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Both extinct and extant crocodilians have repeatedly diversified in skull shape along a continuum, from narrow-
snouted to broad-snouted phenotypes. These patterns occur with striking regularity, although it is currently
unknown whether these trends also apply to microevolutionary divergence during population differentiation or
the early stages of speciation. Assessing patterns of intraspecific variation within a single taxon can potentially
provide insight into the processes of macroevolutionary differentiation. For example, high levels of intraspecific
variation along a narrow-broad axis would be consistent with the view that cranial shapes can show predictable
patterns of differentiation on relatively short timescales, and potentially scale up to explain broader
macroevolutionary patterns. In the present study, we use geometric morphometric methods to characterize
intraspecific cranial shape variation among groups within a single, widely distributed clade, Caiman crocodilus.
We show that C. crocodilus skulls vary along a narrow/broad-snouted continuum, with different subspecies
strongly clustered at distinct ends of the continuum. We quantitatively compare these microevolutionary trends
with patterns of diversity at macroevolutionary scales (among all extant crocodilians). We find that morphological
differences among the subspecies of C. crocodilus parallel the patterns of morphological differentiation across
extant crocodilians, with the primary axes of morphological diversity being highly correlated across the two
scales. We find intraspecific cranial shape variation within C. crocodilus to span variation characterized by more
than half of living species. We show the main axis of intraspecific phenotypic variation to align with the principal
direction of macroevolutionary diversification in crocodilian cranial shape, suggesting that mechanisms of
microevolutionary divergence within species may also explain broader patterns of diversification at higher
taxonomic levels. © 2015 The Linnean Society of London, Biological Journal of the Linnean Society, 2015, 116,
834-846.

ADDITIONAL KEYWORDS: adaptive radiation — Caiman crocodilus — geometric ~morphometrics —
intraspecific variation — skull shape.

INTRODUCTION 2006; Saxer, Doebeli & Travisano, 2010; Monnet, De
Baets & Klug, 2011), as reviewed previously (Smith
& Skulason, 1996; Schluter, 2000a; Glor, 2010;
Elmer & Meyer, 2011). Explaining why such pat-
terns of diversification persistently arise at the
macroevolutionary scale remains a central challenge
*Corresponding author. E-mail: kenichi.okamoto@yale.edu of evolutionary biology. Clarifying the mechanisms

Adaptive diversification within many crown groups
exhibits repeated diversification of one or a few key
traits (Riber, Verheyen & Meyer, 1999; Moczek,
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giving rise to these patterns requires an understand-
ing of how processes driving microevolutionary diver-
gence (changes within and among populations) can
also generate macroevolutionary differentiation
(Darwin, 1859; Dobzhansky, 1937; Simpson, 1944;
Stanley, 1979; Gould, 2002). Linking patterns of
diversification at these different scales requires test-
ing parallelism with respect to (1) patterns of pheno-
typic diversification within species or during the
early stages of speciation and (2) patterns of pheno-
typic diversification among broader groups of dis-
tantly-related species. If microevolutionary patterns
of trait variation parallel macroevolutionary patterns
of diversification, this suggests processes responsible
for microevolutionary change over relatively short
timescales may also generate broad patterns over
longer timescales.

Crocodyliforms, including both extant and extinct
lineages, exhibit consistent patterns of cranial shape
diversity (Brochu, 2001; Pierce, Angielczyk & Ray-
field, 2008; Piras et al., 2009; Pearcy & Wijtten,
2011). For example, extant crocodilians include both
brevirostrine, broad-snouted forms (e.g. Caiman
latirostris) and longirostrine, narrow-snouted species
(e.g. Gavialis gangeticus). Some of the more dramatic
differences in cranial shape are found among differ-
ent families, although even the single genus
Crocodylus includes both narrow- and broad-snouted
forms apparently evolving multiple times in different
geographical regions (e.g. narrow-snouted species
such as Crocodylus johnsoni in northern Australia
and broad-snouted species such as Crocodylus more-
letti in the Neotropics and Crocodylus palustris in
south Asia; Oaks, 2011). Fossil crocodyliforms exhibit
similar trends in cranial shape diversity. For exam-
ple, deposits from the Middle Eocene across the
Northern Hemisphere contain several species from
distinct, geographically widespread groups (including
planocraniid, tomistomine, gavialoid, and alligatorine
specimens) whose crania range from short- to long-
snouted morphs (Brochu, 2001). Although the fossil
record from the Neogene in continents in the South-
ern Hemisphere (South America, Australia, and
Africa) consists largely of endemic clades, cranial
morphological diversity among crocodilians is still
conspicuous in those regions as well (Brochu, 2003;
Scheyer et al., 2013). Despite differences in endemic-
ity, the major morphological forms are represented
in crocodyliforms from all three continents. Indeed,
consistent diversification in cranial shapes appears
to have occurred quite frequently. For example, after
the Eocene, cranial shapes characterized by narrow
snouts may have evolved independently on at least
four occasions (Brochu, 1997).

Although the mechanisms underlying patterns of
cranial shape diversity across crocodilians remain an

active area of research (Sadleir & Makovicky, 2008; in
addition to the studies noted above), patterns of cra-
nial shape diversity within species are much less
well-understood (Ayarzagiiena, 1984; Hall & Portier,
1994). Clarifying the nature and extent of intraspeci-
fic variation in cranial morphology can be important
for interpreting patterns of variation at higher taxo-
nomic levels (Darwin, 1859; Schluter, 1996; Arnold,
Pfrender & Jones, 2001; Calsbeek, Smith & Bardele-
ben, 2007). For example, the processes generating
diversity across crocodilians may require macroevolu-
tionary timescales to generate prevailing patterns of
morphological diversity (Gingerich, 2001; Uyeda
et al., 2011). Alternatively, such diversity could have
largely evolved within species over relatively shorter,
microevolutionary timescales during population dif-
ferentiation, with additional morphological diver-
gence occuring over macroevolutionary timescales
further accentuating phenotypic differences (Kinnison
& Hendry, 2001). A comparative analysis of morpho-
logical variation within and between species of a lin-
eage provides a way to determine whether major
morphological diversification can occur on microevolu-
tionary time scales. If intraspecific patterns of diver-
sity parallel variation found between species or
genera, this suggests that the same processes might
be responsible for patterns of diversity at both scales,
with macroevolutionary patterns reflecting an ampli-
fication of microevolutionary trends.

In the present study, we seek to clarify patterns of
intraspecific variation in cranial morphology in an
extant, widely distributed and abundant Neotropical
species, the common caiman Caiman crocodilus. Geo-
metric morphometrics (Bookstein, 1997) provides a
systematic, robust, and quantitative framework for
characterizing morphological diversity in crocodyli-
form cranial shapes (Busbey, 1997; Pierce et al.,
2008; Piras et al., 2009; Pearcy & Wijtten, 2011). We
apply this framework to assess cranial shape varia-
tion within the C. crocodilus/Caiman yacare complex,
and compare intraspecific cranial shape diversity
with interspecific cranial shape diversity among
extant crocodilians. We discuss factors that may
explain observed patterns of intraspecific variation,
and evaluate the implications of observed patterns of
intraspecific cranial shape variation within the con-
text of cranial shape diversity across the Crocodylia
more broadly.

