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CHAPTER I 

INTRODUCTION 

Many of the 23 species of crocodilians have encountered dramatic reduction in 

their natural populations in the last decades due to anthropogenic actions.  In the 

Mesoamerica region several ecological and genetic studies have been conducted in 

Crocodylus acutus to assess the status of their local populations.  Knowledge about 

genetic variation in these populations provides important insights into the evolutionary 

processes that influenced the structure within and among populations.  

The IUCN and the Crocodile Specialist Group (CSG) over the last two decades 

have emphasized the importance of population genetic studies for several crocodilian 

species.  The main objective of these studies is to obtain basic information about 

population structure, migration patterns, paternity patterns, phylogeography and 

hybridization (Ray et al., 2004). 

Conservation Status of Crocodylus acutus 

Crocodylus acutus (Cuvier, 1807), best known as American Crocodile is 

widely distributed along the tropical coasts of Central America and northern South 

America, in the Caribbean islands of Cuba, Jamaica, Hispaniola, and the south of 

Florida (Álvarez del Toro, 1974; Gaby et al., 1985; Kushland, 1988; Ross, 1998).  The 

American crocodile is found in habitats that range from hypersaline lakes to 

freshwater sections of rivers and reservoirs, as well as in the coastal plains of the 

Pacific and Caribbean in Mesoamerica, due to their high tolerance to the salt water 

(Ernest et al., 1999; Thorbjarnarson et al., 2006).   
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The diet of the American crocodile is based on fish, crustaceans, snails, birds 

and mammals.  Their feeding habits are different according with their habitat, body 

size and sex (Villegas and Soto, 2008).  The mating season is between December and 

February (Garcia-Cruz, 2006).  The behavior of the American crocodile demonstrates 

territoriality and hierarchy especially during the breeding season.  Usually they are 

solitary individuals, with nocturnal habits and demonstrate social behavior out of the 

water in their sun basking time (Sanchez-Ramirez, 2001).  The reproduction age is 

reached when the individuals are approximately 2.5 m of total length.  Females exhibit 

parental care, protecting the nests and they can lay between 21 to 60 eggs per nest 

(Ross, 1989). 

Since the beginnings of the 19
th

 century, the use of the skin of crocodilians to 

produce leather articles has been the main cause for the reduction in the populations of 

American crocodile and other crocodilians.  In the period between 1920 and 1970, the 

illegal hunting increased exponentially in such a manner that many of their 

populations were on the verge of disappearing.  However in the 80s began a period of 

controlling the illegal hunting, worldwide trade and marketing, to recover populations 

of the American crocodile, but a limiting factor in this recovery is the fragmentation 

and loss of habitats due to anthropomorphic factors (Thorbjanarson et al., 2006).  

These limiting factors were the principal reasons to include the American crocodile in 

the Appendix I of CITES (Ross, 1998). 
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According to the International Union for Conservation of Nature (IUCN), 

Crocodylus acutus is classified as vulnerable (VU A1ac).  A taxon is considered 

vulnerable when it is not Critically Endangered or Endangered but is facing a high risk 

of extinction in the wild in the medium-term future.  The criteria A defined that the 

population reduction is in the form of either of the following: 1) An observed, 

estimated, inferred or suspected reduction of at least 80% over the last 10 years or 3 

generations, whichever is the longest, based on (and specifying) any of the following: 

a) direct observation and c) decline in area of occupancy, extent of occurrence and/or 

quality of habitat (IUCN red list, 1994).   

Besides their importance in their respective ecosystems, crocodiles are 

essential for many native communities around the world, as they are part of their 

mythology, food and income sources.  Therefore, governments in many countries are 

paying special attention to the legislation and protection programs aimed at their 

conservation.   

Molecular Markers 

Studies of crocodilian history and evolution already have been conducted using 

genetic tools.  Analyses of proteins and fragments of mitochondrial and ribosomal 

DNA facilitated to elucidate the phylogeny of the crocodilian group and solve some 

systematic conflicts within them (Densmore and Owen, 1989; Densmore and White 

1991).  Meganathan et al. (2009) developed two set of primers to amplify the 



Texas Tech University, Liza Garcia-Jimenez, December 2010 
 

4 
 

mitochondrial cytochrome b gene in six species of crocodile as an authentic tool for 

forensic purposes.  

Among the genetic markers commonly utilized, microsatellites are especially 

interesting because of their high degree of polymorphism and thus their utility in 

studies of population genetics.  Microsatellites are short fragments of DNA that have a 

repeated sequence.  The number of times those sequences (microsatellites) are 

repeated provides information about the relatedness of individuals, as well as the 

possibility of recombination between species (Avise, 2004).   

Microsatellites have emerged as one of the most popular genetic markers for a 

wide range of applications in population genetics, conservation biology, and 

evolutionary biology (Goldstein and Schlotterer, 1999; Selkoe and Toonen, 2006).  

Moreover, microsatellites have a high mutation rate and their simple Mendelian type 

of inheritance make them principally appropriate for the study of the population 

structure, mating system and pedigree (Abdelkrim et al., 2009).   

The development and application of microsatellites analyses have been 

essential in addressing studies of population genetic, mating systems, and forensics 

questions in crocodilians. Glenn et al. (1998) tested microsatellites to report significant 

differentiation between populations of Alligator mississippiensis in Florida and 

Louisiana. Studies conducted in Crocodylus moreletii in Belize used microsatellites to 

estimate the genetic structure, gene flow of the population and the evidence of 

multiple paternity (Dever and Densmore, 2001; McVay et al., 2008).  FitzSimmons et 
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al. (2002) used microsatellites in C. siamensis, C. rhombifer and C. porosus in 

Vietnam to distinguish purebred versus hybrid individuals.  Zucoloto et al. (2002) 

developed a microsatellite library for Caiman latirostris and later, Zucoloto et al. 

(2006) tested the ability of microsatellite markers across species.  They used 

developed microsatellites for Alligator mississipiensis and Caiman latirostris in South 

American crocodilians (Paleosuchus palpebrosus, Caiman crocodilus and Caiman 

yacare). Moreover, in Caiman latirostris multiple paternity was reported based on 

data from microsatellites studies (Amavet et al., 2008). 

Isberg et al. (2006) reported genetic linkage and sex-specific recombination in 

the saltwater crocodile (C. porosus) using 21 microsatellite loci. More recently, Miles 

et al. (2009) based on a study of saltwater crocodiles, developed 253 polymorphic 

microsatellites for the construction of the genetic linkage map of this specie. 

Regarding the Nile crocodile (C. niloticus) Bishop et al. (2009) reported low genetic 

variability on the Okavango population using seven microsatellite loci. 

For C. acutus in particular, several studies have been conducted on 

conservation, genetic characterization and hybridization in both captive and wild 

populations (Bolaños et al., 2006; Cedeño-Vásquez et al., 2006; Escobedo and Mejia, 

2003; Platt and Thorbjarnarson, 2000).  Hybridization between C. acutus with C. 

moreletti and C. rhombifer has been detected using microsatellites providing valuable 

information in management strategies (Ray et al. 2004; Rodríguez, 2007; Rodríguez et 

al., 2008; Weaver et al., 2008).  
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When compared with other countries in Central America and South America, 

Costa Rica and Mexico have conducted the majority of studies in genetic 

characterization, genetic flow and population structure of the American Crocodile 

(Barrantes-Barrantes, 2008; Cedeño-Vasquez, 2008; Cotroneo, 2010; Garcia-Cruz, 

2006; Sanchez-Vilchis, 2007).  

Population Genetics Models  

The concept of the population may be subjective based on physical characters 

or the geographical locality of the individuals.  The subjective nature of the concept 

might assign individuals to a given populations that could be further confirmed with 

genetic information.  Conversely, the population structure may be difficult to identify 

using visible characters, but access to genetic information can improve the accuracy in 

identifying subpopulations and assigning individuals to the corresponding populations 

(Pritchard et al., 2000).  

