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MODULATED BUT CONSERVED SEGMENTAL GROWTH
OF THE ORIGINAL TAIL IN CALLISAURUS DRACONOIDES
(PHRYNOSOMATIDAE) AND CALOTES VERSICOLOR (AGAMIDAE)
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ABsTrRACT:  Caudal growth is examined in the phrynosomatid Callisaurus draconoides ventralis and the
agamid Calotes versicolor, both from a segmental point of view and from that of the entire tail. Growth of the
entire tail relative to snout-vent length follows negative allometry in the former species and positive allometry
in the latter. Despite this result, patterns of segmental growth are differential along the length of the tail in
both species and follow a similar pattern in each. In both C. d. ventralis and C. versicolor, proximal caudal
vertebrae grow with positive allometry, followed by an extensive transitional region of approximate isometry,
and a distal region of highly negative allometry. The region of positive allometry is more pronounced in
C. wversicolor, resulting in overall positive allometry, whereas the negatively allometric region is highly
pronounced in C. d. ventralis, resulting in negative allometry of the entire tail. Differential regional growth of
the tail is similar to previous findings for the polychrotid Anolis grahami, suggesting limited influence of
ecological and functional aspects such as caudal autotomy, bipedalism, and arboreality on segmental tail
growth. Although rates of growth of the entire tail are highly variable in iguanian lizards, differential patterns of

segmental tail growth appear to be conserved and are very similar among the three species.
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Tue TaiL of lizards has been extensively
studied in relation to functional properties such
as autotomy (Baranowitz et al., 1977; Bellairs
and Bryant, 1985; Bryant and Bellairs, 1967;
Cox, 1969; Meyer et al., 2002), morphology
(Barbadillo and Martinez-Solano, 2002; Ether-
idge, 1967; Mufti and Hafiz, 1972), and its role
in locomotion (Arnold, 1994; Russell and
Bauer, 1992; Zani, 1996). Studies of ecology
and energetics (Dial and Fitzpatrick, 1984;
Jaksic and Greene, 1984; Vitt et al., 1977) have
also helped to elucidate much about the
function of tails in lizards with different mor-
phology and habitat. Growth of the regenerat-
ing tail has been documented and modeled
(Baranowitz et al., 1977; Cox, 1969), and some
studies have examined the absolute or relative
growth of the original tail (Garland, 1985;
Bates, 1989).

Recently, Bergmann and Russell (2001)
explored segmental patterns of growth of the
original tail of Anolis grahami by integrating
data about the growth of individual vertebrae
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with the pattern of growth of the tail as a single
structure. The hypotheses tested were (1) that
the tail as a whole grows isometrically with
reference to snout-vent length (SVL) and (2)
that all vertebrae in the caudal series grow at
the same relative rate and, therefore, in direct
concordance with SVL. Although the first
hypothesis was corroborated, the second was
refuted. Bergmann and Russell (2001) un-
covered a complex pattern in which the tail as
a whole grows isometrically as a result of
differential growth of regions of the tail. The
proximal region of the tail (including the sacral
vertebrae) grew positively allometrically, the
intermediate region grew isometrically, and
the distal zone grew negatively allometrically.
This pattern of growth was hypothesized to be
related to the potential imposition of different
constraints upon the vertebrae along the
caudal series. It was suggested that the
proximal vertebrae are encroached upon by
non-segmental muscles, the m. caudofemoralis
longus in both sexes and the m. retractor penis
magnus in males, involved in hindlimb move-
ment and hemipenial retraction, respectively,
and the distalmost vertebrae are the most
likely to be lost in an autotomic event.
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The above conclusions led to the formula-
tion of new hypotheses that require further
testing. Bergmann and Russell (2001) postu-
lated that examining growth patterns in non-
autotomic tails and in tails in which there is
much more extensive encroachment of the
non-segmental muscles of the tail base (par-
ticularly the m. caudofemoralis longus) would
help to elucidate relationships between dif-
ferential regional growth of vertebrae and
underlying correlative patterns. They also
suggested that, in taxa with a more extensive
m. caudofemoralis longus, the proximal, posi-
tively allometric region of the tail would extend
further distally in concordance with the extent
of that muscle and that in non-autotomic taxa
the distal-most vertebrae would not demon-
strate marked negative allometry in the growth
pattern of these vertebrae because the verte-
brae are not in danger of being lost.

Our study tests the above hypotheses in
a comparative way by examining patterns of tail
growth in two iguanian lizards, the phrynoso-
matid Callisaurus draconoides ventralis and
the “agamid” (Frost et al., 2001) Calotes
versicolor, that exhibit between them, along
with the data from A. grahami, traits that might
influence patterns of tail growth and regional
compartmentalization (presence versus ab-
sence of caudal autotomy; terrestriality versus
arboreality; bipedality versus quadrupedality).

Callisaurus draconoides and C. versicolor
were chosen for our comparison for a number
of reasons. First, as outlined above, the two
species exhibit a number of similarities and
differences between them that, when supple-
mented by data available for A. grahami,
allow several questions to be explored simul-
taneously. Second, potential covergences be-
tween “agamid” and “iguanid” (sensu lato)
lizards have often been noted (Cogger, 1994;
Gans, 1977; Pianka and Parker, 1972). Third,
an extensive series covering a broad range of
body lengths was available for each species.
Thus, there are interesting admixtures of form,
function, and ecology between these species
from the two major iguanian radiations that
make for potentially informative comparisons.

