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CHAPTER I 

INTRODUCTION 

The biological species concept defines a species as comprising members of a 

population that can potentially interbreed in nature (Mayr 1942).  Present crocodilian 

taxonomy provides a strong and almost deliberate exception to the definition of a 

biological species and is cause for much debate.  Crocodilians have remarkable 

geographic ranges and an apparent lack of pre and post-zygotic isolation mechanisms, 

which increases the probability of species introgression exponentially (Rodriguez et al. 

2008; Weaver et al. 2008; Milian-Garcia et al. 2011).  Several studies have identified 

rampant and localized hybridization events between multiple recognized crocodilian 

species, and lend support to utilize other methods to test the validity of taxonomic units 

(Rodriguez 2007; Rodriguez et al. 2008; Weaver et al. 2008; Rodriguez et al. 2011; 

Milian-Garcia et al. 2011).  

In light of the fact that crocodilians fall within a gray area of species definitions, a 

number of genetic, ecological and morphometric tests should be implemented when 

testing taxonomic distinctness.  The genetic species concept (Dobzhansky 1950; Baker 

and Bradley 2006), defines a species as a group of genetically compatible interbreeding 

populations that genetically are isolated from other similar groups.  The genetic species 

concept in combination with the morphological species concept (Eldredge and Cracraft 

1980), which defines a species as a diagnosable cluster of individuals based on a set of 
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criteria classifying identical morphological appearance, may be more appropriate to 

study crocodilian natural history and taxonomy. 

Taxonomy and Natural History of Crocodylus 

 The current nomenclature for the order Crocodylia recognizes 23 extant species of 

crocodilians distributed throughout the world’s tropical and warm temperate regions 

(Norell et al. 1994; Salisbury and Willis 1996; Brochu 1997; Brochu 2000; Brochu and 

Densmore 2001; Brochu 2003; Brochu 2004; McAliley et al. 2006).  However,  more 

recent research provides support for adding 4-5 more species to this extremely diverse 

order (e.g. Schmitz et al. 2003; Meganathan et al. 2010; Gilbert 2011; Hekkala et al. 

2011; Meganathan et al. 2011; Meredith et al. 2011; Oaks 2011; Zhang et al. 2011).  

Crocodylia is split into three extant families: (1) Alligatoridae, which contains eight 

species of caimans split into three genera; Caiman, Melanosuchus, and Paleosuchus; and 

two species of alligator from the genus Alligator.  (2) Crocodylidae includes 12 species 

considered to be ‘true crocodiles’ split into two genera; Crocodylus and Mecistops; one 

species of crocodile from the genus Osteolaemus; and one species of crocodile from the 

genus Tomistoma.  (3) Gavialidae, which is comprised of gharials from a single species 

of the genus Gavialis. 

 Differences in skull morphology exist between these three families and can be a 

useful descriptor in distinguishing these major groups (Brochu 2000; Brochu 2003; 

Pierce et al. 2006; Pierce et al. 2008).  Although extant diversity of crocodilians appears 

to be high, paleontological records indicate that fossil crocodilians outnumber present day 
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relatives five to one (Brochu 2003); this is one reason why Crocodylus will be the 

primary focus of this thesis.  Another reason for our current study is because previously, 

fossil records as old as the Cretaceous were classified as Crocodylus but the 

morphological characters employed in classifying these specimens were largely 

plesiomorphic (Steel 1973; Brochu 2003).  Densmore (1983) described Crocodylus as a 

much more recent radiation with very low divergence among extant species.  More recent 

studies are consistent with the finding of low levels of divergence in Crocodylus (e.g. 

Brochu 2000; Densmore and Owen 1989; Densmore and White 1991; Dever and 

Densmore 2001; Ray et al. 2004; McAliley et al. 2006; Oaks 2011). 

 

New World Crocodylus 

 Given a rich fossil record for crocodilians, Crocodylus fossils are sparse and 

support the view that this genus is a more recent radiation (Brochu 2003).  Within the 

New World crocodilians there are four species from the genus Crocodylus distributed 

throughout the Neotropics; the American crocodile (C. acutus), the Orinoco crocodile (C. 

intermedius), Morelet’s crocodile (C. moreletii) and the Cuban crocodile (C. rhombifer).  

This crocodilian clade is estimated to be anywhere between 3 to 6 million years old 

(Miller 1980; Brochu 2004; Milian-Garcia et al. 2011; Oaks 2011).  The most closely 

related species to New World Crocodylus is generally thought to be the Nile crocodile 

(C. niloticus) from Africa and given the estimated age of New World Crocodylus, their 

ancestor would have needed to depart from the Old World via a large trans-oceanic event 

(Brochu 2003; Meredith et al. 2011; Oaks 2011). 
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Crocodylus acutus and Crocodylus rhombifer 

 The American and Cuban crocodile both inhabit regions of the Greater Antilles 

and share a small area of sympatry off the coast of Cuba in the Zapata Swamp (Varona 

1966; Varona 1984; Milian-Garcia et al. 2011).  Crocodylus rhombifer is considered 

critically endangered (CITES Appendix; IUCN Red List-EN) owing to their low 

population numbers, limited distribution and recent habitat loss (Ross 1998).  Crocodylus 

acutus is considered threatened or vulnerable (CITES Appendix; IUCN VU A1ac) given 

their recent reduction in population numbers and a decline in habitat suitability (Ross 

1998). 

