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Abstract of the Dissertation
Morphology and Function of the Ophidian Vertebral Column: Implications for the
Paleobiology of Fossil Snakes
by
Jacob Alexander McCartney
Doctor of Philosophy
in
Anatomical Sciences
Stony Brook University

2013

Snakes are a speciose, ecologically diverse clade with an evolutionary history spanning
the past 100 million years. This diversity makes them an excellent group for study, particularly
given their importance in extant faunas. However, the fossil record of snakes is primarily
composed of isolated vertebrae, owing to the great number of these elements and loosely
articulated nature of the skull. This means that any study of the paleobiology of extinct snakes
must rest primarily on vertebrae. The purpose of this dissertation is to add to the current
knowledge of snake vertebral ecomorphology, and to begin to extend that understanding to the
fossil record.

This is accomplished by two approaches. The first is a pair of studies of the variation
within the column of single individuals (intracolumnar variation). The first study is of basal
snakes, including the scolecophidian Afrotyphlops lineolatus, and three alethinophidians: the
boid Boa constrictor, the xenopeltid Xenopeltis unicolor, and the pythonid Python molurus. The
second study is of caenophidians (“advanced” snakes), and includes the acrochordid
Acrochordus javanicus, the colubrine Pituophis melanoleucus, the natricine Nerodia taxispilota,
and the pseudoxyrhophiine Leioheterodon madagascariensis. In each snake, a series of 20
measurements was made on each vertebra in the column; two measurements were replaced in the
cloacal and caudal regions because of differing morphology resulting in a total of 22
measurements. When plotted against vertebral position, the measurements revealed the pattern of
change in morphology throughout the trunk in these snakes. The results show that almost all
snakes have a distinct anterior trunk region characterized by tall neural spines and hypapophyses.
The results also indicate that some snakes have decreased regionalization of the column. The
phylogenetic distribution of this homogenization indicates that multiple lineages have evolved
this pattern of intracolumnar variation.
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The second part of this dissertation is a study of the relationship between ecology and the
number of vertebrae. Vertebral number is correlated with locomotory performance in other
animals as well as some snakes. I therefore modeled the evolution of body segment number to
see if it is under selection based on several ecological parameters, or if it is essentially a random
walk (Brownian motion). The first step was to test for the presence of directional evolution
throughout the clade toward higher counts, using BayesTraits to create the models. Directional
evolution was not preferred to the null hypothesis of undirected evolution. The second step was
to test for selection toward certain optimal body segment numbers based on ecological
parameters. Three models of explicit selection using Ornstein-Uhlenbeck processes were
explicitly tested, in addition to the null hypothesis of Brownian motion: one model of a single
global optimum for all of snakes, a second of two optima, with snakes separated by mode of prey
subjugation (constriction vs. nonconstriction), and a third of four optima, with snakes separated
by habitat preference (aquatic, arboreal, fossorial, terrestrial). The results strongly support the
presence of selection over a random walk; furthermore, there is support for the four-optima
model using habitat preference.
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Chapter 1

Introduction

Snakes are among the most distinctive of all tetrapods due to their greatly elongate,
limbless body form, which has important consequences for virtually all aspects of their behavior.
This body plan differs radically from that of most other squamate reptiles (i.e., “lizards”), which
typically retain a far more generalized tetrapodal morphology. Despite the extreme anatomical
specializations that they exhibit, snakes have evolved over the course of the last 100+ million
years into a highly successful and speciose clade, currently thought to include between 2500 and
3000 species (McDiarmid et al., 1999), which collectively represent approximately 10% of all
recognized tetrapod diversity. Moreover, snakes inhabit almost every ecological niche available
to them across their nearly worldwide distribution and consequently have evolved great diversity
in their locomotory and feeding repertoires.

Given their importance in extant faunas, it is unfortunate that snakes present a distinct
problem to the student of paleoherpetology. The nature of their skeletons, being a long series of
vertebrae and ribs posterior to a delicate and unfused skull, results in a fossil record that is
composed primarily of isolated vertebrae (e.g., Rage, 1984; Holman, 2000). As a result, vertebral
morphology is inordinately important in understanding the course of ophidian evolution. In spite
of this, snake vertebral morphology is understudied, perhaps because of the complexities of the
musculo-skeletal system of these animals (Meckel, 1821; d'Alton, 1834c, b, a; McKay, 1890;
Mosauer, 1935; Auffenberg, 1958, 1961, 1966; Gasc, 1967, 1974; Pregill, 1977; Jayne, 1982),
the perceived conservatism across taxa, and most importantly the variation in vertebral
morphology within a single individual (intracolumnar variation) that has been studied in only a
handful of species (Sood, 1948; Hoffstetter, 1960; Hoffstetter and Gayrard, 1964; Gasc, 1967;
Hoffstetter and Gasc, 1969; Gasc, 1974; Smith, 1975; Szyndlar, 1984; Hecht and LaDuke, 1988;
LaDuke, 1991b, a; Schaal et al., 2005).

However, vertebral morphology has potential to provide insight into the biology of
extinct snakes. By virtue of their near or complete limblessness, snakes rely on their vertebral
column completely to perform functions that in most other animals are done by the limbs.
Locomotion is brought about largely through movements of the vertebral column (except in the
case of rectilinear locomotion; Mosauer, 1932b, a; Wiedemann, 1932; Bogert, 1947; Lissmann,
1950); prey is acquired using the trunk to propel the head forward (Greenwald, 1978; Ruben and
Geddes, 1983; Kardong and Bels, 1998; Cundall and Greene, 2000; Smith et al., 2002; Alfaro,
2003; Cundall et al., 2007); and prey may be subjugated by use of the trunk in constriction
(Ditmars, 1912; Willard, 1977; Greene and Burghardt, 1978). The importance of the trunk in
these various behaviors suggests an avenue of study comparing vertebral morphology to various
aspects of snake biology, such as locomotion and feeding.

The benefit of such research would be to open up more than 100 million years of
evolution to study. The questions surrounding snake evolution have been among the most
controversial in the field of vertebrate evolution over the course of the last fifteen years. Chief
among these is whether snakes derived from terrestrial or aquatic ancestors. Proponents of the
aquatic origin of snakes suggest that a series of elongate marine squamate fossils represent
successive outgroups to snakes, and provide an intermediate link in morphology between highly
elongate, limbless snakes and fully aquatic, paddle-limbed mosasaurs (e.g., Lee and Caldwell,
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2000). There is also evidence in the morphology of the eyes of snakes that suggests to some
researchers an aquatic origin of Serpentes (Caprette et al., 2004). However, proponents of a
terrestrial origin of snakes point to recent molecular data that suggest snakes are related to
primarily terrestrial iguanian and anguimorph lizards (e.g., Townsend et al., 2004; Vidal and
Hedges, 2004, 2005; Vidal and Hedges, 2009), and to significant differences in the morphology
of the braincase between snakes and mosasaurs (Rieppel and Zaher, 2000), and again to eye
anatomy (Walls, 1940).

Another contentious debate surrounds the origin of the feeding mechanism employed by
some snakes, allowing them to eat whole prey larger in diameter than their own head. Based on
optimization of characters related to feeding on traditional morphological phylogenies, snakes
were long interpreted to be plesiomorphically small-object feeders, gradually evolving the
kinetic skulls that allowed them to eat considerably larger prey throughout the course of snake
evolution (e.g., Gans, 1961; Frazzetta, 1970; Greene, 1983). The evolution of macrophagy under
this model is thought to have been facilitated by the development of constriction, which allows
snakes to first kill and then eat large and potentially dangerous prey with less risk of trauma
(Greene and Burghardt, 1978). The evolution of macrophagy then characterizes, at least in large
part, the clade Macrostomata in morphology-based phylogenetic analyses. However, molecular
phylogenies find that the macrophagous condition was plesiomorphic for Alethinophidia (Vidal
and Hedges, 2002; Lawson et al., 2004; Gower et al., 2005; Vidal et al., 2007a; Wiens et al.,
2008; Pyron and Burbrink, 2012; Pyron et al., 2013b), or perhaps even for Serpentes (Vidal and
David, 2004). Under this hypothesis of evolution, the key innovation allowing snakes to feed on
large prey was the loss of the pectoral girdle that would otherwise prevent the swallowing of
extremely large food items (Vidal and Hedges, 2009).

There has also been a recent interest in examining snakes as climatological indicators. As
ectothermic organisms, snakes are strongly affected by environmental conditions, particularly
with respect to temperature (Huey, 1982). As a result, snakes may be a useful group for
examining various aspects of environmental change, including increasing global temperatures
and the attendant shifting of habitats. Snakes species ranges are already known to have changed
following the most recent glaciation (Lawing and Polly, 2011), and climate change is
hypothesized to be the reason for the sudden explosion of colubroid snakes in the early Miocene
(Savitzky, 1980). Previous workers have noted the tendency for ectotherms to be smaller in
cooler environments (Cowles, 1945), and have used the size of fossil snakes to make inferences
about the local paleoclimate (Cowles, 1945; Brattstrom, 1967; Head et al., 2009). Relative tail
length has also been linked to macrovegetation in extant snakes (Lawing et al., 2012).

This dissertation is a contribution to the study of snake vertebral morphology, and the
relationship of that morphology to snake ecology (Ricklefs and Miles, 1994; Wainwright, 1994).
There are three parts to this study. The first two parts are a study of intracolumnar variation in
both basal snakes and in “advanced snakes” (Caenophidia). This lays the groundwork for future
study of snake vertebral morphology, both in a paleontological and neontological context. The
last part is a study of the relationship between vertebral number and ecology. Taken together, the
studies in this dissertation explore multiple aspects of the vertebral column of snakes and what
the morphology can tell of the biology of snakes.

Intracolumnar variation (defined above) has led to difficulties in the study of fossil
snakes. Contributing to this difficulty is the fact that snakes are limbless (or nearly so), having
lost all vestiges of the pectoral girdle and forelimbs, and with them any clear indication of a neck
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beyond the atlas-axis complex. The earliest authors made little attempt to distinguish sub-regions
within the ophidian vertebral column, instead referring to just two regions, the precaudal (called
presacral by Hoffmann, 1890) and caudal (called postsacral by Hoffmann, 1890) regions
(Meckel, 1821; d'Alton, 1836). One notable exception is de Rochebrune (1881) who separated
the column into five regions, to which he applied the terms cervical, thoracic, lumbar, pelvic, and
caudal. His point of view was generally disregarded on the grounds that the variation was too
small and gradual, and furthermore his terminology was suspect, implying homologies with other
groups that were difficult to prove (Hoffmann, 1890). More modern authors have taken a
somewhat similar approach to further subdividing the column, however. It is now established
that snakes have three generally separable vertebral types (Hoffstetter and Gasc, 1969): trunk
vertebrae (extending posteriorly beyond the third vertebra), cloacal vertebrae (characterized by
lymphapophyses), and caudal vertebrae (typically characterized by haemapophyses and
pleurapophyses). Other authors have attempted to further subdivide the vertebral column. Sood
(1948) retained de Rochebrune’s (1881) divisions of the trunk, including the pelvic region in the
caudal region and further splitting the caudals into two groups (Sood, 1941). The most recent
detailed treatment of intracolumnar variation in snakes subdivided the trunk vertebrae into
anterior trunk, mid-trunk, posterior trunk, and precloacal vertebrae, and provided characters to
distinguish them from one another (LaDuke, 1991b). This terminology has become the standard
in the field. LaDuke (1991a) was careful to state that his descriptions were restricted to North
American colubrids, and perhaps were not applicable to other snakes, but several authors have
been successful in applying these characters to other clades (e.g., Scanlon, 1997; Rage et al.,
2004; Head, 2005; LaDuke et al., 2010; Smith, 2013).

Quantitative studies of variation within the column of a single snake are uncommon,
likely owing the great number of vertebrae involved. Studies began in the 1960s, and were
limited to a few taxa (Hoffstetter, 1960; Hoffstetter and Gayrard, 1964; Gasc, 1967; Thireau,
1967b, a). The primary aim of this research was to elucidate phylogenetic relationships, and thus
only certain measurements were taken based on perceived phylogenetic importance. The earliest
work done with a functional aim was that by Gasc (Gasc, 1967, 1974), in an integrated study of
the axial musculoskeletal system. However, as in studies by previous authors, he limited the
number of measurements taken, both in terms of metrics and in terms of number of vertebrae
measured. Since this time, the study of intracolumnar variation has been undertaken by
paleontologists in order to avoid over-splitting the fossil record (Smith, 1975; Szyndlar, 1984;
Schaal et al., 2005). Although variation in the axial column is gradual when viewed in a
complete column, isolated vertebrae from distant points in the same column have distinct
morphology that can be mistaken for the difference between species, something that should be
avoided.

Quantifying the intracolumnar variation in a large number of vertebral features across a
taxonomically and ecologically broad sample of snakes would be useful to both paleontologists
and functional morphologists. It could reveal general regions of potential functional interest, and
details of the change in size of functionally important processes providing attachment to trunk
flexors and extensors. In addition, it could reveal regional patterns that can be used to sort
through isolated fossil vertebrae, and possibly prevent splitting one species into two or more.

In order to quantify the variation in morphology throughout the column of extant snakes,
a series of 22 measurements were made throughout the vertebral column in a limited but
carefully chosen sample of snakes of disparate body shape, ecology, and phylogeny. Two of



these measurements are represented only in the caudal region, but they replace measurements in
the trunk so that a total of 20 measurements could be made on any particular vertebra. Some of
these measurements are novel and others have been described by previous authors (Johnson,
1955; Hoffstetter, 1960; Auffenberg, 1963; Hoffstetter and Gasc, 1969; Gasc, 1974; LaDuke,
1991b). For the first study, that of basal snakes, five snakes were included: the typhlopid
Afrotyphlops lineolatus, the tropidophiid Tropidophis haetianus, the boid Boa constrictor, the
xenopeltid Xenopeltis unicolor, and the pythonid Python molurus. The second study focused on
caenophidians (“advanced snakes”) and included four species: the acrochordid Acrochordus
Jjavanicus, the colubrids Pituophis melanoleucus and Nerodia taxispilota, and the
pseudoxyrophiine Leioheterodon madagascariensis. Of these species, previous quantitative
studies of intracolumnar variation exist only for Boa constrictor (Schaal et al., 2005) and
Acrochordus javanicus (Hoffstetter and Gayrard, 1964). These studies are together the first to
examine variation in several features across multiple taxa.

Although the ancestry of snakes is poorly understood and controversial (Forstner et al.,
1995; Lee, 2000; Lee and Caldwell, 2000; Townsend et al., 2004; Vidal and Hedges, 2004, 2005;
Conrad, 2008; Vidal and Hedges, 2009), the vast majority of non-ophidian squamates do not
have nearly as many vertebrae as do snakes. Snakes have a wide range in the number of
vertebrae making up the column, ranging from just over 100 to more than 500 in the case of the
extinct Archaeophis proavus (Janensch, 1906; Alexander and Gans, 1966; Lindell, 1994; Lindell,
1996; Shine, 2000). The majority of lizards do not have vertebral counts near this range,
particularly in the precloacal region, although some non-snake limbless clades reach the lower
end of this range (Hoffstetter and Gasc, 1969).

The pattern of vertebral number evolution in snakes has received increasing attention in
recent years. Whereas the earliest authors contented themselves to simply report vertebral counts
(e.g., de Rochebrune, 1881), more recent workers have begun to consider evolutionary questions
of vertebral number. The broadest study examined pleomerism (i.e., increased vertebral number
in longer animals; Lindsey, 1975) in caenophidians, and found that there was indeed evidence for
pleomerism both within and among caenophidian clades (Lindell, 1994). Other research
indicates that snake vertebral counts may vary by temperature (Klauber, 1941) as they do in fish
and salamanders (Peabody and Brodie, 1975; Baumann et al., 2012), although Lindell (1994) did
not find evidence to support this.

There are functional considerations for vertebral number as well. Vertebral counts are
known to be related to performance in fish (Swain, 1992; Brainerd and Patek, 1998; McDowall,
2003) and lacertid lizards (Van Damme and Vanhooydonck, 2002). Vertebral number and
ventral scutes have a one-to-one ratio in most terrestrial snakes (Alexander and Gans, 1966), and
studies of ventral counts are correlated with performance in some snakes (Arnold and Bennett,
1988; Kelley et al., 1997; Hampton, 2011). Previous work has shown that constrictors have high
vertebral counts, presumably to increase the number of flexion points available to allow
formation of tighter coil radii (Jayne, 1982). On the opposite end of the spectrum are fossorial
snakes with fewer vertebrae (Marx and Rabb, 1972), presumably to increase stability in the trunk
during head-first burrowing (Shine and Wall, 2008). In arboreal snakes, although soft-tissue
morphology like longer epaxial muscle tendons (Jayne, 1982) and a lightweight, gracile form
may provide extra support during gap-bridging behaviors, it is also possible that vertebral
number has an influence. Johnson (1955) found that arboreal snakes had longer and narrower
vertebrae than other snakes, suggesting that they may have fewer, longer vertebrae for better
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support during cantilevering. Previous work has found that vertebral number is indeed under
selective pressure in garter snakes (Arnold, 1988), suggesting that further investigation of
vertebral number with relation to ecology may bear interesting results.

In order to study the evolution of snake vertebral number, I constructed an Ornstein-
Uhlenbeck model (OU). Ornstein-Uhlenbeck methods model the evolution of traits as if they are
under selection (Hansen, 1997). The sample was broken into different ecological groups, and
differences in the selected traits were tested for in the context of selection. The fit of such a
model was be compared with that of a random-walk model of Brownian motion, and the best
fitting model chosen (Butler and King, 2004). The OU model has the benefit of also providing
estimates of drift and selection, as well as optimal values for the feature of interest within each
group. In this study, I compared the Brownian model with OU models of snakes broken into two
groups (constrictors and non-constrictors), as well as snakes broken into four groups based on
habitat preference (aquatic, arboreal, fossorial, and terrestrial).



Chapter 2

Regional vertebral morphology and intracolumnar variation in basal snakes (Reptilia,
Serpentes)

Abstract

The vertebral column of snakes is composed of many serially repetitive elements that
differ very gradually throughout the column. This variation is poorly understood and has been an
impediment for both paleontologists and functional morphologists. This study investigates the
patterns of intracolumnar variation in five basal snakes (one scolecophidian and four basal
alethinophidians) by means of a series of 22 measurements taken on all vertebrae throughout the
column. Some vertebral features show similar patterns of intracolumnar variation among all taxa
sampled, regardless of their ecology or phylogenentic position. These include the absolute
vertebral length, which consistently reaches a maximum near the midpoint of the precloacal
column. However, relative vertebral length as estimated by the ratio of centrum length to neural
arch width, continues to increase throughout the posterior trunk. When compared to the
minimum width of the neural arch, the width across the prezygapophyseal accessory processes
(the most laterally placed sites of axial muscle attachment) is relatively greatest in the posterior
trunk, although this width is less variable relative to centrum width. However, when compared to
vertebral length, the width across the prezygapophyseal accessory processes is relatively greatest
at about one-third of precloacal vertebral number, except in the phylogenetically and
ecologically distinct scolecophidian, in which it is greatest in the anterior and posterior trunk
regions. Neural spines and hypapophyses are tallest in the anterior trunk, although both increase
in relative height near the cloaca, again except in the scolecophidian sampled. Although these
broad patterns are largely shared among the snakes examined in this study, there are numerous
deviations that may relate to ecology or phylogeny. The results of this and future such studies
will be of use in paleontological research, by aiding in the identification of the relative positions
of isolated vertebrae within the column.

Introduction

Limblessness and extreme body elongation are hallmarks of snake evolution. The
evolution of these two features has had a considerable influence on the morphology of the axial
skeleton. Snakes achieved such elongation of the trunk predominantly through the addition of
vertebrae (rather than through elongation of individual vertebrae), with total vertebral counts
ranging from fewer than 150 (multiple taxa; Alexander and Gans, 1966) up to 565 (in the extinct
form Archaeophis; Janensch, 1906), and possibly even higher based on scale counts in some
extant snakes (e.g., Gow, 1977; Hahn and Wallach, 1998) and the 1:1 correspondence between
ventral scales and vertebral number in most snakes (Alexander and Gans, 1966). Most of these
vertebrae come from the precloacal, or trunk, region of the column, and represent greatly
increased numbers relative to those exhibited by most putative snake ancestors. In addition to
this increase in vertebral number, the hard- and soft-tissue changes associated with the loss of
forelimbs makes it impossible to easily delineate a cervical region that is consistent across all
snakes (Pregill, 1977; Cohn and Tickle, 1999; Caldwell, 2000; Cundall and Greene, 2000;
Tsuihiji et al., 2006). This makes it difficult to differentiate regions within snake vertebral
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columns beyond three broad categories: precloacal, cloacal, and caudal (Hoffstetter and Gasc,
1969).