MATERIAL AND METHODS
SPECIMENS

We examined cranial shape variation within the
C. crocodilus/C. yacare complex because of their
widespread geographical distribution across Central
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and South America, apparent recent and ongoing
diversification (two possible species, with four
described subspecies), and availability of museum
specimens (King & Burke, 1989; Busack & Pandya,
2001; Venegas-Anaya et al., 2008). Although
C. crocodilus and C. yacare are often regarded as sep-
arate species (Ross, 1998; Busack & Pandya, 2001),
there may be some degree of introgression between
the two groups. Using both mitochondrial and nuclear
genes, Hrbek et al. (2008) found considerable haplo-
typic diversity within C. crocodilus, with the
C. yacare haplotypes in their analysis nested within
common C. crocodilus haplotypes. We therefore con-
ducted our analysis for the C. crocodilus/C. yacare
taxonomic complex. Performing analyses with only
the four subspecies of C. crocodilus (i.e. excluding
C. yacare) produces extremely similar results, as
reported here, and does not affect any of our conclu-
sions (see Supporting information, Data S1).

We examined 62 Caiman crocodilus and 31 Cai-
man yacare specimens, spanning the latitudinal
range of the taxa (see Supporting information, Data
S2). We only examined adult and subadult individu-
als because earlier work indicated that Caiman skull
shape exhibits ontogenetic variation that could con-
found our analysis (Monteiro & Soares, 1997). Our
analyses were therefore restricted to skulls with a
total cranial length > 15 cm, a size that excluded
skulls from hatchlings and very young juveniles
(mean + SD = 24.4 + 4.4 cm, maximum cranial
length = 34.2 cm). We further restricted our investi-
gation to specimens collected from the wild (excluded
those from captive settings) within the native range
of the species. For C. crocodilus, we examined 47
specimens from museum collections and 15 speci-
mens based on illustrations of the dorsal view of the
cranium in Medem (1983), including all four putative
subspecies (Caiman crocodilus apaporiensis, N = 16;
Caiman crocodilus chiapasius, N = 3; Caiman croco-
dilus crocodilus, N = 27; and Caiman crocodilus fus-
cus, N =16). The illustrations in Medem (1983)
include information on the distance from the poste-
rior tip of the supraoccipital to the anterior tip of the
premaxillae contact for each specimen, permitting us
to accurately scale the depictions. Specimens were
classified into distinct subspecies based on accompa-
nying specimen records. Although knowledge of the
geographic ranges of most subspecies and major
clades within C. crocodilus is becoming increasingly
better characterized through molecular studies
(Venegas-Anaya et al., 2008), the cranial specimens
used in the present study could only be assigned to
different groups with near certainty if further molec-
ular analyses on the specimens were to be performed.
All C. yacare specimens examined were housed in
museum collections.

M ORPHOMETRICS

Snout shape for each specimen was characterized
using geometric morphometrics, which seeks to
provide a robust characterization of the geometric
association between anatomical points (landmarks)
(Rohlf & Marcus, 1993). We base our analysis on
morphometric landmarks on the dorsal crania
(Fig. 1) established in Pearcy & Wijtten (2011);
these landmarks quantify and characterize snout
shape variation across extant crocodilian species,
and reliably distinguish between the brevirostrine,
broad-snouted, and longirostrine, narrow-snouted,
groups at higher taxonomic levels (Pearcy & Wijt-
ten, 2011). However, we omitted two landmarks
whose definitions rely on anatomical structures fur-
ther removed from the homologous locus; in particu-
lar, the centres of the left and right orbits
(landmarks 8 and 9; Pearcy & Wijtten, 2011). To
avoid inflating the degrees of freedom, we used only
a single set of the bilaterally symmetric landmarks
in Pearcy & Wijtten (2011) for our analyses. The
crania were photographed in the dorsal aspect with
the sagittal plane aligning as perpendicularly as
possible to a fixed camera’s lens, and no noteworthy
distortions were discerned across images. All land-
marks were digitized using TPSDIG, version 2
(Rohlf, 2005).

Figure 1. Landmarks used in the analysis, adapted from
Pearcy & Wijtten (2011). (1) Anterior tip of the premaxil-
lae contact. (2) Left side of the minimum width immedi-
ately posterior to the premaxilla-maxilla contact and
anterior to the maximum preorbital width. (3) Left side of
the maximum preorbital width posterior to the premax-
illa-maxilla contact. (4) Left side of the minimum preor-
bital width posterior to the maximum preorbital width.
(5) Left side of the skull at the posterior point of the orbi-
tal bar. (6) Midline of the width of the skull measured at
the posterior point of the postorbital bar. (7) Left side of
the maximum width of the quadratojugal bone. (8) Poste-
rior tip of the supraoccipital.
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STATISTICAL ANALYSIS

The digitized landmarks were rotated, translated
and scaled to standardize the coordinates using a
generalized Procrustes analysis (GPA) in the geo-
morph and shapes packages in R (Dryden, 2012;
Adams & Otarola-Castillo, 2013), thereby removing
the effects of location, scale, and orientation from the
raw landmark data. We used principal components
(PC) derived from the standardized landmarks (i.e.
relative warps) to quantify cranial shape variation
among specimens.

Our basic approach to analyzing patterns of shape
variation within the C. crocodilus/C. yacare complex
was as follows. First, we characterized the contribu-
tions of different biological factors (allometry, taxo-
nomic group within the C. crocodilus/C. yacare
complex) to variation in the shape variables (relative
warps). Second, we identified the primary morpholog-
ical gradient of shape differences, controlling for allo-
metric variation, within this complex, and projected
individual specimens along this gradient. To facilitate
interpretation of the morphological gradient, the
underlying landmark coordinates were regressed
against the projected scores, and the resulting pre-
dicted landmark coordinates were visualized using
thin-plate splines. Third, we performed an analogous
analysis on a dataset describing interspecific cranial
shape variation, and projected allometrically-cor-
rected average cranial shapes for the different sub-
species in the C. crocodilus/C. yacare complex along
the interspecifically-derived gradient of morphologi-
cal variation. Finally, we tested whether the inter-
specific morphological gradient and the intraspecific
morphological gradients parallel each other. Below,
we describe this analysis in further detail.

Morphological differences among the five taxo-
nomic groups were assessed by conducting a multi-
variate analysis of covariance (MANCOVA) and
visualizing morphological differences using thin-plate
spline transformation grids. For purposes of visual-
ization, the landmarks with bilaterally symmetric
counterparts were reflected about the sagittal plane
in our thin-plate spline transformation grids.

The MANCOVA involved regressing all relative
warps on the explanatory variables of taxonomic
group, skull size, and their interaction. The statistical
significance of each MANCOVA term was determined
using an F-test based on Wilks’s A. We quantified the
relative importance of model terms using Wilks’s
partial #? (Langerhans & DeWitt, 2004).

Terms for sex and approximate life stage were also
evaluated. However, controlling for the effects of
allometry, we found the effects of these factors on
shape to be nonsignificant (see Supporting informa-
tion, Data S3) and therefore removed them from the

final analyses. Consequently, our analyses at the
microevolutionary scale are based on MANCOVAs
describing how the geometric shape variables varied
according to size and taxonomic grouping. This allows
us to assess the significance, relative magnitude, and
nature of morphological differences among taxonomic
groups at the same time as controlling for allometry:

Relative warps = Constant + Skull Size
+ Taxonomic group + Skull Size
x Taxonomic group + Error

The effects of skull size on cranial shape represent
a reasonable measure of allometry because skull size
is closely correlated with total body size in crocodil-
ians (Webb & Messel, 1978; Hall & Portier, 1994;
Verdade, 1999; Wu et al., 2006; Platt et al., 2009).
We used the centroid size of the specimens (i.e. the
square root of the sum of squared distances between
landmarks and their centroid: the point defined by
the dimension-wise means of the landmark’s coordi-
nates; Bookstein, 1997) to measure skull size. Cen-
troid size was highly correlated with cranial length
in our data-set (r=0.99). We used analysis of
variance to examine centroid size differences among
taxonomic groups, and found no differences across
taxa with considerable overlap in centroid size
among all five taxonomic groups.

