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 This study investigated a resident community of Atlantic spotted dolphins 

(Stenella frontalis) on Little Bahama Bank (LBB) in the Bahamas utilizing a noninvasive 

molecular approach.  Genetic template material was collected and extracted from fecal 

material of S. frontalis.   Fine-scale population structure was found within LBB according 

to mitochondrial DNA (mtDNA) and microsatellites (FST = 0.25317, P ≤ 0.0001 and FST = 

0.04491, P ≤ 0.0001, respectively).  Three main social clusters (North, Central, 

South/Roam) exist on LBB and all clusters were found to be genetically distinct 

according to microsatellite analyses.  Mitochondrial haplotypes revealed North and 

South/Roam were not differentiated, but Central was different from both.  When 
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separated by sex, males were less genetically structured than females.  Males showed no 

evidence of structure according to φST or RST.  Females of all clusters were differentiated 

according to microsatellites whereas mtDNA revealed the same pattern in females as was 

seen for the total population.  The structuring patterns of the sexes clearly indicate a 

pattern of male dispersal and female philopatry for the LBB population. 

 Genetic investigation of mating revealed patterns in the mating system of S. 

frontalis on LBB.  Genotypes of females and offspring were analyzed and revealed that 

more than two males were required to explain the progeny arrays, indicating promiscuous 

mating among females.  In addition, paternity assessment assigned seven males as fathers 

to ten of 29 mother-calf pairs.  A pattern of reproductive skew according to age was 

revealed because reproductively successful males were in the oldest age class at the 

estimated time of conception of the calves.  Patterns in social cluster mating revealed that 

males from the Central cluster sired offspring with females from both the Central and 

North clusters, while Roaming males sired offspring with South and Central females 

indicating that males mate within their social cluster or with females from the next closest 

cluster. 

 The study has important implications for cetacean research, specifically 

delphinids.  Fine-scale population structure and mating patterns of male and female S. 

frontalis were revealed through noninvasive methodology presenting a valuable genetic 

framework with which to support ongoing investigations of life history, behavior, 

communication and social structure. 
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Chapter 1 

Introduction 

 

Overview 

 This study uses a noninvasive approach in the molecular investigation of 

population structure and reproductive patterns of a resident community of free-ranging 

Atlantic spotted dolphins (Stenella frontalis) in the Bahamas.  Methodologies for 

noninvasive genetic sampling and extraction of dolphin DNA from fecal plumes were 

developed and optimized for mitochondrial and microsatellite studies (Chapter 2).  The 

resident S. frontalis community was tested for evidence of fine-scale genetic structuring 

by comparing mitochondrial haplotypes and multi-locus genotypes of individuals in 

known social clusters within the population (Chapter 3).  In addition to group sampling, 

genetic samples were collected from S. frontalis females and calves.  Chapter 4 explores 

the mating patterns of females by searching for genetic evidence of multi-male mating by 

females.  Finally, specific mother-calf pairs were genetically compared to a pool of 

candidate males to assess patterns of paternity and male reproductive success in the study 

population (Chapter 5).  Overall, the study represents a new genetic perspective of a 
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population of Atlantic spotted dolphins that have been the focus of a long-term 

investigation of life history, behavior and communication. 

 

Little Bahama Bank Study Area and Population 

 Little Bahama Bank is located north of Grand Bahama Island.  The long-term 

study of the population has focused on the western edge of Little Bahama Bank (Figures 

1.1 and 1.2).  The study area is approximately 480km2 and extends 60km north to south 

and 8km east to west.  The area is a shallow sand bank (6 - 16m depth) with patchy areas 

of reef and grass.  The bank is unprotected and the western edge steeply drops to a depth 

of greater than 500 meters into the Gulf Stream.   

Atlantic spotted dolphins in the study area have been observed since 1985.  Many 

aspects of research have been reported including life history (Herzing 1997), 

communication (Herzing 1996), behavior and development (Bender et al. in press; Miles 

and Herzing 2003), interspecific interactions (Herzing and Johnson 1997; Herzing et al. 

