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Abstract
Cetaceans swim by the alternate action of their epiaxial and hypaxial muscles and
their propulsive movements are confined to the vertical plane. Changes in the
shape and mechanical properties of vertebrae strongly affect their function during
oscillatory swimming. The first objective of this study was to provide a quantita-
tive characterization of vertebral morphology in representatives of the
Delphinidae and Pontoporiidae families. A novel morphometric approach was
applied, using nine vertebral measurements and three indices. The second objec-
tive was to assess the relationship between morphology and both habitat and size
through regression analyses. The phylogenetic structure of the distribution of
characters was also explored by estimating phylogenetic signal. No relationship
was found between morphology and habitat or size, but vertebral measurements
and indices showed a significant phylogenetic signal. Morphological profiles indi-
cated that coastal and oceanic delphinid species had a conservative regionalization
of the vertebral column. All delphinid species showed discoidal centra morphol-
ogy, while Pontoporia blainvillei presented a spool-shaped morphology. Differ-
ences in vertebral morphology and inferred muscular architecture between
P. blainvillei and delphinids could indicate distinct dynamics of vertebral move-
ment during swimming. However, other complex and specific functional relation-
ships and life-history traits may also be influencing vertebral morphology. The
detailed study of the complex evolutionary history of lineages could bring to light
other clarifying dimensions for understanding morphological evolution in
odontocetes.

Introduction

The cetacean body plan originated in the late-middle Eocene
to the late Oligocene within basal Pelagiceti (Basilosauridae)
that presented anatomical features that indicate they were
fully aquatic (Uhen, 2010). In living forms, this body plan
includes a fusiform body, a pair of flippers, a dorsal fin
(although it is sometimes absent) and flukes (Slijper, 1961).
Skeletal modifications for life in water include telescopic
modification and loss of symmetry of the skull (McLeod et al.,
2007); flexible and large rib cage with reduced sternum; trans-
formation of thoracic limbs into flippers (Cooper et al., 2007);
hind-limb reduction (except for pelvic remains; Thewissen
et al., 2006); and absence of the sacrum.

Cetaceans swim by the alternate action of their robust
epiaxial and hypaxial muscles (Pabst, 1993) and by propulsive
oscillatory movements that are confined to the vertical plane
with the greatest amplitude at the flukes and caudal peduncle
(e.g. Slijper, 1961; Fish, 1993). The shape and the mechanical
properties of vertebrae strongly affect their function during

oscillatory swimming (Slijper, 1946; Wainwright, 2000;
Buchholtz & Schur, 2004). For example, several odontocete
species show an increase in the number of articulating verte-
brae and high neurapophyses that touch one another when the
back is overstretched, as well as the shortening and/or fusion
of cervical vertebrae, which results in a rigid anterior portion
of the column and a posterior region in which mobility is
concentrated (Slijper, 1946, 1961). At the same time, shape
and size of the vertebral bodies are influenced by bending
resistance as well as by the development of zygapophyses,
neural spine and neural arches (Slijper, 1946).

Little has been studied about vertebral morphology in ceta-
ceans since Slijper (1946) made a detailed description of ver-
tebrae and muscles of mammals. Long et al. (1997) studied
vertebral mechanical properties of Delphinus delphis and pro-
posed vertebral designs for stiff and flexible regions of the
vertebral column. Stiff regions include vertebrae with short
centra and intervertebral discs and long neural spines and
transverse processes, while flexible regions are characterized
by vertebrae with long centra and intervertebral discs and
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short neural spines and transverse processes. Buchholtz (2001,
2007) studied centra length in extant cetacean species and used
this to infer swimming style and its evolution in extinct species.
Buchholtz & Schur (2004) described centra shape variation
along the vertebral column of delphinids and discussed its
evolutionary and phylogenetic implications. According to
them, coastal species could represent the plesiomorphic con-
dition, with a lower vertebral count and spool-shaped centra,
while offshore species could represent the derived condition
that includes a higher vertebral count and discoidal centra.
More recent studies have focused on the regionalization of
the vertebral column, especially in Lagenorhynchus species
(Buchholtz, Wolkovich & Cleary, 2005; Marchesi, 2012). To
summarize, previous studies suggest that there is some rela-
tionship between vertebral morphology and habitat, as well as
between vertebral morphology and phylogenetic relation-
ships. However, no study has yet quantified vertebral mor-
phology profiles nor applied statistical methods to assess the
relationship between morphology and the variables proposed.