The allometric trend across taxonomic groups was
visualized by regressing the shape variables (relative
warps) on centroid size, and plotting the resulting
shape scores against size (Drake & Klingenberg,
2008). The shape scores were calculated by projecting
the shape variables (i.e. relative warps) onto a vector
describing the linear effects of centroid size on each
shape variable (Drake & Klingenberg, 2008). The
landmark coordinates were then regressed against
these shape scores and the predicted landmark coor-
dinates of the largest and smallest individuals were
visualized with thin-plate-spline deformation grids to
illustrate how allometric trends affect skull shape.

Skull shape variation across taxa, independent of
allometry, was evaluated by calculating morphologi-
cal divergence vectors associated with the taxonomic
group term of the model, following Langerhans &
Makowicz (2009). The divergence vectors character-
ize the linear effect of the taxonomic group term of
the MANCOVA on the multivariate shape variables
(i.e. relative warps), controlling for the effects of cra-
nial size (i.e. allometry: Langerhans, 2009; Langer-
hans & Makowicz, 2009; Franssen, 2011; Firmat
et al., 2012; Franssen, Stewart & Schaefer, 2013). As
in Langerhans (2009), we used a broken-stick model
(MacArthur, 1957; Frontier, 1976; Jackson, 1993;
Legendre & Legendre, 1998) to identify which
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divergence vectors accounted for a statistically signif-
icant share of the variation in cranial shape.

Differences in cranial shape among taxonomic
groups were visualized using thin-plate spline
regression of the major divergence vectors calculated
from the MANCOVA. We used the key divergence
vectors, which explained more variation than under
the broken-stick tests for our visualizations. Individ-
uals were projected onto the divergence vectors, and
linear models were fit for predicting the landmark
coordinates for each individual from their divergence
vector score. The predicted landmark coordinates
were then reflected about the saggital plane and
mapped along with deformation grids relative to the
mean predicted shape. Visualization of divergence
vectors illustrated the major axes of phenotypic vari-
ation controlling for allometry among the closely-
related taxonomic groups, with the goal of illustrat-
ing patterns of early cranial differentiation.

Finally, although highly detailed geographical data
were generally unavailable, all C. crocodilus speci-
mens were identifiable to the first level administrative
districts (e.g. provinces and states) of the countries in
which they were collected. The distribution of cranial
shapes within C. crocodilus along the major diver-
gence vectors among these geographical regions is
shown in the Supporting information (Fig. S1).

COMPARING INTRASPECIFIC WITH INTERSPECIFIC
VARIATION

To compare microevolutionary patterns of cranial
divergence among groups within the C. crocodilus/
C. yacare complex with the macroevolutionary pat-
terns of cranial divergence among crocodilians, we
extracted mean Procrustes-transformed landmark
data for 21 extant crocodilian species (all species
except C. crocodilus and C. yacare) from Pearcy &
Wijtten (2011) and examined patterns of cranial
diversification at this taxonomic scale.

To examine major axes of cranial shape variation
among species at the same time as controlling for
allometry, we required estimates of mean cranial
size for all extant crocodilian species. Although
Pearcy & Wijtten (2011) do not specify the cranial
sizes of their specimens, they do provide estimates of
the relative mean cranial size for each species.
Although it is unclear whether these relative sizes
derive from the mean centroid sizes or another mea-
sure of cranial size, the relative mean cranial sizes
illustrated in Pearcy & Wijtten (2011) presumably
provide a reasonable estimate of each species’ mean
cranial size. Thus, we reconstructed relative cranial
length from the depiction of mean relative
cranial size in Pearcy & Wijtten (2011). We then
rescaled the Procrustes-transformed mean landmark

coordinates for each species by setting the Euclidean
distance from the anterior tip of the premaxillae con-
tact (landmark 1) to the posterior tip of the supraoc-
cipital (landmark 13) equal to the relative cranial
length for each species. The relative positions of the
landmarks to each other remain unaffected by this
rescaling. Centroid size for each species’ average cra-
nial shape was then calculated based on the rescaled
landmarks.

To compare major axes of cranial shape variation
across intraspecific and interspecific scales, we first
characterized cranial shape for each data point using
common units across these two taxonomic scales. We
conducted a GPA to obtain all relative warps from
the pooled dataset of 21 mean landmark coordinates
from the interspecific data and landmark coordinates
from 93 specimens in the C. crocodilus/C. yacare
complex. These relative warps were retained as
shape variables in the separate intra- and interspeci-
fic analyses described below,providing a one-to-one
correspondence between the shape variables and the
landmark coordinates for the specimens. Because our
relative warps simply provide geometric shape vari-
ables in common units across the two taxonomic
datasets with appropriate degrees of freedom as a
result of GPA, and the divergence vectors are
derived independently for the inter- and intraspecific
datasets (see below), differences in the relative num-
ber of data points for each taxonomic scale do not
bias the subsequent analyses. We conducted a multi-
variate regression of relative warps on centroid size
separately for each taxonomic scale (interspecific and
intraspecific), and retained the residual shape vari-
ables (i.e. relative warp scores) that constitute a
‘size-free’ estimate of cranial shape for each species/
taxonomic group. For the intraspecific dataset, we
then calculated the mean residual ‘size-free’ relative
warp score for each subspecies in the the
C. crocodilus/C. yacare complex. Our resulting resid-
uals represent the average cranial shape for each
species/taxonomic group, controlling for the effects of
cranial size. We then conducted a PCA of the mean
residuals separately for the interspecific and
intraspecific taxa to derive the main vectors of
morphological divergence for both groups. For the
interspecific dataset, the first and second PCs (see
Supporting information Fig. S2) explained a higher
proportion of cranial morphological diversity than
expected under a broken-stick model. For the intras-
pecifc groups, only the first PC explained more cra-
nial morphological variation than the broken-stick
model. Because only the first PC explained a
statistically significant share of shape differences
across both datasets, we used the first PC to char-
acterize the principal axis Z.c of morphological
variability at the interspecific level (accounting for
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approximately 53% of shape variance) and the
intraspecific level (Zniero; accounting for approxi-
mately 83% of shape variance). Although this proce-
dure for deriving the intraspecific axis of variation
differs slightly from the approach described above
using MANCOVAs, this method was performed to
render the analyses of intraspecific data comparable
to the analyses of the interspecific data. Neverthe-
less, the resulting ‘size-free’ intraspecific axes of
divergence from the two analyses were extremely
similar (for group means, r> = 0.99), indicating that
both approaches capture the same gradient in
intraspecific variation.

To examine the similarity among the primary axis
of phenotypic variability within species (microevolu-
tionary variation) and among species (macroevolution-
ary variation), we calculated the angle between Z, ,cro
and Z i, (Klingenberg C, 1996). When the angle
between two vectors equals 90°, there is no vector cor-
relation between intra- and interspecific vectors. By
contrast, a significantly smaller angle between Z ,.cro
and Z ,iero indicates parallelism between the two vec-
tors and a significant correlation between patterns of
morphological variation at micro- and macroevolution-
ary scales. We performed bootstrap tests to evaluate
whether the angles between Z ..o and Zpic, Were
significantly < 90°, where, for each of 10 000 itera-
tions, we resampled (with replacement) the residual
size-corrected shape data (i.e. the residual relative
warps) for each data-set, calculated Z, ,cro and Zicro
based on the resampled residuals, and then recalcu-
lated the angle between the two vectors. We note that
this bootstrapping exercise allows us to account for
uncertainty in the resulting divergence vectors for
purposes of comparing the vectors at different taxo-
nomic scales. The upper 5.0 percentile of these boot-
strapped angles describes the one-tailed upper 95%
confidence limit for the angle between Z, .., and
Zmicro- If this upper confidence limit falls below 90°,
the null hypothesis of no vector correlation between
intra- and interspecific size-corrected vectors of diver-
gence is rejected (Langerhans, 2009).