The relative homogeneity of the vertebral column presents a particular problem in the
consideration of the fossil record of snakes, which stretches back over 100 million years (e.g.,
Gardner and Cifelli, 1999; Rage and Werner, 1999). Although complete body fossils are known
(von Meyer, 1860; Haas, 1980; Breithaupt and Duvall, 1986), the vast majority of extinct snake
species are known only from isolated vertebral elements (e.g., Rage, 1984). An improved
understanding of intracolumnar variation would reduce the chances of designating multiple
species on the basis of isolated vertebrae from different regions of a single snake species. In
addition, it would help to ensure that studies involving extinct snakes compare vertebrae from
similar regions of the vertebral column.

Previous studies of regional variation within the ophidian vertebral column have been
primarily qualitative in nature. The earliest workers only differentiated the most obvious regions
of the vertebral column, splitting it broadly into precloacal and postcloacal regions, while
recognizing the atlas and axis as special (Carus, 1818; Cuvier, 1835; d'Alton, 1836). Subsequent
authors have made various attempts to further differentiate the vertebral column into regions,
beginning with de Rochebrune (1881), who split the precloacal column into three regions
(cervical, thoracic, and lumbar) and the postcloacal column into two (sacral and caudal).
However, these subdivisions were not widely recognized by subsequent workers until Sood
(1948) reassessed them and largely adopted de Rochebrune’s (1881) subdivisions in the trunk.
He also recognized three postcloacal regions: anterior, middle, and posterior (Sood, 1941). The
definitions of these subregions were later updated by Bullock and Tanner (1966) to
accommodate observed differences in the colubrids Pituophis and Thamnophis, in which they
found the middle and posterior caudal regions difficult to distinguish. The most recent
assessment of regionality in snakes (LaDuke, 1991a) also focused on North American colubroid
snakes, and recognized cervical (atlas and axis), trunk (subdivided into anterior, midtrunk,
posterior, and precloacal), cloacal, and postcloacal vertebrae. These divisions have become the
standard.

The few previous quantitative investigations of intracolumnar variation in snake
vertebrae were primarily aimed at simply describing the morphology, like those of Acrochordus
(Hoffstetter and Gayrard, 1964) and Enhydrina (Thireau, 1967a), or aimed to discern
phylogenetic relationships, like those of atractaspidids (Thireau, 1967b), boids (Hoffstetter,
1960), colubrids (Szyndlar, 1984), elapids (Smith, 1975), and viperids (Brattstrom, 1964;
Szyndlar, 1984; Thireau, 1967b). Because of the relative dearth of quantitative studies,
interspecific comparisons have been necessarily limited.

More recent work has shifted the focus away from systematics and toward functional
morphology. Gasc (1974) recorded five linear measurements on every tenth vertebra along the
length of the column of several species as a means of assessing functional correlates of
locomotion. Moon (1999) reported the intracolumnar change in the angles of intervertebral
facets, and showed that the zygosphene-zygantrum complex does not eliminate torsion. More
recently, Schaal et al. (2005) analyzed a series of measurements made throughout the vertebral
column in Boa constrictor. These authors took 14 measurements on every vertebra of a single
individual in order to determine the way in which these metrics changed throughout the column.
They found that vertebral measurements could be split into four types based on the shape of the
curves plotting the raw measurements against vertebral number. However, B. constrictor was the
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only snake so measured, and thus the universality of these patterns remains unknown.
Comparison with previously published metrics (Hoffstetter and Gayrard, 1964; Thireau, 1967a,
b) shows certain similarities in the way vertebrae vary within the column across taxa. These
general similarities are reinforced by examination of the graphs of centrum length and
hypapophyseal height in the several snakes for which those data exist (Gasc, 1974; Hoffstetter,
1960).

There is reason to suspect the presence of a functional signal in the vertebral morphology
of snakes. As limbless animals, snakes must perform many actions exclusively with their trunks,
including locomotion (e.g., Mosauer, 1932a; Gray, 1946; Lissmann, 1950; Gans, 1962; Gans,
1975; Jayne, 1982) and certain aspects of feeding, such as prey acquisition and subjugation (e.g.,
Greene and Burghardt, 1978; Jayne, 1982; Moon, 2000; Alfaro, 2003; Lourdais et al., 2005;
Cundall et al., 2007), especially in the case of constricting snakes. Previous studies have found
correlations between axial muscular morphology and feeding and locomotor behavior (Ruben,
1977; Jayne, 1982; Ruben and Geddes, 1983). In addition, vertebral morphology itself was found
to correlate with habitat preference (and by extension, locomotion) in the seminal study of
vertebral morphology by Johnson (1955). Subsequently, Baszio (2005a) separated arboreal and
terrestrial snakes (primarily boids) based on vertebral shape using vertebrae from several points
along the column.

A particular problem with comparing previously measured snakes is a lack of
measurement standardization. For example, the hypapophysis has been measured both as a
vertical depth from the condyle (Smith, 1975; Schaal et al., 2005) as well as an oblique length
that more or less follows the long axis of the process (Hoffstetter, 1960; Auffenberg, 1963;
Hoffstetter and Gayrard, 1964; Thireau, 1967a, b). In this case, it is likely that the overall pattern
of hypapophyseal length is preserved no matter what method is used, but the correspondence
between measurements will not be exact. It is particularly problematic in snakes in which the
angle of the hypapophysis changes throughout the column; for instance, one can imagine a
situation wherein the length of the hypapophysis along its axis does not change, but a changing
angle alters the vertical depth of the process.

The purpose of this study is to provide a series of standardized measurements of snake
vertebral morphology, and to report these measurements throughout the vertebral column in a
phylogenetically, morphologically, and ecologically diverse sample of basal (i.e., non-
caenophidian) snakes. For purposes of comparison, one of the snakes included in this study (Boa
constrictor) was chosen because it has been included in a previous quantitative study of vertebral
morphology (Schaal et al., 2005). The results of this study will lay the groundwork for
investigation of vertebral morphology in a functional context in both extant and fossil snakes.

Materials and Methods

The species chosen for this study are basal snakes, including one scolecophidian
blindsnake and three basal alethinophidians (Fig. 2.1). Scolecophidia is the sister group to
Alethininophidia, and Afrotyphlops lineolatus is like other members of the clade, a small
fossorial snake that specializes on invertebrate prey that it does not constrict (Smith, 1957; Reid
and Lott, 1963; Webb and Shine, 1993; Kley and Brainerd, 1999; Kley, 2001). Alethinophidia
includes all of the remaining extant snakes. The phylogenetic position of Tropidophiidae is
currently controversial (Fig. 2.1); molecular phylogenies find it to be among the most basal
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alethinophidians (Wilcox et al., 2002; Lawson et al., 2004; Gower et al., 2005; Wiens et al.,
2008; Vidal et al., 2009; Pyron and Burbrink, 2012; Pyron et al., 2013a; Pyron et al., 2013b), but
morphological phylogenies find it to be relatively derived (Kluge, 1991; Cundall et al., 1993;
Tchernov et al., 2000; Lee and Scanlon, 2002). Tropidophis haetianus is a small terrestrial snake,
typically found sheltering on the ground, but also found in hanging bromeliads (Stull, 1928;
Schwartz, 1975). It is a constrictor that typically feeds on reptilian prey (Stull, 1928; Greene and
Burghardt 1978). Boa constrictor is a well a known boid, and is in many ways an archetypal
snake, being a large-bodied generalist that feeds primarily on relatively large mammals that it
kills by constriction (Frazzetta, 1966; Willard, 1977; Greene and Burghardt, 1978; Greene,
1983). The enigmatic snake Xenopeltis unicolor belongs to a monotypic family that has a
controversial phylogenetic position; some studies find it to be part of a clade with Pythonidae
(Lawson et al., 2004; Vidal and David, 2004; Vidal et al., 2007a; Wiens et al., 2008; Pyron and
Burbrink, 2012), but other studies find it as more basal, outside of the traditional Booidea
(Kluge, 1991; Cundall et al., 1993; Lee and Scanlon, 2002; Gower et al., 2005; Noonan and
Chippindale, 2006). It is fossorial and a constrictor, and it primarily feeds on elongate-bodied
squamates (e.g., snakes, skinks; Taylor, 1965). It is distinct from the other snakes in this sample
in its habit of attacking prey from below rather than head-on (Mertens, 1943). The final snake
included in this study, Python molurus, is ecologically similar to B. constrictor, and shares with
that species large body size.

The measurements presented in this study are based on detailed examination of five dried
skeletal specimens (Table 2.1; phylogenetic relationships given in Fig. 2.1). Three of these (NJK
S-Al110-D1, Afrotyphlops lineolatus; NJK S-Th09-D1, Tropidophis haetianus; NJK S-Xu09-D1,
Xenopeltis unicolor) were prepared specifically for the purposes of this study from previously
frozen intact specimens. Each of these specimens was prepared by disarticulation of the
craniovertebral joint and one of the distal caudal intervertebral joints. A length of thin metal wire
was then passed through the opened neural canal and tied off at both ends. Finally, the specimens
were macerated in water at room temperature for a period of several weeks. This procedure
yielded completely cleaned and fully disarticulated skeletal specimens in which the sequential
order of the vertebrae was maintained. These specimens are now held in the personal research
collection of Nathan J. Kley (NJK). Two additional specimens (YPM R 12323, Boa constrictor;
YPM R 12545, Python molurus) were selected for this study because they were already
adequately prepared (i.e., fully cleaned with their vertebral order intact). These two specimens
are held at the Yale Peabody Museum of Natural History (YPM). Additional skeletal specimens
of these species were examined qualitatively but not measured: Afrotyphlops lineolatus (NJK
Al11-D1; NJK T 9x-1; NJK T 99-2; NJK T1 01-2); Tropidophis haetianus (NJK Th06-2; NJK
Th06-D3); Boa constrictor (NJK NN; YPM R 10580; YPM R 10868); Xenopeltis unicolor (NJK
Xu A-1); and Python molurus (YPM R 11189, YPM R 11233; YPM R 14414).

A series of 20 measurements was made on almost every vertebra throughout the vertebral
column of one specimen from each species (Table 2.2; Fig. 2.2). Two of these measurements
(hypapophyseal height [HH] and synapophyseal height [SH]) were replaced by alternative
metrics (hemapophyseal height [HeH] and trans-pleurapophyseal width [TPW]) in postcloacal
vertebrae due to regional differences in vertebral morphology, giving a total of 22 measurements.
Note that distal to the anterior trunk hypapophyses are often reduced to a low hemal keel, and the
metric HH is continued as a measurement of the height of this keel. In larger specimens, the
measurements were made with digital calipers to the nearest 0.1 mm. Smaller specimens were
measured from photographs obtained with an Axiocam MRc camera coupled to a Zeiss
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Discovery.V12 stereo dissecting microscope using Zeiss AxioVision software (v. 4.4.1.0). This
software is integrated with the microscope’s control mechanism, allowing accurate
measurements based on the focal point of the microscope. Bilateral structures were measured on
the left side whenever possible. However, exceptions to this convention were made in cases of
damage or pathology. The first and second vertebrae, the atlas and axis, are morphologically
quite distinct from succeeding vertebrae. Only the axis bears some features measured on
succeeding vertebrae (CNH, CNW, HH, NBL, NH, NTL, TPoW) and thus the atlas was not
measured.

Standardized anatomical positions for photography and measurement allow for
consistency and repeatability in measurements and therefore facilitate comparisons among
specimens (Pearcy and Wijtten, 2010). The positions employed in this study are similar to those
used by Gasc (1974). In anterior view, the vertebrae were oriented such that the anterior aperture
of the neural canal was completely unobstructed, and the roof and floor of the neural canal were
not visible. This left a very thin gap between the postzygapophyseal facets above and the
prezygapophyseal facets below. In lateral view, the vertebrae were oriented so that the visible
bilateral structures were aligned. Each vertebra was further oriented by ensuring that any
particular point on the postzygapophysis was slightly dorsal to the corresponding point on the
prezygapophysis. In practice, this was the highest point of each facet, the rest of one facet being
obscured by the process on which it sits. Typically, such an arrangement brought the dorsal edge
of the neural spine to a horizontal position as well. In dorsal view, the extent to which the neural
arch and neural spine overlap the condyle varies between species, and the degree of this overlap
was determined by first orienting the vertebra in lateral view. Similarly, in ventral view the
dorsal lip of the cotyle and the zygosphene are slightly projecting and therefore visible. The
extent of this overhang, as well as the projection of the hypapophysis, vary taxonomically and
were determined from the lateral view.

Results

The specimens measured have a range of total vertebral numbers (Table 2.1).
Afrotyphlops lineolatus has a total of 221 vertebrae, 204 of which are precloacal. The cloacal and
caudal regions (often referred to as postcloacal vertebrae) have a total of 17 vertebrae, which is
only about 7.7% of the total number of vertebrae. Tropidophis haetianus has a similar total
number of vertebrae (227), but the precloacal-postcloacal split results in relative more caudal
vertebrae, with 183 precloacal and 44 postcloacal (about 19.4% of total vertebral number). Boa
constrictor has notably more vertebrae with at least 306 (at least the terminal vertebra is not
preserved with the specimen), 248 of which are precloacal and 57 of which are postcloacal
(about 18.7% of total vertebral number). Xenopeltis unicolor has a similar number of vertebrae to
A. lineolatus and T. haetianus with 216, of which 182 are precloacal and 33 are postcloacal
(about 15.3% of total vertebral number). Python molurus has the most vertebrae in this sample
with at least 342 (at least the terminal vertebra is again not preserved), of which 271 are
precloacal and 71 are postcloacal (about 20.8% of total vertebral number).

The measurements for each snake sampled in this study are summarized in Figures 2.3—
2.7, in which each individual measurement is plotted by its position along the vertebral column
(expressed as percent precloacal vertebral number), resulting in species-specific curves for each
individual metric. In addition, Table 2.3 provides the relative positions within the column at
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which these metrics reach their maxima. All of the snakes sampled show some degree of
stochastic variation in these measurements over short vertebral segments, in addition to the
broader patterns exhibited over the length of the entire vertebral column. Such local variations
are due to a combination of factors, including simple variation and slight measurement error and,
in more extreme cases, pathologies or natural asymmetries. However, these minor variations do
not obscure the overall patterns that emerge within each measurement for each snake.

In addition to the species-specific curves generated for each individual measurement
described above, several ratios were calculated from the data to aid in examining the relative
changes in shape of certain aspects of the vertebrae throughout the column. In the past, such
ratios have been used for a variety of purposes, including discriminating among fossil taxa and
taxa of differing ecologies (e.g., Auffenberg, 1963; Smith, 1975; Van Devender and Mead, 1978;
Meylan, 1982; Szyndlar, 1984; Van Devender et al., 1985); such uses have been discouraged for
studies of snakes (LaDuke, 1991a), but the ratios are presented here as a means of describing the
relationships of certain vertebral features. Note that the length of the prezygapophyseal accessory
process, used in the ratio APL/CtW, was calculated by halving the difference between the values
of trans-accessory process width and trans-prezygapophyseal width.

Afrotyphlops lineolatus. The lone scolecophidian examined, 4. lineolatus (Fig. 2.3),
shows maximal values for all recorded metrics within the anterior 40% of precloacal vertebrae,
with the sole exception of centrum length (CL), which peaks at about 49% (Table 2.3). This
means that most vertebral features decline in size throughout much of the trunk, but differences
in the extent of decline lead to changes in the relative proportions of certain features. Increased
amounts of decline in width measurements mean that the vertebrae become relatively narrower
and more elongate throughout the trunk (Figs. 2.3C, D, 2.8A). The neural spine is present only as
a much-reduced midline tubercle, which in posterior vertebrae projects more strongly posteriorly
than dorsally (Fig. 2.3A—C). There are hypapophyses on only the first three vertebrae; distal to
this point, the ventral surface of the centrum is smooth and does not project below the ventral
edge of the condyle (Fig. 2.3A, B, D). Accordingly, the neural spines were not measured and the
hypapophyses were measured only to the third vertebra (Figs. 2.3B, 2.8B, C). The relative width
across the zygapophyses is greatest in the anterior trunk and at the cloaca (Fig. 2.8D); the
anterior trunk region is also where the prezygapophyseal accessory processes are shortest (Fig.
2.8E). These processes are long (Fig. 2.3A, C, D), and reach their maximum relative length near
20% of precloacal vertebral number.

The tails of blindsnakes are very short, and as a result, most metrics show abrupt declines
throughout the cloacal and caudal regions (Fig. 2.3). This includes centrum length (CL; Fig.
2.3D) and neural arch width (NAW; Fig. 2.3C); the ratio between these metrics also declines,
indicating the vertebrae become relatively wider in the tail. However, this does not include
measurements of articular surfaces. In both pairs of zygapophyses, the articular facets decline in
size more slowly than other caudal features (PrFL, PrFW, PoFL, PoFW; Fig. 2.3C, D). This
results in relatively large articular surfaces in caudal vertebrae as compared to those in the trunk.
The delicate caudal pleurapophyses were damaged in the primary specimen examined, and as
such could not be measured. However, qualitative examination of other specimens of 4.
lineolatus with fully intact tails showed a steady decline in the length of these processes.

Tropidophis haetianus. This snake shows parabolic curves of variation in the trunk for
most vertebral features (Fig. 2.4). Nearly all recorded vertebral metrics reach their maximum
values between about 40—-60% of precloacal vertebral number (Table 2.3). The one significant
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exception to this generalization is hypapophyseal height (HH), which is greatest at about 3% of
precloacal vertebral number. Hypapophyseal height is the most strikingly divergent curve in its
overall shape, with local maxima at either end of the precloacal column, so that the
hypapophyses are shortest in the mid-trunk region (Fig. 2.4B). Because many vertebral features
show the same parabolic pattern of variation throughout the column, some vertebral features
show less relative change than in the other snakes examined (Fig. 2.8A, E). The vertebral aspect
ratio (centrum length [CL] to neural arch width [NAW]; Fig. 2.8 A) remains nearly constant
throughout the trunk. Neural spines and hypapophyses are both greatest in their relative heights
in the anterior and posterior trunk regions (Fig. 2.8B, C). The hypapophyses persist throughout
the trunk (Fig. 2.4A, B, D). The relative width across the prezygapophyses has a peak in the
anterior trunk and precloacal regions (Fig. 2.8D). The relative length of the prezygapophyseal
accessory processes reaches a maximum at the transition from anterior to mid-trunk regions (Fig.
2.8E).

Vertebral features generally decline in the tail, although some show local maxima in the
anterior or mid-tail (Fig. 2.4). The vertebrae abruptly become anteroposteriorly short at the
cloaca, but again increase in size to a local maximum in the middle caudal vertebrae (CL, PrPo;
Fig. 2.4C, D). The zygosphene shows a distinct increase in size in the cloacal region (TZW; Fig.
2.4A). Neural spines are relatively tall throughout the anterior half of the caudal region (Fig.
2.8B). The hemapophyses are longest in the mid-tail, both relatively and absolutely (Figs. 2.4B,
2.8C).

Boa constrictor. In the trunk of B. constrictor, more than half of all recorded vertebral
metrics peak within the anterior 40% of precloacal vertebrae (Fig. 2.5; Table 2.3). This includes
the widths across both pairs of zygapophyses (TPrW, TPoW) and the neural arch (NAW)—all
peaking between 38—40% of precloacal vertebral number—as well as the heights of the neural
spines (NH) and hypapophyses (HH), which peak at about 24% and 20%, respectively. Vertebral
length shows a parabolic pattern of variation, peaking at about 57% of precloacal vertebral
number. The disparity between the anterior peak and more precipitous decline in neural arch
width (NAW) and the posterior peak of centrum length (CL) causes the vertebrae to become
relatively elongate (higher CL/INAW ratio) throughout most of the mid- and posterior trunk (Fig.
2.8A). Although the absolute height of the neural spines is greatest at about 24% of precloacal
vertebral number, their relative height declines throughout the anterior trunk, with a plateau
between 10-20% of precloacal vertebral number (Fig. 2.8B). The hypapophyses exhibit a similar
decline in their relative height throughout the anterior trunk, also showing a plateau from 10—
20% of precloacal vertebral number, before being reduced in the mid-trunk to relatively flat
hemal keels (Fig. 2.8C). Hypapophyseal height increases to a local maximum in the precloacal
region, such that the precloacal vertebrae redevelop hypapophyses, which are absent in the mid-
and posterior trunk (Fig. 2.5A, B, D). The relative width across the prezygapophyses is rather
low in the anterior trunk, a pattern also seen in the relative length of the prezygapophyseal
accessory processes (Fig. 2.8D, E). Both of these relative width measurements plateau at about
30% of precloacal vertebral number, and remain fairly constant posteriorly to the cloaca.

