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CHAPTER I 

INTRODUCTION 

The International Union for Conservation of Nature (IUCN) recommends the 

conservation of biological diversity at three levels: genes, species, and ecosystem 

diversity (McNeely et al. 1990); and molecular genetics contributes to all three 

(Frankham 2005). Although ecological, political, economic, and other forces might be a 

primary concern for avoiding the extinction of most endangered species, for long-term 

persistence, genetics and related considerations have also been a focus of conservation 

effort (Hedrick 2001). Genetics can provide conservationists with greater precision and 

can contribute significantly to their understanding of the genetic parameters, on the basis 

of which many decisions are made (DeSalle and Amato 2004). The Crocodile Specialist 

Group (CSG) promotes world conservation strategies for crocodilians. They emphasize 

the need for investigation on population genetics of several species of crocodilians, with 

the primary focus of incorporating genetics into conservation programs (Ross 1998).  

 

Geographic Distribution of Crocodilians 

There are 23 recognized species of extant crocodilians divided among three 

families: Alligatoridae, Crocodylidae, and Gavialidae and 8 genra: Alligator, Caiman, 

Paleosuchus, Melanosuchus, Crocodylus, Osteolaemus, Tomistoma, and Gavialis. 

Crocodilians are broadly distributed throughout the tropical and sub-tropical regions 

around the globe. In Asia genra Tomistoma, Gavialis, Crocodylus, and Alligator are 

present. In Australia only one genus Crocodylus is found. In Africa Crocodylus and 

http://www.sciencedirect.com.lib-e2.lib.ttu.edu/science/article/pii/S000632071000234X#bib84
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Osteolaemus are represented. In South America Caiman, Paleosuchus, Melanosuchus, 

and Crocodylus are found and in North America Crocodylus and Alligator are present 

(Groombridge 1987).  

The American crocodile (Crocodylus acutus) is distributed extensively throughout 

the neo-tropics and its current distribution consists of the sub-tropical tip of Florida, the 

Atlantic and Pacific coasts of Mexico, Central America, northern South America, as well 

as the Caribbean islands of Cuba, Jamaica, and Hispaniola (Thorbjarnarson 1989; 

Thorbjarnarson et al. 2006). It is sympatric in different localities with three other New 

World crocodiles, Cuban Crocodile (Crocodylus rhombifer), Morelet’s crocodile 

(Crocodylus moreletii), and Orinico crocodile (Crocodylus intermedius). The American 

crocodile inhabits diverse environments like rivers, mangrove lined coastal areas, lagoon 

and hyper saline landlocked lakes, as well as off shore cays and coral atolls (Ernst et al. 

1999; Thorbjarnarson 1989). 

 

Conservation Status of the American Crocodile 

Many crocodilians are endangered primarily owing to illegal hunting for skins, as 

well as habitat loss and fragmentation due to anthropogenic activities (Baillie et al. 2004; 

Dever et al. 2002; Glenn et al. 1998; Mazzotti and Cherkiss 2003). American crocodiles 

have been extensively over-exploited and illegally hunted for skins throughout their 

entire range for about 50 years (1920s to 1970s) which resulted in a significant decline in 

their populations. During the 1970s, the situation was worsened by the loss and 

fragmentation of habitats due to the development of coastal areas which further 
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endangered the already declining population (Garrick 1986; Mazzotti 1999).  Although 

illegal hunting has been controlled recently largely due to implementation of stricter 

national and international trade restrictions and increased availability of skin from other 

crocodilians, this has not adequately contributed to the overall recovery of populations 

throughout the range. Some regions in the USA, Mexico, and Costa Rica have witnessed 

the recovery of populations, whereas in Colombia, Jamaica, Ecuador, Peru, and Belize, 

the populations are far seemingly from being recovered due to continuation of previous 

threats and in some instances due to ecological limitations of habitat and inter-specific 

competitions with other sympatric New World crocodiles (Ross 1998).  Recently, genetic 

studies have suggested that a new threat has emerged in the form of hybridization of C. 

acutus with other sympatric congeneric species. 

Considering the threats that have caused the  populations of the American 

crocodile to dwindle, this species has been listed in Appendix I of Convention on Trade 

of Endangered Species of wild flora and fauna (CITES), except in Cuba where it is listed 

in Appendix II (IUCN 2004).  According to IUCN, the American crocodile has been 

listed as ‘Vulnerable’ in its Red List Category since 1996 (CSG 1996). A taxon is 

considered ‘Vulnerable’ when it is not listed as ‘Critically Endangered’ or ‘Endangered’ 

but is facing a high risk of extinction in the wild in the medium-term future.  

When the CSG designed an action plan for C. acutus in 1992, their populations 

were rapidly declining throughout the range, and they were listed as an “Endangered” in 

IUCN Red List 1990. By that point, the availability of survey data for C. acutus was poor 

and the need for wild population recovery was high (Ross 1998). The following years 
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marked a good progress in the research focused on C. acutus with several studies being 

conducted throughout its range. Studies on the aspects of population ecology and 

population genetics have been carried out in Florida (Kushlan and Mazzotti 1989 a,b; 

Ogden 1978; Rodriguez et al. 2011), Belize (Platt and Thorbjarnarson 2000; Platt 2003), 

Colombia (Balaguera-Reina and Gonzalez-Maya 2008), Cuba (Soberon et al. 2002), 

Dominican Republic (Schubert 2002), Mexico (Brandon-Pliego 2007; Cedeño-Vázquez 

et al. 2008; Cupul-Magaña et al. 2004; Garcia-Grajales et al. 2007; Mackhour-M’rabet et 

al. 2009; Rodriguez et al. 2008) , Haiti (Thorbjarnarson 1988), Ecuador (Carvajal et al. 

2005), Venezuela (Seijas 1988), Costa Rica (Cotroneo 2010), and Republic of Panama 

(Garcia 2010). A study by Thorbjarnarson et al. (2006) revealed that the populations of 

C. acutus are recovering in most parts of their historic range and populations in the USA, 

Cuba, and Costa Rica appeared to be the healthiest. The success in the recovery of this 

once ‘Endangered’ species also was evident in CSG Action Plan published in 2010. The 

availability of survey data for C. acutus has progressed from poor to moderate, and the 

need for wild population recovery has decreased from high to moderate.  

 

Genetic Diversity and its Preservation 

The field of conservation biology has two main goals, the preservation of genetic 

diversity at all possible levels in the phylogenetic hierarchy (Mace et al. 2003), and to 

facilitate the continuation of key ecological and evolutionary processes that ultimately 

foster and sustain biodiversity (Avise 2004). Genetic diversity for any species exists in 

three hierarchical arrangements, that is, genetic variation within individuals, genetic 
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variation among the individuals of the same population, and the genetic variation among 

the populations of the same species that are either contiguous or geographically isolated 

from each other.  Genetic diversity at all hierarchical levels is dictated by evolutionary 

forces such as genetic drift, gene flow, natural selection, sexual selection, and 

hybridization (Avise 2004). The rate of evolutionary change in a population is 

proportional to the amount of genetic diversity available and therefore it must be 

preserved to ensure short as well as long term survival of populations and species 

(Allendorf and Leary 1986).  