 The Cuban crocodile’s present range is limited to about 186 square miles (300 

km
2
) within the Zapata Swamp and the Lanier Swamp in Cuba; although records based 

on sub-fossils indicate C. rhombifer also inhabited the Bahamas and Grand Cayman 

(Varona 1986; Morgan et al. 1993; Franz et al. 1995).  The American crocodile has a 

much broader distribution ranging from the southernmost tip of Florida, through the 

Greater Antilles, across Mexico and Central America, and into northern areas of South 

America (Kushlan and Mazzotti 1989a; Kushlan and Mazzotti 1989b; Ross 1998; 

Thorbjarnarson et al. 2006).  In the Greater Antilles, C. acutus is present on the islands of 

Cuba, Jamaica and Hispaniola, occasionally C. acutus specimens are found on Grand 

Cayman, although these are suspected to be migrants from Cuba and currently no self-

sustaining populations have been verified on the island (John Thorbjarnarson pers. 

comm.).  The American crocodile is the only species of Crocodylus in the New World 
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that lives in sympatry with all of the three other species (C. intermedius, C. moreletii and 

C. rhombifer). 

 

Hybridization 

Recent genetic studies of New World crocodilians have implemented a suite of 

molecular techniques for the purpose of describing population structure with emphasis on 

hybrid introgression (FitzSimmons et al. 2001; FitzSimmons et al. 2002; Rodriguez 2007; 

Cedeño-Vázquez et al. 2008; Rodriguez et al. 2008; Weaver et al. 2008; Milian-Garcia et 

al. 2011; Rodriguez et al. 2011).  Hybridization recently has been detected in New World 

crocodilians (Hekkala 2004; Cedeño-Vázquez et al. 2008; Rodriguez et al. 2008; Weaver 

et al. 2008; Milian-Garcia et al. 2011; Rodriguez et al. 2011;) and poses a significant 

threat to species boundaries, genetic integrity/purity, and especially to the already 

endangered Cuban crocodile.  Although hybridization has been genetically described 

between Cuban and American crocodiles in the Greater Antilles, other methods of hybrid 

identification have not been thoroughly tested (Weaver et al. 2008; Milian-Garcia et al. 

2011).  Interestingly, although there are apparent recurrent hybridization events occurring 

in present day, Weaver et al. (2008) proposed an underlying ancient introgression event 

which may describe the current genetic, morphological and geographical organization 

within the Greater Antilles.  Chapter II primarily focuses on studying shape change of 

Crocodylus within the Greater Antilles, in an effort to further test these previously 

mentioned patterns of genetic and morphological incongruencies.  
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Crocodilian Skull Shape Variation 

Shape variation at the species and individual level can be affected by a variety of 

biological processes such as evolutionary diversification, ontogenetic changes and 

development, as well as injury and disease (Foote 1997; Zelditch et al. 2004).  Also, 

difference in shape may signal different functional responses to geographical and 

environmental selective pressures (Zelditch et al. 2004).  The study of shape variation 

and morphological disparity in extant organisms, especially crocodilians, has been 

increasingly more common to address issues related to phylogenetic correspondence 

(Stayton 2005; Pierce et al. 2008). 

Crocodile skulls are complex structures that have been utilized in a multitude of 

phylogenetic studies (Clark 1994; Brochu 2000; Brochu and Densmore 2001; Brochu 

2003; Brochu 2004; Pierce et al. 2006; Pierce et al. 2008; Pierce et al. 2009).  Recently a 

quantitative study of broad-scale patterns describing morphological variation of 

crocodilian skull shapes defined four unique morphotypes corresponding to species in 

morphospace (Pierce et al. 2008).  These morphotypes include: long/narrow, 

short/narrow, short/broad, and long/broad crocodile snout shapes.  It was also determined 

that snout length is closely correlated with the size of the supratemporal fenestra 

(Langston 1973; Pierce et al. 2008).  In addition, the width of the snout has been shown 

to be closely related to the length of the nasal bone and size of the orbits, indicating much 

more complex shape categories and suggests that previous methods of separating species 

into simple longirostrine and brevirostrine categories to be an oversimplification.  In 
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order to robustly analyze morphological variation in Crocodylia, a suit of features would 

be required. 

 McHenry et al. (2006) described a more complex classification system known as 

ecomorphological classification that closely resembles Pierce et al.’s (2008) 

morphotypes, although the former study takes into consideration the height of the snout 

which makes 2-D morphometric analyses more difficult.  Due to the added variable from 

McHenry et al.’s (2006) ecomorphological classification and our lack of resources for 3-

D modeling, we adopt the four morphotype classification from Pierce et al. (2008) for 

describing crocodilian skull shape. 
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CHAPTER II 

GEOMETRIC MORPHOMETRICS OF ANTILLEAN CROCODILES 

Abstract 

Geometric morphometrics commonly have been utilized to explore patterns of 

variation across a wide range of taxa.  We present a geometric morphometric analysis of 

skull shape morphology for New World crocodilians of the genus Crocodylus, placing 

emphasis on studying variation within the Greater Antillean region of the Neotropics.  It 

has been suggested that the major factor contributing to the modern diversity of Cuban 

(C. rhombifer) and American crocodiles (C. acutus) in the Greater Antilles is the result of 

ancient hybridization.  Genetic studies found that mitochondrial DNA haplotypes for C. 

acutus in the Greater Antilles are actually more closely related to C. rhombifer than other 

American crocodiles throughout the Neotropics.  To infer whether genetic relationships 

are correlated with morphological relationships, we use geometric morphometrics to 

assess shape variation and compare skull morphology to a reconstruction of a 

cytochrome-b gene phylogeny.  Analysis of skull shape variation using geometric 

morphometrics of landmark data reveals three broad groups of New World Crocodylus 

within the given morphospace.  Two of these groups correspond to present day 

Crocodylus whereas the other corresponds to fossil specimens of C. rhombifer.  Within 

these groups, nearly all sub-groups correspond to our current taxonomic understanding of 

New World Crocodylus; except for the placement of Greater Antillean C. acutus, which 

clusters much closer to C. rhombifer.  This further supports recent studies of Greater 
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Antillean C. acutus dynamics and their genetic phylogenies, indicating a unique 

evolutionary history. 

 

Introduction 

Hybridization and taxonomy 

 Recently the taxonomy of New World Crocodylus species thoroughly has been 

examined using various molecular techniques and has become the source of confusion 

and debate (Hekkala 2004; Ray et al. 2004; Rodriguez 2007; Cedeño-Vázquez et al. 

2008; Rodriguez et al. 2008; Weaver et al. 2008; Milian-Garcia et al. 2011; Rodriguez et 

al. 2011).  Molecular data suggest that all American crocodiles (C. acutus) within the 

Greater Antilles are more closely related to Cuban crocodiles (C. rhombifer) than the 

remainder of the American crocodile complex (Weaver et al. 2008; Milian-Garcia et al. 