Callisaurus d. ventralis, like A. grahami,
possesses the ability to autotomize the tail
(Arnold, 1994), with the frequency of autotomy
increasing with age (Pianka and Parker, 1972).
Unlike A. grahami, however, C. draconoides is

terrestrial, occupying habitat with loose sandy
soil (Pianka and Parker, 1972; Smith, 1946). As
with A. grahami, C. draconoides displays
pronounced sexual size dimorphism, with the
males being the larger sex (Pianka and Parker,
1972). The largest adults of both sexes of
C. draconoides are a little larger than those
of A. grahami (Smith et al., 1987).

Callisaurus draconoides is a sit-and-wait
predator (Vitt and Ohmart, 1977) that occu-
pies open spaces (Pianka and Parker, 1972)
and can attain high speeds, during which the
lizard frequently assumes a bipedal posture
(Irschick and Jayne, 1999). Bipedal locomotion
occurs while running on flat surfaces and
inclines (Irschick and Jayne, 1998a), and the
angle at which the tail is held changes between
quadrupedal and bipedal locomotion (Irschick
and Jayne, 1998a), affecting changes in the
location of the center of gravity with respect to
the pelvic region (Snyder, 1962). Sprinting
may occur over long distances (Zani, 1996) and
is likely used in escape responses (Vitt, 1983).

Although bipedal during fast locomotion,
the tail of C. draconoides, at 57% of total
length, is relatively short for lizards that adopt
this mode of locomotion (Irschick and Jayne,
1998a; Snyder, 1962). In fact, its tail is pro-
portionately shorter than that of A. grahami,
which accounts for approximately 64% of its
total length. Irschick and Jayne (1998a)
postulated that C. draconoides has evolved
a relatively long tail (but still short for bipeds)
from short-tailed ancestors that are more
typical of Phrynosomatidae. Such an event
might have implications for patterns of tail
growth and regionalization in C. draconoides.

As for A. grahami, and in contrast to C.
draconoides, C. versicolor is arboreal (Ji et al.,
2002; Smith, 1935). During ontogeny, Calotes
switches to an increasingly more arboreal
habitat (Auffenbergand Rehman, 1993), a com-
mon trait for this genus (Subba Rao and
Rajabai, 1972). Compared to the tail of C.
draconoides, that of C. versicolor is exception-
ally long, accounting for between 71% and 75%
of the total length of the adult (Ji et al., 2002;
Narayanaswamy Iyer, 1943). A relatively long
tail is typical of members of the genus Calotes
(Ota and Hikida, 1991) and of bipeds in general
(Snyder, 1962). Bipedalism is practiced by
Calotes (Manthey and Schuster, 1996; Snyder,
1952, 1962), although less frequently than by
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C. draconoides. Running speed for C. versi-
color has not been measured, but other species
within the genus run considerably slower than
the highest speed recorded for C. draconoides
(Subba Rao and Rajabai, 1972) or for other
iguanians running bipedally (Irschick and
Jayne, 1999). Unlike C. draconoides and A.
grahami, C. versicolor cannot autotomize its
tail (Arnold, 1984a), a primitive state for the
Acrodonta (Estes etal., 1988; Frost etal., 2001).

On the basis of our findings for A. grahami
(Bergmann and Russell, 2001), we formulated
the following hypotheses for testing for both
Callisaurus and Calotes: (1) the tail as a whole
grows isometrically relative to SVL; (2) a suite
of proximal vertebrae, including the sacrals,
exhibit positive allometry relative to SVL and
to tail growth as a whole; (3) a sequence of
intermediate  vertebrae exhibit isometric
growth relative to SVL and to tail growth as
a whole; and (4) a series of distal vertebrae
exhibit negative allometry relative to SVL and
to tail growth as a whole.

METHODS
Data Collection

The specimens of each species were divided
into males, females, and juveniles. For C. d.
ventralis, males were identified by the pres-
ence of well defined, reddish femoral pores,
and blue and black lateral stripes on the ventral
surface (Smith, 1946). Females lack stripes,
and have only barely visible black femoral
pores. For C. versicolor, males were deter-
mined as individuals possessing enlarged
spines of the nuchal crest and a swollen tail
base (Radder et al., 2001; Smith, 1935).
Females lack these enlarged spines and have
a more slender tail base. For both species,
juveniles were defined as individuals smaller
than 55 mm SVL, below which the respective
sexual differences were ambiguous. Pianka and
Parker (1972) noted that juveniles of C.
draconoides ranged up to 62 mm SVL, while
Radder et al. (2001) defined juveniles of C.
versicolor as being less than 55 mm SVL.

