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Abstract

Caiman crocodilus is an alligatoroid broadly distributed in the neotropics from Mexico to Brazil, where Colombia is the
only country that has the complete subspecies complex distributed in its territory. This species has been the focus of many
genetic, ecological and morphological studies. However, these studies are limited to traditional morphology methods or
have limitations to examine interspecific variation among the four subspecies reported in Colombia. This is the first study
of intraspecific variation in the skull of Caiman crocodilus complex distributed in Colombia, using a two-dimensional
approach of geometric morphometric on 122 post-hatching ontogenetic cranial series. Morphological differences between
species and changes during ontogeny (snout increases its length and, skull roof and orbits decrease their proportions) that
represents part of morphological changes in the cranial ontogeny of crocodilians were found. In the morphospace, there
was a significant differentiation of C. crocodilus apaporiensis and C. crocodilus crocodilus from C. crocodilus fuscus and
C. crocodilus chiapasius. Results from this study revealed that C. crocodilus apaporiensis is a differentiated group from
the global complex as well as that the specimens of C. crocodilus chiapasius collected from Medem in Colombia may be
showing cryptic morphology in some traits.
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Introduction

The most geographically variable crocodilian species in the
Neotropical region is Caiman crocodilus Linnaeus 1758,
a species extensively distributed from Mexico to Brazil.
This species has four recognized subspecies systematically
distributed in this region; nonetheless the entire complex
has been reported to inhabit exclusively Colombia: Caiman
crocodilus fuscus Cope 1868, in the Caribbean and Magda-
lena basins; Caiman crocodilus chiapasius Bocourt 1876,
on the Pacific side; Caiman crocodilus crocodilus Linnaeus
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1758, all across the Amazonas and Orinoco; and Caiman
crocodilus apaporiensis Medem 1955, apparently endemic
of the Apaporis River region (Amazon basin) (Medem 1955,
1960, 1981). A variety of morphometric divergences of the
Caiman crocodilus complex in Colombia might be explained
because of the country geographical barriers such as the
Andean Mountains (Fig. 1) (Busack and Pandya 2001).

Surveys of the Apaporis River caiman were taken back in
the 1950’s and individuals where only present in the upper
and middle Apaporis River, and some adjacent areas. In
1969 a different species from Caiman crocodilus apapo-
riensis was found inhabiting this territory, thus it is believed
that this subspecies might be hybridized (Medem 1955,
1971). Another survey at similar places was taken between
1994 and 1997 where the researchers found 497 crocodilian
specimens but only 42 were suspected of being the Apaporis
River caiman (Rodriguez Melo 2000).

Although taxonomic classification of this species com-
plex is based predominantly on morphological characters—
linear measurements of the skull, scute pigmentation and
scalation—there is not a consensus between these stud-
ies on the presence and distribution of this species in the
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Fig. 1 Geographical distribution of the Caiman crocodilus complex in Colombia
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Colombian territory (Busack and Pandya 2001; Velasco
et al. 2010; Morales-Betancourt et al. 2013; Escobedo-Gal-
van et al. 2015). Furthermore, mtDNA analyses have shown
that C. crocodilus complex is more diverse than previous
studies revealed (Venegas-Anaya et al. 2008). Unfortunately,
this genetic study lacks an adequate number of specimens
collected in Colombia, leaving some uncertainty about the
presence or absence of some subspecies in this territory.

Geometric morphometrics (GM) is a powerful tool for
taxonomic identification and functional analyses (Amavet
et al. 2009; Fernandez Blanco et al. 2018; Foth et al. 2019).
GM measures differences in shape among skulls using
homologous landmark localizations, outlines, and semi-
landmarks, among others; that captures relevant informa-
tion about shape variability and it has the ability to describe
evolutionary and genetic effects on morphological shape
(Klingenberg 2010). Furthermore, morphological data and
morphological patterns may provide a baseline when genetic
information is not available, mainly in fossils and cryptic
species (Bohmer et al. 2015). Although morphological com-
parisons of the Caiman crocodilus head and skull have been
performed (Monteiro and Soares 1997; Busack and Pandya
2001; Escobedo-Galvan et al. 2015), there are serious limita-
tions of these studies as they used traditional morphometrics
(linear measurements, angles). This approach does not quan-
tify an organism complete shape and the measurements are
often analyzed as independent of one another even though
they are all part of the same structure. Such data sets con-
tain relatively little information about the shape and some
of them are unclear. Moreover, some of the information that
is necessary for morphological analysis is missing from this
type of measurement system (Zelditch et al. 2012; Cooke
and Terhune 2015; McNulty and Vinyard 2015).