To visualize shape variation along the major axis
of interspecific morphological divergence, we pro-
jected average cranial shapes of each species/taxo-
nomic group onto Zpacro, depicting cranial shape
variation for both intraspecific and interspecific data-
sets along a common axis using thin-plate spline
transformation grids.

RESULTS
INTRASPECIFIC SHAPE VARIATION

Cranial shape in the C. crocodilus/C. yacare complex
exhibited allometric variation, differences among

taxonomic groups, and evidence for heterogeneity in
multivariate allometry among taxonomic groups
(Figs 2 and 3; Table 1). Visualization of allometric
trends indicated that increasing centroid size was
associated with a more narrow maxilla (landmarks 2—
7) and increased protrusion of the nasal tip (land-
mark 1) in all groups within the C. crocodilus/
C. yacare complex. Heterogeneity of allometry
appeared to derive from a slightly steeper slope in
C. crocodilus crocodilus compared to C. yacare and
C. crocodilus apaporiensis. Nevertheless, we can
examine shape variation across taxonomic groups
controlling for differences in allometry for several
reasons. First, the basic allometric trend within
groups towards a narrowing of the snout with larger
centroid size differs comparatively little across groups
(i.e. the magnitude of the differences among
intercepts is greater than the differences among
slopes) (Fig. 2). Indeed, the multivariate effect size of
heterogeneity of allometry was smaller than the
main effects (Table 1). Finally, the nature of shape
variation that characterized overall differences
between taxonomic groups (divergence vectors
derived from the taxonomic group term) was
unchanged if the interaction term was removed from
the model (» = 1), and the relative shape differences
estimated between taxonomic groups were identical
(same rank order), regardless of whether the interac-
tion term was included or excluded from the model.
Altogether, the minor heterogeneity in allometry had
little influence on the interpretation of shape
variation among taxonomic groups. For clarity, we
only present results where the interaction term
(centroid size x taxonomic group) was included in
the analysis.

Of the four divergence vectors derived from the
taxonomic group term of the MANCOVA, only the
first divergence vector explained a larger proportion
(93% of the predicted between-group variance) of

Table 1. Results of multivariate analyses of covariances
(MANCOVA) assessing the effects of explanatory vari-
ables for cranial shape variation in the Caiman crocodi-
lus/Caiman yacare complex

Explanatory term F d.f. P n? (%)
Centroid size (CS) 5.29 12,72 <0.0001 46.83
Taxonomic group (TG) 4.11 48,279 < 0.0001 40.24
CS x TG 1.79 48,279 0.0022 22.71

The MANCOVAs are based on fitting linear models where
shape variables (relative warps) served as response vari-
ables and taxonomic group, centroid size, and their inter-
action served as explanatory variables. Statistical
significance for the F-tests are based on Wilks’s A.
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Figure 2. Multivariate allometry of cranial shape in the Caiman crocodilus/Caiman yacare complex. For all taxonomic
groups, larger individuals tend to have a narrower rostrums than smaller individuals. The vertical axis describes the
shape scores obtained from regressing relative warp scores against taxonomic group and centroid size (for details, see
text). The predicted landmark coordinates of the largest and smallest C. crocodilus and C. yacare individuals were then
mapped along with thin-plate-spline deformation grids to illustrate the shape changes relative to the average predicted
shape. Although the underlying statistical analyses were performed using landmarks from one half of the crania, visual-
ization is facilitated using thin-plate spline grids by reflecting the landmarks with bilaterally symmetric counterparts

about the sagittal plane.

non-allometric shape variation than would be
expected under the broken-stick model. Hence, we
focus our interpretation of morphological variation
among taxonomic groups on this first divergence vec-
tor. This axis describes the linear combination of rel-
ative warps that exhibit the greatest differences
between groups, controlling for other terms in the
model.

The first divergence vector generally described
variation in the length and width of the rostrum at
the anterior end of the skull, ranging from individu-
als with a broader, blunter snout (negative diver-
gence vector scores) to those characterized by a
narrower snout (positive scores) (Fig. 3). Thus, both
the first divergence vector and the allometric

component of variation characterize a common gradi-
ent from narrow- to broad-snouted forms, indicating
a major morphological gradient in the data. Varia-
tion in the landmarks determining the width of the
maxilla (landmarks 2-7) and the protrusion of the
nasal tip (landmark 1) largely drive the first diver-
gence vector (Fig. 3). Controlling for allometry,
C. crocodilus apaporiensis exhibited a much narrower
snout, whereas C. crocodilus fuscus and C. yacare
tended to have broader snouts for a given cranial size.
Caiman crocodilus chiapasius exhibited somewhat
intermediate skull shapes, and C. crocodilus crocodi-
lus exhibited considerable variation spanning a large
range of the shape space described by the divergence
vector. Rather than representing an extreme form
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Figure 3. Cranial shape differences across taxonomic groups, controlling for the effects of allometry. The values on the
horizontal axis are the scores for the first divergence vector associated with the taxonomic group term from the multi-
variate analysis of covariance describing shape variation across taxonomic groups. Thus, the values represent the pri-
mary manner in which taxonomic groups differ in cranial shape, controlling for allometric variation. Cranial shape
differences are shown with thin-plate spline transformation grids of the predicted shape relative to the mean set of land-

marks.

within the complex, C. yacare spanned a considerable
range of shape variation along the divergence vector,
with its mean nested within the subspecies of
C. crocodilus. This finding supports our inclusion of
C. yacare within a C. crocodilus/C. yacare complex,
although all results are very similar if we exclude
C. yacare (see Supporting information, Data S1).

COMPARISON WITH INTERSPECIFIC SHAPE VARIATION

For the interspecific data, Z ..o (the first PC of the
size-corrected residual relative warp scores for the
interspecific data set) distinguished broad-snouted
taxa (e.g. C. latirostris and Melanosuchus niger)
from narrow-snouted taxa (e.g. Mecistops cataphrac-
tus and C. johnsoni) (Fig 4A), capturing cranial
shape variation ranging from short, broad and blunt

skulls (negative scores) to narrow and acute skulls
(positive scores) relative to overall skull size. Thus,
Zmacro had a strong qualitative resemblance to pat-
terns uncovered in the intraspecific analysis, with
species with narrower and acute skulls being charac-
terized by a more protruded nasal tip and a nar-
rower maxilla.

Our quantitative comparison between Z ..., and
Zmicro Showed the angle between the two axes to be
very low (41.2°), differing significantly from 90°
(Fig. 4B) (upper 95% confidence limit of 57.4°). Thus,
the direction of cranial shape variation among
crocodilians at the interspecific level is highly similar
to the gradient of variation among taxonomic groups
within the C. crocodilus/C. yacare complex. Project-
ing the average shapes for taxonomic groups
within the C. crocodilus/C. yacare complex onto the
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Figure 4. A, occupation along Z, ..o, the first principal component of the non-allometric component of the relative
warps for the interspecific dataset derived from Pearcy & Wijtten (2011) (cross marks on solid, grey line). The data
points for the mean Caiman crocodilus and Caiman yacare skulls from Pearcy & Wijtten (2011) (open square, grey line)
were projected a posteriori onto Z ..., derived from the interspecific dataset with these datapoints excluded. Average
skull shape for each taxonomic group within the C. crocodilus/C. yacare complex (black dots on dashed line) was pro-
jected onto this axis to permit the comparison of the non-allometric component of shape variation in both groups along a
common axis. Taxa: A.m, Alligator mississippiensis; A.s, Alligator sinensis; C.1, Caiman latirostris; C.c, Caiman crocodi-
lus; C.1, Caiman yacare; Cr.a, Crocodylus acutus; Ms.c, Mecistops cataphractus; Cr.i, Crocodylus intermedius; Cr.j,
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Crocodylus noveaguinea; Cr.po, Crocodylus porosus; Cr.rh, Crocodylus rhombifer; Cr.s, Crocodylus siamensis; G.g, Gavi-
alis gangeticus; M. n, Melanosuchus niger; O. t, Osteolamus tetrapsis; P. p, Paleosuchus palpebrosus; P. t, Paleosuchus
trigonatus; T.s, Tomistoma schlegii. We emphasize that the arrangement of species along the interspecific divergence
vector results from our characterization of shape differences because of removal of the effect of allometric variation. B,
bootstrapped distribution (from 10 000 iterations) of the angles between Z ,,.ro and Zicro-