Small and isolated populations, whether in the wild or in captivity, tend to lose 

overall genetic variation over time through slow erosive processes, as well as faster 

deleterious effects of inbreeding, which will result in the decrease of heterozygosity  

(Amos and Balmford  2001). In addition to this, small populations are also especially 

susceptible to genetic drift.  Whenever possible, large population size should be 

considered if the primary goal is to maintain genetic diversity in a population since the 

recovery of genetic variation can be an extremely long process in a small and isolated 

population (Avise 2004; Scribner et al. 2006). A common assumption underlying the 

studies with focus on preserving genetic variability within rare or threatened populations 

is that the probability of the survival of the populations is enhanced by the higher mean 

heterozygosity (Avise 2004 a,b). While loss of heterozygosity is of concern in 

conservation, it is important to recognize that the rate of loss is usually slower than the 

time frame in which conservation actions can occur (Scribner et al. 2006).  
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For the preservation of genetic diversity in natural populations, management 

approaches have been made to ensure that there is an adequate habitat availability such 

that the local effective population sizes remain above levels at which the effect of 

inbreeding and genetic drift is not very significant, and to maintain habitat corridors to 

facilitate natural dispersal and gene flow among populations (Hobbs 1992; Simberloff 

and Cox 1987). The evolutionary forces capable of restoring lost genetic variation in a 

population are mutation and gene flow. Since the rate of mutation is always very low, 

their impact could be considered inconsequential unless weighed over evolutionary time 

scales. Thus gene flow from migration, either via natural or human-mediated means, 

likely will be an increasingly important conservation tool (Avise 2004; Scribner et al. 

2006). 

 Preservation of genetic diversity is a critical component to the success of 

population management and conservation programs (Frankham et al. 2005). The CSG 

emphasizes the need for investigation on population genetics of crocodilians to assess 

their genetic diversity and to develop conservation programs (Ross 1998).  Population 

genetic studies provide basic information on phylogeography, genetic population 

structure, migration patterns and gene flow, as well as introgression and hybridization 

events (Ray et al. 2004). This information will be critical in designing and implementing 

conservation programs for crocodilians in local habitats as well as throughout their range 

of distribution.  

Population genetic studies have been conducted on several species of crocodilians 

to address issues like hybridization with sympatric con-generic species (Machkour-
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M'Rabet  et al. 2009; Ray et al. 2004; Rodriguez et al., 2008; Weaver et al. 2008); testing 

for multiple paternity ; elucidating matting patterns  (Davis et al. 2001; McVay et al. 

2008; Rodriguez 2007); and assessing genetic diversity and gene flow (Cotroneo 2010; 

Davis et al. 2002; Dever et al. 2002; Glenn et al.1998; Hekkela et al. 2010).  Population 

genetics  also have equally contributed to commercial breeding programs to facilitate the 

parentage assignment in order to identify individuals with desired phenotypic traits for 

breeding purposes (Isberg et al. 2004) and  to quantify the genetic variation in farm bred 

crocodiles ( Flint et al. 2000).  

 

Molecular Markers and their Application in Crocodilian Population Genetics 

The discovery of the Polymerase Chain Reaction (PCR) has facilitated significant 

advancement not only in the field of molecular biology, but also in the fields of 

organismal and population biology (Arnheim et al. 1990). This invention has stimulated 

various powerful and novel approaches to genetic marker acquisition (Avise 2004), 

which have resulted in the availability of a diverse array of molecular tools for high 

resolution population genetic studies (Parker et al. 1998). One such genetic marker of 

considerable recent interest is the microsatellite. Microsatellites are repeating sequences 

of 1-6 base pairs of DNA found mostly in non-coding regions of the eukaryotic genome. 

They are hyper-variable in nature owing to their high rate of mutation. The tandem 

repeats in microsatellite loci can be characterized by length polymorphism, where 

variation in repeat copy number represents an allele at that specific locus (Zane et al. 

2002). Features such as hyper-variability and ubiquitous occurrence explain their 



Texas Tech University, Ashish Bashyal, August 2012 

 

8 
 

usefulness and widespread application in conservation genetics, forensics and population 

genetics among others (Avise 2004; Ellegren 2004).   

Avise (2004) pointed out that despite its usefulness, one of the disadvantages of 

microsatellites is the process of primer development which necessitates both time and 

money.  Fortunately, microsatellite libraries have been developed for several species of 

crocodilians. Glenn et al. (1998) developed microsatellites for the American alligator 

(Alligator mississippiensis) and tested their utility to reveal the significant genetic 

differentiation between the populations of the American alligator in Florida and 

Louisiana. FitzSimmons et al. (2001) similarly developed microsatellites for C. acutus, 

C. rhombifer, and Fresh water crocodile (C. johnstoni).  Dever and Densmore (2001) 

tested the utility of primers developed by FitzSimmons et al. (2001) for cross-species 

amplification and to determine the genetic structure of wild populations of C. moreletii in 

Belize. Zucoloto et al. (2002) developed a library for the Broad snouted caiman (Caiman 

latirostis) and tested it in other species of the same genus. Miles et al. (2009) isolated 253 

additional microsatellites for the Saltwater crocodile (C. porosus) for constructing genetic 

map linkages. The combined contribution of all these researchers and others have 

resulted in wealth of microsatellite primer libraries for crocodilian species and facilitated 

the use of these markers in crocodilian population genetics.  

Microsatellites have been employed widely to study various aspects of crocodilian 

biology including in C. acutus. The result have provided insights into the previously 

suspected events such as hybridization of C. acutus, both in the wild and captivity, with 

other sympatric species like C. moreletii in Mexico (Rodriguez et al.  2008) and C. 
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rhombifer (Milian-Garcia et al. 2011; Weaver et al. 2008), and prevalence of multiple 

paternity (McVay et al. 2008; Ray et al. 2004). It has also facilitated the study genetic 

diversity and gene flow in various populations of C. acutus throughout its range 

(Cotroneo 2010; Garcia 2010; Rodriguez 2007) making it an excellent marker of choice 

for this thesis. 

Status of the American Crocodile in Coiba National Park 

The Coiba National Park (CNP) is located in the Southeastern part of the 

Republic of Panama and covers a total area of 2,700 square kilometers. CNP was 

designated as a protected area in 1991 and a UNESCO world heritage site in 2005.  

Currently, it is managed by the National Authority for the Environment (Authoridad 

Nacional del Ambiente, ANAM), a governmental body of Republic of Panama. Although 

C. acutus has been prioritized for conservation and its habitat is well protected in CNP, 

the genetic information which would be valuable to devising an effective conservation 

program is inadequate (Venegas-Anaya, Pers. Comm.). The Panamanian government is 

planning to develop CNP as a tourist destination, but also is concerned about protecting 

C. acutus and their habitat inside the park and its periphery. With the objective of 

collecting information on the genetic diversity, gene flow, and habitat use by C. acutus, 

‘Coiba Project’ was initiated, led by the Smithsonian Tropical Research Institute with  

collaboration from Texas Tech University and  CSG, and supported by ANAM and the 

Panamanian government.  