For each specimen, SVL and total tail length
(TTL) were measured three times to the
nearest 0.01 mm using Mitutoyo digital cali-
pers; the mean of these measurements was used
in statistical analyses. Specimens were then
radiographed in a Hewlett-Packard Faxitron

radiology unit (model 43805N) with Polaroid®
Type 55 black and white positive/negative film.
Specimens were placed ventral side down,
directly in contact with the packaged film,
yielding a 1:1 object to image ratio (Myers,
1998). Radiograph negatives were magnified on
a Zeiss microfilm reader, and images were
projected onto white paper such that bound-
aries between adjacent sacral and caudal
vertebrae could be marked. These markings,
along with a magnification scale, were scanned
and imported into Image ] (Rashband, 2001),
which was calibrated using the “set scale”
function. All sacral and caudal vertebrae were
measured to the nearest 0.01 mm. In addition,
the number of sacral and caudal vertebrae was
recorded, as well as the number of the caudal
vertebra bearing the first fracture plane in
C. d. ventralis. Finally, the distalmost insertion
of the non-segmental muscles, m. caudofemor-
alis longus and m. retractor penis magnus (in
males), were dissected on four specimens of
Callisaurus and six specimens of Calotes. These
points were marked by using small entomolog-
ical pins, and the specimens were re-radio-
graphed (Bergmann and Russell, 2001; Blob,
1998), allowing determination of the number
of caudal vertebrae bridged by each of these
muscles.

Specimen Origin, Selection, and
Data Collection

Ontogenetic series were assembled to obtain
cross-sectional data from individuals covering
the entire spectrum of post-natal development
of both species. To minimize spatiotemporal
variation, both series were chosen because they
included only specimens from a small geo-
graphic area that were collected over a rela-
tively short period of time (but see below;
Bergmann and Russell, 2001).

An initial ontogenetic series of 63 specimens
of C. d. ventralis was assembled from speci-
mens borrowed from the Museum of Compar-
ative Zoology (MCZ) at Harvard University
(Cambridge, MA) and the Museum of Verte-
brate Zoology (MVZ) at the University of
California at Berkeley. All these specimens
were collected from Organ Pipe Cactus Na-
tional Monument and Pima County, Arizona.
Unfortunately, date of collection could not be
controlled as stringently as locality, because the
specimens used were collected September
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1931-September 1972. These specimens
ranged from 31-78 mm SVL, a similar range
to that examined by Maisano (2002) in a study
of postnatal skeletal ontogeny of this species.
Hatchling SVL for Callisaurus averages 30
mm, and SVL at sexual maturity averages 69
mm (Tanner and Krogh, 1975), and so the
series used herein ranges from hatching to
adult size. All specimens examined by us had
two sacral vertebrae. The number of caudal
vertebrae ranged from 35-40 (mean = 37).

For C. versicolor, a cross-sectional ontoge-
netic series consisting originally of 67 speci-
mens was assembled from material borrowed
from the Field Museum of Natural History
(FMNH) (Chicago, Lllinois). All these speci-
mens were collected between February and
November of 1969 from Amphoe Pak Thong
Chai, Sakaerat Experimental Station (Nakhon
Rachasima Province, Thailand). They ranged
from 22-89 mm SVL. All specimens had two
sacral vertebrae, and the number of caudal
vertebrae ranged from 51-61 (mean = 55). A
range in SVL of 25-136 mm (Radder et al.,
2001) and a range of 40-52 caudal vertebrae
with a mean of 50 (Narayanaswamy Iyer, 1943)
in samples of C. versicolor from India indicate
that there may be significant geographic
variation in the upper limit of SVL and in
caudal vertebral number in this widespread
species. This is further justification for con-
trolling cross-sectional ontogenetic series for
spatiotemporal variation.

Principal component analysis (PCA) is
appropriate for modeling multivariate growth,
but is negatively affected by missing data
(Pimentel, 1979). To employ PCA (see below),
the data set for each species had to be
standardized so that (1) all individuals con-
tributed the same number of vertebrae, and
(2) the number of specimens exceeded the
number of variables (sacral plus caudal verte-
brae) (n > p). Specimens for analysis were
determined by excluding those specimens that
had the fewest caudal vertebrae. Once condi-
tion (2) was met, vertebral measurements
beyond the 36th caudal vertebra for C. d.
ventralis and the 53rd for C. versicolor were
eliminated to meet criterion (1). The final data
set for C. d. wventralis consisted of 41
individuals with 38 vertebrae represented (2
sacrals and 36 caudals). Of these individuals, 7
were male, 18 female, and 16 juvenile

(Appendix I). For C. versicolor, the final data
set consisted of 59 individuals with 55
vertebrae represented (2 sacrals and 53
caudals). Of those individuals, 27 were male,
12 female, and 20 juvenile (Appendix I).

Statistical Methodology

Data were manipulated using Microsoft
Excel XP©, and all statistical analyses were
conducted with SYSTAT version 10 (Wilkin-
son, 2000). All data were log;o-transformed
prior to analysis to approximate normality and
linearity. Log-transformation is of particular
importance in studies of growth, because the
procedure linearizes the exponential growth
equation before linear methods are applied
(Jolicoeur, 1963). Assumptions of all analyses
(except PCA) were tested using the Kolmo-
gorov-Smirnov test for normality of data or
regression residuals, as appropriate, and the F-
max test to determine whether data or
residuals were homoscedastic.

