths in all trials (lateral view). Red dots and bars
indicate the mean and s.d. of vertical displacement at five cm intervals (relative to the
midpoint) showing clear vertical displacement prior to and after the force-sensing dowel
(zero) represented by the white circle. Letters reflect significant differences based on
the Tukey’s post-hoc test and the arrow indicates the direction of movement. B) Forces
during a complete vertical undulation trial, from initial head contact (~7 s) until the tail
has lost contact with the force-sensing dowel (~27 s). The corn snakes were spread over
4-6 pegs and the weight is unevenly distributed along its length. The orange line is the
vertical force and the yellow line the anterior/posterior force. The gray line is the lateral
force and the dashed line marks zero force. Propulsive force is positive, while braking
force is negative.
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p-value < 0.0013) (Fig. 4.2A) with a nearly straight horizontal posture approximately
parallel to the trackway (2.18° +/- 2.26° relative to the trackway) and that most points
followed a nearly straight path (maximum lateral excursion = 11 cm, 95% confidence
interval = 3.0 cm). Snakes applied highly variable forces to the instrumented dowel,
ranging from pure braking to predominantly propulsive, without clear temporal patterns
(Fig. 4.2B, Appendix G). The maximum propulsive force on a single peg (mean + s.d: 0.08
+/- 0.04 body weight, BW) was larger than the maximum braking force on a single peg (-
0.04 +/- 0.02 BW) in all trials analyzed (Table 4.1); the maximum frictional force to be
overcome is 0.17 BW for the entire snake. The maximum lateral force in either direction
was small (0.02 +/- 0.01 BW). For all but two trials, there was a net propulsive impulse
(Table 4.1), and the average propulsive impulse was more than double the braking
impulse (Table 1). The average lateral impulse was low (Table 4.1). The control trials in
which a rope was dragged across the trackway generated high maximum braking force (-
0.09 +/- 0.006 rope weights (RW)), consistent with the higher coefficient of friction, but
never generated propulsive force (Table 4.1). The average lateral force in either
direction of the rope trials was low (0.01 +/- 0.006 RW). The rope had purely braking
impulse (Table 4.1) and the average lateral impulse of the rope was low (Table 4.1).

In the trials within the tunnel, the corn snakes always used concertina
locomotion prior to encountering the sloped surface, but noticeably transitioned to
vertical undulations shortly after encountering the 30° sloped wedge in all but two

(10/12) of the trials (Fig. 4.11). In contrast, the snakes encountering the 8° sloped wedge
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Table 4.1. Summary of the maximum forces and average impulses obtained during our experiments.

Rope

Maximum/average Range Maximum/average Range
Force (BW or RW) - - - -
Propulsive 0.08 0.14t0 0.03 0.00 0.00to 0.00
Braking -0.04 -0.09 to -0.01 -0.09 -0.09to -0.08
Lateral -0.03t0 0.05 -0.02 to 0.02
Impulse (BW*s or
RW*s) - - - -
Anterior/Posterior 0.35 -0.19t0 1.29 -2.37 -2.61to-2.11
Braking -0.29 -0.88 to -0.02 -2.37 -2.61to-2.11
Propulsive 0.64 0.25to0 1.65 0.00 0.00
Lateral net 0.07 -0.61t0 0.62 -0.11 -0.22to0 0.08
Lateral positive 0.25 0.003 to 0.87 0.08 0.01to00.48
Lateral negative -0.18 -0.61 to -0.003 -0.19 -0.23t0-0.13

61



continued to perform concertina locomotion across the wedge, and never used vertical
undulations.

The snake robot successfully moved across the setup using a vertical waveform
in all five trials attempted. Because the snake robot consisted of rectangular body
segments connected by revolute joints, once a given segment achieved sufficient
contact angle to generate propulsive force (Fig. 4.1D), the robot would slide forward
until the subsequent segment (with insufficient angle) collided with the dowel. This
resulted in a discontinuous velocity which, in turn, precluded effective force

measurements.

Discussion

These results confirm our hypothesis that snakes can generate propulsive force
via posteriorly propagating vertical waves down the body (Fig. 4.1A-D), albeit in a highly
constrained, artificial system. During all trials, snakes had a relatively straight posture
with minimal lateral bending across the region with the force-sensing dowel. This
posture precludes the use of lateral undulation to generate the observed forces;
inspection of video recordings showed no evidence of rectilinear movement. Similarly,
while snakes may use rib motions or muscular connections to and within the skin to
deform the ventral surface during this behavior, the robotic trials show that the
proposed mechanism can function effectively even in a highly simplified system without
these anatomical benefits.

Several lines of evidence suggest that snakes can generate considerable
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propulsive force per contact via vertical undulations. In several un-analyzed trials, no
propulsion was captured by the force-sensing dowel, but steady forward progression
was nonetheless occurring without obvious lateral undulation (Appendix J). Since we
were only able to measure forces at a single dowel, this suggests that snakes do not
need to use every contact point to propel themselves using vertical undulations and
trials without measured propulsion were generating propulsion using other contact
points. Consistent with this, the mean peak propulsive force across trials was 0.08 BW,
almost half the force necessary to propel the snake (given a coefficient of friction of
0.17), with one trial showing a force of 0.14 BW, indicating that snakes were capable of
generating sufficient force for propulsion from as few as two contact points. Similarly,
during the tunnel trials, the entire snake was propelled via a single contact area on the
30° inclined wedge.