Based on previous studies (Slijper, 1946; Buchholtz &
Schur, 2004) and on the lack of analytical approaches in the
bibliography, the first goal of this study was to provide a
quantitative characterization of vertebral morphology along
the column on representatives of the Delphinidae and
Pontoporiidae families. For this, a novel morphometric
approach was taken. As a second goal, the relationship
between morphology and habitat was quantified through
regression analyses. Since there is marked variation in size
among these groups, size was included as another potential
explanatory variable. In addition, the phylogenetic structure
of the distribution of characters was also explored through the
estimation of a phylogenetic signal. Based on the available
theoretical background, a significant association between
vertebral morphology and both habitat selection and
phylogenetic relationships were expected.

Materials and methods

Sample

A total of nine postcranial skeletons of seven species were
examined, all of which are deposited at the Mammal Collec-
tion of the Museo Argentino de Ciencias Naturales
‘Bernardino Rivadavia’ (MACN; Buenos Aires, Argentina)
and the Osteological Collection of Marine Mammals of the
Centro Nacional Patagónico (CNPMAMM; Chubut, Argen-
tina). Since this study required disarticulated skeletons in
order to take the vertebral measurements chosen (see below)
and the invasiveness on museum material that this implied, the
total number of postcranial skeletons measured was inevitably
reduced. Individuals measured were complete or had less
than 10% of their vertebrae missing. The following
Delphinidae species were included: D. delphis, Lagenodelphis
hosei, Lagenorhynchus obscurus, Cephalorhynchus commer-
sonii, Lagenor. cruciger and Tursiops truncatus. Pontoporia
blainvillei, from the Pontoporiidae family, was also included.
Pontoporiidae has a close phylogenetic relationship with
Delphinidae and occupies a more basal position within the

Odontoceti suborder (McGowen, Spaulding & Gatesy, 2009;
Fig. 1). Table 1 lists species, specimen number, sample size,
habitat and total length for each species. Species were consid-
ered of coastal habitat if found mainly on waters above the
continental shelf, while oceanic species were considered as
those mainly found on waters beyond this shelf (Forcada,
2008). However, this is not a strict discretization because of
the high variation in habitat use by some species. Individuals
were aged as adults by the degree of epiphyseal fusion (Perrin,
1975). Regions of the skeleton were determined following
Rommel (1990) and the first caudal vertebra was defined as
the first that possessed a pair of ventral apophyses that articu-
late with a chevron bone (DeSmet, 1977).

Vertebral measurements and indices

A set of vertebral measurements were used to describe verte-
bral morphology following Buchholtz et al. (2005). The cervi-
cal region was excluded because the elements there are usually
fused or articulated (Rommel, 1990; Berta, Sumich & Kovacs,
2006). The measurements considered in this study were
maximal vertebral width (VW), maximal vertebral height
(VH), centrum width (CW), centrum height (CH), centrum
length (CL), neurapophysis height (NH; neural arch + neural
spine; see Rommel, 1990), neurapophysis inclination (NI),
metapophysis height (MH) and transverse process inclination
(TPI; Fig. 2). All measurements, except for NH, NI, MH and
TPI, were obtained using a digital caliper with an accuracy of
0.01 mm. CL was measured ventrally and CW and CH were
measured on the anterior centrum face. NI and TPI were
measured from left lateral and dorsal images of vertebrae
using TPSDIG version 2.16 (Rohlf, 2010). Angles correspond-
ing to NI and TPI were measured with an accuracy of 0.01°
and were considered of anterior inclination if <90° and of
posterior inclination if >90°. In those cases in which two con-
secutive vertebrae or less were damaged, the measurements for
these vertebrae were calculated as the average of the measure-
ments of the two adjacent nondamaged vertebrae (McShea,
1993).

