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During postnatal ontogeny of vertebrates, allometric trends in certain morphological units or dimensions can
shift drastically among isometry, positive allometry, and negative allometry. However, detailed patterns of
allometric transitions in certain timings have not been explored well. Identifying the presence and nature of
allometric shifts is essential for understanding the patterns of changes in relative size and shape and the
proximal factors that are controlling these changes mechanistically. Allometric trends in 10 selected vertebrae
(cervical 2–caudal 2) from hatchlings to very mature individuals of Alligator mississippiensis (Archosauria,
Crocodylia) are reported in the present study. Allometric coefficients in 12 vertebral dimensions are calculated
and compared relative to total body length, including centrum, neural spine, transverse process, zygapophysis,
and neural pedicle. During the postnatal growth, positive allometry is the most common type of relative change
(10 of the 12 dimensions), although the diameter of the neural canal shows a negative allometric trend. However,
when using spurious breaks (i.e. allometric trends subdivided into growth stages using certain growth events,
and key body sizes and/or ages), vertebral parts exhibit various pathways of allometric shifts. Based on allometric
trends in three spurious breaks, separated by the end of endochondral ossification (body length: approximnately
0.9 m), sexual maturity (1.8 m), and the stoppage of body size increase (2.8 m), six types of ontogenetic allometric
shifts are established. Allometric shifts exhibit a wide range from positive allometry restricted only in the early
postnatal stage (Type I) to life-long positive allometry (Type VI). This model of ontogenetic allometric shifts is
then applied to interpret potential mechanisms (causes) of allometric changes, such as (1) growth itself (when
allometric trend gradually decreases to isometric or negative allometric change: Type II–IV allometric shift); (2)
developmental constraint (when positive allometry is limited only in the early growth stage: Type I allometric
shift); and (3) functional or biomechanical drive (when positive allometry continues throughout ontogeny: Type VI
allometric shift). © 2015 The Linnean Society of London, Biological Journal of the Linnean Society, 2015, 116,
649–670.
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INTRODUCTION

In Carlo Collodi’s fairy tale novel, Pinocchio’s nose
suddenly starts to elongate every time he lies. This
famous scene is breathtaking for evolutionary bio-
logists. Pinocchio’s elongate nose is morphologically
bizarre because of not only its size relative to the
overall proportion of his face, but also the tempo of
the elongation (i.e. rapid rate over a very short time)
and the relative timing in the ontogeny (i.e. late
juvenile stage). To study bizarre morphological

structures, quantifying relative growth, especially
tempo and mode of ontogenetic allometric changes, is
essential. Besides determining common and unusual
patterns of allometric changes for identifying odd-
looking body structures, these type of data may allow
us to further investigate the mechanisms that are
likely oriented to growth/developmental (e.g. telling a
lie or being honest), functional (e.g. giving discipline,
housing bird nest) and/or phylogenetic (e.g. au-
tapomorpy as a result of the lack of this morphologi-
cal features in closely-related taxa) signals.

Allometry, the study of the relationship between
changes in shape and overall size, is a powerful way*Corresponding author. E-mail: ikejiri1859@gmail.com
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of quantifying patterns of relative growth of certain
body parts (McMahon & Bonner, 1983; Levington,
1988; Bonner, 2006). Subsequent to Teissier (1936)
and Huxley & Teissier (1936) establishing the method
using primarily the power equation with an exponen-
tial function, y = bxa, allometry has been largely and
effectively used for many morphological units in vari-
ous taxonomic groups, as reviewed thoroughly by
Gould (1966, 1968, 1971). Allometric trends,
expressed by allometric coefficients, allow identifica-
tion of the three types of relative growth: isometry,
positive allometry, and negative allometry (Teissier,
1960; Gayon, 2000; Shingleton, 2010). To date, most
allometric studies attempt to explore detailed allomet-
ric trends in a single developmental or ontogenetic
period, such as a late embryonic (organogenesis) or
more often an entire postnatal growth stage (Bever,
2008, 2009; Bello-Bedoy et al., 2015; Irschick & Ham-
merschlag, 2015; Rodr�ıguez et al., 2015). Notably, the
use of a single growth period can conceal finer ontoge-
netic and phylogenetic signals or patterns of relative
growth. For example, we may conclude that the Pinoc-
chio’s elongate nose displays an isometric change (i.e.
normal-looking structure), instead of a strong positive
allometric change (i.e. abnormal or odd-looking), when
allometric coefficients are calculated over a long entire
growth period. Otherwise, we may simply fail to rec-
ognize the fact that this drastic ontogenetic change
occurs very rapidly in an exceptionally short time.
Because growth is generally the result of ‘a matter of
temporal parameters such as rate, duration, and onset
or offset’ (Raff, 1996, p. 264), the primary interest in
the present study will be to explore how allometric
trends change through postnatal ontogeny and what
patterns of ‘ontogenetic allometric shifts’ may exist.

Allometric trends may shift among isometry, posi-
tive allometry, and negative allometry in certain
morphological units. Degrees of relative growth can
increase, decrease or remain constant after passing
through a critical point during ontogeny. To detect
detailed patterns of ontogenetic ‘allometric shift’, we
can use the idea of ‘spurious break’, which refers to
subdivided growth stages separated by ‘critical
points’ (i.e. certain ontogenetic events or ages). Gould
(1966: 599) stated ‘the concept of critical breaks (or
allometric shift) is also tenable when such transi-
tions can be definitely related to equally sharp physi-
ological events’ and pointed out some potential
significance. The reality is, however, that not many
allometric studies have incorporated this idea, and
only a few studies in the literature have clearly high-
lighted significances for breaks of allometric trends.
These studies include, for example, chela of male
and female crabs between pre- and post-sexual matu-
rity (MacKay, 1942, 1943a, b), relative carapace
lengths between males and females of the common

littoral crabs (Teissier, 1960), and the relationship
between growth hormone and allometric changes in
three prenatal developmental periods of an insect
(Shingleton et al., 2007). Essentially, the previous
studies showed that sharp transitions in allometric
trends exist. It is further suggestrf that the concept
of spurious breaks can provide new insights and fur-
ther interpretations of allometric changes. This
approach allows (1) direct comparison of the degrees
of allometric trends in separate growth stages; (2)
detection of patterns of ontogenetic allometric shifts;
and (3) determination of whether or not any spurious
breaks or certain ontogenetic events correspond to
sharp allometric shifts.

Gould (1968) stated that ‘. . . if no allometry occurs
during ontogeny, for the question “why this change
of shape?” (the standard approach to most successful
adaptive explanations of form) cannot be asked’. One
important outcome that we can learn from ontoge-
netic allometric shifts through spurious breaks are
interpretations for their causes and mechanisms (e.g.
the more rapid rate of the strong positive allometry
in the carapace of male crabs after sexual maturity,
the result of pubertal molts) (Teissier, 1960). Using
the same logical approach, other studies (as men-
tioned above) investigated how certain growth events
like sexual maturity, molting, and release timing of
certain growth hormones might correspond to sharp
transitions in allometric trends (e.g. MacKay, 1942,
1943a, b; Teissier, 1960; Shingleton et al., 2007).
Although causes of ontogenetic allometric changes
can be complex and multiple factors are likely
involved, the concept of spurious breaks is likely use-
ful for determining potential controlling factors. Spe-
cific hypothetical causes of allometric changes can be
tested using a combination of various spurious
breaks or critical points and degrees of allometric
shifts.

One strong hypothetical candidate for the cause of
allometric changes is growth itself or the rate of
growth (Raff, 1996; Shingleton et al., 2007; Nijhout &
German, 2012). Because growth rates generally
decrease during ontogeny as expressed by a typical
sigmoid growth curve (von Bertalanffy, 1938, 1960),
ontogenetic allometric trends are likely expected to
slow down first in many morphological units (Alberch
et al., 1979). On the other hand, all body parts may
not follow this allometric mode and some morphologi-
cal units may display different allometric pathways.
Such unusual allometric trends refer to (i.e. as two
extreme examples) positive allometric or isometric
changes restricted only in an early growth stage (e.g.
embryogenesis and morphogenesis; Richtsmeier,
2003) and continuous lifelong flexibility or late plastic-
ity with positive allometry even in a very late postna-
tal stage (Herring, 1993). What may control these
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types of allometric growth? The consequence of
allometric growth (and heterochronic change) is sug-
gested to be controlled by biological constraints, such
as developmental and functional origins (Raff, 1996;
Frankino et al., 2005). Biological constraints not only
refer to negative, but also positive changes in allomet-
ric growth (Gould & Lewontin, 1979; Gould, 1980,
1989). Arthur (2001) alternatively suggested distin-
guishing between the negative and positive aspects as
‘constraints’ and ‘drive’. This driving force, if any exist,
supposedly reflects life-long positive allometry or late
phenotypic plasticity. To investigate the relationship
between allometric changes and biological constraints/
drives, we need first to determine what types of onto-
genetic allometric shifts exist in nature. Knowledge of
modes of allometric shifts may provide some clues to
interpret what types of constraints and/or drives cor-
respond to allometric growth in postnatal ontogeny.

In the present study, postnatal ontogenetic
allometric changes in vertebrae of the extant
crocodylian, Alligator mississippiensis (Archosauria,
Crocodylia), are primarily investigated. As seen in
other tetrapods, the overall vertebral structure is
morphologically complex in crocodylian, such as cen-
trum, neural spine, transverse process, neural pedi-
cle, and zygapophyseal joints. The complex external
morphology of tetrapod vertebrae, however, has been
studied primarily in mature individuals (Gadow,
1933; Romer, 1956; Goodrich, 1958; Romer & Parson,
1977), embryos based on cell- and tissue-level devel-
opment (Gadow, 1896; Williams, 1959; Christ, Huang
& Wilting, 2000; Rawls & Fisher, 2010) or associated
regulatory genes for axial patterning (Lewis, 1978;
Burke et al., 1995; Monsoro-Burq & Le Dourain,
2000; Burke & Nowicki, 2001; Di-Poi et al., 2010;
Mansfield & Abzhanov, 2010; Sallan, 2012). The
present study will not only highlight allometric
changes (i.e. changes in relative size and overall
shape), but also quantitative and qualitative morpho-
logical changes (e.g. cell and tissue levels) in the
vertebral structure during the postnatal growth of
the American Alligator.

Alligator vertebrae can provide an essential data
set for investigating how size increase matters, or do
not matter, for the overall skeletal structure during
postnatal ontogeny. Notably, the species shows a
more than 10-fold increase in total body size from
approximately 0.28 m in hatchlings to over 4 m in
very mature individuals (McIlhenny, 1987). Such a
large degree of body size increase must affect relative
growth of alligator vertebrae. Indeed, based on quan-
titative comparisons, overall vertebral shape drasti-
cally differs between hatchling and very mature
individuals, indicating that a large degree of allomet-
ric changes occur during postnatal ontogeny (Fig. 1).
Between hatchling and very mature individuals,

manifest morphological differences appear in, for
example, the overall length of spines, transverse pro-
cesses, and posterior condyle (ball-like structure) of
the centrum, which are much longer in adults than
in juveniles relative to the overall vertebral size.
Based on these observations, alligator vertebrae must
allow us to test hypotheses for the causes of allomet-
ric shifts. In particular, if a mode of allometric shift
shows a general decreasing trend (i.e. characterized
by a fast rate in the earliest growth stage and a slow
in the latest growth stage; Wilkinson & Rhodes,
1997), it must correspond to the reason for the
growth trajectory of the alligator growth curve
(Fig. 2). Then we can infer that size matters, as
expressed by Gould (1971): ‘a shift in allometry lines
to preserve shape at larger sizes’ (based on ‘transposi-
tionsallometrie’; Kurt�en, 1954; Meunier, 1959a, b),
which is likely controlled by developmental or func-
tional constraints. By contrast, if allometric trends do
not follow the overall topology of the sigmoid growth
curve, we can conclude that size increase does not
matter. In this case, size increases in certain verte-
bral dimensions (e.g. length, width, diameter) of ver-
tebral parts (e.g. centrum, neural arch) must be
corresponding to different factors such as develop-
mental or functional drive.

The present study primarily aims to show detailed
patterns of postnatal allometric trends and discuss
the causes of allometric shifts. Three aspects of allo-
metric trends in alligator vertebrae will be shown:
(1) variation in major vertebral parts using 12
dimensions; (2) along the vertebral column (intracol-
umnar variation); and (3) among different postnatal
growth stages (ontogenetic variation). These data
will be compared across all of and each of the three
postnatal growth stages separately. Using allometric
data, a model of allometric shifts will be established
(six types through three postnatal ontogenetic
stages). Then a discussion will follow, concerning
what factors (growth events) may control or corre-
spond to allometric shifts and how allometric
changes can be important for adaptive significance,
through key postnatal ontogenetic events, such as (1)
the end of endochondral ossification (cell/tissue–level
transformation from cartilage to bone); (2) sexual
maturity (hormonal change); and (3) the stoppage of
growth or body size increase.

MATERIAL AND METHODS

SAMPLES

Thirty-one dry skeletons of A. mississippiensis
including both articulated and disarticulated speci-
mens were examined (see Supporting information,
Table S1). Only specimens having all presacral,
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Figure 2. Postnatal growth curve with key ontogenetic events in Alligator mississippiensis. Three ontogenetic events:

(1) end of vertebral ossification; (2) sexual maturity; and (3) the stoppage of growth, are determined by total body size.

Uppercase letters indicate the three postnatal growth stages used in the present study (specimens determined in each

growth stage are listed in the Supporting information, Table S1). The growth curve is adapted from Wilkinson & Rhodes

(1997).

Figure 1. Overall proportions of vertebrae in hatchling (body length: 0.29 m) and very mature (body length: 4.12 m)

individuals of Alligator mississippiensis. Line drawings of dorsal 4 are shown in posterior, right lateral, and dorsal

views. Arrows indicate the anterior direction. The neural canal is filled with grey shading.
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sacral, and anterior caudal vertebrae and a femur
were selected for the present study. Based on size,
the 31 specimens included hatchlings to fully-grown
individuals. Total body length, ranging from 0.28 to
4.12 m, was estimated from the greatest length of
femur using the equation of Farlow et al. (2005)
when the original body size was not recorded.

Total body length was used as the key reference to
separate individual alligators into three postnatal
ontogenetic stages: early (> 0.9 m), intermediate
(0.9–2.8 m), and late (< 2.8 m) (Fig. 2). Histology
shows that endochondral ossification of centra and
neural arches is almost complete in posterior dorsal
and anterior caudal vertebrae when alligators reach
approximately 0.9 m in body length (Ikejiri, 2012).
Wilkinson & Rhodes (1997) reported that sexual
maturity occurs when both males and females reach
approximately 1.80 m in A. mississippiensis, and
body size generally stops increasing after reaching
approximately 2.80 m in females and 3.3 m in males.
Size is generally a more practical parameter than
chronological age to separate specimens because
most osteological alligator specimens do not have an
associated record of actual age at death. Using the
three postnatal growth stages, allometric trends (see
Allometric coefficients below) were calculated sepa-
rately in each subgrowth stage and over the entire
postnatal period (based on all 31 specimens).

Alligator generally has 24 presacral, two sacral,
and 20–30 caudal vertebrae (Chiasson, 1969; Hoff-
stetter & Gasc, 1969). Ten specific vertebrae were
selected in the present study, including the axis
(cervical 2), cervical 3, cervical 8, dorsal 1, dorsal 4,
dorsal 10, dorsal 15, sacral 1, caudal 1, and caudal 2.
Those vertebrae represent nine major vertebral
regions along the column of crocodylians (Mook,
1921), which are established by key morphological
features, such as overall shape and relative size of
various vertebral parts, as well as the topological
relationship in the axial column relative to the posi-
tions of skull, ribs, and girdle bones.

