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Vertebrates exhibit tremendous diversity in body shape, though quantifying this variation has been chal-
lenging. In the past, researchers have used simplified metrics that either describe overall shape but reveal
little about its anatomical basis or that characterize only a subset of the morphological features that con-
tribute to shape variation. Here, we present a revised metric of body shape, the vertebrate shape index
(VSI), which combines the four primary morphological components that lead to shape diversity in verte-
brates: head shape, length of the second major body axis (depth or width), and shape of the precaudal and
caudal regions of the vertebral column. We illustrate the usefulness of VSI on a data set of 194 species,
primarily representing five major vertebrate clades: Actinopterygii, Lissamphibia, Squamata, Aves, and
Mammalia. We quantify VSI diversity within each of these clades and, in the course of doing so, show
how measurements of the morphological components of VSI can be obtained from radiographs, articu-
lated skeletons, and cleared and stained specimens. We also demonstrate that head shape, secondary
body axis, and vertebral characteristics are important independent contributors to body shape diversity,
though their importance varies across vertebrate groups. Finally, we present a functional application of
VSI to test a hypothesized relationship between body shape and the degree of axial bending associated
with locomotor modes in ray-finned fishes. Altogether, our study highlights the promise VSI holds for
identifying the morphological variation underlying body shape diversity as well as the selective factors
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driving shape evolution.
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1. Introduction

Body shape is one of the most prominent axes of morpholog-
ical diversity among vertebrates. Within the major higher-level
taxa, shape variation can be characterized as a continuum extend-
ing from short, stout forms at one extreme to long, skinny bodies
at the other. Ray-finned fishes, for example, vary from disc-like
(e.g., flatfish, ocean sunfish) or football-shaped (e.g., pufferfish)
to eel-like forms (e.g., true eels, eelpouts, pricklebacks). Lissam-
phibians (i.e., extant members of Amphibia) range in shape from
compact (e.g., frogs and toads) to highly elongate (e.g., sirens, cae-
cilians). Squamata include both stout-bodied (e.g., horned lizards)
and snake-like lizards (e.g., amphisbaenids, glass lizards) as well
as snakes. In Mammalia and Aves, overall body shape variation
may take a backseat to cranial and appendicular diversity, but these
groups also show marked variation along the elongation continuum
(e.g., terrestrial vs. marine ungulates, diving vs. perching birds).

This diversity in body shape has long captivated functional and
comparative morphologists because the shape of an organism’s
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body affects many aspects of its biology. In fishes and tetrapods,
body shapeisrelated to axial flexibility and locomotor performance
(Lindsey, 1975,1978; Webb, 1982; Brainerd and Patek, 1998; Porter
et al.,, 2009), which in turn determines suitable microhabitats
(Nelson, 2006). For example, extreme elongation in fishes may con-
fer flexibility and maneuverability that allow occupation of narrow
crevices, as seen in elongate gobies living in the interstitial habi-
tat of gravel beaches (Yamada et al., 2009). In addition, the degree
of body elongation influences gut morphology (Ward and Kley,
2012) and imposes structural constraints on elements of the feed-
ing apparatus, thereby affecting feeding physiology and ecology
(Gans, 1975; Pough et al., 1998). Body shape may even have conse-
quences for diversification of evolutionary lineages (Bergmann and
Irschick, 2012).

Despite widespread interest in body shape and its functional,
ecological and evolutionary consequences, no consensus or uni-
fying metric has emerged for quantifying shape. Many previous
researchers have summarized morphological shape variation using
multivariate statistical approaches, such as principal components
or discriminant function analysis (e.g., Losos, 1990; Walker and Bell,
2000; Riiber and Adams, 2001; Langerhans et al., 2007; Brandley
etal., 2008; Adams et al., 2009; Bergmann et al., 2009). In particular,
landmark-based morphometrics, a method of quantifying shape
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variation among taxa based on deviations in a series of landmarks
spread across the body, has been highly effective at identifying
aspects of shape that differentiate taxa (see reviews in Rohlf and
Marcus, 1993; Adams et al., 2004). However, this method may
have only limited utility for quantifying broad scale patterns of
vertebrate shape diversity because the variety of forms that can
be included in the analysis may be restricted by the presence of
homologous structures and landmarks. In addition, aspects of body
shape that load strongly on the resulting principal components or
canonical axes depend on the sample of taxa and traits included
in the study. This sample dependence makes it difficult to com-
pare shape variation across studies, particularly when sampled
taxa differ substantially in variability among species, possess dif-
ferent structures, or have been preserved or measured in different
ways.

An alternative approach to the application of multivariate statis-
tics has been to devise and apply metrics that combine body
measurements in ways that capture variation along the elon-
gation continuum. Several simple metrics involve the ratio of
an organism’s anterior-posterior length to its second longest
axis (dorso-ventral depth or lateral width), including elongation
ratio (ER =standard length/second longest body axis, where stan-
dard length is an ichthyological measure of body length that
excludes the caudal fin rays; Ward and Azizi, 2004), fineness
ratio (FR =total body length/body depth; Webb, 1975), and body
aspect ratio (BAR=total body length/body width; Helfman et al.,
2009). The latter two were originally designed to relate body
shape to swimming performance, but all three metrics can be
applied to describe shape for almost any vertebrate taxon such
that more elongate species have larger values. These ratios, how-
ever, provide only limited insight into the morphological basis
of shape variation, and identification of underlying structural
differences requires collection of more detailed anatomical mea-
surements.

Body shape transformations along the elongation contin-
uum may result from modifications of several morphological
components. Many studies have shown that highly elongate ver-
tebrates have more vertebrae when compared to closely related
non-elongate species (Wake, 1966; Lindsey, 1975; Asano, 1977;
reviewed in Richardson et al., 1998; Polly et al., 2001; Ward and
Brainerd, 2007), though elongate species may differ in the region
of the axial skeleton showing increased vertebral numbers (Polly
et al.,, 2001; Ward and Brainerd, 2007; Mehta et al., 2010; Miiller
et al,, 2010; Ward and Mehta, 2010). In addition, many elongate
forms are known to exhibit increased length of the individual verte-
brae (Johnson, 1955; Wake, 1966; Parra-Olea and Wake, 2001; Polly
etal.,2001). To incorporate these possible modifications of the axial
skeleton into a metric of elongation, Ward and Brainerd (2007)
proposed the axial elongation index (AEI), which combines mea-
surements of vertebral number and shape in the abdominal and
caudal regions. Similar to the simpler elongation metrics, AEI varies
such that greater values characterize more elongate species, but
analysis of the components of AEI can also reveal what aspects
of the axial skeleton are responsible for body elongation (Ward
and Brainerd, 2007; Yamahira and Nishida, 2009; Ward and Mehta,
2010; Mehta et al., 2010). Although the development of the AEI is
a step toward elucidating the morphological basis of body shape
variation, it captures only a subset of the features that can under-
lie shape differences. In addition to the shape of the axial skeleton,
vertebrates also vary in relative head size and shape and in rela-
tive length of the second major body axis (Ward and Mehta, 2010;
Mehta et al., 2010) (see Fig. 1).