Population genetic analysis relies on the use of statistical tools such as 

maximum likelihood and Bayesian statistics using clustering methods.  In addition, the 

application of simulation techniques based in Markov Chain Monte Carlo is very 

popular (Sunnucks, 2000).  These techniques are employed with the main goal of 

extracting as much information as possible out of the genetic data collected.  Alleles of 

individual from determined populations provide information about dispersal and 

migration, relatedness and parentage, inbreeding and effective population size.  This 
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represents extremely valuable information for conservation biology, in studies of 

invasive species and in recovery programs of endangered species (Sunnucks, 2000). 

Populations become genetically differentiated over time as a result of genetic 

drift or divergent natural selection.  Wright and Malécot in the 40’s and 50’s 

introduced FST t as a parameter to describe the genetic structure of diploid populations 

(Holsinger and Weir, 2009).  Today FST is the most widely used descriptive statistics 

in population and evolutionary genetics.  FST is a convenient measure that provides 

important insights into the evolutionary processes that influence the structure of 

genetic variation within and among populations (Holsinger and Weir, 2009). 

Morphology 

Crocodilian morphology has a close relationship with the environment and 

their survival ability.  For example the shape of the snout can determine the bite force, 

which can limit the type of food consumed.  Also the morphology of the snout is one 

of the variables that determine the difference between Alligatoroidea and 

Crocodyloidea.  Recent studies demonstrate that Crocodyloidea seems to respond 

quicker to climate changes than Alligatoroidea, because the former may present a 

wider variation in their home range and body mass (Piras, 2009).  

Even though the body design of crocodilians shows extreme conservation 

throughout their evolution, they are phenotypically flexible in response to 

environmental stimuli.  The rate at which snout-vent length increases relative to total 

length may be an indicator of the crocodilians habits.  They need to be highly mobile 



Texas Tech University, Liza Garcia-Jimenez, December 2010 
 

8 
 

to capture prey and efficiently avoid predators, and as they increase in size the number 

of potential predators decreases.  Differences between crocodilian populations may 

distinguish their physical characteristics from those in other populations because of the 

differential influences of water level, temperature, diet and fast-flowing nature of the 

river (Bourquin, 2007). 

The analyses of size and shape are basic steps in the study of biometrical 

variation of organisms.  In order to analyze statistically biometrical patterns with a 

minimum number of traits, the Principal Component Analyses (PCA) method is a 

reliable multivariate tool to demonstrate maximum differences within groups 

(Jolicoeur and Mosimann, 1960).  As an example Piras et al. (2009) used PCA to 

analyze skull rostrum shape in Crocodyloidea and Alligatoroidea and their results 

simply reflect the variation between the two clades and explain a significant portion of 

home range variation in both groups.  In addition, multivariate statistical analyses such 

as ANOVA or MANOVA are performed to observe differences in shape, size or 

categories such as sex or locality between groups (Zelditch et al., 2004).  As an 

example Piña et al. (2007), used multivariate statistical analyses to efficiently 

discriminate gender in hatchlings based on their cranial morphometrics. 

Conservation Program in Coiba National Park, Panama 

The vulnerability of C. acutus and the importance of genetic studies in 

conservation programs were critical influenced for the Panamanian government’s 

initiative to support studies conducted in the Coiba National Park.  The main purpose 
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of this initiative is to promote research projects that provide basic information for 

sustainable management and conservation programs on the island.  Coiba National 

Park was identified by the United Nations Educational, Scientific and Cultural 

Organization (UNESCO) as a world heritage site in 2005.  Thus, it is an ideal place to 

study and attempt to conserve the depleted populations of crocodiles due to 

anthropogenic activities in continental Panama.  Coiba Island is an ideal area to 

observe dispersion patterns between populations of the American crocodile because of 

the relative isolation of crocodile populations in the island from those in continental 

Panama. 

The Coiba National Park is a group of 30 island and islets, located in the Gulf 

of Chiriqui, in the pacific coast of Panama between 7º10’-7º53’ N, 81º32’-81º56’ W 

and lies 22.5 km southwest of the mainland shore.  Coiba island is the largest island of 

the centroamerican pacific and constitute one of the largest preserved areas in Panama.  

Coiba Island has a surface of approximately 536 km
2
 and the Park has 430,820 

ha of tropical forest (Lampert et al., 2007).  A large number of ecosystems and natural 

habitats of Coiba are conserved. For example, 80% of tropical rainforests in the Park 

are in excellent condition.  The fact that Coiba Island was used as a penitentiary for 70 

years prevented human colonization and degradation (Lopez et al., 2006). 

Today, Coiba National Park is managed by the National Authority for the 

Environment (Autoridad Nacional del Ambiente, ANAM) of the Panama Republic and 

the access is restricted by this authority.  
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This is the first genetic study conducted in wild populations of Crocodylus 

acutus in Coiba Island, and taking into account the wider range of this specie, there are 

important gaps of knowledge concerning its genetic composition at a regional level. I 

used seven microsatellites loci and morphometric data to infer the genetic variation 

and the population structure of the American Crocodile in Coiba National Park. My 

results are part of the larger project entitled: “Population structure and habitat use of 

Crocodylus acutus on the island of Coiba: genetics and telemetry” being conducted by 

the Panamanian government and the Smithsonian Tropical Researh Institute. This 

genetic and morphological characterization will help elucidate the distribution patterns 

of the species, and answer important conservation questions in the Mesoamerica 

region. 
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CHAPTER II 

MORPHOMETRIC AND GENETIC CHARACTERIZATION OF THE 

AMERICAN CROCODILE (Crocodylus acutus) IN COIBA NATIONAL PARK, 

PANAMA 

Abstract 

 The purpose of this project was to characterize the genetic and morphological 

composition of Crocodylus acutus in Coiba Island, Panama, and to infer the 

population structure derived from the genetic variability between the North and South 

region of the Island as influenced by geographic barriers and proximity to continental 

Panama. Multivariate analysis of variance (MANOVA) was performed to analyze the 

morphometric measurements.  The MANOVA for the effect of sample site indicate 

differences between locations (P = 0.010). Regarding morphometric variables, North 

and South of Coiba Island overlapped in the discriminant space, but individuals in 

Mainland were slightly separated from the South of Coiba Island. The analysis of 

molecular variance (AMOVA) reported a variation among populations of 17.04%, and 

within populations of 82.96% with an Fst of 0.17 (P < 0.01) implying genetic 

structure between the populations sampled. The Bayesian analysis based on a 

clustering method for inferring population structure confirmed the subdivision 

identifying the maximum likelihood in a K = 3. Geographic barriers influenced the 

genetic and morphometric variation in the populations of C. acutus in Coiba Island, as 

confirmed by the presence of three subdivisions, the absence of immigrants and the 

landscape heterogeneity in the Island. This genetic structure should be considered in 

conservation programs.  
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Introduction 

Assessing the genetic characterization and population structure of endangered 

species provides critical information to determine their extinction risk and also to 

design strategies of conservation.  A population may be structured in such a way that 

its subpopulations reveal differences in genetic variation among them due to several 

evolutionary factors (Hedrick, 2009).  For example, inside of a population, its 

constituent parts may have different probabilities of exchanging genetic material, or 

genetic drift could be present only in a portion of the population.  In addition, selection 

forces may act differently in some segments of the population.  Furthermore, the 

population structure has an effect on the pattern and amount of genetic variation. 

Small and isolated populations may lose genetic diversity because of their 

susceptibility to inbreeding depression.  The main cause of the isolation of crocodilian 

populations is the habitat fragmentation resulting from anthropogenic activities, which 

combined with the presence of low genetic variation are factors that may increase the 

risk of extinction (Machkour, 2009).  

Genetic markers such as microsatellites have demonstrated to be a powerful tool to 

study population structure, mating systems and pedigree in several species given their 

high degree of polymorphism and simple Mendelian type of inheritance (Abdelkrim et 

al., 2009). 

Genetic variation in populations of C. acutus has been studied along its home 

range (Barrantes-Barrantes, 2008; Cedeño-Vasquez, 2008; Cotroneo, 2010; Garcia-

Cruz, 2006; Machkour, et al., 2009; Menzies and Kushlan, 1991; Rodriguez, 2007; 
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Sanchez-Vilchis, 2007), reporting ranges in genetic variation from low to high 

depending on the genetic marker used.   