Recently, Garcia (2010) conducted a study to assess the genetic population 

structure of C. acutus distributed in northern and southern parts of Coiba Island. 
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However, the genetic information on the populations of C. acutus on the overall context 

of the park system is still nonexistent.  To fill the gap in knowledge that exists for the 

populations of C. acutus in CNP and its surroundings and to facilitate the development of 

conservation program, there is an urgent need to collect the site-specific genetic data for 

these populations. This thesis aims to generate information about genetic diversity, 

population subdivision, and genetic structure within the populations of the American 

crocodile in CNP and its surroundings. This information will be beneficial for the 

Panamanian government in devising conservation programs for the American crocodile 

in this region.  
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CHAPTER II 

POPULATION GENETICS OF THE AMERICAN CROCODILE IN 

COIBA NATIONAL PARK, PANAMA 

 

Abstract 

  Population genetic studies provide information on the various aspects of 

genetics of species and therefore have a wide spread application in conservation 

research. This study assesses the genetic diversity, population subdivision, and genetic 

structure within the populations of the American crocodile (Crocodylus acutus) from 

eight localities in three sampling regions (mainland, northern and southern Coiba Island) 

in south -western Republic of Panama. A total of 143 individuals were characterized 

genetically by amplifying highly polymorphic microsatellite loci developed for 

Crocodylus. Microsatellite loci utilized in this study showed considerable allelic 

variation with a total of 61 alleles reported for nine loci across all localities with an 

average of 6.8 alleles per locus.  A model based clustering analysis revealed the 

presence of three spatially overlapping genetic clusters among the sampled populations. 

All three estimates of population subdivision (FST, RST, and ΦPT) are consistent with the 

finding that the fine scale analysis of sampled populations revealed an overall presence 

of genetic subdivisions among and within the sampled localities. The Panamanian 

government should consider this information when designing conservation programs for 

the American crocodile in CNP. 
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Introduction 

Genetic variation is the basis for a species’ evolutionary flexibility and 

responsiveness to environmental change in that it provides the raw genetic material for 

future adaptation (Allendorf and Leary 1986). Small and isolated populations tend to lose 

genetic variation over time through slow erosive processes, as well as faster deleterious 

effects of inbreeding which will result in the decrease of heterozygosity (Amos and 

Balmford 2001). Habitat loss and degradation are the primary causes of extinction and 

endangerment of many species of plants and animals globally (IUCN 2004). Small and 

isolated populations, because of their susceptibility to inbreeding depression and genetic 

drift, are losing genetic diversity as the synergistic effect of genetic and anthropogenic 

factors continue to increase the risk of extinction (Bonin et al. 2007).  The evolutionary 

forces capable of restoring lost genetic variation in a population are mutation and gene 

flow from migration, either via natural or human-mediated means. Given the rate of 

mutation in DNA is generally very low, their impact could be considered inconsequential 

unless weighed over evolutionary time scales, thus gene flow will likely be an 

increasingly important conservation tool (Avise 2004; Scribner et al. 2006).  

The American crocodile (Crocodylus acutus) has an extensive but fragmented 

distribution. It is broadly distributed from the subtropical tip of Florida to the limits of 

mangrove habitat in northern Peru (Thorbjarnarson et al. 2006). American crocodiles 

were intensively hunted for skins from the 1920s to 1970s in virtually all parts of the 

species range, which led to significant population declines. Although illegal hunting is 

controlled presently, the loss and degradation of habitat used by C. acutus due to tourism 
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development of coastal areas has the serious potential to further endanger their 

populations (Mazzotti et al. 2007; Thorbjarnarson et al. 2006). Habitat loss and 

degradation resulting from anthropogenic activities can cause a population to become 

isolated, which in turn decreases its genetic diversity and increases risk of extinction 

(Mackhour-M’Rabet et al. 2009). 

The Crocodile Specialist Group (CSG) promotes world conservation strategies for 

crocodilians and emphasizes the need for investigation on population genetics of several 

species of crocodilians, including C. acutus, to assess their genetic diversity and to 

develop conservation programs (Ross 1998). Population genetic studies of C. acutus can 

provide basic information on their phylogeography, genetic population structure, 

migration patterns and gene flow, as well as introgression and hybridization events 

(Dever et al. 2002; Ray et al. 2004). This information will be critical in designing and 

implementing conservation programs for C. acutus in a particular local habitat as well as 

throughout their range. With technical advancements in molecular biology, the use of 

molecular markers to obtain population genetic information is becoming central to 

developing conservation strategies (Avise 2004). The most widely used population 

genetic markers are probably microsatellites. Features such as hyper-variability and 

ubiquitous occurrence explain their utility and widespread application in conservation 

genetics, forensics and population genetics among others (Avise 2004; Ellegren 2004).   

In the Republic of Panama, American crocodiles are distributed in and around the 

Coiba National Park (CNP). The CNP comprises an archipelago of nine main islands and 

about 30 islets. These islands, including Coiba, were part of the continental mainland 
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(Gulf of Chiriqui and Gulf of Montijo) until they were separated at the end of the last 

glacial period during the Late Pleistocene, between 18,000 and 12,000 years before 

present (Castroviejo and Ibanez 2001). Due to this separation event, we hypothesize that 

the populations of C. acutus on these Islands also were separated from their mainland 

conspecifics. After this separation, either the populations of C. acutus on the Island of 

Coiba and the mainland were completely isolated from each other with no gene flow 

between them and the sea has been acting as a barrier to gene flow; or there has been 

some level of exchange of migrants between these populations, in which case panmixia 

would be expected. American crocodiles are salt tolerant in nature and are known to 

disperse and/or migrate large distances (Kushlan and Mazzotti 1989a; Neill 1971). This 

ability of American crocodiles can potentially increase the amount of gene flow that 

could occur between neighboring or even distant populations. Therefore, we expected to 

find no significant population subdivision and genetic structure within the sampled 

populations from mainland and Coiba Island.  

  The main purpose of this study was to estimate genetic diversity, and to assess the 

population subdivision and genetic structure within the populations of American 

crocodile from Coiba Island and the continental mainland. The specific objectives are to: 

1) Estimate the genetic diversity of populations of the American crocodile from Coiba 

Island and the mainland by calculating levels of heterozygosity, 2) assess the population 

subdivision within populations of the American crocodile from Coiba Island and the 

mainland by using different estimates of population differentiation or subdivision, and 3) 

assess the genetic structure within the sampled populations using a model based 
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clustering analysis. Highly polymorphic microsatellite loci developed for C. acutus were 

employed to accomplish these specific objectives.  

 

Materials and Methods 

Study area 

This study was conducted in CNP and the adjacent continental mainland to the 

CNP (Gulf of Chiriqui and Gulf of Montijo) in the Republic of Panama. CNP lies off the 

coast in south-west Pacific of the Republic of Panama in south-eastern border of Gulf of 

Chiriqui. CNP was declared as a protected area in 1991, and was included in Pacific 

Biological Corridors in 2002; which is comprised of Islands of Malpelo and Gorgona 

(Colombia), Galapagos (Ecuador), and Cocos (Costa Rica) (Guzman et al. 2004).  The 

climate of this region is “humid tropical monsoon” and is marked by two distinct seasons. 