2003) and social structure (Brunnick 2000; Herzing and Brunnick 1997; Welsh 2007; 

Welsh et al. in press).  The field season has consisted of approximately 80 - 100 field 

days every year from May through September utilizing a 21 meter power catamaran as 

the research platform.  Observations occurred from 0700 - 2000 during days in the study 

area, with shorter observation times on days of travel to and from the study area or during 

times of severe weather.  Information such as cloud cover, sea state, water temperature, 

latitude and longitude were logged every two hours.  When dolphins were encountered, 
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the location was recorded; group counts/composition and behavioral state were assessed.  

Snorkelers entered the water for direct observation of the dolphins and collected 

individual information such as gender (assigned by direct observation of the genital 

region), age class, and reproductive status whenever possible.  Identification of individual 

spotted dolphins was accomplished through underwater observation of physical 

characteristics such as nicks in the dorsal fin, pectoral fins or flukes, cuts, rake marks, 

scars and overall spotting and coloration patterns.  The underwater identifications were 

confirmed by researchers familiar with the resident population through photographs taken 

of the individuals.  

 Atlantic spotted dolphins display the four developmental color phases originally 

described by Perrin (1970) for the pantropical spotted dolphin (Stenella attenuata) and 

adapted for Atlantic spotted dolphins by Herzing (1997) (Table 1.1).  Although there is 

some degree of variation, individuals generally gain spots in a predictable manner 

throughout their development.  Spotted dolphins are born without spots and develop dark 

spots on the ventral surface when they are about three years of age.  At roughly nine 

years of age, ventral spotting increases and white spots develop on the dorsal surface.  

Individuals enter the oldest phase at approximately 16 years and consist of animals whose 

spots are no longer individually discrete, but “fuse” together into an overall coloration 

pattern. 

 Since 1985, over 200 individual spotted dolphins have been identified in the study 

area.  In addition to Atlantic spotted dolphins, bottlenose dolphins (Tursiops truncatus) 
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utilize the same geographic area and behavioral interaction between the two species is 

well documented (Herzing 1996; Herzing and Johnson 1997; Herzing et al. 2003).  

Opportunistic photo identification of bottlenose dolphins began in 1985 with a more 

concentrated effort beginning in 1993.  Over 200 individuals have been identified by 

underwater and surface observation of natural markings such as nicks of the dorsal fin, 

pectoral fins and flukes, cuts, rake marks and scars. 

 

The Noninvasive Approach to Molecular Investigations 

 This study utilized a noninvasive methodology for the collection of genetic 

material.  The long-term behavioral observations of the study population depend heavily 

on the fact that humans enter the water with the animals to observe and record behavior.  

The animals are tolerant of human presence in the water and often approach snorkelers 

within close range.  Given the importance of the underwater observations, it was 

necessary to consider a noninvasive source of genetic sampling in order to avoid any 

change in subject tolerance of human presence in the water.  Genetic assessments using 

fecal material of terrestrial species have become more common in the literature (see 

Chapter 2); however, few genetic studies utilizing feces of aquatic animals have been 

reported.  Researchers often use fecal material to supplement biopsy darting or some 

other type of tissue collection, however there are currently no published reports of studies 

strictly utilizing fecal DNA for an entire project.  The scarcity of such studies is likely 
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due to the unique complications associated with collection and multi-locus genotyping 

from fecal material and those issues are specifically addressed in Chapter 3. 

 

Objectives 

 The objectives of the study were: 1) to optimize sampling and laboratory 

techniques for the use of fecal material as a template for molecular investigations of S. 

frontalis; 2) to identify genetic population structure and if present, determine if genetic 

and social divisions are congruent; 3) to test for genetic evidence of multiple mating by 

females and; 4) to assess paternity within the population.  Given the small geographic 

range of the study population, I hypothesize random mating in the population, which 

would result in random patterns of population structure and paternity.  My hypothesis for 

multiple mating is that females will not mate with the same male over time to produce 

full-siblings, but rather females will mate with different males, resulting in half-siblings 

in the population.  With regard to paternity, I hypothesize a pattern of random mating 

among males resulting in a random distribution of paternity assignments among males in 

the population.  The results of the study will provide a valuable genetic framework with 

which to support the behavioral and social data that have been collected on Little Bahama 