The vertebral morphology was divided into three
main vertebral parts: (1) the centrum (vertebral
body); (2) branching parts of the neural arch (neural
spine and transverse process); and (3) the neural
pedicle (the base of the neural arch including the
zygapophyses and the neural canal). Four measure-
ments were taken per part, for a total of 12 measure-
ments (Fig. 3). The 12 measurements represent the
overall proportion of vertebral length to width or
breadth. Because overall vertebral shape of crocody-
lians is considerably variable in the vertebral col-
umn, some measurements of specific vertebrae
cannot be recorded. Those measurements include the
length and breadth of the transverse processes in
cervicals 2 and 3, the breadth of the transverse

processes in sacral vertebrae, and the total length
(with the posterior condyle) of sacral centra (see
Descriptive morphology below).

For histological preparation of alligator vertebrae,
haematoxylin and eosin stain was primarily used at
the University of Michigan Museum of Zoology
(UMMZ) and the Histology Laboratory of The Uni-
versity of Michigan Dentistry School, Ann Arbor,
Michigan. A detailed procedure of this histological
preparation is provided in Ikejiri (2012).

ALLOMETRIC COEFFICIENTS

Allometric coefficients of alligator vertebrae were
calculated: (1) measurements of the 12 vertebral
dimensions (mm) and the greatest length of femora
(mm) were taken to the first decimal place; (2) all mea-
sured values were log-transformed; and (3) all data
were plotted on log-log diagrams. Femoral length was
used as a scale, plotted on the x-axis, in the present
study because this dimension has been suggested to
exhibit a linear relationship with overall body length
in crocodylians and other archosaurs (Houck, Gauthi-
er & Strauss, 1990; Currie, 2003; Farlow et al., 2005).
All vertebral dimensions were plotted on the y-axis.
Regression lines were fitted using log(y) = b + klog(x)
using the ordinary least squares (OLS) method first.
However, the reduced major axis (RMA) method was
suggested to be the best way to calculate allometric
slopes (Smith, 2009). All values of allometric coeffi-
cients (k) were thus converted from OLS to RMA using
the calculation of Swartz (1997). Intercepts (b) and
coefficients of determination (r2) were recorded from
OLS slopes because the two methods provide almost
identical values (McArdle, 1988; Sokal & Rohlf, 1995).
Isometric and allometric changes were identified
based on a 95% confidence interval (CI) of the allomet-
ric coefficient (k), which has been used for reptiles and
birds (Houck et al., 1990; Currie, 2003). When the al-
lometric coefficient was ≥ 1.05 (k ≥ 1.05), positive
allometry was determined. Isometry was identified
when the coefficient was between 0.95 and 1.05
(0.95 ≤ k < 1.05). Negative allometry is referred to
when the coefficient is lower than 0.95 (0.95 < k).

Basic statistical tests were conducted using SPSS,
version 21.0 (IBM Corp, 2012). The Shapiro–Wilk
test (P < 0.05) was used to check whether or not
measurements of vertebrae exhibit a normal distri-
bution for each vertebra and each vertebral measure-
ment. A one-sampled t-test (P < 0.05) was used for
comparisons of the means of allometric coefficients
for each vertebral dimension and for each vertebra.
One-way analysis of variance (ANOVA) (Tukey’s
post-hoc test; P < 0.05) was used to compare means
of allometric coefficients among the three growth
stages.
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The allometric coefficients were first calculated in
the 31 individuals, which represent allometric
changes during the entire postnatal growth. The al-
lometric coefficients were also calculated separately
before and after the three ontogenetic events in each
vertebra. Differences in the means of allometric coef-
ficients from a later and an earlier ontogenetic stage,
which indicates degrees of allometric shift, were
calculated and statistically analyzed using a one-
sampled t-test (P < 0.05).

RESULTS

Key morphological features of vertebrae in hatchling
and very mature alligators are described first. This
comparison provides general characteristics of main
ontogenetic changes in vertebrae of Alligator. Exter-
nal and internal vertebral morphology is described
separately. Then variations in allometric coefficients
from the 12 vertebral dimensions are reported as: (1)
values from the 10 vertebrae, shown for all 31

Figure 3. Twelve vertebral dimensions of Alligator mississippiensis, measured for the present study. Illustrations show

dorsal 4 in posterior, right lateral, and dorsal views.
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individuals (representing all postnatal growth
stages) and (2) values from before and after each of
the four key ontogenetic events (vertebral ossifica-
tion, sexual maturity, stoppage of growth, and neuro-
central fusion).

DESCRIPTIVE MORPHOLOGY

External vertebral morphology
External vertebral morphology varies in the verte-
bral column of crocodylians (Mook, 1921; Hoffstetter
& Gasc, 1969). Comparisons of key morphological
features from the atlas-axis to posterior caudal verte-
brae of A. mississippiensis are listed in the Support-
ing information (Table S2). In fully-grown alligators,
the main morphological differences appeared in the
overall size and shape of the centrum (e.g. anteropos-
teriorly short vs. elongate, transversely narrow
vs. wide), zygapophysis (e.g. transversely wide vs.
anteroposteriorly long articular surface), neural
canal (e.g. small vs. large, circular- vs. oval-shaped),
neural spine (e.g. rod-like vs. blade-like, short vs.
tall), and transverse process (e.g. elongate vs. short).
Those intracolumnar differences of various vertebral
parts are shown in the Supporting information (Fig.
S1), which was sorted by the 12 vertebral dimensions
(log-transformed) and vertebral position. In the
vertebral column, elongation of transverse processes
was prominent in the mid-dorsal vertebrae. Short
neural spines appeared in the anterior to mid-
cervical vertebrae, although the overall height was
consistent in the other vertebrae. Elongate centra
commonly occurred in the mid- and posterior dorsal
vertebrae.

Some morphologically unique features in specific
vertebrae also need to be noted. In the axis and cer-
vical 3, the transverse processes were drastically
shorter (or almost absent) compared to more poster-
ior vertebrae. The centra of the two sacral vertebrae
had almost flattened articular surfaces between them
and a convex ball-like structure was absent, which
differed from the procoelous articulations (i.e. con-
cave front and convex back) in other vertebrae.
Sacral 1 had a considerably larger articular surface
of the prezygapophyses (approximately 145% larger
than dorsal 15; 480% larger than sacral 2) in fully-
grown alligators. Because the sacral vertebrae had
very stout, elongate transverse processes (or sacral
ribs) that possessed, morphologically, a more com-
plex structure, the anteroposterior breadth at the
midpoint of the transverse process was not measured
for the present study. Caudal 1 had biconvex articu-
lar surfaces of the centrum in most extant crocody-
lians (Hoffstetter & Gasc, 1969); measurements of
both anterior and posterior condyles were included
for the total length of the centrum in the vertebra.

Quantitative comparisons of anterior dorsal verte-
brae of hatchling and very mature alligators showed
some evident morphological differences (Fig. 1). The
diameter of the neural canal is proportionally large,
relative to overall size of the centrum and overall
vertebral height in hatchlings, whereas the relative
size of the neural canal was proportionally small in
fully-grown alligators. A relatively short neural spine
and transverse processes occurred in hatchlings in
contrast to elongate ones in adults. In hatchlings,
the articular surface of the prezygapophysis was
relatively small, whereas adults had a very large
surface area relative to overall vertebral size. In lat-
eral view, the centrum of adult alligators showed a
greatly extended posterior condyle that was morpho-
logically different from an almost flattened posterior
surface in hatchlings.

Internal vertebral structure
Internal structure of vertebral parts varied in adult
alligators, based on various coronally sectioned ele-
ments (Figs 4, 5). The almost entire internal space of
the centrum and neural pedicles showed highly can-
cellous bones characterized by tubercular, spongy
texture. The neural spine and transverse process
mainly exhibited dense compact cortical bone with a
lamellar bone matrix in the elongate central cavity.
By contrast, hatching alligators showed largely carti-
laginous tissues in the entire internal vertebral
structure, surrounded by relatively thin compact
bone walls (Fig. 4A). The centrum of the hatchling
alligator had a mix of uncalcified cartilage and osteo-
blast cells, which exhibited ‘primary’ endochondral
ossification (Hall & Witten, 2007), and appeared ear-
lier in the centrum than near the base of the neural
arches (i.e. the neural pedicle along the neural
canal). In young juveniles (body length smaller than
0.9 m), endochondral ossification tended to have
occurred for almost the entire centrum, without any
specific direction or pattern, although the base of the
neural arches showed several areas (internal spaces)
in the coronal cross section that displayed finely dis-
tributed cancellous structure. Endochondral ossifica-
tion was almost complete when individuals reached
approximately 0.9 m in body length in the crocody-
lian species. In those young juveniles, the centrum
exhibited much more dense internal bony structure
than the base of the neural arches (Fig. 4B). Exter-
nal walls were thick and compact in the lateral side
of the neural pedicle and the centrum, near the
neurocentral junction, as well as the ventral margin
of the centra. Very mature alligators showed fine
cancellous bone structures that are characterized by
more tubercular bone than the hatchling (Fig. 5).
The density of internal cancellous structure was
almost indistinguishable between the centrum and
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the neural arch in adults. Those features found in
the very mature alligator indicated that the size
increase of the two major vertebral parts was the
combined result of endochondral replacement of
cartilage (until reaching approximately 1.1 m in
body length) and enlargement of appositional bone
(Zuwachsknochen).

The neural spine and transverse processes showed
very similar internal morphology, having relatively
thick outer wall and narrow internally hollow space
(Figs 4, 5). In the hatchling, some osteoblast cells
were still visible around the bone walls of the pro-
cesses and spine, although compact bones with avas-
cular bone tissues were already dominant. In the
internal cavity, cartilaginous cells were filled, which
indicated that endochondral ossification (i.e. replace-
ment) occurred in the early postnatal ontogenetic
age. In very mature alligators, osteoblast cells

(stained with a dark red colour) largely disappeared
in the spine and transverse processes except near
the distal-most ends (Fig. 5). This feature indicates
that size increase (extension) can occur even after
formation of extensive appositional bone in this very
late postnatal stage.

VARIATION IN ALLOMETRIC COEFFICIENTS

The allometric coefficients were sorted by the 10
selected vertebrae and the 12 vertebral dimensions.
The two groups of data sets were first analyzed in all
31 individuals, representing allometric changes all of
postnatal growth. Then, the allometric coefficients
were compared in the three postnatal ontogenetic
periods, using log-log plots of body (or femoral)
length and each vertebral dimension. A log-log plot
of one vertebra (dorsal 4) from the 31 individuals is
shown in the Supporting information (Fig. S2) as an
illustration of the analysis. In the graph, 12 verte-
bral dimensions were subgrouped into three topologi-
cal and morphological regions in overall vertebral
structure: centrum (vertebral body), branches of neu-
ral arch (transverse process and neural spine), and
base of neural arch (prezygapophysis and neural
canal). All graphs of other vertebrae are not shown,
and only summarized results are presented of the
allometric coefficients from entire postnatal growth
and the three ontogenetic periods. All vertebral
dimensions showed a normal distribution based on
the Shapiro–Wilk test (P < 0.05). A summary of sta-
tistical analyses, including means, SDs, minimum
and maximum values, 95% CIs, standard errors,
and/or P values for t-test, are listed in Table 1
(entire postnatal stage) and Tables 2, 3 (three subdi-
vided postnatal stages). More detailed results of the
allometric coefficients (k), intercepts (b), and coeffi-
cients of determination (r2) are provided in the Sup-
porting information (Tables S3, S4, S5, S6, S7) and
also below.

Below, allometric coefficients are reported and
compared in an order of ontogenetic stages: (1) entire
postnatal period (body length: 0.28–4.12 m); (2) early
postnatal stage (body length: 0.28–0.9 m); (3) inter-
mediate postnatal stage (body length: 0.9–2.8 m);
and (4) late postnatal stage (body length: 2.8–
4.12 m). Alternatively, immature and mature stages
are compared based on the mean size at sexual
maturity (1.8 m).

Entire postnatal growth (body length: 0.28–4.12 m)
Throughout the entire postnatal growth period rep-
resenting all 31 alligators, the means of the slopes
(allometric coefficients) of all 12 vertebral dimen-
sions from the 10 selected vertebrae were not
significantly different (t-test: P < 0.05) (Table 1). Of

A

B

Figure 4. Coronal cross sectional view of dorsal 15 in

Alligator mississippiensis. Thin-sections of the vertebrae

were prepared with haematoxylin and eosin (H&E) stain.

A, hatchling (UMMZ 238961; body length: approximately

0.29 m). B, subadult (UMMZ 238959; body length:

approximately 1.1 m). Red or pink indicate bone tissue,

and light blue or light grey represent cartilaginous tis-

sues. Note that these vertebrae are not included for allo-

metric analyses. cent, centrum; nc, neural canal; ncs,

neurocentral suture; ns, neural spine; tp, transverse pro-

cess. Scale bars = 0.5 mm.
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the 10 vertebrae (total of 114 measurements), the
total population mean and SD of the allometric
coefficients were 1.14950 � 0.18945, with a 95% CI
ranging from 1.11426 to 1.18475 (Table 1). All ver-
tebrae exhibited positive allometric values but,
notably, no significant difference was found among
them (t-test: P < 0.05). These data concerning in-
tracolumnar variation of allometric changes are

excluded from further investigation in the present
study. The highest mean was found in dorsal 4
(1.20792) and the lowest mean appeared in cervical
3 (1.10296). The r2 values (coefficients of determi-
nation) were consistently higher than 0.9 for all
vertebrae, and the two lowest values appeared in
the axis and sacral 1 (Table 1; see also Supporting
information, Table S3).

Figure 5. Ontogeny of internal vertebral structure in Alligator mississippiensis. Thin-sections of the centrum (top row),

the base of the neural arch (second row), and the end of the transverse process (third row) are shown. Hatchling (body

length: approximately 0.29 m; UMMZ 238961), subadult (body length: approximately 0.92 m; UMMZ 238965), and very

mature (body length: approximately 3.12 m; UMMZ 239625) individuals are compared. Samples were prepared with ha-

ematoxylin and eosin (H&E) stain. Red or pink indicate bone tissue, and light blue or light grey represent cartilaginous

tissues. Note that these vertebrae were not included for allometric analyses. Scale bars for the hatchling equal 0.25 mm

and for the subadult and adult equal 1 mm. Scale bars are placed to the lateral side for the centra and neural arches

and to the ventral side for the transverse processes. Vertebral illustrations in the bottom row are reconstructed from ele-

ments of multiple individuals assigned to approximately same ages. Black indicates bone and grey represents cartilagi-

nous tissues. Arrows in the illustrations indicate exact positions of vertebral parts that were taken for thin sections, as

shown in the photographic images.
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Of the 12 vertebral dimensions, positive allometry
(k ≥ 1.05) was the most common type of relative
change (Table 1; see also Supporting information,
Table S3). By contrast to the intracolumnar varia-
tion, vertebral dimensions showed statistically sig-
nificant differences in allometric coefficients (k).
Significantly high positive allometric changes
appeared in the centrum length with and without
the posterior condyle, the length of transverse

processes, the dorsoventral height of neural spines,
and the two measurements of the prezygapophysis
(t-test: P < 0.05). The largest mean of the allometric
coefficients (1.37964) appeared in the dorsoventral
height of the neural spine. The transverse process
had the second highest mean value (1.37577) of the
10 vertebrae. The strongest positive allometry was
found in the length of the transverse process in
dorsal 10 (1.57047). In the neural spines and

Table 1. Statistical summary of allometric coefficients of vertebral dimensions during postnatal growth of Alligator mis-

sissippiensis (N = 31)

k

b r2Mean � SD Minimum–maximum SE 95% CI P

Position of vertebrae in the column

Axis 1.12314 � 0.23143 0.78814–1.45612 0.07714 0.97195–1.27434 NS �1.22921 0.92699

Cv3 1.10296 � 0.14504 0.82736–1.31653 0.04587 1.01307–1.19286 NS �1.18887 0.96089

Cv8 1.13931 � 0.15279 0.87776–1.39683 0.04411 1.05286–1.22576 NS �1.28362 0.96307

Ds1 1.15002 � 0.14560 0.92439–1.42362 0.04203 1.06764–1.23240 NS �1.25883 0.96434

Ds4 1.20792 � 0.20781 0.84735–1.55687 0.05999 1.09034–1.32550 NS �1.27501 0.94623

Ds10 1.15992 � 0.23355 0.78068–1.57047 0.06742 1.02779–1.29206 NS �1.27501 0.96758

