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Abstract

A variety of species undergo ontogenetic niche shifts in either diet, habitat, or

both. As a result, multiple ontogenetic stages are able to take advantage of dif-

ferent resources and live in sympatry without competing with one another.

The American alligator (Alligator mississippiensis) begins to undergo an onto-

genetic niche shift in both diet and habitat at a length of 1.2 m. They transition

from a terrestrial wetland environment to a riverine environment and take

advantage of different dietary resources. At 1.8 m, A. mississippiensis reaches

sexual maturity. Ontogenetic shifts in habitat have the capacity to alter mor-

phology, especially limb morphology, as different age classes traverse different

ecological systems. We evaluated shape trends in the scapulae, humeri, ilia,

and femora using geometric morphometrics to test whether there were punctu-

ated changes in limb shape, shape disparity, and integration corresponding to

either the ontogenetic habitat shift or onset of sexual maturity. We found size

to strongly correlate with limb shape but found a continuous size gradient

rather than punctuated changes in size. Furthermore, we found that adults

(total length > 1.8 m) had significantly higher limb shape disparity than juve-

niles or subadults, likely related to ontogenetic decreases in limb use and a

reduction in limb constraints. Finally, we found that the forelimb and

hindlimb acted as a single integrated unit and that neither the forelimb nor

hindlimb was significantly more integrated than the other. Therefore, the

ontogenetic niche shift itself did not impact limb morphology in A.

mississippiensis.
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1 | INTRODUCTION

Tetrapods utilize their limbs to traverse complex environ-
ments. As such, features such as limb posture and mor-
phology are commonly analyzed in relation to a given
taxon's habitat and ecology (e.g., Hedrick, Dickson,
Dumont, & Pierce, 2020; Herrel, Meyers, and
Vanhooydonck, 2002; Samuels & Van Valkenburgh, 2008).

Binning taxa into groups based on the way they primarily
use their limbs is necessary in large scale studies, but such
binning can be complicated by ontogenetic niche shifts,
which are known to occur in a variety of taxa (Werner &
Gilliam, 1984; Wilbur, 1980), including the American alli-
gator, Alligator mississippiensis (Subalusky, Fitzgerald, &
Smith, 2009). Ontogenetic niche shifts may lead to a
change in diet or habitat, and thus may require
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morphological changes as the animal gets bigger. A taxon
may use one habitat in its juvenile stage, for which that
taxon is adapted to traversing, and then shift to another
habitat as they reach their adult stage, which has a differ-
ent set of locomotor requirements.

Alligator mississippiensis undergoes both a dietary
niche shift and a habitat niche shift through its ontogeny
(Subalusky et al., 2009). This is not surprising given that
A. mississippiensis individuals vary widely in size
throughout their growth, undergoing a 4,000-fold change
in body mass (Erickson, Lappin, & Vliet, 2003). Stomach
content surveys found that A. mississippiensis juveniles
and subadults eat a larger proportion of invertebrate and
small terrestrial prey than adults, while adults eat a higher
proportion of turtles, mammals, and fish (Delany &
Abercrombie, 1986; Delany, Linda, & Moore, 1999; Jack-
son, Campbell, & Campbell, 1974). The habitat niche shift
in A. mississippiensis begins to occur at 1.2 m total length
(Subalusky et al., 2009). Animals under 1.2 m typically live
in wetlands and marshlands, while larger animals spend
more time in deep, open water (Subalusky et al., 2009).
Furthermore, while adult males spend nearly all their time
in riverine, open water systems, adult females nest in
marshes, requiring them to move between environments
(Joanen & McNease, 1980, 1989).

Numerous workers have conducted morphological
and biomechanical studies to better understand ontoge-
netic changes to the appendicular skeleton of A.
mississippiensis (Allen, Elsey, Jones, Wright, &
Hutchinson, 2010; Bonnan, Farlow, & Masters, 2008;
Dodson, 1975; Gatesy, 1991; Livingston, Bonnan, Elsey,
Sandrik, & Wilhite, 2009; Reilly & Blob, 2003). These
studies have shown that there is an overall decrease in
limb bone length and isometric scaling of limb muscle
masses throughout ontogeny. This suggests a net
decrease in terrestrial capability ontogenetically, exacer-
bated by factors external to the limbs such as the long,
heavy tail, which generates a braking effect on forward
movement (Willey, Biknevicius, Reilly, & Earls, 2004).
There is also a reduction in limb use during swimming
through ontogeny (Manter, 1940; Seebacher, Elsworth, &
Franklin, 2003). This overall reduction in limb use may
coincide with a net reduction in limb morphological dis-
parity, such that juvenile alligators have a higher amount
of limb disparity than adults. Conversely, limb disparity
may be higher in adults indicating more constrained limb
shape in juveniles, reflective of the fact that their limbs
are more important to their traversing marshy landscapes
in comparison with the riverine systems that adults
occupy.