The postcloacal vertebrae show a mixture of patterns in variation, with some features
showing declines throughout the tail and others reaching a local maximum in the anterior
caudals. At the cloaca, the centrum length abruptly decreases (CL; Fig. 2.5D) with a concomitant
increase in several width measurements including neural arch width (NAW; Fig. 2.5A, C, D).
The zygosphene shows an abrupt increase in width in the cloacal region (TZW; Fig. 2.5A). The
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neural spines decrease in height at the cloaca, but increase to a local maximum in the anterior
part of the tail (NH; Fig. 2.5B). The hypapophyses decline in height in the cloacal vertebrae, and
a gap of a single vertebra exists between the last hypapophysis and the first caudal hemapophysis
(Fig. 2.5B). The hemapophyses then rapidly reach their maximum length in the anterior caudal
region (Fig. 2.5B, 2.8C).

Xenopeltis unicolor. In X. unicolor, approximately half of the vertebral metrics recorded
reach their maxima in the anterior 40% of precloacal vertebrae (Fig. 2.6; Table 2.3). These
include nearly all width measurements, with the exception of condyle width (CnW), which
reaches its maximum at approximately 53% of precloacal vertebral number. Vertebral lengths
(CL, PrPo), as well as measurements of zygapophyseal facet size (PoFL, PoFW, PrFL, PrFW),
reach their maxima between 45-55% of precloacal vertebral number (Fig. 2.6C, D). As a
consequence of these differences in the relative anteroposterior positions of vertebral width
versus length maxima, overall vertebral shape changes at about 50% of precloacal vertebral
number, with vertebral aspect ratio (CL/NAW) increasing markedly (Fig. 2.8 A). The neural
spines and hypapophyses reach their maximum relative height in the anterior trunk (Fig. 2.8B,
C), although the absolute sizes of both processes are quite small (Fig. 2.6A-D). The relative
width across the prezygapophyses is greatest in the anterior and posterior trunk regions (Fig.
2.8D). The prezygapophyseal accessory processes increase in relative size throughout the
anterior trunk, nearly plateau in the mid-trunk region, and finally increase to their greatest
relative length in the posterior trunk (Fig. 2.8E).

The postcloacal regions of X. unicolor show less variation in the recorded vertebral
metrics than occurs in B. constrictor. The most notable changes are decreases in the length
measurements centrum length (CL; Fig. 2.6D) and interzygapophyseal distance (PrPo; Fig. 2.6C)
and in the width measurements trans-accessory process width (TAPW; Fig. 2.5A), trans-
prezygapophyseal width (TPrW; Fig. 2.6A), and trans-postzygapophyseal width (TPoW; Fig.
2.6C). The zygosphene does not show an increase in width at the cloaca (TZW; Fig. 2.6A). Most
vertebral features decline in size through the tail; however, the neural spines become somewhat
taller and longer anteroposteriorly throughout the anterior part of the tail (Fig. 2.6B). The
hemapophyses increase abruptly in length in the anterior caudal vertebrae, and remain long
through the middle portion of the tail.

Python molurus. As in B. constrictor and X. unicolor, approximately half of all vertebral
metrics recorded in the trunk of P. molurus reach their maxima in the anterior 40% of precloacal
vertebrae (Fig. 2.7; Table 2.3), including the heights of both the neural spines (NH, peaking at
19%) and hypapophyses (HH, peaking at 14%), and all width measurements but cotylar and
condylar width (CoW and CnW, both peaking at 45%). Vertebral length measurements (CL,
PrPo) peak somewhat farther posteriorly at about 49% of precloacal vertebral number. This
mismatch of the changes in length and width, as well as a more rapid decline in neural arch
width (NAW) as compared to centrum length (CL), results in vertebrae that are relatively longest
in the anterior and posterior trunk regions (Fig. 2.8A). The neural spines and hypapophyses are
tallest, both relatively and absolutely, in the anterior trunk (Figs. 2.7A, B, 2.8B, C); both
processes increase in height near the cloaca, (Fig. 2.7A, B). The relative width across the
prezygapophyses is reduced in much of the anterior trunk, but it increases rapidly throughout the
region to peak at about 40% of precloacal vertebral number (Fig. 2.8D). No such variation is
evident in the prezygapophyseal accessory process, which remains at approximately the same
relative length throughout the trunk (Fig. 2.8E).
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As in the trunk, the postcloacal patterns of variation in P. molurus are broadly similar to
those of B. constrictor. The vertebral-length metrics centrum length (CL) and
interzygapophyseal distance (PrPo) decrease precipitously, as do the widths across both pairs of
zygapophyses (TPoW, TPrW; Fig. 2.7A, C, D). The increases in these metrics in the anterior tail
are relatively weaker than those shown in the other snakes sampled. The zygosphenes differ from
B. constrictor and T. haetianus in lacking a distinct increase in width in the cloacal region (TZW;
Fig. 2.7A). Although the neural spines do not increase in height in the precloacal region, they do
become taller, both absolutely and relatively, throughout the cloacal region (NH; Fig. 2.7B,
2.8B). The hemapophyses increase in relative height through the cloacal and anterior caudal
regions, reaching their maximum relative size in the mid-caudal region (Fig. 2.8C).

Discussion

The variation measured in Boa constrictor in this study compares closely with that
reported in Schaal et al. (2005). In that study grouped their measurements into 4 categories based
on the patterns of change along the vertebral column. The addition of new taxa in this study blurs
the boundaries between these curve types. Instead, it is best to consider curves either as parabolic
or as deviating conspicuously from this pattern. A parabolic curve is obtained when a given
vertebral metric reaches a maximum value somewhere near the midpoint of the trunk, an
expected pattern in an elongate, limbless vertebrate characterized by considerable tapering both
anteriorly and posteriorly. As such, the parabolic curve can be considered a “null hypothesis” of
sorts, and deviations from this pattern may represent retained ancestral patterns (i.e., those
inherited from the quadrupedal ancestors of snakes), or adaptations directly related to vertebral
function.

The vertebral metrics that deviate most strongly from displaying a parabolic pattern of
intracolumnar variation are the heights of the neural spines (NH) and hypapophyses (HH). This
is true of all snakes sampled except the scolecophidian Afrotyphlops lineolatus, which effectively
lacks these processes. Also deviating from the parabolic pattern are the widths across both pairs
of zygapophyses (TPoW, TPrW) and that across the prezygapophyseal accessory processes
(TAPW). Each of these bony processes serves as a site of attachment for muscles that participate
in generating movements of the trunk.

Afrotyphlops lineolatus. Reduction in the relative sizes of the neural spines and
hypapophyses is common among fossorial snakes (see Xenopeltis unicolor below), although this
is taken to an extreme in scolecophidians (Fig. 2.3A, B). This reduction may be a means of
reducing the height of the vertebrae (and thus that of the snakes themselves) in order to facilitate
movement through tight burrows. It can be inferred that this reduction negatively impacts the
effectiveness of the trunk flexors and extensors that attach to these structures. However, dorsi-
and ventroflexion are probably not particularly important in fossorial non-constrictors like
scolecophidians.

Throughout the mid-trunk region, other vertebral features follow two broad patterns in A.
lineolatus: they either show little change or steadily decline in size (Fig. 2.3). Vertebral width
measurements tend to decline through the trunk, whereas anteroposterior length measurements
remain relatively constant. The confluence of these two patterns means that the relative shape of
the vertebrae changes through the column, and specifically that the vertebrae are relatively
longer in the posterior half of the column than in the anterior half (Fig. 2.8A). Although this is
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generally true in the alethinophidians examined, the change is greatest in the burrowing snakes
A. lineolatus and X. unicolor (see below). The greater strength of this signal in these fossorial
snakes may be related to forces incurred during head-first burrowing, with the anterior trunk
vertebrae more robust to increase vertebral stability and to better transmit the reaction forces.

The cloacal and caudal regions of this species are so short that there is little room for
patterns to emerge. Most vertebral features simply decline throughout these regions, although the
articular surfaces do so at a relatively slower rate (i.e., they become relatively large; Fig. 2.3).
The great size of the articulations suggests that the tail has function belying its small size. The tip
of the tail features an apical spike that is used defensively (e.g., Wall, 1918; Broadley, 1959;
Fowlie, 1965), and Hoffstetter and Gasc (1969) suggested that the blunt tail might be used as
leverage during burrowing, which is supported by anecdotal observations (e.g., Wall, 1918;
Klauber, 1931; Smith, 1943). These behaviors might potentially generate high forces along the
tail that could explain the large facets and extra bone, to improve force transmission.

Tropidophis haetianus. In T. haetianus, only the heights of the hypapophyses and neural
spines deviate notably from the “null hypothesis” of a parabolic pattern of variation. This results
in smaller relative changes through the column as compared to those seen in the other snakes
sampled in this study (Fig. 2.8A, D, E). The relatively high levels of homogeneity within the
vertebral column of 7. haetianus suggest that most vertebral features are optimized for functions
that make use of the entire column, like locomotion, rather than behaviors utilizing only a part of
the trunk. However, given the many ecological similarities shared by 7. haetianus and the other
alethinophidians in this study, it is somewhat surprising that the intracolumnar variation
exhibited by the former is so distinct. Tropidophis haetianus is a constrictor that feeds on
relatively large prey (Stull, 1928), and is a terrestrial generalist that is a capable climber, not
unlike Boa constrictor (Stull, 1928; Schwartz, 1975).

What is consistently shared with the other alethinophidians is the fact that the neural
spines and hypapophyses in 7. haetianus are regionally variable, and are relatively largest in the
anterior trunk and immediately anterior to the cloaca (Fig. 2.8B, C). The hypapophyses show this
pattern in spite of the fact that tropidophiids like 7. haetianus retain a deeply projecting
hypapophysis throughout the trunk (Malnate, 1972), as opposed to the much reduced, weakly
projecting keel in the other snakes examined here.

In the anterior trunk, the neural spines and hypapophyses provide attachments for
muscles that are responsible for moving the head during various behaviors, for example climbing
or striking at prey. This region also initiates coiling during constriction by a ventral movement
(Frazzetta, 1966; Greene and Burghardt, 1978), which presumably makes use of the subvertebral
musculature (Mosauer, 1935). The facts that the longest hypapophyses are located in the anterior
trunk in all four constrictors in this sample, and that the hypapophyses are so severely reduced in
the nonconstrictor, show the potential importance of these processes in improving the
mechanical advantage of the subvertebral muscles during the powerful ventroflexion associated
with the application of constricting coils.

In T. haetianus, the cloacal region features vertebrae that are anteroposteriorly very short,
leading to a notable dip in overall aspect ratio (CL/NAW; Fig. 2.8A). This decrease in centrum
length is known in almost all snakes in which it has been measured (Hoffstetter, 1960;
Hoffstetter and Gayrard, 1964; Thireau, 1967a, b; Smith, 1975; Szyndlar, 1984; Schaal et al.,
2005), and furthermore appears to be a general feature of squamates (Hoffstetter and Gasc,
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1969). Reduced vertebral length at the base of the tail increases its flexibility by increasing the
number of joints available in the cloacal region. Increased muscle mass and flexibility near the
base of the tail is important to various caudal movements, including prehensility, caudal luring
(unreported in 7. haetianus, but known in congeners; Neill, 1960), mating behaviors, and
defecation.

Boa constrictor. The patterns of intracolumnar variation in B. constrictor that were found
in this study and by Schaal et al. (2005) are generally similar. When the latter study was
published, there was not an extensive comparative sample of measurements from other snakes
available, and none from B. constrictor. The similarities in intracolumnar variation documented
by Schaal et al. (2005) and in this study suggest that the species-specific patterns described
herein are reasonably constant; nevertheless, further studies of intraspecific variation will be
required to confirm this on a broader basis.

Boa constrictor shares great similarities in its pattern of intracolumnar variation with
Python molurus (see below), likely a result of shared ancestry and similar natural histories (noted
above). In both B. constrictor and Python molurus, the prezygapophyses and the attendant
accessory processes reach maximum lateral projection at approximately one-third of precloacal
vertebral number (Fig. 2.5A; TPrW, TAPW). Posterior to this point, they decrease in lateral
projection, although the prezygapophyseal accessory processes generally remain at the same
relative length until near the cloaca (Fig. 2.8E). This corresponds well with the fact that boid
snakes prefer to strike at distances about one-third of body length (although longer strikes will
occur; Frazzetta, 1966). The trunk flexors M. longissimus and M. interarticularis superior
originate at this point and extend anteriorly (Mosauer, 1935), and may therefore be important in
forming and straightening the coils for strikes; longer accessory processes at this point of the
column may improve the mechanical advantage of these muscles.

Boa constrictor also shows some similarities in the pattern of intracolumnar variation
with Tropidophis haetianus. As noted above, the neural spines and hypapophyses are highest,
both absolutely and relatively, in the anterior trunk. Both features also become taller in the
precloacal region. Reasons for the strong development of these processes in these regions are
likely similar to those mentioned for 7. haetianus: the anterior trunk is heavily involved in most
locomotion and feeding behaviors, and longer processes will allow for larger muscles with
potentially improved mechanical advantage.

The patterns of intracolumnar variation observed throughout the cloacal and caudal
regions in B. constrictor are generally similar to those seen in, and discussed above for, 7.
haetianus (Figs. 2.5, 2.8). One notable difference is the greater relative height of the
hemapophyses in the anterior caudal vertebrae, versus the condition in 7. haetianus, in which the
hemapophyses are longest in the mid-tail. The reasons for this are uncertain, and further study of
the postcloacal regions is necessary.

Xenopeltis unicolor. The intracolumnar variation shown by X. unicolor is generally
similar to that of both B. constrictor and P. molurus in spite of the ecological differences
between them. However, there are some metrics that are more similar to 4. /ineolatus and are
likely related to its semifossorial lifestyle. Vertebral aspect ratio (CL/NAW; Fig. 2.8A),
discussed above, shows a similar pattern to that of A. /ineolatus of dramatic increase in relative
length in the posterior part of the trunk, albeit to a lesser degree. Also similar in X. unicolor and
A. lineolatus are the relatively low neural spines and hypapophyses (Figs. 2.6, 2.8B, C), though
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the degree of reduction in X. unicolor is less than that in 4. lineolatus. The reduction of the
hypapophyses runs counter to the muscular anatomy of the anterior trunk of X. unicolor, in
which the subvertebral muscle M. rectus capitis anterior is distally extensive, presumably to
facilitate burrowing (Tsuihiji et al., 2012). The detailed morphology of this muscle has not been
described, so this apparent disconnect between myology and osteology remains unexplained.

The accessory processes of X. unicolor also show unique intracolumnar variation relative
to that seen among the other snakes examined. They are relatively longer than those of the other
alethinophidians sampled (again somewhat similar with A. /ineolatus, although not to the same
extent), and furthermore are longest in the posterior trunk, a pattern not seen in any of the other
snakes in this study. These relatively long accessory processes may improve the function of the
lateral trunk flexors (M. longissimus, M. interarticularis superior) in the anterior trunk. This may
be related to an unusual behavior noted in X. unicolor: during forward locomotion, it does not
elevate its head, but rather sweeps it side to side to clear a path (Bergman, 1955). Although
Bergman (1955) did not specify, this presumably applies when the animal is moving through its
typical habitat of loose leaf litter or burrows; in any case, it shows a reliance on lateral
movements of the anterior trunk that may be reflected in the morphology of its vertebrae.

Because X. unicolor is a semifossorial snake, the tail is under different functional
pressures than in the terrestrial alethinophidians, all of which show some degree of prehensility
in their tails (Cope, 1886; McDowell, 1975; Emmons and Gentry, 1983). There is no need for
prehensility in a fossorial environment, so it might be expected that the tail would show
differences from the other three snakes, and perhaps some similarity to the fossorial 4.
lineolatus. However, that is not what occurs; instead, X. unicolor shows patterns of variation that
are similar to the other alethinophidians (Figs. 2.6, 2.8), possibly indicating a phylogenetic
retention.

Python molurus. Most differences between P. molurus and B. constrictor are simply
matters of degrees: for example, the relatively greater height of the hypapophyses and neural
spines shown by B. constrictor (Fig. 2.8B, C). These similarities may reflect phylogenetic
relatedness (see the morphological hypothesis in Fig. 2.1), in addition to the similar functional
demands placed on the column by their similar natural history. There is one feature that shows
different variation in Python, however: the prezygapophyseal accessory processes increase in
relative length at about one-third of precloacal vertebral number in B. constrictor, whereas they
remain at nearly the same relative length throughout the trunk in P. molurus (Fig. 2.8E). This
may reflect a reduced reliance on the prezygapophyseal accessory process to produce the lateral
extension moment of the muscles attached to it, in favor of increasing the size of the entire
prezygapophyseal process. Examination of the widths across the prezygapophyses does in fact
show a greater relative increase at one-third of precloacal vertebral number in P. molurus than in
B. constrictor (Fig. 2.8D), suggesting that these two species have met similar mechanical
demands via slightly different morphological solutions.

Paleontological implications. Previous workers have used ratios of certain vertebral
metrics to quantitatively separate fossil taxa in several extinct ophiofaunas containing multiple
species of closely related snakes (e.g., Auffenberg, 1963; Smith, 1975; Van Devender and Mead,
1978; Meylan, 1982; Szyndlar, 1984; Van Devender et al., 1985). However, the use of such
ratios for this purpose has fallen out of favor. When selecting ratios for their analyses, previous
workers chose those ratios that were thought to vary relatively little along the vertebral column,
and concentrated on ratios calculated from mid-trunk vertebrae (Auffenberg, 1963). This study
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shows that there can be considerable variation throughout even the mid-trunk region of some
snakes; more importantly, it shows that closely related species can overlap considerably in the
magnitudes of these ratios (Fig. 2.8). These results therefore strongly support the notion that
isolated ratios of vertebral metrics should not be used to discriminate between snake taxa,
whether they are extant or extinct.

There are many qualitative morphological characters that can be used to assess the
intracolumnar position of isolated vertebrae (Auffenberg, 1963; LaDuke, 1991a). In addition,
vertebrae can be placed within the column by use of maximum likelihood analysis of shape
(Polly and Head, 2004). The addition of the data in this and future such studies can potentially
strengthen these approaches by allowing them to be tailored more specifically to appropriate
taxonomic or ecological groups. In addition, knowledge of how individual features vary both
absolutely and with respect to other components of the vertebrae can help to approximate the
position of poorly preserved specimens that are missing the diagnostic features for a particular
vertebral region, and that are therefore not conducive to shape analysis.

Conclusions

Intracolumnar variation in vertebral morphology has long been recognized as an
important phenomenon in snake biology, particularly with respect to the fossil record
(Auffenberg, 1963; Rage, 1984; Szyndlar, 1984; LaDuke, 1991a). This study adds to our
understanding of intracolumnar variation by measuring over 20 features on every vertebra
throughout the column in five basal snakes. The results show that there are patterns of potential
functional significance in the way that vertebral morphology varies, particularly in the relative
lengths of processes for muscular attachment, which show reasonably consistent patterns across
the alethinophidian taxa examined here. This study also highlights some major differences that
exist, particularly between the scolecophidians Afrotyphlops lineolatus and the alethinophidians
sampled herein, but also within Alethinophidia.

This study also highlights the difficulties associated with identifying isolated vertebrae,
particularly if they come from extinct species for which intracolumnar variation is poorly
understood or unknown. Overlapping values for certain ratios as well as those for raw
measurements makes quantitative separation of taxa difficult, if not impossible. However, when
combined with qualitative observations of isolated fossil vertebrae, measurements may help to
define or refine vertebral position. As more extant snakes are studied, correlations related to
behavior and ecology may become more readily apparent, and aspects of the paleobiology of
extinct snakes may become better understood.
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Table 2.1. Regional vertebral counts for the snakes examined in this study. Boa constrictor and
Python molurus are lacking at least the terminal vertebra.