Ds15 1.12647 � 0.23590 0.77550–1.49855 0.06810 0.99300–1.25994 NS �1.16501 0.96499

Sa1 1.12779 � 0.18344 0.92598–1.41148 0.13775 1.00794–1.24763 NS �1.27492 0.93450

Ca1 1.15108 � 0.18930 0.87029–1.50497 0.05465 1.04398–1.25819 NS �1.21369 0.95026

Ca2 1.18483 � 0.19702 0.88064–1.49745 0.05687 1.07336–1.29630 NS �1.21812 0.95718

Vertebral dimensions

cent L 1.17220 � 0.23143 1.11259–1.24438 0.01451 1.14375–1.20064 NS �1.04044 0.98500

cent w/o 1.09662* � 0.14504 0.98746–1.18704 0.01748 1.06236–1.13088 0.014 �0.88834 0.98344

cent H 1.15315 � 0.15279 1.08641–1.31294 0.02099 1.11200–1.19429 NS �1.22641 0.98035

cent W 1.13610 � 0.14560 1.08894–1.25200 0.01604 1.10466–1.16754 NS �1.10700 0.98047

tp L 1.37577* � 0.20781 1.21817–1.50497 0.03734 1.30258–1.44896 0.005 �1.45588 0.98047

tp B 1.08502 � 0.23355 0.86231–1.15280 0.03912 1.00835–1.16169 NS �1.34900 0.95642

ns H 1.37964* � 0.23590 1.24679–1.42362 0.01756 1.34521–1.41406 0.001 �1.45750 0.96230

ns B 1.05365* � 0.18344 0.98171–1.18211 0.01955 1.01730–1.09000 0.001 �1.05891 0.96879

prez L 1.29912*�0.22466 1.10021–1.42358 0.03254 1.23861–1.35963 0.002 �1.77622 0.94754

prez W 1.36312* � 0.18930 1.14195–1.57047 0.05524 1.26040–1.46584 0.002 �1.93843 0.94187

nc H 0.87889* � 0.19702 0.79264–0.93020 0.01531 0.84889–0.90890 0.001 �0.74555 0.89677

nc W 0.85569* � 0.19154 0.77550–0.93521 0.01966 0.81716–0.89422 0.001 �0.77867 0.91045

Total (number of specimens = 31; number of slopes = 111)

1.14950 � 0.18945 0.77550–1.57047 0.01789 1.11426–1.18475 �1.21812 �0.95718

Plots of 31 individuals in dorsal 4 are shown in the Supporting information (Fig. S2). Data of each vertebra are listed in

the Supporting information (Table S3). Abbreviations for vertebrae are listed in the Supporting information (Table S2).

Anatomical abbreviations: Ca, caudal; Cv, cervical; Ds, dorsal; Sa, sacral. Vertebral dimensions: cent H, dorsoventral

height of centrum; cent L, total anteroposterior length of centrum; cent W, transverse width of centrum; cent w/o, ante-

roposterior length of centrum without posterior condylel; nc H, height of neural canal; nc W, width of neural canal;

ns B, anteroposterior breadth of neural spine; ns H, axial height of neural spine; tp B, anteroposterior breadth of

transverse process; tp L, axial length of transverse process; prez L, anteroposterior length of prezygapophysis; prez W,

transverse width of prezygapophysis. NS, not significant.

*An asterisk indicates significantly different slopes from the total mean (t-test: P < 0.05). CI, confidence interval.
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transverse processes, the anteroposterior breadths
had much lower and significantly different means of
allometric coefficients than the transverse lengths
(1.08502 and 1.05365, respectively). The anteropos-
terior length of the centrum without the posterior
condyle also changed with positive allometry
(1.09662), although the total length of the centrum
had a much higher allometric coefficient (1.17220)
(Table 1).

Negative allometry (k < 0.95) was found only in
the height and the width of the neural canal
(Table 1). The height increased slightly more than
the width in the neural canal. The allometric coeffi-
cients ranged between 0.79264 in cervical 2 and
0.93620 in sacral 1 for the anteroposterior height
and between 0.77550 in dorsal 15 and 0.92862 in
caudal 2 for the transverse width (see Supporting
information, Table S3).

Isometry (0.95 ≤ k < 1.05) occurred as the least
common type of relative change in the 12 vertebral
dimensions (Table 1) during entire postnatal growth.
Isometric change was found only in the anteroposte-
rior breadth of the neural spine in the 10 selected
vertebrae from the 31 individuals. In particular ver-
tebral segments, cervical 8–caudal 2 showed isometry
(see Supporting information, Table S3). Cervical 8
also exhibited isometric change in the anteroposteri-
or length of the transverse process. The length of the
centrum without the posterior condyle also changed
isometrically in dorsal 15.

The coefficients of determination (r2) were also sig-
nificantly different among the vertebral dimensions
(see Supporting information, Table S3). Based on
t-tests, P values were smaller than 0.05 in all cen-
trum dimensions, the neural canal diameter, and the
neural spine breadth, indicating a considerably a
high degree of variance. The intercepts (b values)
were also statistically different (t-test: P < 0.05) in
most vertebral dimensions, except for the height of
the centrum and the breadth of the transverse pro-
cess. Relatively high mean values of b are assumed
to indicate an overall large proportion relative to the
vertebral structure around the hatchling stage (the
interpretation based on White & Gould, 1965; Gould,
1971).

Early postnatal stage (body length: < 0.9 m)
Ten out of the 31 alligators had a body length esti-
mated to be shorter than 0.9 m and were assigned to
the early postnatal stage (see Supporting informa-
tion, Table S1). All 12 vertebral dimensions showed
positive allometry in the early postnatal stage
(Table 2; see also Supporting information, Table S5).
The mean of allometric coefficients in the early post-
natal stage was significantly different from the total
mean (t-test: P < 0.05). The three highest values
appeared in the height of the neural spine (1.74731)
and the two dimensions of the prezygapophysis
(1.58198 and 1.73346). The two lowest values with
positive allometry occurred in the diameter (height
and width) of the neural canal. Isometry was found
only in the breadth of the neural spine (0.9793), and
negative allometry occurred only in the dimensions
of the neural canal (0.67848 and 0.69351 in the
height and the width, respectively). In the later post-
natal growth period (consisting of 21 individuals
larger than 0.9 m in body length), positive allometry
was the most common pattern.

In most vertebral dimensions, allometric coeffi-
cients were higher in the early postnatal stage than
in later postnatal stage (Tables 3 and 4). The only
exception appeared in the transverse length of the
transverse process, but no significant difference was
found (t-test: P < 0.05). The two dimensions of the

Table 2. Allometric coefficients of 12 vertebral

dimensions in three postnatal growth stages of Alligator

mississippiensis

Early

Intermedi-

ate Late

cent L 1.36241 + 1.10686 + 1.04327 Δ
cent w/o 1.24110 + 1.09368 + 0.93341 �
cent H 1.26834 + 1.15304 + 1.01908 Δ
cent W 1.24450 + 1.17129 + 1.00487 Δ
tp L 1.46710 + 1.72860 + 1.24366 +
tp W 1.19654 + 1.13456 + 0.80117 �
ns L 1.74731 + 1.32391 + 1.32694 +
ns B 1.38427 + 0.94535 Δ 0.84981 �
prez L 1.58198 + 1.28916 + 1.13034 +
prez W 1.73346 + 1.28785 + 1.07564 +
nc H 1.38026 + 0.71341 � 0.68881 �
nc W 1.22119 + 0.71661 � 0.75539 �
N (specimens) 10 15 6

N (slopes) 111 111 111

Mean (k) 1.39961* 1.13869 0.98876*

r2 0.91099 0.90753 0.71161

SD 0.19343 0.27434 0.19427

SE 0.05599 0.07920 0.05608

95% CI

(lower limit) 1.36505 1.08789 0.95262

(upper limit) 1.43669 1.18950 1.02490

P (t-test) 0.001 NS 0.001

Abbreviations for vertebral dimensions are listed in

Table 1. Symbols for allometry types: +, (positive allome-

try); Δ, (isometry); �, (negative allometry). NS, not signif-

icant.

*An asterisk indicates significantly different value from

the total mean of the allometric coefficient (P < 0.05).CI,

confidence interval.
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neural canal showed the largest degree of change
(i.e. decrease) at 0.9 m in body length (difference in
the allometric coefficient means in the height:
�0.70375). Based on the mean difference of the allo-
metric coefficients (�0.27320), significant decreases
(t-test: P < 0.05) occurred in the lengths of the
centrum and the neural spine and the widths of the
prezygapophysis and the neural canal. A relatively
small degree of the mean difference was found in the
length (0.02188) and breadth (�0.05672) of the trans-
verse process and the height (�0.07005) and width
(�0.06460) of the centrum.

Intermediate postnatal stage (body length:
approximately 0.9–2.8 m) and sexual maturity (body
length: approximately 1.8 m)
Fourteen specimens were assigned to the intermedi-
ate postnatal stage based on body length ranging
0.9 m–2.8 m (‘Intermediate 1’ and ‘Intermediate 2’
periods listed in the Supporting information, Table

S1). Nine of the 12 vertebral dimensions showed con-
tinuous positive allometric change but allometric
coefficients decreased from the early postnatal stage
(Table 2; see also Supporting information, Table S4).
The two exceptions were the total length of the
transverse process (from 1.41625 to 1.63616) and the
centrum height (from 1.14634 to 1.22011) showing
slightly higher values in the later period. Although
positive allometric change was the most common in
this stage for most vertebral dimensions, the antero-
posterior breadth of the neural spine shifted into iso-
metric change. Shifting into negative allometry
appeared in the dimensions of the neural canal, indi-
cating that relative growth was restricted in the
early postnatal period.

Twenty immature and 15 mature alligators were
identified (see Supporting information, Table S1)
based on the mean body length (1.8 m) at the time
sexual maturity is reached in A. mississippiensis. All
20 juveniles (body length > 1.8 m) showed positive

Table 3. Summary of allometric coefficients of vertebral dimensions in selected ontogenetic stages in Alligator missis-

sippiensis

Body size < 0.9 m ≥ 0.9 m < 1.8 m ≥ 1.8 m < 2.8 m ≥ 2.8 m

Key event
End of ossification Sexual maturity End of growth

cent L 1.36241 1.11781 1.26150 1.12939 1.18593 1.04327

cent w/o 1.24110 1.09770 1.12743 1.09288 1.10359 0.93341

cent H 1.26834 1.19829 1.14634 1.22011 1.13556 1.01908

cent W 1.24450 1.17990 1.12594 1.18756 1.12672 1.00487

tp L 1.46710 1.48898 1.41625 1.63616 1.37111 1.24366

tp B 1.19654 1.13172 1.09627 1.22636 1.08145 0.80117

ns H 1.74731 1.34164 1.51374 1.45888 1.40821 1.32694

ns B 1.38427 0.95482 1.27100 1.00508 1.14084 0.84981

prez L 1.58789 1.37445 1.40951 1.47035 1.31461 1.17085

prez W 1.76882 1.34096 1.55950 1.44035 1.40818 1.22460

nc H 1.38026 0.67848 1.18648 0.60387 0.99277 0.69826

nc W 1.22119 0.69351 1.11068 0.72442 0.94601 0.75539

N (specimens) 10 21 20 11 25 6

N (slopes) 111 111 111 111 111 111

Mean (k) 1.40361* 1.12982 1.26693* 1.15875 1.17971 0.98834*

r2 0.91099 0.95074 0.91111 0.92422 0.71161 0.71161

SD 0.27980 0.26719 0.220774 0.33497 0.18186 0.30091

SE 0.02644 0.02525 0.02086 0.031651 0.01718 0.02843

Maximum 2.26621 1.70459 2.00211 2.19789 1.64584 2.01170

Minimum 0.65507 0.51118 0.80980 0.54529 0.79810 0.35479

CI 0.05136 0.04905 0.04053 0.06149 0.03338 0.05524

Lower limit 1.35224 1.07077 1.22640 1.09726 1.14633 0.93310

Upper limit 1.45497 1.16887 1.30745 1.22024 1.21310 1.04358

P (t-test) 0.001 NS 0.001 NS NS 0.001

Data of each vertebra are listed in the Supporting information (Tables S5, S6, S7). Abbreviations for vertebral

dimensions are listed in Table 1.

NS, not significant.

*An asterisk indicates significantly different slopes from the total mean (t-test: P < 0.05).CI, confidence interval.
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allometry in most dimensions (Table 3; see also Sup-
porting information, Table S6). Relatively high
means of the allometric coefficients (> the upper
limit of 95% CI = 1.30745) occurred in the height of
the neural canal and the articular surface of the pre-
zygapophysis. Of the 15 adult alligators, negative al-
lometric changes were found only in the height and
the width of the neural canal (0.60387 and 0.72442,
respectively). Only the breadth of the neural spine
changed with isometry (1.00508).

Between the juvenile and adult periods, four verte-
bral dimensions exhibited significantly different
change in allometric coefficients (t-test: P < 0.05)
compared to the total mean differences of the allo-
metric coefficients in all dimensions (�0.14933)
(Table 4; see also Supporting information, Table S6).
Of the four significant differences, the two strongest
changes (i.e. decreases) occurred in the height and

the width of the neural canal. Other vertebral
dimensions tended to show relatively consistent
changes of either decreasing or increasing in relative
growth through sexual maturity.

Late postnatal stage (body length: approximately
2.80–4.12 m)
Of the 31 specimens, seven alligators belonged to the
late postnatal period (body length > 2.8 m; see Sup-
porting information, Table S1). They were deter-
mined to have almost stopped increasing or growing
in body size (Fig. 2). Before the earlier postnatal
periods, a positive allometric change was the most
common pattern in all vertebral dimensions, except
for negative allometry in the dimensions of the neu-
ral canal (Tables 3, 4; see also Supporting informa-
tion, Table S7). Positive allometry was found in the
neural spine height (1.32694), the transverse length

Table 4. Comparisons of mean differences (mean difference) of allometric coefficients in vertebrae after three ontoge-

netic events in Alligator mississippiensis

Spurious break (body length)
0.9 m 1.8 m 2.8 m

Key event

End of ossification Sexual maturity End of growth

Mean difference P Mean difference P Mean difference P

Vertebral dimensions – basis

cent L �0.24459 NS �0.14835 NS �0.14266 NS

cent w/o �0.14339 NS �0.06099 0.015 �0.17018 NS

cent H �0.07005 0.003 0.02051 0.003 �0.11648 NS

cent W �0.06460 0.001 �0.00102 NS �0.12185 NS

tp L 0.02188 NS 0.13608 NS �0.12745 NS

tp B �0.05672 NS �0.01780 NS �0.28028 NS

ns H �0.40567 NS �0.11160 NS �0.08127 NS

ns B �0.40632 0.007 �0.29055 NS �0.26872 NS

prez L �0.23194 NS �0.11385 NS �0.17907 NS

prez W �0.37090 NS �0.25855 NS �0.31992 NS

nc H �0.70375 0.001 �0.51722 0.001 �0.29911 NS

nc W �0.52767 0.001 �0.37309 0.002 �0.19062 NS

End of ossification Sexual maturity End of growth

Subtotal in each event

Mean (SE) �0.26698 (0.03746) �0.14470 (0.00520) �0.19147 (0.02559)

P (t-test) NS NS NS

All events

Total from all three events

Mean (SE) �0.20105 (0.02417)

P (t-test) NS

The ontogenetic status of each individual relative to three ontogenetic events was determined by body length. Negative

values indicate decreased allometric coefficients. Abbreviations for vertebral dimensions are listed in Table 1.

NS, not significant in t-test.
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of the transverse process (1.24366), and the prezyga-
pophyseal length (1.17085) and width (1.2460). Iso-
metric changes appeared in the overall length of the
centrum and the length and width of the prezygap-
ophysis. Negative allometry was the most common
type of relative growth in the late postnatal period,
as seen in the seven other dimensions.