The moment of resistance (MR) was calculated in order to
study which part of the column suffers the stress of water
resistance the most, as indicated by Slijper (1946). It was
defined as

MR CW CH= × 2

Pontoporia blainvillei

Lagenodelphis hosei

Tursiops truncatus

Delphinus delphis

Lagenorhynchus obscurus

Lagenorhynchus cruciger

Cephalorhynchus commersonii

Figure 1 Phylogenetic relationships as proposed by McGowen et al.
(2009) of the species included in this study.
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Relative centrum length (RCL) provides a summary of
centrum dimensional change along the column. Higher values
of RCL indicate more flexibility in the sagittal plane, while
lower values indicate reduced mobility through a limited angle
of possible deflection at intervertebral joints (Buchholtz,
2001). RCL was defined as:

RCL CL CW CH= +2 ( )

An additional vertebral index was calculated in order to
assess proportional variations in shape that were not contem-
plated in previous indices and was defined as centrum length
over centrum height (CL/CH).

Vertebral measurements (which were previously standard-
ized; see Phylogenetic comparative methods) and indices of

each species were plotted against percentage total length
(%TL) in order to obtain morphological profiles. Total length
was measured from the first thoracic vertebra to the last
caudal vertebra. Given that there are intraspecific variations
in the vertebral formula, one specimen per species was
included in the statistical analysis. A visual inspection of the
morphological profiles of the specimens for a same species
showed that they were similar. The selection criteria used was
to include adult specimens with the largest number of verte-
brae (Table 1).

Phylogenetic comparative methods

Phylogenetic comparative methods were applied in order to
detect the influence of phylogeny on vertebral morphology
variation. A phylogenetic effect can be defined as the tendency
for closely related species to resemble each other more than
distantly related species (Felsenstein, 1985). More specifically,
the ‘phylogenetic signal’ is maximized when the degree of
interspecific divergence for a continuous trait increases as a
linear function of phylogenetic distance (Martins & Hansen,
1997).

Before performing these analyses, linear measurements
were standardized to control for the effect of size. The size
variable chosen was the geometric mean (Mosimann, 1970) of
all linear measurements of all vertebrae, because it is an iso-
metric factor, and it was calculated for each species (Table 1).
Then, to accomplish the first goal, all morphological profiles
of each species were fitted into polynomial curves (considering
P < 0.05) in order to summarize the main changes of each
variable with a defined set of parameters. With this procedure,
it is possible to compare species with different number of
vertebrae and summarize morphological differences with the
same number of parameters. The order of the curves was
estimated as the number of inflexion points plus two (since the
second derivative indicates the number of inflexion points of a
given curve). Polynomial fitting was carried out using the basic
package for R (R Development Core Team, 2009).

The information contained in the parameters of the curves
was compared using a principal component analysis (PCA)

Table 1 Species included in the present study, with collection number, sample size (n), habitat, total length and geometric mean (see Materials
and methods)

Family Species Collection number n Habitat Total length (cm)h Geometric mean

Delphinidae Delphinus delphis MACN 20530 1 Oceanica 270 34.59
Lagenodelphis hosei CNPMAMM 642 1 Oceanicb 270 44.64
Lagenorhynchus obscurus CNPMAMM 597, 780 2 Oceanicc 210 35.01
Cephalorhynchus commersonii CNPMAMM 616 1 Coastald 152 31.13
Lagenorhynchus cruciger CNPMAMM 640, 641 2 Oceanice 187 41.16
Tursiops truncatus CNPMAMM 642 1 Coastalf 400 64.13

Pontoporiidae Pontoporia blainvillei MACN 24823 1 Coastalg 175 24.50

Sources for habitat: aPerrin (2008); bDolar (2008); cCassens et al. (2005); dGoodall (1994); eGoodall (2008); fWells & Scott (2008); gCrespo (2008).
Source for total length: hBastida & Rodríguez (2003).
Underlined collection number indicates which specimen was selected for posterior analysis for species with n = 2.
CNPMAMM, Osteological Collection of Marine Mammals of the Centro Nacional Patagónico; MACN, Museo Argentino de Ciencias Naturales
‘Bernardino Rivadavia’.