Morphological integration is a measure of
evolvability, the capacity for a population to speciate rap-
idly in response to ecological opportunities (Goswami,

Smaers, Soligo, & Polly, 2014; Young, Wagner, &
Hallgrímsson, 2010). Higher magnitudes of integration
between two morphological structures indicate that they
evolve together, potentially as a unit, while loosely inte-
grated structures are capable of evolving separately, thus
having a higher capacity for evolvability. Using linear
morphometrics, Dodson (1975) found that the hindlimb
and pelvic girdle of alligators were more integrated than
the forelimb and pectoral girdle. He suggested that this
might be because the hindlimb of A. mississippiensis is
the primary propulsor, with the forelimb acting in a sec-
ondary capacity (Willey et al., 2004). However, more
detailed analyses of integration using geometric morpho-
metrics evaluating within limb and between limb integra-
tion magnitudes have not yet been completed. Geometric
morphometrics has been shown to be more effective than
traditional morphometrics in distinguishing fine-scale
trends in shape (e.g., Schmieder, Benítez, Borissov, &
Fruciano, 2015) and also allows for retention of original
specimen shape making it easier to assess global shape
trends (Zelditch, Swiderski, & Sheets, 2012).

We examined the scapulae, humeri, ilia, and femora
of 62 alligators (ranging in femur lengths from 35 to
263 mm) using two-dimensional (2D) geometric morpho-
metrics to quantify how the shape of the appendicular
skeleton of A. mississippiensis changes through ontogeny.
In addition to an improved understanding of overall
ontogenetic shape changes, these data allowed us to
address two primary questions: (a) How does morpholog-
ical disparity change through ontogeny? Given that juve-
nile alligators are more terrestrially capable than adults,
we predict decreased limb morphological disparity in
smaller alligators compared with larger alligators. (b) Do
the forelimbs or hindlimbs have higher magnitudes of
integration? We predict that the hindlimb will have
tighter integration (Dodson, 1975) given that it provides
the primary propulsive force during terrestrial locomo-
tion throughout ontogeny (Willey et al., 2004). Further-
more, we predict similar levels of “within forelimb” and
“between limb” integration reflecting that the forelimb
provides a secondary propulsive force, working in concert
with the hindlimb.

2 | MATERIALS AND METHODS

A total of 62 specimens of A. mississippiensis were digi-
tized using a Canon Powershot G10 digital camera
mounted on a Kaiser RS1 photo mount (Table S1 con-
tains a complete specimen list). Specimens were placed
on grid paper to examine photos for potential camera-
based distortion. Due to the lack of certain elements in
some specimens, each bone and view has slightly different
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sample sizes. We digitized the left and right sides of A.
mississippiensis scapulae in lateral view (n specimens = 41,
k landmarks = 6, s semilandmarks = 2 curves, 20 semi-
landmarks each), humeri in cranial view (n = 48, k = 6,
s = 1 curve, 25 semilandmarks), medial view (n = 39,
k = 4, s = 1 curve, 25 semilandmarks), caudal view
(n = 44, k = 4, s = 2 curves, 12 semilandmarks each), ilia
in lateral view (n = 45, k = 8, s = 1 curve, 18 semi-
landmarks), and femora in cranial view [n = 47, k = 4,
s = 2 curves, n = 10 (proximal curve) and 20 (lateral curve)
semilandmarks], lateral view [n = 43, k = 4, s = 2 curves,
25 (cranial curve) and 12 (proximal curve) semilandmarks],
and caudal view [n = 45, k = 6, s = 2 curves, 18 (lateral
curve) and 10 (proximal curve) semilandmarks]. This
totaled eight bone datasets, with the humerus and femur
digitized in three views each in order to capture their three-
dimensional (3D) geometry. It is important to note that the
provenance information was not known for many of the
individuals included in our analyses. Although A.
mississippiensis skulls are commonly present in museum
collections, paired long bones are relatively rare and there-
fore this dataset required combining data from individuals
that likely came from different populations. Environmental
differences in localities where individuals were collected
may impact our results (Buffrenil, 1980; Lance, 2003).