Here, we offer a revised metric for quantifying body shape,
the vertebrate shape index (VSI), which combines the four major
anatomical components that contribute to body shape variation
among vertebrates:

Head Length
oney uonebuolg

Axial Elongation Index

Fig. 1. Hypothetical distribution of body shapes in a morphospace defined by axial
elongation index (AEI), head length (HL), and elongation ratio (ER). Relative length
of the head or secondary body axis may vary independently of elongation in the
axial skeleton, resulting in a weak correlation between commonly used metrics of
body shape - AEI and ER. Line drawings are of a general eelpout (Zoarcidae).

VSI = secondary axis reduction + head elongation

+ precaudal elongation + caudal elongation (1)

Secondary axis reduction is the anterior-posterior length of the
body (Lais1) relative to the length of the secondary body axis (the
greater one of body depth or width, L,,;s,) and is equivalent to ER.
Head elongation is the product of head length, quantified as the
number of vertebrae spanning the antero-posterior length of the
head (Lpeqd in vertebrae > and head aspect ratio (ARpeqq), Which is the
ratio of head length to its length in the dimension of the secondary
body axis (i.e., dorso-ventral depth, if the secondary body axis is
depth, or lateral width, if the secondary body axis is width; see Sec-
tion 2.2). Precaudal and caudal elongation follow the formulation
in Ward and Brainerd’s (2007) work on the AEI, where precaudal
elongation equals the product of the number of precaudal vertebrae
(Npcy) and the mean aspect ratio of precaudal vertebrae (ARpcy ), and
caudal elongation is the product of the number of caudal vertebrae
(Ncv) and the mean aspect ratio of caudal vertebrae (ARcy) (see Sec-
tion 2.1 for justification of morphological traits included in VSI and
the mathematical functions for combining them). Vertebral aspect
ratios are calculated in the same way as head aspect ratio: antero-
posterior length divided by either depth or width depending on the
secondary body axis. Combining all of these terms,

L .
VSl = (L'S]> + (Lhead in vertebrae X ARnead)

axis2

+(Npcy x ARpey) 4+ (Nev x ARcy) (2)

We intend for VSI to be a metric of body shape that varies
between highly elongate forms at large values and stout forms at
small values. Moreover, because the morphological features that
comprise VSI are shared by all vertebrate taxa, VSI can be cal-
culated for any vertebrate and analyzed in a way that allows for
identification of the structural changes leading to body shape diver-
sity.

In the present study, we demonstrate the utility of VSI through
four primary objectives. (i) We quantify VSI for a diverse sample of
194 vertebrates and estimate VSI diversity within five major ver-
tebrate clades: Actinopterygii, Lissamphibia, Aves, Squamata, and
Mammalia. (ii) We describe how the components of VSI can be mea-
sured for a variety of specimen preparations. Vertebrate taxa differ
in the techniques commonly used to reveal skeletal structures, such
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as clearing and staining (used predominantly on small vertebrates),
dry skeletal preparation and radiography, and we detail methods
for making homologous measurements on each specimen type. (iii)
To assess the importance of VSI's morphological components to
shape variation, we quantify their independent contributions to
VSI diversity as well as their degree of correlation within verte-
brate clades. This aspect of our study illustrates how VSI can be
used to identify the anatomical basis of body shape variation and
serves to evaluate VSI as a revision of AEL Because VSI is simply
the sum of secondary axis reduction, head elongation and AEI, the
revision is only necessary if secondary axis reduction and head
elongation are important independent contributors to shape vari-
ation. (iv) We demonstrate how VSI can be applied to questions
in comparative and functional anatomy by testing a hypothesized
relationship between VSI and degree of axial bending during swim-
ming in ray-finned fishes.

2. Materials and methods
2.1. Rationale for VSI's formulation

VSI additively combines the shape of four major anatomical
regions known to contribute to variation along the elongation
continuum in vertebrates: secondary body axis reduction, head
elongation, and elongation of both precaudal and caudal regions
of the vertebral column. We quantify the shape of each of these
regions such that more elongate forms have larger values. To avoid
confounding variation in VSI and its components with variation
in size, we use ratios to describe the lengths of structures relative
to their lengths in the dimension of the secondary body axis. We
choose this method over other methods that account for size, such
as linear regression against a size variable, for two reasons. First,
we want VSI to be a metric that can be calculated for any specimen
directly from measurements of its morphology. Second, we want a
specimen’s VSI to be stable (i.e., invariant across studies), and many
size correction methods, including regression, give values for taxa
that depend on the sample of species included in the analysis. These
considerations are made with the overall goal of allowing VSI mea-
surements from multiple studies to be readily combined. Below we
describe our rationale behind the formulae combining morpholog-
ical measurements to determine each of VSI's components (see Eq.
(2).

We quantify secondary axis reduction as ER because this variable
describes the relative lengths of the body in its primary and sec-
ondary dimensions in a manner that gives larger values for more
elongate forms.

Head elongation combines head length relative to the length of
the axial skeleton and the degree of head lengthening in the antero-
posterior dimension relative to its depth or width (i.e., AReqq)- We
quantify relative head length as Lyeqqd in vertebrae DECause standardiz-
ing by the number of vertebrae equivalent to head length ensures
head elongation will be of similar magnitude to precaudal elonga-
tion and caudal elongation. In contrast, standardizing head length by
body length would result in a relative head length value less than
1 and would diminish the contribution of head elongation to VSI.
Multiplying Lyeqq in vertebrae DY ARpeqq Provides a description of the
degree of head elongation that is comparable to the degree of axial
skeletal elongation.

Following Ward and Brainerd (2007), precaudal (or caudal)
elongation is the product of the Npcy (or N¢y) and mean ARpcy
(or ARcy) of individual vertebrae within that region. Because
aspect ratio describes the relative lengthening of the vertebrae,
multiplying this value by the number of vertebrae gives a size-
standardized description of the degree of elongation of each axial
region.

2.2. Taxonomic sampling

We sampled vertebrate species spanning the elongation contin-
uum to assess whether VSI separates stout-bodied from elongate
species as we intended. Specimens came from personal collec-
tions and from the collections of Mammalogy and Ornithology at
the Natural History Museum of Los Angeles County and Herpetol-
ogy and Ichthyology at the California Academy of Sciences (for
museum accession numbers, see Table S1 in the supplementary
online Appendix A). We collected body shape data from a total
of 194 species spread across seven major clades (Actinopterygii,
n=117; Lissamphibia, n=14; Testudines, n=3; Squamata, n=14;
Crocodilia, n=2; Aves, n=11; Mammalia, n=33). Within each clade
we targeted species at the extremes of the elongation continuum
and opportunistically sampled species with intermediate body
shapes.In addition, alarge portion of our sampling of Actinopterygii
came from the highly elongate Anguilliformes (true eels, n=36) and
the highly shape-variable Blennioidei (blennies, kelpfish, stargaz-
ers and allies, n=32). Focusing on these groups allowed us to assess
the anatomical basis of body shape variation at a finer taxonomic
level than the more inclusive vertebrate clades permitted. When-
ever possible we examined multiple adult individuals per species
(min.=1; max.=8), and species values were taken as the means
of measurements from individual specimens. Because specimen
preparations vary across vertebrate taxa, we examined cleared
and stained specimens, dry skeletal preparations, and radiographs.
In Section 2.3 we detail our methods for measuring VSI's mor-
phological variables. Depending on the size of the specimens,
measurements were taken using measuring tape to the nearest
0.1 mm or analog calipers recorded to the nearest 0.01 mm.