interspecific divergence vector revealed that the DISCUSSION

intraspecific groups exhibit a large range of shape The results of the present study provide strong quan-
variation, spanning the average skull shapes for 11 titative support for the hypothesis that cranial shape
out of 21 other species of extant -crocodilians variation within the C. crocodilus/C. yacare complex
(Fig. 4A). (or within C. crocodilus, excluding C. yacare; see Sup-
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porting information, Data S1), controlling for allome-
try, lies along a continuum ranging from broad- to
narrow-snouted phenotypes reminiscent of the pat-
tern found across both extant and extinct crocodilian
species (Medem, 1955, 1981, 1983; Ayarzagiiena,
1984; Gorzula, 1994). We found substantial cranial
shape diversity within the C. crocodilus/C. yacare
complex, even when compared with standing patterns
of morphological variation across extant crocodilians.
The strong vector correlation between the major axes
of cranial shape diversification across micro- and
macroevolutionary scales is consistent with the
idea that the mechanisms underlying intraspecific
phenotypic divergence (differentiation within the
C. crocodilus/C. yacare complex) can potentially scale
up to explain patterns of diversification at higher tax-
onomic levels (across all extant crocodilians). This
result also shows how the primary gradient of mor-
phological differentiation between species can become
apparent over microevolutionary time scales.
Analyzing diversity in crocodilian cranial shapes
with geometric morphometrics allowed a quantitative
comparison of patterns of diversification across dif-
ferent taxonomic hierarchies (Busbey, 1997; Pierce
et al., 2008; Piras et al., 2009; Pearcy & Wijtten,
2011). Using a common set of landmarks employed
by a previous study assessing cranial shape variation
(Pearcy & Wijtten, 2011), we could directly place pat-
terns of intraspecific variation within the context of
earlier work focusing on interspecific variation. Our
geometric morphometric approach could also poten-
tially be useful in suggesting morphological criteria
for demarcating different taxonomic groups within
C. crocodilus. The first two relative warps alone cor-
rectly classify a mean of approximately 82% of leave-
one-out cross-validated C. crocodilus apaporiensis
specimens (see Supporting information, Data S4).
Following the focus of previous studies on adult
and sub-adult morphology (Pierce et al., 2008; Pearcy
& Wijtten, 2011), we excluded very young individuals
from our analysis, precluding evaluating patterns of
ontogenetic variation in C. crocodilus. However, our
finding that larger individuals exhibit a narrowing of
the skull in C. crocodilus crocodilus is consistent
with previous work including very small individuals
(Monteiro, Cavalcanti & Sommer, 1997). In a study
of ontogenetic shape-changes among Caiman species
(C. latirostris, C. yacare, and C. crocodilus), Mon-
teiro et al. (1997) showed that the pattern of ontoge-
netic shape change differs between C. latirostris
and the other Caiman species: C. yacare and
C. crocodilus exhibited some cranial elongation and
narrowing later in  development, whereas
C. latirostris exhibited a slight broadening of the ros-
trum during development. In light of the results
reported in the present study and those of Monteiro

et al. (1997), the comparison of ontogenetic cranial
shape changes between C. crocodilus populations
and subspecies, particularly those from different
ends of the continuum of snout shape differences,
represents a promising avenue for further research.

We also note that, because museum specimens are
often collected in the field, observed patterns of vari-
ation can still partially reflect developmental differ-
ences that arise from individuals living in different
environments (phenotypic plasticity). Uncovering the
relative importance of phenotypic plasticity and
genetic divergence, and their joint roles in crocodil-
ian diversification (Pfennig & Pfennig, 2010),
deserves future study. For example, subspecies
exhibiting higher levels of phenotypic plasticity can
potentially establish broader geographical ranges
(Ernande & Dieckmann, 2004) and render some sub-
species more prone to local adaptation (Kawecki &
Ebert, 2004), accentuating morphological diversifica-
tion in these groups. Comparing patterns of
intraspecific variation between widely-distributed
crocodilian species (e.g. C. crocodilus and Crocodylus
niloticus) and species more narrowly endemic to
smaller geographical regions (e.g. Crocodylus rhomb-
ifer, Alligator sinensis) may help interpret the role
that an expanded geographical range plays in gener-
ating cranial shape differences in crocodilians.

Our findings that substantial intraspecific variation
in Caiman crocodilus skulls (relative to interspecific
variation) exists and parallels interspecific patterns of
crocodilian skull shape variation may potentially
inform efforts to clarify the evolutionary dynamics of
cranial morphological diversification in crocodilians as
a whole. For example, competition for food may pro-
mote diversification in feeding morphology, whether
within populations as resource polymorphisms, across
allopatric populations or for different (potentially
incipient) species co-occurring in sympatry experienc-
ing ecological character displacement (Brown &
Wilson, 1956; Robinson & Wilson, 1994; Smith & Sku-
lason, 1996; Adams & Rohlf, 2000; Schluter, 2000b;
Wainwright, 2007; Pfennig & Pfennig, 2010). Previous
work supports the hypothesis that variation in cranial
shape influences the ability of individuals to capture
and consume different types of prey, with studies sug-
gesting that adaptive diversification in feeding and
foraging strategies largely explains macroevolution-
ary patterns of skull shape variation in crocodilians
(Busbey, 1997; Cleuren & de Vree, 2000; McHenry
et al., 2006; Pierce et al., 2008).

The fact that cranial shape varies so widely within
C. crocodilus along a continuum ranging from nar-
row- to broad-snouted morphs, even compared to
standing patterns of interspecific variation, suggests
that crocodilian cranial shape, and the rostrum in
particular, may represent a highly evolvable trait
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exhibiting high levels of expected evolutionary
responses to selection on features such as cranium
width (Houle, 1992; Hansen, Pélabon & Houle,
2011), although the extent of differentiation that a
given lineage may undergo may be subject to devel-
opmental or allometric constraints (Zelditch et al.,
2003; Smith et al., 2004). Replicated evolution of sim-
ilar skull shapes in multiple lineages and little phy-
logenetic signal for skull morphology constitute
well-established macroevolutionary patterns in
crocodilians. Moreover, the high levels of intraspeci-
fic phenotypic variation uncovered in the present
study align with the principal direction of macroevo-
lutionary diversification in crocodilian cranial shape.
Taken together, these facts suggest two key points.
First, cranial shape is likely to exhibit especially
high evolvability (with considerable variation, rela-
tive to interspecific variability, potentially evolving
rapidly within a single species). Second, there could
be especially strong selection along the narrow-broad
snouted continuum. These possibilities are not mutu-
ally exclusive, and a promising angle for future
investigation would be determining whether the pri-
mary axes of variability uncovered in the present
study align with ‘genetic lines of least resistance’
(Schluter, 1996). Such an alignment could help
explain the consistency of diversification across
micro- and macroevolutionary scales. Regardless of
its underlying causes, the results of the present
study illustrate how patterns of phenotypic differen-
tiation observable during early stages of divergence
within a species can scale up to inform broader
macroevolutionary patterns.
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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. Geographical variation along the divergence vector derived from the taxonomic group term for the

multivariate analysis of covariance.