Specimen Species Trunk Cloacal Caudal Total
pecime P (% total) (% total) (% total)
NJK S-Al10-D1
Afrotyphlops 504 93 304 5(2.3%) 12 (5.4%) 221
lineolatus
NJK S-Th09-D1 dophi
Tropidophis 183 (80.6%) 3 (1.3%) 41 (18.1%) 227
haetianus
YPM R 12323 Boa 24 o o o
; 8 (81.0%) 7(2.3%)  50+(16.3%) 306+
constrictor
NJK S-Xu09-D1 -
Y Xenopeltis 182 (84.3%) 4 (1.9%) 29(13.4%) 216
unicolor
YPM R 12545
Python 271 (79.2%) 5(1.5%)  66+(19.3%) 342+
molurus
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Table 2.2. Descriptions of measurements recorded in this study. See also Figure 2.2.

Measurement

Abbreviation Description

Centrum length

Condyle height
Condyle width

Cotyle height

Cotyle width
Hypapophyseal/hemal
keel height

Hemapophyseal height

Neural arch width
Neural spine base
length

Neural spine height

Neural spine tip length

Postzygapophyseal
facet length
Postzygapophyseal
facet width
Prezygapophyseal
facet length
Prezygapophyseal
facet width
Interzygapophyseal
distance

Synapophyseal height

Trans-accessory
process width
Trans-
postzygapophyseal
width

CL
CnH
CnW
CtH

CtW
HH

HeH

NAW
NBL

NH

NTL

PoFL

PoFW

PrFL

PrFW

PrPo

TAPW

TPoW

Midline length of centrum from ventral lip of cotyle
to posteriormost point on condyle*

Vertical height of condyle®

Maximum width of condyle®

Midline height of cotyle'

Maximum width of cotyle'

By calipers, obtained by subtracting condyle height
from vertical height between dorsal edge of condyle
and ventral edge of hypapophysis or hemal keel,
from photographs, vertical distance between ventral
edge of condyle and ventral edge of hypapophysis or
hemal keel”

By calipers, obtained by subtracting condyle height
from vertical height between dorsal edge of condyle
and ventral edge of hemapophysis; from
photographs, vertical distance between ventral edge
of condyle and ventral edge of hemapophysis”
Minimum width of neural arch’

Anteroposterior length of neural spine just dorsal to
roof of zygantrum®

Vertical distance between dorsal edge of
zygosphenal facet and dorsal edge of neural spine”
Anteroposterior length of neural spine measured
along dorsal edge’

Length of major axis of facet’

Length of minor axis of facet, measured at midpoint
of major axis of facet’
Length of major axis of facet’

Length of minor axis of facet, measured at midpoint
of major axis of facet’

Distance between anteriormost edge of
prezygapophyseal facet and posteriormost edge of
postzygapophyseal facet®

Distance between dorsal edge of parapophysis and
ventral edge of diapophysis, measured along major
axis of synapophyseal facet'

Maximum width across prezygapophyses (including
the accessory processes)'”

Maximum width across postzygapophyseal facets*
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Table 2.2 (Continued). Descriptions of measurements recorded in this study. See also Figure
2.2.

Measurement Abbreviation Description

Trans- TPrW Maximum width across prezygapophyseal facets’
prezygapophyseal

width

Trans-pleurapophyseal TPW Maximum width across pleurapophyses of caudal
width vertebrae'

Trans-zygosphenal TZW Maximum distance between dorsal edges of
width zygosphenal facets'

"Measurement made in anterior view; “Measurement made in lateral view; Measurement made in dorsal view;
*Measurement made in ventral view.
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Figure 2.1. The phylogenetic relationships of the snakes in this study. The middle columns
provide the typical habitat preference and diet for each species, and indicate whether they use
constriction as a method of prey subjugation. F, fossorial; T, terrestrial.
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Figure 2.2. The 22 measurements taken in this study, illustrated on standardized anatomical
views of representative vertebrae of an adult Boa constrictor (YMP R 12323). A. Anterior views
of anterior trunk (left) and caudal (right) vertebrae. B. Lateral views of anterior trunk (left) and
caudal (right) vertebrae. C. Dorsal view of a mid-trunk vertebra. D. Ventral view of a mid-trunk
vertebra. See Table 2.2 for more information. CL, centrum length; CnH, condyle height; CaW,
condyle width; CtH, cotyle height; CtW, cotyle width; HH, hypapophyseal height; HeH,
hemapophyseal height; NAW, neural arch width; NBL, neural spine base length; NH, neural
spine height; NTL, neural spine tip length; PoFL, postzygapophyseal facet length; PoFW,
postzygapophyseal facet width; PrFL, prezygapophyseal facet length; PrFW, prezygapophyseal
facet width; PrPo, interzygapophyseal distance; SH, synapophyseal height; TAPW, trans-
accessory process width; TPoW, trans-postzygapophyseal width; TPrW, trans-prezygapophsyeal
width; TPW, trans-pleurapophyseal width; TZW, trans-zygosphenal width.
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Figure 2.3. Summary of intracolumnar variation in vertebral morphology in Afrotyphlops
lineolatus (NJK S-Al10-D1). Note that the photographed postcloacal vertebrae are taken from a
similarly sized specimen (NJK S-Al11-D1), but that that measurements were made only on NJK

S-Al10-D1. Photographs of representative vertebrae from each region of the vertebral column
(above) are shown in anterior (A), left lateral (B), dorsal (C), and ventral (D) views, together
with plots of standardized measurements taken throughout the column in each of these views

(below). Above and below the photographs of each representative vertebra are its regional

classification and absolute numerical identity (as counted from the atlas posteriorly),
respectively. In the Cartesian plots, the absolute magnitude of each measurement (y-axis) is
plotted against the relative anteroposterior position of the vertebra on which the measurement
was taken (x-axis), with the latter expressed as a percentage of the total number of precloacal
vertebrae. See Figure 2.2 and Table 2.2 for additional explanations of the plotted measurements.

AT, anterior trunk; Ax, axis; Ca, caudal; CL, centrum length; CnH, condyle height; CaW,
condyle width; Co, cloacal; CtH, cotyle height; CtW, cotyle width; HH, hypapophyseal height;
MT, mid-trunk; NAW, neural arch width; Pc, precloacal; PoFL, postzygapophyseal facet length;

PoFW, postzygapophyseal facet width; PrFL, prezygapophyseal facet length; PrFW,
prezygapophyseal facet width; PrPo, interzygapophyseal distance; PT, posterior trunk; SH,
synapophyseal height; TAPW, trans-accessory process width; TPoW, trans-postzygapophyseal
width; TPrW, trans-prezygapophsyeal width; TZW, trans-zygosphenal width.
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Figure 2.4. Summary of intracolumnar variation in vertebral morphology in Tropidophis
haetianus (NJK S-Th09-D1). Photographs of representative vertebrae from each region of the
vertebral column (above) are shown in anterior (A), left lateral (B), dorsal (C), and ventral (D)

views, together with plots of standardized measurements taken throughout the column in each of
these views (below). Above and below the photographs of each representative vertebra are its
regional classification and absolute numerical identity (as counted from the atlas posteriorly),
respectively. In the Cartesian plots, the absolute magnitude of each measurement (y-axis) is
plotted against the relative anteroposterior position of the vertebra on which the measurement
was taken (x-axis), with the latter expressed as a percentage of the total number of precloacal
vertebrae. See Figure 2.2 and Table 2.2 for additional explanations of the plotted measurements.

AT, anterior trunk; Ax, axis; Ca, caudal; CL, centrum length; CnH, condyle height; CaW,
condyle width; Co, cloacal; CtH, cotyle height; CtW, cotyle width; HH, hypapophyseal height;

HeH, hemapophyseal height; MT, mid-trunk; NAW, neural arch width; NBL, neural spine base
length; NH, neural spine height; NTL, neural spine tip length; Pc, precloacal; PoFL,
postzygapophyseal facet length; PoOFW, postzygapophyseal facet width; PrFL, prezygapophyseal
facet length; PrFW, prezygapophyseal facet width; PrPo, interzygapophyseal distance; PT,
posterior trunk; SH, synapophyseal height; TAPW, trans-accessory process width; TPoW, trans-
postzygapophyseal width; TPrW, trans-prezygapophsyeal width; TPW, trans-pleurapophyseal
width; TZW, trans-zygosphenal width.
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Figure 2.5. Summary of intracolumnar variation in vertebral morphology in Boa constrictor
(YPM R 12323). Photographs of representative vertebrae from each region of the vertebral
column (above) are shown in anterior (A), left lateral (B), dorsal (C), and ventral (D) views,
together with plots of standardized measurements taken throughout the column in each of these
views (below). Above and below the photographs of each representative vertebra are its regional
classification and absolute numerical identity (as counted from the atlas posteriorly),
respectively. In the Cartesian plots, the absolute magnitude of each measurement (y-axis) is
plotted against the relative anteroposterior position of the vertebra on which the measurement
was taken (x-axis), with the latter expressed as a percentage of the total number of precloacal
vertebrae. See Figure 2.2 and Table 2.2 for additional explanations of the plotted measurements.
AT, anterior trunk; Ax, axis; Ca, caudal; CL, centrum length; CnH, condyle height; CaW,
condyle width; Co, cloacal; CtH, cotyle height; CtW, cotyle width; HH, hypapophyseal height;
HeH, hemapophyseal height; MT, mid-trunk; NAW, neural arch width; NBL, neural spine base
length; NH, neural spine height; NTL, neural spine tip length; Pc, precloacal; PoFL,
postzygapophyseal facet length; PoOFW, postzygapophyseal facet width; PrFL, prezygapophyseal
facet length; PrFW, prezygapophyseal facet width; PrPo, interzygapophyseal distance; PT,
posterior trunk; SH, synapophyseal height; TAPW, trans-accessory process width; TPoW, trans-
postzygapophyseal width; TPrW, trans-prezygapophsyeal width; TPW, trans-pleurapophyseal
width; TZW, trans-zygosphenal width.
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Figure 2.6. Summary of intracolumnar variation in vertebral morphology in Xenopeltis unicolor
(NJK S-Xu09-D1). Photographs of representative vertebrae from each region of the vertebral
column (above) are shown in anterior (A), left lateral (B), dorsal (C), and ventral (D) views,

together with plots of standardized measurements taken throughout the column in each of these

views (below). Above and below the photographs of each representative vertebra are its regional
classification and absolute numerical identity (as counted from the atlas posteriorly),
respectively. In the Cartesian plots, the absolute magnitude of each measurement (y-axis) is
plotted against the relative anteroposterior position of the vertebra on which the measurement
was taken (x-axis), with the latter expressed as a percentage of the total number of precloacal
vertebrae. The height and shape of the neural spines caused the metrics neural spine base length
(NBL) and neural spine tip length (NTL) to become effectively indistinguishable beyond
approximately 25% of precloacal vertebral number, and thus only tip lengths were recorded
posterior to this point. See Figure 2.2 and Table 2.2 for additional explanations of the plotted
measurements. AT, anterior trunk; Ax, axis; Ca, caudal; CL, centrum length; CnH, condyle
height; CnW, condyle width; Co, cloacal; CtH, cotyle height; CtW, cotyle width; HH,
hypapophyseal height; HeH, hemapophyseal height; MT, mid-trunk; NAW, neural arch width;
NBL, neural spine base length; NH, neural spine height; NTL, neural spine tip length; Pc,
precloacal; PoFL, postzygapophyseal facet length; POFW, postzygapophyseal facet width; PrFL,
prezygapophyseal facet length; PrFW, prezygapophyseal facet width; PrPo, interzygapophyseal
distance; PT, posterior trunk; SH, synapophyseal height; TAPW, trans-accessory process width;
TPoW, trans-postzygapophyseal width; TPrW, trans-prezygapophsyeal width; TPW, trans-
pleurapophyseal width; TZW, trans-zygosphenal width.
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Figure 2.7. Summary of intracolumnar variation in vertebral morphology in Python molurus
(YPM R 12545). Photographs of representative vertebrae from each region of the vertebral
column (above) are shown in anterior (A), left lateral (B), dorsal (C), and ventral (D) views,

together with plots of standardized measurements taken throughout the column in each of these
views (below). Above and below the photographs of each representative vertebra are its regional
classification and absolute numerical identity (as counted from the atlas posteriorly),
respectively. In the Cartesian plots, the absolute magnitude of each measurement (y-axis) is
plotted against the relative anteroposterior position of the vertebra on which the measurement
was taken (x-axis), with the latter expressed as a percentage of the total number of precloacal
vertebrae. See Figure 2.2 and Table 2.2 for additional explanations of the plotted measurements.
AT, anterior trunk; Ax, axis; Ca, caudal; CL, centrum length; CnH, condyle height; CaW,
condyle width; Co, cloacal; CtH, cotyle height; CtW, cotyle width; HH, hypapophyseal height;
HeH, hemapophyseal height; MT, mid-trunk; NAW, neural arch width; NBL, neural spine base
length; NH, neural spine height; NTL, neural spine tip length; Pc, precloacal; PoFL,
postzygapophyseal facet length; PoOFW, postzygapophyseal facet width; PrFL, prezygapophyseal
facet length; PrFW, prezygapophyseal facet width; PrPo, interzygapophyseal distance; PT,
posterior trunk; SH, synapophyseal height; TAPW, trans-accessory process width; TPoW, trans-
postzygapophyseal width; TPrW, trans-prezygapophsyeal width; TPW, trans-pleurapophyseal
width; TZW, trans-zygosphenal width.
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Figure 2.8. Intracolumnar variation in five ratios describing relative vertebral proportions among
the snakes sampled in this study. The value of each ratio (y-axis) is plotted against the relative
anteroposterior position of the vertebra from which the constituent measurements were taken (x-
axis), with the latter expressed as a percentage of the total number of precloacal vertebrae. (A)
Overall vertebral aspect ratio, as represented by the ratio of centrum length (CL) to neural arch
width (NAW). (B) Relative height of the neural spine, as represented by the ratio of neural spine
height (NH) to cotylar height (CtH). (C) Relative height of the ventral process on the centrum, as
represented by the ratio of hypapophyseal height/hemal keel (HH) to cotylar height (CtH) in the
trunk, and hemapophyseal height (HeH) to cotylar height (CtH) in the postcloacal regions.
Postcloacal values are the ratio of hemapophyseal height to cotylar height. (D) Relative width of
the prezygapophyses, as represented by the ratio of trans-prezygapophyseal width (TPrW) and
cotylar width (CtW). (E) Relative length of the prezygapophyseal accessory processes, as
represented by the ratio of accessory process length (APL) to cotylar width (CtW). For
definitions of the measurements upon which these ratios are based, see Figure 2.2 and Table 2.2.
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Chapter 3

Regional vertebral morphology and intracolumnar variation in advanced snakes (Reptilia,
Serpentes, Caenophidia)

Abstract

Snakes have hundreds of morphologically similar vertebrae in their axial columns. The
variation within the column of individual snakes is subtle and potentially a confounding factor in
studies of paleontology or functional morphology. There have been few investigations of
regional morphological variation within the vertebral column of advanced snakes (Caenophidia).
This study describes and quantifies intracolumnar variation by means of a series of 22
measurements taken on every vertebra throughout the vertebral column in four caenophidian
species. All of the snakes measured show regionalization in neural spine and hypapophyseal
heights, which are greatest in the anterior trunk. The pattern of variation in vertebral aspect ratio
differs between the species in this study, with Acrochordus javanicus and Nerodia taxispilota
showing patterns seen in booids, and Pituophis melanoleucus and Lieoheterodon
madagascariensis showing little change through the column. In general, P. melanoleucus and L.
madagascariensis show comparatively less regionalization than A4. javanicus and N. taxispilota.
The persistence of distinct vertebral regions in the latter two taxa indicates that homogenization
of the vertebral column is not universal among advanced snakes, and additional studies of a
broader diversity of caenophidians may help to further elucidate the ecomorphological
importance of these patterns. It also suggests that homogenous vertebral columns have evolved
multiple times in Serpentes. The regionalized nature of the column in these advanced snakes also
warrants caution for paleontologists attempting to identify taxa in an extinct assemblage.

Introduction

Caenophidia represents one of the largest extant radiations of snakes, with approximately
2400 species currently recognized (Vidal et al., 2007b). Fossil evidence shows an early
appearance of the clade in the Late Cretaceous (Rage and Werner, 1999), but they did not
become dominant in snake faunas until the middle of the Cenozoic (Tihen, 1964; Estes, 1970;
Szyndlar and Schleich, 1993; Ivanov, 2000, 2001). This diversification and faunal succession
appears to have been largely correlated with the evolution of venom-delivery systems. Venom in
turn freed the trunk from its functional role in constriction and thus facilitated morphological
specialization for rapid, lateral undulatory locomotion (Savitzky, 1980; Kuch et al., 2005).
Caenophidians subsequently outcompeted basal snakes, typically ‘sit-and-wait’ ambush
predators, in the open habitats created by the expansion of grasslands in the Miocene (Savitzky,
1980). Differences in the functional requirements of caenophidian vertebrae versus those of basal
snakes may be reflected in differences in vertebral morphology. Differing functional
requirements also may affect the variation in morphology exhibited along an anteroposterior
gradient throughout the vertebral column as a whole.

Previous studies have highlighted several aspects of vertebral morphology that have been
interpreted as reflecting differences in the natural histories of caenophidians relative to those of
basal snakes. Caenophidians appear to have fewer, more elongate vertebrae than basal snakes
(Savitzky, 1980). The greater number of vertebrae among the latter, most of which are
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constrictors, has been hypothesized to facilitate efficient constriction by reducing the minimum
radii of their body coils (Savitzky, 1980; Jayne, 1982; Lindell, 1994). Furthermore, the tendons
of the epaxial muscles primarily responsible for powering lateral undulation are longer
caenophidians than in basal snakes, which improves the mechanical advantage of these muscles
for producing lateral undulation without greatly increasing mass (Ruben, 1977; Jayne, 1982).

Morphological variation within the vertebral column has been described qualitatively for
North American colubrid caenophidians (LaDuke, 1991a). Many of the region-specific features
noted in these North American species have been observed subsequently in other snakes from
different parts of the world and representing other families within Serpentes (e.g., Head, 2005;
LaDuke et al., 2010). However, relatively few quantitative studies of intracolumnar variation in
caenophidians have been published. In the first of these, one focusing on the acrochordid
Acrochordus javanicus, extensive comparisons could not be made with other snakes at the time
due to a lack of data (Hoffstetter and Gayrard, 1964). The first comparative study of
caenophidian snakes was of two species of viperids, with the aim of differentiating species
within that family (Brattstrom, 1964). Subsequent work by Thireau (1967a, b) expanded the
collective comparative sample to include an aquatic elapid, two additional viperids, and the
atractaspidine Atractaspis atterima. These last two studies found numerous differences among
the four species studied, with the fossorial A. aterrima standing out particularly as varying little
through the precloacal column, except in measurements of the hypapophyses and neural spines
(Thireau, 1967b). However, differences in measurement techniques limit the comparability of
data derived from these studies. Since then, limited studies of the variation in a few metrics
throughout the column have been expanded to include terrestrial elapids (Smith, 1975) and
several European colubrids and viperids (Szyndlar, 1984).

Intracolumnar variation in vertebral morphology is of potential interest to both functional
morphologists and paleontologists. Previous work has suggested that behavioral differences are
reflected, at least in part, in the morphology of individual vertebrae (Johnson, 1955; Baszio,
2005). Regional differentiation of the vertebral column has also been linked to behavioral
differences. Gasc (1974) suggested that caenophidians with a flexible anterior trunk used in
rapid, powerful strikes have longer prezygapophyseal accessory processes in that region than
those taxa with a more rigid anterior trunk that do not strike. Moon (1999) showed that variation
in vertebral morphology allows different degrees of rotation along the column. In addition to
these possible functional correlations, the identification of patterns of variation throughout the
column of caenophidians, snakes considered to have relatively little variation in the column, may
help in the assignation of isolated vertebral fossils to appropriate regions in the column,
particularly in cases in which there are multiple taxa in an assemblage.