The allometric coefficients decreased in all verte-
bral dimensions during the late postnatal period
(Table 4). Significant degrees of change (t-test:
P < 0.05) in the allometric coefficients occurred in
the height of the neural canal (mean differ-
ences = �0.18699) and the diameter of the centrum
(mean differences = �0.190 in height and �0.184 in
width). A relatively large degree of decrease also
occurred in the transverse width of the neural canal
(mean difference = �0.337) and the breadth of the
neural spine (mean difference = �0.402).

DISCUSSION

As hypothesized by Arthur (1997), relative frequen-
cies of ontogenetic allometric growth can change
drastically from an organogenesis stage and espe-
cially during postnatal life. Data from alligator verte-
brae show that changing tempos of ontogenetic
allometry are real. Through the three postnatal
growth stages (Fig. 2; see also Supporting informa-
tion, Table S1), it is worth noting again that the
types of relative growth (i.e. isometric, positive, and
negative allometric changes) of certain vertebral
parts or dimensions shift throughout the postnatal
ontogeny. Without realizing this fact, we may deter-
mine incorrectly that bizarre-looking morphological
structures, such as the enlarged antlers of the Irish
Elk relative to its overall skull size (Gould, 1984),
are the result of isometric change or simple positive
allometry occurring throughout postnatal life. Spuri-
ous breaks (subdivided by key growth events, certain
body sizes or chronological age) are essential for
identifying unusual timings of allometric changes in
certain morphological parts and dimensions. Alliga-
tor vertebrae show that tempos of ontogenetic allom-
etry are highly variable among the 12 vertebral
dimensions (Tables 1, 2). All vertebral parts also
have positive allometric changes in the early postna-
tal stage, although most vertebral dimensions do not
maintain this allometric trend through the later
postnatal stages.

What can control these ontogenetic allometric
shifts when telling the truth makes elongation of Pi-
nocchio’s nose stop? To date, identification and deter-
mination of potential causes of allometric shifts (i.e.
rates of allometric changes slowing down or speeding
up) are generally challenging because multiple

complex factors are probably involved (Raff, 1996;
Shingleton et al., 2007). However, it is reasonable to
consider whether timings of allometric shifts corre-
spond to specific growth event(s), such that certain
events may cause or, at least synchronize with, the
allometric shift. The idea of spurious breaks is used
below to discuss general trends of ontogenetic
allometric shifts and then six modes of ontogenetic
allometric shifts. The understandings of detailed pat-
terns of allometric shifts will allow further interpre-
tations of their potential causes.

PATTERNS OF ONTOGENETIC ALLOMETRIC SHIFTS

Three patterns of ontogenetic allometric shifts can
theoretically exist after passing a spurious break.
Rates of allometric changes from earlier to later
growth stages may (1) decrease (slow down); (2)
remain the same (relatively consistent); or (3)
increase (speed up). Of the three potential pathways,
decreasing is the most common allometric trend in
the 12 vertebral dimensions (Tables 3, 4). The consis-
tent allometric pathway is the second most common
trend. In the 12 vertebral parts, no significant level
of increased allometric shift occurs throughout the
three postnatal growth stages. Not surprisingly, the
steepest slope appears in the early postnatal stage
and the slowest rate appears in the late postnatal
stage in the overall vertebral structure, based on the
total mean of the allometric coefficients of the verte-
bral dimensions (Fig. 6). The 12 vertebral dimen-
sions also show that the strongest degrees of positive
allometry occurred in the early postnatal stage, and
significant differences (one-way ANOVA: P = 0.05)
appear only in the early stage (early vs. intermediate
and early vs. late in Table 5). Because the primary
mode of ontogenetic allometric shift in alligator ver-
tebrae is slowdown, the fundamentally important
question is ‘when or what timing do these decreasing
events happen during postnatal growth?’.

Using a combination of the three types of relative
growth (positive allometry, isometry, and negative
allometry) and the three postnatal growth stages, six
modes of ontogenetic allometric shifts can be pre-
sented (Fig. 7, Table 6). Because all 12 vertebral
dimensions exhibit positive allometry in the early
postnatal stage (Table 2), differences in the types of
relative growth matter only from the intermediate to
late postnatal stages with respect to establishing six
modes: ‘Type I’ (negative to negative allometry);
‘Type II’ (isometry to negative allometry); ‘Type III’
(isometry to isometry); ‘Type IV’ (positive to negative
allometry); ‘Type V’ (positive allometry to isometry);
and ‘Type VI’ (positive to positive allometry). Type I
ontogenetic allometric shift can be defined by a sharp
drop of allometric mode: positive allometry is
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restricted only in the early postnatal growth stage,
whereas negative allometry appears in the later
postnatal stages. This mode is not common among
the 12 vertebral dimensions but is found only in the
diameter of the neural canal. In Type II and Type III
allometric shifts, allometric trends first decrease
from positive allometry to isometry in the intermedi-
ate postnatal growth stage. Of the relatively gentle
decreasing pathways, Type II can be identified when
the degree of relative growth shifts sharply to nega-
tive allometry in the late postnatal stage. This type
appears in the cross-sectional dimension of the mid-

shaft of the neural spines. Type III, which is charac-
terized by continuous isometry in the intermediate
and late postnatal stages, is not seen in any of the
12 vertebral dimensions (although it is theoretically
possible).

Type IV, V, and VI modes of ontogenetic allometric
shift show positive allometry in the intermediate
postnatal growth stage, although a difference
appears in the late postnatal stage (Fig. 7, Table 6).
Type IV is defined by a shift into negative allometry
in the late stage. This mode occurs in the centrum
length (cent L) and the width of the transverse

Figure 6. Allometric changes in overall vertebral structure throughout the postnatal life history of Alligator mississip-

piensis. The allometric coefficients represent the means of the 12 vertebral dimensions (y-axis), relative to femoral

length or body length (x-axis), separated as: (1) between hatching and the end of vertebral ossification (early postnatal

stage: boxes with black line); (2) between the end of vertebral ossification and the stoppage of growth (intermediate post-

natal stage: triangles with white line); (3) after the stoppage of growth (late postnatal stage: circles with grey line); and

(4) all 31 individuals (dashed line). Results of statistical analyses. Data from a one-sample t-test and one-way analysis

of variance are shown in Tables 4, 5.
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process, indicating a considerable slowdown of rela-
tive growth only during the latest postnatal life.
Notably, the length of the centrum without the pos-
terior condyle is the main component of the total
axial body length, which is used to estimate the
growth curve (Fig. 2). In Type V, the allometric
trend shifts to isometry in the late stage, which is
found in the three dimensions of the centrum (cent
L, H, and W). Type VI exhibits positive allometry

throughout all of postnatal growth, indicating exten-
sive late postnatal phenotypic plasticity. This mode
is not uncommon in alligator vertebrae, being found
in the axial elongation of the neural spine, the trans-
vers processes, and the prezygapophyseal articular
surface (prez L and W). The six modes of allometric
shifts show gaps between axial length (i.e. Type VI)
and cross-sectional dimension (i.e. Type II and Type
IV) in the transverse process and the neural spine.
These differences in the modes of ontogenetic allo-
metric shifts likely occur as a result of different
causes of allometric changes, as discussed below.

CAUSES OF ONTOGNETIC ALOMETRIC SHIFTS

For allometric study, spurious breaks established by
key growth events allow not only direct comparisons
of patterns and processes of allometric changes (e.g.

Table 5. Statistical comparisons of means of allometric coefficients of alligator vertebrae among early, intermediate,

and late postnatal stages

Mean difference SE P

95% CI

Lower bound Upper bound

Early vs. Intermediate 0.26259* 0.09306 0.028 0.02407 0.50111

Early vs. Late 0.40041* 0.09306 0.001 0.16189 0.63893

Intermediate vs. Late 0.13782 0.09306 NS �0.10070 �0.37634

A result of a one way ANOVA (post-hoc Tukey’s honestly significant difference test) is shown.

NS, not significant.

*The asterisk indicates significantly different value from the total mean of the allometric coefficient (P < 0.05). CI, confi-

dence interval.

Figure 7. Six modes of ontogenetic allometric shift in

vertebral dimensions of Alligator mississippiensis. Spe-

cific dimensions and allometric types are listed in

Table 6. Black solid line, positive allometry; grey solid

line, isometry; grey dashed line, negative allometry.

Table 6. Comparisons of modes of ontogenetic allometric

shifts based on vertebral dimensions during alligator

postnatal growth

Allometric

shift

Postnatal growth stage
Vertebral

dimensionsEarly Intermediate Late

Type VI + + + ns H; tp L;

prez L & W

Type V + + Δ cent L, H, & W

Type IV + + � cent w/o; tp W

Type III + Δ Δ NA

Type II + Δ � ns B

Type I + � � nc H & W

Allometric values of each vertebral dimension in each of

the three postnatal growth stages are listed in Table 2.

Abbreviations for vertebral dimensions are listed in

Table 1. Allometry types: +, (positive allometry); Δ, (iso-

metry); �, (negative allometry).
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rates, relative timings) in subdivided ontogenetic
periods, but also further interpretations of potential
causes or mechanisms of allometric shifts, as demon-
strated in some studies (MacKay, 1942, 1943a, b; von
Bertalanffy & Pirozynski, 1952; Teissier, 1960; Shin-
gleton et al., 2007). Of the three postnatal ontoge-
netic events of Alligator (Fig. 2), the strongest
degree of allometric shift occurs after reaching 0.9 m
in body length (Fig. 6; Tables 4, 5). This finding sug-
gests that a tissue- and cell-level transition from car-
tilage to endochondral bone in a relatively early
timing of postnatal ontogeny has a large impact on
ontogenetic allometric changes in the entire verte-
bral structure, as reported in cranial and limb bones
of various vertebrates (Hall, 2005; Neubauer, Gunz
& Hublin, 2009). Sexual maturity, which provides an
ontogenetically advanced hormonal condition, has
been suggested to be as a main cause of drastic allo-
metric shift in some body parts of various vertebrate
and invertebrate species (e.g. the carapace of spiny
crabs; Teissier, 1960). Notably, this growth event
shows the least degree of allometric shift in the alli-
gator vertebral structure, although four vertebral
dimensions still exhibit significant levels of change
and only the length of the transverse process shows
a slightly increased rate (i.e. the only positive value
in Table 4). After reaching the late postnatal stage
(2.8 m in body length), the rates of allometric
changes slow down in all vertebral dimensions. Some
vertebral dimensions, however, exhibit much slower
rates than others, suggesting that the stoppage of
body size increase in the late postnatal stage is
important for relative growth of the centrum (axial
length and cross-sectional dimensions) in particular
and the cross sectional dimensions of the transverse
processes (Table 4).

Because growth rate is generally considered to cor-
relate with growth itself (von Bertalanffy, 1938,
1960; Richtsmeier, 2003), ontogenetic allometric
trends may follow the growth curve itself, as hypoth-
esized by Arthur (1997). The main controlling factors
of growth rates are generally considered to be a ser-
ies of growth hormones and insulin-like growth fac-
tors (Shea, 1992). These types of growth hormone
and factors have been further suggested to control
rates of ontogenetic allometric changes in various
body parts and organs (Shingleton et al., 2007). The
topology of the alligator growth curve shows an over-
all slowdown or decreasing trend through postnatal
ontogeny (Fig. 2) that matches Types II–IV or Type
V modes of allometric shifts to some degree (Fig. 7).
Because the alligator growth curve is estimated
based on total body length across chronological age
(Wilkinson & Rhodes, 1997), not surprisingly, the
total length of the centrum (cent w/o) exhibits a
moderate decreasing shift (Type IV). The three other

vertebral dimensions (cent L, H, and W), however,
exhibit a slightly gentler decreasing shift (Type V:
positive allometry to isometry). The slight gap in the
centrum dimensions indicates that the axial column
in the presacral to anterior caudal region corre-
sponds to some type of biomechanical role. One
strong candidate may be related to the unique pro-
coelous articulation of centra in crocodylians. The
more extended posterior condyle of procoelous centra
has been suggested to be advantageous for the
increasing stability of neighbouring centra and even
the entire axial body structure against rostrotermi-
anl compressional and dorsoventral–transverse
shearing stresses along the postcranial axial body
(Laerm, 1976; Salisbury & Frey, 2001). Alligator allo-
metric data indicate that those kinds of stress are
retained or even increased in the late postnatal stage
of crocodylians.

In the relationship between the modes of ontoge-
netic allometric shift and their potential causes,
what is really intriguing are Type I and Type VI al-
lometric shifts, which do not follow the general
decreasing or slowdown trend of a growth curve
(Fig. 8). Growth control unrelated to growth rate can
exist (Bryant & Simpson, 1984; Zelditch, 2003), and
locally controlled ontogenetic allometry can occur in
some individual body structures or morphological
units (Raff, 1996). Thus, what factor(s) may primar-
ily control rates and relative timings of allometric
change in certain vertebral parts in specific growth
periods? In particular, what controls sharp decreas-
ing at the end of the early postnatal stage (Type I)
and the continuous life-long positive allometry (Type
VI)? Biological constraints and drives are most likely

Figure 8. Hypothetical model for allometric trends dur-

ing postnatal ontogeny (or post-organogenesis stage).

Data are based on six modes of allometric shifts through

the three postnatal stages. The y-axis indicates relative

frequencies of allometric changes. The x-axis indicates

body size or chronological age.
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involved in these unusual pathways of allometric
shifts to some degrees. Among several types of bio-
logical constraints, such as developmental, func-
tional, evolutionary, and phyletic constraints (Gould
& Lewontin, 1979; Gould, 1980, 1989, 2002; Maynard
Smith et al., 1985; Schwenk, 1994; Raff, 1996; Sch-
wenk & Wagner, 2003; Arthur, 2011), developmental
constraint (and drive) may be the main candidate for
controlling factors of Type I allometric shifts. As seen
in the diameter of the neural canal, positive allomet-
ric changes are restricted only to the early postnatal
stage. This phenomenon (Type I) can result from the
end of embryogenesis and/or morphogenesis (Rich-
tsmeier, 2003) or ‘developmental drive’ (Arthur,
2001), which are generally more active in an earlier
ontogenetic period (specifically, in the latest embry-
onic stage; Herring, 1993).

To test this hypothetical relationship between Type
I allometric shift and the consequence of the develop-
mental process, three sources of data are needed for
further confirmation. First, specific genes controlling
the transition from sclerotome to chondrogenesis may
regulate allometric shifts in specific locations of archo-
saur vertebral structure during the neurulation and
organogenesis stages (e.g. a series of hox-a, hox-b, hox-
c, Pax, Msx, and Mfh genes: Christ et al., 2000; Rawls
& Fisher, 2010; Mansfield & Abzhanov, 2010). These
previous studies are extremely important in the fur-
ther investigation of the potential controlling genes
for allometric growth of specific vertebral parts, such
as the centra, transverse processes, and neural
arches. Second, information of detailed cell- and tis-
sue-level transformation of vertebrae from organogen-
esis to subsequent ontogenetic period will be needed
(Figs 4, 5). Third, allometric shifts can be synchro-
nized with changes in other morphological units along
the postcranial axial skeleton. For example, the diam-
eter of the neural canal is most likely coordinated with
the size increase (cross-sectional diameter) of the
spinal cord. This ontogenetic phenomenon is also lim-
ited in an early postnatal ontogenetic period in tetra-
pods (e.g. laboratory mice; Dobbing & Sands, 1970).
Furthermore, crocodylians are known to exhibit rela-
tively robust spinal cords, when compared to squa-
mates (Zippel, Lilywhite & Mladinich, 2003), which
may link ontogenetically to the early restriction of
positive allometry in crocodilians. Data on detailed
patterns of the size increase in crocodylian spinal
cords (and other vertebrate species for comparison)
may support this hypothetical scenario.