2011).  Notably, not a single sampled C. acutus individual from the Greater Antilles has 

been genetically grouped with its mainland conspecifics, which suggests this discrepancy 

is the norm throughout their Antillean range.  Ancient hybridization followed by isolation 

is a possible cause of this discrepancy and is further supported by the observation of the 

present day dynamics of hybridization between these two species.  It has been noted that 

for hybridization between C. acutus and C. rhombifer to occur, the hybridization mode 

must be unidirectional (Roberto-Ramos pers. comm.); this directionality consists of a 

male C. acutus and a female C. rhombifer in the hybridization process.  Therefore, hybrid 

offspring would only possess Cuban crocodile mitochondria.  This hypothesis is 

supported by the single mitochondrial haplotype for C. acutus throughout their entire 
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range in the Greater Antilles that is 0.9% divergent from C. rhombifer at the cytochrome-

b locus but is 5.3% divergent from mainland C. acutus (Weaver et al. 2008).  This may 

suggest isolation following an ancient mitochondrial capture of a C. rhombifer haplotype 

within C. acutus.  

Milian-Garcia et al. (2011) report a 0.22-0.35 mya divergence time between C. 

rhombifer and C. acutus in Cuba, and a 2.00-3.17 mya divergence time between C. 

acutus in Cuba and C. acutus in Central America.  In this context, further quantitative 

analyses are necessary to resolve the current and historic relationships and taxonomic 

status of Cuban and American crocodiles.  Geometric morphometrics have much to offer 

to this problem and while not a complete solution to unraveling this Greater Antillean 

mystery, it represents another line of evidence to thoroughly study crocodilian taxonomy. 

 

Distribution 

 Currently, the Cuban crocodile has a limited geographic distribution within the 

Zapata Swamp and the Lanier Swamp in Cuba but fossil records indicate C. rhombifer 

also inhabited the Bahamas and Grand Cayman (Varona 1986; Morgan et al. 1993; Franz 

et al. 1995).  This is suggestive of a historically broader range for the distribution of C. 

rhombifer throughout the Greater Antilles.  The American crocodile inhabits a very broad 

distribution from the southernmost tip of Florida, through the Greater Antilles, across 

Mexico and Central America, and into northern areas of South America (Kushlan and 

Mazzotti 1989a; Kushlan and Mazzotti 1989b; Ross 1998; Thorbjarnarson et al. 2006).  

In the Greater Antilles, C. acutus currently is found on the islands of Cuba, Hispaniola 
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and Jamaica (see Figure 2.1).  The American crocodile is the only New World 

Crocodylus species that lives in sympatry with the other three species presently found in 

the Neotropics (e.g. the Orinoco crocodile, C. intermedius; Morelet’s crocodile, C. 

moreletii; and the Cuban crocodile). 

 

Study objectives 

 The primary objective of this study is to analyze shape variation of C. acutus and 

C. rhombifer in an effort to describe their species relationships in the Greater Antilles and 

make inferences on their taxonomic distinctness.  To accomplish this objective, we adopt 

several geometric morphometric techniques to describe crocodilian skull shape to address 

the following questions: 1) Is there an association between morphology, phylogeny and 

biogeography? 2) Is Greater Antillean C. acutus morphologically distinct from C. acutus 

from all other localities? 3) What is the main quantifiable pattern of shape variation for 

New World Crocodylus species?  Using geometric morphometric techniques, we aim to 

shed light on the study of closely related crocodilian species that have a history of 

admixture. 

 

Materials and Methods 

Sampling/technique 

 A total of 30 C. acutus, 12 C. rhombifer, 2 C. intermedius (Orinoco crocodile), 2 

C. moreletii (Morelet’s crocodile), and 9 C. niloticus (Nile crocodile) were used in this 

study (see Table 2.1 and Figure 2.1).  The dataset is composed of osteological and 
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fossilized osteological specimens.  Specimens were selected according to overall skull 

completeness and their proposed size class.  Only sub-adult and adult specimens were 

included in analyses to reduce possible differences in allometric growth.  The crocodile 

skull is well studied and somewhat two-dimensional from a dorsal, lateral and ventral 

point-of-view, therefore it provides a reasonably consistent structure to use for landmark 

comparisons.  Using this method, landmarks can be placed on two-dimensional 

photographs without the need for three-dimensional modeling.  Skulls were photographed 

in dorsal aspect along the horizontal plane with a scale bar included to record the size of 

each specimen. 

To limit operator and equipment error, each specimen was photographed with a 

single camera (Nikon Coolpix P80V1.1), 3584 x 2016 pixel dimensions, 300 dpi vertical 

and horizontal resolution, F-stop 1/4, exposure time 1/10 sec, ISO-100, focal length 6 

mm, max aperture of 3, and no compulsory flash.  The camera was placed on a tripod 

exactly 90° from the horizontal plane.  In order to maintain two-dimensionality, the 

specimens were spatially adjusted using a level and modeling clay so the parietal table 

was level with the horizontal plane.  Dorsal photographs were taken, each specimen was 

disturbed and repositioned three times and multiple photographs were taken after 

disturbing and repositioning the specimen.  Ultimately three photos of each skull were 

used in morphometric analyses which consisted of one photo per disturbing and 

repositioning.  Once landmark placement was performed on the three replicates, the 

landmark coordinates were averaged across the replicates using a generalized Procrustes 

superimposition (GPA) to obtain a general consensus of the photographic sampling for a 
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single individual.  This replication should help in reducing bias based on human error 

from landmark placement and from photographic sampling. 