The purpose of this study is to quantify intracolumnar variation in a sample of four
caenophidian snakes. To facilitate comparisons, the measurements made are the same as those
reported by McCartney (Chapter 2) for basal (i.e., non-caenophidian) snakes. The snakes
sampled in this study come from the family Acrochordidae and three subfamilies of the
superfamily Colubroidea (Fig. 3.1). The acrochordid, Acrochordus javanicus, has been measured
previously (Hoffstetter and Gayrard, 1964), and thus its inclusion in this study is anticipated to
shed some light on the degree to which patterns of intracolumnar variation may themselves vary
within species.
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Materials and Methods

The specimens included in this study are all caenophidian snakes, including one
acrochordid and three colubroids (Fig. 3.1). The acrochordid, Acrochordus javanicus, is a
freshwater aquatic snake that is known to use its coils to hold or constrict fish prey (Dowling,
1960; Greene and Burghardt, 1978; Lillywhite, 1996), although the kinematic details of this
behavior are largely unstudied. Acrochordidae is the sister group to all other caenophidians,
collectively known as Colubroidea (e.g., Lee and Scanlon, 2002; Kelly et al., 2003; Lawson et
al., 2005; Vidal et al., 2007b; Wiens et al., 2008; Pyron et al., 2011; Pyron and Burbrink, 2012;
Pyron et al., 2013a). The sample includes two members of the family Colubridae, and one of the
family Lamprophiidae. The colubrids include the colubrine Pituophis melanoleucus, a terrestrial
constrictor that feeds on vertebrates, primarily mammals (Hamilton and Pollack, 1956; de
Queiroz, 1984; Diller and Wallace, 1996). The natricine colubrid Nerodia taxispilota is a
freshwater aquatic piscivore that does not constrict (Hamilton and Pollack, 1956; Camp et al.,
1980; Gibbon and Dorcas, 2004). It also has a proclivity toward arboreality (Gibbon and Dorcas,
2004). The last snake included in this study, the pseudoxyrhophiine lamprophiid Leioheterodon
madagascariensis, is a venomous snake that feeds on vertebrate prey, using constriction for
larger food (Conant, 1938; Mori and Randriamahazo, 2002; Cadle, 2003).

The vertebral measurements reported in this study were taken on four specimens, one per
species (Table 3.1). One of them (NJK S-Lm09-D1, Leioheterodon madagascariensis) was
prepared specifically for this study from a previously frozen, fully intact specimen. It was
prepared by first disarticulating the craniovertebral joint and the posteriormost intervertebral
joint (i.e., that between the last unfused caudal vertebra and the fused terminal caudal vertebrae)
and then passing a thin, stiff wire down the length of the neural canal. The specimen was
subsequently macerated in water at room temperature for several weeks, which ultimately
yielded a completely cleaned skeletal specimen in which vertebral order was fully maintained.
This specimen is currently held in the personal research collection of Nathan J. Kley (NJK). The
remaining specimens (YPM R 12192, Acrochordus javanicus; YPM R 10679, Pituophis
melanoleucus; YPM R 10601, Nerodia taxispilota) were selected for this study because they
were already cleanly prepared with their vertebral order maintained. These specimens are held in
the collections at the Yale Peabody Museum (YPM). Additional specimen photographed was
Pituophis melanoleucus (YPM R 16559).

A series of 20 measurements was made on every vertebra throughout the vertebral
column (Table 3.2, Fig. 3.2; for additional details, see McCartney, in prep.). Two of these
measurements were replaced by alternative metrics in postcloacal vertebrae due to regional
differences in morphology, giving a total of 22 measurements. Larger specimens were measured
with digital calipers to the nearest 0.1 mm. Smaller specimens were measured from digital
photomicrographs captured using an Axiocam MRc camera coupled to a Zeiss Discovery.V12
stereo dissecting microscope. Measurements were made from these photomicrographs using
Zeiss Axiovision software (v. 4.4.1.0; Zeiss, 2002—2005) to the nearest 0.1 mm. This software is
integrated with the microscope’s control mechanism, allowing accurate measurements to be
made based on the focal plane of the microscope. Bilateral structures were measured on the left
side whenever possible. However, exceptions to this general convention were sometimes made in
cases of damaged specimens or those deformed by pathologies. The atlas and axis are
morphologically distinct from all succeeding vertebrae and, as such, do not reflect many of the
metrics measured elsewhere throughout the column. Only a few metrics (i.e., measurements of
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the condyle, neural spine, hypapophysis, and postzygapophyses) were recorded for the axis, and
none were recorded for the atlas. Detailed descriptions of the measurements made are given in
Table 3.2 and Figure 3.2. Specimens were oriented following the standards described by
McCartney (Chapter 2) and, as in that study, a series of ratios was derived from the raw
morphometric data to examine changes in the relative sizes of certain features of the vertebrae
throughout the column.

Results

Three of the four snakes measured in this study have similar total vertebral numbers
(Table 3.1). Acrochordus javanicus has a total of 274 vertebrae, of which 193 are precloacal
(70.4% of the total number of vertebrae), and 81 cloacal and caudal vertebrae (often referred to
as postcloacal vertebrae; 29.6% of the total number of vertebrae). Pituophis melanoleucus has a
similar total of 273+ vertebrae (at least the terminal vertebra is missing). The number of
precloacal vertebrae is 207 (75.8% of the total number of vertebrae), and there are at least 66
postcloacal vertebrae (22.3% of the total number of vertebrae). Nerodia taxispilota has the
fewest vertebrae, with only 205+ (at least the terminal vertebra is missing). Of these, only 137
are precloacal vertebrae (66.8% of the total number of vertebrae), and at least 68 are postcloacal
(33.2% of the total number of vertebrae). Leioheterodon madagascariensis has 279 vertebrae, of
which 209 are precloacal (74.9% of the total number of vertebrae), and 70 postcloacal (25.1% of
the total number of vertebrae).

The data for each snake measured in this study are presented in Figures 3.3-3.6, in which
each individual measurement is plotted by its serial position along the vertebral column
(expressed as a percentage of total precloacal vertebral number). In addition, Table 3.3 gives the
vertebral position at which each metric reaches its maximum value in each snake. All of the
snakes show minor stochastic variations in the measurements from vertebra to vertebra,
superimposed upon the broader patterns that become clearly visible when these measurements
are plotted across the entire length of the vertebral column. This localized, low-amplitude ‘noise’
in the data is attributable to a number of factors, including natural variation and measurement
error. These variations are for the most part minor and do not mask broader patterns of regional
variation.

Acrochordus javanicus. In the trunk of the acrochordid 4. javanicus (Fig. 3.3), most
vertebral metrics reach their maximal values between 40—-60% of precloacal vertebral number,
including measurements of both width and length (Table 3.3). The width metrics (NAW, TAPW,
TPoW, TPrW; Fig. 3.3A, C) peak near 40% of precloacal vertebral number, whereas vertebral
length metrics (CL, PrPo; Fig. 3.3C, D) peak posterior to the midpoint of the column (about 52%
and 58%, respectively). This positional differential between width and length maxima, combined
with a more rapid decline in vertebral width versus length posterior to these maxima, results in a
change in overall vertebral aspect ratio toward relatively longer vertebrae throughout the mid-
and posterior trunk regions (Fig. 3.7A). In contrast, the height of the hypapophyses (HH; Fig.
3.3B) reaches its maximum in the anterior trunk, at about 27% of precloacal vertebral number.
Neural spine height (NH; Fig. 3.3B) also peaks in the anterior trunk, although at 37% it is close
to the region where many width metrics peak. Both features are also relatively highest in the
anterior trunk (Fig. 3.7B, C). The relative width across the prezygapophyses (TPrW; Fig. 3.7D)
is greatest in the anterior trunk. From about 45% of precloacal vertebral number to about 60%
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there is a rapid decline in this metric, but posterior to that point the width is stable. Some of the
decline in the relative width across the prezygapophyses that occurs farther posteriorly may be
explained by the widening of the cotyles (CtW; Fig. 3.3A) that occurs through the column, and
which continues well beyond mid-trunk. The prezygapophyseal accessory processes show the
opposite pattern, becoming relatively longer through the anterior and mid-trunk regions (Fig.
3.7E); however, compared to the other snakes examined in this study, these processes remain
relatively short throughout the column in 4. javanicus.

In the postcloacal regions, most vertebral features decrease in size, although some show
local maxima in the anterior tail (Fig. 3.3). As is the case for all squamates, the cloacal region in
A. javanicus is characterized by a rapid decrease in vertebral length as reflected not only in
absolute measurements (CL, PrPo; Fig. 3.3C, D), but in relative ones as well (e.g., CL/NAW;
Fig. 3.7A). In contrast, the relative heights of the neural spines increase in this region, continuing
a trend seen in the posterior trunk (Fig. 3.7B). A similar trend is seen hypapophyseal height
throughout the posterior trunk and anterior portion of the cloacal region (Fig. 3.7C); however,
the hypapophyses decline rapidly in both absolute and relative size before being replaced by
hemapophyses in the tail (Fig. 3.7C). The relative lengths of the accessory processes decline
throughout the tail (Fig. 3.7E).

Pituophis melanoleucus. In the trunk of the colubrine P. melanoleucus (Fig. 3.4), most
vertebral features again reach their maximum sizes between 40—60% of precloacal vertebral
number (Table 3.3). Moreover, many vertebral metrics vary in concert across the trunk, such that
overall vertebral proportions remain relatively constant throughout much of the precloacal
column; vertebral aspect ratio, for instance, remains nearly uniform throughout most of the trunk
(CL/NAW; Fig. 3.7A). Only the two metrics neural spine height and hypapophyseal height (NH,
HH; Fig. 3.4B) reach their maxima in the anterior trunk, at approximately 23% and 14% of
precloacal vertebral number respectively (Table 3.3). The relative height of both processes is
greatest in the anterior trunk, with a local maximum in the cloacal region (Fig. 3.7B, C).
However, the hypapophyses show a more precipitous decline in relative height, being replaced at
about 25% of precloacal vertebral number by low hemal keels that persist throughout the mid-
and posterior trunk (Fig. 3.7C). The relative widths across the pre- and postzygapophyses
(TPrW, TPoW; Fig. 3.4A, C) show little change throughout the precloacal column (Fig. 3.7D).
In contrast, the prezygapophyseal accessory processes increase dramatically in their relative
lengths throughout the anterior trunk, peaking at about 40% of precloacal vertebral number (Fig.
3.7E). These processes become relatively shorter through the remainder of the trunk.

Pituophis melanoleucus shows similar patterns in the cloacal and caudal regions to those
seen in A. javanicus. The most notable differences present in P. melanoleucus include an
increase in the width of the zygosphene at the cloaca (TZW; Fig. 3.4A), similar to the condition
seen in Boa constrictor (see Chapter 2). Also notable in P. melanoleucus are the relative lengths
of the prezygapophyseal accessory processes (APL; Fig. 3.7E), which are considerably reduced
in the tail as compared to those of the trunk.

Nerodia taxispilota. The natricine colubrid N. taxispilota (Fig. 3.5) is similar to 4.
Jjavanicus and P. melanoleucus in that the majority of recorded vertebral metrics reach their
maximal values in the trunk within 40—60% of precloacal vertebral number (Table 3.3). As in 4.
Jjavanicus, a mismatch in the position of the peaks of length measurements and width
measurements contributes to a change in the vertebral aspect ratio (CL/NAW; Fig. 3.7A), such
that the vertebrae are notably longer than they are wide in the posterior trunk. A notable
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difference from A. javanicus in this ratio is the extremely elongate vertebrae present in the
anterior trunk (Fig. 3.7A), so that only the vertebrae near the transition between anterior and
mid-trunk (i.e., between about 25% and 50% of precloacal vertebral number) are nearly equal in
length and width. The heights of the neural spines and hypapophyses reach their maxima in the
anterior trunk, as in both 4. javanicus and P. melanoleucus (NH, HH; Fig. 3.5B, Table 3.3). The
relative heights of both the neural spines and hypapophyses also peak far anteriorly, before
declining steadily throughout the anterior trunk (Fig. 3.7B, C). Farther posteriorly, the former
decline through the mid-trunk region and then remain nearly constant through the posterior trunk
(Fig. 3.7B), whereas the latter remain nearly constant throughout both the mid- and posterior
trunk regions (Fig. 3.7C). The widths across the pre- and postzygapophyses (TPrW, TPoW; Fig.
3.5A, C) are greatest at approximately 39% of precloacal vertebral number (Table 3.3). In
contrast to the condition seen in 4. javanicus and P. melanoleucus, the relative width across the
prezygapophyses is lower in the anterior trunk than in the mid- and posterior trunk (TPrW/CTW;
Fig. 3.7D). The prezygapophyseal accessory processes exhibit an abrupt increase and resultant
peak in relative length in the anterior trunk region before declining more or less steadily
throughout the remainder of the trunk (Fig. 3.7E).

The cloacal and caudal vertebrae of N. taxispilota show similar patterns of variation to
both A. javanicus and P. melanoleucus (Fig. 3.7). The most notable feature of the tail of N.
taxispilota is the number of vertebrae it contains, with almost half as many vertebrae in the tail as
in the trunk, considerably more than are present in the other snakes in this sample. Also notable
is the sudden decrease in size of the prezygapophyseal accessory processes (Fig. 3.5A; Fig. 3.7E)
at the cloaca, to the extent that in middle caudal vertebrae they do not project laterally as far as
the prezygapophyseal facets (Fig. 3.5A, 3.7E).

Leioheterodon madagascariensis. The pseudoxyrhophiine lamprophiid L.
madagascariensis (Fig. 3.6) generally shows parabolic patterns of intracolumnar variation for
most vertebral metrics in the trunk, although several measurements peak in the anterior 40% of
the column. Among the latter is centrum length (CL; Fig. 3.6D), which peaks at about 38% of
precloacal vertebral number (Table 3.3). In contrast, neural arch width (NAW; Fig. 3.6C) peaks
farther posteriorly at the approximate mid-point of the column (Table 3.3). This, combined with
a greater decrease in neural arch width versus centrum length in the posterior trunk, contributes
to a weakly bimodal distribution for the vertebral aspect ratio, though to a lesser degree than that
of N. taxispilota (CL/NAW; Fig. 3.7A). Both the neural spines and hypapophyses also reach
their maximum heights in the anterior trunk, at about 12% and 10% of precloacal vertebral
number, respectively (Fig. 3.6B, Table 3.3). The greatest relative heights of both processes are
also attained in the anteriormost part of the trunk before steeply declining across the rest of the
anterior trunk; throughout the mid- and posterior trunk regions, the relative heights of both
processes are comparatively far more uniform (Fig. 3.7B, C). The absolute widths across the
zygapophyses reach their maxima at just over 40% of precloacal vertebral number (TPrW,
TPoW; Fig. 3.6A, C; Table 3.3). The prezygapophyseal accessory processes show a steep
increase in relative length in the anteriormost part of the trunk and an abrupt decrease near the
cloaca; between these two points they remain far more uniform in relative size, exhibiting only a
slight increase in length throughout the mid- and posterior trunk regions (Fig. 3.7E).

The postcloacal regions generally show similar patterns to the other snakes in this study.
The cloacal region is similar to those of the other taxa examined in this study in having relatively
anteroposteriorly short vertebrae (CL, PrPo, CL/NAW; Figs. 3.6C, D, 3.7A), with a subsequent
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increase in relative vertebral length throughout the tail. A notable difference from the other
snakes included in this study is an abrupt increase in the width across the zygapophyses (TPrW,
TPoW; Fig. 3.6A, C) in the cloacal region. The tail is also characterized by hemapophyses that
are relatively longer in mid-tail vertebrae than are the hypapophyses in the anterior trunk (Fig.
3.7C). The prezygapophyseal accessory processes show similar patterns of decline to those of 4.
Jjavanicus and P. melanoleucus (Fig. 3.7E).

Discussion

Schaal et al. (2005) have previously discussed the patterns of intracolumnar variation in
Boa constrictor as conforming to four general types. However, the addition of new species to the
collective dataset blurs the boundaries of these types and, as with basal snakes (see Chapter 2),
the curves generated from the measurements in this study are best viewed in light of their
conformation to a parabolic pattern (Figs. 3.2-3.6). This is the expected pattern in a column that
is composed of a string of vertebrae that tapers at both ends. Such a pattern indicates that a given
vertebral feature is largest near the midpoint of the trunk, and smaller at either end. A snake with
identical parabolic curves for all vertebral metrics would be proportionally similar throughout the
trunk. Deviations from parabolic patterns may be indicative of either functional adaptation or
plesiomorphic regionalization (see Chapter 2).

Acrochordus javanicus. Intracolumnar variation in vertebral morphology has been
described previously for 4. javanicus (Hoffstetter and Gayrard, 1964), and measurements
common to both that study and this one generally show strong correspondence. A notable
difference is the ratio of centrum length to neural arch width (CL/NAW; Fig. 3.3C, D, 3.7A). In
both studies, the vertebrae of 4. javanicus are found to be relatively wide in the anterior trunk
(i.e., low CL/NAW values); however, in this study, the relationship between these metrics was
found to change such that the vertebrae become longer than wide at the midpoint of precloacal
vertebral number, whereas Hoffstetter and Gayrard (1964) found this change to occur in the
posterior trunk. The specimens examined in both studies were adult individuals and therefore this
difference appears not to be an example of ontogenetic variation, but sexual dimorphism is
possibly a factor; the specimen in this study is a female, but the sex of the specimen measured by
Hoffstetter and Gayrard (1964) was not known.

Acrochordus javanicus and Nerodia taxispilota (below) are similar in showing
considerable change to the vertebral aspect ratio throughout the column, although the change is
greater in N. faxispilota (Fig. 3.7A). Although it is tempting to consider that this is somehow
related to the aquatic habits of both species, similar patterns are present in the basal snakes Boa
constrictor, Python molurus, and Xenopeltis unicolor (see Chapter 2). The change in vertebral
aspect ratio could result in greater flexibility in the anterior part of the column than in the
posterior part, depending on soft tissue factors. In the case of A. javanicus, increased flexibility
in the anterior trunk region would be beneficial to prey capture, achieved by lateral sweeps of the
head and tight coils of the body (Dowling, 1960).

Acrochordus javanicus shows an increase in the relative length of the prezygapophyseal
accessory processes throughout the trunk, rather than a decrease or maintenance of uniform size
(APL; Fig. 3.7E). This pattern also occurs in the unrelated xenopeltid X. unicolor (see Chapter
2), but in none of the colubroids included in this sample. Although the reasons for this
occurrence in X. unicolor are unclear, in A. javanicus the lengths of the prezygapophyseal
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accessory processes increase as the widths across the prezygapophyses themselves decrease (Fig.
3.7D). The former increase in relative length is therefore likely involved in maintaining adequate
mechanical advantage for the lateral flexors (M. longissimus and M. interarticularis inferior) in
the posterior trunk.

In most respects, 4. javanicus has typical cloacal and caudal morphology, showing a
sharp reduction in the relative and absolute lengths of the vertebrae (CL; Fig. 3.3C, D; 3.7A) at
the cloaca, as in other snakes (Szyndlar, 1984; Chapter 2). This is in spite of having a tail that
appears to be somewhat laterally compressed (Lillywhite, 1996). The caudal neural spines and
hemapophyses are relatively lower than those of other caenophidians (Fig. 3.7C), and the
pleurapophyses project quite far laterally (Fig. 3.3A), the opposite of what would be expected in
a narrow tail.

Pituophis melanoleucus. Variation in the column of P. melanoleucus is more similar to
that of the basal alethinophidian Tropidophis haetianus than to that of 4. javanicus (see Chapter
2). Both P. melanoleucus and T. haetianus show generally homogenous vertebral morphology
throughout the trunk, with neural spines and hypapophyses showing strong regionalization in
both (Fig. 3.4B; Fig. 2.4B). Similar homogenization is present in the vertebral column of
Leioheterodon madagascariensis as well (see below; Fig. 3.6). Although few other studies of
colubroid snakes have measured so many metrics throughout the vertebral column, there is some
evidence to suggest that reduced regionalization occurs in some terrestrial colubroids (Thireau,
1967b; Smith, 1975; Szyndlar, 1984).

Based on the intracolumnar variation shown by most lizards (Hoffstetter and Gasc, 1969),
the primitive condition for snakes can be inferred to have distinct vertebral regions. If that is the
case, then multiple groups have independently homogenized the vertebral column (some
Colubridae, Lamprophiidae, Tropidophiidae; see Chapter 2). Alternatively, snake ancestors may
have evolved homogenous columns, with subsequent independent re-evolutions of
regionalization. Regardless of which evolutionary path is correct, the data available do not
support a phylogenetic pattern in homogeneity. Wider study within snakes and putative
outgroups is necessary to accurately polarize the patterns of intracolumnar variation.