Coiba National Park is biologically diverse and harbors a number of coastal 

and shallow water ecosystems ranging from sandy, rhodolith, and mangrove 

environments to rocky shores, coral reefs and coral communities (Guzman et al., 

2008).  Coiba Island is the ideal place to study the population structure of crocodiles 

because they live in isolated populations in small estuaries, but with a high dispersal 

behavior, taking advantage of the force of the waves to swim long distances.  

The objective of the present study is to characterize the population of the 

American crocodile in Coiba Island, Panama both genetically and morphometrically, 

in order to elucidate the population structure, and differences influenced by 

geographic barriers in the island and proximity to continental Panama. 

The null hypothesis of this project is that the localities harboring Crocodylus 

acutus in Coiba Island represent a panmictic population where no significant 

differences (genetic and morphometric) exist between individuals located throughout 

the Island.  

The alternative hypothesis is that geographic barriers and proximity to 

continental Panama influenced the population structure of C. acutus in Coiba Island, 

giving raise to several subpopulations characterized by genetic and morphometric 

differences.  

To test the hypothesis of natural barriers or proximity to continental Panama as 

factors influencing population structure, the island was divided in 2 geographical 
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sectors: North (N), and South (S). The S section represents the farthest distance from 

continental Panama, allowing testing the effect of distance as a natural barrier.  The N 

and S sites are separated (or related) by several rivers. 

 

Materials and Methods 

Field work 

The field work was conducted in Coiba National Park (Figure 2.1) during the 

months of June and August of 2009. Sixty individuals of Crocodylus acutus were 

collected in 12 different localities on the island of Coiba (Figure 2.2), representing the 

2 geographical sectors to test, the northern (N) and the southern (S) portion of the 

island (see Table 2.1).  Nine individuals were collected in Mainland (El Salado).  

Individuals were captured primarily during the course of night tours or early hours of 

the morning in a motor boat (40 horse power) along the rivers that surround the island. 

Ties and hooks were used for the physical restrain of animals.  After the animals were 

restrained morphometric measurements were taken, and weight and sex, were 

determined.  From each animal a caudal scale was collected, stored individually in 

70% ethanol in a plastic vial and kept in coolers at the sample site until the completion 

of the sampling process.   

Morphometric measurements 

Ten morphometric measurements were taken in 64 individuals captured during 

the field sampling phase of the study, 55 from Coiba Island and 9 in the coast of 

Panama (Mainland).  Four measurements corresponded to the body and the other six 
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were cranial measurements (Grahame and Messel, 2006).  Total length (TL) was 

measured from the tip of snout to tip of tail, snout vent length (SVL) from the tip of 

snout to anterior extremity of the cloaca, tail length (TaL) was measured just posterior 

to cloaca and body circumference (BD) around the belly.  On the skull the following 

measure were taken: eyes distance (ED), head maximum width (HMW) measured 

from the posterior to cranial platform, cranial width (CW) that correspond from 

distance between the lateral surfaces of the mandibular condyles of the squadrates, 

snout eye length (SL) from tip of snout to anterior edge of orbit, snout width (SW), 

and jaw length (JL) (Figure 2.3). 

Microsatellite amplification 

The samples of scale clips were processed at the Molecular Evolution 

Laboratory, Smithsonian Tropical Research Institute (STRI), Panamá.  The samples 

were preserved in DMSO/EDTA buffer and stored at -20°C.  Genomic DNA was 

isolated by standard proteinase K digestion and extracted from a small piece of scale 

tissue (5.0 mm) using the standard CTAB/phenol/chloroform technique (Sambrook et 

al., 1989; Palumbi et al., 1991).  Electrophoreses on a 2% agarose gel with ethidium 

bromide was conducted to visualize the DNA fragments under UV light. 

 Seven microsatellites (CJ35, CJ128, CJ109, CJ119, CJ18, Cj127, Cj131) from 

published studies (Dever and Densmore, 2001; FitzSimmons et al., 2001: McVay et 

al., 2008; Miles et al., 2009) were used to test for polymorphism (see Table 2.2). 

Polymerase chain reactions (PCR) of 7.0 ml, with primers M13, were performed 

including 0.7 µl of DNA (7 ng/ µl), 4.09 µl of distilled water, 0.7 µl of thermostable 
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polymerase, 0.4 µl of MgCl2, 0.14 µl nucleotide or dNTP's, 0.5 µl of each primer and 

0.4 µl of labeled M13 primer (VIC, FAM, NED).  The PCR conditions for all primers 

had an initial denaturation temperature of 94°C for 3 minutes, followed by 30 cycles at 

94°C for 30 seconds.  The annealing temperatures of the primers ranged from 50 to 

60°C for 20 seconds, followed by 45 seconds at 72°C for the final extension 

temperature.  To verify the PCR fragments, 1.5% agarose gels were run using 

ethidium bromide to visualize them. The final fragments were amplified in an 

ABIPrism 3130xl sequencer (Applied Biosystems).  To visualize the sizes of the 

microsatellites the software GeneMarker V.1.91 (Softgenetics LLC) was used.  

Data analyses 

All morphometric data were transformed by log (10) prior statistical analysis, 

to get a normal distribution of the data.  The statistical analysis for the morphometric 

data at the population level and individual level was conducted using the software 

SAS (SAS Institute, Cary, NC) to perform multivariate analyses of variance 

(MANOVA) and discriminant function analyses (DFA).  When the MANOVA 

analysis yielded significant differences, one-way ANOVA were conducted for each of 

the dependent variables to further determine where those differences were observed.  

Principal component analysis (PCA) was performed to discriminate subpopulations in 

R 2.11.1 (R Development Core Team, 2008). 

The software Create (Coombs et al., 2008) was used to convert the 

microsatellite matrix data into the specific format required for each program applied.  

The software Micro-Cheker 2.3.3 (Oosterhout et al., 2004) was used to detect the 
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presence of null alleles.  GenAlEx6.xla (Peakall and Smouse, 2006) was used to 

estimate the number of alleles and allele frequency. Number of heterozygotes 

observed versus expected and departure from Hardy-Weinberg equilibrium (HWE) 

were performed using Genepop on the Web (Raymond and Rousset, 1995; Rousset, 

2008).  The software BOTTLENECK 1.2.02 (Cornuet and Luikart, 1996) was used to 

test whether or not the population of C. acutus in Coiba Island has experienced a 

recent reduction in their effective population size, and exhibited a correlative 

reduction of the allele numbers and heterozygosities at polymorphic loci.  The analysis 

was performed under the two allele mutation models, Infinite Allele Model (IAM) and 

Stepwise Mutation Model (SMM), assuming that the population is in mutation drift 

equilibrium. 

To detect microsatellite variation between populations of C. acutus, analysis of 

molecular variance (AMOVA) was conducted using ARLEQUIN 3.01 (Excoffier et 

al., 2005).  The significance of the covariance components associated with the 

different possible levels of genetic structure (among individuals, among populations, 

among groups) was tested using non-parametric permutation procedures.  To assess 

the population differentiation testing FST and RST, the software SPAGeDi 1.3a (Hardy 

and Vekemans, 2002) was used.   

To infer the minimum number of population (K) of C. acutus in Coiba Island, 

the software STRUCTURE 2.3.1 (Pritchard et al., 2000) was applied, using the 

estimated allele frequencies.  The admixture model was applied, and independent runs 

from 1 to 5 for each value of K (K1 to K10) were performed, following a Burnin 
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period of 50,000 and 500,000 iterations of Markov Chain Monte Carlo (MCMC).  

Also the cluster approach of STRUCTURE was used to identify possible migrants of 

C. acutus in Coiba Island. 

The Bayesian inference of the genetic structure of the population was 

conducted using spatial and non-spatial models with the software BAPS 5.3 (Corander 

et al., 2008), performing mixture and admixture analyses at both the individual and 

group level to increase the statistical power to detect clusters in the data.  To explore 

the relationships among the identified clusters and Unweighted Pair Group Method 

with Arithmetic Mean (UPGMA) tree based on Nei’s distances (averaged over loci).  