Figure 2 Vertebral measurements used in the present study. (a) Dorsal
view; (b) left lateral view. VW, maximal vertebral width; VH, maximal
vertebral height; CW, centrum width; CH, centrum height; CL, centrum
length; NH, neurapophysis height; NI, neurapophysis inclination; MH,
metapophysis height; TPI, transverse process inclination. Scale:
20 mm.
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that provided independent and standardized variables that
summarized principal changes between the curves that repre-
sent each species (i.e. PCs). The PCs that accounted for more
than 95% of the variance of the original parameters were
retained for a comparative analysis (see below). PCA was
carried out using the MASS package for R (Venables &
Ripley, 2002).

The relationship between vertebral morphology (all verte-
bral measurements and indices) and the habitat variables (i.e.
coastal and oceanic) and size (i.e. total body length) were
assessed through ordinary least squares (OLS) regression
analyses. Habitat was fitted as a dummy variable with two
categories: coastal and oceanic (see Legendre & Legendre,
2003). In order to take phylogenetic structure into account, a
phylogenetic generalized least squares (PGLS) regression
model was used. This method is suitable for dealing with
phylogenetic nonindependent comparative data (Martins &
Hansen, 1997). Regressions were carried out using the APE
package for R (Paradis, Claude & Strimmer, 2004). The
phylogenetic covariance matrix was obtained from a recently
published phylogeny (McGowen et al., 2009), considering a
length of ‘1’ for all branches.

Finally, the influence of phylogeny on patterns of morpho-
logical variation was evaluated by calculating the phylogenetic
signal of the PCs corresponding to vertebral measurements
and indices. A multivariate phylogenetic signal (tree length)
was calculated using the function ‘Mtree-ace.R’ written by Dr.
Adrien Perrard (2012) and kindly provided to us by the author
and by following the method described by Klingenberg &
Gidaszewski (2010). This function required the APE package
for R. This test relies on mapping the phylogeny within the
multivariate space of the morphological measurements and
indices by computing internal node values, minimizing the
squared parsimony (or matching a Brownian model of evolu-
tion) and calculating the tree length. The significance is tested
by permuting the values at the tips of the phylogeny and
comparing the squared tree length of the phylogeny within the
morphospace to a null distribution of squared tree lengths
computed with these permutations. A significant tree length
implies that the phylogenetic tree is one of the shortest trees
linking the values in the morphospace, so the position of the
species in the morphospace is congruent with the phylogeny,
that is, there is a significant phylogenetic signal in the data.

Results

Vertebral morphological patterns

The fit of the curves was over 75% for the majority of the
morphological profiles, although some measurements showed
a poorer fit (RCL for Lagenor. cruciger and NI for
P. blainvillei). The most complex curves were CW, CL, MR,
RCL and CL/CH, which adjusted to a fifth degree polynomial
curve. Alternatively, the curves for WV, CH, NH, MH, TPI
and NI adjusted to a fourth degree polynomial curve (Sup-
porting Information Appendix S1).