Figure S2. The distribution of cranial shapes for extant crocodilians along the first two interspecific principal
component axes derived from the MANCOVA using only interspecific data.

Data S1. Analyses exclusive of Caiman yacare specimens.

Data S2. Catalog ID, or relevant figure from Medem (1983), and details of specimens used in the analysis.
Data S3. Statistical analyses of the effects of approximate life stage and sex.

Data S4. Discriminating Caiman crocodilus apaporiensis and Caiman yacare specimens.

© 2015 The Linnean Society of London, Biological Journal of the Linnean Society, 2015, 116, 834-846
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Supplementary Figure S1 - (GGeographic variation along the di-
vergence vector derived from the taxonomic group term for the

MANCOVA

The occupation of morphological space controlling for allometric effects in Caiman crocodilus
along the major divergence vector according to the geographic areas from which the sam-
ples were collected for (A) Caiman crocodilus crocodilus (B) Caiman crocodilus chiapasius, (C)
Caiman crocodilus fuscus and (D) Caiman crocodilus apaporiensis. For Caiman crocodilus, the
geographic area where the specimens were collected were available for the specimens included
in the analysis to the first level administrative districts (e.g., provinces and states) of the coun-
tries in which the specimens were collected. These areas and their abbreviations are: Acre,
Brazil (AB), Amazonas, Colombia (AC), Barinas, Venezuela (BaV), Bolivar, Venezuela (BV),
Bocas del Toro, Panama (BP), Boyacd, Colombia (BC). Caquetd, Colombia (QC), Casanare,
Colombia (CaC), Cauca, Colombia (CuC), Chiapas, Mexico (CMX), Chocé, Colombia (ChC),
Cojedes, Venezuela (CV), Cérdoba, Colombia (CoC), Gudrico, Venezuela (GV), Magdalena,
Colombia (MaC), Meta, Colombia (MC), Monagas, Venezuela (MV), Panama Canal Zone,
Panama (PCP), Putumayo, Colombia (PuC), Vaupés, Colombia (VaC), Vichada, Colombia
(VC) and Zulia, Venezuela (ZV).
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Supplementary Figure S2. The distribution of cranial shapes for extant crocodilians along the
first two interspecific principal component axes derived from the MANCOVA using only inter-
specific data. Only these PCs were found to explain a higher share of variance than expected
under the broken stick model. The taxa are abbreviated as A.m (Alligator mississippiensis),
A.s (Alligator sinensis), C.1 (Caiman latirostris), Cr.a (Crocodylus acutus), Ms.c (Mecistops
cataphractus), Cr.i (Crocodylus intermedius), Cr.j (Crocodylus johnsoni), Cr.mi (Crocodylus
mindorensis), Cr.mo (Crocodylus moreletii), Cr.ni (Crocodylus niloticus), Cr.no (Crocodylus
noveaguinea), Cr.po (Crocodylus porosus), Cr.rh (Crocodylus rhombifer), Cr.s (Crocodylus sia-
mensis), G.g (Gavialis gangeticus), M. n (Melanosuchus niger), O. t (Osteolamus tetrapsis),
P. p (Paleosuchus palpebrosus), P. t (Paleosuchus trigonatus), and T.s (Tomistoma schlegii).
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Supplementary Information S1 - Analyses exclusive of Caiman

yacare specimens

Analysis of intra-specific shape variation without Caiman yacare specimens

We conducted MANCOVA as described in the main text, with the exception that we excluded
all specimens of C. yacare from the analysis. We found significant allometric effects, differences
among C. crocodilus subspecies, and heterogeneous multivariate allometry among subspecies
(Table S1). The effect of centroid size variation on the regression scores s generated by project-
ing the relative warps onto a regression vector for centroid size was virtually identical to the
analysis presented in the main text, which included C. yacare (Supplementary Figure S1-a; see
the main text for methodological details). As in the analysis in the main text, specimens with
larger centroid sizes tended to have narrower maxilla (landmarks 2-7) and increased protrusion
of the nasal tip (landmark 1) across groups, with C. c. crocodilus exhibiting the largest het-
erogeneities in allometry. As in the case with C. yacare included in the analysis, these results
demonstrate that shape variation independent of allometry could be meaningfully interpreted
for the same reasons as described in the main text.

Only the first divergence vector associated with the taxonomic group term in the MAN-
COVA explained a larger proportion of variation than expected under the broken-stick model
(= 93.9%; Legendre and Legendre 1998). Thus, as in our analysis in the main text, we again
focus on the first divergence vector of the taxonomic group term to illustrate morphological
differences among groups. Figure S1-b illustrates shape variation within Caiman crocodilus,
controlling for allometry, along the first divergence vector. Again, the distribution of individual
C. crocodilus cranial shapes spanned a continuum ranging from longirostrine to broad-snouted
morphs, with C. crocodilus apaporiensis strongly clustered on the longirostrine end of the con-

tinuum and C. crocodilus fuscus clustered on the broad-snouted end (Figure S1-b).

Comparison to Interspecific shape variation

As described in the main text, we base our comparison of the major axes of cranial shape

variation between the intra-specific and inter-specific data on the residual relative warp scores
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from a multivariate regression of relative warps on centroid size separately for each taxonomic
scale (interspecific and intraspecific). The first principal component of the residual average
relative warp scores, controlling for intraspecific allometry within Caiman crocodilus, exclusive
of Caiman yacare, accounted for =~ 87% of intra-specific average shape variation, and was
the only PC to explain a higher proportion of cranial morphological diversity than expected
under a broken-stick model. As was the case with the analysis including C. yacare, we use
this axis (Zmicro:No yacare) to describe the principal axis of morphological differentiation at the
intra-specific level when C. yacare is excluded from the analyses.

Comparing between Zmicro:No yacare ad Zmacro showed the angle between the two axes to
again be very low (45.1°), and to differ significantly from 90° (Figure S1-c; 73.0° using only C.
crocodilus subspecies). These results are very similar to the results in the main text when C.
yacare was included in the analyses, and demonstrate that the nature of cranial shape variation
among crocodilians at the interspecific level is highly similar to variation among taxonomic
groups within C. crocodilus subspecies even when C. yacare is excluded from the analysis.
Projecting the average shapes for taxonomic groups within C. crocodilus but exclusive of C.
yacare onto the interspecific divergence vector revealed again that the intraspecific groups
exhibit a large range of shape variation, spanning the average skull shapes for 10 out of 21

other species of extant crocodilians (Fig. S1-d).

References
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PEARCY, A. AND WLJTTEN, Z. 2011. A morphometric analysis of crocodilian skull shapes.
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Tables

Table S1. Results of multivariate analysis of covariance (MANCOVA) assessing the effects of
explanatory variables for cranial shape variation within Caiman crocodilus, exclusive of Caiman
yacare. The MANCOVA is based on fitting linear models where shape variables (relative warps)
served as response variables and taxonomic group, centroid size and their interaction served as
explanatory variables. Statistical significance for the F' tests are based on Wilks’s A. Although
our residuals were not normally distributed when C. yacare is removed from the analyses,
permutation tests of the F' statistics associated with all three terms of the MANCOVA indicated

the observed F-statistics to be significantly larger than would be expected by chance.

Explanatory term F d.f P n?

Centroid size (CS) 6.73 12, 43 0.0034 65.25
Taxonomic group (TG) 3.12 36, 127.8 < 0.0001 46.30
CS x TG 2.49 36, 127.8 < 0.0001 40.71




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

Figures

Figure S1-a. The distribution of cranial shape as a function of centroid size in Caiman crocodilus.
Larger individuals have a more longirostrine cranial shape than smaller individuals The vertical
axis describes the shape scores obtained from regressing relative warp scores against taxonomic
group and centroid size (see text for details). The predicted landmark coordinates of the
largest and smallest C. crocodilus individuals were then mapped along with thin-plate-spline
deformation grids to illustrate the shape changes relative to the average predicted shape. In this,
as in Figures 2 and 3 of the main text, crosses represent C. crocodilus apaporiensis individuals,
filled grey circles represent C. crocodilus crocodilus individuals, asterisks represent C. crocodilus
chiapasius individuals and open circles represent C. crocodilus fuscus.