Life-long positive allometric changes extended to
the latest postnatal period must correspond with
some forms of biomechanical, as suggested for alliga-
tor limb bones (Dodson, 1975; Bonnan, Farlow & Mas-
ters, 2008; Livingston et al., 2009; Allen et al., 2010).
Such a circumstance of life-long change is found in

the Type VI allometric shift of the greatest lengths of
the neural spines and transverse processes but not in
the cross-sectional diameter (Table 6). In these two
beam-like vertebral structures, allometric decreasing
occurs in the earlier growth stages of the cross-sec-
tional dimension (Type II and Type IV). This gap in
the two beam-like vertebral structures indicates that
biomechanical properties, such as geometric similar-
ity, elastic similarity, yield stress, toughness at high
strain rates, and fatigue strength (Thompson, 1942;
McMahon, 1973; West, Brown & Enquist, 1997; Cur-
rey, 2002, 2012), shift in the neural spines and trans-
verse processes during alligator ontogeny. One
possible ontogenetic change that can correspond to a
mechanical transition(s), is the transition from carti-
lage to bone tissue (Figs 4, 5) and/or the change
(growth) in the arrangement of trabeculae or cancel-
lous bone, which is generally referred to as Wolff’s
Law (i.e. the assumption of bony structures that gen-
erally fit their functions: Frost, 1994; Hall, 2005; Cur-
rey, 2012). Another explanation can be related to a
strong positive allometric change in the mass of axial
muscles (a series of hypaxial and epaxial muscles
described in various studies: Romer, 1956; Frey & Ri-
ess, 1989; Christian & Preuschoft, 1996; Tsuihiji,
2005, 2007; Organ, 2006; Fujiwara et al., 2009). The
neural spines and the transverse processes are func-
tionally important to resist stresses of kinetic energy
which are directly created by those axial muscles
(G�al, 1993; Murakami et al., 1994; Salisbury & Frey,
2001). Moreover, in alligators, the timing of ossifica-
tion of osteoderms (in various UMMZ specimens),
which appears to complete slightly before reaching
the mean size of sexual maturity (Wilkinson &
Rhodes, 1997), can also be crucial for allometric
changes of the neural spines and transverse pro-
cesses. A series of those function-oriented changes
must ‘drive’, instead of ‘constrain’, in accordance with
the suggestion by Arthur (2001) regarding axial
extension of the two beam-like vertebral structures
throughout crocodylian postnatal ontogeny.

The series of late positive allometric changes,
which provide more stable articulation of centra and
elongate spines and transverse process, in crocody-
lians may be reflected in archosaur axial evolution.
Those features have been considered as a synapo-
morphy for archosaurs (Archosauria or Archosauro-
morphes: Gauthier, 1986; Sereno, 1991; Benton,
2004). In particular, elongate neural spines and
transverse processes were suggested to support a lar-
ger amount of postcranial axial muscles in archo-
saurs (Christian & Preuschoft, 1996). Furthermore,
these morphological changes in the axial skeleton
were further suggested to be the result of a unique
mode of axial locomotion for archosaurs, restricting
lateral undulation (Preuschoft, 1976; Parrish, 1987;
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Bailey, 1997; Reilly & Elias, 1998), which might even
correspond to a higher metabolism, gigantism, and
various body forms (Carrier, 1987).

Gould (1968) once stated that evolutionary novel-
ties can be introduced at any stage of ontogeny with
varying effects on the subsequent course of individual
development. In addition to this view of allometric
growth and phyletic evolution, Arthur (1987) sug-
gested that earlier ontogenetic changes may link to a
larger magnitude of evolutionary change. The alliga-
tor-model of allometric shifts reported in the present
study demonstrates that the relative timings of onto-
genetic allometric changes (Figs 7, 8) can play an
important role in controlling the maximum size and
final shape of certain vertebral parts in the latest
postnatal ontogeny of alligators. This phenomenon
can lead to two fundamental hypotheses. First, the
dimension of the neural canal relative to the whole
vertebral size, representing Type I mode of allometric
shift tends to be conservative (i.e. evolutionarily con-
strained) among archosaurs or even tetrapods. By
contrast, those of the neural spine and transverse
process lengths, identified as Type VI mode of allo-
metric shift, can be highly variable and exhibit a lar-
ger degree of evolutionary changes compared to other
reptiles or even tetrapods. To test the two hypothe-
ses, further investigations of the relationship
between ontogenetic and evolutionary allometric
changes will be needed along with detailed data on
the axial skeletal morphologies of various archosaurs.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Figure S1. Twelve vertebral dimensions from the axis–caudal 5 in a very mature individual (body length:
3.02 m) of Alligator mississippiensis. Log ratios of the 12 measurements are plotted based on dorsal 15. Abbre-
viations for measurements are listed in Table 1.
Figure S2. Allometric change in dorsal 4 during postnatal growth of Alligator mississippiensis. The 31 speci-
mens from hatchlings to very mature individuals show a sample of the allometric coefficients of the 12 verte-
bral measurements (y-axis), relative to the femoral length (x-axis). Data of other vertebrae are listed in the
Supporting information (Table S3).
Table S1. Thirty-one dry skeletons of Alligator mississippiensis examined for the present study. The total
body length was estimated by the femoral length for most specimens.
Table S2. Key morphological features of vertebrae in adult Alligator. Ca, caudal; Cv, cervical; Ds, dorsal; Psa,
presacral; Sa, sacral.
Table S3. Summary of allometric values in 10 vertebrae during the entire postnatal ontogeny of Alligator mis-
sissippiensis. Allometric coefficient (k), intercept (b), and coefficients of determination (r2) are listed. NA, not
applicable. Abbreviations for vertebral dimensions are listed in Table 1.
Table S4. Summary of allometric values of 10 vertebrae during the intermediate postnatal stage of Alligator
mississippiensis. Allometric coefficient (k), intercept (b), and coefficients of determination (r2) are listed. NA,
not applicable. Abbreviations for vertebral dimensions are listed in Table 1.
Table S5. Allometric coefficients of 10 vertebrae before and after vertebral ossification in Alligator mississippi-
ensis. The intercepts and coefficient of determination are also listed for 12 vertebral dimensions. NA, not appli-
cable. Abbreviations for vertebral dimensions are listed in Table 1.
Table S6. Allometric coefficients of 10 vertebrae before and after sexual maturity in Alligator mississippiensis.
The intercepts and coefficient of determination are also listed in 12 vertebral measurements. NA, not applica-
ble. Abbreviations for vertebral dimensions are listed in Table 1.
Table S7. Allometric coefficients of 10 vertebrae before and after stoppage of growth in Alligator mississippi-
ensis. The intercepts and coefficient of determination are also listed in 12 vertebral measurements.
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Figure S1. Twelve vertebral dimensions from the axis–caudal 5 in a very mature individual 

(body length = 3.02 m) of Alligator mississippiensis. Log ratios of the 12 measurements are 

plotted based on dorsal 15. Abbreviations for measurements are listed in Figure 3. 
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Figure S2. Allometric change in dorsal 4 during postnatal growth of Alligator mississippiensis. 

The 31 specimens from hatchlings to very mature individuals show a sample of the allometric 

coefficients of the 12 vertebral measurements (Y-axis), relative to the femoral length (X-axis). 

Data of other vertebrae are listed in Table S3. 
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Table S1. Thirty-one dry skeletons of Alligator mississippiensis examined for this study. The 

total body length was estimated by femoral length for most specimens. 

 

Specimens* 
Femur length 

(mm) 

Body length 

(m)** 

Ontogenetic 

stage*** 

6A (UMMZ teaching) 18.3 0.28 Early 

UMMZ 238961 18.9 0.29 Early 

UF 37231 20.8 0.32 Early 

no # (UMMZ teaching) 26.5 0.40 Early 

UF 35145 33.2 0.50 Early 

UMMZ 155216 41.3 0.61 Early 

UMMZ 238957 52.5 0.78 Early 

UF 39620 58.0 0.86 Early 

UF 109039 59.4 0.88 Early 

UF 115605 59.9 0.89 Early 

UF 109040 61.5 0.91 Intermediate 1 

UMMZ 238965 62.8 0.92 Intermediate 1 

UF 38974 64.1 0.94 Intermediate 1 

UF 40535 66.5 0.98 Intermediate 1 

UF 38972 74.9 1.10 Intermediate 1 

UMMZ 238959  78.2 1.15 Intermediate 1 

UF 39622 89.2 1.31 Intermediate 1 

UF 39621 90.2 1.32 Intermediate 1 

UF 39623 92.4 1.35 Intermediate 1 

UF 35155 96.8 1.42 Intermediate 1 

IKE_006 130.1 1.90 Intermediate 2 

UF 35153 137.5 2.00 Intermediate 2 

AMNH 43316 156.0 2.27 Intermediate 2 

UF 39106 178.0 2.59 Intermediate 2 

AMNH R71621 194.0 2.82 Late 

UF 98341 200.0 2.91 Late 

AMNH R31563 208.0 3.02 Late 

UF 42548 220.0 3.20 Late 

UF 109411 234.0 3.40 Late 

UF 39618 262.0 3.80 Late 

UF 134586 284.0 4.12 Late 

*AMNH: American Museum of Natural History (Herpetology Division), New York; UF: University of Florida, 

Florida Museum of Natural History (Herpetology), Gainesville; UMMZ, University of Michigan Museum of 

Zoology, Ann Arbor, MI. 

**Body size was estimated based on the greatest length of femur using the equation of Farlow et al. (2005). 

***Ontogenetic periods are established by key ontogenetic events shown in Figure 2. The two intermediate periods 

are separated by sexual maturity (body length: 1.8 m).
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Table S2. Key morphological features of vertebrae in adult Alligator. Abbreviations for 

vertebrae: Ca, caudal; Cv, cervical; Ds, dorsal; Psa, presacral; Sa, sacral. 

 

Vertebral region 
Vertebral 

position 
Vertebrae and neurocentral suture (NCS) 

Atlas-Axis Cv 1–2  

(Psa 1–2) 

First and second presacral vertebrae  

Anterior cervical Cv 3–5 

(Psa 3–5) 

short slender centrum; diapophysis on centrum (convex 

surface instead of process); diapophysis near or on 

NCS; low, blade-like neural spine; small hypapophysis; 

anteroposteriorly elongate parapophysis  

Mid-cervical Cv 6–8 

(Psa 6–8) 

Blade-like hypapophysis; rod-shaped neural spine; 

short transverse process extended lateroventrally; 

circular-shaped parapophysis 

Cervical–dorsal   

     Transition 

Cv 9, Ds 1–2 

(Psa 9–11) 

Shortened centrum, parapophyses on centrum (or 

crossing NCS); hooked hypapophysis; rod-like (circular 

cross-section) transverse process, extended laterally; 

tall neural spine, slightly bladed  

Anterior dorsal Ds 3–6 

(Psa 12–15) 

Parapophysis on neural arch or on transverse process; 

reduced or lacking of hypapophysis; blade-like neural 

spine; blade-like very long transverse process 

Mid-dorsal Ds 7–10 

(Psa 16–19) 

Parapophysis on transverse process; very elongate 

centrum; bladed neural arch (long anteroposteriorly), 

top of neural spine flattened 

Posterior dorsal Ds 11–15  

(Psa 20–24) 

No bony ribs attached to transverse process; short and 

robust centrum; shortened transverse processes; no 

trace of rib articular surface 

Sacral  Sa 1–2 Large box-shaped ribs; flatten surface on one side of 

centrum; reduced zygapohyseal articulation between 

sacral 1 and 2; flattened centrum articulation (between 

sacral 1 and sacral 2) 

Anterior caudal Ca 1-10 Blade-like neural spine; elongate transverse process 

(directed laterally-to-posteriorly) 

Mid-caudal Ca 11–20 Slender neural spine; short transverse process (directed 

anterolaterally) 

Posterior caudal Ca 21– Transverse process absent; short (inclined posteriorly) – 

severely reduced neural spine  
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Table S3. Summary of allometric values in 10 vertebrae during the entire postnatal ontogeny of 

Alligator mississippiensis. Allometric coefficient (k), intercept (b), and coefficients of 

determination (r
2
) are listed. NA stands for measurements not applicable. Abbreviations for 

vertebral dimensions are listed in Table 1. 

 
Axis: 

samples = 256; mean = 1.12314; SE = 0.07714 
 

Cervical 3: 

samples = 294; mean = 11.10296; SE = 0.04587 

  k b r
2
   k b r

2
 

cent L 1.16770 −1.07862 0.98725   1.19493 −1.11648 0.98294 

cent w/o 1.08342 −1.04137 0.98842   1.14251 −1.12275 0.98576 
cent H 1.08641 −1.10687 0.98050   1.10956 −1.14554 0.96888 
cent W 1.09032 −1.03161 0.97756   1.10810 −1.05530 0.96706 
tp L NA NA NA   NA NA NA 
tp B NA NA NA   NA NA NA 
ns H 1.24679 −1.35875 0.93012   1.31653 −1.47041 0.97368 
ns B NA NA NA   1.18211 −1.45176 0.97577 
prez L 1.39673 −1.96217 0.83709   1.10021 −1.45553 0.97528 
prez W 1.45612 −2.15352 0.79844   1.16375 −1.64459 0.96420 
nc H 0.79264 −0.54600 0.94504   0.88456 −0.69948 0.91600 
nc W 0.78814 −0.59481 0.87112   0.82736 −0.71331 0.89929 

 

Cervical 8: 

samples = 360; mean = 1.13931; SE = 0.04411 

 
 

Dorsal 1: 

samples = 360; mean = 1.15002; SE = 0.04203 

  k b r
2
   k b r

2
 

cent L 1.20181 −1.15408 0.98597   1.20298 −1.10494 0.98721 

cent w/o 1.12609 −1.12458 0.98837   1.10466 −1.07170 0.99033 

cent H 1.18030 −1.28688 0.98956   1.16138 −1.24824 0.98697 

cent W 1.15288 −1.16754 0.98551   1.09947 −1.06192 0.99089 

tp L 1.21817 −1.51847 0.98383   1.24403 −1.47182 0.98722 

tp B 1.05806 −1.46977 0.96224   1.13820 −1.54979 0.95245 

ns H 1.39683 −1.46344 0.98392   1.42362 −1.48255 0.98269 

ns B 1.06462 −1.22156 0.96651   1.07622 −1.16512 0.94995 

prez L 1.27886 −1.64016 0.96063   1.34813 −1.76723 0.97636 

prez W 1.23860 −1.66436 0.95880   1.14195 −1.51862 0.96867 

nc H 0.87776 −0.77143 0.86779   0.92439 −0.75979 0.88973 

nc W 0.87776 −0.89979 0.92398   0.93521 −0.87358 0.91117 
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(Table S3 cont.) 