Thoraco-lumbar transition was found at 20–25 %TL for all
delphinids. However, this transition was found at 35 %TL for

P. blainvillei. The caudal region of all species began at
approximately 50 %TL. The highest (HV) and widest (WV)
vertebrae (Fig. 3a,b) in delphinids were found at approxi-
mately 30–35 %TL and 20–25 %TL, respectively. In contrast,
the highest and widest vertebrae for P. blainvillei were found
at 40–45 %TL. All delphinid species presented low CL values
(in accordance with discoidal shaped centra; Fig. 3c) except at
the last portion of the column. Comparatively, P. blainvillei
presented the highest CL values, in accordance with spool-
shaped centra, at the thoracic, lumbar and anterior caudal
regions. The posterior CL values were similar to delphinids.
CH and CW showed similar patterns of variation for all
delphinids. The same happened for P. blainvillei, although it
presented slightly higher values for these indices at the lumbar
and anterior caudal regions (40–75 %TL; Figs 3d and 4a).
Accordingly, P. blainvillei also showed the highest values for
CL/CH which represent the most elongated vertebrae
(Fig. 4b). No clear pattern was observed for metapophysis
height (MH) but all species showed a similar trend in which
this measurement increased up to the lumbar region and then
decreased up to the disappearance of the process (Fig. 4c).

All delphinid species showed the same pattern for
neurapophysis inclination (NI), that is, a posterior inclination
for the first portion of the column, an anterior inclination up
to the middle portion and again a posterior inclination for the
rest of the column (Fig. 4d). The synclinal vertebra (i.e.
NI = 90°; Slijper, 1946) was found at approximately 50 %TL.
In contrast, P. blainvillei did not present a synclinal point
(Fig. 4d) and all its neurapophyses showed a posterior incli-
nation. Neurapophysis height (NH; Fig. 5a) varied in a
similar way in all delphinid species. P. blainvillei showed the
lowest values, in accordance with the higher degree of inclina-
tion of these processes in this species. TPI showed a similar
pattern in most delphinids, where the first vertebrae showed
an anterior inclination that rapidly changed to a posterior
inclination. Toward 30–50 %TL, this changed again to an
anterior inclination up until this process disappeared
(Fig. 5b). P. blainvillei showed the second change of inclina-
tion at 60 %TL.

MR showed a gradual increment up to 75 %TL (or slightly
earlier in P. blainvillei), followed by a steep decrease (Fig. 5c).
T. truncatus showed the highest values, while other delphinids
and P. blainvillei showed the lowest. The RCL in all
delphinids increased at the beginning of the column, followed
by a slight decrease and then a new increase that peaked at the
last portion of the column. T. truncatus presented the highest
values for delphinids, followed by C. commersonii and
Lagenod. hosei. The lowest values were presented by
Lagenor. cruciger, D. delphis and Lagenor. obscurus. In con-
trast, P. blainvillei showed the highest values of all, with an
increase that peaked at approximately 40 %TL (Fig. 5d).

Phylogenetic comparative methods

Table 2 shows the results of both OLS and PGLS regression
analyses. Both analyses showed that there was no significant
relationship between vertebral morphology and habitat or
between vertebral morphology and total length, except for a
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significant relationship found for MR and total length in the
PGLS analysis.

Regarding the multivariate phylogenetic signal, all verte-
bral measurements and indices showed a statistically signifi-
cant signal, except for MH and MR (Table 3).

Discussion

The present study proposes a novel mode of quantification
that makes it possible to incorporate the variations of verte-

bral morphological profiles into statistical analyses, including
phylogenetic comparative methods. Previous studies have
analyzed morphological profiles and evaluated differences
among species and among phylogeny mainly by visual inspec-
tion (e.g. Buchholtz & Schur, 2004; Buchholtz et al., 2005).
Such evaluation was improved in the present study by calcu-
lating the phylogenetic signal through the mapping of the
phylogenetic tree within a morphospace. Phylogenetic regres-
sions helped to elucidate the relationship between vertebral
morphology, size, habitat and phylogeny. These variables had
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been previously proposed as related (e.g. Buchholtz & Schur,
2004) but this had never been tested statistically.