Postcloacal vertebral variation is mostly similar to that of A. javanicus, except in having
relatively taller neural spines and deeper hemapophyses, particularly in the mid-caudal vertebrae.
The great relative length of the hemapophyses in the middle caudal vertebrae is possibly related
to hemipenial musculature or to cloacal musculature, which both attach to the hemapophyses of
caudal vertebrae. However, the posterior extent of these muscles is not known in P.
melanoleucus.

Nerodia taxispilota. The vertebrae of N. taxispilota are most elongate in the anterior and
posterior trunk (CL/NAW; Fig. 3.7A), reminiscent of the condition documented in the basal
alethinophidians B. constrictor and P. molurus (see Chapter 2). This has the effect of increasing
flexibility in the mid-trunk relative to that of the anterior and posterior trunk regions, by
increasing the number of flexion points along the trunk in that region. The fact that B. constrictor
and P. molurus share this pattern with the nonconstrictor N. faxispilota suggests against it being
an adaptation related to constriction. Nerodia taxispilota also shares with B. constrictor and P.
molurus relatively narrower width across the zygapophyses in the anterior trunk (TPrW; Fig.
3.7D). The prezygapophyseal accessory processes are also very short in the anterior trunk,
although they rapidly become elongate near the transition to the mid-trunk region (APL; Fig.
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3.7E). The elongation at this point in the column may be related to the lateral strikes made by
Nerodia (Alfaro, 2003); the lateral flexors M. interarticularis superior and M. longissimus that
originate at the anterior to mid-trunk transition extend forward into the anterior trunk (Mosauer,
1935; Gasc, 1974), and will therefore be quite effective at producing lateral strikes. However, the
short prezygapophyseal accessory processes throughout most of the anterior trunk contradict the
hypothesis of Gasc (1974) that shorter processes in the anterior trunk are associated with lower
flexibility, as in snakes that are less prone to striking than chasing.

The tail of V. faxispilota is not as strongly modified as it is in sea snakes (Hoffstetter and
Gasc, 1969), although the neural spines in the proximal tail are relatively tall (NH; Fig. 3.7B).
What is notably different from the other snakes in this sample is the relative length of the tail,
which contains almost half as many vertebrae as are present in the trunk. Arboreal snakes
generally have longer tails than other snakes (Lawing et al., 2012), and thus the arboreal
proclivities of N. taxispilota (Gibbon and Dorcas, 2004) may explain the relative length of the
tail.

Leioheterodon madagascariensis. In spite of its distant phylogenetic relationship, L.
madagascariensis shows similar patterns to P. melanoleucus in having reduced regionalization
resulting from largely homogenous vertebral features. The most notable difference in vertebral
morphology is the retention of hypapophyses on all precloacal vertebrae in L. madagascariensis
(HH; Fig. 3.6B). The hypapophyses decline in relative height through the anterior trunk, as is the
case in the other snakes in this sample (Fig. 3.7C). However, the hypapophyses remain relatively
long throughout the trunk as compared to the other snakes in this study. Many caenophidians
retain long hypapophyses in this fashion, including both A4. javanicus and N. taxispilota (see
above), but it is unknown what effect this has on the function of the vertebrae. Previous authors
have noted the presence of persistent hypapophyses in aquatic snakes (Hoffstetter and Gasc,
1969) and in sidewinding snakes (Gasc, 1974), but many snakes not known to fit these categories
retain hypapophyses, including L. madagascariensis.

The caudal variation shown by L. madagascariensis is similar in some respects to that
shown by other snakes, with the vertebrae becoming increasingly elongate, and the
prezygapophyseal accessory processes decreasing in length (Fig. 3.7A, E). However, the
hemapophyses are notably longer relative to those of other caenophidians, and both the
hemapophyses and neural spines remain notably deep and tall until very near the terminal
vertebrae. It is possible this is a consequence of sexual dimorphism; this specimen is inferred to
be female based on hemapophyseal morphology (Keiser, 1970), but full assessment of
dimorphism will require further study.

Paleontological implications. This study has shown that the vertebrae of certain
caenophidians are less regionally variable than those of basal snakes (see Chapter 2). This is
reflected in large regions of the mid-trunk that show relatively little morphological change, and
in the relatively limited change in the relative sizes of some features as revealed by ratios. This
fact is of some utility to paleontologists, because it suggests that isolated trunk vertebrae arising
from a single species can be easily recognizable as conspecific. Previous work suggests that
similar homogeneity occurs in other terrestrial colubroids, although not universally so (Smith,
1975; Szyndlar, 1984). In particular, basal members of the clade, acrochordids and viperids,
show greater variation in the column (Brattstrom, 1964; Hoffstetter and Gayrard, 1964; Szyndlar,
1984). Some derived colubrids and elapids also show patterns indicating regional variation
(Thireau, 1967a; Smith, 1975). However, the sample sizes involved are all small, owing to the
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time-consuming nature of data collection, and thus further work is warranted to investigate the
range of variation present in Caenophidia.

Conclusions

This study supplements previous investigations of intracolumnar variation in vertebral
morphology among caenophidian snakes (Brattstrom, 1964; Hoffstetter and Gayrard, 1964;
Gasc, 1967, 1974; Thireau, 1967a, b; Smith, 1975; Szyndlar, 1984). The snakes examined in this
study show intracolumnar variation in some respects similar to that observed in basal snakes (see
Chapter 2). Hypapophyses and neural spines are always tallest in the anterior trunk and, in
Acrochordus javanicus and Nerodia taxispilota, the vertebrae increase in width rapidly through
the anterior part of the trunk. However, both terrestrial colubrids have less obvious
regionalization of the trunk, resulting from greater homogeneity in vertebral morphology, which
also occurs in other caenophidians and in the basal snake Tropidophis (Smith, 1975; Szyndlar,
1984).

The reduced regionalization shown by some caenophidians means that, throughout much
of the trunk, vertebral morphology remains relatively constant. This limits the chances of
misidentifying isolated vertebral remains, provided there is not a great amount of interindividual
variation. The intracolumnar variation exhibited by the snakes in this study suggests that the
evolution of vertebral regionalization in Caenophidia is complex. The two colubrid snakes in this
study, Pituophis melanoleucus and N. taxispilota, show homogenous and regionalized columns,
respectively. These disparate patterns within a single clade of advanced snakes suggests that
either homogeneity or regionalization had to evolve multiple times, regardless of which
condition was basal in snakes. Expanding the current sample of snakes for which intracolumnar
variation is known will help to determine the polarity of homogeneity in the column. In addition,
the study of patterns of intracolumnar variation within a species is important as well.
Comparisons between specimens of Boa constrictor measured by Schaal et al. (2005) and
McCartney (Chapter 2), specimens of Acrochordus javanicus measured by Hoffstetter and
Gayrard (1964) and this study, and male and female individuals of Atractaspis aterrima
measured by Thireau (1967b) suggest that differences in variation do occur in some vertebral
features, but that most of these differences are relatively small.
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Table 3.1. Regional breakdown of the vertebral column of snakes included in this study.
Pituophis melanoleucus and Nerodia taxispilota are lacking at least the terminal vertebra.

Specimen Species Trunk Cloacal Caudal Total
P P (% total) (% total) (% total)

YPM R 12192 Acrochordus javanicus 193 (70.4%) 7 (2.6%) 74 (27.0%) 274
YPM R 10679  Pituophis melanoleucus 207 (75.8%) 5(1.8%) 61+ (22.3%) 273+
YPM R 10601 Nerodia taxispilota 137 (66.8%) 4 (2.0%) 64+ (31.2%) 205+

NJK S-Lm09- Leioheterodon 209 (74.9%) 5(1.8%) 65(233%) 279
D1 madagascariensis
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Table 3.2. Descriptions of measurements recorded in this study. See also Figure 3.2.

Measurement

Abbreviation Description

Centrum length

Condyle height
Condyle width

Cotyle height

Cotyle width
Hypapophyseal/hemal
keel height

Hemapophyseal height

Neural arch width
Neural spine base
length

Neural spine height

Neural spine tip length

Postzygapophyseal
facet length
Postzygapophyseal
facet width
Prezygapophyseal
facet length
Prezygapophyseal
facet width
Interzygapophyseal
distance

Synapophyseal height

Trans-accessory
process width
Trans-
postzygapophyseal
width

CL
CnH
CnW
CtH

CtW
HH

HeH

NAW
NBL

NH

NTL

PoFL

PoFW

PrFL

PrFW

PrPo

TAPW

TPoW

Midline length of centrum from ventral lip of cotyle
to posteriormost point on condyle*

Vertical height of condyle®

Maximum width of condyle®

Midline height of cotyle'

Maximum width of cotyle'

By calipers, obtained by subtracting condyle height
from vertical height between dorsal edge of condyle
and ventral edge of hypapophysis or hemal keel,
from photographs, vertical distance between ventral
edge of condyle and ventral edge of hypapophysis or
hemal keel”

By calipers, obtained by subtracting condyle height
from vertical height between dorsal edge of condyle
and ventral edge of hemapophysis; from
photographs, vertical distance between ventral edge
of condyle and ventral edge of hemapophysis”
Minimum width of neural arch’

Anteroposterior length of neural spine just dorsal to
roof of zygantrum®

Vertical distance between dorsal edge of
zygosphenal facet and dorsal edge of neural spine”
Anteroposterior length of neural spine measured
along dorsal edge’

Length of major axis of facet’

Length of minor axis of facet, measured at midpoint
of major axis of facet’
Length of major axis of facet’

Length of minor axis of facet, measured at midpoint
of major axis of facet’

Distance between anteriormost edge of
prezygapophyseal facet and posteriormost edge of
postzygapophyseal facet®

Distance between dorsal edge of parapophysis and
ventral edge of diapophysis, measured along major
axis of synapophyseal facet'

Maximum width across prezygapophyses (including
the accessory processes)'”

Maximum width across postzygapophyseal facets*
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Table 3.2 (Continued). Descriptions of measurements recorded in this study. See also Figure
3.2.

Measurement Abbreviation Description

Trans- TPrW Maximum width across prezygapophyseal facets’
prezygapophyseal

width

Trans-pleurapophyseal TPW Maximum width across pleurapophyses of caudal
width vertebrae'

Trans-zygosphenal TZW Maximum distance between dorsal edges of
width zygosphenal facets'

"Measurement made in anterior view; “Measurement made in lateral view; "Measurement made in dorsal view;
*Measurement made in ventral view.
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Figure 3.1. The phylogenetic relationships of the snakes in this study, based on Pyron et al.
(2011). The columns provide the typical habitat preference and diet for each species, and indicate
whether or not each uses constriction as a method of prey subjugation. Aq, aquatic; Terr,
terrestrial.
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Habitat Diet Constrictor

Acrochordus

: : Aq Fish Yes
javanicus

Leioheterodon yary  vertebrates  Yes
madagascariensis

Nerodia

- Aq Fish No
taxispilota

Pituophis

Terr Vertebrates Yes
melanoleucus
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Figure 3.2. The 22 measurements made in this study shown on standardized views of vertebrae
of an adult Leioheterodon madagascariensis (NJK S-Lm09-D1). A. Anterior views of anterior
trunk (left) and caudal (right) vertebrae. B. Lateral views of anterior trunk (left) and caudal
(right) vertebrae. C. Dorsal view of a mid-trunk vertebra. D. Ventral view of a mid-trunk
vertebra. See Table 3.2 for more information. CL, centrum length; CnH, condyle height; CaW,
condyle width; CtH, cotyle height; CtW, cotyle width; HH, hypapophyseal height; HeH,
hemapophyseal height; NAW; neural arch width; NBL, neural spine base length; NH, neural
spine height; NTL, neural spine tip length; PoFL, postzygapophyseal facet length; POFW,
postzygapophyseal facet width; PrFL, prezygapophyseal facet length; PrFW, prezygapophyseal
facet width; PrPo, length across pre- and postzygapophyses; SH, synapophyseal height; TAPW,
trans-accessory process width; TPoW, trans-postzygapophyseal width; TPrW, trans-
prezygapophsyeal width; TPW, Trans-pleurapophyseal width; TZW, trans-zygosphenal width.
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Figure 3.3. Summary of intracolumnar variation in vertebral morphology in Acrochordus
Jjavanicus (YPM R 12192). Photographs of representative vertebrae from each region of the
vertebral column (above) are shown in anterior (A), left lateral (B), dorsal (C), and ventral (D)
views, together with plots of standardized measurements taken throughout the column in each of
these views (below). Above and below the photographs of each representative vertebra are its
regional classification and absolute numerical identity (as counted from the atlas posteriorly),
respectively. In the Cartesian plots, the absolute magnitude of each measurement (y-axis) is
plotted against the relative anteroposterior position of the vertebra on which the measurement
was taken (x-axis), with the latter expressed as a percentage of the total number of precloacal
vertebrae. See Figure 3.2 and Table 3.2 for additional explanations of the plotted measurements.
AT, anterior trunk; Ax, axis; Ca, caudal; CL, centrum length; CnH, condyle height; CaW,
condyle width; Co, cloacal; CtH, cotyle height; CtW, cotyle width; HH, hypapophyseal height;
HeH, hemapophyseal height; MT, mid-trunk; NAW; neural arch width; NBL, neural spine base
length; NH, neural spine height; NTL, neural spine tip length; Pc, precloacal; PoFL,
postzygapophyseal facet length; PoOFW, postzygapophyseal facet width; PrFL, prezygapophyseal
facet length; PrFW, prezygapophyseal facet width; PrPo, length across pre- and
postzygapophyses; PT, posterior trunk; SH, synapophyseal height; TAPW, trans-accessory
process width; TPoW, trans-postzygapophyseal width; TPrW, trans-prezygapophsyeal width;
TPW, trans-pleurapophyseal width; TZW, trans-zygosphenal width.
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Figure 3.4. Summary of intracolumnar variation in vertebral morphology in Pituophis
melanoleucus (YPM R 10679). Note that the axis is derived from a similarly sized specimen
(YPM R 16559), but that all measurements are of YPM R 10679. Photographs of representative
vertebrae from each region of the vertebral column (above) are shown in anterior (A), left lateral
(B), dorsal (C), and ventral (D) views, together with plots of standardized measurements taken
throughout the column in each of these views (below). Above and below the photographs of each
representative vertebra are its regional classification and absolute numerical identity (as counted
from the atlas posteriorly), respectively. In the Cartesian plots, the absolute magnitude of each
measurement (y-axis) is plotted against the relative anteroposterior position of the vertebra on
which the measurement was taken (x-axis), with the latter expressed as a percentage of the total
number of precloacal vertebrae. See Figure 3.2 and Table 3.2 for additional explanations of the
plotted measurements. Abbreviations as in Figure 3.3.
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Figure 3.5. Summary of intracolumnar variation in vertebral morphology in Nerodia taxispilota
(YPM R 10601). Photographs of representative vertebrae from each region of the vertebral
column (above) are shown in anterior (A), left lateral (B), dorsal (C), and ventral (D) views,

together with plots of standardized measurements taken throughout the column in each of these

views (below). Above and below the photographs of each representative vertebra are its regional
classification and absolute numerical identity (as counted from the atlas posteriorly),
respectively. In the Cartesian plots, the absolute magnitude of each measurement (y-axis) is
plotted against the relative anteroposterior position of the vertebra on which the measurement
was taken (x-axis), with the latter expressed as a percentage of the total number of precloacal
vertebrae. See Figure 3.2 and Table 3.2 for additional explanations of the plotted measurements.
Abbreviations as in Figure 3.3.
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Figure 3.6. Summary of intracolumnar variation in vertebral morphology in Leioheterodon
madagascariensis (NJK S-Lm09-D1). Photographs of representative vertebrae from each region
of the spinal column (above) are shown in anterior (A), left lateral (B), dorsal (C), and ventral
(D) views, together with plots of standardized measurements taken throughout the column in
each of these views (below). Above and below the photographs of each representative vertebra
are its regional classification and absolute numerical identity (as counted from the atlas
posteriorly), respectively. In the Cartesian plots, the absolute magnitude of each measurement (y-
axis) is plotted against the relative anteroposterior position of the vertebra on which the
measurement was taken (x-axis), with the latter expressed as a percentage of the total number of
precloacal vertebrae. See Figure 3.2 and Table 3.2 for additional explanations of the plotted
measurements. Abbreviations as in Figure 3.3.
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Figure 3.7. Intracolumnar variation in five ratios describing relative vertebral proportions among
the snakes sampled in this study. The value of each ratio (y-axis) is plotted against the relative
anteroposterior position of the vertebra from which the constituent measurements were taken (x-
axis), with the latter expressed as a percentage of the total number of precloacal vertebrae. (A)
Overall vertebral aspect ratio, as represented by the ratio of centrum length (CL) to neural arch
width (NAW). (B) Relative height of the neural spine, as represented by the ratio of neural spine
height (NH) to cotylar height (CtH). (C) Relative height of the ventral process on the centrum, as
represented by the ratio of hypapophyseal height/hemal keel (HH) to cotylar height (CtH) in the
trunk, and hemapophyseal height (HeH) to cotylar height (CtH) in the postcloacal regions.
Postcloacal values are the ratio of hemapophyseal height to cotylar height. (D) Relative width of
the prezygapophyses, as represented by the ratio of trans-prezygapophyseal width (TPrW) and
cotylar width (CtW). (E) Relative length of the prezygapophyseal accessory processes, as
represented by the ratio of accessory process length (APL) to cotylar width (CtW). For
definitions of the measurements upon which these ratios are based, see Fig. 3.2 and Table 3.2.
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Chapter 4
Habitat ecology as a selective force on snake (Reptilia, Serpentes) body segment number

Abstract

Body segment number is known to affect locomotor performance in many animals, and
may therefore be correlated with habitat use. Snakes (Serpentes) are an excellent clade in which
to study selection on body segment number because of their great range in vertebral number,
large number of species, and wide ecological breadth. This paper examines the evolution of body
segment number in snakes by two means: first, data are examined for a directional trend across
all of Serpentes; second, the evolution of body segment number is modeled as an Ornstein—
Uhlenbeck process, which allows evolutionary models to incorporate selection. This study tests a
model of Brownian motion and three selection models: one with selection toward a single global
optimum body segment count for all snakes; one with optima corresponding to methods of prey
subjugation (constriction or non-constriction); and one with optima corresponding to habitat
preference (terrestrial, arboreal, aquatic, semi-aquatic, fossorial, and semi-fossorial). The results
indicate that body segment number has not evolved directionally across Serpentes, and that it is
under selection; furthermore, selection toward optimal values of body segment number
corresponding with habitat preference is the best-fitting model. AICc difference values
additionally indicate some support for the model of selection driven by prey subjugation.
Optimal vertebral values returned by both model are similar to average values for the groups,
indicating that both models are biologically relevant. These results indicate that body segment
number is under selection within Serpentes, and that habitat preference is an important driver of
that selection.

Introduction

Snakes constitute one of the most successful radiations of tetrapods, with more than
2,500 extant species (McDiarmid et al., 1999). Concomitant with this taxonomic diversity is
great ecological diversity, which includes terrestrial generalists as well as arboreal, fossorial, and
aquatic specialists (e.g., Greene, 1997). This ecological and phylogenetic diversity comes in spite
of the potentially restrictive reduction of limbs. As a result, behaviors that formerly relied on
limbs are performed primarily by the trunk. Accordingly, snakes have evolved a suite of
behaviors related to feeding and locomotion that involve the trunk, including constriction (e.g.,
Greene and Burghardt, 1978; Moon, 2000), rapid prey strikes (e.g., Frazzetta, 1966; Cundall and
Deufel, 1999), and several locomotory modes useful for moving through different environments
and over different substrates (e.g., Mosauer, 1932a; Gans, 1962). In general, several aspects of
trunk morphology are known to reflect certain ecological differences between species. There is a
relationship between vertebral morphology and habitat preference, which provides an indirect
assessment of locomotory mode (Johnson, 1955; Baszio, 2005b, a; Schaal et al., 2005; Lawing et
al., 2012). In addition, differences in axial musculature are thought to reflect to some degree
differences in feeding behavior and locomotion (Ruben, 1977; Jayne, 1982).