Dorsal 4:  

samples = 308; mean = 1.20792; SE = 0.05999 
 

Dorsal 10:  

samples = 264; mean = 1.15992; SE = 0.06742 

  k b r
2
   k b r

2
 

cent L 1.24438 −1.12773 0.96446   1.12191 −0.87058 0.99024 

cent w/o 1.18405 −1.09926 0.96721   1.06647 −0.85571 0.99358 

cent H 1.31294 −1.48066 0.95972   1.15507 −1.21173 0.98761 

cent W 1.25200 −1.33419 0.97227   1.13855 −1.11552 0.99512 

tp L 1.41098 −1.36442 0.94730   1.35483 −1.29162 0.99052 

tp B 1.15280 −1.27702 0.91829   1.15221 −1.31584 0.97091 

ns H 1.39626 −1.41291 0.94716   1.39816 −1.46641 0.95890 

ns B 0.98999 −0.83143 0.98001   1.02597 −0.86061 0.98600 

prez L 1.22394 −1.61212 0.93105   1.35178 −1.86743 0.96049 

prez W 1.55687 −2.09058 0.95534   1.57047 −2.16727 0.94596 

nc H 0.92348 −0.79373 0.85428   0.80299 −0.61127 0.86087 

nc W 0.84735 −0.79164 0.93811   0.78068 −0.66451 0.97157 

 

Dorsal 15: 

samples = 240; mean = 1.12647; SE = 0.06810 
 

Sacral 1: 

samples = 260; mean = 1.12779; SE = 0.06485 

  k b r
2
   k b r

2
 

cent L 1.11259 −0.91682 0.99236   NA NA NA 

cent w/o 0.97701 −0.74956 0.99163   1.09995 −0.86080 0.97069 

cent H 1.10493 −1.15224 0.97665   1.17320 −1.31941 0.98343 

cent W 1.17788 −1.12152 0.98294   1.14668 −1.10289 0.96681 

tp L 1.42267 −1.62996 0.95335   1.35308 −1.24452 0.88527 

tp B 0.86231 −0.90483 0.96217   NA NA NA 

ns H 1.38596 −1.45952 0.96615   1.41148 −1.45896 0.93553 

ns B 1.05205 −0.93021 0.97505   0.98171 −0.79372 0.95967 

prez L 1.28505 −1.68588 0.96103   NA NA NA 

prez W 1.49855 −2.04697 0.98956   NA NA NA 

nc H 0.86316 −0.76311 0.92896   0.93020 −0.81765 0.89590 

nc W 0.77550 −0.59498 0.90074   0.92598 −0.81888 0.88541 

 

Caudal 1: 

samples = 338; mean = 1.15108; SE = 0.05465 
 

Caudal 2: 

samples = 346; mean = 1.18483; SE = 0.05687 

  k b r
2
   k b r

2
 

cent L 1.13336 −0.91953 0.98561   1.17010 −1.01584 0.98773 

cent w/o 1.06510 −0.92707 0.97150   1.11693 0.03148 0.98665 

cent H 1.08834 −1.05599 0.97754   1.15932 −1.20496 0.99285 

cent W 1.08370 −0.97239 0.97394   1.11138 −1.06619 0.99274 

tp L 1.50497 −1.42071 0.80101   1.49745 −1.70550 0.95930 

tp B 1.10831 −1.46639 0.96534   1.12324 −1.45936 0.96357 

ns H 1.42344 −1.51306 0.96497   1.39730 −1.48900 0.97988 

ns B 1.06895 −0.99421 0.97710   1.04121 −0.93760 0.96229 

prez L 1.28381 −1.71344 0.98494   1.42358 −1.96308 0.95269 

prez W 1.27358 −1.87607 0.97968   1.36821 −2.00161 0.93309 

nc H 0.90912 −0.83222 0.90548   0.88064 −0.78315 0.88568 

nc W 0.87029 −0.82561 0.91460   0.92862 −1.00959 0.88853 
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Table S4. Summary of allometric values of 10 vertebrae during the intermediate postnatal stage 

of Alligator mississippiensis. Allometric coefficient (k), intercept (b), and coefficients of 

determination (r
2
) are listed. NA stands for measurements not applicable. Abbreviations for 

vertebral dimensions are listed in Table 1. 

 
Axis: 

samples = 135; mean = 1.18581; SE = 0.13310 
 

Cervical 3: 

samples = 150; mean = 1.21504; SE = 0.13477 

  k b r
2
   k b r

2
 

cent L 1.15149 −1.03577 0.97437   1.15650 −0.97770 0.92612 

cent w/o 1.11389 −1.10655 0.98354   1.11734 −1.03680 0.94530 

cent H 1.13257 −1.18907 0.95664   1.16858 −1.23891 0.93366 

cent W 1.03509 −0.96524 0.96961   1.07670 −1.01523 0.97533 

tp L NA NA NA   2.45932 −2.91891 0.46412 

tp B NA NA NA   NA NA NA 

ns H 1.26908 −1.33748 0.87050   1.43186 −1.70904 0.96655 

ns B NA NA NA   1.28507 −1.56745 0.90244 

prez L 1.82756 −2.18953 0.58982   0.98144 −1.18832 0.94078 

prez W 1.76031 −2.27484 0.60381   0.92110 −1.10272 0.89357 

nc H 0.74327 −0.45780 0.96356   0.92240 −0.66560 0.81090 

nc W 0.63905 −0.29804 0.84769   0.84509 −0.53870 0.67465 

 

Cervical 8: 

samples = 180; mean = 1.15765; SE = 0.05690 
 

Dorsal 1: 

samples = 180; mean = 1.17802; SE = 0.06513 

  k b r
2
   k b r

2
 

cent L 1.13976 −1.01537 0.96941   1.18557 −1.08599 0.96072 

cent w/o 1.09631 −1.05491 0.96971   1.10821 −1.05956 0.96369 

cent H 1.15616 −1.24171 0.98221   1.16183 −1.23008 0.95923 

cent W 1.25084 −1.35118 0.96376   1.15582 −1.17905 0.98395 

tp L 1.28716 −1.59794 0.92646   1.32088 −1.64610 0.98272 

tp B 1.14390 −1.67660 0.97253   1.46168 −2.23219 0.97097 

ns H 1.41381 −1.47468 0.95492   1.50769 −1.63345 0.95406 

ns B 0.98317 −1.03988 0.96389   1.09226 −1.16086 0.93177 

prez L 1.42489 −1.78746 0.85474   1.40202 −1.85688 0.93971 

prez W 1.29806 −1.66474 0.86164   1.13603 −1.41415 0.86581 

nc H 0.94817 −0.43737 0.56206   0.76504 −0.35742 0.77102 

nc W 0.74960 −0.46949 0.88133   0.83925 −0.54287 0.76630 
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(Table S4 cont.) 

 

Dorsal 4: 

samples = 144; mean = 1.09554; SE = 0.08548 
 

Dorsal 10: 

samples = 108; mean = 1.05380; SE = 0.07672 

  k b r
2
   k b r

2
 

cent L 1.16445 −0.93541 0.93375   1.04841 −0.69394 0.96698 

cent w/o 1.02002 −0.78429 0.97192   1.01501 −0.73849 0.98059 

cent H 1.27406 −1.39721 0.93495   1.20003 −1.31451 0.97366 

cent W 1.10860 −1.06560 0.96860   1.20831 −1.26639 0.98878 

tp L 1.41901 −1.45523 0.97591   1.45983 −1.49329 0.96845 

tp B 1.54479 −1.96811 0.83793   1.27555 −1.61471 0.99029 

ns H 1.17865 −1.02606 0.97656   1.03501 −0.57646 0.82308 

ns B 0.83640 −0.49847 0.96575   0.89489 −0.59067 0.99850 

prez L 1.11418 −1.43093 0.92706   1.06949 −1.29159 0.92812 

prez W 1.29604 −1.58953 0.95693   1.24760 −1.38859 0.81550 

nc H 0.60182 −0.13840 0.83196   0.46703 0.07893 0.79378 

nc W 0.58848 −0.21521 0.86508   0.72448 −0.54146 0.97012 

 

Dorsal 15: 

samples = 96; mean = 1.05584; SE = 0.09998 
 

Sacral 1: 

samples = 135; mean = 1.11349; SE = 0.10448 

  k b r
2
   k b r

2
 

cent L 1.05109 −0.77308 0.97702   1.02251 −0.60694 0.87731 

cent w/o 0.92003 −0.61365 0.96952   1.06144 −0.77606 0.93585 

cent H 1.19744 −1.35780 0.96183   1.11831 −1.16755 0.94042 

cent W 1.23504 −1.23866 0.97683   1.32504 −1.31624 0.85699 

tp L 1.58814 −2.05411 0.98518   1.59198 −1.14934 0.56955 

tp B 0.55684 −0.24874 0.89833   NA NA NA 

ns H 1.25636 −1.20072 0.96413   1.53851 −1.51743 0.81812 

ns B 0.92315 −0.68697 0.99658   0.80948 −0.44562 0.96385 

prez L 1.22966 −1.64488 0.96663   NA NA NA 

prez W 1.50592 −2.00775 0.95812   NA NA NA 

nc H 0.69255 −0.35102 0.86963   0.74740 −0.48094 0.94314 

nc W 0.51381 −0.04316 0.90544   0.80677 −0.51490 0.82367 

 

Caudal 1: 

samples = 172; mean = 1.18091; SE = 0.11947 
 

Caudal 2: 

samples = 168; mean = 1.08752; SE = 0.07275 

  k b r
2
   k b r

2
 

cent L 1.08773 −0.76863 0.93728   1.09051 −0.83714 0.97426 

cent w/o 1.29802 −1.38436 0.96653   1.18049 −1.12775 0.97582 

cent H 1.12632 −1.13612 0.97584   1.07604 −1.01478 0.97153 

cent W 1.18260 −1.17599 0.97492   1.10958 −1.03927 0.97027 

tp L 2.23148 −1.38190 0.35978   1.43822 −1.60769 0.97198 

tp B 0.96113 −1.17684 0.97669   0.99803 −1.20743 0.97736 

ns H 1.30977 −1.23909 0.92394   1.23166 −1.16594 0.98111 

ns B 1.05759 −0.91777 0.94023   0.81877 −0.45157 0.91251 

prez L 1.34549 −1.79273 0.95197   1.35330 −1.84961 0.97185 

prez W 1.32806 −1.93770 0.93300   1.35878 −1.68629 0.74485 

nc H 0.61978 −0.25032 0.92158   0.60571 −0.20609 0.85344 

nc W 0.62296 −0.32456 0.92039   0.78919 −0.63603 0.91169 
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Table S5. Allometric coefficients of 10 vertebrae before and after vertebral ossification in 

Alligator mississippiensis. The intercepts and coefficient of determination are also listed for 12 

vertebral dimensions. NA stands for measurements not applicable. Abbreviations for vertebral 

dimensions are listed in Table 1. 
 

Axis: 

Axis 
Before vertebral ossification 

(samples = 81) 
After vertebral ossification 

(samples = 175) 

  k b r
2
 k b r

2
 

cent L 1.38983 −1.40211 0.97678 1.14549 −1.03682 0.98638 

cent w/o 1.24196 −1.25688 0.97229 1.10713 −1.09797 0.98862 

cent H 1.19605 −1.22719 0.94979 1.15673 −1.25690 0.97691 

cent W 1.31502 −1.32123 0.94206 1.12109 −1.10962 0.98163 

tp L NA NA NA NA NA NA 

tp B NA NA NA NA NA NA 

ns H 1.77802 −2.08135 0.89789 1.23094 −1.34785 0.93332 

ns B NA NA NA NA NA NA 

prez L 1.79708 −2.45332 0.78475 1.42090 −1.73166 0.67356 

prez W 2.26621 −3.10187 0.71727 1.39900 −1.89871 0.70296 

nc H 1.10333 −0.94759 0.86951 0.69893 −0.38144 0.97517 

nc W 1.22488 −1.04855 0.70178 0.65837 −0.38793 0.93072 

Mean 1.47915   1.10429   

SE 0.12840   0.08906   

 

Cervical 3: 

 
Before vertebral ossification 

(samples = 90) 
After vertebral ossification 

(samples = 204) 

  k b r
2
 k b r

2
 

cent L 1.39461 −1.41562 0.97895 1.17144 −1.05111 0.96710 

cent w/o 1.31379 −1.37224 0.98055 1.14813 −1.12599 0.97452 

cent H 1.26955 −1.29420 0.89530 1.17767 −1.29531 0.96849 

cent W 1.33369 −1.25783 0.84759 1.11828 −1.10186 0.98338 

tp L NA NA NA NA NA NA 

tp B NA NA NA NA NA NA 

ns H 1.59879 −1.82282 0.93605 1.39514 −1.66225 0.98287 

ns B 1.33044 −1.65967 0.97083 1.22630 −1.51947 0.95198 

prez L 1.23482 −1.60314 0.91032 1.05384 −1.34943 0.96731 

prez W 1.34218 −1.85246 0.89308 1.07802 −1.44369 0.94635 

nc H 1.24702 −1.13761 0.82463 0.83760 −0.59766 0.90191 

nc W 1.09531 −0.98257 0.76954 0.81941 −0.65989 0.85428 

Mean 1.31602   1.10258   

SE 0.04077   0.05446   
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(Table S5 cont.) 

 

Cervical 8: 

 
Before vertebral ossification 

(samples = 108) 
After vertebral ossification 

(samples = 252) 

  k b r
2
 k b r

2
 

cent L 1.47230 −1.56113 0.98256 1.16139 −1.07241 0.98423 

cent w/o 1.29239 −1.35428 0.97161 1.13364 −1.14259 0.98571 

cent H 1.27653 −1.40213 0.96481 1.20146 −1.33027 0.98560 

cent W 1.21677 −1.23092 0.96954 1.23407 −1.33801 0.97984 

tp L 1.07944 −1.30117 0.99319 1.31673 −1.70537 0.96807 

tp B 0.93073 −1.11102 0.77477 1.19179 −1.78004 0.98489 

ns H 1.33380 −1.30161 0.93317 1.47663 −1.62664 0.97959 

ns B 1.42785 −1.76501 0.94715 0.91800 −0.92831 0.97780 

prez L 1.36925 −1.69709 0.90718 1.38480 −1.83227 0.93693 

prez W 1.45846 −1.95041 0.93384 1.29796 −1.75161 0.92717 

nc H 1.50201 −1.62191 0.90489 0.85892 −0.52804 0.78007 

nc W 1.46464 −1.68980 0.92828 0.74838 −0.51060 0.93878 

Mean 1.31868   1.16031   

SE 0.05025   0.06288   

       

Dorsal 1:       

 
Before vertebral ossification 

(samples = 108) 
After vertebral ossification 

(samples =252) 

  k b r
2
 k b r

2
 

cent L 1.30049 −1.25560 0.96109 1.18663 −1.11117 0.98120 

cent w/o 1.18049 −1.16839 0.97825 1.13407 −1.12883 0.98301 

cent H 1.12158 −1.15287 0.95687 1.21510 −1.35277 0.97912 

cent W 1.05899 −0.96936 0.96902 1.16839 −1.20852 0.98935 

tp L 1.16286 −1.31517 0.97821 1.37395 −1.75113 0.98678 

tp B 0.65507 −0.77426 0.91521 1.35891 −2.04813 0.98021 

ns H 1.53173 −1.59618 0.96232 1.53371 −1.71699 0.97829 

ns B 1.54715 −1.86738 0.94236 0.96026 −0.93317 0.95104 

prez L 1.54397 −2.01535 0.96262 1.46747 −2.02733 0.97392 

prez W 1.35245 −1.83036 0.98437 1.22357 −1.66939 0.94525 

nc H 1.49922 −1.54616 0.84538 0.78182 −0.48979 0.89899 

nc W 1.42072 −1.58786 0.89959 0.78499 −0.54864 0.88321 

Mean 1.28123   1.18241   

SE 0.07618   0.06993   
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(Table S5 cont.) 

 

Dorsal 4: 

 
Before vertebral ossification 

(samples = 108) 
After vertebral ossification 

(samples = 200) 

  k b r
2
 k b r

2
 

cent L 1.67946 −1.77056 0.95605 1.15268 −0.94946 0.96562 

cent w/o 1.59895 −1.70051 0.94715 1.07793 −0.90659 0.98363 

cent H 1.57598 −1.74397 0.86670 1.36077 −1.59366 0.96164 

cent W 1.44174 −1.53187 0.89918 1.25934 −1.35089 0.96897 

tp L 1.84380 −1.77197 0.80564 1.47106 −1.56542 0.98429 

tp B 1.11439 −1.16417 0.91683 1.49661 −2.00421 0.91855 

ns H 1.95228 −2.09932 0.85450 1.26768 −1.19760 0.97830 

ns B 1.19305 −1.14540 0.97034 0.86645 −0.56331 0.97465 

prez L 1.68394 −2.08987 0.80024 1.26502 −1.75536 0.96124 

prez W 2.24188 −3.07991 0.93424 1.40929 −1.83150 0.97770 

nc H 1.62367 −1.89834 0.91378 0.54394 −0.08053 0.91023 

nc W 1.16150 −1.26506 0.91700 0.62904 −0.33374 0.93593 

Mean 1.59255   1.14998   

SE 0.09646   0.09121   

 

Dorsal 10: 
      

 
Before vertebral ossification 

(samples = 96) 
After vertebral ossification 

(samples = 168) 

  k b r
2
 k b r

2
 

cent L 1.27824 −1.10182 0.98163 1.06984 −0.74836 0.98039 

cent w/o 1.16495 −0.99884 0.98538 1.03989 −0.79075 0.98575 

cent H 1.30394 −1.40869 0.97812 1.24131 −1.40326 0.98379 

cent W 1.10668 −1.05489 0.99350 1.21889 −1.28829 0.99130 

tp L 1.38404 −1.30895 0.98008 1.45704 −1.50643 0.98232 

tp B 1.50452 −1.76408 0.92555 1.23114 −1.53133 0.99258 

ns H 1.91218 −2.30347 0.99354 1.15279 −0.89329 0.91710 

ns B 1.23659 −1.16887 0.96346 0.89689 −0.59252 0.99724 

prez L 1.80948 −2.46256 0.90135 1.27307 −1.70191 0.95533 

prez W 2.00388 −2.64230 0.84376 1.52810 −2.02398 0.91061 

nc H 1.38821 −1.38443 0.79922 0.52548 −0.08418 0.90955 

nc W 0.83081 −0.64293 0.81423 0.72651 −0.56520 0.98118 

Mean 1.41029   1.11341   

SE 0.10003   0.08294   
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(Table S5 cont.) 
 