While snakes are unlikely to use purely vertical undulations to move through
their environment, propulsive vertical undulations (as opposed to drag-reducing vertical
motion in sinus lifting and sidewinding (Hu et al., 2009; Marvi et al., 2014)) could be
easily combined with lateral undulation. Snakes might use lateral undulation until they
encounter a vertical asperity, then use vertical undulations against this object while
simultaneously using lateral undulation at other points on the body, as opposed to
simply dragging their body across these vertical obstructions. Indeed, this has been
recently shown by Fu et al. (2022) where snakes traversed a complex 3D terrain using
vertical and lateral bends at the same time. This mechanism has the potential to be

particularly advantageous in arboreal locomotion, where a variety of structures provide
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useful contacts for vertical undulations. Similarly, rodent burrows are often spatially
complex and vertical undulations could also be employed if suitable asperities are
present, as in the tunnel trials, rather than using concertina locomotion as snakes
typically do in narrow, flat tunnels.

Our experiments confirm that snakes can use vertical undulations to propel
themselves, but whether this mechanism can be classified as a new mode of locomotion
is uncertain. Jayne (2020) highlights at least eleven modes of locomotion under four
specific headings (i.e., rectilinear, sidewinding, five types of lateral undulation, and four
types of concertina). Vertical motion has been previously documented in lateral
undulation and sidewinding for reducing friction (Hu et al., 2009; Marvi et al., 2014),
during gliding for stability (Yeaton et al., 2020), and bridging height changes in arboreal
environments (Byrnes and Jayne, 2012) but never previously for direct generation of
propulsive force. However, while we demonstrate effective locomotion using only
vertical undulations, our instrumented trackway is, by necessity, a highly constrained
and artificial system, and snakes are unlikely to use purely vertical undulation in natural
environments. However, whether or not this mechanism is a true “mode” of
locomotion, the ability of snakes to use vertical undulations to generate propulsion
dramatically expands our understanding of snake locomotor mechanics and their
interactions with their habitats. By using vertical undulations, snakes demonstrate the
ability to exploit the complexity of their habitat in three dimensions, generating
propulsive forces from previously overlooked surfaces and allowing more effective use

of cluttered habitats.
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CHAPTER V
BLOOD PYTHON (Python brongersmai) STRIKE KINEMATICS AND FORCES ARE ROBUST

TO VARIATIONS IN SUBSTRATE GEOMETRY

Introduction

Rapid impulsive behaviors (e.g., frog jumps, mantis shrimp strikes) are
challenging for organisms for many reasons, including generating high force, high
power, and the fast responses required (Astley and Roberts, 2014; deVries et al., 2012;
llton et al., 2018; Patek et al., 2004). Multiple factors can influence quick actions
including substrate rigidity (Astley et al., 2015; Demes et al., 1995), surface friction
(Sutton and Burrows, 2008), and substrate geometry (Majumdar and Robergs, 2011).
Predominately horizontal accelerations are particularly challenging on flat substrates
because slip will occur if the ground reaction force angle is too shallow (due to a high
ratio between horizontal and vertical force components) (Hildebrand, 1989; Wilson et
al., 2013). The surface’s coefficient of friction determines the angle at which slip occurs
(e.g., walking on ice versus asphalt) and thus how much lateral force an animal can
apply (as a fraction of body weight) before losing their grip on the surface. In addition to
friction, substrate geometry can greatly enhance an organism’s ability to push off the

surface by providing a rigid surface closer to perpendicular to the ground reaction force
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angle. For example, sprinters typically begin a race using starting blocks which provide
them with inclined surfaces to apply propulsive force to, which allows them to apply
higher horizontal forces without slipping (Majumdar and Robergs, 2011). The natural
environment provides a wide range of variable substrate geometries which have the
potential to affect an animal’s performance of impulsive behaviors.

Striking snakes propel a large fraction of their anterior body forward with some
of the highest accelerations seen in vertebrates (Herrel et al., 2011; Kardong, 1986;
Kardong and Bels, 1998; Smith et al., 2002; Vincent et al., 2005; Young, 2010). Snakes
are found on a wide range of substrates with highly variable surface friction and
geometries, both of which will create challenges for striking. On flat, level, rigid ground a
snake must rely on static friction to prevent slipping during mostly horizontal strikes (in
which the propulsive forces are primarily oriented posteriorly to the strike direction
with minimal lateral and vertical components), limiting how much force a snake can
generate during a strike. Furthermore, while the low forward coefficient of friction
between snake scales and the substrate is beneficial for locomotion, this exacerbates
the problem of slip during striking (Baum et al., 2014; Benz et al., 2012). However, if the
body can press against a rigid near-vertical surface (e.g., a rock, a log, etc.), a snake
could potentially exert more force during their strike without slip.

Snake strikes consistently show high head accelerations across taxa (56.8-199
m/s?) (Herrel et al., 2011; Kardong, 1975; Kardong and Bels, 1998; Moon et al., 2019;
Penning et al., 2016; Ryerson and Tan, 2017; Ryerson and Van Valkenburg, 2021;

Whitford et al., 2020). However, the substrate reaction forces that produce these rapid
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accelerations are unknown. We hypothesize that snakes will strike faster and with more
force on a surface with vertically-oriented features than on a featureless one. To test
our hypothesis, we recorded synchronized kinematics and substrate reaction forces of
the strikes for four blood pythons (Python brongersmai) on a custom-built platform with
a high friction surface in two setups: a featureless plane and one with vertical walls that

could serve as propulsive surfaces (Appendix K).