After capturing photos, images were landmarked in
tpsDig2 (Rohlf, 2006). Landmarks were chosen for their
anatomical or geometric homology and semilandmark
curves were chosen in order to better characterize shape
(Figure S1; Table S2). Landmarks were also selected
based on soft tissue positioning, which was aided by sev-
eral A. mississippiensis dissections and consideration of
muscle origins and insertions (Chiasson, 1962; Cong,
Hou, Wu, & Hou, 1998; Meers, 2003; Romer, 1923). The
number of semilandmarks used in each dataset was cho-
sen to accurately represent the curves in the dataset and
supplement the relatively sparse true landmarks.
Although true landmarks give more information regard-
ing shape, limb bones often do not have enough homolo-
gous structures to adequately capture shape with true
landmarks alone (Hedrick et al., 2020). To factor out the
asymmetric component of variation for our analyses and
incorporate intra-observer landmarking error (see below),
both the left and right sides were landmarked and each
bone was landmarked three times (2,112 images
landmarked total).

Each bone dataset was subjected to generalized Pro-
crustes analysis (GPA) using the R package geomorph
v. 3.2.1 (Adams & Ot�arola-Castillo, 2013). GPA removes
all information unrelated to shape by translating,
rescaling, and rotating all specimens into the same shape
space (Zelditch et al., 2012). Semilandmark curves were
slid such that bending energy between semilandmarks

was minimized using the gpagen function in geomorph
(Perez, Bernal, & Gonzalez, 2006). Asymmetry was then
quantified for each bone dataset using a multifactor Pro-
crustes ANOVA (Klingenberg & McIntyre, 1998), with
individuals, sides (left or right), and their interaction as
factors using the bilat.symmetry function in geomorph.
This serves to separate the symmetric component of
shape variation from both the asymmetric component
and landmarking measurement error. Previous work
using this alligator limb dataset demonstrated that the
symmetric component of shape variation accounted for
90.6% of total shape variation (see Hedrick, Schachner,
Rivera, Dodson, & Pierce, 2019 for additional details). To
assess shape trends in morphospace, principal compo-
nent (PC) analyses were run on the symmetric
component of variation for each bone dataset.

Allometry was then assessed for each bone dataset
using Procrustes ANOVAs of the symmetric component
of shape and log10 transformed centroid size to determine
if size had a strong influence on shape using the procD.
lm function in geomorph. Shape was summarized using
the common allometric coefficient (Mitteroecker et al.,
2004), which is equivalent to the regression score
(Drake & Klingenberg, 2008) when analyzing allometric
data of a single group, as in this analysis.

Although A. mississippiensis is known to reach sexual
maturity at an average total length of 1.8 m (Joanen &
McNease, 1975, 1980; Klause, 1984; McIlhenny, 1935;
Wilkinson & Rhodes, 1997), an ontogenetic niche shift in
habitat begins at approximately 1.2 m total length
(Subalusky et al., 2009). Therefore, specimens were
grouped in three ways to analyze the impacts of each
potential age class cutoff. First, specimens were coded as
juvenile (<1.2 m total length) or subadult/adult (>1.2 m
total length). Second, the cutoff was set at 1.8 m total
length in order to group juveniles and subadults into a
single group with adults in their own group. Finally,
specimens were split into three separate age classes
(<1.2 m, 1.2 m < x < 1.8 m, >1.8 m). Since total length
was generally unknown for our specimens, we calculated
total length from femur length. Specifically, Farlow, Hur-
lburt, Elsey, Britton, and Langston Jr (2005) found that
the femur scales with total length with the relationship
[total length = (14.45 � femur length) + 16.45] with a
correlation coefficient of 0.996. This relationship between
femur length and total length was not significantly
related with animal status (captive versus wild) or sex
(Farlow et al., 2005). Three specimens did not have
known femur lengths and were grouped into age classes
based on their centroid size of known bones.

To estimate morphological disparity on both sides of
the hypothesized ontogenetic niche shift, disparity ana-
lyses were calculated following the general equation
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(symmetric component of shape variation ~log10 centroid
size + age class) for each bone dataset. Each bone dataset
was evaluated three times using each of the three age
class groupings listed above with the pairwise function in
RRPP v 0.5.2 (Collyer & Adams, 2018). Morphological
disparity was calculated in each analysis by taking the
Procrustes distance between the average shape of each
group and the grand mean shape and then assessing sig-
nificant differences in morphological disparity through
permutation (Zelditch et al., 2012). Procrustes ANOVAs
were also run using distances to assess whether the
groups were significantly different in means.

To run integration analyses, the data were subsetted
such that each bone dataset only contained specimens
that had all bones (n = 20 specimens). This was neces-
sary so that both within and between limb integration
could be analyzed. Integration analyses were done using
the full complement of the PCs of the symmetric compo-
nent of shape variation. Integration analyses were done
on the entire integration dataset first to assess trends
between different bones based on the partial least squares
(PLS) correlation coefficient (rPLS) and effect sizes (z-
scores). Significance was determined through 1,000 per-
mutations (Adams & Collyer, 2016).