One of the most noteworthy results was the strong
phylogenetic signal on vertebral morphology, especially for
VW, VH, NH and TPI. These variables are related to the
muscular architecture of the main axial muscles that are
involved in caudal (propulsive) movements (i.e. mm. multifidi
and m. longissimus). A strong phylogenetic signal could be
explained by the fact that P. blainvillei has a different muscu-

lar arrangement compared with delphinids (Strickler, 1980).
Tendon fibers of insertion of the mm. multifidi in delphinids
form a deep tendon that serves as a temporary skeletal element
from which m. longissimus originates (Pabst, 1993), whereas,
in P. blainvillei, this deep tendon does not exist and the
m. longissimus presents its usual bony origins (Strickler,
1980). Thus, in this study we hypothesize that the derived
muscular configuration of delphinids, absent in P. blanvillei
(see Strickler, 1980), could influence the arrangement of
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neurapophyses. These processes in the thoracic and anterior
lumbar regions increased in height and had a posterior incli-
nation, favoring the mechanical advantage of the bundles of
mm. multifidi (Slijper, 1946), which, in turn, tense the deep
insertion tendons (Pabst, 1993). Conversely, neurapophyses in
the middle-posterior lumbar and anterior caudal regions of
delphinids tilted anteriorly and metaphophyses remained
high, which could suggest the loss of the configuration of the
deep tendons and an improvement of the mechanical advan-
tage for m. longissimus (Slijper, 1961). Although CL is known

to influence the inclination of neurapophyses in most
mammals (Slijper, 1946), this variable remained roughly con-
stant along portions of the column where this process changed
its inclination in delphinids (CL; Fig. 3c). The nearly
vertical and posterior inclination of neurapophyses in
P. blainvillei could be increasing the mechanical advantage of
mm. multifidi (Slijper, 1946, 1961) along the entire vertebral
column (supported by the fact that it has the lowest MH
values) and may be related to the absence of the particular
myological arrangement displayed by delphinids. It is possible
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that this muscular system could be favored since it has a large
amount of short bundles, which may be necessary to allow the
mobility of a vertebral column composed of long elements and
few mobility points.

Considering this, a strong phylogenetic signal could be
interpreted as an effect of the inclusion of P. blainvillei, as this
taxon represents one of the basal families within Odontoceti
(McGowen et al., 2009). It also differs from delphinids in
some ecological aspects such as being one of the smallest
cetacean species and having a slow swimming speed, similar to
porpoises and other riverine dolphins (Bordino, Thompson &
Iñíguez, 1999). To test this effect, the data was reanalyzed
excluding P. blainvillei. Although OLS and PGLS regression
analyses showed the same results, phylogenetic signal was lost
in some functionally important measurements such as CL,
CW, NH and RCL (results not shown). These results thus

support the conclusion that phylogenetic structure is very
important to understand the differences between both verte-
bral column ‘models’ and their morphological evolution and
that this phylogenetic structure is mainly contained in the
basal node of divergence of Pontoporiidae and Delphinidae.
Therefore, future studies should increase the number of
delphinid species and include other outgroup species (e.g. Inia
geoffrensis) in order to test whether the phylogenetic signal
still persists or whether it becomes nonsignificant (e.g. in case
they have patterns similar to delphinids).

Odontocetes have a locomotion characterized by oscilla-
tory movements carried out mainly by the flukes and caudal
region of the vertebral column. Therefore, the analysis of
centrum and neurapophyses and transverse process morphol-
ogy is an important task required to infer regions of stability
or flexibility within the vertebral column (Slijper, 1946; Long
et al., 1997; Buchholtz, 2001; Buchholtz & Schur, 2004). Mor-
phological profiles indicated that delphinid species of both
habitats (i.e. coastal and oceanic) had a conservative
regionalization of the vertebral column. This regionalization
included an anterior rigid portion composed by the thoracic
and anterior lumbar regions, and a more flexible posterior
portion composed by the posterior lumbar and caudal
regions. Both portions were characterized by posteriorly and
anteriorly tilted neurapophyses, respectively (Fig. 4d; Slijper,
1946; Buchholtz & Schur, 2004). In contrast, P. blainvillei pre-
sented a more flexible column, with all neurapophyses inclined
anteriorly (Fig. 4d). RCL profiles of delphinids (Fig. 5d) con-
curred with pattern 3 for these species as described by
Buchholtz (2001; i.e. a rigid thoracic, lumbar and anterior
caudal regions and a flexible posterior caudal region), while
P. blainvillei concurred with pattern 2 for beaked whales and
river dolphins (i.e. flexible thoracic, lumbar and anterior
caudal regions and a more flexible posterior caudal region).
Terminal caudal vertebrae include the peduncle and tail fluke,
highly specialized structures compared with terrestrial