Materials & Methods

Four wild-caught blood pythons, P. brongersmai (Stull 1938), were obtained
from a commercial provider (snout-vent length (SVL) meants.d. 76.1+6.2 cm, range
67.0-80.9 cm; mass 586.3+£167.1 g, range 450-670 g). This species is highly suitable for
strike studies because it is easily obtainable, non-venomous, and strikes defensively
with particular readiness. All experiments were approved by University of Akron IACUC.

We constructed a rigid strike platform out of a 30.5 x 30.5 x 0.7 cm carbon fiber
sandwich panel (DragonPlate, ALLRed & Associates Inc., Elbridge, NY, USA) covered in a
rough material (Rock-on-a-Roll, Aquatica Water Gardens, Minneapolis, MN, USA;
coefficient of friction = 0.30£0.09). The strike platform was attached to a six-axis
force/torque sensor (Nano 43, ATl Industrial Automation, Apex, NC, USA), which was
connected to a base made of expanded PVC board via two custom 3d printed ABS parts
(Appendix K). Force data were collected using a NIDAQ N1-USB-6218 (16 bits, National
Instruments, Austin, TX, USA) and recorded using the software IGOR Pro (Wavemetrics,

Tigard, OR, USA) at 1 kHz. To dissuade the snakes from slithering off the platform, we
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raised it 83.0 cm off the ground using a frame of 80/20 supports and clamps to attach
the pvc board to the 80/20 supports anchored with sandbags. The walled setup was
made by adding two adjacent walls made of rigid insulation foam attached to
corrugated plastic board and screwed into the carbon fiber sheet on two adjacent sides
(Appendix K). High-speed video was recorded at 500 images s! in dorsal view using an
overhead SC1 Edgertronic high-speed camera (Sanstreak Corp, San Jose, CA, USA) 1.4 m
above the strike platform. The trigger signal from the cameras was simultaneously
recorded in IGOR via the NIDAQ, providing a method to synchronize the force and video
recordings. Trials were performed in sets of three to five per 24 h and individuals were
allowed a minimum of five minutes rest between trials to prevent fatigue. Snakes were
not tested for 24 h after feeding occurred.

Strike trials were conducted after warming the snakes to 29-30°C, within the
field active temperature of this species (Brattstrom, 1965, listed as P. curtus). After a
snake was warmed and placed onto the strike platform, we induced strikes by either
moving side to side and/or quickly moving our hands to one side of the snake’s head
and back because one method failed to achieve strikes from all individuals. A total of 47
trials were recorded among four individuals (24 for the open setup followed by 23 for
the walled setup) with five to seven trials per individual per setup. We digitized the
locations of the heads and tails of our snakes using the MATLAB application DLTdv8a
(Hedrick, 2008). Next, we used coordinate transformation to reorient both the force

sensor axes and the axes of the digitization to align with the strike direction (defined as
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the overall direction of the snake’s head movement after ten frames from when the
strike begins) using the following two equations:

(5.1) x"=xx*cos(@) + y *sin(0)

(5.2) y' = —xx*sin(8) + y * cos(H)
where 0 is the angle between the original axis (i.e. force sensor or digitization) and the
new axis (direction of the snake strike). Force and kinematic data were splined and
processed using a custom-written MATLAB script (MathWorks, Natick, MA, USA). We
measured 12 variables: maximum fore-aft force, maximum lateral force, maximum
vertical force, maximum total force, maximum head velocity in x and y, maximum head
acceleration in x and y, strike duration (from beginning of the strike until forward
progress ends or left the camera field of view), fore-aft impulse (the integral of fore-aft
force from the beginning of the strike until forward progress ends), strike distance,
maximum tail velocity in the strike direction, maximum tail acceleration in the strike
duration, and maximum tail displacement in the strike direction. Maximum values (e.g.,
maximum force and velocity) were calculated using the built-in MATLAB peak function.
Impulse was calculated using the built-in MATLAB trapz function.

Statistical tests were performed using JMP Pro 15 (SAS Institute Inc., Cary, NC,
USA). To test whether variables differ between the open and walled setups we ran a
mixed model ANOVA for each variable with setup, individual, and setupeindividual as
factors with a random effect assigned to both the individual and setupeindividual.
Additionally, to test whether one setup was more variable than another, we also ran a

Brown-Forsythe coefficient of variance (CV) test by setup and not individual via a one-
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way ANOVA. Finally, we applied a stepdown Bonferroni correction to both our ANOVA

and multivariate tests to correct for multiple comparisons.