Dorsal 15: 

 
Before vertebral ossification 

(samples = 84) 
After vertebral ossification 

(samples = 156) 

  k b r
2
 k b r

2
 

cent L 1.17133 −1.00125 0.98364 1.08200 −0.83335 0.97859 

cent w/o 1.10353 −0.93616 0.98594 0.94191 −0.66496 0.98176 

cent H 1.28741 −1.36640 0.94442 1.22621 −1.42894 0.97743 

cent W 1.43351 −1.46558 0.95962 1.19761 −1.17093 0.98043 

tp L 1.65907 −1.66422 0.74563 1.58005 −2.04542 0.99109 

tp B 1.08598 −1.23654 0.94185 0.70639 −0.54329 0.93138 

ns H 1.92355 −2.20746 0.93672 1.28132 −1.26494 0.97864 

ns B 1.45352 −1.51930 0.96715 0.94051 −0.72082 0.99749 

prez L 1.68618 −2.19667 0.92470 1.40506 −1.97731 0.96924 

prez W 1.71011 −2.35346 0.98126 1.45646 −1.93985 0.97715 

nc H 1.20319 −1.17813 0.82565 0.65911 −0.33094 0.92979 

nc W 0.94490 −0.64173 0.61655 0.51118 −0.06302 0.95484 

Mean 1.38852   1.08232   

SE 0.08786   0.09739   

       

Sacral 1:       

 
Before vertebral ossification 

(samples = 72) 
After vertebral ossification 

(samples = 188) 

  k b r
2
 k b r

2
 

cent L 1.34650 −1.23586 0.96380 1.02740 −0.68837 0.94776 

cent w/o NA NA NA NA NA NA 

cent H 1.37754 −1.62358 0.98041 1.15224 −1.26406 0.97081 

cent W 1.23610 −1.22655 0.97839 1.24103 −1.26345 0.93417 

tp L 1.57423 −1.51251 0.87801 1.55721 −1.53493 0.81162 

tp B NA NA NA NA NA NA 

ns H 1.96670 −2.25825 0.93193 1.39491 −1.39927 0.90956 

ns B 1.34423 −1.35019 0.95540 0.80876 −0.45633 0.97951 

prez L NA NA NA NA NA NA 

prez W NA NA NA NA NA NA 

nc H 1.44916 −1.46921 0.78957 0.69606 −0.39965 0.96476 

nc W 1.30661 −1.15116 0.66890 0.74243 −0.46683 0.90856 

Mean 1.45013   1.07750   

SE 0.08193   0.11146   
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(Table S5 cont.) 

 

Caudal 1: 

 
Before vertebral ossification 

(samples = 94) 
After vertebral ossification 

(samples = 244) 

 k b r
2
 k b r

2
 

cent L 1.26517 −1.12196 0.97831 1.07737 −0.78537 0.97182 

cent w/o 1.11343 −0.91484 0.89726 1.14793 −1.10274 0.96900 

cent H 1.06996 −0.92820 0.86773 1.12783 −1.14483 0.98223 

cent W 1.13214 −0.93043 0.85965 1.13237 −1.08556 0.98083 

tp L 1.24686 −1.21447 0.91684 1.70459 −1.26948 0.56372 

tp B 1.49742 −1.98389 0.90309 0.97901 −1.21980 0.98649 

ns H 1.80407 −1.99554 0.90173 1.35613 −1.38017 0.96642 

ns B 1.19830 −1.17485 0.94805 1.00445 −0.83677 0.95845 

prez L 1.26938 −1.65293 0.94832 1.30890 −1.75116 0.97409 

prez W 1.36965 −1.98968 0.96414 1.33439 −1.98578 0.96268 

nc H 1.39315 −1.63068 0.94965 0.59851 −0.21689 0.93193 

nc W 1.25103 −1.36720 0.86245 0.62775 −0.34484 0.94004 

Mean 1.30088   1.11660   

 0.05775   0.08831   

       

Caudal 2:       

 
Before vertebral ossification 

(samples = 106) 
After vertebral ossification 

(samples = 240) 

 k b r
2
 k b r

2
 

cent L 1.32615 −1.23702 0.96271 1.10390 −0.87285 0.98536 

cent w/o 1.16037 −1.02520 0.93932 1.14868 −1.07488 0.98371 

cent H 1.20491 −1.27484 0.98553 1.12364 −1.11752 0.98429 

cent W 1.17033 −1.14993 0.98602 1.10792 −1.05004 0.98378 

tp L 1.78649 −1.82986 0.74960 1.45118 −1.64865 0.98471 

tp B 1.58767 −2.14620 0.94616 0.95818 −1.13813 0.98232 

ns H 1.67193 −1.83751 0.92336 1.32715 −1.35019 0.98566 

ns B 1.42919 −1.56282 0.98492 0.88179 −0.62848 0.95090 

prez L 1.84371 −2.35703 0.79517 1.33936 −1.83803 0.98440 

prez W 1.85628 −2.72998 0.92453 1.16534 −1.65301 0.87249 

nc H 1.39365 −1.53417 0.86030 0.56471 −0.20807 0.92185 

nc W 1.51146 −1.67879 0.77901 0.68704 −0.49764 0.93580 

Mean 1.49518   1.07157   

SE 0.07395   0.07561   
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Table S6. Allometric coefficients of 10 vertebrae before and after sexual maturity in Alligator 

mississippiensis. The intercepts and coefficient of determination are also listed in 12 vertebral 

measurements. NA stands for measurements not applicable. Abbreviations for vertebral 

dimensions are listed in Table 1. 
 

Axis: 

 
Before sexual maturity 

(samples = 171) 
After sexual maturity 

(samples = 85) 

 k b r
2
 k b r

2
 

cent L 1.23834 −1.17568 0.96828 1.10641 −0.92377 0.96866 

cent w/o 1.10615 −1.06021 0.96805 1.07090 −0.97343 0.95558 

cent H 1.04220 −1.00307 0.94501 1.15251 −1.17512 0.92717 

cent W 1.12401 −1.05112 0.94190 1.27727 −1.40122 0.93898 

tp L NA NA NA NA NA NA 

tp B NA NA NA NA NA NA 

ns H 1.44522 −1.57501 0.85130 1.24786 −1.39899 0.93993 

ns B NA NA NA NA NA NA 

prez L 1.74402 −2.26198 0.69675 0.79948 −0.68060 0.78310 

prez W 1.91193 −2.58392 0.66395 0.78057 −0.82858 0.81753 

nc H 0.92958 −0.73354 0.90165 0.57371 −0.05700 0.91733 

nc W 1.00481 −0.86187 0.79674 0.74416 −0.47071 0.80878 

Mean 1.28292   0.97254   

SE 0.11506   0.08389   

 

Cervical 3: 
      

 
Before sexual maturity 

(samples = 190) 
After sexual maturity 

(samples = 104) 

 k b r
2
 k b r

2
 

cent L 1.28069 −1.23407 0.96110 1.19410 −1.02615 0.91334 

cent w/o 1.17996 −1.16532 0.96576 1.11651 −0.94731 0.89592 

cent H 1.11032 −1.08566 0.90476 1.17888 −1.20411 0.90221 

cent W 1.14182 −1.04400 0.89982 1.17527 −1.14484 0.92261 

tp L NA NA NA NA NA NA 

tp B NA NA NA NA NA NA 

ns H 1.31872 −1.41429 0.92141 1.44734 −1.70318 0.93850 

ns B 1.26268 −1.55657 0.95020 1.22459 −1.36559 0.84560 

prez L 1.18080 −1.55734 0.94518 1.13542 −1.41432 0.87898 

prez W 1.27854 −1.79715 0.93408 1.36358 −1.87975 0.82456 

nc H 1.07035 −0.91276 0.82890 0.70342 −0.32841 0.92689 

nc W 0.99540 −0.89439 0.80641 0.87230 −0.63366 0.72486 

Mean 1.18193   1.14114   

SE 0.03305   0.06832   
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(Table S6 cont.) 

 

Cervical 8: 

 
Before sexual maturity 

(samples = 228) 
After sexual maturity 

(samples = 132) 

 k b r
2
 k b r

2
 

cent L 1.30655 −1.30848 0.96962 1.18958 −1.09415 0.95357 

cent w/o 1.14901 −1.13740 0.96328 1.19530 −1.27364 0.98048 

cent H 1.18317 −1.27673 0.97491 1.26140 −1.37099 0.92155 

cent W 1.10539 −1.06422 0.95842 1.21099 −1.21901 0.93448 

tp L 1.10241 −1.32239 0.98114 1.62449 −2.29133 0.91061 

tp B 0.93893 −1.20896 0.88156 1.28530 −1.95113 0.95496 

ns H 1.31826 −1.30380 0.95913 1.73195 −2.15535 0.95333 

ns B 1.28921 −1.58718 0.96448 0.82117 −0.66371 0.92899 

prez L 1.25279 −1.49940 0.86996 1.33649 −1.70742 0.92849 

prez W 1.29665 −1.68177 0.89115 1.42909 −1.90240 0.84698 

nc H 1.23045 −1.12805 0.78731 0.79100 −0.21485 0.62126 

nc W 1.24870 −1.39013 0.93237 0.84290 −0.59377 0.81146 

Mean 1.20179   1.22664   

SE 0.03236   0.08596   

 

Dorsal 1: 

 
Before sexual maturity 

(samples = 228) 
After sexual maturity 

(samples = 132) 

 k b r
2
 k b r

2
 

cent L 1.22430 −1.15195 0.96454 1.18860 −1.07935 0.95443 

cent w/o 1.09074 −1.03028 0.97060 1.17079 −1.18664 0.96581 

cent H 1.09946 −1.12704 0.96662 1.27045 −1.40355 0.93058 

cent W 1.02651 −0.93217 0.98059 1.20591 −1.23411 0.94753 

tp L 1.10433 −1.23697 0.98426 1.52607 −2.01061 0.93809 

tp B 0.80980 −1.00391 0.93061 1.28133 −1.72384 0.88671 

ns H 1.32357 −1.28434 0.95357 1.63367 −1.85741 0.93648 

ns B 1.32857 −1.56393 0.93952 0.74867 −0.36222 0.84070 

prez L 1.31685 −1.65849 0.92611 1.51969 −2.08590 0.94092 

prez W 1.19481 −1.55223 0.92043 1.47129 −2.21209 0.93528 

nc H 1.21341 −1.15764 0.83960 0.85898 −0.52554 0.77388 

nc W 1.22070 −1.29961 0.88643 0.80791 −0.51388 0.79656 

Mean 1.16275   1.22361   

SE 0.04296   0.08483   
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(Table S6 cont.) 

 

Dorsal 4: 

 
Before sexual maturity 

(samples = 192) 
After sexual maturity 

(samples = 116) 

 k b r
2
 k b r

2
 

cent L 1.44032 −1.39609 0.92685 1.11523 −0.84597 0.95279 

cent w/o 1.37151 −1.36073 0.93464 1.21325 −1.20043 0.97530 

cent H 1.34158 −1.43186 0.87734 1.43267 −1.64348 0.89997 

cent W 1.30449 −1.36742 0.92816 1.55264 −1.93316 0.92621 

tp L 1.51565 −1.37767 0.83276 1.62390 −1.85548 0.95321 

tp B 0.94955 −0.83738 0.78018 1.87436 −2.65612 0.83915 

ns H 1.65968 −1.73725 0.88275 1.50397 −1.66209 0.93660 

ns B 1.16183 −1.11108 0.98224 0.92568 −0.62070 0.90192 

prez L 1.36533 −1.68614 0.81019 1.55165 −2.32312 0.91748 

prez W 1.87049 −2.51748 0.91124 1.66776 −2.40434 0.97024 

nc H 1.36727 −1.49452 0.87982 0.57078 −0.06938 0.81619 

nc W 1.09741 −1.17746 0.92799 0.72660 −0.48170 0.85830 

Mean 1.37043   1.31321   

SE 0.07072   0.11667   

 

Dorsal 10: 

 
Before sexual maturity 

(samples = 156) 
After sexual maturity 

(samples = 108) 

 k b r
2
 k b r

2
 

cent L 1.20913 −0.99538 0.97582 1.08712 −0.72046 0.92934 

cent w/o 1.11351 −0.91950 0.98173 1.10736 −0.90333 0.95407 

cent H 1.13556 −1.15156 0.95648 1.26765 −1.38077 0.93003 

cent W 1.04727 −0.96778 0.99203 1.19354 −1.17915 0.95706 

tp L 1.27216 −1.13924 0.97069 1.50630 −1.54735 0.94349 

tp B 1.23503 −1.36638 0.89385 1.24117 −1.49684 0.95316 

ns H 1.77705 −2.03621 0.94607 1.55950 −1.85515 0.94914 

ns B 1.19154 −1.11622 0.97843 0.90401 −0.59122 0.98024 

prez L 1.63956 −2.27146 0.93038 1.74498 −2.75228 0.94205 

prez W 1.74790 −2.30146 0.85195 1.98750 −2.67388 0.76783 

nc H 1.18393 −1.15092 0.83613 0.64850 −0.05574 0.56981 

nc W 0.82163 −0.68021 0.89752 0.66233 −0.33924 0.90176 

Mean 1.28119   1.24250   

SE 0.08404   0.11765   
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(Table S6 cont.) 

 

Dorsal 15: 

 
Before sexual maturity 

(samples = 132) 
After sexual maturity 

(samples = 108) 

 k b r
2
 k b r

2
 

cent L 1.16120 −0.98310 0.98172 1.15736 −0.91221 0.91089 

cent w/o 1.04348 −0.84734 0.98414 1.02027 −0.74359 0.89967 

cent H 1.10220 −1.08562 0.90736 1.20479 −1.26111 0.89632 

cent W 1.25925 −1.20541 0.93919 1.10037 −0.87537 0.92716 

tp L 1.40693 −1.40780 0.78832 1.61752 −2.08733 0.96869 

tp B 1.08920 −1.24254 0.95179 1.07046 −1.37392 0.94192 

ns H 1.67694 −1.84563 0.91971 1.38100 −1.44426 0.94919 

ns B 1.28865 −1.27955 0.95709 0.95160 −0.73666 0.98866 

prez L 1.40679 −1.77622 0.88098 1.72639 −2.56898 0.89993 

prez W 1.57869 −2.13917 0.96123 1.30570 −1.57954 0.97143 

nc H 1.16148 −1.17683 0.88570 0.58051 −0.08375 0.82825 

nc W 1.03113 −0.87051 0.77816 0.55859 −0.04521 0.77542 

Mean 1.26716   1.13955   

SE 0.06102   0.10185   

 

Sacral 1: 

 
Before sexual maturity 

(samples = 162) 
After sexual maturity 

(samples = 98) 

 k b r
2
 k b r

2
 

cent L 1.25875 −1.09795 0.94767 1.08784 −0.78790 0.91758 

cent w/o NA NA NA NA NA NA 

cent H 1.22016 −1.37207 0.95934 1.20025 −1.27604 0.90643 

cent W 1.07913 −0.93578 0.90356 1.10350 −0.84229 0.85588 

tp L 1.33605 −1.00973 0.72260 2.19789 −2.64659 0.73844 

tp B NA NA NA NA NA NA 

ns H 1.53395 −1.54308 0.84778 1.07541 −0.29749 0.63856 

ns B 1.20155 −1.15490 0.96399 0.89379 −0.61772 0.94644 

prez L NA NA NA NA NA NA 

prez W NA NA NA NA NA NA 

nc H 1.23360 −1.25875 0.86125 0.61808 −0.18778 0.91564 

nc W 1.19588 −1.16075 0.81022 0.75378 −0.40147 0.80891 

Mean 1.25738   1.11632   

SE 0.04692   0.16949   
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(Table S6 cont.) 