 

Landmarks 

  For the morphometric analyses, a set of specific landmarks were chosen and 

measured based on previous studies (see Figure 2.2 and Figure 2.3) (Pierce et al. 2006; 

Pierce et al. 2008; Sadleir and Makovicky 2008; Pearcy and Wijtten 2010; Pearcy and 

Wijtten 2011).  Landmarks were digitized using the program TpsDig 2.04 (Rohlf 2005) 

and were of either Type 1 or Type 2 (Bookstein 1991).  The number of landmarks 

differed with respect to two different analyses: (1) Population level shape variation: 63 

landmarks, with five located along the midline of the skull and 58 bilaterally symmetrical 

landmarks (Figure 2.2); (2) Individual level shape variation: 35 landmarks, with five 

located along the midline of the skull and 30 bilaterally symmetrical landmarks (Figure 

2.3).  Reducing the number of landmarks in the individual level shape variation analysis 

was necessary due to uncertainty in landmark positioning and skull completeness.  

Population level analyses allowed for individual landmarks to be averaged into groups 

and therefore incomplete specimens could still attribute landmark variation to the 

population consensus.  In order to avoid overinflating the degrees of freedom in our 

statistical analyses, bilaterally symmetrical landmarks were averaged by reflecting them 

onto the other using the program BigFix6 (Sheets 2001).  The program TpsSmall 1.20 

(Rohlf 2003b) was used to determine if the shape variation of the data was statistically 

small enough for analyses.   
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Standardization and superimposition 

Several of the analyses were implemented in the program R 2.10 (The R 

Foundation for Statistical Computing, 2009).  The program R package Shapes (Dryden 

2009) was used to standardize the photographs to the length of the scale bar and to 

perform a generalized Procrustes superimposition (GPA) in order reduce effects of 

scaling, rotation and translation between specimens (Rohlf 1990).  Then the Shapes 

package was utilized to plot the consensus form estimated by the GPA with the 

intermediate forms of the three principal components.  The individual superimposed 

coordinates were recorded and utilized for the remainder of the analyses. 

 

Principal component analysis 

For both landmark configurations, the data set was converted into shape variables 

(i.e. partial warp and uniform component scores), and morphospace occupation and shape 

variation was assessed using principal component analyses (PCA) with the program 

Morphologika (O'Higgins and Jones 2006).  In order to select the axes that captured the 

most useful information, eigenvalues were plotted against the ordinal number of principal 

components and the inflection point was found (see Pierce et al, 2008 and 2009).  For 

further confirmation, an X
2
 statistic was performed based on the likelihood-ratio criterion 

(Zelditch et al. 2004). 
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Size and shape relationship 

Since the data set includes samples from different size classes (e.g. adult and sub-

adult), the relationship between size and shape was investigated to test whether the 

primary factor controlling shape was size class differences.  This relationship was 

quantified for New World Crocodylus by regressing Procrustes distances from an overall 

reference form of all sample localities on the natural logarithm of centroid size.  In an 

effort to assess the effects of size on New World Crocodylus skull shapes, a multivariate 

regression of the partial warp and uniform component scores against the log centroid size 

was implored using the consensus form of all specimens.  To determine whether shape 

differences described by PC axes were correlated with size, the scores of all specimens 

along significant PC axes were regressed on log centroid size for all analyses.  All 

multivariate regressions were conducted using the programs Regress6K (Sheets 2003) 

and TpsRegr 1.28 (Rohlf 2003a). 

 

Cluster analysis 

 In order to assess the number of morphologically distinct groups within our data 

set, a cluster analysis was conducted on all sample locality consensus specimens for LM1 

using Euclidean partial Procrustes distances in the program Past version 1.59 (Hammer et 

al. 2001).  To establish whether returned groupings had statistical significance, we next 

subjected these groupings to a pair-wise significance test of their mean shapes in the 

program TwoGroup 6h (Sheets 2000).  The cluster results were then compared to current 

and historic geographical occurrences as well as genetic phylogeny.   
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Phylogenetic correspondence 

 To assess the correspondence between recent phylogenetic findings (Weaver et al. 

2008; Milian-Garcia et al. 2011; Rodriguez et al. 2011) and skull morphology of New 

World Crocodylus, a phylogenetic tree, modified from Weaver et al.’s (2008) Bayesian 

inference topology of the cytochrome-b gene, was superimposed onto the PC plots using 

protocols modified from Pierce (2007) and Pierce et al (2008 and 2009).  In brief, 

crocodiles were grouped according to Figure 2.7 and the x, y coordinates of the average 

specimen for each putative grouping of crocodiles were plotted onto morphospace.  For 

C. acutus on the mainland, only specimens originating from countries that have reported 

genetic data were included in the calculation of average specimen grouping (i.e. localities 

including Florida, Mexico, Belize and Panama; see Rodriguez 2007; Cedeño-Vázquez et 

al. 2008; Weaver et al. 2008; Milian-Garcia et al. 2011; Rodriguez et al. 2011).  To 

provide a standardized method for drawing the phylogeny onto the morphospace plot, a 

Brownian motion model of evolution was implemented using the values of the internal 

nodes of the phylogeny.  The values of the internal nodes represent the maximum-

likelihood estimate of the ancestral state.  To determine the x, y coordinates of each 

internal node within the phylogeny using the squared-change parsimony reconstruction 

method, the program Mesquite v 1.06 (Maddison and Maddison 2006) was utilized.  The 

corresponding point was then plotted onto the same graph.  Finally, the corresponding 

terminal points for the internal nodes were connected to each other with straight lines.  

For an alternative methodology see O’Keefe (2002) and Stayton (2005; 2006). 
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 Genetic and morphological distances among taxa were compared in order to 

statistically assess the association between phylogeny and skull shape using a Mantel test 

(Mantel 1967) in the program Past version 1.59 (Hammer et al. 2001).  We constructed 

the morphological distance matrix from partial Procrustes distances taken from shape 

means.  The genetic distance matrix is based on Weaver et al.’s (2008) reported 

uncorrected pair-wise genetic distance values for the cytochrome-b gene.  To measure 

significance, the correlation was randomly permutated 5,000 times.   