2.3. Morphological measurements

Primary body axis length (referred to throughout simply as body
length), Layis1, is the distance from the anterior-most point of the
skull to the posterior end of the vertebral column. This variable
is equivalent to the commonly used ichthyological body size mea-
surement, standard length, which excludes the length of the caudal
fin rays. Body length can be readily measured on any vertebrate
skeletal preparation, though some caution is required to exclude
specimens with breaks in the caudal axial skeleton, which may be
common in squamates and salamanders that autotomize their tails.

Secondary body axis length, Lgis>, is the greater one of dorso-
ventral body depth and lateral width. Body depth is measured
perpendicular to the primary body axis at the point where the
distance between the dorsal and ventral surfaces is greatest pos-
terior of the skull. These surfaces are intact on cleared and stained
specimens, but for skeletons or radiographs, which lack the body
wall, measurements must be made between skeletal elements. In
many vertebrates, body depth is the vertical distance between the
dorsal-most point of the vertebral neural arch and the ventral-
most point of the rib at the postcranial skeleton’s deepest point.
However, in many ray-finned fishes, post-cranial skeletal elements
lie above the neural arch or below the distal end of the ribs (e.g.,
pterygiophores, pelvic girdle). This measurement may, for exam-
ple, be taken between the dorsal- and ventral-most points on the
pterygiophores supporting the dorsal and anal fins, or between the
dorsal pterygiophores and the ventral-most aspect of the pelvic gir-
dle. Body depth does not include dorsal or anal fins of fishes. Body
width is measured perpendicular to the primary body axis and is
the distance between the left and right body surfaces at their widest
point. On skeletal preparations and radiographs, body width is the
distance between the left- and right-most extensions of the ribs.
Radiographs, of course, contain only two dimensions, one of which
is the primary body axis. As long as the second dimension includes
the secondary body axis, these preparations will be appropriate
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for VSI measurements. However, if it is unclear that a radiograph
contains the secondary body axis, we recommend against using it
because its VSI may not be comparable to VSI values determined
from three-dimensional specimens.

The secondary body axis determines the second dimension (i.e.,
denominator) for head and vertebral aspect ratios. This approach
effectively describes specimens in only two dimensions - the pri-
mary and secondary body axes. For some specimens, the secondary
axis of the head or vertebrae will not be in the dimension of the
secondary body axis (e.g., the secondary body axis is depth, but
head width is greater than head depth). But even in these cases, the
denominator for aspect ratio is measured in the dimension of the
secondary body axis. This strategy ensures that all morphological
variables comprising VSI correspond between three-dimensional
specimen preparations, such as cleared and stained specimens, and
two-dimensional preparations, such as radiographs.

Head length standardized by vertebral length, Lyeqq in vertebraes 1S
evaluated as the linear span of the skull along the primary body
axis divided by the average vertebral length, which is the mean
of region-specific vertebral lengths weighted by regional vertebral
counts (see below).

Head aspect ratio, ARpqqg, is the ratio of head length (as a mea-
sured distance, not standardized by vertebral length) to its length
in the dimension of the secondary body axis. Head depth and width
are measured in a manner similar to body depth and width, at the
deepest and widest points along the skull.

Regional vertebral counts, Npcy and Ny, require elaboration
because vertebrate taxa vary in the degree of differentiation along
the axial skeleton (Fig. 2). We divided the vertebral column into
regions shared across vertebrate groups: precaudal and caudal. The
precaudal region is the portion of the vertebral column lacking
fused haemal arches, whereas the caudal region contains verte-
brae with fused haemal arches (Grande and Bemis, 1998; Ward
and Brainerd, 2007). Actinopterygians possess only these two
regions (Grande and Bemis, 1998), while other vertebrates show a
greater degree of regionalization. In all cases, though, the enhanced
differentiation is contained within the precaudal region. Birds
and mammals possess four precaudal regions - cervical, thoracic,
lumbar, and sacral. Lissamphibians and squamates have three pre-
caudal regions - cervical, thoracolumbar, and sacral (Pough et al.,
2009). Precaudal vertebral counts, Npcy, were taken as the sum of
all differentiated precaudal regions. For each specimen, regional
vertebral counts were taken as the mean of three separate counts.

Regional vertebral aspect ratios, ARpcy and ARy, are the ratios of
vertebral centrum antero-posterior length to length in the dimen-
sion of the secondary body axis. For each specimen, we measured
aspectratios for three haphazardly selected vertebrae spread across
all vertebral regions and evaluated ARpcy and AR¢y as the means of
these measurements. In taxa with differentiated precaudal verte-
brae, we measured aspect ratios for three vertebrae from each
precaudal region and evaluated ARpcy as the mean of region-specific
aspect ratios weighted by the number of vertebrae within each
region. Although this method may result in a loss of information
about vertebral shape in some taxa, it permits comparisons among
groups with and without differentiation of the precaudal region.

2.4. Estimating diversity within vertebrate clades

To determine whether VSI does in fact separate elongate and
stout shapes, we quantified body shape diversity as the ranges
of VSI and its anatomical components within each of five major
clades of vertebrates - Actinopterygii, Lissamphibia, Aves, Mam-
malia, and Squamata. We excluded Testudines and Crocodilia from
this analysis because of limited sample size. We avoided statistical
comparisons among clades and applied range rather than variance
as ametric of diversity because our sampling targeted species at the
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Fig. 2. Illustration of various specimen preparations used to compile this data set
and the differences in vertebral regionalization of ray-finned fishes, mammals, and
lissamphibians. (A) Cleared and stained specimen of rosy blenny (Malacoctenus
macropus). Ray-finned fish specimens are often cleared and stained. They have only
two vertebral regions - precaudal and caudal, defined by the absence and pres-
ence, respectively, of a fused haemal arch. (B) Articulated skeleton of a juvenile
lion (Felis leo). All mammal specimens we measured were skeletonized. Mammals
(along with Aves, not pictured) have the greatest degree of vertebral differentiation
with four distinct precaudal regions - cervical, thoracic, lumbar, and sacral - plus
caudal vertebrae. (C) Radiograph of Pacific giant salamander (Dicamptodon ensatus).
Many lissamphibian specimens were X-rayed. Lissamphibians (and squamates, not
shown) have an intermediate degree of axial regionalization with three precaudal
regions - cervical, thoracolumbar, and sacral - in addition to caudal vertebrae.

extremes of the body elongation continuum and sparsely sampled
intermediate forms relative to their actual abundance within verte-
brate groups. This sampling strategy inflates the variance because
extreme forms are overrepresented, but the range should remain
relatively unchanged with more extensive sampling as long as we
have included forms near the extremes. Nevertheless, these com-
parisons of body shape ranges are intended as a heuristic exercise to
highlight potential questions to which VSI can be applied. Because
VSI can be measured for any vertebrate, it allows examination of
body shape variation — however quantified - along a single axis
among any sample of taxa.