Significance (α level) was declared at P < 0.05 and tendencies were considered when 

0.05 < P < 0.10. 

 

Results 

Morphometric data 

The individuals collected were classified by total length according to Platt and 

Thorbjarnarson (2000) into 3 categories containing 59 juveniles (30 to 90 cm), 4 sub 

adults (90 to 180 cm) and 1 adult (> 180 cm).  The population sampled was largely 

comprised of juveniles, with no individuals falling in the category of reproduction size 

(>225 cm).  The distribution of size categories was fairly even between north and 

south sampling sites.   

For the data analyses the only adult individual collected was removed based on 

the fact that the total length and several other morphometric variables were more than 
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two standard deviations away from the sample mean.  Thus this individual was 

considered an outlier and removed from the analysis.  The individuals were sexed, 

counting a total of 19 females, 14 males and 30 individuals for which sex was 

undetermined.  The multivariate analyses of variance (MANOVA) conducted to 

determine the effect of sex (Table 2.3) on morphometric measurements (removing 

individuals with undetermined sex) indicated no differences between males and 

females (Wilk’s lambda P = 0.256).  Thus, because sex was not discriminated based 

on the morphometric measurements, the rest of the analyses were conducted without 

accounting for the variable sex.  

When conducting a MANOVA to determine morphometric differences due to 

location (Mainland, N, and S of Coiba Island) accounting for size category (Table 

2.4), no differences between locations were observed (Wilk’s Lambda P = 0.118).  

The variable “size category” was considered a dependent variable rather than a source 

of variation in the MANOVA.  However, it is noteworthy that the absence of adults in 

the population sampled could be the result of a sample bias, because younger animals 

are more likely to be captured.  Thus, when a MANOVA was conducted to determine 

the effect of location regardless of size category, a significant effect of sampling site 

(Mainland, N, and S of Coiba Island) was observed (Wilk’s Lambda P = 0.010).  

Further investigation into the effect of sampling site, using an individual one-way 

ANOVA (Table 2.5) indicated that individuals in the S of the island had greater (P < 

0.05) measurements of TL, SVL, TaL, BD, ED, HMW, SEL, SW, and JL when 

compared with N of the island and mainland.  For CW, individuals in the S of the 
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island had significantly larger (P < 0.05) measurements than those in mainland, and 

tended (P = 0.079) to be larger than those in the N of the island.   

When the DFA analysis was conducted, only the first discriminant dimension 

was significant (P = 0.010) with a canonical correlation of 0.558 (data not shown).  

From the “pooled within canonical structure” table (Table 2.6) it is evidenced that 

although most of the variables had a similar discriminating power in terms of location, 

the variable tail length (TaL) had the greatest impact on the discriminant function 1.  

A one standard deviation increase in the variable tail length will result in a 0.58 

standard deviation increase in the predicted values on discriminant function 1 (Table 

2.6).  The North and South of Coiba Island locations overlapped in the discriminant 

space, but individuals in Mainland were slightly separated from the South of Coiba 

Island regarding morphometric variables (Figure 2.4).  Table 1.7 shows the total 

number of individuals collected in each location and the number of individuals (and 

percentages) correctly classified based on the DFA of morphometric data.  All 3 

locations had more than 50% of the individuals correctly classified based on 

morphometric measurements, with Mainland and South of Coiba Island showing the 

greatest percentages of correct classification (78 and 77%, respectively).  

The method of principal component analysis (PC) was used to describe the 

magnitude and direction of variation within the data.  This analysis shows that the first 

principal component (PC1) accounted for 98% (data not shown) of the variation in all 

the morphological measurements (Figure 2.5). 
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Microsatellite analyses 

 The allelic information from the seven microsatellites used in this study 

revealed that two loci, Cj 131 and Cj 119, were monomorphic.  For that reason, those 

loci were discarded from the analyses.  The five loci analyzed (Cj 18, Cj 35, Cj 127, 

Cj 128, Cj 109) did not present evidence of scoring error due to stuttering, evidence of 

large allele dropout, nor evidence of null alleles.  Furthermore, the allele frequencies 

did not have to be adjusted for the posterior population genetic analyses. 

The allele frequencies by population are presented in Table 2.8.  Locus Cj127 

had the highest of allele frequency among C. acutus individuals sampled in the North 

sector of Coiba Island (Figure 2.6).  The mean percentage of the 5 polymorphic loci in 

the 3 locations was 93.33%.  The inbreeding coefficient (FIS) for all loci was -0,142 

and the correlation of alleles within an individual relative to the entire population (FIT) 

for all loci was -0,001.  The observed and expected heterozygosity per location are 

shown in Table 2.9 and Figure 2.7.  The observed number of alleles (Na) was greater 

than the number of alleles expected (Ne) for all loci.  The observed heterozygosity 

(Ho) was slightly greater than the expected heterozygosity (He) for all loci in every 

location except Cj 35 in Mainland and in North of Coiba Island.  Even though the 

above results suggest that the heterozygosity excess was not considerably larger, the 

test of bottleneck was performed.  The results from BOTTLENECK 1.2.02 showed 

that in the three statistical tests conducted (Sign Test, Standardized Differential Test 

and Wilcoson Test) the population appears to be in mutation-drift equilibrium under 
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both models (IAM and SMM).  In addition, the shift mode revealed a normal L-shaped 

distribution for the C. acutus population of Coiba Island. 

The probability of identity (PI) by locus ranged from 0.754 (Cj 109) to 0.044 

(Cj 127).  This index expresses the likelihood of finding two individuals with the same 

genotype for certain loci in the population.  The exact Hardy-Weinberg probability test 

(Fisher’s method) by locus showed that Cj 35 deviates from Hardy-Weinberg 

equilibrium (HWE) in the North of Coiba Island location (P = 0.041), and Cj 127 

deviates from HWE in both North and South of the Island locations (P < 0.01 and P = 

0.024, respectively).  The global Hardy-Weinberg test for heterozygote deficiency 

indicates that the North of the Island location deviates significantly from HWE (P = 

0.039).  The linkage disequilibrium test by each pair of loci in each population 

indicates that the genotypes at one locus are independent from genotypes at the other 

locus (P > 0.05) (data not shown). 

The analysis of molecular variance (AMOVA) reported a variation among 

populations of 17.04 % and within populations of 82.96 % with an FST of 0.17 (P < 

0.01) suggested that there is structure between the populations sampled (Table 2.10).   

R-statistics was compared to the corresponding F-statistics (Table 2.11) by 

permutation of allele size among alleles to test for the impact of stepwise mutations on 

the genetic structure of C. acutus.  The FST was not significantly different from RST for 

most of the loci, therefore the mutations followed an Infinite Allele Model in the 

population structure of C. acutus in Coiba Island and likely is the best model to 

explain the genetic differentiation of the population analyzed.   
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The Bayesian analysis based on a clustering method for inferring population 

structure identified the maximum likelihood in a K = 3 (Figure 2.8).  The bar plot 

(Figure 2.9) shows the presence of population structure between Mainland, and North 

and South of the Coiba Island.  The presence of immigrant ancestors was tested in the 

last two generations assuming two values of probabilities that an individual is an 

immigrant to the population (v).  Figure 2.10 was derived using v=0.05 and figure 

2.11 using v=0.1.  

Results using genetic information at individual level in mixture analyses using 

BAPS 5.3 showed that the number of groups in optimal partition was 3 with 99% of 

probability.  The mixture clustering graph (Figure 2.12) presented the 3 clusters in 

vertical bars and the color of the bars denoted sample origin. According to this 

information one individual collected in the South of Coiba Island genetically belonged 

to Mainland.  Expressed as percentage of individuals, 89% of individuals grouped in 

cluster 3 belonged to Mainland.  Clusters 1 and 2 were less clearly defined. Cluster 2 

presented 75% individuals genetically from North of Coiba and 25% from South of 

Coiba.  Cluster 1 was represented by 50% of individuals from the North and 50% from 

the South part of Coiba Island. Results from the UPGMA tree based on Nei’s 

distances are presented in Figure 2.13.  A gene flow network for the clusters estimated 

from admixture results is showed in figure 2.14.  