Figure S1-b. Cranial shape differentiation across taxonomic groups within C. crocodilus
controlling for the effects of allometry. Here we plot the scores for the first divergence vector
associated with the taxonomic group term from the MANCOVA describing shape variation
across taxonomic groups with data from subspecies of C. crocodilus, excluding C. yacare. The
horizontal axis represents the primary manner in which taxonomic groups differ in cranial shape,
controlling for allometric variation. Cranial shape differences are shown with thin-plate spline
transformation grids of the predicted shape relative to the mean set of landmarks.

Figure S1-c. The bootstrapped distribution (from 10,000 iterations) of the angles between
Zmacro ad Zicro:No yacare-

Figure S1-d. Occupation along Zyacro, the first PC of the non-allometric component of
the relative warps for the interspecific dataset derived from Pearcy and Wijtten (2011) (cross
marks on solid, grey line). The data point for the mean Caiman crocodilus skull from Pearcy and
Wijtten (2011) (open square, grey line) was projected a posteriori onto the axis derived from
the interspecific dataset Caiman crocodilus excluded. Average skull shape for each taxonomic
group within Caiman crocodilus, exclusive of Caiman yacare (black dots on dashed line) were
projected onto this axis to permit the comparison of the non-allometric component of shape
variation in both groups along a common axis. The abbreviations used for the inter-specific

data points are the same as Figure 4a in the main text.
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Supplementary Information S2: Catalog ID (or relevant figure from Medem
1983) and details of specimens used in analysis

Specimen ID Taxon Cranial length (cm) Sex, if Geographic origin, if known
known
FLMNH39062 Caiman crocodilus crocodilus 28.7 - Barinas, Venezuela
DGM~*300-RR  Caiman crocodilus crocodilus 22.1 - Acre, Brazil
LACM162652  Caiman crocodilus crocodilus 32.6 - Monagas, Venezuela
AMNH43291 Caiman crocodilus crocodilus 24.2 - Bolivar, Venezuela
FLMNHS80910 Caiman crocodilus crocodilus 21.7 Female Guaérico, Venezuela
FLMNHS80911  Caiman crocodilus crocodilus 20.4 Female Guarico, Venezuela
FLMNHS80916  Caiman crocodilus crocodilus 22.0 - Guarico, Venezuela
FLMNHS80924  Caiman crocodilus crocodilus 18.1 Male Guarico, Venezuela
FLMNHS80930 Caiman crocodilus crocodilus 15.9 Female Guadrico, Venezuela
FLMNHS80933  Caiman crocodilus crocodilus 20.7 Female Guaérico, Venezuela
FLMNHS80935 Caiman crocodilus crocodilus 26.6 Male Guarico, Venezuela
FLMNHS80936 Caiman crocodilus crocodilus 30.9 Male Guarico, Venezuela
FLMNHS80938  Caiman crocodilus crocodilus 20.8 - Cojedes, Venezuela
FLMNHS80949  Caiman crocodilus crocodilus 15.1 Female Gudrico, Venezuela
MedemFig20 Caiman crocodilus crocodilus 29.2 Male Boyacé, Colombia
MedemFig23 Caiman crocodilus crocodilus 28.4 Male Vichada, Colombia
MedemFig24 Caiman crocodilus crocodilus 31.2 Male Guainia, Colombia
MedemFig21 Caiman crocodilus crocodilus 25.6 Male Casanare, Colombia
MedemFig22 Caiman crocodilus crocodilus 26.1 Male Meta, Colombia
MedemFig28 Caiman crocodilus crocodilus 29.0 Male Caquetd, Colombia
MedemFig25 Caiman crocodilus crocodilus 28.1 Male Vaupés, Colombia
MedemFig29 Caiman crocodilus crocodilus 32.5 Male Putumayo, Colombia
MedemFig30 Caiman crocodilus crocodilus 27.7 Male Amazonas, Colombia
USNM134499  Caiman crocodilus apaporiensis 25.6 - Amazonas, Colombia
FMNH69832 Caiman crocodilus apaporiensis 19.9 - Amazonas, Colombia
FMNH69825 Caiman crocodilus apaporiensis 18.4 - Amazonas, Colombia
FMNHG69831 Caiman crocodilus apaporiensis 32.0 - Amazonas, Colombia
FMNHG69821 Caiman crocodilus apaporiensis 28.9 - Amazonas, Colombia
FMNH69820 Caiman crocodilus apaporiensis 24.6 - Amazonas, Colombia
FMNH69814 Caiman crocodilus apaporiensis — 24.5 - Amazonas, Colombia
FMNH69828 Caiman crocodilus apaporiensis  25.5 - Amazonas, Colombia
FMNHG69812 Caiman crocodilus apaporiensis 33.2 - Amazonas, Colombia
FMNHG69816 Caiman crocodilus apaporiensis 24.0 - Amazonas, Colombia
FMNH69813 Caiman crocodilus apaporiensis 28.9 - Amazonas, Colombia
FMNH69826 Caiman crocodilus apaporiensis 27.5 - Amazonas, Colombia
FMNH69830 Caiman crocodilus apaporiensis — 30.2 - Amazonas, Colombia
FMNH69824 Caiman crocodilus apaporiensis 19.9 - Amazonas, Colombia
MedemFig27 Caiman crocodilus apaporiensis 23.5 Female Meta, Colombia
MedemFig26 Caiman crocodilus apaporiensis 29.0 Male Vaupés, Colombia
SMF43953 Caiman crocodilus apaporiensis 22.2 Female Amazonas, Colombia
USNM115336  Caiman crocodilus chiapasius 21.9 - Chiapas, Mexico
USNM115334  Caiman crocodilus chiapasius 29.5 - Chiapas, Mexico