 

Results 

PCA of landmark data 

 The PCA implemented on the partial warp scores for LM1 showed that much of 

the total shape variance is captured by the first two axes, with over 82% of the variance 

explained (Figure 2.4).  Similarly, the PCA for LM2 captured over 68% of the variance 

for the first two axes (Figure 2.5).  For both landmark configurations, PC1 and PC2 were 

the only PC axes judged significant using the procedure described earlier and therefore 

these axes will be the focus of interpretation.  The multivariate regression reveals that 

shape is correlated significantly with centroid size (Wilk’s Λ = 0.121, p < 0.0001; 

Goodalls F = 23.25, p < 0.0001).   

 For LM1 (Figure 2.4), the first PC axis mainly describes variation in the length of 

the snout and length of the nasal bones and PC2 mainly discriminates the width of the 

squamosal and the width of the snout.  Therefore, PC1 mainly discriminates short and 

long snouts and PC2 discriminates broad and narrow snouts.  The scatter plot indicates 
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both PC1 and PC2 can adequately discriminate C. acutus sampled from the Greater 

Antilles from the rest of the American crocodile complex.  The scatter plot also indicates 

that C. acutus from the Greater Antilles differs from other C. acutus by possessing longer 

nasal bones and a broader snout.  In addition, a discrepancy was found between C. 

rhombifer sub-fossil specimens and their modern day conspecifics.  As such we will 

describe these groups separately throughout the rest of the interpretation.  Sub-fossil C. 

rhombifer can be described as possessing very long and broad snouts whereas present day 

C. rhombifer appear to have short broad snouts. 

 For LM2 (Figure 2.5), the first PC axis mainly describes variation in the length of 

the frontal bone and length of the snout, and PC2 mainly discriminates the width of the 

squamosal, the width of the snout, and the length of the parietal bone.  As such, these 

PC’s can be similarly described as above with PC1 mainly discriminating short and long 

snouts and PC2 mainly discriminating broad and narrow snouts.  The scatter plot 

indicates that PC1 and PC2 adequately distinguish Greater Antillean C. acutus from their 

mainland conspecifics and this difference can almost entirely be attributed to positioning 

of landmarks 3, 4 and 5, which describe the length of the frontal and parietal bone.  Sub-

fossil C. rhombifer are also similarly disparate, as seen for LM1, when compared to 

modern day C. rhombifer. 

Cluster analysis 

The cluster analysis (Figure 2.6) and associated pair-wise significance tests (Table 

2.1) recovered three broad groups within morphospace, Group A, or sub-fossil C. 

rhombifer, consisting of extremely broad-snouted morphotypes; Group B, or present day 
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C. rhombifer, Antillean C. acutus and C. moreletii, consisting of broad-snouted 

morphotypes with varying degrees of length; and Group C, or mainland C. acutus and C. 

intermedius, consisting of more narrow-snouted morphotypes with varying degrees of 

length.  Within Group B there are two main clusters, B-1 and B-2, which differ 

significantly from each other (Table 2.1).  Cluster B-1 is composed of C. acutus from the 

Greater Antilles (B-1.1) and C. rhombifer, whereas cluster B-2 is composed of C. 

moreletii.  Within cluster B-1, cluster B-1.1 appears to be significantly different from 

present day C. rhombifer in Cuba, however statistical tests were not performed on this 

grouping since the C. rhombifer group was only represented by one locality.  Within 

Group C there are two main clusters, C-1 and C-2, which are significantly different from 

each other (Table 2.1).  Cluster C-1 is composed of C. intermedius and cluster C-2 is 

composed of mainland C. acutus.  Within C-2, cluster C-2.1 appears to be different from 

C. acutus originating from Nicaragua although like above for Group B, statistical tests 

were not performed on this grouping since it was only represented by one locality.   

 

Phylogenetic correspondence 

 Projecting the genetic phylogeny (Figure 2.7) of New World Crocodylus 

(including C. niloticus as an out group) onto morphospace (Figure 2.8) finds no 

intersection of branches.  This is indicative of correspondence between genetic phylogeny 

and morphospace for these species and may also indicate a recent radiation, although 

given enough time this correspondence may breakdown.  The Mantel test using the 

genetic distance matrix found a significant relationship between morphospace occupation 
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and genetic phylogeny (p = 0.01), and the correlation was of moderate strength (r = 

0.4344).  

 

Discussion 

Variables affecting shape 

 Given the results of the landmark analyses, the PCA results (see Figure 2.4 and 

Figure 2.5) show the most variable aspects of New World crocodilian skull shape are 

length and width of the snout, and length of the frontal bone.  Other studies have found a 

similar pattern of shape correlation, with respect to length and width of snout for extinct 

and extant crocodilians (Pierce et al. 2006; Pierce et al. 2008; Pierce et al. 2009).  These 

studies also show a complex relationship exists between morphological integration, 

phylogenetic relatedness and mechanical function (Marroig and Cheverud 2001; 

Goswami 2006).  Although the regression model implemented to examine allometric 

differences in size classes may indicate that allometry does exist among the included 

crocodile species, this is not the primary source of shape variation for our data set.   

Crocodylus acutus from the Greater Antilles have significant morphological 

disparity when compared to other C. acutus, as well as the rest of the Neotropical 

crocodilians.  Interestingly, sub-fossil C. rhombifer show significant morphological 

disparity compared to its modern day conspecific and is highly divergent from all other 

New World Crocodylus species.  A further study of fossil specimens from extant taxa 

may provide an interesting example of crocodilian skull shape evolution and adaptation 

given a changing global climate.  On the other hand, this skull shape difference may be 
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attributed to suspected ancient hybridization events between C. rhombifer and C. acutus 

and therefore modern day Cuban and American crocodiles may possess a somewhat 

intermediate skull shape.  Regardless of the cause of this morphological disparity, it is 

apparent that C. acutus from the Greater Antilles are divergent from the rest of the 

American crocodile complex. 