Bank since 1985. 
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Table 1.1.  Description of age classes for Atlantic spotted dolphins (Stenella frontalis) 
from Herzing (1997) and after Perrin (1970). 
Age Class Age Category Color Phase Description 
Neonate 1 - 3 mo Two-tone No spots, fetal folds visible 
Calf 3 mo – 3+ yr Two-tone No more than one black spot on 

ventral surface 
Juvenile 4 - 9+ yr Speckled Two or more black spots on 

ventral surface; Possible white 
spots on dorsal surface in older 
juveniles 

Young 
adult 

9 - 16+ yr Mottled Extensive spots on ventral 
surface, white spots on dorsal 
surface 

Old adult 16+ yr Fused Black and white spots from 
ventral and dorsal surfaces fusing, 
white-tipped rostrum 
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Figure 1.1.  Large-scale map of the study area in the Bahamas. 
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Figure 1.2. Small-scale map of the study area in the northwest Bahamas. 
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Chapter 2 

Optimization of noninvasive methodology for the sampling and extraction of DNA from 

free-ranging Atlantic spotted dolphins, Stenella frontalis 

 

Introduction 

 Molecular genetic techniques have rapidly revolutionized the way natural 

populations are studied.  The ease with which these techniques are applied to a wide 

variety of organisms and questions continue to improve.  However, the collection of 

genetic material from free-ranging animals can prove challenging, particularly for agile 

open-water organisms such as cetaceans.  Difficulty in collecting genetic material can be 

further exacerbated when traditional invasive techniques such as biopsy darting or blood 

sampling are impractical or are detrimental to ongoing studies.  One response to these 

challenges has been the collection and use of fecal material, which contains sloughed 

intestinal cells of the host, as a noninvasive template in genetic investigations.  This 

technique has proven successful in a number of terrestrial organisms such as birds 

(Broderick et al. 2003; Idaghdour et al. 2003), mountain lions (Ernest et al. 2000), lynx 

(Palomares et al. 2002), canids (Paxinos et al. 1997), bears (Taberlet et al. 1997; Wasser 

et al. 1997), barbary macaques (Lathuilliere et al. 2001), bonobos (Gerloff et al. 1995), 
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chimpanzees (Bradley et al. 2000; Morin et al. 2001), gorillas (Bradley et al. 2000; 

Jensen-Seaman and Kidd 2001), and elephants (Fernando and Lande 2000; Okello et al. 

2005).  The use of fecal material for genetic sampling of aquatic animal groups has 

proven more challenging.  However, for several semi-aquatic mammals such as river 

otters (Dallas et al. 2003) and seals (Reed et al. 1997), fecal material can be readily 

obtained terrestrially.  The greatest challenge in the collection of substantial fecal 

material for genetic analyses lies in the fully aquatic mammals such as cetaceans and 

sirenians. 

Among fully aquatic mammals, the difficulty of sample collection varies.  

Collecting fecal material from sirenians presents less of a challenge because adequate 

amounts of compact fecal matter float to the surface and may remain intact for several 

hours (Tikel et al. 1996).  Concentrated samples can be collected even if the animal is no 

longer in the vicinity.  In contrast, collecting fecal matter from small cetaceans such as 

dolphins is especially problematic since the animals defecate underwater in rapidly 

diffusing plumes as observed in this study and others (Parsons 2001; Parsons et al. 1999).  

Therefore, to obtain adequate amounts of feces, researchers must be in the water when 

the animals defecate and immediately collect a sample before it disperses into an 

unusable state. 