The dry season extends from December to April and is marked by a drop in water 

temperature and rise in nutrient levels, whereas the rainy season extends from May to 

December and is characterized by typical monsoon rainfall of up to 3,500mm/year 

(Guzman et al. 2004).  

  CNP covers a total of 2,700 square kilometer, more than 80% of which is marine 

(Cardiel et al. 1997). The islands inside CNP are mostly covered by dense tropical 

rainforest and are characterized by several rivers of variable flows, depending upon the 

season and hydrographic basin. Coiba is the largest island within the park system with a 

total area of about 50,314 ha. A unique geological feature of this island is the central fault 

which crosses the island diagonally from northwest to southeast and is conditioned by 

topography, low permeability soil, and rainfall (Cardiel et al. 1997; Kolarsky and Mann 
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1995). This central fault divides Coiba into two watershed areas, herein referred to as 

northern and southern Coiba.  Thorbjarnarson et al. (2006) classified Coiba Island and 

the Gulf of Montijo as an important Crocodile Conservation Unit for C. acutus in Panama 

characterized by high quality habitat with high connectivity and low habitat destruction 

with an estimated population size of 500-1000 in Coiba and 100-500 in Gulf of Montijo. 

Sample collection and microsatellite genotyping  

 Sampling was conducted in eight localities within three sampling regions 

(mainland, northern, and southern Coiba Island) in and around CNP (Fig 2.1 and 2.2)  

Based on their geographic proximities, these localities were designated as Remidios 

(RMD), Gulf of Montijo (GOM), and El Salado (ESD) in mainland; Playa Hermosa 

(PLH) and Santa Cruz (SCZ) in northern Coiba; and San Juan (SJ), Playa Blanca (PLB), 

and El Maria (EMA) in southern Coiba. For population- based analyses, we considered 

each sampling region as a separate geographic population, and each locality as a separate 

geographic sub-population.  

 Field work was conducted in two successive years from May to August in 2009 

and from May to December in 2010; and 143 individuals were collected across all eight 

localities. Night-time spotlight surveys were conducted in most of the major rivers, 

estuaries, and mangroves in all the localities. Crocodiles were located utilizing their night 

eye shine (Magnusson 1982). Identified crocodiles were captured by non-lethal harpoon 

technique (Venegas-Anaya 1992) and by noose. Once the animals were physically 

restrained, morphological measurements including Body Length, Tail Length, Chest 

Width, Head Width, Occipital Width, Nose Width, Head Length, Half Head Length, Jaw 
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length, Inter-ocular Distance, and Length of the Rosturm were taken. The crocodiles were 

sexed by cloacal examination of genitalia, and GPS coordinates of the site of capture 

were recorded. 

Blood was collected via the caudal or dorsal sinus and stored in cell lysis buffer 

(Bayliss 1987; Gorzula et al. 1976). Whereas, skin clips were collected from tail scutes 

and stored in 95% ethanol. Each crocodile was uniquely marked by a numerical scute 

clipping system and released at the site of capture. Both sets of tissue were stored at         

-20°C prior to DNA extraction. Total genomic DNA was isolated using the 

CTAB/phenol/chloroform technique (Palumbi et al. 1996; Sambrook et al. 1989), 

electrophoresed on a 2% agarose gel, and visualized with ethidium bromide under Ultra 

violet light.  

Nine polymorphic microsatellite loci described for crocodilians (Dever and 

Densmore 2001; FitzSimmons et al. 2001; Miles et al. 2009) were amplified for each of 

the samples collected. These microsatellite loci were amplified using the Polymerase 

Chain Reaction (PCR) based on a modified 3 primer competition protocol using forward, 

reverse and M-13 labeled primers (see Table 2.1 for reaction protocols). The custom M-

13 tail (5’ CAC -GAC- GTT- GTA- AAA- CGA- C 3’) was added to forward primers of 

each locus. PCR conditions followed TD65 protocol as described by Miles et al. (2009) 

which consisted of initial denature step of 95°C for 3 min, followed by four cycles of 

95°C for 20 s, 65°C for 20 s, and 72°C for 30 s, followed by four cycles of 95°C for 20 s, 

62°C for 20 s, and 72°C for 30 s, followed by eight cycles of 95°C for 20 s, 60°C for 20 s, 

and 72°C for 30 s, followed by 24 cycles of 95°C for 20 s, 55°C for 20 s, and 72°C for 30 
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s, and a final extension step at 72°C for 7 min.  Detection and sizing of fluorescently 

labeled fragments was completed on an ABI 3100 Avant genetic analyzer. The reaction 

consisted of 1µl of PCR product, 0.5µl of GS400 Rox size standard and 13.5µl of 

formamide, these were then denatured for 94
0
C for four minutes before capillary 

injection. The fragments were viewed and analyzed in the program GENEMAPPER 3.7 

(ABI Applied Biosystems). 

Population based analyses  

Population based analyses were employed (1) within and among three sampling 

regions and; (2) within and among eight sampling localities. CREATE (Coombs et al. 

2008) was used to convert microsatellite matrix data into a compatible file format for 

different software used for analyses. Genetic diversity was estimated as a mean number 

of alleles per locus, observed heterozygosity (HO), expected heterozygosity (HE ), and 

polymorphic information content (PIC)  for each locus using CERVUS  3.0 ( Marshall et 

al. 1998). CERVUS 3.0 also was used to test for deviation from Hardy-Weinberg 

Equilibrium (HWE). GenePop 3.2a (Raymond and Rousset 1995) was used to test for 

heterozygosity deficiency utilizing a Markov chain algorithm with 10,000 

dememorization steps, 100 batches and 1,000 iterations. GenePop 3.2a also was used to 

estimate the number of migrants per generation (Nm). 

BOTTLENECK (Piry et al. 1999) was used to determine if the populations under 

study had undergone a genetic bottleneck. A Wilcoxon’s sign test was used to detect 

heterozygosity excess or deficiency under two microsatellite mutation models, the 

Stepwise Mutation Model (SMM) and the Two Phase Model (TPM) (Cornuet and Luikart 



Texas Tech University, Ashish Bashyal, August 2012 

 

24 
 

1996; Luikart and Cornuet 1998). The TPM was used with 95% single step mutations and 

5% multistep mutations, and with the variance among multiple steps set at 12.  

BOTTLENECK also was used to calculate a ‘mode-shift’ indicator that distinguishes 

between populations with recent effective population size reductions and those with 

stable population size. Populations that have experienced a recent population bottleneck 

will have a shifted mode, whereas those that have not will have a normal L-shaped 

distribution.  

The extent of population subdivision differentiation was estimated in three ways. 

First, analysis of molecular variance (AMOVA) was used to estimate genetic variance 

components using GENALEX (Peakall and Smouse 2006). Second, Weir and 

Cockerham’s (1984) F-statistics (FST and FIS), and pair-wise differentiation tests were 

calculated using FSTAT 2.9.3 (Goudet 2002).  Significant differences among pair-wise 

comparisons were estimated using FSTAT’s permutation procedure after 2800 

permutations. Third, RST (Michalakis and Excoffier 1996), which uses the squared size 

difference between alleles, was estimated in GENALEX.  The RST estimate is the 

preferred method for resolving genetic structure from microsatellite variation (Dever et 

al. 2002; Gaggiotti 1999; Slatkin 1995).  