Results

Snakes displayed high strike performance in both setups with maximum fore-aft
force of 0.64 + 0.52 body weights (BW), maximum total force of 1.79+0.48 BW,
maximum head velocity of 3.32 + 0.81 m/s, maximum head acceleration of 95.84 +
28.05 m/s?, strike distance of 0.22 + 0.08 m, and strike duration of 60+10 ms (Table 5.1,
see Appendices L-M for all values). Our results displayed high individual variability
within and between individuals and setups. As a result, the open and walled setups
were statistically indistinguishable in most variables measured (Table 5.1, see Appendix
M for all values) (Figs. 5.1-5.2). Only maximum lateral force and maximum tail distance
were significantly affected by setup (Table 5.1). Individual and individual e setup effects
were common, emphasizing the high variability of striking behavior (Table 5.1), and
multiple variables showed substantial differences in CV between setups (Table 5.2). The
CV for maximum fore-aft force almost tripled in value between the open and walled
setup (open: 0.23, walled: 0.70) and the CV for fore-aft impulse was almost double
between the open and walled setup (open: 0.42 and walled: 0.74), both of which were
statistically significant (p-values <0.0001 and 0.0003) (Table 5.2). We also noticed that
the snakes never fell off the platform in the open setup but frequently fell off the

platform in the walled setup.
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Table 5.1: Average values for each variable by setup (open versus walled) and pooled alongside statistical model values (of a mixed
model ANOVA) showing significant variables based on a stepdown Bonferroni test (bold denotes significance).

Ind. Setup
Whole Model Setup Ind. & Random & Random
open walled overall F7,39 F7,39 p- F7,39 p- F7,39 p-
Variable (meants.d.) (meants.d.) (meanzs.d.) Ratio p-value Ratio value Ratio value Ratio value
Max. Lat. Force
(BW) 0.28+0.09 0.83+0.49  0.55+0.44 6.06 <0.0001 21.92 0.02 1.16 0.45 1.54 0.22
Max. Vert. Force
(BW) 1.70+0.55 1.63+0.38  1.67+0.47 6.72 <0.0001 0.8 0.44 59.71 0.004 0.26 0.86
Max. Fore-aft
Force (BW) 0.37£0.09 0.92+0.64  0.6410.52 6.79 <0.0001 6.98 0.08 1.30 0.42 3.63 0.02
Fore-Aft Impulse
(BWes) 0.14+0.06 0.36%0.27  0.25%0.22 6.94 <0.0001 5.22 0.11 1.13 0.46 4.53 0.01
Max. Velocity
(m/s) 3.1840.68 3.47+0.91  3.32+0.81 6.16 <0.0001 0.78 0.44  3.27 0.18 3.22 0.03

Strike Distance (m) 0.19+0.05 0.24+0.09 0.21+0.08 12.22 <0.0001 2.21 0.23 3.90 0.15 5.24 0.004
Max. Total Force

(BW) 1.74+0.54 1.85+0.43 1.79+0.48 4.87 0.0005 2.34 0.22 20.24 0.02 0.53 0.67
Max. Tail Distance

(m) 0.07£0.05 0.02+0.02  0.05%0.05 414 0.0017 2394 0.016 1.79 0.32 0.89 0.45
Max. Tail Accel. 42.56+46.5 14.41+19.4 28.79+38.3

(m/s?) 7 7 2 3.54 0.0048 2.62 0.20 0.63 0.65 3.26 0.03
Max. Tail Velocity

(m/s) 1.18+0.99 0.51+0.49 0.86%0.85 3.45 0.0057 5.18 0.11 1.39 040 1.94 0.14
Strike Duration

(ms) 50+10 60+10 60+10 2.71 0.0217 3.38 0.16 0.77 0.58 2.32 0.09
Max. Acceleration 99.27+29.8 92.274+26.2 95.84+28.0

(m/s?) 6 1 5 1.17 0.3431 0.96 0.40 1.46 0.38 1.06 0.38
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Figure 5.1: A-D still images of the snake strike in the open setup at various stages of the
strike including the beginning (A), point of maximum fore-aft force (B), point when the
snake’s neck is straight (C), and point when forward progress ends (D). E-G are the
corresponding graphs for the same strike of velocity (E), acceleration (F), and force (G).
Solid red line is fore-aft, solid blue line is lateral, solid purple line is total, solid gray line
is vertical, and dashed orange line is tail fore-aft.
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Figure 5.2: A-D still images of the snake strike in the walled setup at various stages of
the strike including the beginning (A), point of maximum fore-aft force (B), point when
the snake’s neck is straight (C), and point when forward progress ends (D). E-G are the
corresponding graphs for the same strike of velocity (E), acceleration (F), and force (G).
Solid red line is fore-aft, solid blue line is lateral, solid purple line is total, solid gray line
is vertical, and dashed orange line is tail fore-aft.
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Table 5.2: Coefficient of variation by setup (open versus walled) based on a one-way
ANOVA (bold denotes significance).
Coefficient of Variation

Variable Open Walled F1,45 Ratio p-value
Max. Fore-aft Force (BW) 0.23 0.70 28.57 <0.0001
Max. Lateral Force (BW) 0.33 0.58 28.52 <0.0001
Fore-aft Impulse (BW) 0.42 0.74 15.70 0.0003
Max. Tail Dist. (m) 0.71 1.01 6.94 0.01
Strike Distance (m) 0.29 0.38 6.28 0.016
Max. Tail Acceleration (m/s?) 1.09 1.35 2.70 0.11
Max. Tail Velocity (m/s) 0.84 0.95 2.12 0.15
Max. Velocity (m/s) 0.21 0.26 1.21 0.28
Max. Acceleration (m/s) 0.30 0.28 0.24 0.63
Max. Vertical Force (BW) 0.32 0.23 0.05 0.82
Max. Total Force (BW) 0.31 0.23 0.01 0.92
Strike Duration (ms) 0.19 0.18 0.001 0.97

