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ARTICLE INFO ABSTRACT

Keywords: Ontogenetic variation of cranial characters used in crocodylian phylogenetic systematics has never been studied.
Caiman latirostris Furthermore, the relationship between diet and skull morphological transformation during ontogeny has not
Caiman yacare been properly explored yet. We quantify the inter- and intraspecific skull morphological variation in extant

diet and cranial shape covariation
post-hatching ontogenetic variation
tridimensional landmark estimation methods

caiman species focusing on those areas relevant to systematics and, also investigate the relation between diet and
morphological changes during ontogeny. We applied a three-dimensional approach of geometric morphometrics
on post-hatching ontogenetic cranial series of Caiman latirostris and C. yacare. In order to incorporate incomplete
material, we additionally tested four different methods of missing landmark estimation and apply the thin-plate
spline interpolation. We detected morphological changes between species and during ontogeny (snout and
pterygoid flanges increase their proportions and, orbits, temporal fenestrae, skull roof and foramen magnum
decrease their relative size) that constitutes part of a general morphological change in the cranial ontogeny of
crocodylians. Moreover, the negative allometry of the fenestrae and neurocranium and the positive allometry of
the splanchnocranium in both caiman species are the plesiomorphic condition, at least, for tetrapods. Shape
changes during growth were found to be related to ontogenetic changes in the diet. Dissimilarities between
species seem to be related to different mechanical requirements and different use of the habitat. We found inter-
and intraspecific variation in some morphological characters with systematic implications (the contact of nasals
with naris, the contact of prefrontals in the midline, and the bones that border the suborbital fenestra and the
proportion in which one of them participates) that are not currently considered in phylogenetic analyses.

1. Introduction osteology. This short and inaccurate description does not allow dis-

criminating Caiman (and also Melanosuchus) from other alligatorids on

Caimaninae is a clade of neotropical alligatorid crocodylians tradi-
tionally recognized since the lower Paleocene from South America
(Simpson, 1937; Bona, 2007; Pinheiro et al., 2013). Living caimanines
are included within the genera Caiman, Melanosuchus and Paleosuchus.
Taxonomically, Caiman and Melanosuchus are the most controversial
genera among this group. The validity of Caiman yacare as a single
species (or subspecies of C. crocodilus) and the taxonomic status of
Melanosuchus (that implies the paraphyly of Caiman) are the main un-
resolved issues (e.g., Busack and Pandya, 2001; Hrbek et al., 2008;
Oaks, 2011; Bona et al., 2017; Foth et al., 2017). The genus Caiman was
diagnosed by Spix in 1825 by a few morphological characters related to
rostrum, mandible and hind limb shapes and the number of inferior
teeth inserted into the upper jaw in occlusion. Only some width and
length proportions of the rostrum were mentioned concerning

the basis of osteological features. This also applies to living species of
caimans whose original descriptions are osteologically uninformative
(e.g., Linnaeus, 1758; Daudin, 1802). As a result of this taxonomy,
extant species are easily distinguishable by external morphological
features such as body coloration, squamation and snout shape, but their
osteology and range of variation are practically unknown. In this re-
gard, ontogenetic variation of some cranial osteological characters used
in caimanine phylogenetic systematics (e.g., midline contact of pre-
frontals, nasals reaching the naris) has never been studied. Conse-
quently, exploring the evolutionary history of Caimaninae becomes a
problem when assigning a fossil specimen to some species of this clade
based on cranial features. Furthermore, phylogenetic hypotheses of
Crocodylia sensu Benton and Clark (1988) are mostly based on extinct
taxa (e.g., Brochu, 1999, 2011; Bona, 2007; Fortier et al., 2014; Salas-
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Fig. 1. Distribution of landmarks. (A). Dorsal view. (B). Ventral view. (C). Occipital view.

Gismondi et al., 2015, 2016; Hastings et al., 2016), which are known
and diagnosed on the basis of skeletons, principally skulls and mand-
ibles. Since organisms are dynamic entities and their shape is a result of
processes that change throughout their life, the understanding of the
osteology of living species and its ontogenetic variation is critical
(Fernandez Blanco et al., 2014, 2015; Foth et al., 2015, 2017). De-
tecting these changes, discretizing morphological characters and ana-
lyzing them in a phylogenetic context is elemental for crocodylian
systematics.

Although some analyses of ontogeny have been performed in alli-
gatorids (e.g., Monteiro and Soares, 1997; Monteiro et al., 1997;
Fernandez Blanco et al., 2014, 2015; Foth et al., 2015, 2017), the study
of ontogenetic cranial trajectories in closely-related alligatorid species
is a huge field to explore and essential to assess common patterns of
cranial growth within a more inclusive phylogenetic context (Foth
et al, 2017). Furthermore, morphological modifications in the
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vertebrate skull during growth could be linked to transition in diets and
feeding behavior from the juvenile to the adult. It is a known fact that
crocodylians eat similar food items during their life. Young specimens
eat mainly invertebrates (e.g., spiders, insects, snails, crustaceans), and
as they grow, crocodylians consume mostly vertebrates (e.g., fishes,
amphibians, reptiles, birds and mammals) (Carvalho, 1951; Vanzolini
and Gomes, 1979; Webb et al., 1982; Ayarzagiiena, 1983; Magnusson
et al., 1987; Monteiro and Soares, 1997; Melo, 2002; Borteiro et al.,
2008). Nevertheless, the relationship between feeding behavior and
skull morphological transformation during ontogeny has not been
properly explored yet.

The main goal of this study is to describe and quantify the inter- and
intraspecific skull morphological variation in caimans, analyzing those
areas potentially relevant to systematics and, the correlation between
diet and morphological changes during ontogeny. For that purpose, we
conducted a three-dimensional approach of geometric morphometrics
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on post-hatching ontogenetic series of two caiman species, Caiman la-
tirostris and C. yacare. In addition, we tested four different methods of
missing landmark estimation to incorporate incomplete material and
increase our data base.