*Divisao de Geologia e Minerologia, Brazil



Specimen 1D Taxon Cranial length (cm)  Sex, if Geographic origin, if known
known
USNM115335 Caiman crocodilus chiapasius 21.7 - Chiapas, Mexico
MedemFigl8 Caiman crocodilus fuscus 19.4 Male Chocé, Colombia
MedemFigl9 Caiman crocodilus fuscus 19.3 Male Cauca, Colombia
FLMNHS80942 Caiman crocodilus fuscus 17.3 Female Zulia, Venezuela
FMNH69862 Caiman crocodilus fuscus 22.6 - Magdalena, Colombia
FMNH69844 Caiman crocodilus fuscus 19.2 - Magdalena, Colombia
FMNH69842 Caiman crocodilus fuscus 22.4 - Magdalena, Colombia
FMNH69852 Caiman crocodilus fuscus 22.5 - Magdalena, Colombia
FMNH69858 Caiman crocodilus fuscus 19.8 - Magdalena, Colombia
FMNH69849 Caiman crocodilus fuscus 22.8 - Magdalena, Colombia
USNM65841 Caiman crocodilus fuscus 28.3 - Panama Canal Zone, Panama
USNM65843 Caiman crocodilus fuscus 28.0 - Panama Canal Zone, Panama
USNM102718 Caiman crocodilus fuscus 26.2 - Panama Canal Zone, Panama
USNM313860 Caiman crocodilus fuscus 23.9 - Bocas del Toro, Panama
USNM313866 Caiman crocodilus fuscus 22.5 - Panama Canal Zone, Panama
MedemFiglh Caiman crocodilus fuscus 28.1 Male Cérdoba, Colombia
MedemFigl7 Caiman crocodilus fuscus 18.7 Female Cérdoba, Colombia
AMNH120028 Caiman yacare 22.1 - -
FLMNH121249  Caiman yacare 34.5 - Alto Paraguay, Paraguay
FLMNH121263 Caiman yacare 28.5 - Alto Paraguay, Paraguay
USNM281806 Caiman yacare 31.0 - Beni, Bolivia
USNM281808 Caiman yacare 32.5 - Beni, Bolivia
USNM281810 Caiman yacare 31.1 - Beni, Bolivia
USNM281811 Caiman yacare 23.2 - Beni, Bolivia
USNM281814 Caiman yacare 24.5 - Beni, Bolivia
USNM281816 Caiman yacare 19.5 - Beni, Bolivia
USNM281821 Caiman yacare 29.8 - Beni, Bolivia
USNM281824 Caiman yacare 23.0 - Beni, Bolivia
USNM281829 Caiman yacare 28.8 - Beni, Bolivia
USNM281830 Caiman yacare 21.9 - Beni, Bolivia
USNM281834 Caiman yacare 29.6 - Beni, Bolivia
USNM281835 Caiman yacare 31.9 - Beni, Bolivia
USNM281836 Caiman yacare 26.9 - Beni, Bolivia
USNM281837 Caiman yacare 31.3 - Beni, Bolivia
USNM281839 Caiman yacare 31.0 - Beni, Bolivia
USNM281840 Caiman yacare 28.7 - Beni, Bolivia
USNM281846 Caiman yacare 23.2 - Beni, Bolivia
USNM281848 Caiman yacare 33.4 - Beni, Bolivia
AMNH97299 Caiman yacare 19.5 - Beni, Bolivia
AMNH97300 Caiman yacare 33.3 - Beni, Bolivia
AMNH97303 Caiman yacare 19.7 - Beni, Bolivia
AMNH97309 Caiman yacare 24.6 - Beni, Bolivia
AMNH97329 Caiman yacare 26.0 - Beni, Bolivia
AMNH97330 Caiman yacare 26.8 - Beni, Bolivia
AMNH97331 Caiman yacare 21.0 - Beni, Bolivia
FMNH9145 Caiman yacare 27.9 - Brazil
FMNH9147 Caiman yacare 23.2 - Brazil
FMNH9144 Caiman yacare 31.7 - Brazil
FMNH9136 Caiman yacare 35.6 - Brazil
FMNH9143 Caiman yacare 36.0 - Brazil
SMFNO6 Caiman yacare 194 - Corrientes, Argentina
SMF30107 Caiman yacare 29.1 - Argentina
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Supplementary Information S3

Statistical analyses of the effects of approximate life stage and sex

Approximate Life Stage

Caiman crocodilus individuals are believed to mature by the time they exceed 140 cm in total
length (Holmback 1981); based on the measurements of total length and cranial length reported in
Medem 1983, all individuals with total cranial lengths greater than 20 cm had total lengths greater than
140 cm. Thus, we characterized individuals with cranial lengths smaller than 20 cm as subadults, and
analyzed whether differences in cranial shape was associated with the specimen’s life stage (mature
adult or subadult), controlling for body size. Fitting a linear model of the form:

Relative warps = constant + Life Stage + Centroid Size + Error, (S3-a)

we found no evidence for different cranial shapes between adult and sub-adult individuals either with
C. yacare (Wilks' A =0.84, F=1.22, d.f=12,79, p = 0.29 for life stage; Wilks' A =0.62, F=4.03,
d.f=12,79, p < 0.001 for centroid size; n=93) or without C. yacare (Wilks' A =0.70, F=1.75, d.f=12,48,

p = 0.085 for life stage; Wilks' A =0.38, F=6.54, d.f=12,48, p < 0.0001 for centroid size; n=62).

Sex

Of the 62 C. crocodilus specimens used in the analysis, data on the sex of the individuals were
available for a subset (n=28) of the specimens. We assessed whether sexual dimorphism in cranial
shape was observable among these individuals by conducting a separate MANCOVA that involved
regressing the shape variables against an additive effect for both sex and body size. Fitting a linear
model of the form:

Relative warps = constant + Sex + Centroid size + Error (S3-b)
where the subscript s denotes the fact that this analysis is based on a subset of our total data set. Within

this data subset, we found no evidence for sexual dimorphism in cranial shape (Wilks' A =0.51, F=1.12,



d.f=12,14, p = 0.42 for sex; Wilks' A =0.19, F=5.11, d.f=12,14, p = 0.0025 for centroid size; Nfemates =

10, Nmales = 18)

References:

HOLMBACK, E. 1981. Reproduction of the brown caiman Caiman crocodilus fuscus at the San Antonio
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Supplementary Information S4 - Discriminating Caiman crocodilus

apaporiensis and Caiman yacare specimens

Our study included a modest (N=16) sample of C. c. apaporiensis specimens, providing us
with an opportunity to assess whether using a quantitative characterization of cranial shape in
C. c. apaporiensis can reliably classify individual specimens as belonging to C. c¢. apaporiensis
based on the principal components of our landmarks. Specifically, we used a combination of the
naive Bayes classifier (Mitchell 1997) and leave-one-out cross validation to assess the frequency
with which individual specimens are accurately classified as either C. c. apaporiensis or not.
Briefly, if observation i is associated with measurements X, Xs,, ... (e.g., the value of principal
component 1 for specimen i, the value of principal component 2 for specimen i, etc...) and a
discrete class C' (e.g., subspecies), the naive Bayes classifier assigns an observation i to class
C that maximizes the conditional probability of observing Xi,, X»,, ... given that ¢ belongs to
class C' (Mitchell 1997). For each specimen, we can construct a naive Bayes classifier relating
the principal component axes to the different subspecies using all other specimens as a training
data set. We can then use the naive Bayes classifier to assign a subspecies to the omitted
specimen, and assess whether the subspecies designation of C. c¢. apaporiensis predicted by the
naive Bayes classifier was accurate. Using the same approach, we also sought to analyze the
extent to which the cranial shapes of C. yacare quantitatively differ from the cranial shapes of
C. crocodilus. Uncertainty in the ability of the naive Bayes classifiers to predict the subspecies
desgination was assessed by resampling from the data and repeating the analysis (n=5000).
To implement this analysis, we used the naive Bayes classifiers from the package e1071 in R
(Dimitriadou et al. 2011).

We find that when the training data excluded C. yacare specimens, the naive Bayes classifier
based on the first two principal component axes could correctly classify an average of 81.6%
of C. crocodilus apaporiensis specimens included from the training data (standard deviation =
10.0%; Figure s4-A); when the naive Bayes classifier was trained on a data set that excluded C.
yacare, the average percentage of correct assignment to C. crocodilus apaporiensis was 87.5%
(+ 8.4 %); Figure S4-B). The naive Bayes classifier was able to distinguish C. yacare at a higher

rate (average percentage of correct assignment ~ 90.3% (£ 5.4 %); Figure S4-C).
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Figure captions

Supplementary Figure S6. Histograms of resampled runs for the leave-one-out cross validated
naive-bayes classifier for assigning the specimen excluded from the training data to the correct
taxon based on the first two PC axes. (A) C. c. apaporiensis specimens when the training
data included C. yacare, (B) C. c. apaporiensis specimens when the training data excluded
C. yacare, and (C) C. yacare specimens when other C. yacare specimens were included in the
training data. The first two PCs were reliably able to assign specimens excluded from the
training data to C. c. apaporiensis whether C. yacare was included in the training data or not.
The same PCs were unable to correctly assign all C. yacare specimens consistently, resulting

in a less-skewed distribution of the classfier’s performance.
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