Table 2 Ordinary (OLS) and phylogenetic (PGLS) regression analyses of vertebral measurements and indices against variables of habitat and size
(see Materials and Methods for explanation)

Measurements
and indices

OLS PGLS

Versus habitat Versus size Versus habitat Versus size

F(2,4) P F(4, 8) P F(2, 4) P F(4, 8) P

VH 0.354 0.7221 0.120 0.9715 0.537 0.6215 0.398 0.8054
VW 2.485 0.1989 1.126 0.4090 0.054 0.9477 0.016 0.9994
CL 0.296 0.7590 0.105 0.9777 0.875 0.4839 0.860 0.5268
CH 1.505 0.3257 0.911 0.5018 2.019 0.2476 0.147 0.9591
CW 0.879 0.4824 0.365 0.8270 1.035 0.4343 0.976 0.4716
NH 0.332 0.7354 0.168 0.9487 0.232 0.8030 0.563 0.6966
MH 1.173 0.3972 0.996 0.4629 1.207 0.3890 0.162 0.9521
TPI 2.026* 0.2884 0.965+ 0.5166 5.222* 0.1040 1.833+ 0.2398
NI 1.541 0.3189 0.806 0.5548 0.282 0.7680 0.120 0.9713
MR 0.920 0.4691 0.436 0.7795 14.054 0.0155 3.715 0.0540
RCL 0.202 0.8250 0.018 0.9992 2.135 0.2340 1.002 0.4602
CL/CH 0.224 0.8080 0.025 0.9985 2.108 0.2371 0.769 0.5747

Bold numbers indicate the measurement/index has a statistically significant relation to the corresponding variable.
*d.f. = (3,3); +d.f. = (6,6).

Table 3 Phylogenetic signal of the PCs corresponding to vertebral
measurements and indices

Measurements and indices Tree length P

VH 11.095 0.0006
VW 13.708 0.0005
CL 20.435 0.0259
CW 13.583 0.0017
CH 27.471 0.0257
MH 25.232 0.1045
NH 19.460 0.0140
NI 20.186 0.0000
TPI 14.777 0.0023
MR 29.571 0.1713
RCL 18.615 0.0205
CL/CH 16.613 0.0015

Tree length represents the phylogenetic multivariate signal calculated.
Bold numbers indicate statistically significant tree length.

Patterns of vertebral morphological variation in dolphins M. Viglino et al.

8 Journal of Zoology •• (2014) ••–•• © 2014 The Zoological Society of London



mammals, which play a crucial role in caudal oscillation
during swimming (e.g. Long et al., 1997; Pabst, 2000). This
specialization was reflected in the conservative pattern
observed across the sample, through a clear decrease of the CL
of the caudal elements as well as vertebrae that were laterally
compressed (indicating the peduncular region; Rommel, 1990)
and dorsoventrally compressed (indicating the presence of a
tail fluke; Rommel, 1990) in the posterior end of the caudal
region (Figs 3c and 4a,b). This differs from the long rod-like
caudal vertebrae present in most terrestrial mammals (e.g.
Thewissen et al., 2001; Uhen, 2004, 2010; Buchholtz, 2007).