2. Materials and methods
2.1. Specimens

We studied the crania of two caiman species, Caiman latirostris and
C. yacare. A total of 96 specimens (73 of C. yacare and 23 of C. latir-
ostris) were used in this study. Sample size reflects specimen availability
in the visited collections even though they are the largest in the
country. We sampled post-hatching growth series of both species in
order to include all potential morphological changes during ontogeny.
Materials are housed in the Museo de La Plata (MLP) and Museo
Argentino de Ciencias Naturales “Bernardino Rivadavia” (MACN). Sex
could not be determined because historical notes do not exist and an
anatomical classification was not possible, either.

The specimens were assigned to three different age categories based
on their size which were defined by the snout-vent length (SVL), fol-
lowing Santos et al. (1996) and Borteiro et al. (2008). Each animal with
a SVL lower than 50 cm was considered as a juvenile, those with a SVL
between 50 and 70 cm were considered sub-adults, and specimens
larger than 70 cm, as adults. In our sample, skulls do not have asso-
ciated body measurements. In order to assign the specimens to an age
stage following the same criteria, we estimated the SVL using regression
equations based on dorsal cranial length (DCL). The SVL of C. latirostris
was estimated using the fourth equation from Table 2 of Verdade
(2000). This equation was not appropriated for C. yacare because C.
latirostris has a shorter snout. An equivalent equation was not available
for C. yacare in the literature. Instead, we choose the fourth equation
from Table 2 of Wu et al. (2006) for Alligator sinensis, assuming that C.
yacare has a similar DCL/SVL ratio.

The Caiman latirostirs sample consisted of four juveniles (the smal-
lest specimen, MLP R5801, has an estimated SVL of 47.39 cm), 10 sub-
adults and 9 adults. The largest specimen of C. latirostris is an adult with
an estimated SVL of 125.6 cm (MACN-He 1420-7375). The C. yacare
sample consisted of seven juveniles (the smallest specimen, MLP R5053,
has an estimated SVL of 43.2 cm); 32 sub-adults and 35 adults. The
largest specimen of C. yacare (MACN-He 30637) is an adult with an
estimated SVL of ~160 cm. Skulls belong to wild animals and most of
them are from two provinces of Argentina (Chaco and Corrientes), six
are from Paraguay, one is from Jujuy and three are undetermined
(supplementary Table S1).

2.2. Landmark data

Landmarks were digitized by one of the authors (MVFB) using a
Microscribe G2L digitizer (Immersion Corporation, San José, CA, USA),
and were chosen in order to reflect the complete morphology of the
skull. Both sides and midline points (72 and 17, respectively) were
included and comprised a total of 89 landmarks (Fig. 1). Landmarks
included a combination of landmarks Type I (intersection of sutures)
and Type II (maximum curvature) in both views (Table 1). Previous to
digitization sessions, one juvenile and one adult specimen of each
species were digitized in five successive sessions to examine the con-
sequences of the measurement error.

This study required the capture of landmarks in two blocks sepa-
rately, dorsal and ventral view, in each specimen. The unification of
these two landmark configurations was performed in R 3.4.1 software
(R Development Core Team, 2017) with the R-function unifyVD.r
written by Annat Haber, University of Chicago (available online at
http://life.bio.sunysb.edu/morph/; see also Online Resource 2 from
Cassini and Vizcaino, 2012). This script binds both configurations of
landmarks by means of Procrustes superposition, using the common
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landmarks between both views to obtain a new landmark configuration
with the whole form (skull).

2.3. Missing landmark estimation

Some specimens were broken (in different degrees and sides) so, in
order to maximize the number of specimens in the sample, we esti-
mated missing landmarks. For a detailed procedure see supporting in-
formation Data S1 in the supplementary online Appendix. There are 40/
73 specimens of C. yacare with missing landmarks, and one of them was
removed from the sample because it had 32 missing landmarks. On the
other hand, 15/23 specimens of C. latirostris have missing landmarks.
Distributions of missing landmarks are reported on Supporting in-
formation Data S1 in the supplementary online Appendix. The regions
of the skull more frequently broken include rostrum, skull roof, pos-
terior palate and occipital plate (see Fig. S1 in supporting information
Data S1 in the supplementary online Appendix). Those missing land-
marks that could be estimated by reflection of bilateral symmetry were
performed using the AMP.R script written by Annat Haber, University
of Chicago (available online at http://life.bio.sunysb.edu/morph/). For
the remaining missing landmarks, we have used four different methods
following Arbour and Brown (2014). They included: bayesian PCA
(BPCA); least-squares regression (REG); thin-plate spline interpolation
(TPS); and mean substitution (MS). Subsequently, we evaluated which
methods worked best with our data set. The TPS method best fitted our
sample (see Results and Supporting information Data S1 in the sup-
plementary online Appendix) and was then applied to estimate missing
landmarks in incomplete specimens. The complete landmark config-
uration data set was exported to the software MorphoJ 1.06b to per-
form the geometric morphometric analysis.

2.4. Dietary information

Feeding ecology across different age categories in both species of
caiman was obtained from the limited published literature. We focused
on two quantitative studies with a similar approach for both species:
Borteiro et al. (2008) for C. latirostris and Santos et al. (1996) for C.
yacare. We selected for each age category the frequency of occurrence
of prey items in stomach contents that can be found in Borteiro et al.
(2008) and Santos et al. (1996). This last study provides more detail
about prey groups and habitats so, in order to make the categories
comparable and match those used by Borteiro et al. (2008), we ag-
gregated these zoological classes into five categories: insects, snails,
crustaceans, spiders and vertebrates. Subsequently, the reported re-
lative frequencies were normalized following Olsen (2017) so the fre-
quencies would sum to 1. Different habitat values described in Santos
et al. (1996) were averaged (supplementary Table S2). Lastly, the five
continuous dietary characters per age and species were logit trans-
formed prior to the analysis, because the use of proportions violates
assumption models (Warton and Hui, 2011). To do that, we used the
function logit from the R package car 2.1-6 (Fox and Weiberg, 2011)
with an adjustment factor of 0.005 to avoid proportions of zero or one.