STRUCTURE 2.3.3 (Pritchard et al. 2000) was used to infer the number of 

underlying sub-populations (K) of the American crocodile in the region. This program 

investigates microsatellite data using a model based Bayesian clustering procedure to 

infer the number and identities of real biological populations underlying the region under 

study. Five runs were conducted with K set from 1 to 10, with 1,000,000 iterations after a 
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burn-in of 100,000 iterations, assuming admixture and correlated allele frequency model. 

STRUCTURE HARVESTER 0.6.8 (Earl and vonHoldt 2011) was used to visualize the 

output from STRUCTURE and estimate the ad hoc statistic (ΔK) to infer the most 

appropriate K. 

 

Results 

Microsatellite variation 

All the microsatellite loci showed considerable allelic variation with a total of 61 

alleles reported for nine loci across all localities. The number of alleles per locus (A) 

ranged from two (Cj131) to 15 (Cj127) with an average of 6.8 alleles per locus across all 

localities (Table 2.2). Among sampling regions, the highest allelic diversity was found in 

southern Coiba. Out of a total of 61 alleles reported, 53 were found in southern Coiba, 38 

on the mainland, and 37 in northern Coiba (Table 2.3).  The number of private alleles 

(AP) were highest in southern Coiba (AP = 13) compared to the mainland (AP =5), and 

northern Coiba (AP =2), although the frequency of these private alleles in each of the 

regions were relatively low (Table 2.3).  It was observed that allelic diversity was 

proportional to the sample size. Southern Coiba, which had the largest sample size 

(n=82), also had the highest microsatellite variation.  Although all nine loci demonstrated 

fair to higher levels of polymorphism across all sampling regions, some of the loci were 

monomorphic within these regions. Locus Cj131 on the mainland and Cj109 in northern 

Coiba were reported to be monomorphic. PIC value, which determines the level of 

polymorphism at each locus also was, calculated (Table 2.2). PIC value ranged from 0.05 
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(Cj131) to 0.79 (Cj127 and Cj18) with an average of 0.41. The probability of identity (PI) 

by locus, which is the probability that two individuals drawn at random from a population 

will have the same genotype at multiple loci ranged from 0.05 (Cj18) to 0.89 (Cj131) 

with an average of 0.43. The locality wise analyses (Table 2.4) revealed that the number 

of alleles for each locality (nine loci combined) ranged from 16 (in RMD) to 43 (in PLB).   

Genetic diversity 

Observed heterozygosity (HO ) was slightly lower than expected heterozygosity 

(HE ) except for two loci (Cj128 and CpDi04) (Table 2.2). The test for heterozygosity 

deficiency showed that three loci (CpDi04, Cj109, and Cj128) had a significant 

heterozygosity deficiency (P>0.05). This deficit in heterozygosity can be attributed to the 

Wahlund effect, which occurs when two or more sub-populations are inadvertently 

sampled as a single population (Hoarau et al. 2002). However, none of the regions 

appeared to be deficient in heterozygosity (P<0.05) when a global test for heterozygosity 

deficiency was performed. The Hardy-Weinberg exact probability test indicated that four 

loci (Cj127, Cj119, Cj128, and CpP815) were not in Hardy Weinberg Equilibrium 

(P<0.01) across three sampling regions. However, only two loci (Cj127 and Cj128) 

deviate from HWE after a sequential Bonferoni correction (P<0.01). Locus Cj128 may be 

out of HWE due to significant heterozygote deficiency. Indications of some inbreeding in 

all three sampled populations were present (Table 2.5). The prevalence of inbreeding 

appeared to be higher on mainland (FIS= 0.209) than in northern (FIS = 0.101), and 

southern Coiba (FIS =0.05).  Locality wise analysis showed that five out of eight localities 

have some evidence of inbreeding (Table 2.6). The level of inbreeding was observed to 
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be higher in ESD (Mainland, FIS = 0.139) followed by SCZ (northern Coiba, FIS = 

0.119). The small sample size (n=9) in ESD might be the reason for the higher inbreeding 

level observed in this particular locality. 

The results from BOTTLENECK showed that two loci (Cj35 and Cj18) had 

observed heterozygosity (He) greater than expected heterozygosity at equilibrium (Heq) 

under both the SMM and TPM models of microsatellite mutation. A Wilcoxon’s sign test 

did not detect a significant excess of heterozygosity (P >0.05) under either of the 

mutation models showing no evidence of a recent genetic bottleneck for the sampled 

populations. When the Mode-Shift indicator was calculated to distinguish between the 

populations that have undergone recent bottleneck and those with the stable populations, 

a normal L-shaped distribution was obtained further indicating the absence of recent 

bottleneck.  

Population subdivision and genetic structure 

  Among regions, all the pair-wise FST values (Table 2.7) were statistically 

significant (P <0.01) suggesting significant subdivision among three populations. The 

FST value between mainland and northern Coiba (0.057) and between mainland and 

southern Coiba (0.048) was slightly higher than the FST value between northern and 

southern Coiba (0.03). Among localities, pair-wise FST values (Table 2.8) varied from 

0.013 to 0.36, suggesting significant subdivision among most of the sampling localities 

(P <0.05). The comparison between RMD and ESD showed the greatest divergence (FST 

= 0.36). It was observed that neighboring localities were more genetically similar to each 

other than the distant localities in most of the cases. Similarly, among regions, the pair-
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wise RST value (Table 2.9) between mainland and northern Coiba (0.044) was slightly 

higher than the RST value between mainland and southern Coiba (0.027). The RST value 

between northern and southern Coiba was reported to be zero. Among localities, pair-

wise RST values (Table 2.10) ranged from 0 to 0.249. 

The AMOVA results (Table 2.11) revealed minor partitioning between sampled 

regions (ΦPT = 0.06, P <0.01) and a high degree of within-region variation (that is, over 

94% of the variation detected).  Pair-wise ΦPT value between the mainland and northern 

Coiba (0.08, P <0.01) and between mainland and southern Coiba (0.07, P <0.01) was 

slightly higher than the pair-wise ΦPT value between northern and southern Coiba (0.04, 

P <0.01). The locality wise AMOVA (Table 2.12) revealed a major partitioning between 

the sampling localities (ΦPT= 0.15, P <0.01). Among sampling regions, the estimated 

number of migrants (Nm) was 6.34 per generation after correcting for sample size. 

Since the log likelihood of the data does not usually provide an accurate estimate 

of the correct number of genetic clusters, an ad hoc statistic (ΔK) was used to infer the 

most appropriate K (Evanno et al. 2005) for the sampled populations of C. acutus. A 

model- based clustering analysis (Table 2.13) revealed the presence of three spatially 

overlapping genetic clusters (ΔK being the highest for K=3), which were designated as 

cluster I, II, and III. Some individuals within the same locality were assigned to each of 

the three clusters. The assignment probabilities (Table 2.14) suggested that individuals 

assigned to cluster I were found in ESD, PLH, and SCZ; the individuals assigned to 

cluster II were found in, GOM, PLB, and EMA, whereas the cluster III represented 

individuals from RMD and SJ. Three localities on the mainland were assigned to three 
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different clusters.  Both the localities from northern Coiba (PLH and SCZ) were assigned 

to cluster I, whereas two out of three localities from southern Coiba (PLB and EMA) 

were assigned to cluster III. 