 Taken together (LM1 and LM2), there appear to be five main morphotypes that 

comprise New World Crocodylus in present day, and six morphotypes when sub-fossil C. 

rhombifer are included.  When compared to each other, these morphotypes include: (1) C. 

acutus from the mainland possess a medium range skull morphotype approaching slightly 

more slender snouted.  (2) C. acutus from the Greater Antilles possess longer and broader 

skull morphotypes.  (3) C. intermedius possess long and narrow skull morphotypes.  (4) 

C. moreletii possess morphotypes comprised of medium range snout length with a 

slightly broader snout width.  (5) C. rhombifer from present day possess relatively short 

and broad snout morphotypes.  (6) Sub-fossil C. rhombifer possess longer and even 

broader snout morphotypes compared to their modern day counterparts.  Both PCA 

scatter plots demonstrate that New World Crocodylus fall within all four quadrants of 

morphospace, and interestingly Greater Antillean C. acutus always occupy the same side 

of the PC1 axis as C. rhombifer and never closer to the mainland C. acutus. 

 

Phylogeny 

A cluster analysis reveals three broad groups of New World Crocodylus skull 

shape variation within morphospace (Figure 2.5).  These cluster groupings conform to the 
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PCA results for LM1 and LM2 (Figure 2.4 and Figure 2.5) and indicate very distinct 

anatomical differences between mainland C. acutus and Greater Antillean C. acutus.  

Interestingly, these cluster results return groupings which are congruent with recent 

genetic phylogenies (Weaver et al. 2008; Milian-Garcia et al. 2011; Rodriguez et al. 

2011) and indicate that C. acutus from the Greater Antilles is not only genetically distinct 

from mainland C. acutus, but morphologically distinct as well.  Two of the returned 

cluster groups correspond to present day Crocodylus (Group B and C), whereas the other 

corresponds to fossil specimens of C. rhombifer (Group A).  All sub-groups are 

consistent with our current taxonomic understanding of New World Crocodylus except 

for the placement of Greater Antillean C. acutus (B-1) which clusters much closer to C. 

rhombifer.  This further supports the previously mentioned studies of Greater Antillean 

C. acutus dynamics and their genetic phylogenies.   

Projecting a genetic phylogeny of New World Crocodylus onto morphospace 

(Figure 2.7 and Figure 2.8) finds these two data types have a significant relationship and 

finds no intersection of braches.  The Mantel test further supports this claim and indicates 

morphospace occupation and genetic phylogeny are correlated (p = 00.1).  This is 

indicative of correspondence between genetic phylogeny and morphospace for these 

species and may also indicate a recent radiation, although given enough time this 

correspondence may breakdown.  Taken together, this is indicative of a relationship 

between crocodilian skull shape and genetic divergence.   

While our results implicate skull shape and genetic divergence have a significant 

relationship, it is not certain if this remains true across all crocodilian taxa through time, 
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and this result should be taken into account on a case by case basis, especially for 

Neotropical Crocodylus.  The incongruence of shape variation for sub-fossil C. rhombifer 

skulls compared to present day C. rhombifer may indicate that this phylogenetic 

correspondence, between skull shape variation and genetic divergence, breaks down over 

time.  Although with the majority of sub-fossil skulls included in these analyses 

originating during the Pleistocene it cannot be certain.  It is possible some of the sub-

fossil skulls represent previously undescribed species and given the apparent dichotomy 

between fossil and present day C. rhombifer in our analyses, further study is warranted. 

 

Conservation implications 

 Present day hybridization events due to anthropogenic pressures present difficult 

conservation and management problems for New World crocodilians, and are further 

complicated by the prospect of natural ancient hybridization.  A study of shape variation 

and morphospace occupation of known hybrid individuals compared to their parent 

species may further provide insight into delineating species that may be the result of 

hybridization events.  It is apparent that shape variation for C. acutus in the Greater 

Antilles does not conform to the rest of the American crocodile complex, and therefore 

indicates a possible taxonomically distinct unit in need of special consideration when 

developing conservation and management programs.  An evaluation of recent genetic 

findings further supports the overall uniqueness of crocodilian biology in the Greater 

Antilles, and possibly provides an example of hybrid speciation. 
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TABLE 2.1 List of all specimens used in geometric morphometric analysis 

  Taxon Specimen Number Reference Geography 

 

C. acutus 11038 FMNH Honduras 

 

C. acutus 11041 FMNH Belize 

 

C. acutus 11042 FMNH Belize 

 

C. acutus 11043 FMNH Belize 

 

C. acutus 115352 NMNH Mexico 

 

C. acutus 115353 NMNH Mexico 

 

C. acutus 13220 FMNH Honduras 

 

C. acutus 15182 AMNH Nicaragua 

 

C. acutus 20159 FMNH Guatemala 

 

C. acutus 22934 FMNH Honduras 

 

C. acutus 247943 NMNH Panama 

 

C. acutus 258735 NMNH Belize 

* C. acutus 28653 AMNH Santo Domingo 

 

C. acutus 34563 FMNH Honduras 

* C. acutus 34667 FMNH Cuba 

 

C. acutus 43299 AMNH Florida 

 

C. acutus 46470 AMNH Panama 

 

C. acutus 52336 NMNH Mexico 

 

C. acutus 5775 FMNH Honduras 

 

C. acutus 59070 FMNH Panama 

 

C. acutus 69884 FMNH Columbia 

 

C. acutus 69886 FMNH Columbia 

 

C. acutus 69887 FMNH Columbia 

* C. acutus 71194 AMNH Jamaica 

 

C. acutus 73755 FMNH Columbia 

 

C. acutus 74923 FMNH Columbia 

 

C. acutus 74924 FMNH Columbia 

 

C. acutus 9659 AMNH Florida 

* C. acutus Cuba2009Ca Cuba2009 Cuba 

 

C. acutus 211273 NMNH Florida 

 

C. intermedius 211281 NMNH Venezuela 

 

C. intermedius 75659 FMNH Columbia 

 

C. moreletii 4432 FMNH Belize 

 

C. moreletii 52335 NMNH Mexico 

 

C. niloticus 19319 FMNH Mali 

 

C. niloticus 194831 NMNH Ivory Coast 

 C. niloticus 194833 NMNH Ivory Coast 
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TABLE 2.1 (Continued) 

  Taxon Specimen Number Reference Geography 

 

C. niloticus 195783 NMNH Botswana 

 

C. niloticus 23464 AMNH Sudan 

 