2.5. Ontogenetic analysis

Landmark configurations were superimposed using full Procrustes
fit (Dryden and Mardia, 1998) in order to remove spatial information
that does not correspond to shape. This procedure minimizes the sum of
squared distances between homologous landmarks by translating, ro-
tating and scaling them to a unit centroid size (Goodall, 1991; Rohlf,
1999). A principal component analysis was performed in order to ex-
plore the main shape variations. We retained the axes (principal com-
ponents) that accounted for the taxonomic and ontogenetic variation
we were trying to quantify.

We assessed the extent and significance of the association between
each PC and log-transformed centroid size, via a permutation test with
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Table 1
Description of landmarks in dorsal and ventral views.
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View Number Landmark definition
Dorsal 1 Contact of both premaxillae at the anterior border of the naris
2 Contact of both premaxillae at the posterior border of the naris
3 Anterior contact of both nasals
4 Posterior contact of both nasals
5 Anterior point of the frontal
6 Contact between frontal and parietal along the sagittal plane
7 Contact between parietal and supraoccipital along the sagittal plane
8 Midpoint of the posterior margin of the skull roof (supraoccipital) along the sagittal plane
9 Point at the anterior and ventral contact of both premaxillae
10 Dorsal and middle point of the foramen magnum
11 Ventral and middle point of the foramen magnum
12 and 36 Lateral contact between squamosal and exoccipital
13 and 37 Lateral contact between squamosal and postorbital above the skull roof
14 and 38 Contact between squamosal and postorbital in the supratemporal fenestra
15 and 39 Contact between squamosal and parietal in the supratemporal fenestra
16 and 40 Contact between parietal and postorbital in the supratemporal fenestra
17 and 41 Contact between postorbital and frontal on the edge of the orbit
18 and 42 Contact between frontal and prefrontal on the edge of the orbit
19 and 43 Contact between prefrontal and lacrimal on the edge of the orbit
20 and 44 Contact between lacrimal and jugal on the edge of the orbit
21 and 45 Posterior and ventral point of the orbit
22 and 46 Point in the orbital foramen
23 and 47 Posterior and ventral point of the infratemporal fenestra in the contact between jugal and quadratojugal
24 and 48 Posterior contact between quadrate and quadratojugal
25 and 49 Medial point of the articular process of the quadrate
26 and 50 Contact between quadrate and exoccipital in the edge of the subtemporal fossa
27 and 51 Contact between exoccipital and basioccipital in the edge of the subtemporal fossa
28 and 52 Medial and posterior point of the pterygoid
29 and 53 Lateral and posterior point of the pterygoid
30 and 54 Lateral contact between pterygoid and ectopterygoid
31 and 55 Medial and posterior point of the ectopterygoid where it contacts with the suborbital fenestra
32 and 56 Contact between ectopterygoid and maxilla in the suborbital fenestra
33 and 57 Lateral and ventral contact between premaxilla and maxilla
34 and 58 Lateral point of the foramen magnum
35 and 59 Contact between jugal, lacrimal and maxilla
Ventral 60 Posterior and middle point of the choana
61 Anterior and middle point of the choana
62 Contact between palatine and pterygoid along the sagittal plane
63 Contact between palatine and maxillae along the sagittal plane
64 Contact between maxillae and premaxillae along the sagittal plane
65 Posterior point of the incisive foramen along the sagittal plane
66 and 78 Contact between maxilla and palatine in the suborbital fenestra
67 and 79 Posterior and medial point of the palatine where it contacts with the suborbital fenestra
68 and 80 Middle point in the external surface of the alveolus of the first premaxillary tooth
69 and 81 Middle point in the external surface of the alveolus of the second premaxillary tooth
70 and 82 Middle point in the external surface of the alveolus of the third premaxillary tooth
71 and 83 Middle point in the external surface of the alveolus of the fourth premaxillary tooth
72 and 84 Middle point in the external surface of the alveolus of the fifth premaxillary tooth
73 and 85 Middle point in the external surface of the alveolus of the second maxillary tooth
74 and 86 Middle point in the external surface of the alveolus of the fourth maxillary tooth
75 and 87 Middle point in the external surface of the alveolus of the sixth maxillary tooth
76 and 88 Anterior point of the alveolar groove
77 and 89 Posterior point of the alveolar groove

10,000 replicates in MorphoJ, in order to detect which PCs are onto-
genetically informative. We performed a multivariate regression on the
Procrustes coordinates against the log-transformed centroid size for
each species separately, to explore how the allometric variation in
shape is associated with size. The regression significance was tested by
a permutation test with 10,000 replicates (Bookstein, 1991;
Mitteroecker et al., 2004).

To explore the patterns of covariation between cranial morphology
and diet through ontogeny of both species, we used the two-block
Partial Least Squares analysis (PLS) (Mitteroecker and Bookstein,
2008). We defined the Block-1 as the cranial shape (i.e., landmark
configurations) and the Block-2 as the continuous diet characters (i.e.,
the logit transformed diet proportions matrix). The PLS has been used
to find correlated pairs of linear combinations between the two blocks
accounting for the major covariation (Rohlf and Corti, 2000;
Klingenberg, 2013).
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All these morphometric analyses (PCA, PLS and Regressions) pro-
duce vectors in shape space (Cassini et al., 2017). We performed an
angular comparison of these vector directions in order to compare the
components of shared shape variations. These angles were computed as
the arccosines of the signed inner products between the regression
vectors (Drake and Klingenberg, 2008; Klingenberg and Marugén-
Lobon, 2013, Segura et al., 2013, 2017). The angular comparison
analyses include: ontogenetic trajectories (i.e., regression) of each
species; the PLS analyses; a multivariate, pooled within-group regres-
sion of shape against log-transformed centroid size including both taxa;
and PCA shape change vectors.