250 D.C. Collar et al. / Zoology 116 (2013) 246-257

2.5. Quantifying the contributions of VSI components to shape
variation

To assess the importance of the four anatomical components
of body shape diversity, we examined their independent contrib-
utions to VSl variation within five major vertebrate clades (as above,
Testudines and Crocodilia were excluded from this analysis because
of small sample size). We applied multiple linear regression of VSI
against secondary axis reduction, head elongation, precaudal elon-
gation, and caudal elongation separately within each clade. Because
VSl is calculated directly as the sum of the four anatomical compo-
nents (see Eq. (1)), there is no residual variation. Rather than test
the statistical significance of the regression model, our goal was
to partition the variation in VSI among its components and assess
their independent contributions, quantified as the marginal (Type
III) sums of squares relative to the total sum of squared deviations
in VSI. We also quantified the proportion of variation in VSI that
is shared among components as the difference between the total
sum of squares for VSI and the sum of marginal sums of squares for
all components. Multiple linear regression models were fit using
least squares implemented in the function Im in the R statistical
computing environment (R Development Core Team, 2012).

We evaluated the degree of correlation among secondary axis
reduction, head elongation, precaudal elongation, and caudal elon-
gation. Within each of the five major vertebrate clades sampled, we
estimated Pearson correlation coefficients for all pairwise combi-
nations of components using the cor function in R (R Development
Core Team, 2012). In combination with the multiple linear regres-
sions, these between-component correlations served to validate
(or invalidate) the inclusion of each of the four components that
comprise VSI; low correlations indicate a large degree of indepen-
dent contributions to VSI, while high correlations suggest that some
components are redundant.

We applied multiple regression and correlation analysis to the
two more densely sampled ray-finned fish clades, Anguilliformes
and Blennioidei. Focusing on Anguilliformes allowed us to assess
the anatomical basis of body shape variation within a clade whose
species occupy the elongate extreme of the body shape continuum.
Blennioidei permitted investigation into what components under-
lie differences in body shape in a clade that includes a wide rage of
shapes, from relatively short-bodied to highly elongate species.

2.6. Examining the relationship between VSI and locomotor mode
in ray-finned fishes

To illustrate how VSI can be applied to examine the biologi-
cal consequences of body shape variation, we asked whether an
association exists between VSI and locomotor mode in Actinoptery-
gii. We evaluated the hypothesis that body elongation enhances
axial bending and body undulation-based swimming and tested
whether VSI is greater in species that employ a large degree of
axial bending during steady swimming. For a subset of our sam-
pled ray-finned fishes, we assigned species to one of four general
swimming modes: paired fin propulsion (labriform and diodon-
tiform swimming), median fin propulsion (amiiform swimming),
caudal undulation (carangiform, subcarangiform and thunniform
swimming), and body undulation (anguilliform swimming) (Liem
et al., 2001; Helfman et al., 2009). We selected a phylogenetically
dispersed sample of species to represent each swimming mode.
Assignments of swimming mode to species were based on personal
observation, and species whose swimming modes were uncer-
tain to us or did not fit within a single category were excluded
from this analysis. For some modes our data set included mul-
tiple species from the same family or order, which likely share
a swimming mode by common descent (Anguilliformes [n=36],
Labridae [n=3], Ophidiiformes [n=3 for fin-based propulsors],

Salmoniformes [n=2], and Stichaeidae [n=2]). Because inclusion
of all species from the same family or order would lead to phylo-
genetic bias and pseudoreplication, we evaluated the mean value
for each higher taxon and used the mean as a single sample in
the ANOVA. Our data set therefore included means for higher
taxa and species values for species sampled from distantly related
taxa. This sampling strategy resulted in the following sample
sizes within swimming modes: n (paired fin propulsors)=4 taxa
(3 species+1 family mean), n (median fin propulsors)=3 taxa
(2 species+1 order mean), n (caudal undulators)=4 species; n
(body/caudal undulators)=4 taxa (2 species + 1 order mean + 1 fam-
ily mean). Additional information on taxonomic sampling within
swimming modes is provided in Table S2 in the supplementary
online Appendix A.

We used ANOVA and one-tailed Tukey’s HSD tests, implemented
in the functions aov and TukeyHSD in R (R Development Core Team,
2012), to evaluate the statistical significance of differences among
swimming modes. We tested the prediction that body undulators
have the highest VSI, paired fin propulsors have the lowest VSI, and
caudal undulators and median fin propulsors exhibit intermediate
VSI values. We were unable to predict, however, whether cau-
dal undulators or median fin propulsors would be more elongate.
On the one hand, caudal undulators generate axial bending dur-
ing swimming, but on the other hand, median fin propulsors may
expand the area of the propulsive surface - the confluent median
fin - by lengthening the postcranial skeleton (Ward and Mehta,
2010).

2.7. Note on the use of non-phylogenetic statistical methods

Our statistical analyses did not account for phylogeneticrelated-
ness and thus assumed that data from species are independent.
Although these non-phylogenetic methods may be appropriate
when phenotypic similarity is uncorrelated with shared evolution-
ary history (i.e., low phylogenetic signal; Blomberg et al., 2003;
Freckleton et al., 2002), we do not argue that such is the case for
our data. In fact, we suspect at least a moderate amount of phy-
logenetic signal in our data, given our attempts to sample several
species at the extremes of the elongation continuum within major
vertebrate clades. In some cases, these species are more closely
related to one another than other species within the clade (e.g.,
anguilliform eels within Actinopterygii, anurans within Lissam-
phibia). Our goal, however, was simply to illustrate the ways in
which VSI can be applied to study body shape diversity, and we
chose non-phylogenetic statistics to avoid excluding large amounts
of data for species not found in published phylogenies. In addition,
we sought to avoid complicating the presentation of VSI with our
own phylogenetic analyses of the species in our sample.

The potential problems associated with neglecting phylogenetic
relatedness are likely to be most relevant to our multiple linear
regressions of VSI against its anatomical components and the esti-
mation of correlation coefficients for pairs of VSI components. We
sought to minimize the potential influence of phylogenetic non-
independence on comparisons of VSI and its components among
actinopterygian swimming modes by sampling species from a vari-
ety of families and orders (see above). Phylogenetic relationships
among these taxa may nevertheless influence the ANOVA. Non-
phylogenetic methods are prone to inflated Type I error rates
(Felsenstein, 1985) and elevated variance in parameter estimation
(Rohlf, 2006) relative to phylogenetic methods when phylogenetic
signal is high. We therefore avoid making strong inferences about
statistical significance of estimated parameters and instead view
these results as illustrative of the potential insights VSI can provide.
We note that future statistical analyses of VSI should involve phy-
logenetic methods whenever possible.
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Fig. 3. Scatterplot of the vertebrate shape index (VSI) against body length (distance
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skeleton) on log-scale axes for 194 species of vertebrates. Shapes represent verte-
brate clade identity, and within Actinopterygii, shading indicates whether species
belong to Anguilliformes (true eels), Blennioidei (blennies, kelpfishes, stargazers),
or other ray-finned fish groups.

3. Results
3.1. VSl diversity and its anatomical basis in vertebrate clades

To highlight that VSI can be applied to quantify body shape
variation along the elongation continuum, we examined VSI val-
ues for species from seven major vertebrate clades. Within five
of these clades (Actinopterygii, Lissamphibia, Squamata, Aves and
Mammalia), we estimated the range of VSI among species and
quantified the independent contributions of anatomical compo-
nents to VSI diversity. Crocodilians and turtles are represented by
too few species to be included in these analyses, but we note that
the sampled species of both clades fall in the middle of the VSI range
for all vertebrates (Fig. 3). Below, we describe results from each of
the more densely sampled clades, proceeding from the most to the
least diverse.