Comparisons in levels of integration between bone
pairs [e.g., comparison of magnitude of integration as
measured by the PLS analyses of the scapula and
humerus (cranial view) with the ilium and femur (caudal
view)] was done using the z-score developed by Adams
and Collyer (2016) with the integration.test and compare.
pls functions in geomorph. To ensure that datasets were
comparable in size, the humerus (cranial view) and
femur (caudal view) were selected to represent the
humerus and femur, respectively, when comparing levels
of integration with the scapula and ilium (which are both
represented by a single view). Within-forelimb [scapula
and humerus (cranial)], within-hindlimb [ilium and
femur (caudal)], and between-limb (combined forelimb
and combined hindlimb) integration were then calcu-
lated and compared separately using the three age classes
defined above (e.g., juvenile/subadult within forelimb
integration compared to adult within forelimb integra-
tion). As in the disparity analyses, this was done as three
separate analyses, one for each age class grouping. Effect
sizes and p-values were calculated according to Adams
and Collyer (2016).

3 | RESULTS

The PCA of the scapula data revealed that PC 1 (32.4% of
total variation) and PC 2 (17.8% of total variation)
together generated a size gradient from juvenile alligators

with low PC1 scores and high PC2 scores to adult alliga-
tors with high PC1 scores and low PC2 scores
(Figure 1a). Negative PC1 values showed a more gracile
scapula with a less expanded scapular blade in compari-
son with positive PC1 values. A Procrustes ANOVA of
the symmetric component of scapula shape and log10
transformed scapula centroid size was significant
(p < .001, R2 = 0.119, Figure 2a). This was the lowest R2

value for any bone dataset in our analysis. Shape disper-
sion in adult alligators was relatively large with adults
invading juvenile morphospace (Figure 1a).

All three humerus views yielded similar results in
both the PCA and allometric analyses. In all three PCAs
of the humerus, the juvenile and adult morphospaces do
not overlap. However, subadult morphospace overlaps
with both juveniles and adults demonstrating a clear gra-
dation. In cranial view, PC 1 (53.1% of total variance) was
related to size with juveniles grouping on the positive
end of PC1 and adults on the negative end (Figure 1b). In
both medial and caudal views, juveniles clustered on the
negative end of PC1 with adults on the positive end of
PC1 (Figure 1c,d). Across all three views, juveniles had
more slender humeri with narrower shafts and less
robust proximal and distal ends (Figures 1b–d). The
medial view of the humeri also demonstrated the cranial
expansion of the deltopectoral crest in adults relative to
juveniles (Figure 1c). The symmetric component of shape
and log10 centroid size for each of the three humerus
views were significantly correlated with high R2 values
(Figure 2b–d; Table S3).

The ilium dataset PCA has a more pronounced over-
lap of age classes compared to that of other bone datasets
(Figure 3a). Juveniles and subadults overlap strongly and
both intermingle with adult morphospace. Higher values
along PC1 tend to be juveniles while lower PC1
values are adults. Taxa at the positive end of PC1 have a
relatively flattened dorsal ilial rim. The negative end of
PC1 is characterized by a dorsoventrally higher rim. Simi-
lar to the forelimb bone datasets, the ilium has a lower
correlation between the symmetric component of shape
and log10 transformed centroid size than the femur
datasets (p < .001, R2 = 0.232, Figure 2e).

Comparable to the humeri, the different femur views
all show a similar trend. A large percentage of variance is
captured by PC1, which is largely related to size. In cra-
nial view, juveniles plot along the negative end of PC1
(75.1% of total variance), with adults on the positive end
and subadults as intermediate (Figure 3b). Juvenile fem-
ora are slender and relatively straighter than the adult
femora, which are stout and robust. Centroid size
explains 57.1% of the variance for the symmetric compo-
nent of shape of the femur in cranial view (Figure 2f), the
highest R2 value for any femur bone dataset. In lateral
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view, juveniles plot at high PC1 (59.6% of total variance)
values while adults plot with low values (Figure 3c). The
symmetric component of shape in lateral view and
the log10 transformed centroid size are significantly corre-
lated (p < .001, R2 = 0.492, Figure 2g). The lateral view
also demonstrates the stronger curve to the femur in
adults relative to juveniles. Finally, the caudal view
shows juveniles with high values along PC1 (62.1% of
total variance) and adults with low values (Figure 3d).
Similar to other views, adults have more robust, stout
femora than juveniles. Furthermore, the caudal view
shows that the fourth trochanter is more distally placed

in adults relative to juveniles. The symmetric component
of shape in caudal view and the log10 transformed cen-
troid size are significantly correlated (p < .001,
R2 = 0.541, Figure 2h).