The study describes a technique for fecal DNA collection and extraction that was 

designed to support a long-term study of resident Atlantic spotted dolphins (Stenella 

frontalis) in the Bahamas (Herzing 1996, 1997; Herzing and Brunnick 1997; Herzing et 
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al. 2003; Miles and Herzing 2003).  This ongoing project examines the behavioral and 

acoustic aspects of Atlantic spotted dolphins in their natural environment.  Therefore, any 

attempt to simultaneously sample genetic material must be noninvasive so that the 

integrity of the long-term data collection and ongoing studies is maintained.  Prior to the 

development of the technique described here, previously published extraction techniques 

were attempted, however they did not provide a reliable method for obtaining genomic 

DNA from S. frontalis samples.  Therefore, the goal of this project was to develop a new 

laboratory protocol for the reliable extraction of genomic DNA from aquatic fecal 

samples of cetaceans, using S. frontalis as a model species. 

 

Materials and Methods 

Sample Collection 

Fecal samples were collected from fourteen individual Atlantic spotted dolphins 

on Little Bahama Bank in the northwestern Bahamas (Figures 1.1 and 1.2) including two 

mother and calf families.  One family set consisted of the mother and one calf, and the 

other was comprised of the mother and two of her offspring.  Prior to genetic analyses, 

mother and calf relationships were assigned based on the observed close association 

between a mother and calf in the first years of life (Herzing 1997). 

Sampled dolphins were well separated from large groups and defecation was 

directly observed to make a positive identification of the individual and verified through 

underwater photographs and video.  During behavioral encounters, snorkelers were in the 
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water carrying sterile 100 mL air-filled, screw top collection jars stored in a neoprene 

weight belt.  Immediately following defecation (< 30 seconds), the snorkeler collected a 

portion of the fecal matter out of the water column (25° - 31 °C, mean = 28 °C).  Fecal 

samples were collected only while suspended in the water column and never near the 

benthos. 

 

Sample Preservation and Storage 

After collection, the sample was brought to the research vessel for processing.  

The sample was allowed to settle out of suspension for 1 - 8 hours at ambient temperature 

(29 °C - 32 °C) and out of direct sunlight.  After settling, excess seawater was poured off 

and the remaining sample was preserved by adding approximately 20.0 mL of 20% 

dimethyl sulfoxide (DMSO) and 80% 5 Μ sodium chloride (NaCl) solution (Amos and 

Hoelzel 1991).  The samples were stored at -20 °C on board the research vessel until 

transferred to the laboratory for long-term storage.  Once in the laboratory, samples were 

divided into at least three 1.5 mL aliquots and transferred to 2.0 mL cryotubes for storage 

at -80 °C.  Excess sample was either divided into additional 1.5 mL aliquots or kept in the 

collection cup and stored at -20 °C. 

 

Cell Lyses and Digestion 

Aliquots of samples were allowed to thaw at room temperature just prior to 

extraction.  A portion of the fecal solution (500.0 µL) was suspended in 1.0 mL of 2X 

 12



cetyltrimethyl-ammonium bromide (CTAB) buffer (100 mM Tris-HCl, pH 8.0, 1.4 M 

NaCl, 20 mM EDTA, 2% CTAB) (Milligan 1992) and mixed on a rocking platform for 

10 minutes.  The samples were divided into two 2.0 mL microcentrifuge tubes so that 

each tube contained approximately 750.0 µL of sample.  Samples were vortexed with 

250.0 µL chloroform and allowed to settle for two minutes at 4 °C.  Cellular debris was 

removed by centrifugation (1400 x g for 15 minutes).  The aqueous phase was recovered 

and transferred to a clean tube and 250.0 µL chloroform was again added and the samples 

were briefly vortexed followed by a resting period of two minutes at 4 °C.  An additional 

centrifugation at 1400 x g was carried out for 15 minutes to clear any remaining debris 

and the aqueous phase was recovered and transferred to a clean tube. 

 

DNA Precipitation and Rehydration 

To precipitate DNA, 50.0 µL (or approximately 10% of the total sample volume) 

3 M sodium acetate and 1.0 mL (or approximately 2X the total sample volume) ethanol 

were added to the aqueous phase.  Due to the fact that fecal samples were dilute, 0.5 µL 

of 5.0 mg/mL glycogen (Ambion®, Austin, TX) was added to the aqueous phase.  