Discussion

We recorded velocities and accelerations (Table 5.1) similar to previously
reported values in various snake taxa (Ryerson and Van Valkenburg, 2021, Table 4 and
references therein). Our data adds further support to previous studies showing snakes
across a variety of families and body forms strike with similar fast kinematics. In addition
to recording kinematic data, our study is the first to record force data during snake
strikes (Figs. 5.1-5.2, Table 5.1). The blood pythons in our study generated almost 1.0
BW horizontally and up to 1.7 BW vertically (Fig. 5.2). Our results show striking
similarities to the ground reaction forces measured during a human punch by Lenetsky
et al. (2020). They found force was just below 0.5 BW in both the fore-aft and lateral
directions with roughly 1.5 BW in vertical force (Lenetsky et al., 2020). While there is
support for the role of trunk rotation converting vertical ground reaction force to

horizontal force during a punch (Tong-lam et al., 2017), another study showed fatiguing
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lower-body exercise diminished punch performance highlighting the importance of the
ground reaction forces generated during a punch (Dunn et al., 2021). Future work
exploring the ground reaction forces in other systems with rapid movement of body
parts, such as chameleons tongue projection and heron predatory strikes, would
provide a stronger basis for broad, comparative conclusions.

Strike kinematics have been measured in a variety of snakes (Herrel et al., 2011;
Penning et al., 2016; Penning et al., 2020; Ryerson and Tan, 2017; Ryerson and Van
Valkenburg, 2021; Whitford et al., 2020; Young, 2010). However, the kinetics applied to
the environment are essential to understanding the kinematics of the snake’s head. In
order to impart momentum to the head of the snake, equal and opposite momentum
must be imparted to the ground, the tail, or a combination thereof. The force sensor
detects only the momentum imparted to the ground, thus if there is momentum
imparted in the opposite direction by the movement of the tail, the impulse computed
from the ground reaction force will provide a lower value than the true momentum
imparted to the head. In contrast, if the snake is backed against a solid substrate and
the tail moves little, then ground reaction forces will accurately capture forces acting on
the anterior body. Furthermore, blood pythons show a similar chronic retention of fecal
mass seen in other heavy-bodied snakes, which has been hypothesized to serve as inert
ballast to maximum body inertia and friction with the substrate during striking
(Lillywhite et al., 2002). However, this posteriorly-located fecal mass would also be
beneficial to the active use of tail and posterior body as an inertial appendage.

Our study shows remarkable robustness in the majority of variables analyzed
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between different setups. We did find higher CV in maximum fore-aft force and fore-aft
impulse, showing snakes were able to achieve a higher range of force values in walled
setups. However, despite these significantly higher variations found in the walled setup,
it had no significant effect on other parameters such as maximum velocity or strike
distance. This robustness to substrate geometry could be beneficial given environments
with highly variable microhabitats, especially in geographically widespread taxa, as it
means that a snake does not have to sacrifice strike performance if found in the open as
compared to backed against an object.

We expect this inertial mechanism is not limited to blood pythons and could be
exploited by multiple other snake taxa. A large variety of snakes will encounter open
habitats and this mechanism would allow them to strike with similar performance as
being backed against a wall, partially buried, gripping a branch, etc. allowing them to
exploit a wider range of microhabitats to successfully capture prey. The use of the tail as
an inertial appendage has been studied in geckos, cheetahs, monkeys, and squirrels,
showing these animals using their tails as an inertial appendage for a variety of
behaviors including balance, to reorient themselves mid-air, and faster, tighter turns
(Fukushima et al., 2021; Jusufi et al., 2010; Patel and Braae, 2013; Young et al., 2015).
However, quantifying the momentum transfer of the continuous body of these blood
pythons in frictional contact with the substrate is beyond the scope of our study. To
achieve similar performance in a variety of substrates and settings could have multiple
benefits for a species and could be a contributing factor to snakes success in exploiting a

diverse array of habitats.
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CHAPTER VI
CONCLUSION

My research was structured to develop a more comprehensive understanding of
several crucial but neglected areas of snake biomechanics and offered novel intellectual
contributions. | 1) studied the function of the zygosphene-zygantrum joint and whether
it is involved in limiting roll, 2) analyzed sarcomere length (important in generation of
force) in multiple snake muscles along a wide size range of corn snakes to determine if
their position on the length-tension curve shifts over ontogeny, 3) investigated whether
snakes can generate forward propulsion via vertical undulation, and 4) measured forces
during the strikes of blood pythons in an open and walled setup.

Most joints tend to have a tradeoff between stability and range of motion
(Anderson et al., 2001; Johnston and Smidt, 1970; Kazar and Relovszky, 1969; Scopp and
Moorman, 2001; Veeger and Van Der Helm, 2007; Zakani et al., 2017). | found the
zygosphene-zygantrum joint functions to prevent the vertebrae from accessing positions
where roll would occur, specifically at positions where the pre- and postzygapophyses
no longer overlap. This allows snake vertebrae to have a high range of motion while
maintaining structural stability avoiding this tradeoff (Jurestovsky et al., 2020). Snakes

are effectively composed of repeating segments of vertebrae and ribs, and thus having a
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strong and flexible vertebral column is essential to navigating complex environments,
capturing prey, and defending oneself.