C. niloticus 71192 AMNH Madagascar 

 

C. niloticus 7134 AMNH South Africa 

* C. rhombifer 141073 AMNH Cuba 

* C. rhombifer 154087 AMNH Cuba 

*S C. rhombifer 216197 NMNH Grand Cayman 

* C. rhombifer 57773 AMNH Cuba 

*S C. rhombifer 6178 AMNH Cuba 

*S C. rhombifer 6179 AMNH Cuba 

*S C. rhombifer 6180 AMNH Cuba 

*S C. rhombifer 6181 AMNH Cuba 

*S C. rhombifer 6185 AMNH Cuba 

* C. rhombifer 77595 AMNH Cuba 

* C. rhombifer CF7503 AMNH Cuba 

* C. rhombifer Cuba2009Cr Cuba2009 Cuba 

AMNH, American Museum of Natural History; NMNH, National Museum of Natural 

History; FMNH, Field Museum of Natural History; Cuba2009, skulls photographed in 

Cuba. Asterisks indicate specimens originating from the Greater Antilles. S indicates 

specimens were sub-fossil material. 
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TABLE 2.2 Mean shape pair-wise comparisons of recovered New World 

Crocodylus groups from the cluster analysis 

Group pair Goodall's F-

value 

p-value Partial Procrustes distance 

between means 

Group A/Group B 26.72 <0.0001 0.1592 

Group A/Group C 29.38 <0.0001 0.1577 

Group B/ Group C 28.61 <0.0001 0.0992 

B-1/B-2 10.69 <0.0001 0.0964 

C-1/C-2 11.98 <0.0001 0.1048 

B-1.1/C-2.1 17.64 <0.0001 0.1207 

Significance was judged utilizing a Bonferroni correction with an α level of 0.01. 
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Figure 2.1 Map of localities where New World Crocodylus museum skull samples 

originated.  The suspected range of C. acutus is highlighted in yellow. 
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Figure 2.2 Landmark configuration 1 (LM1).  Landmarks used in analysis.  1: Anterior 

tip of premaxillae contact.  2: Posterior tip of premaxillae contact at the narial opening. 3: 

Anterior tip of nasal bones.  4: Nasal-nasal-frontal contact.  5: Midline of supraoccipital.  

6: Premaxilla-maxilla contact along lateral margin.  7: Premaxilla-nasal-maxilla contact.  

8: Maxilla-prefrontal-lachrymal contact.  9: Nasal-maxilla-prefrontal contact.  10: Nasal-

frontal-prefrontal contact.  11: Maxilla-lachrymal-jugal contact.  12: Maxilla-jugal 

contact along lateral margin.  13: Jugal-lachrymal-orbit contact.  14: Lachrymal-

prefrontal-orbit contact.  15: Prefrontal-frontal-orbit contact.  16: Frontal-postorbital-orbit 

contact.  17: Anterodorsal tip of postorbital bar.  18: Anteroventral tip of postorbital bar.  

19: Posterodorsal tip of postorbital bar.  20: Posteroventral tip of postorbital bar.  21: 

Frontal-parietal-postorbital contact.  22: Parietal-postorbital-supratemporal fenestra 

contact.  23: Postorbital-squamosal-supratemporal fenestra contact.  24: Parietal-



 Texas Tech University, Jeremy Weaver, August 2012  

 

39 
 

squamosal-supratemporal fenestra contact.  25: Midpoint of supratemporal fenestra along 

parietal.  26: Postorbital-squamosal-quadratojugal contact.  27: Jugal-quadratojugal-

infratemporal fenestra contact.  28: Jugal-quadratojugal contact along lateral margin.  29: 

Quadratojugal-quadrate contact along lateral margin.  30: Medial condyle of quadrate.  

31: Posterolateral tip of squamosal.  32: Parietal-squamosal contact along posterior 

margin.  33: Midlateral margin of external narial opening.  34: Point on lateral margin of 

premaxilla corresponding to the mid-lateral margin of the external narial opening.  A: 

Bottom of scalebar.  B: Top of scalebar. 
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Figure 2.3 Landmark configuration 2 (LM2).  Landmarks used in analysis.  1: Anterior 

tip of premaxillae contact.  2: Posterior tip of premaxillae contact at the narial opening.  

3: Anterior tip of nasal bones.  4: Anterior tip of frontal.  5: Midline of supraoccipital.  6: 

Premaxilla-maxilla contact along lateral margin.  7: Premaxilla-nasal-maxilla contact.  8: 

Lachrymal-prefrontal-orbit contact.  9: Jugal-lachrymal-orbit contact.  10: Anteroventral 

tip of postorbital bar.  11: Anterodorsal tip of postorbital bar.  12: Frontal-postorbital bar 

contact.  13: Prefrontal-frontal-orbit contact.  14: Posterodorsal tip of postorbital bar.  15: 

Postorbital-squamosal-quadrajugal contact.  16: Parietal-postorbital-supratemporal 

fenestra contact.  17: Postorbital-squamosal-supratemporal fenestra contact.  18: Parietal-

squamosal-supratemporal fenestra contact.  19: Posterolateral tip of squamosal.  20: 

Parietal-squamosal contact along posterior margin.  A: Bottom of scalebar.  B: Top of 

scalebar. 
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Figure 2.4 PCA of landmark configuration 1 (LM1). 
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Figure 2.5 PCA of landmark configuration 2 (LM2). 
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Figure 2.6 Cluster analysis based on Euclidean distances.  Node labels correspond to returned groupings with statistical 

support. 
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Figure 2.7 Current phylogenetic relationship of New World Crocodylus including C. 

niloticus as an out group.  This phylogeny is modified from Weaver et al.’s (2008) 

cytochrome-b Bayesian based topology.  Numbers correspond to the nodes used to draw 

the phylogeny onto morphospace (see Figure 2.8). 
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Figure 2.8 Phylogeny of consensus skulls mapped onto morphospace.  Numbers 

correspond to nodes in Figure 2.7. 
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CHAPTER III 

CONCLUSIONS 

 In Chapter II, the shape variation of New World Crocodylus skulls were analyzed 

using geometric morphometrics in an effort to further test genetic incongruencies 

described in previous studies.  The analyses included utilizing two-dimensional 

morphometrics of two different landmark configurations to study: (1) Population level 

shape variation; (2) Individual level shape variation. For both landmark configurations, 

principal component analyses (PCA) were conducted to assess shape variation and 

morphospace occupation.  Additionally, for the analysis of population level shape 

variation, a cluster analysis was utilized to test for significant differences between 

morphologically distinct groups; and an analysis of phylogenetic correspondence was 

then conducted to test for a correlation between genetic phylogeny and morphospace 

occupation. 