Glycogen is useful when working with dilute samples because it co-precipitates with the 

DNA and results in an enhanced DNA pellet.  The samples were incubated at least 12 

hours at -80 °C, thawed, then centrifuged at 1400 x g for 10 minutes.  The supernatant 

was decanted and 500.0 µL of cold 75% ethanol was added to the pellets and vortexed 

briefly.  The samples were again centrifuged, the supernatant decanted and the pellets 
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dried for approximately 10 minutes on medium heat in a SpeedVac® System (Savant 

Instruments, Holbrook, NY).   DNA pellets were resuspended in 50.0 µL 8 mM NaOH.  

Rehydration in a weak base is recommended for isolated genomic DNA, which does not 

resuspend well in water or Tris buffers.  All samples were allowed to solubilize at 4 °C 

for at least 30 minutes prior to visualization on a 1% ethidium bromide (EtBr)-stained 

agarose gel.  To reduce the pH of the resuspended DNA, samples were diluted ten-fold in 

dH2O prior to subsequent analyses. 

Due to the nature of the collection process, some of the collected samples were 

extremely dilute and contained small amounts of visible fecal material when collected.  

When extracting genomic DNA using the previously described method, the results were 

insufficient.  In such cases, samples that were excessively dilute underwent an additional 

concentration protocol prior to extraction.  Diluted sample (5.0 mL) was suspended in 5.0 

mL of ethanol and mixed on a rocking platform for 10 minutes.  The samples were 

allowed to precipitate overnight at -20 °C.  After precipitation, the samples were gently 

centrifuged at 0.2 x g for 5 minutes.  The samples were then processed according to the 

basic extraction procedure previously described.  If the initial concentration effort failed 

to yield genomic DNA, a more intensive effort was made using the following steps.  

Rather than running two 2.0 mL tubes of fecal material, 8 - 12 tubes were run through the 

extraction protocol.  After the pellets of each tube were resuspended, the suspensions 

were combined and filtered through Montage™ PCR centrifugal filter devices following 

the manufacturer’s recommended protocol (Millipore Corp., Bedford, MA).  The filtered 
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samples were resuspended in 1X TE buffer and visualized on a 1% EtBr-stained agarose 

gel.  This additional concentration process yielded usable DNA template when the 

standard protocol had not. 

 

Mitochondrial Analyses 

The polymerase chain reaction (PCR) was used to amplify a fragment of the 

variable 5’ end of the control region of the mitochondrial genome using primers L15824 

and H16265 (Rosel and Block 1996; Rosel et al. 1999).  Reactions were carried out in 

25.0 µL volumes consisting of 1 mM Tris-HCl (pH 9.0), 50 mM KCl, 2.0 mM MgCl2, 

0.2 mM dNTP’s, 0.2 µM primers, 0.75 U Taq DNA polymerase (Fisher Scientific, 

Pittsburgh, PA) and 1.0 µL of template DNA.  The amount of template DNA or the 

concentration of primer was doubled in samples with low quality or quantity DNA.  The 

cycle parameters were carried out as described in Adams and Rosel (2006).  PCR 

products were cleaned using Montage™ PCR centrifugal filter devices and quantified 

using pGEM® (Applied Biosystems, Foster City, CA) molecular sizing standard on a 1% 

EtBr-stained agarose gel.  PCR products were cycle sequenced using an ABI Prism® 

BigDye® Terminator v. 3.1 Cycle Sequencing kit (Applied Biosystems, Foster City, CA).  

The parameters consisted of 25 cycles of 10 s at 90 °C, 5 s at 50 °C and 4 m at 60 °C.  

Products were cleaned using Sephadex™ columns (Amersham Biosciences, Uppsala, 

Sweden), dried and resuspended in formamide prior to loading on an ABI Prism® 310 

genetic analyzer (Applied Biosystems, Foster City, CA).  Sequences were aligned by eye 
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using SEQUENCHER™ v. 4.6 (Gene Codes Corp., Ann Arbor, MI) and searched for 

matches in GenBank. 