Analyses of genetic information at the individual level using spatial model in 

BAPS 5.3 recovered 3 clusters (Figure 2.15).  Cluster 1 presented 23% individuals 

from North and 24% individuals from South of Coiba Island. Cluster 2 presented 88% 
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individuals from North and 12% individuals from South and 100% individuals from 

Mainland are classified in cluster 3.  The spatial clustering model grouped individuals 

on a Cartesian coordinates chart (x-y axes) showing cluster 1 and 2 clearly separated 

from cluster 3 (Figure 2.16). The UPGMA tree for this analysis is presented in Figure 

2.17, and the absence of gene flow between the tree clusters is evidenced in Figure 

2.18.  

Analyses of genetic information at group level using spatial model also 

presented 3 clusters. Cluster 1 grouped individuals of Mainland, cluster 2 and 3 

grouped individuals from North and South of Coiba Island, respectively (Figure 2.19). 

The Voronoi tessellation elucidated that individuals from the same geographic region 

were expected to resemble genetically (Figure 2.20).  Furthermore, this is confirmed 

by the UPGMA tree (Figure 2.21).  Similar to the previous analyses, gene flow was 

absent between the clusters at group level (Figure 2.22).  

 

Discussion 

Morphometric analyses 

The sampled population of C. acutus in Coiba Island was largely comprised by 

juveniles and sub adults.  The fact that the majority of individuals collected 

represented these two age groups is consistent with previous research conducted in C. 

acutus in Central America (Cotroneo, 2010; Mead et al., 2006; Platt and 

Thorbjarnarson, 2000; Platt et al., 2004; Rainwater, 2008).  The absence of adults 

could represent a sampling bias because juvenile individuals are easier to catch in the 



Texas Tech University, Liza Garcia-Jimenez, December 2010 
 

30 
 

estuarine areas.  Adult individuals rather dwell in the river mouths and their wider 

parts, where currents are strong, while the smaller sized individuals are in the upper 

river sections (Muñoz, 1986).  Even though in C. acutus the total length could 

apparently be up to 7 m, reports over the last few decades indicate that the total length  

of individuals in wild populations rarely exceed 4 m (Thorbjarnarson, 1989).  Despite 

the fact that the population of C. acutus in Coiba National Park is considered stable, 

the small total length could be attributed to environmental conditions and 

anthropogenic factors (e.g., the hunting of very large animals).  The rivers of Coiba 

Island are in their majority short and narrow streams.  In addition, when the Island 

served as a penitentiary it had the introduction of cattle and grain crops to supply the 

basic food requirements for the inmates.  However there have been reports indicating 

that C. acutus was part of the diet of the inmates also.  Furthermore, regulations about 

illegal hunting and commercial fishing did not begin to apply in the Island until 2004 

(ANAM 2009). 

Differences between females and males based on morphometric measurements 

were not detected in this study probably due to the low number of adults in the sample 

size.  Grahame and Messel (2006) reported slight sexual dimorphism for C. porosus in 

morphometric measurements.  In their study they used discriminant analyses achieving 

100% of accurate classification between males and females in individuals over 100 cm 

of snout ventral lengths (SVL), but the classification was less accurate in individuals 

with less than 100 cm of SVL.  Furthermore, Verdade (2003) reported sexual 
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dimorphism in adult Caiman latirostris using cranial measurements analyzed by 

multivariate statistic (MANOVA, LDA and PCA).  

The difference reported by location using morphometric measurements could 

be useful for conservation purposes identifying discrete populations especially in 

small geographic areas, taking into account that morphological differentiation is 

associated with environmental variation (Chernoff, 1982).  However, it is necessary to 

account for potential other sources of morphometric variation such as size, age, clutch 

origin and nutrition (Verdade, 2003).  According to the morphometric differences 

reported between Coiba Island and Mainland the data suggest low migration or 

mobility between individuals of C. acutus considering the great dispersion patterns of 

this specie.  Differences in morphometric measurements were found in the hatchlings 

of C. porosus from several rivers in the North Coast of Arnhem Land, Australia 

(Webb and Messel, 2006) where the heads of individuals from populations in the 

western rivers presented larger measurements than those of populations found in the 

eastern rivers.  

The slight difference in the morphometric measurements between specimens 

collected in the North and South part of the Coiba Island could be attributed to the 

complex hydrographic network, which is divided into two major drainage systems 

separated by the central fault line.  This fault acts as a divider between the drainage of 

northeast and South (ANAM, 2009).  The rivers in the north run over volcanic 

sediment and the southern rivers over sedimentary calcareous rock.  Usually the rivers 

are between 320-920 cm wide, 9-50 cm deep, and 25 to 27°C during the wet season 
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(Lopez et al., 2006).  These characteristics could potentially lead to different diets in 

northern and southern rivers which, as discussed previously, could impact 

morphometric characteristics. 

The larger morphometric measurements found in the individuals of the South 

could be explained also by a difference in the type of vegetation.  The South of Coiba 

Island is dominated by mangrove, secondary forest and pastures, providing C. acutus 

individuals greater exposure to the sun, while in the North there are tracts of 

rainforest, pastures and small patches of mangroves is more prevalent.  There have 

been reports in the literature that raising global temperatures may have a greater 

impact on body mass of ectothermic animal such as crocodilians (Piras et al., 2009).  

Meteorological reports indicate that Coiba Island averages 2100 hours of sunshine per 

year (ANAM, 2009). 

As observed in the discriminant function analysis, the individuals in mainland 

seem to be classified more accurately based on morphometric variables than those in 

the North and South of Coiba Island.  The reasons for this are not obvious but may be 

related to geographic barriers (i.e. the separation provided by the Pacific Ocean) or 

some of the factors described previously (diet, vegetation, etc.). 

As expected none of the morphometric variables has a notable discriminating 

power by itself as revealed in the discriminant function analysis.  Furthermore, the 

PCA revealed that the first principal component explains most of the morphometric 

variation indicating that size rather than shape is the greatest contributor to the 

variation.  This has also been reported previously (Verdade, 2003).  In addition, the 
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fact that the first principal component accounted for 98% of the variation in 

morphometric measures indicates that the number of morphometric measurements 

taken could be reduced in future studies. 

Genetic diversity 

The seven microsatellites used in this study had been shown to be polymorphic 

across the genus Crocodylus in several studies,  providing valuable information on 

genetic structure (Cotroneo, 2010; Dever at al., 2001; FitzSimmons et al., 2001; 

McVay et al., 2008; Rodriguez, 2007, Weaver et al., 2008).  The microsatellite Cj 131 

was reported to be polymorphic (Dever at al., 2001) and also monomorphic (McVay, 

et al., 2008) in populations of C. moreletii from Belize.  Also in populations of C. 

acutus from Florida and Costa Rica the microsatellite Cj 131 was reported 

polymorphic (Cotroneo, 2010; Rodriguez, 2007).  The variety of alleles present in the 

population of C. acutus could reflect differences between individuals and populations 

in their morphological, physiological and behavioral characteristics. 

The observed proportion of heterozygotes for the loci in the three locations 

was 0.54.  The proportion of heterozygotes is known to be variable depending on the 

genetic marker used.  For example the greatest heterozygosity reported by Menzies 

and Kushlan (1991) was 0.158 using allozymes in population of C. acutus of Florida, 

Jamaica and Dominican Republic. Using mitochondrial DNA, Cedeño-Vazquez 

(2008) reported a heterozygosity of 0.67 in populations of C. acutus in Mexico.  The 

heterozygosity reported in this study was slightly higher than that reported in previous 

studies using microsatellites (Davis et al., 2001; Dever et al., 2002; Glenn et al., 1998; 
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Rodriguez et al., 2008; Verdade et al., 2002) and slightly lower than the 0.57 reported 

by Cotroneo (2010) in populations of C. acutus in Costa Rica. 