All the morphometric analyses were performed in MorphoJ 1.06b
software (Klingenberg, 2011). The visualization and graphics were
made using the Morpho R package 2.5.1 (Schlager, 2017) following
Munoz et al. (2017), which allows the colour pattern to be associated
with shape changes.
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3. Results
3.1. Missing landmark estimation

The TPS method has the smallest error and shows a slight increase
when the number of missing landmarks increases (see Fig. S2 in sup-
porting information Data S1 in the supplementary online Appendix). In
the four methods, the cranial region with the biggest absolute error is
located in the posterior region of the palate and in the articular con-
dyles. The TPS method has the lowest and uniformly distributed per-
centage error (see Fig. S3 in supporting information Data S1 in the
supplementary online Appendix).

3.2. Ontogenetic analysis

The principal components analysis (PCA) resulted in the first six PCs
accounting for the 76.201% of cumulative variance. Only PC1 and PC2
showed clear taxonomic and/or ontogenetic patterns (see below). As no
PC beyond PC2 was informative, only the first two principal compo-
nents are described and used in the following interpretations. Only PC2
correlates significantly and positively with log-transformed centroid
size (R = 0.9437, p-value < 0.0001) and has a vector angle of 3.891°
with the pooled within-group (species) regression of shape coordinates
against log-transformed centroid size (p-value < 0.00001). The first
component (PC1) explains the 43.65% of total variance, the second one
(PC2) explains the 19.22% and altogether account for over 60% of
cumulative variance. Species are separated along the PC1 with C. yacare
situated on the negative values up to 0.01 and C. latirostris is from 0.04
to more positive values, with a gap between them (Fig. 2). Shape
changes associated with negative values of this component show a long,
narrow and low skull (Fig. 3A). In the rostrum, the premaxillae are
displaced anteriorly forming a long and narrow snout; nasals are se-
parated from the posterior border of the naris. In the orbital region,
orbits open more laterally and prefrontals prevent the contact between
the frontal and nasals. In the suborbital fenestrae, the pterygoid is ei-
ther slightly interposed or absent between ectopterygoid and palatine.
In the temporal region, the skull roof is flat and narrow with long and
narrow supratemporal fenestrae and a small exposure of supraoccipital.
The pterygoid flanges are short and narrow. Instead, positive values
show a short, broad and high skull (Fig. 3B). Rostrally, the snout is
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Fig. 2. Principal Component Analysis. Biplot of PC1 vs PC2. Caiman yacare
(circles) and C. latirostris (squares). Juveniles (green), sub-adults (blue), adults
(red).
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high, short and broad. Nasals extend into the naris forming their pos-
terior border. In the orbital region, orbits open more dorsally and
frontal and nasals are in contact. At the palate, the posterior border of
the suborbital fenestrae always have a broad participation of pterygoid.
In the temporal region, the skull roof is flat but broad with subcircular
supratemporal fenestrae and a more exposed supraoccipital. The jugal
is laterally expanded, high and flexed respect to the rostrum. The
pterygoid flanges are large, broad and anterolaterally displaced.

The variation along PC2 comprises transformations that clustered
juvenile specimens of both species towards negative values and adult
specimens toward positive values. Fig. 3C shows the shape changes
associated with negative values of this component (i.e., young speci-
mens). These are characterized by low naris, short and narrow pre-
maxilla, broad maxilla and a depressed palate forming a flat and a
gracile rostrum. The palate shows long suborbital fenestrae, an ante-
riorly displaced choana, short and laterally displaced pterygoid flanges
and a short distance between the exocciptal-basioccipital contact and
the medioposterior point of pterygoid flanges. The orbital region is
anteriorly displaced with large orbits that open more laterally. The
temporal region comprises a high and broad skull roof, large infra-
temporal and supratemporal fenestrae, a laterally compressed quadrate
and quadratojugal forming a short condyle, and a high occipital plate
with a large foramen magnum. Toward positive values (i.e., adult
specimens), the associated shape changes (Fig. 3D) include high naris,
long and broad premaxilla, narrow maxilla and a ventrally displaced
palate conforming a high and a robust rostrum. The palate shows short
suborbital fenestrae, a posteriorly displaced choana, long and medially
displaced pterygoid flanges and a large distance between the exocci-
pital-basioccipital contact and the medioposterior point of pterygoid
flanges. The orbital region is posteriorly displaced with small orbits that
open more dorsally. The temporal region is shortened and includes a
narrow skull roof with a concave posterior border, a small infra-
temporal and supratemporal fenestrae, a lateral expanded quadrate and
quadratojugal forming a long condyle, and a low occipital plate with a
small foramen magnum. The PC3 (5.82%), PC4 (2.99%), PC5 (2.49%)
and PC6 (2.04%) do not show a clear association with morphological
changes or with ontogeny (all R*> < 0.001 and p-values > 0.7217), so
they will not be described.