Three separate disparity analyses were run for all
eight bone datasets, using different age class subsets
(juveniles and subadults versus adults, juveniles versus
subadults and adults, and all three groups separately).
The juvenile and subadult versus adult disparity showed
the most significant differences (Table 1) with the other
age subsets showing very few differences (Table S4). The
scapula, humerus in cranial and medial view, and femur

FIGURE 1 Principal component analyses of the symmetric component of (a) scapula, (b) humerus in cranial view, (c) humerus in

medial view, and (d) humerus in caudal view shape in Alligator mississippiensis. Specimens are colored based on age class: juveniles <1.2 m

total length are red, subadults 1.2 m total length < x < 1.8 m total length are purple, adults >1.8 m total length are light blue. Shapes of

points correspond to sex data (circle = unknown, square = female, triangle = male). Example bones with landmarks are inset in plots.

Changes along principal component 1 and 2 are represented by thin plate spline grids with each respective plot demonstrating the primary

axes of shape change for each bone dataset
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in cranial and caudal view all have significant differences
between juvenile/subadult and adult disparity, with
adults demonstrating between 1.5 and 2 times higher dis-
parity than juveniles/subadults. Although not signifi-
cantly different, adults have 1.25 times higher disparity
than juveniles/subadults for the ilium and 1.49 times
higher disparity for the femur in lateral view. Juveniles/
subadults and adults have nearly the same amount of dis-
parity for the humerus in caudal view. In terms of shape,

very few bone datasets had significant differences in any
of the age subsets (Table 2). Therefore, as the alligators
went from juveniles to subadults and then adults, their
shape disparity structure changed, but their overall shape
did not.

The shapes of all bones examined (scapula, humerus,
ilium, femur) covaried with one another (Table 3). These
correlations were generally highly significant (the ilium ~
scapula comparison was marginally significant—

FIGURE 2 Allometry analyses for each bone dataset: (a) scapula, (b) humerus in cranial view, (c) humerus in medial view, (d) humerus

in caudal view, (e) ilium, (f) femur in cranial view, (g) femur in lateral view, and (h) femur in caudal view. The x-axis is log10 transformed

centroid size and the y-axis is the common allometric component of shape, which is the major axis of covariation between size and shape. R2

values (coefficient of determination) and p-values are inset in each plot. Specimens are colored based on age class: juveniles <1.2 m total

length are red, subadults 1.2 m total length < x < 1.8 m total length are purple, adults >1.8 m total length are light blue
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p = .053). There were not notably higher correlations in
within-forelimb, within-hindlimb, or in between-limb
integration rPLS scores and effect sizes (z-scores). Both
within-forelimb and within-hindlimb correlations were
similar with the scapula-humerus z-scores ranging from
2.47 to 4.074 and ilium-femur scores ranging from 2.66 to
3.452 (Table 3). The strongest degree of correlation is evi-
dent between the shapes of humerus and femur with z-
scores ranging from 4.069 to 5.067 (Table 3). However,
other between-limb metrics were lower indicative of
overall high correlations, but no clear differences in mag-
nitudes of integration (Table 3). Comparisons of

integration magnitudes of bone pairs using z-scores
(Adams & Collyer, 2016) demonstrated limited significant
differences (Table S5). The humerus–femur integration
magnitude was significantly higher than the scapula–
ilium magnitude (Table S5), but no other significant dif-
ferences were found.

When examining differences in integration magni-
tude within the forelimb, within the hindlimb, and
between limbs across the three age class analyses, no sig-
nificant differences were found. This was true whether
juveniles and subadults were pooled and compared to
adults, whether juveniles were compared with pooled

FIGURE 3 Principal component analyses of the symmetric component of (a) ilium, (b) femur in cranial view, (c) femur in lateral view,

and (d) femur in caudal view shape in Alligator mississippiensis. Specimens are colored based on age class: juveniles <1.2 m total length are

red, subadults 1.2 m total length < x < 1.8 m total length are purple, adults >1.8 m total length are light blue. Shapes of points correspond to

sex data (circle = unknown, square = female, triangle = male). Example bones with landmarks are inset in plots. Changes along principal

component 1 and 2 are represented by thin plate spline grids with each respective plot demonstrating the primary axes of shape change for

each bone dataset
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subadults and adults, or with all three age classes treated
separately (Table S5).