The frequencies of alleles by locus showed modest differences in the three 

locations and only the locus Cj127 deviates from Hardy-Weinberg equilibrium in 

Coiba Island (both North and South), but not in Mainland.  However, given the limited 

number of samples collected from the Mainland, when compared with the other 

locations, further testing in continental Panama will be necessary to conclusively 

determine the lack of departure from Hardy-Weinberg equilibrium in this locus.  The 

Hardy-Weinberg proportions are constant over time in the absence of factors that 

could affect the allele frequency (selection, genetic drift, mutation and gene flow) and 

in the presence of random mating (Hedrick, 2009).  This principle allows describing 

the genetic content of population using the allele frequencies by locus.  Alternatively, 

the amount of recombination between loci is important in the three locations in the 

absence of linkage disequilibrium in the 5 loci analyzed. 

The software used for the data analyses were selected under the criteria of 

statistical robustness and versatility with few loci, but it is well known that increasing 

sample sizes and the numbers of loci surveyed can increase the sensitivity of these 

tests.  Studies of statistics describing heterozygosity and multilocus measurements of 

linkage disequilibrium have addressed some of the problems of wildlife populations, 

where sample sizes are usually much lower than the size of the original populations 

(Stoddart and Taylor, 1987).  
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Genetic structure of C. acutus  

Taking into account that C. acutus is a threatened species and in the absence of 

historical data of the population on Coiba Island, analyses of possible bottleneck 

events were performed to determine if there was evidence of a recent reduction size in 

this population.  The absence of a recent bottleneck may be the result of the strategic 

location of Coiba Island, which prevented the massive hunting of this specie during 

the middle of the 20
th

 century (Ross, 1998).  An absence of one or more recent 

bottlenecks was also reported in populations of C. acutus in Florida (Rodriguez, 

2007), but in populations along the Pacific coast of Costa Rica, the data do suggest a 

recent reduction in C. acutus populations (Cotroneo, 2010).  

The assumption of a panmictic population of C. acutus in Coiba Island and in 

the shore coast of Panama as a null hypothesis was based on the fact that C. acutus is 

known to be salt water tolerant with high mobility (Álvarez del Toro and Sigler, 2001) 

and that the geographic area of study is relatively small. 

The cluster analyses supported the presence of genetic structure of C. acutus in 

the three locations studied.  Based on the analyses performed, the null hypothesis was 

rejected, thus the three locations studied (North and South of Coiba Island, and 

Mainland) did not comprise a panmictic population. The genetic data suggest 

considerable subdivision within populations when the AMOVA was run (variation 

within population = 82.96 %), revealing possible influences by geographic barriers 

such as the Pacific Ocean and the Central Fault in Coiba Island.  Rodriguez (2007) 

also reported population subdivision of C. acutus in Florida using both mitochondrial 
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and nuclear markers. Subdivision was also detected in alligator populations from 

Texas between the groups located in the shore area and inland (Ryberg et al., 2002).  

Data in this study agreed that Infinite Allele Model (IAM) has been the model 

of choice for population genetics analyses, in which every mutation event created a 

new allele.  Because this is the simplest and most general model, IAM continues to be 

widely used as a default (Selkoe and Toonen, 2006). 

Genetic analyses based on individual genotypes presented a fine-scale genetic 

structure elucidated in this study by the presence of the subdivision between or among 

the populations of C. acutus.  These subdivision where further confirmed by 

incorporating geographic information into the cluster.  The application of two different 

Bayesian statistical approaches (STRUCTURE and BAPS) in the cluster analyses was 

useful to confirm the presence of subdivision and the absence of immigrants between 

the populations of C. acutus in Coiba Island. 

Dispersal patterns often are difficult to observe or detect by traditional methods 

(capture-mark-recapture, radio telemetry), but with molecular information, the 

accuracy seems to be improved, in particular in those reptiles that are more sensitive to 

environmental conditions (Moore et al., 2008).  The population subdivision found 

appears to reflect landscape heterogeneity rather than recent anthropogenic landscape 

change.  This is supported by the lack of any evidence of recent bottlenecks that may 

have resulted from population subdivision caused by anthropogenic changes.  In 

addition the differences in landscape could have contributed to the absence of 

migration between the individuals of these three subdivisions.  Similar results were 
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reported in the genetic structure of Blading turtle (Emydoidea blandingii) in Nova 

Scotia (Mockford et al., 2005) where five microsatellites described the population 

structure in Kejimkujik National Park.  

In the absence of gene flow, genetic drift, selection and event mutation in the 

subdivisions of a population might lead to genetic differentiation.  The dispersion 

patterns of C. acutus or movements into other areas could be the result of food search, 

behavior or other factors excluding mating (Hedrick, 2009).  

Implications for conservations 

Taking into account the widespread range of C. acutus, local genetic studies 

are necessary to fill the gaps in the genetic information of this specie.  The genetic 

information derived from the current work as well as previous (and hopefully future) 

studies have great implications for the strategic management of this species.  Hence, 

rather than considering C. acutus as a panmictic population in this specific geographic 

area, management programs such as translocation, harvest quotes and other recovery 

strategies should consider ecological and genetic characteristics given the structure of 

the population revealed in this study.  

For future studies, other microsatellites loci should be tested in addition to 

those used in this study to provide a broader assessment of the genetic structure of C. 

acutus in Coiba Island.  Also, a more extensive screening would be useful to find rare 

alleles that may only be found in this geographic region. With a wide range of loci 

describing the subdivisions, an effective genetic monitoring could be performed in the 

population of C. acutus in Coiba Island. 
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Coiba National Park is the ideal place for conservation and monitoring 

programs of C. acutus given the conditions described previously, and could be used as 

an example for other islands or other landscapes subdivisions of the Mesoamerica 

region.  The presence of population subdivision may be an indicator of possible 

isolation of the population in the long term.  It is also possible that genetic drift has 

generated enough genetic differences or that there are different amounts of selective 

pressure acting on the subdivision (Hedrick, 2009); any of these reasons are possible 

causes that may help explain the population structure of C. acutus. 

Coiba National Park offers a large natural environment with low anthropogenic 

disturbance, and the Panamanian government entity (ANAM) is working to maintain 

its sustainable development.  In fact, in Coiba National Park activities such as 

commercial and sport fishing, hunting, and tourism are under strict regulation. 

Conversely, the Park is under the pressure of large tourism companies to accelerate the 

development, which can lead to confronting needs that will have to be addressed.  This 

in conjunction with the poverty of the local communities around the Park offers a risk 

factor in the preservation of the ecosystems in the area.  Studies like the one conducted 

here should be taken into account in future planning of conservation strategies in order 

to   preserve the natural resources of Coiba National Park.  The Panamanian 

government (ANAM) is actively participating in these conservation efforts, promoting 

and funding the scientific research to address the questions needed to expand the 

knowledge on terrestrial and marine ecosystems in the Park.  
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Conclusions  

The Crocodylus acutus population in Coiba Island showed genetic and 

morphometric differentiation, with a clear presence of subdivisions.  In addition, the 

lack of gene flow among samples suggests the absence of a panmictic population 

which is favorable in terms of preserving the genetic diversity of this species.  

Multivariate analysis of morphometric data revealed the presence of 2 distinct groups, 

without a clear differentiation between continental Panama and North Coiba Island. 

This could be attributed to a sampling bias, because only juvenile and subadult 

individuals were sampled.  Cluster genetic analyses suggest a clear distinction 

between individuals from continental Panama and those in the North and South of 

Coiba Island.   

Genetic variation within or between populations could help to elucidate the 

natural history and structure of the population.  Genetic studies have been very useful 

in conservation programs where the principal goal is the maintenance of biodiversity. 

The information reported in this study is valuable and may be considered for inclusion 

in the conservation plan of Coiba National Park, given that C. acutus is a threatened 

species and is listed in the appendix I of CITES. Furthermore, future studies in other 

geographic areas are necessary for a comprehensive knowledge in the conservation of 

C. acutus, including the study of specific genes and quantitative traits. 

Considering the different levels of genetic diversity reported in multiple 

studies of C. acutus, and the presence or absence of bottleneck events in different 

geographic areas of its overall distribution, this species seems to have a wide range of 

adaptability to different environments. This information could be extremely valuable 

in the development of conservation strategies, monitoring programs, and planning of 

habitat use in areas where the presence of C. acutus has been reported. 
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Table 2.1 Description of sampling location in Coiba Island, Panama, with geographic 

coordinates and number of individuals collected in each site. 