Sarcomeres are the fundamental unit of skeletal muscle and their length-tension
relationship can have consequences for the entire animals performance despite their
microscopic size (Bennett, 1985; Gidmark et al., 2013; Taylor, 2000). | found sarcomeres
in the corn snake are consistently on the descending limb at rest across muscles, size of
the animals, and regions of the body. These sarcomere lengths are consistent with being
advantageous for constriction, but there could be other as yet unknown benefits in
locomotion or striking. These results need to be tested in a variety of other snakes to
determine whether this pattern is consistent among constrictors, all snakes, or is
influenced by other factors.

The natural world is complex and filled with obstructions in all dimensions.
Snakes are known to make use of lateral obstructions to generate forward propulsion
(Gans, 1962; Gray and Lissmann, 1950; Jayne, 1986). | found corn snakes can also use
vertical asperities to generate forward propulsion via vertical undulation. Vertical
undulation allows snakes to exploit their environments in multiple dimensions and can
especially be useful in arboreal environments or tunnels (Jurestovsky et al., 2021).
Subsequent work has already shown vertical and lateral bending can be combined to
move through three dimensionally complex environments (Fu et al., 2022).

Fast actions are a fundamental component of multiple organisms’ behaviors and
ecology. These rapid impulsive behaviors present multiple challenges including the

generation of high force, high power, and fast response times (Astley and Roberts, 2014;
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deVries et al., 2012; Ilton et al., 2018; Niichter et al., 2006; Patek et al., 2004; Sakes et
al., 2016). | found that despite variations in their environment, the blood pythons
showed similar kinematics and forces. Snakes achieve robustness to variations in their
strike conditions by imparting momentum to their posterior body segments to
counteract slip.

My research focuses on multiple areas of limbless locomotion and specifically
snake biomechanics to show how snakes use morphological, muscular, and behavioral
traits to meet functional challenges. These studies highlight how snakes make use of a
limbless body plan despite the inferred limitations associated without having limbs and
took initial steps in filling several prominent gaps in the snake literature. However, this
work raises a multitude of other questions in biomechanics including: are there other
osteological joints capable of avoiding the inherent tradeoffs between structural
stability and high range of motion, are sarcomeres in other snakes at similar lengths or
are there variations and limitations due to phyletic history, do snakes make use of
vertical undulations in nature consistently and/or in combination with lateral
undulation, and how do arboreal snakes deal with highly variable strike platforms?
While this work has emphasized snakes, we know far less about limbless lizards, which
would be another fruitful area of study, especially to contrast with snake biomechanics
to better understand the strategies, biomechanics, muscle architecture, and sarcomere

lengths used by other limbless taxa.
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APPENDIX A

NORMAL (GRAY) AND ALTERED (RED) VERTEBRAE OF SNAKES

Dorsal (A, F, K, P), anterior (B, G, L, Q), posterior (C, H, M, R), and lateral (D, I, N, S)
views. Posterior altered vertebrae in oblique view (E, J, O, T). B. irregularis (A-E), C.
viridis (F-J), B. constrictor (K-O), and P. guttatus (P-T) respectively. Scale bars =1 mm.
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APPENDIX B

OVERLAP OF THE YAW-PITCH ROM BETWEEN THE NORMAL VERTEBRA
AND THE HIGH ROLL OF ITS CORRESPONDING ALTERED VERTEBRA

A B
40 40
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Normal ROM is black and high roll ROM is blue. (A) Brown tree snake ROM from the
normal vertebra and high roll of the altered vertebra showing no overlap. (B) Prairie
rattlesnake ROM from the normal vertebra and high roll of the altered vertebra showing
no overlap. (C) Boa constrictor ROM from the normal vertebra and high roll of the
altered vertebra showing 3% overlap. (D) Corn snake ROM from the normal vertebra
and high roll of the altered vertebra showing 11% overlap. The gray dotted line
highlights the arbitrary ventral cutoff of some species.
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APPENDIX C

OVERLAP OF YAW-PITCH ROM BETWEEN SPECIES NORMAL VERTEBRAE

-36 0 36

72

20

Brown tree shake
Corn snake

36

-36

=72

-72

-20 0 20
Yaw

-36 0 36

40

72

40

20

Prairie rattlesnake
Boa constrictor

-

36

-36

-20 0 20
Yaw

=72
40

Pitch

Pitch

-72 -36 0 36 72
40
Boa constrictor
20 Corn snake 36
0 . O
-20 -36
-72
-40 20 0 20 40
Yaw
-72 -36 0 36 72
40
Prairie rattlesnake
20 Corn snake 36
o ’ i
-20 -36
-72
-40 20 0 20 40
Yaw

C

Pitch

Pitch

-20

-40

-20

-40

-72
40

-36 0 36

72

20

Boa constrictor
Brown tree snake

36

-36

-72
40

-20 0 20

Yaw

-36 0 36

26”2

72

20

Prairie rattlesnake
Brown tree snake

-36

-20 0 20

Yaw

Blue ROM is always normalized to the black ROM. (A) Brown tree snake ROM
normalized to the corn snake ROM. (B) Boa constrictor ROM normalized to the corn

snake ROM. (C) Boa constrictor ROM normalized to the brown tree snake ROM. (D)

=72
40

Prairie rattlesnake ROM normalized to the boa constrictor ROM. (E) Prairie rattlesnake
ROM normalized to the corn snake ROM. (F) Prairie rattlesnake ROM normalized to the

brown tree snake ROM. The gray dotted line highlights the arbitrary ventral cutoff of
some species.
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APPENDIX D

OVERLAP OF YAW-PITCH ROM BETWEEN SPECIES ALTERED VERTEBRAE
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Blue ROM is always normalized to the black ROM. (A) Prairie rattlesnake ROM
normalized to the corn snake ROM. (B) Brown tree snake ROM normalized to the corn
snake ROM. (C) Boa constrictor ROM normalized to the corn snake ROM. Note there are

two gray dotted lines due to the shifting of the boa ROM from being normalized to the

corn snake ROM. (D) Prairie rattlesnake ROM normalized to the boa constrictor ROM.
(E) Prairie rattlesnake ROM normalized to the brown tree snake ROM. (F) Boa
constrictor ROM normalized to the brown tree snake ROM. The gray dotted line
highlights the arbitrary ventral cutoff of some species.