 

Microsatellite Analyses 

In addition to the mitochondrial DNA, three nuclear microsatellite markers were 

also amplified from the 14 individual samples.  Microsatellite amplifications were carried 

out in 25.0 µL reactions.  Reactions for all three loci contained 0.06 M Tris-HCl (pH 8.5), 

0.015 M (NH4)2SO4, 0.2 mM dNTP’s, 0.2 µM primers, 0.75 U Taq DNA polymerase 

(Fisher Scientific, Pittsburgh, PA) and 1.0 µL template DNA.  The concentration of 

MgCl2 varied for each of the three loci; Locus EV37 (Valsecchi and Amos 1996) 

contained 3.5 mM MgCl2, D08 (Shinohara et al. 1997) contained 2.0 mM MgCl2 and 

Ttr48 (Rosel et al. 2005) contained 2.5 mM MgCl2.  Cycle parameters for EV37, D08 and 

Ttr48 are shown in Table 2.1.  For samples that resulted in low quality or quantity DNA, 

the amount of template per reaction was doubled or the amount of primer was increased.  

All microsatellites were initially visualized on a 6% polyacrylamide gel stained with EtBr 

prior to sizing.  DNA fragments were sized on ABI Prism® 310 genetic analyzer using 

GENESCAN ANALYSIS® v. 3.1 and GENOTYPER® v. 2.1 (Applied Biosystems, Foster City, 

CA). 
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Results and Discussion 

 Results of the study indicate that successful genetic sampling can be achieved 

when feces is collected within 30 seconds of observed defecation while the fecal material 

remains in a tight plume allowing for the capture of an optimum amount.  Snorkelers that 

are capable of surface diving often have the best success in capturing samples as the 

depth of sample collection ranges from 1 - 9 meters.  Although the quantity of fecal 

material captured will vary between organisms and situations, the extraction process can 

be applied to a wide range of initial collection amounts. 

The quality of the extracted fecal DNA samples and their suitability for cetacean 

genetic analyses, were tested using PCR-based amplifications with known cetacean 

specific markers.  The first set of markers amplified a 351 bp fragment of the 5’ end of 

the mitochondrial control region.  When all 14 sequences were aligned and compared, 

three haplotypes were found.  The haplotypes were searched against the GenBank 

databases to determine the closest match.  Two haplotypes matched sequences in 

GenBank with 100% accuracy (accession numbers DQ060059 and DQ060054) and were 

derived from S. frontalis skin tissue (Adams and Rosel 2006).  In 12 of the 14 sample 

sequences, DQ060059 was the most common haplotype (n = 8) followed by DQ060054 

(n = 4).  The remaining two individuals shared a single novel haplotype (GenBank 

accession number EF546440).  This new haplotype differed due to a single base 

transition from two additional S. frontalis haplotypes (accession numbers DQ060057 and 

DQ060056 (Adams and Rosel 2006)).  It is clear that the sequence amplified from the 
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fecal DNA was from S. frontalis and confirmed that this procedure can successfully 

extract target DNA from sloughed intestinal cells of the host. 

In addition to confirmation of species identity, mother and calf sets were also 

compared (Table 2.2).  Since mitochondrial DNA is maternally inherited, the sequences 

of mother and offspring should provide a 100% match.  In each of the two mother and 

calf sets, the sequences were identical between the mother and her respective offspring.  

One mother and calf set exhibited a haplotype matching DQ060059 and the second set 

exhibited the novel haplotype EF546440.  The matching haplotypes within the mother 

and calf sets genetically confirmed relatedness, which supports the previous results based 

on observation. 