 

Discussion 

Microsatellite variation   

 All nine microsatellites utilized in this study were informative in describing 

genetic diversity, population subdivision, and assessing population structure of the 

American crocodile in and around CNP.  One locus, Cj131, showed the lowest PIC value, 

probably due to the smaller number of alleles (A=2) reported for it across all localities 

(see Table 2.2). This locus has been reported to be polymorphic or monomorphic in 

different species of crocodilians by various researchers. It was reported to be 

monomorphic in Morelet’s crocodile by Rodriguez et al. (2008) and McVay et al. (2008), 

but, polymorphic in the American crocodile (Cotroneo 2010; Milian-Garcia et al. 2011; 

Rodriguez et al. 2008; Weaver et al. 2008) and  Cuban crocodile (Milian-Garcia et al. 

2011; Weaver et al. 2008).  

The number of alleles per locus ranged from two to 15. This variation in number 

of alleles reported per locus is probably due to the rate of mutation at that particular 

locus. In addition to mutation, the variation in allelic diversity among various 

microsatellites could probably be explained by the negative correlation between allelic 

diversity and ‘GC’ content of flanking region sequence as reported by Glenn et al., 
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(1998) in the microsatellites developed for American alligators. However, no such 

correlation has been reported for any of the microsatellites utilized in this study. 

Genetic diversity 

 The mean observed heterozygosity for the populations of American crocodiles in 

this study was 0.40. This value is comparable although slightly lower than the mean 

heterozygosity (H) estimated for different populations of American crocodiles in various 

parts of their range. Rodriguez et al. (2011) reported a  H of 0.49 in Florida using ten 

microsatellites, whereas, H of 0.57 was reported by Cotreono (2010) in Pacific coast of 

Costa Rica using nine microsatellites. The mean observed heterozygosity in this study is 

also comparable to estimates for Morelet’s crocodile in Belize reported by Dever et al. 

(2001; H = 0.49), to American alligator (H = 0.46) reported by Glenn et al. (1998), and 

for Nile crocodile (H = 0.45) as reported by Hekkala et al. (2010). The level of 

heterozygosity is subject to change depending upon the markers utilized, sample size, 

number of microsatellite loci, and rate of mutation for each locus. Three loci (CpDi04, 

Cj109, and Cj131) in this study exhibited very low level of heterozygosity (See Table 

2.2). Mutation rates at these loci may be lower than others resulting in lower gene 

diversities. The mean observed heterozygosity increased to 0.57 when those three loci 

were excluded from the analysis.  

 American crocodiles have undergone a significant decline in their population size 

throughout their range (Ross 1998). Evidence of a recent bottleneck in the population of 

American crocodiles in Costa Rica has been reported by Cotroneo (2010).  Taking this 

historic population reduction into account, it is interesting that the populations of 
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American crocodiles on Coiba Island and the mainland did not show any analogous 

indication of a recent bottleneck. This absence of a bottleneck could be attributed to the 

fact that Coiba Island served as a penal colony since 1950s until recently. This 

establishment as a penal colony and its relative isolation from human habitat might have 

restricted the illegal hunting of American crocodiles in this region. 

 Population subdivision and genetic structure 

  Our a priori assumption of an absence of genetic structure in the sampled 

populations was based on the fact that the American crocodile is a large, salt- tolerant 

species with higher mobility (Kushlan and Mazzotti 19891), and seemingly unrestricted 

migration pathway between the populations from the mainland and Coiba Island. In 

contrast, model based clustering analysis revealed the presence of three genetic clusters 

among the sampled populations (see Table 2.13 and 2.14). The majority of individuals 

from northern Coiba were assigned to cluster I whereas, the majority of individuals from 

southern Coiba were assigned to cluster II. Individuals from each of the three localities in 

Mainland were assigned to three different clusters. The individuals from RMD had the 

highest assignment probability (qi = 0.94) probably owing to their isolation from the other 

localities.  Pair wise FST and RST values were also relatively higher between RMD and 

rests of the localities further supporting their isolation. 

 Each of the three genetic clusters comprised of one mainland population and at 

least one island population. This suggests some gene flow between those populations. 

This clustering of mainland and island populations could be attributed to the natural or 

human mediated migration of individuals between the mainland and Coiba Island. 
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However, it may also suggest the ancient polymorphism as a result of which the 

populations from mainland and island still have shared alleles between them. When the 

Coiba Island was separated from mainland 12,000 to 18,000 years ago, the populations of 

the American crocodiles on the Coiba Island might have also separated from the 

mainland populations. 

 The finding that the three localities from the mainland (RMD, GOM, and ESD) 

were assigned to three different genetic clusters suggests two possible scenarios 

describing the gene flow patterns. First, that the migration of individuals on the mainland 

is less likely than the migration of individuals via the sea, and the apparent lack of 

connectivity between the three localities on mainland may act as a barrier to the gene 

flow. Second, there is some gene flow between the localities on the mainland and Coiba 

Island, which would imply that the sea actually provides connectivity facilitating 

migration of individuals between these populations. This is consistent with the salt 

tolerant nature and an ability of American crocodiles to migrate long distances via sea 

(Kushlan and Mazzotti 1989; Neill 1971).  

All three estimates of population subdivision are consistent with the finding that 

the fine scale analysis of sampled populations revealed an overall presence of genetic 

subdivision among and within the sampled populations. Pair-wise FST, RST, and ΦPT 

values suggested lower level of population differentiation between the populations from 

northern and southern Coiba Island. In contrast, population differentiation was higher 

between populations from the mainland and northern Coiba Island, and between the 

mainland and southern Coiba Island. This implies that there is more gene flow between 
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two populations on Coiba Island than between the island populations and the mainland, 

likely due to their geographic proximity.   

The migration estimates (Nm=6.34) reported in this study is comparable although 

slightly higher than the Nm estimates reported for American crocodile as well as other 

crocodilian species. Cotroneo (2010) reported Nm estimate of 2.4 for the populations of 

American crocodiles in Pacific coast of Costa Rica. Dever et al. (2001) reported Nm 

estimate of 5.15 in Morelet’s crocodile in Belize, and Verdade et al. (2002) reported Nm 

estimate of 1.1 in broad-snouted caiman. The Nm estimate was observed to be higher in 

this study probably due to the higher level of gene flow or lower genetic differentiation 

among the sampling regions. 
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Table 2.1. Reaction protocol for nine microsatellite loci. 

  

 

Amount of each reagents ( in µl) for respective locus 

  

Locus 

Reagents 

 

 CpP815, CpDi04, Cj35, and Cj127   Cj109, Cj19, Cj128, Cj131, and Cj18 

Water 

 

32.12 

 

   3.66 

Taq Buffer  

 

11.67 

 

0.40 

dNTP's 

 

2.10 

 

0.14 

Forward primer 

 

0.50 

 

0.50 

Reverse primer 

 

0.50 

 

0.50 

M13 

 

0.50 

 

0.40 

Taq Polymerase 

 

0.28 

 

0.70 

Template DNA 

 

2.33 

 

0.70 

Total Volume   50.00   7.00 
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Table 2.2. Observed (HO) and Expected (HE) heterozygosities, Number of alleles per 

locus (A), polymorphic information content (PIC), and probability of identity (PI) for 

microsatellites.  