The PLS analysis on both species (Figs. 4 and 5) show a significant
relationship between shape and diet (Table 2). The PLS analysis on C.
latirostris shows that the first pairs of PLS explains about 100% of
covariation (Table 2). The PLS1 vector of block-1 was visualized as
surface plus thin plate spline gridline deformations in Fig. 4B and C.
The shape changes associated to the first block have a significant but
high angle only with PC2 (69.107% p < 0.0001) and range from a
slender cranium with low naris, short and narrow premaxilla, broad
maxilla and a depressed palate forming a flat and a gracile rostrum (on
the negative end) to a more robust cranium with high naris, long and
broad premaxilla, narrow maxilla and a ventrally displaced palate
conforming a high and a robust rostrum (on the positive end). The
block-2 PLS coefficients (Fig. 4A) of the five diet categories were
summarized on supplementary Table S2. The spiders and crustaceans
items show high negative values (ca —0.76 and —0.44 respectively)
and the vertebrates item a high positive value (~0.43). The PLS1 scores
show a high and significant correlation between blocks (Fig. 4A and
Table 2; r = 0.896, p = 0.0001 after 10,000 rounds of permutation
tests). While the juveniles lie on the double negative quadrant, the sub-
adults lie near the zero values and the adults lie on the double positive
quadrant.

The PLS analysis on C. yacare shows that the first pairs of PLS ex-
plains about 93% of covariation (Table 2). The PLS1 vector of block-1
was visualized as surface plus thin plate spline gridline deformations in
Fig. 5B and C. The shape changes associated to the first block have a
significant but acute angle only with PC2 (17.75% p < 0.00001) and
range from a long and narrow cranium with anteriorly displaced orbits
that open more laterally, short pterygoid flanges and a quadrangular
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Fig. 3. Thin plate spline gridlines, coloured meshes and shape changes associated with the PC1 and PC2. (A). Thin plate spline gridlines and coloured meshes of
negative shape scores of PC1. (B). Thin plate spline gridlines and coloured meshes of positive shape scores of PC1. (C). Thin plate spline gridlines and coloured
meshes of negative shape scores of PC2. (D). Thin plate spline gridlines and coloured meshes of positive shape scores of PC2. Colour key expressed as centroid size

percent.

skull roof (on the negative end) to a cranium with an elongated snout
narrowed at the maxilla, posteriorly displaced orbits that open more
dorsally, large pterygoid flanges and a sub-triangular skull roof. The
block-2 PLS coefficients (Fig. 5A) of the five diet categories segregate
the spiders and snails items to high negative values (ca —0.74 and
—0.47 respectively), and only the vertebrates item shows high positive
value (~0.45). The PLS1 scores show a high and significant correlation
between blocks (Fig. 5A and Table 2; r = 0.723, p < 0.0001 after
10,000 rounds of permutation tests). While the juveniles lie on the
double negative quadrant (with highly negatives values on block-2), the
sub-adults lie near the zero values (but slightly displaced on negatives
values of block-1) and the adults lie on the double positive quadrant.
Figs. 6 and 7 show the regression results of shape versus log-
transformed centroid size for C. latirostris and C. yacare, respectively.
Changes of colours observed in adults (Figs. 6C and 7C) could be in-
terpreted as follow: gray means no relative changes and indicates iso-
metry; red means relative increase in size and indicates positive
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allometry; blue means relative decrease in size and indicates negative
allometry. Both regression models were significant after 10,000 per-
mutation rounds (p-value < 0.0001). Allometric scaling explains
37.19% of shape variation in C. latirostris and 32.98% in C. yacare. The
angular comparison between these two regression vectors (in their own
shape space) was 65.407° (p-value < 0.0001; i.e., non-orthogonal). In
addition, these two regression vectors are orthogonal to all the PCs
except PC2. The angular comparison between these vectors (i.e., re-
gressions and PC2) has a high vector angle of 66.83° for C. latirostris and
an acute vector angle of 11.258° for C. yacare (both p-values <
0.0001). Similar angular values were obtained with the pooled within-
group regression (66.088° and 10.575° respectively). Consequently,
there is a common pattern of shape changes shared by the two caiman
species during ontogeny and in the PC2 (see the similar colour patterns
in Figs. 3C-D, 6B—C and 7B-C) that will be not described here (see PC2
shape changes above for a detailed description).
Angular comparisons between regression analyses and PLS of each
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Fig. 4. Analysis of PLS of the Procrustes co-
ordinates (Block1) and Logit diet (Block2) for
Caiman latirostris. (A). Scores of first pair of PLS
for juveniles (green squares), sub-adults (blue
squares) and adults (red squares); pie charts
depict dietary composition by age stage; and
pairwise correlation coefficients between diet
PLS axis and each dietary category (logit-
transformed). (B). Thin plate spline gridlines
and colored meshes of negative shape score.
(C). Thin plate spline gridlines and colored
meshes of positive shape score. Colour key ex-
pressed as centroid size per mille.

Fig. 5. Analysis of PLS of the Procrustes co-
ordinates (Blockl) and Logit diet (Block2) for
Caiman yacare. (A). Scores of first pair of PLS
for juveniles (green circles), sub-adults (blue
circles) and adults (red circles); pie charts de-
pict dietary composition by age stage; and
pairwise correlation coefficients between diet
PLS axis and each dietary category (logit-
transformed). (B). Thin plate spline gridlines
and colored meshes of negative shape score.
(C). Thin plate spline gridlines and colored
meshes of positive shape score. Colour key ex-
pressed as centroid size per mille.



M.V. Fernandez Blanco et al.

Table 2
Partial Least Squares analyses for each species.

Zoology 129 (2018) 69-81

Species Pair of axes Singular value S.v. p-value % Total covar. Correlation Corr. p-value
Caiman yacare PLS1 0.0105011 < 0.0001 92.72 0.72282 < 0.0001
PLS2 0.00294259 0.0021 7.28 0.51045 0.1074*
Caiman latirostris PLS1 0.04027853 < 0.0001 99.121 0.89588 0.0001
PLS2 0.00379232 0.1945* 0.879 0.71512 0.1114*

PLS: Partial Least Squares; S.v. p-value: permutation test on Singular values; % Total covar.: Total covariance percent; Correlation: Pearson correlation coefficients
between PLS scores of Block 1 and Block 2; Corr. p-value: permutation test on correlation values from the PLS scores.
All tests were significant at 0.05 level after 10000 round permutations, except those tagged by an asterisk.

species show that their vector of shape changes were more similar for C.
latirostris than for C. yacare (angle between vectors of 11.879
p < 0.00001 and 16.12% p < 0.00001, respectively). Additionally,
both are acute angles, showing a close relationship between distinctive
traits on each species that varies during ontogeny which are related to
changes in their feeding behavior (i.e., PLS results).