Actinopterygii: Ray-finned fishes span the largest range of VSI -
1.3 orders of magnitude (Table 1), nearly the entire range for all the
vertebrates in our data set (Fig. 3). At the lower VSI extreme are
several deep-bodied coral reef fishes (tang/Zebrasoma flavescens,
VSI=29.3; butterflyfish/Chaetodon multicinctus, VSI=39.6; puffer-
fish/Sphoeroides maculatus, VSI=41.8) as well as the disc-shaped
scat (Scatophagus argus, VSI=38.1), pompano (Trachinotus blochii,
VSI=35.8) and the wedge-shaped hatchetfish (Gasteropelecus ster-
nicla, VSI =40.8). The upper extreme of the VSI continuum is made
up mostly of anguilliform fishes (true eels), including the species
with the largest VSI value in our data set, the ribbon moray (Rhi-
nomuraena quaesita, VSI=622.7), but also the long, stiffer-bodied
needlefish (Strongylura marina, VSI=413.8) and some elongate
blennioids (stargazer/Myxodagnus opercularis, VSI = 242.3; hairtail
blenny/Xiphasia setifer, VSI=232.8; tube blenny/Chaenopsis alepi-
dota, VSI=210.9). Notably, the needlefish has the eighth largest
VSI, which seems to be a result of its head elongation (=303.4) far
exceeding the values of all other vertebrates in our data set.

Caudal elongation is the greatest independent contributor to VSI
variation in ray-finned fishes (21%), though the majority of shape
variation is shared among anatomical components (65%; Fig. 4).
This latter result is a consequence of the substantial correlation
among three of the four morphological components within ray-
finned fishes. Consistent with previous work examining body shape
diversity in fishes (Lindsey, 1975; Ward and Brainerd, 2007; Ward
and Mehta, 2010), we found strong positive correlations between
precaudal elongation and caudal elongation (r=0.68, P<0.001),and
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between secondary axis reduction and elongation of both verte-
bral regions (secondary axis reduction and precaudal elongation:
r=0.49, P<0.001; secondary axis reduction and caudal elongation:
r=0.35, P<0.001; Table 2). Although it accounts for a modest pro-
portion of VSI variation (7%; Fig. 4), head elongation is only weakly
correlated with the other components (Table 2) and seems to be an
independent axis of shape variation in ray-finned fishes.

Within the more densely sampled subclades of Actinoptery-
gii - Anguilliformes and Blennioidei - caudal elongation is the
most important independent explanatory variable of VSI (36 and
16%, respectively; Fig. 5). Precaudal elongation also accounted for
a substantial proportion of variation in Anguilliformes (13%), but

100
@ shared
W 2° axis
8ok Ohead
n M caudal
= [ precaudal
£
5 60 |
_"(:g' 13
§ 15
Z 40}
(=
8
’g -—07
20
0 |
() N
@ R
& &
& N
N Q,\Q’
Q
?s

Fig. 5. Partitioning the independent contributions of VSI components in two sub-
clades of ray-finned fishes — Anguilliformes (true eels) and Blennioidei (blennies,
kelpfishes, stargazers, and allies). See legend of Fig. 4 for details on what bar height
represents.
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Table 1
Minimum (min.) and maximum (max.) values for VSI and its anatomical components within each of five major vertebrate clades.

Trait Group Min. Min. species Max. Max. species Range?

VSI Actinopterygii 29.26 Zebrasoma flavescens (yellow tang) 622.69 Rhinomuraena quaesita (ribbon moray) 1.33
Lissamphibia 15.83 Hyla regilla (tree frog) 242.50 Amphiuma tridactylum (amphiuma) 1.19
Squamata 27.89 Phrynosoma taurus (horned lizard) 330.32 Lampropeltis getula (kingsnake) 1.07
Aves 59.42 Gallus gallus (chicken) 185.03 Recurvirostra americana (avocet) 0.49
Mammalia 60.50 Chinchilla lanigera (chinchilla) 196.75 Balaenoptera musculus (blue whale) 0.51

Secondary body axis Actinopterygii 1.40 Balistes vetula (triggerfish) 102.50 Myrophis vafer (worm eel) 1.87
Lissamphibia 221 Hyla versicolor (tree frog) 42.44 Amphiuma tridactylum (amphiuma) 1.28
Squamata 1.84 Phrynosoma taurus (horned lizard) 71.67 Lampropeltis getula (kingsnake) 1.59
Aves 0.78 Sula leucogaster (brown booby) 6.49 Recurvirostra americana (avocet) 0.92
Mammalia 0.68 Procyon lotor (racoon) 11.62 Bassariscus astutus (ring-tailed cat) 1.23

Head Actinopterygii 4.96 Moringua javanica (spaghetti eel) 303.39 Strongylura marina (needlefish) 1.79
Lissamphibia 5.61 Hyla regilla (tree frog) 27.73 Ambystoma mexicanum (axolotl) 0.69
Squamata 6.96 Phrynosoma taurus (horned lizard) 55.09 Boa constrictor (boa) 0.90
Aves 16.90 Crax rubra (curassow) 129.44 Recurvirostra americana (avocet) 0.88
Mammalia 8.00 Paradicticus potto (potto) 145.25 Balaenoptera musculus (blue whale) 1.26

Precaudal Actinopterygii 6.12 Zebrasoma flavescens (yellow tang) 315.40 Moringua edwardsi (spaghetti eel) 1.71
Lissamphibia 6.91 Hyla regilla (tree frog) 107.80 Dermophis mexicanus (caecilian) 1.19
Squamata 6.86 Phyllodactylus baurii (leaf-toed gecko) 211.20 Charina bottae (rubber boa) 1.49
Aves 25.10 Tyto alba (barn owl) 63.28 Anas acuta (pintail) 0.40
Mammalia 8.30 Perameles nasuta (bandicoot) 58.37 Capra nubiana (ibex) 0.85

Caudal Actinopterygii 8.19 Elacatinus horsti (goby) 440.00 Rhinomuraena quaesita (ribbon eel) 1.73
Lissamphibia 0.00 Hyla & Rana (frogs) 148.75 Ambystoma californiense (salamander) 217
Squamata 10.14 Phrynosoma taurus (horned lizard) 225.56 Lacerta trilineata (green lizard) 1.35
Aves 4.00 Amazona auropalliata (parrot) 21.36 Spheniscus humboldti (penguin) 0.73
Mammalia 9.67 Ursus malayanus (sun bear) 76.39 Felis pardus (leopard) 0.90

2 Range given in orders of magnitude (=log;o(max) — logo(min)).

neither head elongation nor secondary axis reduction contributed
much independently to VSI (Fig. 5), suggesting that diversity in the
degree of elongation in anguilliform eels is a product of variation
in the axial skeleton alone. Indeed, precaudal elongation and cau-
dal elongation are strongly positively associated in Anguilliformes
(r=0.43,P=0.008; Table 2). In blennioids, variation in head elonga-
tion contributes independently to VSI (9%), but the vast majority
of VSI variation is shared among anatomical components (76%;
Fig. 5). Strong positive associations between precaudal elongation
and caudal elongation (r=0.59, P<0.001) and between caudal elon-
gation and secondary axis reduction (r=0.69, P<0.001) are evident
in blennioids (Table 2).