In spite of the several previous studies of skull analysis
and intraspecific variation, evolution and morphology of
extant crocodilians (Iordansky 1973; Medem 1981; Busbey
1995; Monteiro and Soares 1997; Brochu 1999; Sadleir and
Makovicky 2008), there are insufficiency morphology stud-
ies and there are not enough data available because most of
the osteological herpetological collections are outside South
America (Foth et al. 2015).

Medem (1981) published a research compilation of
30 years studying Colombian crocodilians. In his book,
he detailed diet, distribution, taxonomic descriptions and
the ecology of the Caiman crocodilus complex. During his
expeditions, Medem collected more than 480 specimens of
the four subspecies of Caiman crocodilus and deposited
most of the osteological samples at the Field Museum of
Natural History (FMNH) in Chicago, USA.

The main goal of this study is to describe and quantify
the intraspecific skull morphological variation in the Cai-
man crocodilus complex, evaluating those areas possibly
significant to systematics and morphological changes during

ontogeny. For that purpose, a two-dimensional approach of
geometric morphometrics were conducted on three differ-
ent views: cranium dorsal and ventral views, and mandible
dorsal view; on post-hatching ontogenetic series. In addition,
we included three more species of the Alligatoridae family
to test the validity of currently recognized subspecies.

By analyzing exclusively, the specimens collected in
Colombia and deposited by Medem at FMNH, we have
the original assignation of each specimen to the taxonomic
categories by the same researcher criteria. Then, we intend
to perform the first study including exclusively Colombian
specimens, of the intraspecific variation of the skull of Cai-
man crocodilus subspecies using geometric morphometric
approaches.

Materials and methods
Specimen sampling

Crania skulls of 122 Colombian specimens were used
including the four subspecies of the Caiman crocodilus
complex (Caiman crocodilus crocodilus, Caiman crocodilus
fuscus, Caiman crocodilus chiapasius and Caiman crocodi-
lus apaporiensis) and three outgroup species Paleosuchus
trigonatus, Paleosuchus palpebrosus and Caiman yacare,
all of them belonging to the Alligatoridae family. Skulls are
deposited at FMNH in Chicago, USA, which owns the larg-
est collection of Caiman crocodilus skulls from Colombia
in the world; and six specimens of Caiman crocodilus apa-
poriensis are housed in “Senckenberg, Forschungsinstitute
und Naturmuseen” in Frankfurt, Germany (Supplementary
Table S1).

From the total of specimens: 9 of C. c. crocodilus; 30 of
C. crocodilus fuscus; 51 of C. crocodilus chiapasius; 24 of
C. crocodilus apaporiensis; 3 of P. trigonatus and P. pal-
pebrosus, and 2 of C. yacare were included in the analysis.

Specimen information is based on collection data and
historical notes (Medem 1981), and age was calculated
according to Medem (1981), based on head and body
measurements. Caiman crocodilus complex specimens
with a Snout-Vent Length SVL <75 cm were assessed as
juveniles; 75 cm < SVL > 120 cm were assessed as sub-
adults, and SVL > 120 cm as adults. Paleosuchus spp
specimens with SVL <70 cm were considered as juveniles,
70 cm < SVL > 130 cm were considered as subadults, and
SVL > 130 cm as adults (Medem 1981). Both Caiman yac-
are specimens were adults (Supplementary Table S1).

Morphometric data

The 122 skulls were analyzed using a two-dimensional
geometric morphometric approach. Dorsal and ventral
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views were used for the cranium (upper jaw), and dor-
sal view for the mandible. Specimens with incomplete
views were not used to avoid missing landmarks (Sup-
plementary Table S1). Skull shape was taken using 40
(cranium, dorsal view), 35 (cranium, ventral view) and
16 (mandible, dorsal view) landmarks. (Figure 2—See
Supplementary Table S2, S3 for full description of land-
marks). Landmarks were digitized using the software
tpsDig2 (Rohlf 2017). All the morphometric analyses
were performed using Morphol software, version 1.06d
(Klingenberg 2011). The Paleosuchus spp. landmarks 9,
10, 11, 12, 15 and 16 were over located on the right/left
same midpoint (joined suture between parietal, squamosal
and postorbital as the supratemporal fenestra is enclosed
by these three bones), as the specimens included in this
study lack a fully developed supratemporal fenestra.