Fig. 8 illustrates the morphological differences between both species
that change during ontogeny which have taxonomic implications. The
nasals contact the naris only in juveniles of C. yacare (Fig. 8A) and are
posteriorly displaced in the adults (Fig. 8C), while in C. latirostris they
always contact the naris forming their posterior border (Fig. 8B and D).
In the orbital region of young specimens of C. yacare, the frontal con-
tacts the nasals (Fig. 8A) but they become progressively separated in
the adults because the prefrontals interpose between them (Fig. 8C). In
contrast, in C. latirostris, the frontal typically contacts the nasals (except
in MLP-R.5364 and MLP-R.5809; Fig. 8B and D). At the temporal re-
gion, the supraoccipital is proportionately short in juveniles of C. yacare
(Fig. 8A and C), while it keeps the same proportion in C. latirostris
(Fig. 8B and D).

4. Discussion
4.1. Missing landmark estimation

Our study, contrary to Arbour and Brown (2014), showed that the
mean and cumulative mean error per specimen relative to centroid size
was lower in TPS reconstruction than in the REG, MS and BPCA
methods (supporting information Data S1 in the supplementary online
Appendix). It is worthwhile to note that unlike the examples of Arbour
and Brown (2014), we digitized more landmarks than finally were used
in this study, in order to improve missing landmark estimation. More-
over, we simulated the missing landmarks in the same way they were
presented in our sample (see details in supporting information Data S1
in the supplementary online Appendix). Therefore, in spite of finding a
general method for missing landmark estimation, we aimed to look for
a stepwise procedure that would help us to solve our particular case. As
a result, we used the TPS method based on the three most similar shapes
within species (sensu Procrustes distances), to reconstruct those speci-
mens with missing landmarks (see also Fernandez Blanco et al., 2014;
Arnold et al., 2016; Handley et al., 2016; Mikula et al., 2016).

A 006 m T Fig. 6. Analysis of multivariate regression of
”“.ﬂi" - the Procrustes coordinates against the log-
S transformed centroid size for Caiman latirostris.
- e .
0.:04 m -‘-" (A). Shape scores vs log CS. (B). Thin plate
“u"“ spline gridlines and coloured meshes of nega-
ot . .
o 002 - ““,‘-ﬂ tlv? shape scgres e)fag.gerated three times. (C).
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»
g of positive shape scores exaggerated three
(/g; 0.00 A times. Colour key expressed as centroid size
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adults (red).
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4.2. Posthatching Ontogeny

Our results show that morphological changes found in this study
have a meaningful significance related to both taxonomic and func-
tional aspects. Both PCA and allometric analyses describe a mixture of
taxonomic and functional aspects of shape, while the PLS shows an
ecomorphological pattern. Although cranial morphology was found
more related to taxonomy than ecology (Bogdanowicz et al., 2005;
Cardini and Elton, 2008; Barciova, 2009; Piras et al., 2011; Cassini,
2013; Foth et al., 2015; Murta-Fonseca and Fernandes, 2016), there are
many examples of ecomorphological association even during ontogeny
(e.g., Merino et al., 2005; Urosevic¢ et al., 2013; Segura et al., 2013,
2017; Segura, 2015; Olsen, 2017).

In the PCA, the cranial shape variation is more conspicuous between
the two species of caiman than during ontogeny. Both species occupy
different regions in the morphospace, mainly on PC1 (43.54% of total
variance) which account for interspecific variation. This agrees with the
findings of Watanabe and Slice (2014) on crocodylians, and also can be
observed in some mammals (see Bastir et al., 2004; Segura et al., 2013
among others). However, the most common pattern when comparing
close related species in tetrapods, is to find more shape variation during
ontogeny than between species (see Witzmann et al., 2009 for Tem-
nospondyls; Maiorino et al., 2013 for Ticeratops; Fuchs et al., 2015 for
Ursids; Segura et al., 2017 for pantherines). In this study, the PC1 de-
scribes gracile (negative values) to robust (positive values) variation,
and two very different morphologies across all postnatal (i.e., post-
hatching) ontogenetic stages can be distinguish. Caiman yacare is the
most gracile species and is characterized by a long, narrow and low
cranium, while the most robust C. latirostris has a short, wide and high
cranium. On the other hand, there are some previous studies that reveal
that all extant jacarean species can be separated from each other based
on their cranial shape (e.g., Fernandez Blanco et al., 2014; Foth et al.,
2017).