 

Caudal 1: 

 
Before sexual maturity 

(samples = 206) 
After sexual maturity 

(samples = 132) 

 k b r
2
 k b r

2
 

cent L 1.23178 −1.06757 0.97135 1.07791 −0.74043 0.93475 

cent w/o 1.00178 −0.78838 0.92694 0.92596 −0.42197 0.81577 

cent H 1.04131 −0.94061 0.93356 1.09308 −0.97147 0.91179 

cent W 1.04784 −0.86910 0.92192 0.98108 −0.64636 0.90283 

tp L 2.00211 −1.75473 0.60072 1.49465 −1.70615 0.95297 

tp B 1.30445 −1.75034 0.93496 0.99164 −1.20978 0.95312 

ns H 1.56641 −1.65918 0.90186 1.48945 −1.65924 0.95634 

ns B 1.20420 −1.20363 0.96417 0.93351 −0.54070 0.83519 

prez L 1.28190 −1.67891 0.95474 1.24844 −1.54000 0.92422 

prez W 1.25245 −1.81655 0.95316 1.17022 −1.37530 0.79866 

nc H 1.25067 −1.41444 0.94453 0.54529 0.21752 0.51329 

nc W 1.16333 −1.28988 0.91473 0.67018 −0.26990 0.73821 

Mean 1.27902   1.05178   

SE 0.07861   0.08181   

 

Caudal 2: 

 
Before sexual maturity 

(samples = 214) 
After sexual maturity 

(samples = 132) 

 k b r
2
 k b r

2
 

cent L 1.26391 −1.15293 0.97131 1.08974 −0.79741 0.95252 

cent w/o 1.09071 −0.94148 0.95813 1.01559 −0.71940 0.94353 

cent H 1.18741 −1.24434 0.98538 1.13945 −1.06531 0.92069 

cent W 1.12365 −1.08181 0.98686 1.07501 −0.86707 0.90131 

tp L 1.59034 −1.73250 0.86973 1.49846 −1.70123 0.95436 

tp B 1.34690 −1.80183 0.94544 0.84024 −0.79673 0.91514 

ns H 1.51757 −1.64237 0.94757 1.51861 −1.73959 0.95796 

ns B 1.28705 −1.34602 0.97508 1.22110 −1.28033 0.89558 

prez L 1.58310 −2.09825 0.86341 1.31815 −1.73031 0.94886 

prez W 1.68568 −2.41885 0.87087 1.01199 −1.21142 0.90929 

nc H 1.22405 −1.32933 0.89542 0.55688 0.13362 0.54958 

nc W 1.32781 −1.52056 0.85665 0.60548 −0.15878 0.77935 

Mean 1.35235   1.07422   

SE 0.05677   0.08758   
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Table S7. Allometric coefficients of 10 vertebrae before and after stoppage of growth in 

Alligator mississippiensis. The intercepts and coefficient of determination are also listed in 12 

vertebral measurements. 
 

Axis: 

 
Before stoppage of growth 

(samples = 216) 
After stoppage of growth 

(samples = 40) 

 k b r
2
 k b r

2
 

cent L 1.18815 −0.93953 0.97113 0.90200 −0.33075 0.86843 

cent w/o 1.08675 −0.97181 0.95887 0.81341 −0.19079 0.78056 

cent H 1.06378 −1.15117 0.96063 1.18545 −0.97979 0.75466 

cent W 1.07230 −0.92114 0.95539 0.97833 −0.54571 0.80931 

tp L NA NA NA NA NA NA 

tp B NA NA NA NA NA NA 

ns H 1.29460 −1.07965 0.75991 1.63146 −1.94345 0.77785 

ns B NA NA NA NA NA NA 

prez L 1.55650 −1.97562 0.62359 0.35927 0.38591 0.50460 

prez W 1.63594 −2.03527 0.62693 0.35479 0.16849 0.65713 

nc H 0.84640 −0.42370 0.97293 0.43849 0.38870 0.68861 

nc W 0.84140 −0.31491 0.87200 0.69656 −0.42193 0.88245 

Mean 1.17620   0.81775   

SE 0.09298   0.14010   

 

Cervical 3: 

 
Before stoppage of growth 

(samples = 240) 
After stoppage of growth 

(samples = 54) 

 k b r
2
 k b r

2
 

cent L 1.20930 −0.99757 0.95089 0.73199 0.09776 0.84058 

cent w/o 1.14099 −1.00237 0.95474 0.89961 −0.29189 0.76271 

cent H 1.09438 −1.24607 0.95844 1.10624 −0.69328 0.67321 

cent W 1.10631 −1.05396 0.98432 1.04329 −0.43220 0.63343 

tp L NA NA NA NA NA NA 

tp B NA NA NA NA NA NA 

ns H 1.32282 −1.36224 0.90817 1.68813 −2.12087 0.86849 

ns B 1.19535 −1.52632 0.92560 0.64499 0.03260 0.71152 

prez L 1.09999 −1.22102 0.94212 0.67292 0.06956 0.44544 

prez W 1.15619 −1.24959 0.91564 0.70240 −0.45984 0.86078 

nc H 0.94765 −0.57950 0.84207 0.73804 −0.11546 0.63993 

nc W 0.85441 −0.55714 0.75317 0.69332 −0.38538 0.87284 

Mean 1.11274   0.89209   

SE 0.04183   0.10200   
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(Table S7 cont.) 

 

Cervical 8: 

 
Before stoppage of growth 

(samples = 288) 
After stoppage of growth 

(samples = 72) 

 k b r
2
 k b r

2
 

cent L 1.22583 −1.03052 0.98075 1.11846 −0.67287 0.77744 

cent w/o 1.12216 −1.07543 0.98124 1.06472 −0.82208 0.87147 

cent H 1.16365 −1.26812 0.98258 0.90994 −0.16806 0.60343 

cent W 1.13520 −1.30088 0.97308 1.13897 −0.64921 0.66819 

tp L 1.16506 −1.64147 0.95542 1.02119 −0.81206 0.81795 

tp B 0.98649 −1.63610 0.96092 0.78051 −0.68246 0.86187 

ns H 1.34353 −1.56333 0.96373 1.08610 −0.61148 0.91679 

ns B 1.15278 −0.92664 0.96451 0.51342 0.06673 0.89044 

prez L 1.26439 −1.80846 0.91162 1.63406 −2.26781 0.87158 

prez W 1.23724 −1.61295 0.90946 2.01170 −2.34710 0.55887 

nc H 1.03512 −0.50165 0.70432 0.76395 0.19124 0.36140 

nc W 1.04516 −0.48898 0.92483 1.02020 −0.55949 0.53655 

Mean 1.15638   1.08860   

SE 0.02961   0.11435   

 

Dorsal 1: 
      

 
Before stoppage of growth 

(samples = 288) 
After stoppage of growth 

(samples = 72) 

 k b r
2
 k b r

2
 

cent L 1.18668 −1.06393 0.97444 1.14773 −0.75056 0.79689 

cent w/o 1.09049 −1.07214 0.97267 0.97157 −0.56565 0.83904 

cent H 1.12247 −1.26429 0.97051 1.05265 −0.63598 0.73961 

cent W 1.06929 −1.19167 0.98883 1.14328 −0.79828 0.75068 

tp L 1.17579 −1.63466 0.98485 1.16934 −0.75888 0.66158 

tp B 1.07569 −2.22578 0.98189 0.71511 −0.50582 0.92800 

ns H 1.38390 −1.56427 0.95860 1.16968 −0.57370 0.78875 

ns B 1.18349 −0.85921 0.88461 0.49535 0.29168 0.69155 

prez L 1.29999 −1.81359 0.94314 1.40016 −1.66465 0.86482 

prez W 1.10263 −1.39655 0.90736 1.57703 −2.44886 0.93838 

nc H 1.00507 −0.48346 0.86538 0.66673 0.27504 0.40513 

nc W 1.03148 −0.56043 0.85331 0.98850 −0.46803 0.50724 

Mean 1.14392   1.04143   

SE 0.03181   0.08803   
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(Table S7 cont.) 

 

Dorsal 4: 

 
Before stoppage of growth 

(samples = 252) 
After stoppage of growth 

(samples = 56) 

 k b r
2
 k b r

2
 

cent L 1.29516 −0.89305 0.95092 1.08005 −0.56071 0.80657 

cent w/o 1.21774 −0.77146 0.97272 1.05672 −0.73121 0.89881 

cent H 1.29076 −1.42129 0.95553 1.05380 −0.28444 0.56826 

cent W 1.21662 −1.13890 0.97175 0.85583 0.08665 0.57752 

tp L 1.41049 −1.20827 0.95256 1.28905 −0.55691 0.65283 

tp B 1.07256 −1.69718 0.81849 0.48266 0.68789 0.40749 

ns H 1.44793 −0.97353 0.96256 1.45987 −0.70923 0.52358 

ns B 1.03075 −0.56264 0.97699 1.20509 −0.75846 0.60822 

prez L 1.20671 −1.27824 0.89916 1.65546 −2.52602 0.90688 

prez W 1.61614 −1.62303 0.96681 1.13830 −1.13274 0.95221 

nc H 1.08124 −0.24444 0.87022 0.56998 −0.12050 0.87545 

nc W 0.91833 −0.27866 0.90985 0.85705 −0.58075 0.69974 

Mean 1.23370   1.05866   

SE 0.05651   0.09735   

 

Dorsal 10: 

 
Before stoppage of growth 

(samples = 216) 
After stoppage of growth 

(samples = 60) 

 k b r
2
 k b r

2
 

cent L 1.14175 −0.63872 0.97363 1.23427 −0.73406 0.73111 

cent w/o 1.07360 −0.66553 0.98271 1.14706 −0.61659 0.70260 

cent H 1.12847 −1.23355 0.97388 0.90212 −0.30578 0.73774 

cent W 1.10964 −1.21234 0.98606 0.99893 −0.46827 0.76012 

tp L 1.32921 −1.30473 0.96548 1.30228 −0.71419 0.73010 

tp B 1.17407 −1.34331 0.95826 0.96149 −0.75978 0.87663 

ns H 1.47326 −0.63868 0.88742 1.36470 −0.83437 0.63940 

ns B 1.07489 −0.67849 0.99465 0.68828 −0.01670 0.90433 

prez L 1.35327 −1.21051 0.89225 1.14770 −1.22886 0.85568 

prez W 1.53687 −1.79095 0.87944 1.14561 −1.03977 0.87223 

nc H 0.90808 −0.12141 0.85485 0.47713 0.09330 0.82347 

nc W 0.79810 −0.70659 0.96864 0.63132 −0.01811 0.61799 

Mean 1.17510   1.00007   

SE 0.06256   0.08079   
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(Table S7 cont.) 

Dorsal 15: 

 
Before stoppage of growth 

(samples = 180) 
After stoppage of growth 

(samples = 60) 

 k b r
2
 k b r

2
 

cent L 1.11637 −0.88953 0.98178 1.38586 −0.85068 0.60725 

cent w/o 0.98755 −0.68255 0.97590 0.76944 −0.01391 0.74155 

cent H 1.07943 −1.29321 0.95521 1.03410 −0.56629 0.68159 

cent W 1.20621 −1.05379 0.96877 1.24699 −0.64834 0.59802 

tp L 1.40434 −1.79042 0.96459 1.06130 −0.77806 0.96369 

tp B 0.87930 −0.47277 0.91054 0.55618 −0.18359 0.95141 

ns H 1.44843 −1.06141 0.95803 1.27360 −0.78963 0.70711 

ns B 1.10687 −0.55913 0.97840 0.91811 −0.61941 0.95702 

prez L 1.23507 −1.35754 0.90256 1.21220 −0.97281 0.64755 

prez W 1.53964 −2.00346 0.97425 1.00556 −0.78569 0.89950 

nc H 0.94976 −0.46833 0.90488 0.67662 −0.13317 0.66540 

nc W 0.85503 −0.36147 0.85247 0.42803 0.18401 0.85943 

Mean 1.15067   0.96400   

SE 0.06459   0.08738   

 

Sacral 1: 

 
Before stoppage of growth 

(samples = 207) 
After stoppage of growth 

(samples = 53) 

 k b r
2
 k b r

2
 

cent L 1.13685 −0.64829 0.92671 1.10834 −0.65279 0.79524 

cent w/o NA NA NA NA NA NA 

cent H 1.18213 −1.22562 0.95307 1.02707 −0.52553 0.65003 

cent W 1.14982 −1.18358 0.89480 1.05046 −0.71927 0.84971 

tp L 1.31341 −1.15694 0.67764 1.29762 −0.91642 0.79553 

tp B NA NA NA NA NA NA 

ns H 1.50186 −1.24887 0.83501 1.25257 −0.86232 0.77079 

ns B 1.04832 −0.42198 0.97075 0.83920 −0.11181 0.60852 

prez L NA NA NA NA NA NA 

prez W NA NA NA NA NA NA 

nc H 1.05108 −0.47284 0.95185 0.70063 −0.06256 0.59098 

nc W 1.02669 −0.54348 0.88741 0.59674 0.33378 0.38177 

Mean 1.17627   0.98408   

SE 0.05693   0.08899   
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(Table S7 cont.) 

 

Caudal 1: 

 
Before stoppage of growth 

(samples = 266) 
After stoppage of growth 

(samples = 72) 

 k b r
2
 k b r

2
 

cent L 1.16317 −0.74784 0.95994 0.98663 −0.35721 0.79997 

cent w/o 1.09382 −1.25550 0.97174 0.81169 −0.06392 0.70536 

cent H 1.07272 −1.18938 0.98348 1.01591 −0.24707 0.53073 

cent W 1.08614 −1.14469 0.98196 0.72294 0.31428 0.53456 

tp L 1.64584 −1.39983 0.49098 1.44063 −1.17279 0.73460 

tp B 1.16782 −1.21083 0.98249 1.05054 −1.11664 0.78472 

ns H 1.45650 −1.26337 0.92421 1.17689 −0.69602 0.79688 

ns B 1.11708 −0.89625 0.95658 1.26897 −0.60159 0.48222 

prez L 1.28619 −1.82178 0.95753 1.04421 −0.69059 0.65280 

prez W 1.25620 −1.98673 0.95295 0.87396 −0.13506 0.37040 

nc H 1.04322 −0.31033 0.92974 0.93413 0.15154 0.20347 

nc W 0.97104 −0.41027 0.90726 0.86497 0.20181 0.19226 

Mean 1.19665   1.01596   

SE 0.05517   0.05841   

 

Caudal 2: 

 
Before stoppage of growth 

(samples = 274) 
After stoppage of growth 

(samples = 72) 

 k b r
2
 k b r

2
 

cent L 1.19602 −0.92364 0.97961 0.73733 0.17014 0.79648 

cent w/o 1.11921 −1.09719 0.98397 0.86651 −0.03317 0.65007 

cent H 1.15784 −1.10681 0.98143 0.90350 −0.37911 0.79952 

cent W 1.11570 −1.02863 0.98085 0.86970 −0.22698 0.74976 

tp L 1.52471 −1.49676 0.97289 1.36784 −1.05603 0.75918 

tp B 1.21423 −1.15502 0.98239 1.06171 −0.94844 0.66848 

ns H 1.40924 −1.15565 0.97300 1.16637 −0.62892 0.76501 

ns B 1.09214 −0.51519 0.94601 1.00978 −0.15062 0.45417 

prez L 1.48258 −1.86215 0.94852 1.04713 −0.84905 0.75848 

prez W 1.47917 −1.69912 0.82895 0.87141 −0.51122 0.59845 

nc H 1.01164 −0.32030 0.84128 0.92243 −0.68754 0.68277 

nc W 1.11850 −0.67456 0.88689 0.77721 −0.04075 0.38762 

Mean 1.24341   0.96674   

SE 0.05177   0.05084   

 