Prior to analysis, the potential for sexual
dimorphism had to be explored to determine
whether or not data from both sexes could be
pooled. Sexual dimorphism was evaluated in
four ways. First, SVL and TTL were compared
between sexes using ¢-tests (or Mann-Whitney
U tests, if assumptions of ¢-tests were violated)
to determine whether sexual size dimorphism
occurred in the sample of each species.
Second, residuals from geometric mean re-
gression (GMR) of TTL on SVL (see below)
were compared in the same way to evaluate
relative sexual dimorphism (size removed) in
TTL. Third, GMR slopes were calculated for
males and females independently and then
compared using the Ty statistic of Clarke
(1980) to establish whether the tail as a whole
grows at the same rate between sexes. Finally,
factor scores from the PCA (see below) were
compared between sexes using ¢-tests or
Mann-Whitney U tests to evaluate differences
in vertebral growth and proportion (Adams,
1998; Pimentel, 1979).

Scaling of the entire tail was modeled using
GMR. Unlike least squares regression, GMR
accounts for error associated with both vari-
ables being regressed (Gould, 1966; Ricker,
1984). This property, together with scale
independence (Ricker, 1984), makes GMR

most appropriate for use in morphometric
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studies. The GMR slope was tested for
isometry using a ¢-test (Ricker, 1984).

Scaling of the vertebral segments was
modeled using PCA, as applied previously by
Bergmann and Russell (2001). Standard error
of allometric loadings was calculated using
SYSTAT (Wilkinson, 2000), following the
methodology of Jackson (1991). Due to the
continuous, linear, and single dimensional
nature of the data, the covariance matrix was
used to conduct the PCA (Pimentel, 1979). As
variable loadings were of primary interest, the
R-technique was used (Pimentel, 1979). In
addition to measurements of sacral and caudal
vertebrae, SVL was included in the PCA
(contra Bergmann and Russell, 2001). This
procedural modification maximized compara-
bility of our results to those of studies that
might not utilize PCA by allowing consider-
ation of segmental tail growth relative to
a number of different measures. Since tradi-
tional studies tend to relate tail growth to SVL
(e.g., Bates, 1989) and the only study (Berg-
mann and Russell, 2001) on segmental tail
growth related growth of caudal vertebrae to
that of all vertebrae included in a PCA, there is
an apparent gap between the two approaches.
By including SVL in a PCA, vertebral growth
rates can be indexed to SVL, allowing direct
comparison of segmental growth rates to
growth of the entire tail and to other studies
that may not utilize PCA or examine segmental
growth. This relationship is formalized by
taking the quotient of allometric loadings of
any two variables included in a PCA, which
results in the GMR slope relating those two
variables (Shea, 1985). Hence, PCA can be
used to obtain a GMR slope for any caudal
vertebra relative to SVL, allowing comparison
of growth of vertebrae to growth of SVL, in
addition to a generalized vector of isometry.
The PC-1 was tested for isometry (comparison
to p "/ as the theoretical value of isometry)
using Anderson’s (1963) X’ statistic because it
is generally interpreted as representing growth
or variance associated with size (McKinney and
McNamara, 1991; Mosimann, 1970; Pimentel,
1979; Shea, 1985).

The PCA assumes that the data are linear,
randomly sampled, and follow a multivariate
normal distribution (Pimentel, 1979). The
logjo-transformation helps to linearize and
normalize the data, but these assumptions are

not testable in a multivariate context, and the
results of testing these assumptions on a
bivariate basis cannot be expanded to a multi-
variate situation (Pimentel, 1979). All three
assumptions are generally conservative and are
usually met when dealing with log;o-trans-
formed data and a well selected sample
(Pimentel, 1979).

ResuLrts
Analysis of Sexual Dimorphism

Sexual size dimorphism in body size (SVL)
occurred in both C. d. ventralis (t-test: df =
23, ¢t = 2.285, P = 0.032) and C. versicolor (t-
test: df = 37, t = 3.148, P = 0.003), with
males being larger in both species. These
results accord with the findings of Pianka and
Parker (1972) for C. draconoides, and the
qualitative statements of Narayanaswamy Iyer
(1943) for C. versicolor (but see Radder et al.,
2001 for contrary findings). Sexual size di-
morphism in tail length was not encountered
in C. d. ventralis (t-test with separate vari-
ances: df = 7.1, t = 1.355, P = 0.217), but was
evident in C. versicolor (t-test: df = 37, t =
4.301, P = 0.000). In the latter species, males
had longer tails than females. Sexual size
dimorphism in SVL and vertebral length was
revealed when factor scores for PC-1 were
compared in both species (C. d. ventralis: ¢-
test with separate variances: df = 7, ¢ = 3.428,
P = 0.011; C. versicolor: ¢-test with separate
variances: df = 18.9, ¢t = 3.898, P = 0.001).

It was necessary to evaluate relative sexual
dimorphism (size removed — GMR residuals)
because of these differences. Relative sexual
dimorphism was found to be absent between
the sexes and juveniles for tail length in both C.
d. ventralis (Kruskal-Wallis test: df = 2, KW =
1.033, P = 0.596) and C. versicolor (Kruskal-
Wallis test: df = 2, KW = 2.760, P = 0.252).
The GMR slopes for males and females did not
differ significantly (C. d. ventralis: df = 8.642,
Tis = 0.299, P = 0.772; C. versicolor: df =
14.272, T, = 0.488, P = 0.633), indicating
that the tail as a whole grows at the same rate
relative to SVL for both sexes within each
species. Finally, in a multivariate context,
relative dimorphism was found to be absent
from both species when factor scores for PC-2
were compared between the sexes and be-
tween juveniles (C. d. ventralis: Kruskal-Wallis
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test: df = 2, KW = 1.515, P = 0.469; C.
versicolor: ANOVA: df = 55, F = 0.048, P =
0.953). Based on these findings, pooling of all
cases in subsequent analyses was justified.