Site Latitude Longitude No. of 

individuals 

collected 

Geographic 

subdivision 

in the island 
Santa Cruz 7.61871 -81.75863 

 

4 North 

Juncal 1 7.56638 

 
 

-81.72236 2 North 

Juncal 2 7.57464 

 
 

-81.72435 5 North 

La produccion 7.53924 

 
 

-81.70852 6 North 

Catival 7.48618 

 
 

-81.71863 8 South 

San Juan 7.48268 

 
 

-81.74539 4 South 

Estero Boca 

Grande 
7.37679 

 
 

-81.6649 6 South 

Rio Amarillo 7.37518 

 
 

-81.62192 2 South 

Playa Blanca 7.37177 

 
 

-81.65296 10 South 

Estacion Anam 7.62613 

 
 

-81.72906 1 North 

Rio Playa 

Brava 
7.54367 

 

-81.8457 
 

8 North 

Rio Playa 

Hermosa 
7.51576 

 
 

-81.86328 4 North 
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Table 2.2 Microsatellite loci used in the genetic characterization of C. acutus in Coiba 

Island and their annealing temperature. 

Primer Size range (bp) C°A 

Cj 35
1 

170-186 54 

Cj 18
1 

221-249 56 

Cj 127
1 

357-383 60 

Cj 128
1 

243-268 50 

Cj109
1 

364-387 54 

Cj 119
1 

196 54 

Cj131
1 

237 54 

 
1
FitzSimmons et al. (2001)  
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Table 2.3 Multivariate Analysis of Variance (MANOVA) for the effect of sex (male of 

female) in C. acutus including all morphometric variables measured and excluding 

individuals were sex was undetermined. 

 

Variable Hotelling-Lawley Trace F df Error df P-value 

      

Sex 0.624 1.37 10 22 0.2560 

      

 

 

 

 

 

 

 

Table 2.4 Multivariate Analysis of Variance (MANOVA) for the effect of 

sampling site: North of Coiba island (N), South of Coiba Island (S) or mainland 

(M) including all morphometric variables measured and all individuals of C. 

acutus. 

 

Variable Wilk’s Lambda F df Error df P-value 

      

Location 0.507 2.06 20 104 0.010 
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Table 2.5 Univariate effects of morphometric measurements for location: North of 

Coiba Island (N), South of Coiba Island (S) or Mainland (M) including all 

morphometric variables measured and all individuals of C. acutus. 

 

Variable Num. df Error df F P-value 

     

Total length (TL) 2 60 5.34 0.007 

Snout vent length (SVL) 2 60 5.39 0.007 

Tail length (TaL) 2 60 5.78 0.005 

Body diameter (BD) 2 60 5.39 0.007 

Eyes distance (ED) 2 60 5.18 0.009 

Head maximum width (HMW) 2 60 5.48 0.007 

Cranial width (CW) 2 60 2.73 0.073 

Snout eye length (SL) 2 60 4.89 0.011 

Snout width (SW) 2 60 4.75 0.012 

Jaw length (JL) 2 60 5.35 0.007 
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Table 2.6 Discriminant Function Analysis for the effect of location in C. acutus 

showing the first canonical values.  Table of values pooled within canonical structure 

from the analysis using the CANDISC procedure of SAS.  Values in the body of the 

table indicate magnitude of change in the standard deviation of the predicted value on 

discriminant function 1 for one standard deviation increase in the variable. 

 

Variable Can1 

  

Total length (TL) 0.55 

Snout vent length (SVL) 0.56 

Tail length (TaL) 0.58 

Body diameter (BD) 0.54 

Eyes distance (ED) 0.53 

Head maximum width (HMW) 0.56 

Cranial width (CW) 0.40 

Snout eye length (SL) 0.53 

Snout width (SW) 0.52 

Jaw length (JL) 0.55 
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Table 2.7 Discriminant Function Analysis (DFA) for the effect of location.  Number of 

observations and percent classified into each location based on morphometric 

measurements of C. acutus.  Locations: North of Coiba Island (N), South of Coiba 

Island (S) or Mainland (M). 

 

Location M N S Total
1
 

M     

Observed
2
 7 2 0 9 

Percent %
3
 77.78 22.22 0 100 

N     

Observed 4 14 6 24 

Percent % 16.67 58.33 25 100 

S     

Observed 2 5 23 30 

Percent % 6.67 16.67 76.67  

Total observation 13 21 29 63 

Total percent 20.63 33.33 46.03 100 

     
1
Total number of individuals collected from each location. 

2
Number of individuals classified in each location based on the DFA. 

3
% of individuals correctly classified by location based on morphometric 

measurements in the DFA.
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Table 2.8 Allele frequencies by location in C. acutus: Locations: Mainland (M), North 

of Coiba Island (N) and South of Coiba Island (S). 

Locus Allele M N S 

Cj35 170 0.000 0.000 0.022 

 
173 0.125 0.019 0.000 

 
180 0.125 0.000 0.174 

 
183 0.000 0.037 0.000 

 
184 0.750 0.333 0.457 

 
186 0.000 0.611 0.348 

Cj18 221 0.063 0.426 0.558 

 
236 0.000 0.019 0.000 

 
237 0.000 0.000 0.135 

 
239 0.688 0.000 0.058 

 
243 0.000 0.019 0.000 

 
245 0.000 0.352 0.250 

 
246 0.000 0.019 0.000 

 
247 0.250 0.019 0.000 

 
249 0.000 0.148 0.000 

Cj127 357 0.000 0.043 0.000 

 
359 0.000 0.130 0.115 

 
361 0.375 0.304 0.423 

 

362 0.000 0.022 0.000 

 
363 0.375 0.152 0.385 

 
375 0.000 0.022 0.000 

 
377 0.125 0.065 0.077 

 
378 0.000 0.130 0.000 

 
379 0.125 0.000 0.000 

 
380 0.000 0.065 0.000 

 
381 0.000 0.043 0.000 

 
383 0.000 0.022 0.000 

Cj128 243 0.214 0.296 0.237 

 
249 0.571 0.204 0.053 

 

253 0.143 0.074 0.184 

 
261 0.071 0.000 0.000 

 
263 0.000 0.000 0.026 

 
264 0.000 0.315 0.316 

 
267 0.000 0.111 0.158 

 
268 0.000 0.000 0.026 

Cj109 364 1.000 0.926 0.740 

 
379 0.000 0.000 0.020 

 
385 0.000 0.000 0.040 

  387 0.000 0.074 0.200 
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Table 2.9 Heterozygosity observed and expected in C. acutus in each location.  

M= Mainland, N= North, S= South, Na=number of alleles, Ne= number of effective 

alleles, Ho= heterozygosity observed, He= heterozygosity expected. 

 

    M       N       S     

Locus Na Ne Ho He Na Ne Ho He Na Ne Ho He 

Cj35 3.000 1.684 0.250 0.406 4.000 2.056 0.407 0.514 4.000 2.777 0.739 0.640 

Cj18 3.000 1.855 0.625 0.461 7.000 3.044 0.741 0.671 4.000 2.532 0.654 0.605 

Cj127 4.000 3.200 1.000 0.688 11.000 6.116 0.870 0.836 4.000 2.889 0.846 0.654 

Cj128 4.000 2.513 0.714 0.602 5.000 4.061 0.926 0.754 7.000 4.570 0.895 0.781 

Cj109 1.000 1.000 0.000 0.000 2.000 1.159 0.148 0.137 4.000 1.696 0.520 0.410 

Mean 

  

0.518 0.431 

  

0.618 0.583 

  

0.731 0.618 
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Table 2.10 Population genetic structure of C. acutus in Coiba Island inferred by 

molecular analysis of variance (AMOVA) conducted using ARLEQUIN 3.01.  