Locus 

 
HO HE A PIC PI 

Cj131 

 

0 0.06 2 0.06 0.49 

CpP815 

 
0.29 0.35 3 0.29 0.86 

CpDi04 

 
0.07 0.07 3 0.07 0.06 

Cj35 

 
0.58 0.61 4 0.54 0.23 

Cj109 

 
0.07 0.09 4 0.08 0.05 

Cj119 

 
0.34 0.43 4 0.35 0.84 

Cj18 

 
0.75 0.82 13 0.79 0.40 

Cj128 

 
0.96 0.81 13 0.78 0.06 

Cj127 

 
0.51 0.81 15 0.79 0.89 

Mean 

 
0.4 0.45 6.78 0.42 0.43 

 

 

Table 2.3. Number of alleles per locus (A) and number of private alleles per locus across (AP) for 
microsatellites across three sampling regions.  

 
      Sampling Regions       

 

Mainland 

 

N. Coiba 

 

S. Coiba 

Locus A AP   A AP   A AP 

CpP815 2 0 

 

2 0 

 

3 1 

CpDi04 2 0 

 

3 0 

 

3 0 

Cj127 7 1 

 

10 1 

 

13 4 

Cj35 3 0 

 

3 0 

 

4 0 

Cj18 9 1 

 

5 0 

 

12 3 

Cj109 2 1 

 

1 0 

 

3 2 

Cj119 2 0 

 

2 0 

 

4 2 

Cj128 10 2 

 

9 1 

 

9 1 

Cj131 1 0   2 0   2 0 

Total 38 5   37 2   53 13 
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Table 2.4. Number of alleles per locus (A), and polymorphic information content (PIC) for microsatellites in eight sampling localities. 

  

                        Locus                             

 
CpP815 

 

CpDi04 

 

Cj127 

 

Cj35 

 

Cj18 

 

Cj109 

 

Cj119 

 

Cj128 

 

Cj131 

 

Overall 

Locality A PIC   A PIC   A PIC   A PIC   A PIC   A PIC   A PIC   A PIC   A PIC   A 

RMD 1 0.00 

 

1 0.00 

 

3 0.35 

 

1 0.00 

 

3 0.56 

 

1 0.00 

 

1 0.00 

 

4 0.67 

 

1 0.00 

 

16 

GOM 2 0.13 

 

2 0.07 

 

7 0.69 

 

3 0.46 

 

7 0.73 

 

2 0.07 

 

2 0.14 

 

6 0.72 

 

1 0.00 

 

32 

ESD 2 0.32 

 

2 0.20 

 

3 0.52 

 

3 0.34 

 

3 0.47 

 

1 0.00 

 

2 0.37 

 

6 0.63 

 

1 0.00 

 

23 

PLH 2 0.37 
 

3 0.31 
 

7 0.75 
 

2 0.38 
 

3 0.51 
 

1 0.00 
 

2 0.38 
 

7 0.78 
 

2 0.14 
 

29 
SCZ 2 0.30 

 

1 0.00 

 

10 0.73 

 

3 0.44 

 

5 0.61 

 

1 0.00 

 

2 0.36 

 

6 0.75 

 

1 0.00 

 

31 

SJ 2 0.16 

 

1 0.00 

 

9 0.82 

 

3 0.47 

 

7 0.58 

 

2 0.19 

 

3 0.49 

 

8 0.72 

 

1 0.00 

 

36 

PLB 3 0.32 

 

3 0.07 

 

10 0.78 

 

4 0.55 

 

8 0.77 

 

3 0.08 

 

2 0.28 

 

8 0.72 

 

2 0.12 

 

43 

EMA 2 0.19   2 0.03   8 0.59   3 0.59   8 0.78   3 0.11   3 0.30   8 0.73   2 0.06   39 
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Table 2.5. Inbreeding coefficient (FIS) for populations of C. acutus from three sampling regions. 

   

Sampling Regions 
 Locus 

 

Mainland Northern Coiba Southern Coiba 

CpP815 

 

0.57 0.17 -0.08 

CpDi04 

 

-0.04 -0.04 -0.01 

Cj127 

 

0.59 0.31 0.30 

Cj35 

 

0.09 0.34 -0.14 

Cj18 

 

0.01 0.03 0.09 

Cj109 

 

0.00 NA 0.16 

Cj119 

 

0.77 -0.18 0.23 

Cj128 

 

-0.24 -0.13 -0.23 

Cj131   NA 1.00 1.00 

Mean 

 

0.21 0.10 0.06 
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                                  Table 2.6. Inbreeding coefficient (FIS) for populations of C. acutus from eight sampling localities. 

  

                  Localities         

Locus 

 

RMD GOM ESD PLH SCZ SJ PLB EMA 

CpP815 

 

  NA -0.04 0.23 0.20 0.01 0.47 -0.28 -0.12 

CpDi04 
 

  NA 0.00 -0.08 -0.13  NA  NA -0.01 0.00 

Cj127 

 

0.72 0.40 0.48 0.29 0.26 0.34 0.15 0.39 

Cj35 

 

  NA -0.24 0.45 0.04 0.53 0.09 -0.27 -0.19 

Cj18 
 

-0.32 -0.07 -0.19 -0.28 0.04 -0.13 0.06 0.07 

Cj109 

 

  NA 0.00   NA   NA NA 0.34 -0.01 -0.03 

Cj119 

 

  NA 1.00 0.59 -0.64 0.12 -0.05 -0.04 0.87 

Cj128 

 

-0.33 -0.29 -0.41 -0.10 -0.19 -0.31 -0.25 -0.22 

Cj131     NA   NA   NA 1.00   NA   NA 1.00 1.00 

Mean   -0.08 0.01 0.14 -0.02 0.12 0.04 -0.05 0.10 
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     Table 2.7. Pair-wise FST estimates between sampling regions. 

                 
*
P<0.01 

 

 

Table 2.8. Pair-wise FST estimates between sampling localities. 

Localities 
 

RMD GOM ESD PLH SCZ SJ PLB EMA 

RMD 
 

- 
       

GOM 
 

0.173
*
 - 

      
ESD 

 
0.368 0.192

*
 - 

     
PLH 

 
0.280

*
 0.145

*
 0.111

*
 - 

    
SCZ 

 
0.187

*
 0.081

*
 0.156

*
 0.082

*
 - 

   
SJ 

 
0.196

*
 0.110

*
 0.210

*
 0.092

*
 0.013 - 

  
PLB 

 
0.173

*
 0.043

*
 0.154

*
 0.089

*
 0.015 0.036

*
 - 

 
EMA 

 
0.209

*
 0.048

*
 0.168

*
 0.156

*
 0.064

*
 0.092

*
 0.025 - 

           *
P<0.05

Regions 
 

Mainland Northern Coiba Southern Coiba 

Mainland 
 

- 
  

Northern Coiba 
 

0.057
*
 - 

 
Southern Coiba 

 
0.049

*
 0.031

*
 - 
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Table 2.9. Pair-wise RST estimates between sampling regions. 