Scaling of the Entire Tail

With both sexes pooled, the GMR line
for C. d. ventralis related SVL and TTL
through the allometric equation  (back-
transformed): TTL = 1.300 (SVL)*™® (+* =
0.946, SE ocefficient = 0.047, SEexponent = 0027>
The exponent is significantly different from 1
(df = 38, t = —27.924, P = 0.000), indicating
that the entire tail of C. d. ventralis grows
negatively allometrically in relation to SVL.

For C. versicolor, the following back-trans-
formed equation described the relationship
between SVL and TTL for both sexes: TTL =
2.082 (SVL)'™ (¥ = 0.951, SEoefficient =
0.056, SEponent = 0.031). As for C. d
ventralis, the exponent was significantly differ-
ent from 1 (df = 56, ¢+ = 73.165, P = 0.000),
but for C. versicolor it was greater than 1,
indicating positive allometric growth of the
entire tail relative to SVL.

Negative allometry of the tail in Callisaurus
and positive allometry in Calotes were then
compared to the situation revealed by the
individual sacral and caudal vertebrae.

Scaling of the Caudal Vertebrae

The PC-1is a general component (Pimentel,
1979) and is, therefore, interpreted as repre-
senting size-dependent variation, which in an
ontogenetic series is a proxy for growth. The
PC-2 is a bipolar component (Pimentel, 1979)
and is interpreted as representing some size-
independent source of variation that is in-
dependent of that explained by PC-1. The
PC-1 explained the great majority of variance
in vertebral lengths for both C. d. ventralis
(88.4%; eigenvalue 0.547) and C. versicolor
(84.5%; eigenvalue 0.830). The PC-2 explained
much less of the variance: 6.54% (eigenvalue
0.041) for C. d. ventralis, and 12.1% (eigen-
value 0.119) for C. versicolor. The PC-3 was
not interpreted because it accounted for only
1.03% and 1.19% of the variance in caudal
vertebral lengths for C. d. ventralis and C.
versicolor, respectively (eigenvalues of 0.006
and 0.012).

For C. d. ventralis, PC-1 was significantly
different from the theoretical vector of isometry

(df = 38, x> = 1751, P < 0.001), indicating that
the tail does not grow at the same rate along its
entire length. Specifically, a proximal region
consisting of the sacral vertebrae and the first
six caudals demonstrates positive allometry
(Fig. 1A). A middle region consisting of the
next 21 vertebrae grows isometrically (Fig. 1A).
The remaining nine caudal vertebrae at the
distal end of the tail grow much slower, with
negative allometry (Fig. 1A). When the growth
rate of the SVL is compared to the theoretical
value of isometry, it grows negatively allometri-
cally (Fig. 1A), resulting in the growth rates of
the sacrals and the first 26 caudals being
relatively faster than that of SVL, while the
remaining (distal) 10 caudal vertebrae grow
relatively more slowly. This suggests that the
marked negative allometry seen in the distal-
most vertebrae is the major contributor to the
overall slower growth rate of the tail relative to
SVL, as documented by the results of GMR.

Patterns of segmental growth observed for
C. wversicolor were quite similar to those
described above for C. d. ventralis. The PC-1
was significantly different from the theoretical
isometric vector (df = 55, x> = 3073, P <
0.001). As for C. d. ventralis, the tail segregated
into three regions, in addition to the two
markedly negatively allometric sacral verte-
brae: a proximal region of positive allometry (9
caudals), an isometric transitional region (28
vertebrae), and a distal negatively allometric
region consisting of the remaining 16 vertebrae
(Fig. 2A). Of these distal caudal vertebrae, the
last three have disproportionately large stan-
dard errors and their actual growth rate is
ambiguous. When the growth rate of SVL and
the sacral vertebrae is considered relative to all
of the segments of the tail, they grow markedly
negatively allometrically (Fig. 2A). In turn,
when vertebral growth is considered relative to
SVL, the sacrals grow isometrically, while all
caudal vertebrae, except 45-51, grow positively
allometrically. Caudals 45-51 grow relatively
more slowly than SVL. Clearly, there are
differential patterns of growth of vertebrae
along the length of the tail for both C. d.
ventralis and C. versicolor, and these patterns
are arranged into three distinct regions.

The variance explained by PC-2 was mainly
localized in the distal 9 or 10 caudal vertebrae
in C. d. ventralis and the distal 13 in C.
versicolor. These loaded highly negatively on
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Fic. 1.—Results of principal component analysis (PCA) for Callisaurus draconoides ventralis. (A) The deviation of
allometric loadings of PC-1 from the theoretical value of isometry (p’]/ 2) for snout—vent length (SVL) and all sacral and
caudal vertebrae. Solid vertical line denotes isometry relative to all vertebrae, while dashed vertical line denotes growth of
SVL (isometry relative to SVL). Extent of non-autotomic vertebrae (NAV), the m. caudofemoralis longus (CFL), and the
m. retractor penis magnus (RPM) are also marked. (B) Allometric loadings of PC-2 for SVL and all sacral and caudal
vertebrae. Solid vertical line represents no loading. In both graphs, allometric loadings are shown for log-transformed
SVL (LSVL), sacral vertebrae (LV##S), and caudal vertebrae (LV##). Only every other vertebra is labeled for clarity.