 

Source of variation df Variance Percentage of 

variation 

Among population 2 0.09 17.4 

Within population 123 0.42 82.96 

Fixation Index   Fst 0.17   P < 0.01 

Among population 2 22.15 11.7 

Within population 123 167.07 88.3 

Fixation Index   Rst 0.12    P < 0.01 
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Table 2.11 Genetic statistics to assess population differentiation based on allele size 

randomizations.  The null hypothesis of the test is that FST = RST implying that the 

stepwise mutations model (SMM) do not contribute to genetic differentiation. The FST 

was not significantly different from RST for most of the loci, therefore the mutations 

followed an Infinite Allele Model in the population structure of C. acutus in Coiba 

Island. 
 

 

 

Observed value 

 
Locus FST RST ρRST  ( 95% CI) 

ALL 

LOCI 0.099 0.190 0.165 (0.009, 0.592) 

Cj35 0.150 0.153 0.127 (-0.030, 0.282) 

Cj18 0.185 0.223 0.184 (-0.002, 0.672) 

Cj127 0.017 0.030 0.018 (-0.045, 0.127) 

Cj128 0.059 -0.020* 0.058 (-0.024, 0.211) 

Cj109 0.085 0.110 0.061 (-0.026, 0.125) 

ρRST : mean value computed after random permutations of allele size. 

* P < 0.05 for allele size permutation tests on RST. 
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Figure 2.1 Map of the rivers of Coiba Island (San Martin et al., 1998).   
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Figure 2.2 Map of Coiba Island showing the sample sites. Mainland (El Salado), North 

of Coiba Island (Santa Cruz, Juncal 1, Juncal 2, La Produccion, Playa Brava, Playa 

Hermosa, Anam) and South of Coiba Island (Catival, San Juan, Boca Grande, Rio 

Amarillo, Playa Blanca). 
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Figure 2.3 Morphometric measurements in C. acutus. Total Length (TL), snout ventral 

length (SVL), body diameter (BD), tail length (TaL), eyes distance (ED), head 

maximum width (HMW), cranial width (CW), snout eye length (SL), snout width 

(SW), and jaw length (JL). 
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Figure 2.4 Discriminant Function Analysis (DFA) for the morphometric 

measurements of C. acutus in Mainland (1), North (2) and South (3) of Coiba Island. 
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Figure 2.5 Principal Component Analysis per sampling site showing the Principal 

Component scores by group.  The first principal component (PC1) accounts for 98% 

of the variation in the morphometric data of C. acutus in Coiba Island.  

 

 

 

 

   North of Coiba Island 

     South of Coiba Island 

+ Mainland 
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Figure 2.6 Allele frequencies by locus of C. acutus in Mainland (M), North (N) and 

South (S) of Coiba Island. 
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Figure 2.7 Heterozygosity observed and heterozygosity expected in C. acutus 

populations in Coiba Island. M = Mainland, N = North, S = South, Na = Number of 

alleles, Ne = number of effective alleles, Ho = heterozygosity observed, He = 

heterozygosity expected. 
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Figure 2.8 Maximum likelihood and standard deviation for each inferred population 

(K) assuming different values ranging from K=1 to K=10, after 5 independent runs for 

each K, in samples of C. acutus in Coiba Island. Length of Burnin Period= 50,000; 

number of Markov Chain Monte Carlo Replicates after Burnin = 500,000. 
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Figure 2.9 Bar plot generated in STRUCTURE 2.3.1 (Pritchard et al., 2000) when K = 

3 using the model with admixture and prior population information of C. acutus in 

Coiba Island.  Each vertical line represents an individual broken into K colored 

segments with lengths proportional to each of the K inferred clusters. The X axis titles 

correspond to the predefined populations, and the Y axis indicates the proportion of 

alleles from each population. 

 

 

 

 

 

 

 

 

 

Mainland 
North South 



Texas Tech University, Liza Garcia-Jimenez, December 2010 
 

65 
 

 

 

  

Figure 2.10 Bar plot generated in STRUCTURE 2.3.1 (Pritchard et al., 2000) testing 

immigrant ancestor in the last 2 generations of C. acutus in Coiba Island, with v = 

0.05, where v is the probability of an individual being an immigrant or having an 

immigrant ancestor in the last 2 generations. The X axis titles correspond to the 

predefined populations, and the Y axis indicates the proportion of alleles from each 

population. 

 

 

 

Figure 2.11 Bar plot generated in STRUCTURE 2.3.1 (Pritchard et al., 2000) testing 

immigrant ancestor in the last 2 generations of C. acutus in Coiba Island, with v = 

0.10, where v is the probability of an individual being an immigrant or having an 

immigrant ancestor in the last 2 generations. The X axis titles correspond to the 

predefined populations, and the Y axis indicates the proportion of alleles from each 

population. 

Mainland North South 

Mainland North South 
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Figure 2.12 Mixture cluster generated in BAPS 5.3 (Corander et al., 2008) at 

individual level with non-spatial model of C. acutus. Red = Cluster 1 (50% individuals 

from North of Coiba Island and 50% individuals from South). Green = Cluster 2 (75% 

individuals from North, 25% individuals from South). Blue = Cluster 3 (89% 

individuals from Mainland, 11% individuals from South). 
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Figure 2.13 Unweighted Pair Group Method with Arithmetic Mean (UPGMA) tree 

based on Nei’s distances at individual level with non-spatial model of C. acutus. 

Cluster 1 = North of Coiba Island, Cluster 2 = South of Coiba Island, Cluster 3 = 

Mainland. 

 

 

 

 

 

 

 

 

Figure 2.14 Gene flow at individual level with non-spatial model of C. acutus in Coiba 

Island. The graph represents the network of clusters where gene flow is indicated by 

weighted arrows. 
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Figure 2.15 Admixture of individuals based on mixture clustering using spatial model 

of C. acutus. Red = Cluster 1 (23% individuals from North of Coiba Island and 24% 

individuals from South). Green = Cluster 2 (88% individuals from North, 12% 

individuals from South). Blue = Cluster 3 (100% individuals from Mainland). 

 

 

 

Figure 2.16 Spatial cluster analysis at individual level using a Voronoi tessellation of 

C. acutus. Red = Cluster 1 (23% individuals from North of Coiba Island and 24% 

individuals from South). Green = Cluster 2 (88% individuals from North, 12% 

individuals from South). Blue = Cluster 3 (100% individuals from Mainland). 
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Figure 2.17 Unweighted Pair Group Method with Arithmetic Mean (UPGMA) tree 

based on Nei’s distances at individual level with spatial model of C. acutus. Cluster 1 

(23% individuals from North of Coiba Island and 24% individuals from South), 

Cluster 2 (88% individuals from North, 12% individuals from South), and Cluster 3 

(100% individuals from Mainland). 

 

 

 

 

 

 

Figure 2.18 Gene flow at individual level with spatial model of C. acutus. Cluster 1 = 

North of Coiba Island, Cluster 2 = South of Coiba Island, Cluster 3 = Mainland. The 

graph represents the network of clusters where gene flow is indicated by weighted 

arrows. 
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Figure 2.19 Group level mixture analyses using spatial model of C. acutus. Cluster 1 = 

Mainland, Cluster 2 = North of Coiba Island, Cluster 3 = South of Coiba Island. 

 

 

 

Figure 2.20 Spatial cluster analysis at group level using a Voronoi tessellation in C. 

acutus. Blue = South of Coiba Island, Green = North of Coiba Island, Red = 

Mainland. 

Cluster 1 Cluster 2 Cluster 3 
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Figure 2.21 Unweighted Pair Group Method with Arithmetic Mean (UPGMA) tree 

based on Nei’s distances at group level with spatial model in C. acutus. Cluster 1 = 

North of Coiba Island, Cluster 2 = South of Coiba Island, Cluster 3 = Mainland. 

 

 

 

 

 

 

 

 

Figure 2.22 Gene flow at group level with spatial model. Cluster 1 = North of Coiba 

Island, Cluster 2 = South of Coiba Island, Cluster 3 = Mainland. The graph represents 

the network of clusters where gene flow is indicated by weighted arrows. 