Another aspect of the vertebral column that is of functional importance is vertebral
number. It is correlated with habitat use in lacertid lizards (Van Damme and Vanhooydonck,
2002), and the ratio of body to tail vertebrae is related to swimming performance in stickleback
fish (Swain, 1992). The number of vertebrae is also positively correlated with the maximum
curvature that tetraodontiform fishes are able to form during c-start escape behaviors (Brainerd
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and Patek, 1998). Snakes have long been known to exhibit a wide range in total vertebral number
within and between different species (e.g., de Rochebrune, 1881; Alexander and Gans, 1966;
Lindell, 1994; Shine, 2000), with reported vertebral counts ranging from around 150 (many
species; Alexander and Gans, 1966) up to above 550 in the extinct snake Archaeophis proavus
(see Janensch, 1906). Counts of the ventral and subcaudal scales of the Australian python
Morelia oenpelliensis exceed 600 (Gow, 1977), and because of the 1:1 correspondence between
vertebral number and ventral scale counts in most snakes (including pythonids; Alexander and
Gans, 1966), it can be inferred that vertebral counts in this species also exceed 600. Variation in
body segment number in snakes (as reflected by either vertebral counts or ventral scale counts)
has been linked to aspects of ecology, including increased vertebral number in constricting
versus non-constricting snakes (Jayne, 1982; Lindell, 1994), and an inverse relationship between
the number of trunk vertebrae and locomotor performance in garter snakes (Kelley et al., 1997).
Lindell (1994) found that fossorial snakes have relatively fewer vertebrae for their body length
than other snakes, confirming a previous hypothesis of Marx and Rabb (1972). At the opposite
end of the spectrum, a recent study of body segment number in viperids found that higher
segment densities occur in arboreal vipers, confirming the importance of vertebral density
(number of segments per unit body length) to ecology (Hampton, 2011).

The mechanisms controlling vertebral number in snakes are not fully understood.
Although there is a strong genetic component (Dohm and Garland, 1993; Richardson et al.,
1998; Gomez et al., 2008), it is also influenced by temperature during development (Fox, 1948;
Osgood, 1978; Lourdais et al., 2004), and the ratio of trunk to caudal vertebrae is sexually
dimorphic in some species (Klauber, 1941; Shine, 2000). Vertebral number also may be
geographically variable, depending on habitat (Klauber, 1941) or vary along latitudinal or
longitudinal clines (Shea, 1998; Manier, 2004). In addition, there is a positive relationship
between maximum body size and vertebral number (Lindell, 1994; Head and Polly, 2007;
Hampton, 2011), a pattern known as pleomerism (Lindsey, 1975). Although statistically
significant, the relationship between body length and vertebral number is actually weak, with r*
values typically below 0.50 (Lindell, 1994; Shine, 2000; Head and Polly, 2007; Hampton, 2011).
In part, this poor correlation is a result of gigantism in snakes apparently being dissociated from
increased body segment number (Head and Polly, 2007). In spite of these potentially
complicating factors, it is apparent that vertebral number in some groups is under strong
selection (Arnold, 1988; Lindell, 1994; Manier et al., 2007; Hampton, 2011).

However, it is possible that this selection is obscured across Serpentes by a phyletic trend
toward increasing vertebral number. Snakes average more vertebrae than any of their putative
outgroups. This is true even if snakes belong to a limbless, elongate clade as has been recently
suggested (Conrad, 2008; Gauthier et al., 2012). The nearest outgroups within such a clade
(amphisbaenian and dibamid lizards) both have at most around 150 vertebrae (Hoffstetter and
Gasc, 1969), values that lie at the low end of those seen in snakes (de Rochebrune, 1881;
Alexander and Gans, 1966; Lindell, 1994). A phyletic trend may also be evident if the selection
snakes experience is directional in nature.

Recent advances have made it possible to model evolution within a clade in an explicitly
adaptive context, rather than as random Brownian motion (Butler and King, 2004). Using
Ornstein—Uhlenbeck processes, evolutionary models can be generated in which stabilizing
selection on a trait results in one or more optimal values for given groups (Hansen, 1997). The
Brownian motion and Ornstein—Uhlenbeck selection models can then be directly compared by
use of log-likelihood tests and information-criteria scores, so that the best-fitting model can be

77



chosen (Butler and King, 2004). These methods are well suited for modeling the evolution of
body segment number in snakes given the variety of possible evolutionary scenarios driving
vertebral number. This study models the evolution of body segment number in snakes, to
determine whether it is under selection, random walk, or a phyletic trend toward increased
number. First, I test for a phyletic trend in the evolution of vertebral number in snakes. Then, I
model the evolution of body segment number as a null hypothesis of Brownian motion lacking
any directional selection (i.e., random walk), and three Ornstein—Uhlenbeck models with
selection based on the ecological parameters known or thought to influence vertebral number.
The selective models are: 1) a single, global optimum vertebral number for all snakes; 2) a two-
optima model wherein the snakes are grouped as either constrictors or non-constrictors; and 3) a
six-optima model wherein the snakes are grouped by their preferred habitats.

Materials and methods

In all but a small number of clades within Serpentes, there is a 1:1 correspondence
between vertebral number and the number of ventral plus subcaudal scales (Ruthven and
Thompson, 1913; Alexander and Gans, 1966). Because scale counts are often reported in
taxonomic descriptions and faunal surveys, they provide a useful source of data that are
equivalent to body segment counts for large numbers of taxa. Therefore, the majority of body
segment data used in this study was collected from the literature, supplemented by direct counts
on skeletonized specimens (See Appendix 1). However, there are several clades known to
deviate from the typical 1:1 correspondence between vertebrae and scales. These include the
fossorial typhlopoid and anomalepidid scolecophidians (Alexander and Gans, 1966; List, 1966)
as well as the aquatic acrochordids (Alexander and Gans, 1966) and hydrophiine elapids (Voris,
1975). The decoupling between vertebral number and scale number in these snakes may have
resulted from relaxation of selective pressures on ventral scutes in these specialists that do not
rely primarily on these scales for locomotion as do other snakes (Voris, 1975). In addition to
these, some cylindrophiids and uropeltids are known for presenting difficulties with accurate
scale counts (Gower and Ablett, 2006). Because the correspondence between vertebral counts
and ventral scale counts varies within these snakes, scale counts are inappropriate to use as
proxies for body segment number. In these cases only vertebral counts were used, either as
reported in the literature or from direct counts taken on skeletal specimens specifically for the
purposes of this study. Although the combined use of ventral scale counts and vertebral counts in
this study may introduce some error, previously reported differences between the two counts are
typically on the order of one or two, and do not exceed ten (Ruthven and Thompson, 1913;
Alexander and Gans, 1966); given the number of vertebrae involved, such differences are likely
to be insignificant. Sexual dimorphism is a possible confounding factor as well, but in many
cases the sex of individuals is unreported. Problems related to dimorphism are mitigated by the
use of total counts rather than just those from the trunk, because increased trunk counts in
females typically come at the expense of caudal segments (Shine, 2000). Because snakes show
within species variation in body segment number, in cases with a range of values available the
average is used, as in previous studies (Lindell, 1994; Head and Polly, 2007; Hampton, 2011).
Ecological data were derived from the literature (See Appendix 1). The data collected included
whether the species made use of constriction to subjugate prey or not, as well as habitat
preference (arboreal, aquatic, semi-aquatic, fossorial, semi-fossorial, terrestrial generalist). For
both characters, the states were codified for entry in a matrix. A total of 232 species was
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included, with every family-level clade as well as each colubroid “subfamily” represented in the
data set (Fig. 4.1).

Because no published phylogeny includes all of the snakes in this study, no single
phylogenetic tree was sufficient for this analysis. Accordingly, a tree was constructed in
Mesquite v. 2.75 (Maddison and Maddison, 2009) using multiple published sources (Fig. 4.1).
The interfamilial relationships were taken from a recent molecular analysis including at least one
species from each family and subfamily of Serpentes, produced by a matrix concatenating
several previously published datasets (Pyron and Burbrink, 2012). Intrafamilial relationships
were derived from multiple sources, chosen because they were the most recent analyses that
included many species and genes (Boidae [Burbrink, 2005]; hydrophiine Elapidae [Lukoschek
and Keogh, 2006]; Pythonidae [Rawlings et al., 2008]; Viperidae [Wiister et al., 2008];
Leptotyphlopidae [Adalsteinsson et al., 2009]; Typhlopoidea [Vidal et al., 2010]; Colubroidea
[Pyron et al., 2011]). Branch lengths were derived from estimated divergence dates in multiple
studies, corroborated by fossils where possible. The divergence times for larger snake clades was
derived from Pyron and Burbrink (2012), and intraclade divergences are derived from studies of
individual clades (Burbrink et al., 2008; Pyron and Burbrink, 2009; Sanders et al., 2010b;
Sanders et al., 2010a; Pyron et al., 2011). These estimates are concordant and in all cases precede
the fossil record, as is expected. In cases where divergence estimates do not exist, the time
between known divergences was split evenly. Although this may not in all cases exactly
represent the radiation of a group, it provides a reasonable hypothesis that is preferable to a lack
of branch lengths.

The segment counts were log transformed to meet the assumption of normality required
for subsequent statistical analysis. These data were first tested for a phyletic trend using the
Continuous algorithm in BayesTraits (Pagel, 1997, 1999). In this analysis, two maximum
likelihood models, a random walk and a directional random walk, were compared for fit to the
data using a log-likelihood test. Subsequently, the evolution of vertebral number was tested for
selection by producing models using the OUCH package v. 2.8-1 (Butler and King, 2004; King
and Butler, 2011) in the open-source statistical software R v. 2.14.0 (R Core Team, 2012). Four
evolutionary models were tested, and the corrected Akaike Information Criterion (AICc) and the
conservative Bayesian Information Criterion (BIC) were used to assess model fit, with lower
values indicating the best fit for the data (Akaike, 1974; Hurvich and Tsai, 1989; Butler and
King, 2004). The null hypothesis was a Brownian model lacking any selection for a pure random
walk of body segment evolution. Three different alternative hypotheses with selection were
tested: one with a single, global optimum for all snakes; one with two optima corresponding to
constrictors versus non-constrictors; and one model with six optima corresponding to habitat
preference. The analyses produced estimates of selection (o) and drift (o), as well as optimum
body segment numbers for each grouping of snakes, allowing comparison with observed values.
Optimal values that lie outside the range observed in each group would cast doubt on the
appropriateness of the model (Butler and King, 2004).

Results

The results of the BayesTraits analysis do not support a phyletic increase in vertebral
number across Serpentes. Both directional and random walk models show identical log-
likelihood scores (Table 4.1), resulting in a very high p value. Therefore, the hypothesis that
body segment number evolution is directional is rejected in favor of the null hypothesis.
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The relative levels of support of the four evolutionary models described above are
provided in Table 4.2. Each of the selection-based models fit the data significantly better than the
null hypothesis of Brownian motion, as indicated by log-likelihood tests and AICc scores (lower
values indicate better fit). Using the likelihood ratio test value (LR), the OU habitat model is
strongly preferred over the OU constriction model, the OU global model, and the Brownian
Motion model. The two-optima model of selection using constriction (OU constriction) provides
a better fit to the data than does the Brownian Motion model, and is a marginally better fit than
the global optimum model (OU Global). The six-optima model with snakes grouped according to
habitat preference (OU habitat) had the lowest AICc score. The AICc difference values given in
Table 4.2 are simply the difference between each AICc score and the minimum score (that of OU
habitat), and provide an indication of the support for each model. Values below 2 indicate
substantial support, and values above 10 indicate no support. Values in between indicate some
degree of support. The AICc difference value for OU constriction is low enough to indicate some
support for this model. The AICc difference value for OU global indicates considerably less
support. The AICc difference value for the Brownian Motion model indicates effectively no
support for that model. An alternative metric for assessing the fit of the models, the Bayesian
Information Criterion (BIC), yields different results (Table 4.2). The six-optima OU habitat
model is a poorer fit than both the two-optima OU constriction model and the best-fitting OU
global model, although it still outperforms the Brownian motion model.

Strengths of selection (o) and drift (o) estimated by the models are provided in Table 4.3.
Strength of selection is greatest in the OU constriction model, followed by the OU habitat model,
and selection in the OU global model is lowest. The Brownian motion model by definition
features no selection. All of the models provide estimated strengths of drift. The Brownian model
reconstructs the lowest strength of drift. Strength of drift is greater in the OU models, but is
considerably weaker than the strength of selection, as expected under a selective regime. Both
the OU global model and the OU habitat model feature the same drift, and the OU constriction
model features the highest drift values.

Each OU model provides the optimal values toward which selection is acting within each
group. The optima recovered for each are shown in Table 4.4, along with mean, median, and
range values for each group. The OU global model estimates the optimal number of body
segments to be 240, as compared to an actual average of 245. The OU constriction model
predicts that the optimal number of body segments for constrictors is 286, as compared to the
actual mean of 279. Non-constrictors have a lower estimated optimum number of body segments
at 272, as compared to the actual mean of 224. The OU habitat model predicts that arboreal
snakes have the highest optimal value for body segment count at 351, as compared to the actual
mean of 296. Terrestrial snakes have the second highest optimal body segment number at 279, as
compared to the actual mean of 252. Aquatic snakes have an estimated optimum of 219 body
segments, as compared to the actual mean of 226, and semi-aquatic snakes have a higher
optimum of 233 body segments as compared to a mean of 228. Fossorial snakes have an optimal
body segment number at 218, as compared to the actual mean of 217, and semi-fossorial snakes
have the lowest estimated optimum at only 209 body segments, matching the observed mean of
2009.

Discussion

The lack of a phyletic trend toward increased body segment counts across Serpentes is
reflected in the wide range of counts within various clades. The range of body segment counts
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shown by the basal clade Scolecophidia (184-325; see Table A.1) is comparable to that shown
by the derived clade Colubridae (149—-371; see Table A.1), and other clades show similarly large
ranges. If the outgroup to Serpentes is a clade of typical lizards, the increase in body segment
count either occurred so rapidly that it was effectively an instantaneous change, or the elongation
occurred outside the crown.

The absence of a trend is also partly a result of selective forces acting on body segment
number of snakes. The second analysis of this study found unambiguous support for a selective
model of evolution of body segment number, regardless of the test statistic used (Table 4.2).
However, the preferred model differs depending on test statistics; both the log-likelihood test and
AICc scores indicate stronger support for the OU habitat model, whereas the more conservative
BIC indicates support for the simpler OU global model. However, Burnham and Anderson
(2002) suggest that the BIC may not be suitable for biological models for a variety of reasons
including poor performance at smaller sample sizes, and recommend use of AICc in such cases.
However, there is some ambiguity in the AICc scores due to the similar values for OU
constriction and OU habitat, with the AIC difference only being 2.87. This indicates that there is
support for both models, although it falls outside the range of “substantial support” for OU
constriction (AIC difference < 2; Burnham and Anderson, 2002). The preferred model is
therefore OU habitat.

One of the benefits of modeling Ornstein—Uhlenbeck processes is that the analysis
provides the optimum value favored by selection, allowing comparison with the actual data
(Butler and King, 2004). Any predicted optima that fall outside the range of values seen in life
throw the model into question as unrealistic. In the present study, all three selective OU models
show biologically reasonable values that lie within the range of extant snakes. Furthermore,
comparison of the predicted optima to the observed average value for each group reveals
generally similar values (Table 4.4), although non-constrictors (OU constriction) and arboreal
snakes (OU habitat) show a rather sizeable disparity in values. In both cases, the predicted
optimal values are higher than the average values, but the reasons for this are unknown.

A second means of assessing the validity of the model is comparison of the results with
previous studies and hypotheses regarding the importance and distribution of body segment
number in ecological groups. The OU habitat model shows that fossorial and semi-fossorial
snakes have the lowest optimal body segment number among the six ecological groupings. This
corresponds well with a study that found low ventral counts occur more frequently in fossorial
colubroids (Marx and Rabb, 1972), but it runs counter to the fact that snakes with higher
vertebral counts perform better in concertina locomotion (Jayne, 1988), which is commonly used
in tunnels. It is possible that the increased stiffness afforded by decreasing the number of
vertebrae is important in the generation of adequate forces for head-first burrowing seen in truly
fossorial snakes, and that this places greater selective pressure on the column than concertina
performance. However, this does not explain low body segment counts and optima recorded for
semi-fossorial snakes, which are not generally digging as intensively. Other soft tissue factors,
including the diameter of the snake, are also important in affecting the flexibility and
performance of snakes in narrow tunnels (Jayne, 1988), and it is possible that fossorial and semi-
fossorial snakes differ from other snakes in ways that mitigate the decreased performance
resulting from fewer vertebrae.

Lower optimal and observed values in both aquatic and semi-aquatic snakes are possibly
related to the need for a particular combination of body stiffness and flexibility in elongate
undulatory swimming. There are optimal stiffness levels for swimming performance in elongate
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animals (Tytell et al., 2010), and different vertebral numbers can be expected to affect body
stiftness. However, Jayne (1985) surprisingly found no difference in swimming kinematics
between Nerodia fasciata and Pantherophis obsoletus, despite the latter having 115 more
vertebrae (i.e., lower stiffness). He did find that P. obsoletus used more muscle segments and
less flexion at each intervertebral joint, effectively decreasing the body stiffness to match that of
N. fasciata. Therefore, although most if not all snakes are capable of swimming, aquatic snakes
with low vertebral counts may already have an optimal stiffness to produce more efficient
undulatory waves.

The model predicts that arboreal snakes have the highest body segment counts. This may
be related to the potentially wide spread of push points in an arboreal environment. Previous
work suggests that more widely spaced push points leads to increased selection for flexibility
rather than stiffness, in order to be able to reach enough push points to successfully move
(Kelley et al. 1997). Not all arboreal habitats are the same, and some smaller arboreal snakes are
likely able to make use of relatively more push points in the environment. In such cases, the need
for flexibility may not be as great, and possibly explains in part the lower average count
observed for the arboreal group. Better refinement of arboreal behavior and environments may
reveal two or more optima within this ecological group.

Conclusions

This study explores the evolution of body segment count in snakes by first testing for a
directional trend in body segment number, and then by testing models with selection imposed by
feeding and habitat requirements. Three selection OU models were tested against a non-selection
Brownian-motion model. There is no support for a phyletic trend toward increasing body
segment counts. The favored model of body segment count is OU habitat model, which produced
optimal body segment counts for each ecological group that are biologically realistic. The OU
habitat model also reconstructs much stronger selection than drift, showing that selection is
important in determining body segment number. The drift that does occur may account for the
wide ranges in vertebral number seen in each group.

It also highlights the importance of body segment number to elongate animals that must
make use of their entire trunk for locomotion. Vertebral number is correlated with habitat and
locomotor performance in lizards (Van Damme and Vanhooydonck, 2002) and fishes (Swain,
1992; Brainerd and Patek, 1998) as well as snakes (Lindell, 1994; Kelley et al., 1997; Hampton,
2011), showing the importance of body segment number to locomotion across several groups.
Although use of BIC found no support for the two ecology-based models, it still favored a
selection-driven model over the simpler Brownian motion model. The tendency for this test
statistic to support incorrect models at small sample sizes, combined with the support of the OU
habitat model using AICc suggests minimally that habitat is an important component of selection
pressures on snake body segment number. Any future models of body segment evolution in
snakes should therefore include habitat as an important component of the selection force.
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Table 4.1. Model support comparison for test of directional evolution of body segment number.

Model -2log(likelihood) df p
Random Walk -4.79 3 —
Directional -4.79 4 1.00
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Table 4.3. Estimates of selection (o) and drift (o) for the models of evolution in Serpentes tested
in this study.

Model o o
Brownian - 0.25
OU global 4.28 0.32
OU constriction 5.61 0.34
OU habitat 4.90 0.32
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Figure 4.1. The phylogeny of Serpentes used in the analysis. Select clades are named in the
outermost ring; all of the included families and colubroid subfamilies are delineated by
alternating grey and white patches. The symbols surrounding the tree indicate habitat preference
and the presence or absence of constriction as a mode of prey subjugation. See text for sources.
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Chapter 5

Conclusions

Taken together, the studies presented here provide a comprehensive look at the
morphology of the ophidian vertebral column, and explore the relationship between the vertebral
column and ecology. Provided here for the first time are comparative studies of the
morphological variation throughout the vertebral column in individuals (intracolumnar variation)
for both basal snakes and caenophidians. These studies will be useful for functional
morphologists and paleontologists alike, and provides the basis for further work on the vertebral
column by highlighting the types of variation present and the regions of potential functional
interest. Building on these studies of variation are two studies of ecomorphology, one of the
vertebral column as a whole unit, and the other on the individual parts of that unit, the vertebrae.
Vertebral number is an important component of an elongated animal’s biology (Kelley et al.,
1997; Brainerd and Patek, 1998; Van Damme and Vanhooydonck, 2002; McDowall, 2003;
Hampton, 2011), and snakes show variations in vertebral numbers between several different
ecological categories. The study here is the first to explicitly test for selection on vertebral
number by ecology in an explicitly phylogenetic framework for the whole of Serpentes.
Complementing this study of vertebral number is a study of the relationship between vertebral
morphology and ecology. In this study, the habitat preference of snakes was predicted based on
vertebral metrics using a phylogenetic flexible discriminant analysis, with the aim of using the
model to predict habitat preference of extinct snakes.