Lissamphibia: Lissamphibians exhibit a smaller range of VSI
than ray-finned fishes, but the compact-bodied frogs (Hyla and

Rana species, VSI range = 15.8-32.4) exhibit the lowest VSI values
of any vertebrate in our data set. As adults, anurans lose the
caudal region of the axial skeleton, resulting in caudal elongation
values of 0. In addition, frogs exhibit the lowest values among
lissamphibians for the other anatomical components (Table 1).
Amphiuma (Amphiuma tridactylum, VSI=242.5) represents the
upper extreme of VSI for Lissamphibians, followed by the tiger
salamander (Ambystoma californiense, VSI=187.8) and the Pacific
giant salamander (Dicamptodon ensatus, VSI=172.3). Surprisingly,
these salamanders have larger VSI values than the eel-like caecilian
(Dermophis mexicanus, VSI=137.4) and the slender salamander
(Batrachoseps attenuatus, VSI = 120.9), though the latter two species
are in the upper 50% of the VSI distribution for all vertebrates.
In spite of large values for precaudal elongation (=107.8) and

Table 2
Correlation matrices for VSI components by vertebrate clade.
Taxon N Trait Head Precaudal Caudal
Actinopterygii 113 Secondary body axis 0.16 0.49™ 0357
Head - 0.01 -0.04
Precaudal - - 0.68™
Anguilliformes 36 Secondary body axis -0.07 0.36 0.09
Head - 0.03 0.18
Precaudal - - 043"
Blennioidei 33 Secondary body axis 0.17 0.25 0.69™
Head - 0.23 0.08
Precaudal - - 0.59™
Lissamphibia 14 Secondary body axis -0.19 0.87" 0.30
Head - -0.16 -0.19
Precaudal - - 0.17
Squamata 14 Secondary body axis 0.37 0.69" -0.14
Head - 0.14 -0.28
Precaudal - - —0.46
Aves 11 Secondary body axis 0.25 -0.03 0.14
Head - 0.11 -0.04
Precaudal - - 0.52
Mammalia 35 Secondary body axis -0.12 -0.07 0.55™"
Head - -0.12 -0.17
Precaudal - - 0.13

* 0.01 <P<0.05.
™ 0.001<P<0.01.
" P<0.001.
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secondary axis reduction (=21.0), caecilians have few caudal
vertebrae (Wake, 1980; Woltering et al., 2009), resulting in less
extreme VSI values. Although the slender salamander is in the
90th percentile for secondary axis reduction, it is unexceptional in
terms of axial skeleton elongation and head elongation.

VSI variation in Lissamphibia is primarily explained by caudal
elongation (42%; Fig. 4), which makes sense given that some lissam-
phibians have lost the caudal vertebral region entirely and others
have relatively long tails (Wake, 1966; Handrigan and Wassersug,
2007). Indeed, of the five vertebrate clades we examined, lissam-
phibians have the largest range of caudal elongation (more than
two orders of magnitude; Table 1). Just over 50% of VSI variation
is shared among components. This result is largely a consequence
of a strong, positive correlation between precaudal elongation
and secondary axis reduction (r=0.87, P<0.001). In addition, the
correlation between caudal elongation and secondary axis reduc-
tion is nearly as strong as the one estimated for ray-finned fishes
(r=0.30, P=0.30; Table 2), though this correlation coefficient is
non-significant, probably because of limited sample size.

Squamata: Squamates are also highly diverse in body shape,
exhibiting more than an order of magnitude range in VSI (Table 1).
At the stout-bodied extreme are the horned lizard (Phryno-
soma taurus, VSI=27.9) and alligator lizard (Elgaria multicarinata,
VSI=47.6). The snakes (kingsnake/Lampropeltis getula, VSI=330.3;
rubber boa/Charina bottae, VSI=298.1; and rattlesnake/Crotalus
atrox, VSI=275.4) and snake-like lizards (glass lizard/Ophisaurus
apodus, VSI=231.0; pygopodid/Lialis jicari, VSI=212.7) are at the
upper end of the VSI distribution. Some other lizards (green
lizard/Lacerta trilineata, VSI = 261.7; green anole/Anolis carolinensis,
VSI=181.5; leaf-toed gecko/Phyllodactylus baurii, VSI=176.5; and
five-lined skink/Eumeces fasciatus, VSI=174.6) are also in the upper
75th percentile of VSI, probably because of their long tails and large
caudal elongation values (range =119.1-225.6).

Both precaudal elongation and caudal elongation are impor-
tant independent contributors to VSI diversity in squamates (26
and 34%, respectively), while head elongation and secondary axis
reduction independently explain very little variation (1.3 and 1.6%,
respectively; Fig. 4). More than one third of VSI variation is shared
among components. Precaudal elongation is strongly positively
correlated with secondary axis reduction (r=0.69, P=0.006) and
negatively associated with caudal elongation (r=-0.46, P=0.09;
Table 2), though this latter correlation coefficient is marginally
non-significant.

Mammalia: Mammals span only about half an order of mag-
nitude in VSI, a much smaller range than ray-finned fishes,
lissamphibians or squamates (Table 1). In addition, mammals tend
to be intermediate in VSI. Only four of the 35 sampled species
extend beyond the mid-50% interval of the vertebrate VSI distri-
bution (Fig. 3); the dog (Canis familiaris, VSI=66.5) and hedgehog
(Erinaceus europaeus, VSI=69.3) are at the lower end, while the blue
whale (Balaenoptera musculus, VSI=196.8) and leopard (Felis par-
dus, VSI=159.1) are at the upper end. Despite their limited VSI
range, mammals exhibit the second largest range of head elon-
gation, a result largely driven by the largest animal on earth, the
blue whale (B. musculus), which has the second-most elongate skull
(head elongation = 145.3) of any vertebrate we measured.

Head elongation is the most important explanatory variable
of mammalian body shape diversity, independently accounting
for 42% of VSI variation. However, precaudal elongation and cau-
dal elongation also make substantial independent contributions
(15 and 21%, respectively). The percentage of VSI variation shared
among components is low (21%), and correlations among compo-
nents are mostly weak; only caudal elongation and secondary axis
reduction are correlated (r=0.55, P<0.001; Table 2).

Aves: Similar to the mammals, our sample of birds exhibits a
limited range of VSI values (0.49 orders of magnitude, Table 1)

that are mostly intermediate. Two species possess VSI values in
the lower 25th percentile - the chicken (Gallus gallus, VSI=59.4)
and the parrot (Amazona auropalliata, VSI = 62.8). Also, two species
fall above the 75th percentile — the avocet (Recurvirostra americana,
VSI=185.0) and the stork (Mycteria americana, VSI=167.1).

Head elongation is overwhelmingly the most important
anatomical component in birds, independently accounting for 71%
of VSl variation (Fig. 3). Because birds are bipedal, however, we note
the long axis of the head is not in line with the primary body axis,
and long-headedness may not contribute to elongate shape in birds
in the same way it does in other vertebrates. Nearly all of the varia-
tion in VSI that is not explained by head elongation is shared among
multiple components (22%). The correlation between precaudal
elongation and caudal elongation was strong but marginally non-
significant (r=0.52, P=0.10) probably because of limited power
resulting from small sample size. The remaining correlations
among components were weak and non-significant (Table 2).