Regions Mainland Northern Coiba Southern Coiba 

Mainland - 
  

Northern Coiba 0.044
*
 - 

 
Southern Coiba 0.027

*
 0.000 - 

*
P<0.05 

 

 

Table 2.10. Pair-wise RST estimates between sampling localities.  

Localities 
 

RMD GOM ESD PLH SCZ SJ PLB EMA 

RMD 
 

- 
       

GOM 
 

0.055 - 
      

ESD 
 

0.183
*
 0.249

*
 - 

     
PLH 

 
0.121 0.167

*
 0.095

*
 - 

    
SCZ 

 
0.000 0.024 0.100

*
 0.014 - 

   
SJ 

 
0.000 0.000 0.149

*
 0.171

*
 0.019 - 

  
PLB 

 
0.042 0.067

*
 0.064

*
 0.000 0.003 0.085

*
 - 

 
EMA 

 
0.068 0.058

*
 0.154

*
 0.040 0.035 0.109

*
 0.013 - 

           *
P<0.05
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Table 2.11.  AMOVA test among and within sampling regions.  

Source of variation d.f Percentage of variation 

Among regions 2 6 

Within regions 140 94 

Fixation Index ΦPT = 0.062 P = 0.01 

 

 

Table 2.12. AMOVA test among and within sampling localities.  

Source of variation d.f Percentage of variation 

 Among localities 7 15 

Within localities 135 85 

Fixation Index ΦPT = 0.15 P = 0.01 
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Table 2.13. Posterior probabilities and ad hoc statistic (ΔK) for number of populations 

inferred using microsatellite data and calculated in STRUCTURE. K= Pre-defined 

population. 

 

 

 

 

 

 

 

 

 

Table 2.14. Proportion of membership for each pre-defined populations into each of the 

three clusters (genetic populations) inferred by STRUCTURE. 

  

Cluster 

 Localities 

 

I II III n
*
 

RMD 

 

0.025 0.031 0.944 8 

GOM 

 

0.281 0.536 0.183 13 

ESD 

 

0.819 0.153 0.027 9 

 PLH 

 

0.799 0.045 0.156 12 

SCZ 

 

0.463 0.318 0.22 19 

SJ 

 

0.366 0.109 0.525 21 

PLB 

 

0.357 0.394 0.249 31 

EMA 

 

0.157 0.713 0.13 30 

                          
*
Number of individuals 

 

 

 

 

K   LnP(K) ΔK 

2 

 

-2386.8 14.1 

3 

 

-2301.9 113.6 

4 

 

-2333.6 0.9 

5 

 

-2339.6 1.6 

6 

 

-2309.5 0.4 

7 

 

-2299.3 5.9 

8 

 

-2412.6 2.7 

9 

 

-2454.9 2.7 
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 Figure 2.1. Map of Coiba National Park and mainland showing the sampling localities in  

red ovals.  
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Figure 2.2.  A chart representing the study area, sampling regions, and sampling 

localities. 
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Figure 2.3. Map of Coiba National Park and mainland showing the localities assigned to 

three genetic clusters (represented by three different colors) as suggested by assignment 

probability from a model-based clustering analysis. 

 

Cluster I 

Cluster II 

Cluster III 
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CHAPTER III 

CONCLUSIONS 

The main purpose of this study was to estimate genetic diversity, and to assess the 

population subdivision, and genetic structure within the populations of American 

crocodiles from Coiba Island and the continental mainland by employing highly 

polymorphic microsatellite loci. The nine microsatellite loci utilized in this study showed 

considerable allelic variation with an average of 6.8 alleles per locus across all localities. 

Although the test for heterozygosity deficiency showed that three loci (CpDi04, Cj109, 

and Cj128) had significant heterozygosity deficiency (P>0.05), none of the regions 

appeared to be deficient in heterozygosity (P<0.05). The Hardy-Weinberg exact 

probability test indicated that two loci (Cj127 and Cj128) deviate from Hardy Weinberg 

Equilibrium after a sequential Bonferoni correction (P<0.01). A Wilcoxon’s sign test did 

not detect a significant excess of heterozygosity (P>0.05) under either of the mutation 

model showing no evidence of a recent genetic bottleneck for the sampled populations. A 

model- based clustering revealed the presence of three spatially overlapping genetic 

clusters within the sampled populations. A fine scale analysis revealed the overall 

presence of genetic subdivision within sampling regions and localities. Pairwise FST, RST, 

and ΦPT values are consistent with each other suggesting that there is more gene flow 

between populations from northern and southern Coiba Island than between the 

populations from Coiba Island and the mainland.  
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Conservation Implications 

This study was carried out with the aim of collecting baseline information on the 

genetic aspects of populations of the American crocodile in and around Coiba National 

Park (CNP). The information gathered from this study will be provided to the 

Panamanian government in hopes of helping them design a conservation program 

targeting the populations of American crocodile in this region. The Panamanian 

Government should consider the presence of three distinct genetic clusters and significant 

population differentiation among the sampled populations while designing conservation 

programs for the American crocodile in and around CNP. The knowledge about which 

sub-populations are in migratory contact with each other can highlight important 

dispersal corridors as well as identify isolated areas, revealing the areas of priority for 

conservation (Bergl and Vigilant 2007). Considering these findings would be beneficial 

to help preserve the genetic diversity of each cluster, which is actually desirable in any 

conservation program. Any management strategies such as translocation of an individual, 

setting up a harvest quota, commercial farming and sustainable use programs should also 

be designed individually for each of these three genetic clusters rather than treating them 

as a one panmictic population.  

The Crocodile Specialist Group (CSG) emphasizes the need of population genetic 

information for the American crocodile throughout their range in order to optimize the 

conservation strategy as designed by them. Given their wide distribution, local population 

genetic studies on the population of American crocodiles are necessary because it 
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provides information on various aspects of genetics for this species. This particular study 

aims to fill this gap that exists for populations of American crocodile in the Republic of 

Panama. The findings of this study in combination with other population genetic studies 

like Cotroneo (2010) in Costa Rica, Rodriguez et al (2011) in Florida, Cedeno-Vazquez 

et al (2008) in Mexico and other such studies will provide the information on the genetic 

diversity of American crocodiles throughout their range. This would help the CSG to 

create conservation strategies for the American crocodile. This will also broaden our 

understanding of American crocodiles in various aspects such as genetic diversity and 

genetic structure. 

 

Future Directions 

 Increasing the sample size, especially from the mainland and the northern Coiba 

Island, and genotyping more microsatellites can provide higher resolution and important 

insights into population structure. It is also important to protect the migration corridors 

between the mainland and island populations to facilitate gene flow.  Studies aiming at 

the assessment of nesting and reproductive ecology, and habitat use patterns by the 

American crocodile in and around CNP should be conducted.  One of the guiding 

principles of conservation biology is the involvement of human presence in conservation 

planning. No conservation program will be a success without human involvement. A 

local awareness programs should also be conducted to educate local people, fishermen, 
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and other concerned stakeholders around the CNP about the importance of the crocodiles 

as a keystone species. 
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