Each landmark configuration was superimposed using
a generalized procrustes analysis (Rohlf and Slice 1990)
to remove non-shape variation caused by size, orienta-
tion and scale. This procedure standardizes the sample by
translating, scaling and rotating it to a unit centroid size
(Dryden and Mardia 1998). To discard problems at the
digitizing procedures, a measurement error was analyzed
where the complete dataset was re-digitized and analyzed
using Procrustes ANOVA. A Principal Component Analy-
sis (PCA) was performed using the covariance matrix of
the skull shape individual to simulate the shape space
and their scatterplot was performed to analyze shape raw
variation.

Ontogenetic analysis

With the purpose of observing shape changes related to
ontogenetic changes in skull shape, a multivariate regression
was completed using the centroid size as an independent
variable and shape as a dependent variable. If an ontoge-
netic signal is present, then a statistical relationship between
centroid size and shape should be measurable. A statistical
test of permutation with 10.000 rounds was performed to
calculate the significance of the ontogenetic allometry in the
data (Drake and Klingenberg 2008).

Since age can modify the results of the previous PCA
data, a covariance matrix of regression residuals was per-
formed to use the data without the allometric influence.

Results

The Procrustes ANOVA for the measurement error showed
that the mean square for individual variation is bigger than
the amount of error for the three views: upper jaw (cranium)
dorsal (0.0001046840 > 0.0000045264), upper jaw ven-
tral 0.0000550731>0.0000016696), and lower jaw dorsal
(0.0001463042 > 0.0000023716), indicating that this error
is negligible.

Upper jaw dorsal view (UJD)
The PCA of the variation in the upper jaw for the dor-

sal view between taxa, uncorrected for size, showed that
70.96% of the total variation is explained by the first three

Fig.2 Landmarks used in this study (See Supplementary Table 2 and
Supplementary Table 3 for details) shown on cranial specimens from
the FMNH, Chicago, USA. a Upper jaw dorsal view (FMNH 73685);
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PCs (PC1=47.9%; PC2=15.99%; PC3=7.04%). The first
PC axis changes across the relative width of the snout, the
relative size and position of the orbit influencing the rela-
tive length of the nasal and the cranium; the parietal width
and length, the relative width of the skull roof table and
the change of the angle from the orbit along the jugal edge
in a posterolateral direction. The second PC axis is mainly
associated with the length of the snout and the width of the
orbit influencing the total width at the most posterior point
of the quadratojugal-quadrate (Fig. 3).

Upper jaw ventral view (UJV)

The variation in the upper jaw for the ventral view between
taxa, uncorrected for size, showed that 67.24% of the total
variation is explained by the first three PCs (PC1=36.10%;
PC2=22.91%; PC3=8.24%). The first PC axis is mostly
associated with the relative width of the suborbital fenestra,
influencing the length and width of the lateral margin of the
cranium with changes in the relative width between both
fourth cranium teeth. There are also changes on the relative
length of the infratemporal fenestra at the tip of the snout;

Cc

A

Fig.3 Wireframe representation of the average cranial shape varia-
tion and their corresponding landmarks for the upper jaw dorsal view.
a Caiman crocodilus apaporiensis (red), b Caiman crocodilus chia-

and the shape and width of the pterygoid. The second PC
axis mainly explains changes on the relative length and
width on the pterygoid, influencing the length and position
of the quadrate. The relative length of the choana in an anter-
oposterior direction, the relative distance between the most
posterior point of the choana and the eustachian foramen,
and the relative length or presence of the pterygoid flanges
posterior to the choana can also be explained by the second
PC axis (Fig. 4).

Lower jaw, dorsal view (LJ)

The PCA of the variation in the lower jaw for the dor-
sal view between taxa, uncorrected for size, showed that
84.4% of the total variation is explained by the first three
PCs (PC1=45.3%; PC2=29.8%; PC3=9.1%). The first
PC axis is associated with the relative width between the
articular, splenial and dentary influencing the total length of
the dentary, and the relative shape and width between both
of foramen aérum. The second PC axis explains shape and
relative length of the dentary influencing the relative width
of the dentary, the relative length from the splenial-dentary

pasius (blue), ¢ Caiman crocodilus fuscus (orange), d Caiman croco-
dilus crocodilus (green), e Paleosuchus trigonatus (purple), f Caiman
yacare (light green), g Paleosuchus palpebrosus (black)
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Fig.4 Wireframe representation of the average cranial shape vari-
ation and their corresponding landmarks for the upper jaw ventral
view. a Caiman crocodilus apaporiensis (red), b Caiman crocodilus

junction in an anteroposterior direction to the last alveolar
midpoint (Fig. 5).