3.2. Association between VSI and swimming mode in ray-finned
fishes

We found significant variation in VSI among the four swim-
ming modes of paired fin propulsion, median fin propulsion, caudal
undulation, and body undulation (F3 11 = 6.59, P=0.008; see Fig. 6A).
As predicted, body undulators, which generate a propulsive wave
along a large portion of the body down through the tail, have the
largest VSI and are significantly different from caudal undulators
and paired fin propulsors (P=0.022 and P=0.009, respectively),
which have a similarly low VSI. The VSI values of body undula-
tors did not, however, differ from those of median fin propulsors
(P=0.401). ANOVA and pairwise comparisons of anatomical com-
ponents revealed that the relatively large VSI of body undulators
is primarily a result of caudal elongation, which is significantly
greater for this swimming mode than any other (F3i1=7.76,
P=0.005; P[body vs. median fin] =0.038; P[body vs. caudal] = 0.009;
P[body vs. paired fin]=0.007). In addition, median fin swimmers
exhibit greater head elongation than any other swimming mode
(F3,11=10.88,P=0.001; P[median fin vs. body] = 0.006; P[median fin
vs. caudal]=0.002; P[median fin vs. paired fin]=0.002), suggesting
that fishes using their median fins for swimming have larger VSI
values than caudal undulators and paired fin propulsors because of
their relatively long heads.

4. Discussion

We present VSI as a metric of body shape in vertebrates that
separates stout-bodied from elongate forms by summing four
distinct anatomical components: secondary axis reduction, head
elongation, precaudal elongation and caudal elongation. VSI, there-
fore, allows for both quantification of body shape diversity and
identification of the anatomical basis of that diversity. Whereas
several metrics are well suited for quantifying body shape along
the elongation continuum (e.g., elongation ratio [Ward and Azizi,
2004]; fineness ratio [Webb, 1975]; body aspect ratio [Helfman
et al., 2009]), only axial elongation index (AEI; Ward and Brainerd,
2007) and VSI (Table 1 and Fig. 3) achieve this goal by incorpo-
rating measurements of morphological structures that contribute
to shape variation. We view VSI as a necessary revision of AEI
because VSI incorporates head shape and reduction of the sec-
ondary body axis in addition to regional elongation of the axial
skeleton. We show that while axial elongation is the primary con-
tributor to shape variation in ray-finned fishes, lissamphibians and
squamates, head elongation is of major importance to birds and
mammals (Fig. 4). This variation among cladesillustrates that incor-
porating detailed morphological measurements into shape metrics
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provides important insights into the anatomical basis of shape vari-
ation and further suggests that anatomical features beyond the
axial skeleton should be examined. The advantage of VSI over other
shape metrics is that it more comprehensively captures variation
in the morphological features that make an organism more or less
elongate.

In this study, we collected data on 194 vertebrate species
spanning Actinopterygii, Lissamphibia, Testudines, Squamata,
Crocodylia, Aves and Mammalia to show how the morphological
traits that comprise VSI can be readily measured on a variety of
skeletal preparations, including cleared and stained, dry skeletal,
and radiographed specimens. We specify methods for measuring
these traits with the aim of ensuring that values taken from dif-
ferent specimen types - particularly two- and three-dimensional
preparations — correspond with one another. VSI's versatility with
respect to its quantification on various specimen types is not unique
among body shape metrics; ER and AEI can also be measured
on the preparations examined in this study. Nevertheless, corre-
spondence between measurements on different specimen types is
critical to any metric’s use in large-scale comparisons of body shape
because preparation techniques may vary among taxa; all three
preparations are relatively common in fishes, lissamphibians and
squamates, but mammal and bird preparations are generally dry
skeletons (see Table S1 in the supplementary online Appendix A).

Our data show that VSI captures shape variation along the elon-
gation continuum, as we intended. Vertebrates span more than 1.5
orders of magnitude in VSI, from the tree frog to the ribbon moray
(Table 1 and Fig. 3). The lower extreme of the VSI distribution
comprises several compact-bodied forms sampled from different
vertebrate orders, including frogs, the horned lizard, and several
coral reef fishes. The upper extreme of VSI is predominantly pop-
ulated by the true eels - 15 of the 20 species with the largest VSI
values are from the Anguilliformes (Fig. 3) — but also includes a
lissamphibian (amphiuma) and several squamates (snakes, snake-
like lizards). We note that other shape metrics likely perform just as
well as VSIin terms of describing variation along this continuum. In
fact, two of these metrics, ER and AEI, are components of VSl and are
therefore highly correlated with it (rys;,gr =0.57; r'vsixagr = 0.95). We
present these results simply to show that VSI does in fact describe
the axis of variation for which we designed it.

4.1. VSl diversity in vertebrate clades

Because VSI involves measurements of morphological traits
shared across vertebrates, it can be used to compare body shape
diversity among any set of vertebrate taxa. To illustrate this appli-
cation of VSI, we show that five major vertebrate clades display
varying degrees of shape diversity (Table 1 and Fig. 3). We found the
greatest range of VSI within Actinopterygii, and this result seems
to be a consequence of several anguilliform eels possessing greater
VSl values than any other vertebrate in our data set. Although inter-
mediate in range, both Lissamphibia and Squamata span more than
an order of magnitude and include species with lower VSI values
than any of the ray-finned fishes. Compared to these shape-diverse
clades, Aves and Mammalia have limited VSI ranges, and species
from these clades generally possess intermediate VSI values.

We recognize, of course, that our sampling is highly uneven,
potentially confounding the rank order of ranges among clades.
While Actinopterygii has the largest range, it also comprises the
majority of species in our data set. Despite their limited sam-
ple sizes, however, lissamphibians and squamates span nearly the
same range as ray-finned fishes (90 and 80%, respectively). In addi-
tion, we note that our sample may have excluded some species that
would further extend the ranges of some clades. This may be partic-
ularly true of mammals - we were unable to sample groups known
to have elongated precaudal vertebrae (e.g., the giraffe) and greatly
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reduced caudal vertebral numbers (e.g., hominoid primates). In
addition, our sample of birds left out many diving birds and long-
necked wading birds. Nevertheless, we view our sample as a pilot
data set sufficient for demonstrating the utility of VSI, rather than
one allowing critical evaluation of differences in diversity among
vertebrate taxa.

4.2. Importance of anatomical components to VSI variation

Variation in elongation of the caudal axial skeleton is of major
importance to vertebrate body shape diversity. Caudal elonga-
tion accounts for the greatest proportion of VSI variation within
Actinopterygii, Lissamphibia, and Squamata - the clades with the
largest ranges in VSI. Although head elongation explains the largest
proportion of VSI in Mammalia, caudal elongation is a prominent
explanatory component as well. Aves is the only clade in which
caudal elongation accounts for little VSI variation.

We found that head elongation contributes to a large proportion
of shape variation in mammals and birds and a lesser but substantial
proportion in ray-finned fishes and squamates (Fig. 4). Combined
with our finding that head elongation exhibits weak correlations
with other VSI components (Table 2), these results reveal that
head elongation is an important independent source of vertebrate
shape diversity, validating VSI as a revision of AEI that incorpo-
rates this component. Moreover, the weak correlations between
head elongation and precaudal elongation or caudal elongation
allay concerns that standardization of head length by the vertebral
length would introduce a correlation between these components.