PC-2, whereas all the more proximal vertebrae
(including sacrals and SVL) loaded very slightly
positively on this component (Fig. 1B for C. d.
ventralis, Fig. 2B for C. versicolor). Although
the specific interpretation of the second
component is difficult to ascertain, clearly it
represents some phenomenon that is most
pronounced distally and is increasingly more
pronounced as one moves more and more
distally along the caudal series.

The robustness of both PCAs with respect
to the number of vertebrae included relative to
the sample size was evaluated by pairing
vertebral lengths and rerunning each PCA

(Bergmann and Russell, 2001). This technique
reduced the number of variables to fewer than
half the sample size. Patterns for PC-1 and PC-
2 were identical to those of the unpaired
vertebral analyses, with the caveat of reduced
resolution resulting from the pairing. These
results attest to the robustness of the analyses
presented above.

Arnold (1994) reported that C. d. ventralis
has nine non-autotomic caudal vertebrae and
that the m. caudofemoralis longus extends to
the ninth caudal. Our sample of C. d. ventralis
compares quite closely, with a mean of 7.04
(range 6-8, n = 40) non-autotomic caudal
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Fic. 2.—Results of principal component analysis (PCA) results for Calotes versicolor. (A) The deviation of allometric

for snout-vent length (SVL) and all sacral and caudal

vertebrae. Solid vertical line denotes isometry relative to all vertebrae, while dashed vertical line denotes growth of SVL
(isometry relative to SVL). Extent of the m. caudofemoralis longus (CFL) and the m. retractor penis magnus (RPM) are
also marked. (B) Allometric loadings of PC-2 for SVL and all sacral and caudal vertebrae. Solid vertical line represents no
loading. In both graphs, allometric loadings are shown for log-transformed SVL (LSVL), sacral vertebrae (LV##S), and
caudal vertebrae (LV##). Only every other vertebra is labeled for clarity.

vertebrae. The m. caudofemoralis longus and
m. retractor penis magnus (in males) extend to
caudal vertebrae 9.75 (range 9-11, n = 4) and
8.50 (range 8-9, n = 2), respectively. For C.
versicolor from the Sakaerat Experimental
Station, the m. caudofemoralis longus extends
to the 13.40 caudal vertebra (range 13-14,n =
5). The m. retractor penis magnus (in males)
extends to caudal vertebra 11.50 (range 11-12,
n=2).

Discussion

Although rates of growth for the complete
tail did not differ between the sexes and no

relative sexual dimorphism was found for C. d.
ventralis from Arizona, sexual size dimorphism
was evident. Males were larger than females
when SVL and caudal vertebrae were consid-
ered, which is consistent with the findings
of Pianka and Parker (1972) for the same spe-
cies. In contrast, C. wversicolor from the
Sakaerat Experimental Station, Thailand,
displayed sexual size dimorphism not only in
SVL (as intimated by Narayanaswamy Iyer,
1943), but also in tail length. Again, males were
larger than females in both respects, as
reported by other authors (Asana, 1931;
Manthey and Schuster, 1996). Sexual size
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dimorphism was also evident from multivariate
statistics when caudal vertebrae were consid-
ered. Despite this finding, tails of adult males
and females were found to grow at the same
rate relative to SVL, and there was no relative
sexual dimorphism in tail length, in accord with
the findings of Radder et al. (2001), but
contrary to those of Ji et al. (2002). Males
may simply be considered as hypermorphic
females, justifying the pooling of the sexes for
analysis. A similar situation (ie., a lack of
relative sexual dimorphism) was found for A.
grahami (Bergmann and Russell, 2001), facil-
itating comparison of caudal growth for all
three species. Functional comparability of the
sexes is further justified, as even significant
sexual differences in morphometric shape (=
relative dimorphism, which is lacking in our
ontogenetic series) need not translate into
differences in locomotor performance (Gar-
land, 1985).

Due to their habits (see Introduction),
comparison of the two species examined here
(C. d. ventralis and C. versicolor) and their
further comparison to A. grahami (Bergmann
and Russell, 2001) allows for the evaluation of
certain functional and ecological correlates
with respect to their bearing on tail growth.
Since two of these three species are arboreal,
two are bipedal, and two possess an autotomic
tail, the relationship of these three features to
tail growth may be examined. However, it must
be noted that there are numerous differences
between these three species in addition to their
propensity toward autotomy, bipedality, and
arboreality. As a result, relationships between
growth patterns and these three convenient
functional and ecological features can at best
be correlative pending further study. Alternate
explanations are possible for the patterns of
growth observed herein.

From an assessment of these three species,
as well as others from the literature, the growth
rate of the complete original tail is not
conserved among lizards. The tail of C. d.
ventralis grows in a negatively allometric
fashion relative to SVL. In contrast, the tails
of A. grahami (Bergmann and Russell, 2001)
and Pachydactylus capensis capensis (Bates,
1989) grow isometrically. The complete orig-
inal tail of C. versicolor (this study) and of
Ctenophorus nuchalis (Garland, 1985: tail
growth relative to body mass) grow in a posi-

tively allometric fashion. Positive caudal al-
lometry was also reported for C. versicolor
from southern China (Ji et al., 2002).