The basis of any future work on the snake vertebral column must rest on an
understanding of intracolumnar variation. Prior to this study, intracolumnar variation had been
examined in a handful of taxa scattered across the literature, without any synthesis or comparison
across major groups. The results presented here reveal that some vertebral features vary through
the column in similar ways across the whole of Serpentes, but that other features are not as
constant. The anterior trunk is the most well defined region of the precloacal vertebral column,
as might be predicted when considering the functional demands placed on the region
immediately posterior to the head. But more interesting is the way that the variation in features
differs between taxa, particularly when those taxa are ecologically distinct. Greater homogeneity
in the columns of terrestrial colubroid snakes supports the hypothesis that the evolution of venom
freed the vertebral column to specialize in locomotion (Savitzky, 1980). Instead of having an
anterior trunk that is required to produce strong, rapid strikes and powerful, stereotyped
constriction, the whole trunk is primarily used in locomotion. Those colubroids that constrict
have apparently re-evolved the behavior, as evidenced by the often haphazard nature of the coils,
and the lack of a clear pattern across the clade (Greene and Burghardt, 1978). That said, there are
still notable differences in the anterior trunk of colubroids, in the form of tall neural spines and
hypapophyses, probably still related to special movements of the head.

Knowledge of intracolumnar variation is also important in paleontological studies.
Because vertebrae vary in predictable ways through the column in most snakes (scolecophidians
often provide exceptions to the rule), isolated vertebrae can be placed to their appropriate region
of the trunk. This can allow an accurate representation of the variation in the column of an
extinct snake, although the level of detail will not be as high as in the case of extant snakes
where every vertebra can be measured. Differences in the way the column varies between clades
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can also be used to potentially identify snakes of uncertain affinities. For example, a particular
group of snakes may show a combination of features at specific points of the trunk that do not
occur in certain groups. Fossils showing similar combinations at the appropriate points in the
column can then be referred to that clade. A taxonomically expanded study of intracolumnar
variation will be necessary for this to be fully useful, however.

This research shows the ecomorphological potential of snake vertebral morphology.
Vertebral number is linked to ecomorphology, with the results of the study here revealing that
vertebral number is under selection. The best fitting model of vertebral number evolution is a
four-optimum model, wherein snakes are separated by habitat choice. This model outperformed a
Brownian motion random walk model, as well as two other models incorporating selection, one
with a single global optimum for all snakes and one with snakes grouped as constrictors or non-
constrictors. Each of the selection-based models outperforms the Brownian Motion model. These
results show that vertebral number is under selection related to habitat preference.

Major questions of snake evolution remain unresolved, making it a fertile ground for
future work. The vertebral column of snakes is understudied, in spite of the great potential for
important research into the evolution of snakes. The results of the four studies presented here
suggest specific avenues of further investigation, centered on three topics: further inquiry of
intracolumnar variation in snakes, refinement of the model of evolution of snake vertebral
number, and refinement of the predictive model of habitat preference to increase its utility for
paleontology.

This study marks the most in-depth investigation of intracolumnar variation in snakes to
date; however, it is by no means definitive, consisting of only a small fraction of the total
diversity of snakes. Although it does capture broad ecological and phylogenetic groups of extant
snakes, there are smaller clades and ecological specialists that could provide useful information
if studied in a similar fashion. Now that the basic patterns exhibited by various features in these
disparate groups have been discovered, further study can be accelerated by decreasing the
amount of raw measurements. This will in turn allow for more broadly based analyses. The large
radiation of caenophidian snakes is of particular interest for further study. This clade is highly
speciose and has invaded a wide range of available niches, including fully aquatic sea snakes,
prey specialists like egg eaters and slug eaters, and gliding snakes. At the opposite end of the
spectrum are the basal snakes like scolecophidians, pipe snakes and shieldtails, which all share
subterranean habits; investigations of this portion of the snake tree may provide insights in the
evolution of the snake vertebral column, and how it came to be so homogenous when compared
to non-snake squamate lizards.

Also of interest are studies of sexual dimorphism and ontogeny. Both of these topics are
poorly known with regard to intracolumnar variation, although there is some evidence to suggest
there are differences between males and females in the trunk vertebrae (Thireau, 1967a).
Vertebral morphology certainly changes during growth, and although no focused study has been
performed on the ontogeny of snake vertebral morphology, juvenile snakes have enlarged neural
canals, a more gracile build, and different shapes as compared to adult forms. Very little
morphometric study of ontogeny has been performed, and what has been done was limited to the
viperid Crotalus adamanteus (Christman, 1975; Prange and Christman, 1976). Study of both
sexual dimorphism and ontogeny is of particular interest to paleontologists, who must attempt to
sort isolated vertebrae into species or morphotypes; knowledge of how a particular morphotype
might vary between sexes or with age would be helpful in this regard.
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The study of the evolution of body segment number in snakes presented a successful
model of selection acting on snakes. Although the model can always be altered, such changes
must be made cautiously. Increasing complexity of the model will improve the fit of the model,
but it will decrease the confidence in the reported parameters (Butler and King, 2004). In
addition, the model’s parameters cannot exceed the number of data points (i.e., taxa), although in
the present case the number of taxa is so high that this is not likely to be an issue. Use of
conservative model scores like the Aikake information criterion help to limit the acceptance of
an incorrect model.

The complexity of this model could be increased without greatly decreasing its utility,
although the success of the results does not indicate it is necessary. Modifications that could
potentially be made include adding more historical data. Reconstructing the evolutionary history
of the investigated trait can produce a better fitting model (Butler and King, 2004). However, in
this case there are difficulties in using that approach. The most basal clade of crown Serpentes
(Scolecophidia) will strongly influence the reconstructed habitat preference and vertebral
number. However, scolecophidians are highly derived and probably do not reflect the biology of
the earliest snakes (Kley, 2001). In addition, the fragmentary nature of the fossil record means
that almost no extinct forms can be included in the analysis due to a lack of accurate vertebral
counts. This means that the base of Serpentes may be incorrectly reconstructed, which will
strongly impact the rest of the tree.

It is clear that a great deal of work remains to be done with snake vertebrae. Research in
this area has the potential to provide information not only about the evolutionary history of
snakes themselves, but also to provide access to the ecosystems they inhabited. By this means,
the historical responses of snake faunas can be studied, and compared to changes that are
occurring today. This dissertation provides the basis for such work in the future and provides
hypotheses that can be tested further with new studies and techniques.
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Appendix

The following is the tree utilized in Chapter 3 presented in Newick format.

((((((Tropidophis_haetianus:30.6,Tropidophis_melanurus:30.6):30.6,Trachyboa_boulengeri:61.2
):30.599999999999994, Anilius_scytale:91.8):9.700000000000003,(((Acrochordus_javanicus_:1
8.0,Acrochordus_granulatus:18.0):66.66,(Pareas_carinatus:65.39,((((((Echis_pyramidum_:27.0,
Cerastes_vipera:27.0):2.0,(Causus_rhombeatus:14.0,Causus_resimus:14.0):15.0):1.0,(Atheris_ni
tschei nitschei:29.0,(Bitis_arietans:27.0,((Bitis_nasicornis:7.5,Bitis_gabonica gabonica:7.5):14.
5,Bitis_peringueyi:22.0):5.0):2.0):1.0):1.0,(Daboia_russelli:19.0,(Vipera berus:12.0,Vipera_aspi
$:12.0):7.0):12.0):4.659999999999997,((Trimeresurus_gramineus:21.0,Popeia_buniana:21.0):10.
2,(Bothrops_lanceolatus:24.3,(Lachesis _muta:22.0,((Agkistrodon_bilineatus:9.0,Agkistrodon pi
scivorous:9.0):10.0,(Sistrurus_miliarius:13.0,(Crotalus_horridus:11.0,(Crotalus_durissus:7.3,(Cr
otalus_basiliscus:3.6,Crotalus_molossus:3.6):3.6999999999999997):3.7):2.0):6.0):3.0):2.300000
0000000007):6.899999999999999):4.459999999999997):25.340000000000003 ,(Homalopsis_bu
ccata:53.38,(((((((((Hypsiglena_chlorophaea:3.45,Hypsiglena torquata:3.3000000000000003):3
45 ,Hypsiglena_ochrorhyncha:6.9):3.4499999999999993,Hypsiglena jani:10.35):3.4500000000
00001,Hypsiglena slevini:13.8):6.899999999999999,((Imantodes_inornatus:16.8,((Leptodeira_a
nnulata:5.32,Leptodeira_maculata:5.32):10.68,(Imantodes_cenchoa:13.0,Imantodes gemmistrat
us:13.0):3.0):0.8000000000000007):0.8000000000000007,(Tretanorhinus_nigroluteus:14.5,(((At
ractus_clarki:4.3,Atractus_darienensis:4.3):4.3,(Geophis_hoffmanni:4.3,Geophis_brachycephalu
$:4.3):4.3):4.4,Dipsas_sanctijoannis:13.0):1.5):3.1000000000000014):3.099999999999998):6.19
9999999999999, ((Xenodon_severus:8.97 Erythrolamprus_aesculapii:8.97):8.959999999999999,
Pseudoboa coronata:17.93):8.969999999999999):6.75,(Diadophis_punctatus regalis:29.0,(Hete
rodon_nasicus_kennerlyi:14.5,Contia_longicaudae:14.5):14.5):4.649999999999999):4.63000000
0000003,(Rhabdophis_tigrinus:35.14,((Natrix_maura:20.0,Natrix_natrix:20.0):12.0,(((Storeria_d
ekayi:8.6,Storeria_storerioides:8.6):8.700000000000001,Seminatrix pygaea pygaea:17.3):8.7,((
(((Thamnophis_elegans_elegans:3.5, Thamnophis_ordinoides:3.5):3.5,Thamnophis_radix radix:
7.0):3.5, Thamnophis_marcianus:10.5):3.5, Thamnophis_sirtalis:14.0):6.0,(((Nerodia_fasciata:4.2,
Nerodia_erythrogaster:4.2):2.8999999999999995,Nerodia_taxispilota:7.1):0.4000000000000003
6,Regina_grahami:7.5):12.5):6.0):6.0):3.1400000000000006):3.1400000000000006):4.7199999
99999999, (((((((Philothamnus_semivariegatus:7.83,Philothamnus_irregularis:7.83):7.83,(Hapsid
ophrys_smaragdina:7.83,Hapsidophrys_lineatus:7.83):7.83):7.829999999999998,Coelognathus
helena:23.49):7.830000000000002,(((((Thelotornis_kirtlandii:7.9,Dispholidus_typus:7.9):7.9,(T
hrasops_flavigularis:7.9,Thrasops_jacksonii:7.9):7.9):7.899999999999999,((Telescopus_semian
nulatus:14.22,((Dipsadoboa_duchesnii:4.74,Dipsadoboa_viridis:4.74):4.74,Crotaphopeltis_hota
mboeia:9.48):4.74):4.74,(Boiga_jaspidea:12.64,(Dasypeltis_fasciatus:6.32,Dasypeltis scabra_sc
abra:6.32):6.32):6.32):4.739999999999998):4.740000000000002,(Zamenis_longissimus:27.0,(S
enticolis_triaspis_intermedia:22.9,(((Rhinocheilus lecontei tesselatus:8.585,Arizona_elegans:8.
435):8.585,((Lampropeltis_triangulum_annulata:15.0,(Lampropeltis _getula goini:7.25,(Lampro
peltis_alterna alterna:3.66,Lampropeltis alterna blairi:3.66):3.59):7.75):1.0799999999999983,
Bogertophis_subocularis:15.929999999999998):1.0900000000000034):1.0799999999999983,(((
Pantherophis_emoryi:5.675,Pantherophis_guttatus:5.675):5.675,(Pituophis_ruthveni:4.47,(Pituo
phis_melanoleucus mugitus:2.23,Pituophis_melanoleucus_melanoleucus:2.23):2.239999999999
9998):6.88):4.65,((Pantherophis_alleghaniensis:5.3,Pantherophis_spiloides:5.3):5.399999999999
9995,Pantherophis_bairdi:10.7):5.300000000000001):2.25):4.649999999999999):4.1000000000

117



00001):1.4400000000000013):1.4399999999999977 (Hierophis_viridiflavus:24.0,Spalerosophis
_diadema:24.0):5.879999999999999):1.4400000000000013):1.4299999999999997,((((Oxybelis
_aeneus:9.29,0xybelis_fulgidus:9.29):9.29, Drymobius_margaritiferus_fistulosus:18.58):9.29500
0000000002,(((Conopsis_nasus:13.07,(Sonora_semiannulata:8.71,Chionactis_occiptalis:8.56):4.
359999999999999):8.71,(Phyllorhynchus_browni:14.46, Trimorphodon_biscutatus:14.31):7.32):
3.66,(Salvadora grahamiae:23.0,(Masticophis_flagellum:11.0,Coluber constrictor stejnegerianu
$:11.0):12.0):2.4400000000000013):2.4349999999999987):2.4349999999999987,Ptyas_mucosa
:30.31):2.4400000000000013):1.4399999999999977,(Dendrelaphis_caudolineatus:22.79,Ahaetu
lla_prasina:22.79):11.399999999999999):1.4400000000000048,(Grayia_smithii:30.42,Grayia_o
rnata:30.42):5.210000000000001):7.369999999999997):7.0,((((((((Psammophis_tanganicus:3.16
,Psammophis_biseriatus:3.16):9.44,Psammophis_schokari:12.6):6.4,((Psammophylax _tritaeniatu
$:6.3,Psammophylax_variabilis_multisquamis:6.3):6.3,Hemirhagerrhis nototaenia:12.6):6.4):3.0
,(Rhamphiophis_rostratus:16.5,Malpolon_monspessulanus:16.5):5.5):6.434999999999999,Buho
ma_depressiceps:28.435):6.434999999999999,(Pseudaspis_cana:28.9,(((Mehelya poensis:12.7,
Hormonotus modestus:12.7):6.199999999999999, Lycophidion capense capense:18.9):6.40000
0000000002, (Lamprophis_virgatus:10.8,(Lamprophis_olivaceus:7.2,(Lamprophis_lineatus:3.6,L
amprophis_fulginosus mentalis:3.6):3.6):3.6000000000000005):14.5):3.599999999999998):5.9
69999999999999):3.1300000000000026,((Aparallactus_capensis:10.1,Aparallactus_modestus: 1
0.1):20.189999999999998, Atractaspis_bibroni:30.29):7.710000000000001):5.0,(((Leioheterodo
n_madagascariensis:19.0,Madagascarophis_colubrinus:19.0):9.5,(Duberria_lutrix_abyssinica:9.5
,Duberria_lutrix_lutrix:9.5):19.0):6.359999999999999,((Micrurus_tener:10.2,Micrurus_fulvius:1
0.2):20.400000000000002,((Naja_haje:8.75,Naja_nigricollis:8.75):17.55,(((Dendroaspis_viridis:
7.95,Dendroaspis_angusticeps:7.95):7.95,(Bungarus_fasciatus:10.0,(Bungarus_multicinctus:5.0,
Bungarus_candidus:5.0):5.0):5.9):5.9,(Elapsoidea guentheri:17.3,((Laticauda laticaudata:6.4,La
ticauda_schistorhynchus:6.4):6.35,((((((((((Hydrophis_cyanocinctus:0.69,Leioselasma_spiralis:0.
69):0.71,Chitulia_lapemoides:1.4):0.7000000000000002,Pelamis_platura:2.1):0.6999999999999
997,Lapemis_hardwicki:2.8):0.6700000000000004,(Disteira_major:2.3,(Acalyptophis_peronii:1.
16,Disteira_kingii:1.16):1.14):1.1700000000000004):0.73, Astrotia_stokesii:4.2):0.70000000000
00002,Leioselasma_elegans:4.9):0.5999999999999996,Parahydrophis_mertoni:5.5):0.75,(((Aipy
surus_laevis:1.1,Aipysurus_fuscus:1.1):1.1,Aipysurus_duboisii:2.2):1.0499999999999998,Emyd
ocephalus_ijimae:3.25):3.0):3.25,(Pseudonaja_textilis:9.25,Acanthophis_antarcticus:9.25):0.25):
3.25):4.550000000000001):4.5):4.5):4.300000000000001):4.259999999999998):8.14):7.0):3.38
00000000000026):7.619999999999997):4.390000000000001):19.269999999999996):9.3400000
00000003,((((((((((Liasis_fuscus:29.0,(Aspidites_ramsayi:12.0,Aspidites_melanocephalus:12.0):
17.0):3.0,(Bothrochilus _boa:21.0,Leiopython_albertisii:21.0):11.0):4.299999999999997,(Antare
sia_maculosa:18.2,Antaresia_childreni:18.2):18.099999999999998):4.300000000000004,((More
lia_oenpelliensis:22.0,Morelia_amethistina:22.0):2.0,Morelia_viridis:24.0):16.6):4.39999999999
9999,Broghammerus_reticulatus _saputrai:45.0):1.0600000000000023,(Python_regius:34.5,((Pyt
hon_curtus:11.5,Python_brongersmai:11.5):11.530000000000001,(Python _molurus:11.5,Python
_sebae:11.5):11.530000000000001):11.469999999999999):11.560000000000002):1.059999999
9999952,Loxocemus_bicolor:47.12):29.880000000000003,Xenopeltis_unicolor:77.0):8.0,(Cylin
drophis_ruffus:56.84,(Melanophidium wynaudense:37.9,(Uropeltis_pulneyensis:18.9,Uropeltis_
ocellatus:18.9):19.0):18.940000000000005):28.159999999999997):5.0,(Casarea_dussumieri:68.
4,(Calabaria_reinhardti:55.65,(((Boa_constrictor:28.5,((Corallus_annulatus:11.4,Corallus_caninu
s:11.4):11.4,(Epicrates_cenchria:17.1,(Eunectes murinus:5.7,Eunectes_notaeus:5.7):11.4000000
00000002):5.699999999999999):5.699999999999999):10.259999999999998,,(Sanzinia_madaga
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scariensis:25.84,(Candoia_aspera:12.92,Candoia_bibroni:12.92):12.92):12.919999999999998):6.
260000000000005,((Lichanura_trivirgata:16.9,Charina_bottae:16.9):16.9,((Eryx_jaculus:11.26,E
ryx_jayakari:11.26):11.250000000000002,(Gongylophis_colubrinus:11.26,Gongylophis_conicus
:11.26):11.250000000000002):11.289999999999996):11.220000000000006):10.6299999999999
95):12.750000000000007):21.599999999999994):4.0):7.5):33.09,(Liotyphlops_albirostris:57.0,
Liotyphlops_ternetzii:57.0):77.59):6.210000000000008,(((Myriopholis_blanfordi:81.4,(Leptotyp
hlops_emini:46.8,Leptotyphlops_nigricans:46.8):34.60000000000001):49.870000000000005,(R
ena_maxima:69.1,Epictia_goudotii:69.1):62.170000000000016):8.129999999999995,((Typhlops
_arenarius:62.0,((Typhlops_reticulatus:32.0,((Typhlops_lumbricalis:15.0,Typhlops_rostellatus:1
5.0):5.0,(Typhlops_richardi:5.0,Typhlops_platycephalus:5.0):15.0):12.0):28.0,((Megatyphlops_s
chlegelii:21.0,Afrotyphlops_lineolatus:21.0):31.0,Letheobia_unitaeniata:52.0):8.0):2.0):1.0,((Ty
phlops_luzonensis:48.0,((Ramphotyphlops_polygrammicus:28.0,Austrotyphlops_bituberculatus:
28.0):17.0,Ramphotyphlops braminus:45.0):3.0):9.0,Typhlops_vermicularis:57.0):6.0):76.4):1.4
000000000000057):140.8;
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