Precaudal elongation contributes nearly as much as caudal
elongation to shape diversity in squamates and mammals but inde-
pendently explains only about 5% of VSI in the other three clades
(Fig. 4). The limited explanatory ability of precaudal elongation
in ray-finned fishes, lissampibians and squamates appears to be
aresult of its correlations with other components, particularly sec-
ondary axis reduction (Table 2).

Secondary axis reduction makes little independent contribution
to VSI variation within any of the five clades (Fig. 4). This result
appears to be a consequence of the strong association between sec-
ondary axis reduction and axial skeleton elongation; secondary axis
reduction is strongly correlated with precaudal elongation or cau-
dal elongation in four of the five clades we examined (Table 2).
Despite its minor explanatory role, however, we take a conserva-
tive approach in retaining secondary axis reduction as part of VSI
because it remains a potential independent axis for shape change.
Secondary axis reduction may be more important in explaining
smaller-scale differences in body shape (Lindsey, 1975), perhaps
in a sample of more closely related species that vary less in axial
elongation than the disparate species sampled in this study or in
an ontogenetic series in a single species.

Our results clarify the importance of different anatomical
regions to body shape variation, but previous research into this
question has revealed that, even within these regions, elonga-
tion may occur through varying suites of morphological changes.
For example, variation in elongation of regions of the axial
skeleton may arise because of differences in vertebral number,
vertebral shape, or both (Parra-Olea and Wake, 2001; Ward and
Brainerd, 2007; Bergmann and Irschick, 2012). To examine finer-
scale morphological differences underlying body shape diversity,
head elongation, precaudal elongation, and caudal elongation can
be further decomposed into the morphological traits that comprise
them (see Eq.(2)). Both precaudal elongation and caudal elongation
are products of regional vertebral counts and their aspect ratios,
and these facets of the axial skeleton may vary independently
(Ward and Brainerd, 2007). To determine the basis for elongation
within a region of the axial skeleton, precaudal elongation or caudal
elongation could be regressed (as the dependent variable) against

vertebral number and aspect ratio. For example, within ray-finned
fishes, caudal vertebral number, N¢y, independently accounts for
more variation in caudal elongation than caudal aspect ratio, AR¢y,
by a factor of 1.4 (N¢y and ARy independently account for 56 and
39%, respectively, based on least squares linear regression of log-
transformed data). Similarly, regressing head elongation against
its morphological determinants (head length standardized by ver-
tebral length, Lyeqq in vertebrae» aNd head aspect ratio, ARpeqq) Would
allow partitioning the effects of head size and shape. In this way,
VSI can be applied to identify the anatomical basis of body shape
variation at the level of body region (head, precaudal, caudal, or sec-
ondary axis) and at the finer-scale level of individual morphological
traits.

4.3. VSI and swimming mode in ray-finned fishes

We found only some support for the predicted association
between body elongation and swimming mode. Although body
undulators (i.e., anguilliform swimmers) follow the predicted pat-
tern and had significantly greater VSI values than fishes of any other
swimming mode, caudal undulators (i.e., carangiform, subcarangi-
form and thunniform swimmers) have VSI values nearly as low as
paired fin propulsors (Fig. 6). The morphological components of VSI
are also nearly identical in caudal undulators and paired fin propul-
sors. Most notable is their similar values of caudal elongation - the
region that bends during caudal-based swimming (Fig. 6). We spec-
ulate on two possible, non-exclusive reasons for this result. First,
caudal undulators may be less elongate than predicted because
the majority of the axial skeleton remains rigid during caudal
undulation, favoring fewer vertebrae (Long and Nipper, 1996) and
less axial elongation. Moreover, caudal swimmers utilize lower-
amplitude undulations compared to anguilliform swimmers (Tytell
et al,, 2010), and bending at the tail region may require little or
no elongation of the body or caudal region. Second, paired fin
propulsors may be more elongate than predicted because of fac-
tors unrelated to steady swimming. Although the body and caudal
fin do not undulate during steady swimming, many paired fin-
based swimmers bend axially during turns. If more elongate forms
are able to bend and turn more tightly, turning performance may
also affect body elongation (Brainerd and Patek, 1998; Porter et al.,
2009; Long et al., 2010). Indeed, the majority of paired fin propul-
sors in our data set occupy coral reefs, where maneuverability
is important in navigating a structurally complex environment
(Fulton and Bellwood, 2002; Fulton et al., 2005).

Median fin propulsors exhibited intermediate VSI values,
though this result provides only limited support for the hypothe-
sis that elongation enhances performance of this swimming mode
through lengthening of the dorsal and/or anal fin. This swimming
mode has the second highest mean values for precaudal elongation
and caudal elongation, but it is highly variable in these components
and does not differ significantly from those of the less elongate cau-
dal undulators or paired fin swimmers. Although lengthening the
median fin along the body remains a possibility (Ward and Mehta,
2010), these results suggest that median fin swimmers do not con-
sistently elongate their axial skeleton to expand the median fin.
Instead, increased head elongation explains the intermediate VSI
of median fin swimmers (Fig. 6). We speculate that elongate heads
may be a consequence of some other selective demand rather than
swimming mode because we are unaware of any mechanism that
would link head elongation and median fin-based swimming per-
formance.

4.4. Extensions

As a revised metric of body shape that varies between stout-
bodied and elongate forms, VSI can be applied to investigate a
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variety of questions concerning how body shape evolves and the
biological consequences of disparate forms. Because VSI can be
measured for any vertebrate taxon, it may be a particularly effective
metric for examining convergence in body shape. By identifying
taxa that converge in VSI and testing associations with ecologi-
cal variables like habitat and diet, future research may shed light
on the ecological selective demands underlying body shape trans-
formations (Wiens et al., 2006; Bergmann et al., 2009; Yamada
et al., 2009). Moreover, because VSI also provides insights into the
anatomical basis of body shape differences, one can ask whether
the same suite of morphological changes underlies transitions in
shape in different taxa. This type of study would provide insights
into the roles of contingency and constraint on body shape evolu-
tion. In addition, one could quantify VSI widely across vertebrates to
investigate proposed relationships between body shape evolution
and modifications to the appendicular skeleton or specific aspects
of the skull. For example, the association between elongation and
reduction or loss of appendages could be quantified across squa-
mates, lissamphibians and ray-finned fishes. Lastly, we point out
that in the rare instances when intact fossils are obtained, VSI can
shed light on the anatomical basis of body shape in extinct taxa as
well. With the increasing availability of both phylogenetic hypothe-
ses for large numbers of vertebrate species (e.g., Bininda-Emonds
et al., 2007; Wiens, 2011; Wainwright et al., 2012; Wiens et al.,
2012) and methods for combining phylogenetic and phenotypic
information (e.g., Felsenstein, 1985; Garland et al., 1992; Hansen,
1997; Butler and King, 2004; O’'Meara et al., 2006; Revell and Collar,
2009; Beaulieu et al., 2012), we propose that VSI will be a useful
metric for advancing study of the evolution of body shape diversity
in vertebrates.
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