The positive allometry of the tail in C.
versicolor is not surprising when its cursorial
and occasionally bipedal habits are considered
in the context of the tail being an important
counterbalance (Arnold, 1984a; Garland, 1985;
Snyder, 1962, 1967). A greater degree of
arboreality observed in adults of this species
(Smith, 1935; Ji et al., 2002) further corre-
sponds to positive allometry of the tail. A
pattern of positive caudal allometry was pre-
dicted for bipedal lizards in general by Snyder
(1962). However, it is more surprising that the
tail of C. d. ventralis is not positively allometric,
but is in fact negatively so. This species is highly
cursorial and bipedal (Irschick and Jayne,
1998b), and a longer tail would be predicted
to facilitate these habits by acting as a counter-
balance (Daniels, 1983; Garland, 1985). For C.
d. ventralis, however, phylogenetic inertia may
well be in operation. This species is a member
of Phrynosomatidae, a taxon noted for the
possession of short tails (Irschick and Jayne,
1998a). Irschick and Jayne (1998a) posited that
C. draconoides has possibly evolved a longer
tail from within a clade of short-tailed ancestors
(Uma, Holbrookia, Cophosaurus, and Phryno-
soma). Such a clade was recovered by Reeder
and Wiens (1996, their figure 3, node 2; their
figure 5, node 2), although tail length was not
included in the data matrix that resulted in
these phylogenies. Testing of the concept of
a short-tailed ancestry of C. draconoides must
await the mapping of relative tail lengths onto
such phylogenies.

The first hypothesis (1) investigated in this
study, that the tail of C. d. venralis and C.
versicolor would exhibit isometric growth
relative to SVL, is refuted. Caudal growth rate
clearly encompasses a broad range among
lizards, which suggests that segmental or
regional growth patterns may differ between
species as well.

Such interspecific differences, however, are
not supported, as the tail of both C. d. ventralis
and C. versicolor can be divided into three
distinct growth regions, much like that of A.
grahami (Bergmann and Russell, 2001). Spe-
cifically, relative to the theoretical value of
isometry (pfl/ %) a proximal region of positive
allometry, a middle region of approximate
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isometry, and a distal region of negative
allometry is identifiable in both species (Figs.
1A, 2A, respectively). Thus, hypotheses (2), (3),
and (4) are corroborated. When segmental
growth rates are considered relative to SVL,
most of the tail of both species grows positively
allometrically, while the distalmost nine (C. d.
ventralis) and eight (C. wversicolor) caudal
vertebrae exhibit negative allometry (Figs.
1A, 2A). The SVL grows much more slowly
relative to most caudal segments of C. versi-
color, but only marginally more slowly in C. d.
ventralis. This difference is instrumental in
explaining whole tail growth patterns in light of
the segmental growth rates. As most vertebrae
in the tail of C. versicolor grow relatively much
more quickly than SVL, it is these vertebrae
that account for positive allometry of the entire
tail relative to SVL. In C. d. ventralis, the tail as
a whole grows more slowly than SVL because
of the distal region, as the more proximal
caudal vertebrae grow at a rate only marginally
relatively faster than SVL.

A number of structures along the length of
the tail has been hypothesized to influence
segmental tail growth (Bergmann and Russell,
2001), including the fracture planes in the non-
proximal vertebrae, the m. caudofemoralis
longus, and the m. retractor penis magnus (in
males), both of which are situated in the base of
the tail. Callisaurus d. ventralis and A. grahami
possess fracture planes that facilitate caudal
autotomy (Bellairs and Bryant, 1985), but
C. wversicolor lacks these (Arnold, 1984a).
The m. caudofemoralis longus is a major non-
segmental muscle that, of the femoral retractor
muscles of the caudal group, extends the
farthest distally along the tail (Russell and
Bauer, 1992). The distalmost point of origin of
the m. caudofemoralis longus and the
proximalmost occurrence of autotomy planes
tends to be highly correlated, the former
presumably influencing the expression of the
latter (Russell and Bauer, 1992; Zani, 1996; but
see Arnold, 1994). The m. retractor penis
magnus is another non-segmental muscle that
acts to retract the hemipenes in males and has
a single origin on the caudal vertebrae (Arnold,
1984D).

In C. d. ventralis, autotomy planes begin
on the sixth to eighth caudal vertebra, the
m. retractor penis magnus extends to the eighth
or ninth, and the m. caudofemoralis longus

extends to the ninth to eleventh caudal. The
region of positive allometry extends from the
sacral vertebrae to the sixth caudal (Fig. 1A)
and, hence, is composed of exclusively non-
autotomic vertebrae and is completely envel-
oped by non-segmental muscles in the tail base.
In C. versicolor, the m. retractor pem’s magnus
extends to the eleventh or twelfth, and the m.
caudofemoralis longus extends to the thirteenth
or fourteenth caudal vertebra. The region of
positive allometry extends from the first caudal
vertebra to the ninth (Fig. 2A). In A. grahami,
the region of positive allometry extended to
only the fourth caudal, which was also not as
distally extensive as the first fracture plane, or
the distalmost point of origin of the non-
segmental muscles (Bergmann and Russell,
2001). Since the region of positive allometry
does not extend all the way to the first fracture
planein C. d. ventralis and A. grahami, or to the
terminus of the non-segmental muscles in
these two species or C. versicolor, we question
a causal relationship between this growth
region and these structures.