Ontogenetic analysis

The ontogenetic analysis showed a higher and significant
relationship between the shape and CS, with a clear differen-
tiation of the skull of juveniles, subadults and adults (Fig. 6).
A positive allometry was noticeable for the three views, with
a higher explanation of shape by allometry [UJD 35.7%,
p value: <0.0001 (Fig. 6a). UJV 20.7%, p value: <0.0001
(Fig. 6b); LI 24.1%, p value: <0.0001 (Fig. 6¢)]. The influ-
ence of centroid size by ontogeny on the different skull
views was eliminated from the analyses using the multi-
variate regression residual, and the PCA analyses were all
corrected by size (Fig. 7), where the accumulated percentage
of variation for the first three PCA decrease as follows: UJD
57.3% (Fig. 7a); UJV 62.4% (Fig. 7b); LJ 80.4%; (Fig. 7c).
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chiapasius (blue), ¢ Caiman crocodilus fuscus (orange), d Caiman
crocodilus crocodilus (green), e Paleosuchus trigonatus (purple), f
Caiman yacare (light green), g Paleosuchus palpebrosus (black)

Discussion

A geometric morphometric approach was used to investigate
the variation in skull shape and ontogeny of the subspe-
cies of Caiman crocodilus and related species according to
their distribution in Colombia. The power of this technique
was useful to corroborate the presence of morphotypes for
the Colombian Caiman in three cranial views, describing a
clear variation for Caiman crocodilus that may confirm the
first taxonomic classification results proposed by Medem
(1981).

Comparing the cranial morphospace was possible to dis-
tinguish two clear point clouds that represents the two gen-
era Caiman and Paleosuchus. Observing the morphometric
variation within the genus Caiman, another two large point
clouds separate the species groups from their geographic his-
tory. The morphometrics structure in all views shows a noto-
rious separation of C. crocodilus apaporiensis (separated
point cloud at the right side in the three views—red dots)
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A

Fig.5 Wireframe representation of the average cranial shape varia-
tion and their corresponding landmarks for the lower jaw dorsal view.
a Caiman crocodilus apaporiensis (red), b Caiman crocodilus chia-

(Fig. 7). This subspecies was described by Medem as the last
of the four subspecies described for the C. crocodilus com-
plex (Medem 1955); however, its limited geographic distri-
bution has clearly shown that it may be a different species
and our results confirm those statements. The geographical
isolation effects found on C. crocodilus apaporiensis are
because it is spread only in the high areas of the Apaporis
River, where water flows have strong currents that prevent
them from migrate, especially the water fall called Raudal
de Jirijirimo.

The second evident group includes the morphotypes at
the left side of the morphospace, which is composed of the
subspecies C. crocodilus fuscus and C. crocodilus chiapa-
sius, which have generated deep controversy in literature
caused by their close morphological similitude, and lim-
ited genetic evidence has caused that all of them are con-
sidered just as C. crocodilus fuscus (Busack and Pandya

pasius (blue), ¢ Caiman crocodilus fuscus (orange), d Caiman croco-
dilus crocodilus (green), e Paleosuchus trigonatus (purple), f Caiman
yacare (light green), g Paleosuchus palpebrosus (black)

2001; Venegas-Anaya et al. 2008). For this controversy, the
morphometric analyses had interesting results, depicting a
small differentiation between the groups in the LJ and UJD
views, where the individuals have a small overlap between
one another, evidencing a cryptic morphology where the
small morphological differences previously analyzed could
be detected based on their cranial geometry, and this differ-
entiation does not have external influences associated with
them (e.g. centroid size). For UJV, the differentiation was
less evident, with a larger overlap between individuals.
Singular cases can be observed in the other subspecies
groups studied, where C. crocodilus crocodilus repeats a
cranial shape behavior for the different views, that is located
between these two large species groups previously described
but keeping a single morphological identity that maintains
them apart from all the groups previously mentioned. These
specimens are spread below the eastern mountain range
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towards the Amazon and are more clearly separated from
C. crocodilus fuscus, which is spread throughout the Mag-
dalena river towards the Atlantic coast.