4 | DISCUSSION

Alligator mississippiensis is a well-studied species with a
considerable body of published data investigating its
movement and locomotory kinematics (Blob &
Biewener, 2001; Gatesy, 1991; Willey et al., 2004), muscle
parameters (Allen et al., 2010), intraspecific comparative
morphology (Dodson, 1975; Farlow et al., 2005; Living-
ston et al., 2009), and ecology (Subalusky et al., 2009).
Furthermore, it undergoes a well-documented ontoge-
netic niche shift in both diet (Joanen & McNease, 1980,

1989) and habitat (Subalusky et al., 2009). Appreciable
limb shape changes through ontogeny have been hypoth-
esized as a result (Allen et al., 2010; Subalusky
et al., 2009). We have shown that A. mississippiensis' gir-
dle and proximal limb bones significantly change in
shape with increasing size, shifting from gracile to robust
forms (Figures 1–3). These changes occur along a size
gradient rather than in a punctuated manner at the onset
of the ontogenetic niche habitat shift (1.2 m total length)
or the timing of sexual maturity (1.8 m total
length) (Figure 2). Sexually mature alligators have signifi-
cantly higher limb shape disparity than non-sexually
mature alligators, suggesting that limb shape becomes
less constrained in larger alligators coincident with an
overall decrease in terrestriality (Allen et al., 2010;
Dodson, 1975; Livingston et al., 2009). Furthermore, con-
tra previous work that used linear morphometrics
(Dodson, 1975), we did not find higher integration in the
hindlimbs than the forelimbs. Rather, within-forelimb,
within-hindlimb, and between-limb integration were all
high, indicating that the limbs function as a single unit.

In comparison with the limbs, A. mississippiensis
skulls undergo substantial morphological change during
ontogeny (Dodson, 1975; Morris, Vliet, Abzhanov, &
Pierce, 2019). Stomach content surveys have clearly dem-
onstrated that while alligators of all sizes eat fish, juve-
nile alligators rely on invertebrates as their primary
dietary staple, while adults feed on reptiles and mammals
(Delany & Abercrombie, 1986). This suggests that ontoge-
netic shifts in diet may generate increased morphological
change relative to habitat shifts. However, despite clear
cranial morphological changes, Erickson et al. (2003)
reported that bite force in A. mississippiensis increased
continuously with body size, rather than in conjunction
with dietary shifts. Thus, small A. mississippiensis may
have bite forces that are higher than required to eat their
prey and are capable of changing diets via behavioral
plasticity that does not necessitate concerted

TABLE 1 Differences in

morphological disparity between the

juvenile/subadult and adult groups for

each bone dataset (1.8 m cutoff)

Juvenile/subadult disparity Adult disparity p-value

Scapula 0.00126 0.00207 .017

Humerus (cranial) 0.00051 0.00088 .016

Humerus (medial) 0.00043 0.00083 .041

Humerus (caudal) 0.00047 0.00048 .902

Ilium 0.00135 0.0017 .201

Femur (cranial) 0.00032 0.00066 .019

Femur (lateral) 0.00043 0.00064 .179

Femur (caudal) 0.00039 0.00068 .006

Notes: Observed Procrustes variances for each group and p-values (significance represented by bold).
Additional results for the juvenile versus subadult/adult and three-group disparity analyses are reported in
Table S4.

TABLE 2 Results for Procrustes ANOVAs between the

symmetric component of shape and centroid size and age class

(with juveniles, subadults, and adults as separate groups) of the

form [symmetric component of shape ~ log10(centroid size)+ 3 age

grouping]

R2 p-value

Scapula 0.06782 .109

Humerus (cranial) 0.03448 .196

Humerus (medial) 0.01894 .738

Humerus (caudal) 0.03442 .051

Ilium 0.11323 .001

Femur (cranial) 0.01334 .704

Femur (lateral) 0.02727 .349

Femur (caudal) 0.02137 .44

Notes: Log10 transformed centroid size was significant in all bone datasets
(see Table S3). The values in Table 2 reflect the R2 and p-values for the age
group variable in the above ANOVA model after factoring out log10
transformed centroid size. Bone mean shape was largely not different across

bone datasets regardless of age class after accounting for size, with the
exception of the ilium.
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morphological change. A similar pattern may occur in
the girdle and limb bones. However, additional research
using a single population of A. mississippiensis kept under
identical conditions would be required to test these
hypotheses.

The shape disparity structure of the girdle and proxi-
mal limb bones changed at the onset on sexual maturity
(1.8 m total length) with the scapula, humerus in cranial
and medial views, and femur in cranial and caudal views
having significantly higher disparity in adults (Table 1;
Figures 1 and 3). At the timing of the ontogenetic niche
shift, only the ilium had a significantly higher disparity
(p = .049, Table S4). Importantly, limb shape does not
differ between juveniles and adults after accounting for
centroid size, so variability increases, while mean shape
does not change (Table 2). This presents two potential
hypotheses: (a) There is an ontogenetic reduction in limb
constraints that leads to higher shape disparity in adults
than in juveniles and/or (b) there is high sexual dimor-
phism that is splitting adult males and females into dif-
ferent regions of morphospace, which increases adult
shape disparity relative to juveniles.