99

20”2



APPENDIX E

PERCENT OVERLAP OF NORMAL YAW-PITCH ROM

% Overlap of Normal Yaw-pitch ROM Areas

Species B.irregularis  C.viridis B. constrictor ~ P. guttatus

B. irregularis - 56 82 89
C. viridis - - 69 64
B. constrictor - - - 82
P. guttatus - - - -

Values of percent overlap between yaw-pitch areas of normal isolated vertebrae
normalized by areas to make the ROM areas equivalent. The top row represents a
reference vertebra, and 100% overlap means it entirely engulfs the other ROM.

100



APPENDIX F

PERCENT OVERLAP OF ALTERED YAW-PITCH ROM

% Overlap of Altered Yaw-pitch ROM Areas

Species B.irregularis  C.viridis B. constrictor ~ P. guttatus

B. irregularis - 82 79 87
C. viridis - - 84 89
B. constrictor - - - 85
P. guttatus - - - -

Values of percent overlap between yaw-pitch areas of altered isolated vertebrae
normalized by areas to make the ROM areas equivalent. Top row represents reference
vertebra and 100% overlap means it engulfs the others ROM.
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APPENDIX G

SUMMARY OF THE FORCE PLOTS IN ALL SNAKE TRIALS
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All trials we obtained showing the forces (BW) as the snake passed along the force-
sensing dowel. Trials involving snake 1 are represented by A-D, snake 3 E-H, snake 4 I-L,
and snake 5 M-P. Snakes 2 and 6 were not included as they would not cooperate.
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APPENDIX H

SUMMARY OF THE FORCE PLOTS IN ALL ROPE TRIALS
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All trials obtained from the inert nylon rope dragged across the force-sensing dowel. The
red region shows when the rope fell off the dowel adjacent to the force-sensing dowel,
generating substantial forces due to inertial motion. This region was excluded from our
analysis.

103



APPENDIX |

TRIALS WITH MINIMAL-TO-NO PROPULSIVE FORCE
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All trials obtained that have purely braking force (or nearly so). Trials are from snake 4
(A) and snake 3 (B).
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APPENDIXJ

REACTION FORCES OF THE CORN SNAKE ON TWO WEDGES

B
Fn -
FFoT Ff
Fg

C D

F Fap

ap ., _Ff Ff
Fn Fn
Fg Fg

A) Reaction forces for the corn snake vertically undulating against the wedge at 30°.
Fap-anteroposterior force, Ff-frictional force, Fg-gravitational force, Fn-normal force. B)
Reaction forces for the corn snake using concertina against the wedge at 10°. C) Body
diagram summarizing the forces from A showing a net propulsive force. D) Body diagram
summarizing the forces from B showing a net braking force.
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APPENDIX K

SNAKE STRIKING PLATFORM

Snake striking platform showing side view (A) and our open (B) and walled setups (C).

106



SNAKE STRIKE DATA FROM THE OPEN SETUP FOR ALL INDIVIDUALS

APPENDIX L

Max. Max. Max. Max. Max.  Max. Max.
Fore-aft Lat. Vert. Total Fore-Aft Max. Max. Str. Tail Tail Strike  Tail
Force Force Force Force Impulse Vel. Accel. Dist. Veloc Accel. Dur. Dist.
Ind. Trial (BW) (BW)  (BW)  (BW)  (BW*s) (m/s) (m/s?) (m) (m/s?)  (ms) (m)
1 1 0.33 0.14 1.58 1.60 0.15 248 80.16 0.22 0.73 31.48 50 0.03
2 0.51 0.30 1.80 1.88 0.25 2.88 104.02 0.24 198 49.39 40 0.14
3 0.41 0.17 3.74 3.76 0.05 338 11990 0.14 1.28 2831 60 0.06
4 0.32 0.28 1.70 1.73 0.06 3.77 12195 0.15 0.62 9.33 60 0.06
5 0.51 0.33 1.86 1.94 0.21 220 77.18 0.16 0.67 18.42 50 0.04
6 0.32 0.27 1.75 1.78 0.13 2.82 104.73 0.17 1.07 31.21 50 0.10
3 1 0.20 0.30 1.25 1.28 0.06 3.82 157.56 0.23 1.25 28.45 50 0.08
2 0.42 0.35 1.03 1.14 0.19 4.26 148.62 0.18 1.20 31.30 40 0.10
3 0.50 0.39 1.05 1.09 019 3.82 9532 019 0.67 25.73 70 0.03
4 0.39 0.37 1.27 1.45 0.12 4,50 12264 0.21 091 46.92 70 0.07
5 0.41 0.15 1.06 1.12 0.20 3.66 10256 0.19 0.84 23.73 40 0.09
5 1 0.44 0.25 1.56 1.62 0.14 3.08 96.37 0.12 130 62.80 40 0.09
2 0.34 0.31 1.64 1.65 0.13 3.63 11840 0.21 0.55 14.24 60 0.03
3 0.34 0.16 1.41 1.46 0.14 3.23 11448 0.14 0.17 4.00 50 0.01
4 0.25 0.15 1.59 1.60 0.11 254 48.89 0.15 1.66 59.27 70 0.09
5 0.34 0.20 1.59 1.59 0.12 337 11141 0.15 0.40 8.22 60 0.04
6 0.37 035 1.43 1.50 0.16 3.75 136.83 0.16 0.61 25.14 70 0.06
7 0.20 0.21 1.36 1.38 0.09 2.05 36.74 0.08 0.23 5.28 70 0.02
6 1 0.39 0.22 1.86 1.89 0.12 324 8931 0.24 1.82 101.63 50 0.07
2 0.32 0.39 2.03 2.03 0.13 3.49 108.69 0.25 0.69 21.46 50 0.05
3 0.32 0.44 213 2.14 0.17 237 7208 029 1.09 18.74 50 0.03
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4 0.31 037 201 2.04 0.08 319 86.09 032 3.89 161.88 50 0.22