The geologic history of the Andes mountain range in
Colombia may have had a strong influence in the isolation
of this subspecies, and with their morphological adapta-
tion. This can be directly observed in the point groups of
the three PCs views for the skull, where the main differences
are observed between a first group of “C. crocodilus apa-
poriensis and C. crocodilus crocodilus™ and a second group
compound by “C. crocodilus fuscus and C. crocodilus chia-
pasius”. The major isolation may come from the mountain
range formation, where the groups C. crocodilus fuscus and
C. crocodilus chiapasius became isolated in the north cross
section to the east of the country, and the other two subspe-
cies would have stayed below the eastern mountain range.

Relatively few studies about cranial shape of the species
C. crocodilus have been reported in literature (Monteiro
et al. 1997; Busack and Pandya 2001; Escobedo-Galvan
et al. 2015). However, those studies have had some limita-
tions in their sampling geographically, statistically and in
the experimental design, which have weakened their impact
of the conclusions on the morphologic differences between
the subspecies. The first morphological description of the
species C. crocodilus referenced as Jacare sclerops was
made in 1921, by recording nine measures of the cranium
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of seven specimens from five museums in the US (Mook
1921). Those cranial measurements were not compared
between individuals or statistically processed. The second
cranial morphology study was conducted with nine measure-
ments on the subspecies C. crocodilus apaporiensis (Medem
1955). Unfortunately, the measures reported are only from
one specimen (the holotype FMH69812) and the study does
not compare them morphologically to other species or sub-
species in the area. Subsequently, in 2001, there was a study
that intended to compare the cranial morphology of the spe-
cies Caiman crocodilus and Caiman yacare, taking linear
measures from more than 35 specimens maintained in alco-
hol (Busack and Pandya 2001). That study found significant
differences between both species but did not mention differ-
ences among the subspecies of C. crocodilus and the speci-
mens evaluated were mainly from outside Colombia. Nine
years later, Velasco et al. (2010) published the ecology, natu-
ral history and conservation of C. crocodilus, confirming
the geographical distribution originally stated in 2001, pav-
ing the road for Escobedo-Galvan et al. (2015) team, whom
using conventional morphometrics of the cranium tried to
cover the weaknesses of the article by Busack and Pandya
(2001), by including the four subspecies. Escobedo-Galvan
et al. (2015) results suggested that the geographic isolation
may have given rise to this morphologic separation of the
C. crocodilus complex, where they found some differences
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Fig.7 Scatterplot of the Principal Component Analysis showing a
two-dimensional cranial morphospace using the residuals of the mul-
tivariate regression (corrected by size). a Upper jaw dorsal view; b
upper jaw ventral view; and ¢ lower jaw dorsal view. Species used in
this study are represented by different colors: Caiman crocodilus apa-

between C. crocodilus apaporiensis and C. yacare; all these
data were confirmed, and the differences completely justified
in our results with cranial geometric morphometrics.

From the ontogenetic standpoint, our results showed a
clear positive allometry were the effect from size is appar-
ent in the different ontogenetic stages of the analyzed
specimens. However, the ontogenetic traits are clearly not
having a direct influence on the cranium shape at the spe-
cies level, but this trait was not a limitation to detect the
morphometric variation exclusively in the cranium shape

000

Principal component 1

poriensis (red), Caiman crocodilus chiapasius (blue), Caiman croco-
dilus fuscus (orange), Caiman crocodilus crocodilus (green), Paleo-
suchus trigonatus (purple), Caiman yacare (light green), Paleosuchus
palpebrosus (black)

for the groups studied. Juveniles, subadults and adults
were easily distinguished by means of multivariate regres-
sion of shape, depicting a clear association of size during
growth periods. However, the cranial shape resulting from
the ontogenetic variation would not have a strong influ-
ence as a descriptive trait. This statement can be confirmed
with the results achieved by Watanabe and Slice (2014),
using 3D geometric morphometrics where their analyses
largely demonstrated a lack of significant phylogenetic

@ Springer



396

Zoomorphology (2019) 138:387-397

signal, indicating that ontogenetic shape changes contain
little phylogenetic information.

Thus, using geometric morphometrics as a tool to capture
geometric information of structures, this research was, there-
fore, capable of provide valuable information to differentiate
groups of the C. crocodilus complex, showing substantial
evidence about the subspecies C. crocodilus apaporiensis as
a group differentiated from the global complex mainly due to
the isolation suggested by the environmental heterogeneity.
However, despite the climatic differences, further investiga-
tion will be necessary to examine possible differences in the
gene pools of these populations, to determine the genetic
structure of all the C. crocodilus complex in Colombia and
its relationship with morphology.
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