Even though both caiman species have different skull shapes, they
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have similar growth patterns as their skulls undergo similar allometric
shape changes (see also Fernandez Blanco et al., 2014; Foth et al., 2015,
2017). Comparable shape changes can be observed in PC2 (19.22%. of
total variance) and in the regression vectors of Caiman latirostris and C.
yacare (37.19% and 32.98% of shape variation explaining by allometric
scaling) (see colour patterns in Figs. 3C-D, 6B-C and 7B-C). This
common pattern registered with these last two analyses represents the
transformation from juvenile to adult skull morphology, and it is sup-
ported by the increasing of the proportions of the snout (long, narrow
and high) and pterygoid flanges, and by the decrease in sizes of the
orbits (which also open more dorsally), temporal fenestrae, skull roof
and foramen magnum. Although Watanabe and Slice (2014) did not
study C. latirostris and C. yacare, they found the same changes in the
orbits and temporal fenestrae in other species of crocodylians. This
founding, according to the previous authors, constitutes a general
morphological change in the cranial ontogeny of crocodylians. In the
classic concept of allometry, a negatively allometric trait increases less
in size than other traits or body size, while a positively allometric trait
increases more in size relative to other traits or overall size
(Mitteroecker et al., 2013). Alternatively, in geometric morphometrics
all shape coordinates must be considered together in order to char-
acterize the relative decrease (or increase) in size of specific parts ac-
counted by the shape change vector (see colour patterns in Figs. 6B-C
and 7B-C). Skulls of alligatorids imply the negative allometry of fe-
nestrae (suborbital and infra and supra temporal) and neurocranium
(orbits, skull roof, occipital plate, foramen magnum), and the positive
allometry of splanchnocranium (rostrum, palate, pterigoids flanges)
(see also Iordansky, 1973; Monteiro and Soares, 1997; Brochu, 2001;
Fernandez Blanco et al., 2014, 2015; Watanabe and Slice 2014; Brown
and Vavrek, 2015). Moreover, this general pattern (e.g., snout elonga-
tion and small orbits, among others) was also previously reported in
temnospondyls (Witzmann et al., 2009), dinosaurs (Maiorino et al.,
2013), and even it was recognized to be plesiomorphic to mammals
with different methodologies (Emerson and Bramble, 1993; Cardini and
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Caiman latirostris

Adult

All stages

Fig. 8. Characters of systematic importance in (A, E) a juvenile specimen (MLP-R.5053) and (C) an adult specimen (MLP-R.43694) of Caiman yacare, and in (B, F) a
juvenile specimen (MLP-R.5806) and (D) an adult specimen (MLP-R.6251) of Caiman latirostris. Abbreviations: ept, ectopterygoid; fr, frontal; na, nasal; pal,

palatine; pt, pterygoid; so, supraoccipital. Scale bars equal 3 cm.

Polly, 2013; Flores et al., 2015). This leads us to propose that these
allometric trends are the plesiomorphic condition, at least, for tetra-
pods.

Additionally to the common allometric shape change pattern of
alligatorids, the caiman species analyzed in this study have shape
changes that were found to be related to ontogenetic changes in the diet
(food items). The correlation of cranial shape and diet is very high
given the few discretized ontogenetic stages and explains 89.6% of the
first PLS axes in C. latirostris (Fig. 4A and Table 2) and 72.3% in C.
yacare (Fig. 5A; Table 2). In both species, axes of correlations are
consistent with a juvenile cranial shape feeding mainly on invertebrates
and an adult cranial shape feeding exclusively on vertebrates. Even
though the size of the prey consumed increases throughout develop-
ment as well as their frequency of consumption, predation on small
prey never ceases (Santos et al., 1996; Melo, 2002; Borteiro et al.,
2008). On the one hand, larger prey are stronger and exert more
strength to escape. On the other hand, caimans require higher sideways
bites in the crushing phase to reduce the prey to a suitable size for the

78

ingestion. Consequently, this change in diet requires stronger skulls and
larger adductor muscles. As individuals grow, the greater the prey size,
the greater the musculature involved in the bite force. During ontogeny,
caimans develop larger pterygoid flanges providing greater areas for
the attachment of the M. pterygoideus ventralis and dorsalis (Holliday and
Witmer, 2007; Holliday, 2009; Holliday et al., 2015; Sellers et al.,
2017). These muscles are in charge of restricting movements to the
sagittal plane during closure of the mouth to avoid dislocation of the
mandible during feeding. Moreover, this shift is accompanied by other
features such as a low occipital plate, a greater concavity of the pos-
terior margin of the skull roof and a lateral expansion of the quadrate
(with its condyle) and quadratojugal, that allow a greater development
of the depressor mandibulae and the associated adductor muscles (m.
adductor mandibulae externus superficialis, m. adductor mandibulae ex-
ternus medialis, m. adductor mandibulae externus profundus and m. ad-
ductor mandibulae posterior; see Iordansky, 1964; Schumacher, 1973;
Cleuren and De Vree, 2000; Holliday and Witmer, 2007; Bona and
Desojo, 2011). This is also complemented with changes in the rostrum
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(large premaxillae, high and robust snout) that result in a stronger skull.
On the whole, all together these changes could be interpreted as an
adaptation towards capturing and crushing larger prey sizes such as
vertebrates (Dodson, 1975; Webb et al., 1978; Hutton, 1987).

Additionally, there are morphological differences between juveniles
of both caiman species that could be related to the item food hardness.
In the first pair of PLS, the juvenile shape of C. latirostris is related to a
feeding based mainly on spiders and crustaceans (shrimps and crabs;
Borteiro et al., 2008), whereas C. yacare juvenile shape relays on spi-
ders and snails (Santos et al., 1996). The shell of both fresh water crabs
(Trichodactylus) and apple snails (Pomacea) consumed by each species
of caiman (C. latirostris and C. yacare, respectively) differs on the
stiffness of the material and the ability to resist cracking. There is no
data available on mechanical properties of both prey species of caiman
in the literature. However, there are few mechanical studies made on
chitins of different invertebrates that support our statement (see
Hepburn et al., 1975; Robalino and Mera, 2014; Gadgey and Bahekar,
2017 and references there in). Consequently, dissimilarities based
mainly on skull proportions and position of naris, orbits and skull roof
resume the two very different cranial morphologies (gracile and robust)
and seem to be related to different aforementioned mechanical re-
quirements. In addition, preferences and the use of habitat are different
between species, a condition that is accentuated when both species
coexist (Larriera and Imhof, 2006). While C. latirostris prefers lentic,
shallow and vegetated environments (Medem, 1983; Yanosky, 1990;
Larriera and Imhof, 2006; Poletta, 2011), C. yacare shows greater pre-
ferences for lotic and deeper water courses without much vegetation
(Larriera and Imhof, 2006). Consequently, interspecific differences
could be clarified in this way as it has been cited for other species of
crocodylians (Magnusson et al., 1987). The elongated, narrow and flat
structure of the skulls (specially the snout) of C. yacare would facilitate
aquatic movements: long and narrow snout offers less resistance to
water (Cleuren and De Vree, 2000). On the other hand, robust skulls
(short and wide) of C. latirostris would be more suitable for movements
and searching of food in shallow environments with greater vegetation
(Borteiro et al., 2008). Supporting this idea, Magnusson et al. (1987)
proposed that, in general terms, the variety of cranial shapes in cro-
codylians would be related to habitat. In this way, species with low and
wide heads inhabit marshy areas, and species with long and thin snouts
will develop in riparian habitats. The idea that the morphology of C.
latirostris is associated with its more coastal habitats is also supported
by the different sizes of the interorbital ridge in the two species. C.
latirostris has more prominent interorbital ridges than C. yacare.
Mertens (1943) suggests that the interorbital ridge of caimans serves to
keep away mud and water plants from eyes as it lies slightly above the
water surface when they float (Iordansky, 1973). Nevertheless, the
analysis to what extent habitat selection influences the efficiency of
foraging strategies is a field worth researching.