Terrestrial capability is reduced in larger alligators
compared with juveniles. Adults spend a large portion of
their time swimming, and alligators are known to have
decreased limb use during swimming with increasing size
(Manter, 1940; Seebacher et al., 2003). This shift to tail-
driven aquatic locomotion may relax constraints on limb
shape in adults, which is then reflected by an increase in
shape disparity (Figures 1 and 3).

This increase may alternatively be related to the use
of multiple and different environments by adult males
and females (Joanen & McNease, 1980, 1989). While
females spend summers nesting in wetlands, males only
occasionally venture into those regions, spending the
majority of their time in open, riverine environments
(Joanen & McNease, 1989). Unfortunately, only 22 of the
62 A. mississippiensis specimens in this dataset had sex
data available and therefore we were not able to incorpo-
rate sex into our analyses, a problem also noted by
Dodson (1975). Therefore, we can only speculate on the
importance of this covariate. However, if males and
females are using their limbs to traverse different envi-
ronments, they may follow different limb ontogenetic

TABLE 3 Partial least squares integration analyses between bone datasets

S HCr HM HCa I FCr FL FCa

S 0.758,
0.007,
2.47

0.793,
0.001,
3.162

0.854,
0.001,
3.843

0.757,
0.053,
1.623

0.758,
0.006,
2.73

0.824,
0.002,
3.245

0.847,
0.001,
3.71

HCr 0.758,
0.012,
2.516

0.918,
0.001,
4.744

0.923,
0.001,
4.97

0.79,
0.009,
2.436

0.885,
0.001,
4.518

0.883,
0.001,
4.267

0.892,
0.001,
4.465

HM 0.793,
0.003,
3.06

0.918,
0.001,
4.579

0.849,
0.001,
4.331

0.77,
0.016,
2.339

0.824,
0.001,
4.103

0.887,
0.001,
4.425

0.884,
0.001,
4.538

HCa 0.854,
0.002,
4.074

0.923,
0.001,
4.94

0.849,
0.001,
4.578

0.743,
0.012,
2.356

0.845,
0.001,
4.541

0.919,
0.001,
5.067

0.894,
0.001,
4.595

I 0.757,
0.044,
1.713

0.79,
0.004,
2.591

0.77,
0.013,
2.3

0.743,
0.01,
2.405

0.821,
0.001,
3.06

0.806,
0.006,
2.66

0.847,
0.001,
3.452

FCr 0.758,
0.005,
2.828

0.885,
0.001,
4.463

0.824,
0.001,
4.181

0.845,
0.001,
4.344

0.821,
0.001,
3.098

0.891,
0.001,
4.56

0.952,
0.001,
5.146

FL 0.824,
0.004,
3.074

0.883,
0.001,
4.064

0.887,
0.001,
4.4

0.919,
0.001,
4.942

0.806,
0.006,
2.651

0.891,
0.001,
4.625

0.896,
0.001,
4.418

FCa 0.847,
0.001,
3.792

0.892,
0.001,
4.497

0.884,
0.001,
4.626

0.894,
0.001,
4.536

0.847,
0.001,
3.353

0.952,
0.001,
5.172

0.896,
0.001,
4.689

Notes: Data reported are rPLS scores, followed by p-values, followed by effect sizes in each cell. These comparisons report column by row comparisons rather
than row by column comparisons. Within-forelimb cells are shaded orange, within-hindlimb cells are shaded green, and between-limb cells are shaded blue.

Significant differences are bolded. S, scapula; HCr, humerus (cranial view); HM, humerus (medial view); HCa, humerus (caudal view); I, ilium; FCr, femur
(cranial view); FL, femur (lateral view); and FCa, femur (caudal view).
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shape trajectories, which would cause an increase in
adult limb shape disparity compared with juveniles and
subadults. It is noteworthy that males and females have
somewhat different diets, largely reflective of their differ-
ent habitats (Delany & Abercrombie, 1986). However,
Erickson et al. (2003) did not find differences in bite force
among males and females at a given size, and while A.
mississippiensis is known to have significant sexual size
dimorphism, sexual shape dimorphism is a very minor
component of total shape variation (Bonnan et al., 2008;
Dodson, 1975). Given the lack of separation in
morphospace for specimens of known sex (Figures 1 and
3), we did not find support for this hypothesis with our
low sample size. However, future work will need to be
completed with A. mississippiensis specimens of known
sex to better tease apart the underlying causes for the
ontogenetic increase in shape disparity.