 

New World Crocodylus Shape Variation 

 An analysis of New World Crocodylus shape variation identified several causal 

variables that are useful in distinguishing skull morphology between species.  The length 

and width of the snout was indicated as the primary factor necessary for discrimination of 

morphotypes.  In these analyses, five main morphotypes are described as comprising 

New World Crocodylus in present day and six morphotypes when sub-fossil samples of 

the Cuban crocodile (C. rhombifer) are included.  Briefly, these morphotypes can be 
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described as: (1) A medium range skull morphotype approaching slightly more slender 

snouted, this group contains all American crocodiles (C. acutus) from the mainland.  (2) 

A long/broad snouted morphotype, describing C. acutus from the Greater Antilles.  (3) A 

long/narrow snouted morphotype, comprising Orinoco crocodile (C. intermedius) 

specimens.  (4) A medium range snout length with a slightly broader snout width, this 

morphotype contains Morelet’s crocodiles (C. moreletii).  (5) A relatively short/broad 

snouted morphotype, describing C. rhombifer from present day.  (6) An extreme 

long/broad morphotype, comprising sub-fossil C. rhombifer. 

 Pierce et al. (2008) described the most variable aspects of skull shape for all 

crocodilians as the length and width of the snout, and also showed a complex relationship 

between phylogenetics, morphometrics and biogeography.  In our analysis of shape 

variation, the American crocodile originating from the Greater Antilles showed 

significant morphological disparity in comparison to the rest of the C. acutus complex.  

Also sub-fossil specimens of C. rhombifer showed significant morphological differences 

compared to their modern day counterpart.  These two discrepancies in shape variation 

further support the existence of complex crocodilian relationships.  

 

Phylogenetics of New World Crocodylus 

Chapter II also makes an effort to study the phylogenetic relationships of New 

World Crocodylus species using geometric morphometrics.  To accomplish this, a cluster 

analysis was conducted in order to subject distinct morphological groups to a pair-wise 
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significance test of their mean shapes.  The cluster analysis returned three broad groups 

within morphospace, the first group contained sub-fossil C. rhombifer; the second group 

contained modern day C. rhombifer, C. acutus from the Greater Antilles, and C. 

moreletii; and the third group contained C. intermedius and all mainland C. acutus.  

These groupings are consistent with more recent genetic phylogenies (Rodriguez 2007; 

Cedeño-Vázquez et al. 2008; Rodriguez et al. 2008; Weaver et al. 2008; Milian-Garcia et 

al. 2011; Oaks 2011; Rodriguez et al. 2011) that indicate C. acutus originating from the 

Greater Antilles are more closely related to C. rhombifer than the rest of the C. acutus 

complex. 

In order to further study the phylogenetic relationships of New World Crocodylus, 

a genetic phylogeny was projected onto morphospace to assess whether skull shape and 

genetic divergence are related.  Our results indicate that indeed skull shape within the 

Neotropics is correlated to genetic divergence, thus providing additional support for the 

unique phylogenetic placement of Greater Antillean C. acutus. 

 

Conservation and Management Implications 

Present day hybridization events due to anthropogenic pressures present difficult 

conservation and management problems for New World crocodilians, and are further 

complicated by the prospect of natural ancient hybridization (Hekkala 2004; Ray et al. 

2004; Weaver et al. 2008; Milian-Garcia et al. 2011; Rodriguez et al. 2011).  Given the 

American crocodile’s unique genetic and morphological structuring in the Greater 

Antilles, they do not appear to be panmictic across their entire range.  Chapter II indicates 
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that shape variation for C. acutus in the Greater Antilles does not conform to the rest of 

the American crocodile complex, and therefore implicates a possible taxonomically 

distinct unit in need of special consideration when developing conservation and 

management programs.  In light of these findings and additional studies on C. acutus 

genetic diversity (Dever et al. 2002; Ray and Densmore 2002; Hekkala 2004; Ray et al. 

2004; Rodriguez 2007; Cedeño-Vázquez et al. 2008; Rodriguez et al. 2008; Weaver et al. 

2008; Milian-Garcia et al. 2011; Rodriguez et al. 2011), the development of conservation 

strategies for C. acutus should require taking population level diversity information into 

account.  An evaluation of recent genetic findings compared to morphological variation 

further supports the overall uniqueness of crocodilian biology in the Greater Antilles, and 

provides a possible example of hybrid speciation. 

 

Future Directions 

 To further elucidate the implications of hybridization events for crocodilians, a 

study of shape variation and morphospace occupation of known hybrid individuals 

compared to their parent species should be conducted.  This may further provide insight 

into delineating species that may be the result of hybridization events.  The incongruence 

of shape variation for sub-fossil C. rhombifer skulls compared to present day C. 

rhombifer may indicate that in fact these sub-fossil samples are representative of a unique 

species.  It is also possible that these sub-fossil specimens are representative of an ancient 

population of crocodiles that are the result of natural hybridization events and Cuban and 

American crocodiles in the Greater Antilles during present day are the direct descendants 
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of that population.  Although with the majority of sub-fossil skulls included in these 

analyses originating during the Pleistocene, it cannot be certain if enough time has passed 

to allow such speciation events.  Given the apparent dichotomy between fossil and 

present day specimens in our analyses, further investigation is needed to test these 

possibilities.  A combination of quantitative studies investigating the genetic and 

morphological histories of New World Crocodylus will be extremely valuable in 

elucidating extant crocodilian diversity. 
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