4.3. Morphological characters of systematic importance

Some cranial regions that change morphologically during ontogeny
are linked to discrete morphological characters used in phylogenetic
analyses. Many of these characters are recovered as autapomorphies/
synapomorphies of different caimanine taxa (Norell, 1988; Brochu,
1999, 2004, 2010, 2011; Bona, 2007; Hastings et al., 2013, 2016;
Fortier et al., 2014; Salas-Gismondi et al., 2015; Cidade et al., 2017).
The antorbital region (including the snout) was specially sampled in
this study to see if those characters vary ontogenetically. As a result, it
could be corroborated that some features are modified significantly
during ontogeny in the caiman species analyzed here. The contact of
nasals with naris (character 82 from Salas-Gismondi et al., 2015;
modified from Brochu, 1999, 2011; adapted from Norell, 1988 and
Clark, 1994) varies in Caiman yacare, since they lose contact during
growth (Fig. 8A and C), while nasals and naris are always in contact in
C. latirostris (Fig. 8B and D). In the same way, the contact of prefrontals
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in the midline is a character used in systematics of Alligatoroidea and is
recovered as a synapomorphy of C. yacare + C. crocodilus (Norell,
1988), as an apomorphy of C. yacare (Brochu, 1999), and even as a
synapomorphy of the clade of caimanine that excludes Gnatusuchus and
Culebrasuchus (Cidade et al., 2017). This character presents ontogenetic
variation in Caiman yacare, in which prefrontals approach medially
during growth until they contact in the midline in the late ontogeny
(Fig. 8A and C). It should be noted that although in C. latirostris no
ontogenetic variation was noticed (Fig. 8B and D), individual variation
was detected for this character; in most of the specimens prefrontals do
not contact each other but in two of them (a subadult and an adult
individuals) the midline contact was observed. Concerning the su-
praoccipital exposure on dorsal skull roof, it shows ontogenetic (C.
yacare) and interspecific variation (Fig. 8A and D) but it does not in-
terfere the state of the character that applies for caimanines in sys-
tematics (e.g., Norell, 1988; Brochu, 1999, 2004, 2010, 2011; Bona,
2007; Hastings et al., 2013, 2016; Fortier et al., 2014; Salas-Gismondi
et al., 2015).

Regarding the palate, the bones that border the suborbital fenestra
(and the proportion in which one of them participate) do not vary
during the ontogeny in Caiman latirostris and C. yacare. In C. latirostris
the suborbital fenestra is bordered by palatines, ectopterygoids and
pterygoids (broadly) (Fig. 8F), and in C. yacare it is bordered by pala-
tines and ectopterygoids and, in some cases, by pterygoids minimally
too (Fig. 8E). So, this feature does not vary ontogenetically but it does
vary intraspecifically in C. yacare. Brochu (1999) describes that the
posterior border of the suborbital fenestra in C. yacare is limited only by
ectopterygoids and palatines. Moreover, some authors mention onto-
genetic variation for this feature in alligatorids (e.g., C. yacare, Norell,
1988; Alligator mississippiensis, Brochu, 1999), and it is proposed by
Norell (1988) as supporting clades (i.e., “pterygoids participates
slightly in the formation of the posterior border of this fenestra”, un-
ambiguous synapomorphy for Jacarea: Caiman + Melanosuchus; Norell,
1988). The participation of the pterygoid in the posterior margin of the
suborbital fenestra was included in crocodylian phylogenetic analyses
only by Norell (1988). More recent studies described and discussed this
feature in morphological descriptions of caimanines (e.g., C. crocodilus
and Mourasuchus; Brochu, 1999; Bona, 2007; Bona et al., 2012) but they
did not include it anymore in the morphological matrix. On the whole,
all the cranial variation detected in this study and mentioned above
need to be kept in mind during phylogenetic matrix building, and those
continuous and polymorphic characters should be scored as such
(Watanabe, 2016).

5. Conclusions

The TPS method was the most suitable for estimating missing
landmarks in our sample. The common morphological changes occur-
ring during ontogeny respond partly to a general allometric pattern
shared by different tetrapod lineages. In addition, they also reflect the
same mechanical requirements for crushing and killing in both species
which seem to be driven by ontogenetic changes in the diet from in-
vertebrates to vertebrates. Interspecific differences respond to the two
well differentiated cranial morphologies (gracile and robust) that re-
flect food item stiffness and toughness as well as different habitat
preferences. However, more ecological and biomechanical studies are
needed to corroborate these last hypotheses. Lastly, it has been de-
monstrated that some discrete morphological cranial characters present
inter- and intraspecific variation in caiman species which must be used
and incorporated carefully in future phylogenetic analyses of
Crocodylia.
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