This study demonstrated high levels of integration
within the forelimb, within the hindlimb, and between
limbs. As a result, these data did not demonstrate a clear
pattern of significant differences in the magnitudes of
integration between the forelimbs and hindlimbs, or
between the within-limb integration and between-limb
integration (Tables 3 and S5). Furthermore, we found no
significant changes in magnitudes of integration at either
the onset of the ontogenetic habitat shift or at sexual
maturity (Table S5). Dodson (1975) previously found that
hindlimb linear metrics suggested that the hindlimbs of
A. mississippiensis were more integrated than the fore-
limbs. Our results suggest that both limbs act as a single
unit throughout ontogeny, which is supported by linear
morphometrics finding that limb length is isometric with
respect to body size in A. mississippiensis (Livingston
et al., 2009). Although the hindlimbs provide the primary
propulsive force for the alligator, the forelimbs also pro-
vide a secondary propulsive force, serving to counteract
tail drag during terrestrial locomotion (Willey
et al., 2004). The need to work against tail drag likely led
to the high integration of the proximal limbs and girdles.
Although integration was high across all bones exam-
ined, we did not look at the more distal limb bones,
which might demonstrate a different story, potentially
more in line with Dodson (1975).

Importantly, our data are 2D representations of 3D
structures. Furthermore, bones such as the scapula and
ilium are flatter and show a lesser degree of 3D complex-
ity than the long bones examined. We aimed to account
for this issue by examining the humerus and femur in
multiple views. While some workers have found 2D and
3D geometric morphometrics to lead to the same results,
especially in relatively flat structures such as fish
(McWhinnie & Parsons, 2019; Wasiljew, Pfaender,
Wipfler, Utama, & Herder, 2020) or mammal mandibles

(Cardini, 2014), this is not necessarily the case in struc-
tures that have higher 3D complexity (Buser,
Sidlauskas, & Summers, 2018; Cardini, 2014; Cardini &
Chiapelli, 2020; Hedrick, Antalek-Schrag, Conith,
Natanson, & Brennan, 2019). Therefore, the choice of
using 2D or 3D geometric morphometrics can be based
on the data that are being analyzed. In our data, while
the trends were largely consistent across all views for the
humerus and femur respectively, they were not always
consistent. For example, while adults had nearly twice
the shape disparity of nonadults for the humerus in cra-
nial and medial view, disparity was equal for adults and
nonadults for the humerus in caudal view. This stresses
the importance of either employing 3D geometric mor-
phometrics or using multiple views in 2D geometric
morphometrics to fully characterize shape trends.

In addition to being an interesting animal that acts as
a keystone species throughout its range, A.
mississippiensis is of particular importance to paleobiolo-
gists in North America who study extinct reptiles given
that it is often considered a “living fossil” and that it is an
easily accessible example of one of the two outgroups to
dinosaurs and other extinct archosaurs (see
Dodson, 2003). As such, it is often used as a model sys-
tem with studies of extant A. mississippiensis morphology,
behavior, and ecology being commonly used to interpret
those aspects of biology in extinct taxa. For example, Far-
low et al. (2005) examined the relationship between
femur morphometrics and body size in A. mississippiensis
to develop equations for estimating the size of extinct
mesoeucrocodylians. As such, the results in this article
related to ontogenetic limb shape change, disparity, and
integration structure may also be applicable to extinct
taxa. Other extant crocodilian species also vary in their
terrestrial capabilities with taxa such as Crocodylus pal-
ustris being more terrestrial (Alcala & Dy-Liacco, 1989)
and others such as Crocodylus acutus using open water
only to get to breeding areas, preferring mangrove
swamps (Kushlan & Mazzotti, 1989). Future work on
limb shape of additional extant taxa and related extinct
taxa, as has been done for crania (e.g., Pierce,
Angielczyk, & Rayfield, 2008, 2009), will help to elucidate
the generalizability of our results.

5 | CONCLUSIONS

Alligator mississippiensis begins to undergo an ontoge-
netic niche shift in habitat at 1.2 m total length and
reaches sexual maturity at 1.8 m total length. Although
ontogenetic niche shifts may be associated with a shift in
morphology, we found a continual gradation of limb
shape with increasing size, not punctuated at the timing
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of the niche shift or at sexual maturity. Furthermore, size
accounts for a large amount of limb shape variation in A.
mississippiensis. Adult alligators have significantly higher
shape disparity than juveniles and subadults, which may
be related to either an ontogenetic decrease in limb con-
straints due to a reduction in terrestriality or sexual shape
dimorphism that is only present in adults. More work
will need to be done with a sexed dataset, but given the
limited evidence for sexual shape dimorphism in croco-
dilians (e.g., Bonnan et al., 2008), we consider an ontoge-
netic reduction in constraints to be more likely. Finally,
the shapes of alligator limb girdles and proximal limb
bones were found to be significantly integrated, with all
four bones likely acting as a single functional unit with
limited evolvability. Future work that incorporates the
distal limb elements will further elucidate this trend.
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