5 0.50 0.17 1.98 2.03 031 216 7091 0.21 4.15 190.20 30 0.19

6 0.43 035 217 2.20 0.16 253 5759 023 0.64 2431 50 0.03

Avg 0.37+0. 0.28+0 1.70 1.74 0.14+0.0 3.18+ 99.27+ 0.19+ 1.18+ 42.56+ 0.07+
09 09 +0.55 +0.54 6 0.68 29.86 0.05 0.99 46.57 50£10 0.05
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APPENDIX M

SNAKE STRIKE DATA FROM THE WALLED SETUP FOR ALL INDIVIDUALS

Max. Max. Max. Max. Str. Max.

Fore-aft Lat. Vert. Total Fore-Aft Max. Max. Dist Max. Tail Strike  Max.

Force Force Force  Force Impulse Vel. Accel. Tail Vel. Accel. Dur. Tail

Ind. Trial (BW) (BW) (BW)  (BW) (BW*s) (m/s) (m/s?) (m) (m/s) (m/s?) (ms)  Dist (m)

1 1.55 0.98 1.99 2.01 0.41 3,55 78.91 0.31 0.09 2.08 78 0.03
2 1.96 1.58 2.19 2.57 0.72 3.56 138.22 0.36 2.16 90.93 54 0.05
3 1.86 1.39 1.84 1.94 0.84 4.68 68.29 0.37 0.64 27.69 64 0.007
4 0.76 1.06 1.51 1.86 0.31 3.42 103.11 0.18 0.49 7.48 60 0.02
5 0.70 0.58 2.02 2.20 0.89 483 81.28 0.31 0.65 6.38 94 0.09
1 1.70 0.94 0.99 1.98 0.50 396 74.85 0.22 0.68 9.61 72 0.02
2 1.71 0.41 1.32 1.86 0.73 395 5834 0.23 0.16 21.53 60 0.01
3 0.37 0.14 1.31 1.31 0.20 3.80 129.98 0.27 0.74 9.81 52 0.01
4 0.49 0.58 1.26 1.29 0.16 5.74 72.00 0.32 0.66 23.85 62 0.003
5 0.38 1.32 1.09 1.51 0.15 413 83.16 0.28 0.91 38.96 74 0.05
6 0.32 0.88 1.32 1.55 0.22 3.87 14796 0.23 0.15 6.36 64 0.001
1 0.35 0.92 1.38 1.56 0.17 3.14 84.86 0.17 0.25 7.06 46 0.02
2 0.27 0.17 1.54 1.54 0.11 2.99 102.84 0.12 0.15 7.54 54 0.01
3 0.20 0.70 1.24 1.37 0.09 2.40 90.75 0.10 0.22 4.14 62 0.01
4 0.68 0.46 2.09 2.17 0.28 2.88 97.10 0.16 0.49 13.00 54 0.02
5 0.29 0.78 1.34 1.34 0.06 2.58 108.00 0.10 0.12 1.63 68 0.004
6 0.33 0.43 1.38 1.43 0.14 1.82 58.82 0.08 0.17 3.60 56 0.003
1 1.38 0.33 1.61 1.69 0.83 349 70.64 0.20 1.28 20.88 62 0.02
2 1.14 1.88 2.02 2.08 0.27 233 94.28 0.26 0.79 20.46 48 0.03
3 1.45 1.51 2.21 2.43 0.31 4.22 138.29 0.37 0.03 0.02 58 0.004
4 2.04 0.79 2.05 2.93 0.53 3.32 104.89 0.33 0.26 2.60 54 0.03
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5 0.52 0.13 1.88 1.91 0.25 259 63.71 0.23 0.62 5.48 56 0.03

6 0.59 1.22 1.89 1.91 0.12 263 71.88 0.30 0.06 0.20 52 0.01
92.27

3.47+ + 0.24+ 0.51+ 1441+ 61+£1 0.02+

0.92+0. 0.83+ 1.63 1.85+ 0.36+0.

Avg. 64 049 +0.38 0.43 27 091 26.21 0.09 0.49 19.47 1 0.02
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