However, morphological differences typi-
cally exist between caudal vertebrae, and the
transition from non-autotomic to autotomic
vertebrae is usually abrupt and quite notice-
able (Narayanaswamy Iyer, 1943), spanning
only two or three vertebrae (Etheridge, 1967).
Proximal non-autotomic caudals tend to be
quite short and have markedly developed
transverse processes (Etheridge, 1967, his
figures 2 and 3; P. J. Bergmann, personal
observation). This morphology correlates more
closely in all species examined with the region
of positive allometry. Also, a noticeable trend
in vertebral length along the length of the tail
exists: caudal vertebrae are relatively short
proximally, lengthen along the length of the
tail, and then shorten again distally. This
morphological pattern, when superimposed
on the hypothesized relationship between
the region of positive allometry and vertebrae
with greatly pronounced transverse processes,
uncovers a provocative paradox: the caudal
vertebrae that grow the fastest are also those
that are relatively the shortest (with the
exception of the terminal vertebrae).

The segmental caudal growth of three
species of iguanians has now been compared
to patterns of entire tail growth (Bergmann and
Russell, 2001; this study). Among these taxa,



72 HERPETOLOGICA

[Vol. 60, No. 1

A. grahami and C. draconoides are more
closely related to one another than either is
to the “agamid” C. versicolor (Frost and
Etheridge, 1989; Frost et al, 2001). In
addition, all three species have well docu-
mented differences in their habitat, locomotor
patterns, and caudal autotomy. Although, to
some degree, these functional and ecological
differences appear to influence the overall
pattern of original tail growth, this is not the
case for segmental growth. Instead, patterns of
segmental caudal growth appear conserved
within these iguanians and may be evolution-
arily constrained. However, the species studied
to date are nevertheless quite distant phyloge-
netically, limiting the strength of a phylogenetic
hypothesis. In this circumstance, a postulation
of evolutionary constraint should be tested by
examining caudal segmental growth patterns of
other lizard species from within the Iguania
and from among the scleroglossans.

The second principal component for C. d.
ventralis and C. versicolor follows an almost
identical pattern to that of PC-2 for A. grahami
(Bergmann and Russell, 2001). Along most of
the tail, the magnitude of the allometric
loadings for this component is very small, but
quickly becomes increasingly negative towards
the distal end of the tail (Figs. 1B, 2B). While
we assumed that the same phenomenon was
shaping PC-2 loadings for all three species, that
phenomenon is difficult to identify. However,
the Pearson correlation coefficient for PC-2
allometric loadings and PC-1 standard errors
for both C. d. ventralis and C. versicolor, are
high (r > 0.8) and significant (P < 0.05).
Although causality cannot be implied, the
phenomenon behind PC-2 might not be bi-
ological in nature. Instead, this principal com-
ponent may represent increased error at the
distal end of the tail associated with our stan-
dardization of vertebral number in the data set.

A major increase in the standard error
associated with PC-1 loadings occurs towards
the distal end of the tail in both C. d. ventralis
and C. versicolor (Figs. 1A, 2A). Caudal
vertebral lengths decrease towards the end of
the tail (from unpublished data), and so the
increased error in this region may be due to the
normalization of caudal vertebral number
between specimens in the ontogenetic series
(see Materials and Methods). Essentially, the
shortest (distalmost) vertebrae are retained in

the data set for some individuals, but have been
discarded from the data set (and hence the
analysis) for others with a more extensive series
of caudal vertebrae. These findings call into
question the assumption of iterative homology
of caudal vertebrae, particularly the terminal
ones (Bauer, 1998; Bergmann and Russell,
2001; Haszprunar, 1991; Roth, 1994). Fortu-
nately, this seems to confound patterns of
growth of only the most terminal caudal
vertebrae retained for analysis.

The findings presented here for segmental
original tail growth for C. d. ventralis and C.
versicolor and those presented by Bergmann
and Russell (2001) for A. grahami are largely
congruent. Despite large differences in growth
rates of the entire tails, which may reflect
functional and ecological differences between
species, segmental patterns are very similar for
all iguanians examined so far. This conserva-
tism of growth pattern suggests evolutionary
constraint and, therefore, might be plesiomor-
phic for lizards in general.
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APPENDIX [

Specimens constituting the final samples used in this
study. Abbreviations follow Leviton et al. (1985).

Callisaurus draconoides ventralis: MCZ (R-Reptiles):
32101, 32103, 32105-07, 32110, 43977, 62339, 62594,
62598-601, 62604-06, 62610, 62614-19, 62621, 101123—
26, 169002. MVZ: 20528, 181162-68, 181170-73.

Calotes versicolor: FMNH: 180496, 180498-500,
180502, 180504, 180509, 180511-12, 180515-16,
180519-20, 180523, 180527-29, 180531, 180533, 180535,
180537, 18053943, 180545, 180547, 180550, 180552—60,
180562-64, 180566-67, 180572-73, 180579, 180582,
180584, 18058690, 180593-95, 180597-99.