All delphinid species presented CL values lower than CW
and CH (Figs 3c,d and 4a) values, which is consistent with a
discoidal morphology of the centrum, but P. blainvillei pre-
sented a predominant spool-shaped vertebral morphology,
with CL values higher than CH and CW values (Figs 3c,d and
4a). Spool-shaped morphology and a low total number of
vertebrae have been proposed as a plesiomorphic condition
associated with a coastal habitat, while discoidal morphology
and a higher total number of vertebrae could represent a
derived condition associated with an oceanic habitat
(Buchholtz & Schur, 2004). However, this association is not
sustained by the results obtained through our quantitative
approach (according to the classification scheme considered)
and by the fact that no significant relationship between verte-
bral morphology and habitat was found. Moreover,
P. blainvillei was the only coastal species with spool-shaped
morphology, which suggests a phylogenetic value for this
character. As already observed for transverse processes and
neurapophyses, CL, CH and CW converge to a similar pattern
in the caudal region for all species, except for P. blainvillii,
which displayed longer centra (Fig. 3c). The shape of vertebral
centra is, in some degree, related to the mobility (stiffness vs.
flexibility) of the column in different regions and/or species.
As Buchholtz & Schur (2004) and Long et al. (1997) proposed,
spool-shaped centra (i.e. P. blainvillei, especially at 50 %TL)
could be associated with a more flexible region, while discoidal
centra (typical of delphinids) could be related to a stiffer
region. Thus, the differences found in muscular and vertebral
morphology for P. blainvillei could indicate a distinct dynamic
of vertebral movement during swimming.

Although morphological profiles were mostly similar across
delphinid species, some interesting combinations of characters
occurred within this family. For instance, T. truncatus showed
lower VW and VH and higher CL (in concordance with RCL
and CL/CH; Figs 5d and 4b) in the anterior and/or middle
region of the column, which suggests more flexibility of the
thoracic and lumbar areas than the rest of the delphinids.
Shorter neurapophyses and transverse process (and longer
centra) would allow for freer movement between contiguous
vertebrae (Buchholtz & Schur, 2004). Similar morphological
patterns were observed in other species not included in this
analysis, such as Feresa attenuata and Pseudorca crassidens
(M.V. pers. obs.). Strikingly, these species do not share
habitat or size and do not form a natural clade (McGowen
et al., 2009) so their similarities should be subject of future
studies. Other variations with possible functional conse-
quences were detected. Although maximal VW exhibited

a peak between 20 and 30 %TL in delphinids,
Lagenor. obscurus, Lagenor. cruciger and Lagenod. hosei pre-
sented a proportionally more accentuated peak than
D. delphis, C. commersoni and specially T. truncatus, which
reveals variations also in the development of transverse pro-
cesses in the thoracic region (Fig. 3b). Similarly, delphinids
also varied their CL in the lumbar and anterior caudal regions
(between 25 and 75 %TL), where T. truncatus showed the
most elongated centra compared with the remainder species,
especially with respect to D. delphis (Fig. 3c).

According to our results, neither habitat nor size was found
as explanatory variables of vertebral morphology (except for
MR, which is directly influenced by size because of its own
definition). Thus, more complex and specific functional rela-
tionships and life-history traits may also be influencing verte-
bral morphology. However, data such as hunting techniques
or maximum swimming speed are rare or anecdotal (LeDuc,
2008). Furthermore, the detailed study of the complex evolu-
tionary history of lineages (e.g. Steeman et al., 2009; Moura
et al., 2013) could bring to light other clarifying dimensions
for understanding morphological evolution in odontocetes.
For example, future studies could make use of the quantitative
approach presented in this study and include fossil specimens
with available postcranial evidence (e.g. Albireo whistleri
Barnes, 1984; Notocetus vanbenedeni de Muizon, 1987) as well
as other outgroups of Delphinidae, such as Inia geoffrensis.
Currently, there is a need to broaden our knowledge on loco-
motion, evolutionary history, habitat use and other ecological
aspects of odontocetes. New variables could be included and
tested in future studies using this quantitative approach,
together with a broader sample of species and extinct and
living representatives of the diverse families of odontocetes in
order to shed some light on these unknowns.
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