Fecal DNA obtained using this protocol was also tested for its suitability for 

microsatellite analyses of S. frontalis.  The microsatellite alleles found for the three loci 

all fell within the expected size range (Table 2.2).  Locus EV37 was originally isolated 

from humpback whale (Megaptera novaeangliae) tissue and the observed allele size 

range was 178 - 224 bp (Valsecchi and Amos 1996).  The allele size range for EV37 

among the 14 S. frontalis samples was 198 - 204 bp with a total of three alleles.  Primers 

for loci D08 (Shinohara et al. 1997) and Ttr48 (Rosel et al. 2005) were designed in 

bottlenose dolphins (Tursiops truncatus) and the observed allele size was 103 bp and 128 

- 142 bp, respectively.  Size ranges for S. frontalis ranged from 97 - 99 bp with two 

alleles for D08 and 127 - 133 bp with three alleles for Ttr48.  In addition, in both mother 

and calf sets, each offspring shared an allele with its mother at all three loci (Table 2.2), 
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which indicates that the protocol works to extract template DNA that is suitable for 

microsatellite analyses.  Microsatellite loci amplified from fecal DNA can be used to 

further genetically confirm observational data of relatedness between the mothers and 

calves. 

The proposed technique works extremely well as a noninvasive method to collect 

and extract genetic material for use in molecular ecological studies of cetaceans.  The 

protocol is relatively simple to execute and results in high quality template DNA from 

fecal matter. Once template DNA has been obtained, both mitochondrial sequencing and 

microsatellite genotyping can be utilized to construct a genetic framework of the target 

population.  Mitochondrial sequencing is a useful tool in cetacean species identity 

(Palumbi and Cipriano 1998), phylogenetics and population structure (O'Corry-Crowe et 

al. 1997) and hybrid identification (Willis et al. 2004).  Microsatellites are a powerful 

tool that can be used to determine genetic relatedness such as paternity and sibship 

(Krützen et al. 2004a), levels of genetic diversity (Adams and Rosel 2006), and genetic 

structure of populations and subpopulations (Hoelzel et al. 1998b).  In addition, while not 

the focus of this study, this noninvasive sampling methodology allows for diet analyses 

via the genetic identification of prey species in cetacean fecal matter (Deagle et al. 2005; 

Jarman et al. 2004; Jarman et al. 2006).  This protocol should be considered as an 

alternative to the noninvasive protocols in use today to support ongoing acoustic, 

behavioral, reproductive, and social structure research efforts of cetaceans where invasive 

protocols could be detrimental. 
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Table 2.1.  PCR thermal cycler profiles run for amplification of microsatellite loci EV37, 
D08 and Ttr48 in Stenella frontalis fecal material. All temperatures reported in °C, 
minutes (m), seconds (s), initial denature time (Dtemp), initial denature temperature 
(DTime), annealing temperature (AnnTemp), annealing time (AnnTime). 

Locus Dtemp DTime Cycles Temp Time AnnTemp AnnTime 72 °C 
Extension at 

72 °C 
EV37 90 2 m 35-40 94 30 s 58 30 s 30 s 5 m 
D08 90 2 m 35-40 94 30 s 56 30 s 30 s 5 m 
Ttr48 94 30 s 35 94 30 s 58 30 s 30 s 10 m 
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Table 2.2.  Summary of mitochondrial haplotypes and microsatellite genotypes at three 
loci EV37, D08 and Ttr48 for S. frontalis (n = 14), M = mother, O = offspring, A = 
Genbank accession number DQ060054, B = accession number DQ060059, C = novel 
haplotype from this study (Genbank accession number EF546440). 
Sample Haplotype EV37 D08 Ttr48 
BIGG A 198 / 204 99 / 99 133 / 133 
NAVE A 198 / 198 99 / 99 131 / 131 
MOHA A 198 / 198 97 / 99 131 / 131 
ROME A 198 / 198 99 / 99 131 / 133 
BRUS B 198 / 198 99 / 99 131 / 131 
EVER B 198 / 198 99 / 99 131 / 131 
PIGM B 198 / 198 99 / 99 131 / 131 
VENU B 202 / 204 97 / 97 127 / 131 
BARB B 198 / 204 97 / 99 127 / 131 
FLYI (M) B 198 / 204 97 / 99 127 / 131 
        KP (O) B 204 / 204 97 / 99 131 / 131 
        FLAM (O) B 198 / 204 99 / 99 131 / 131 
MUGS (M) C 198 / 198 99 / 99 131 / 133 
        MART (O) C 198 / 204 99 / 99 131 / 131 
Total number of alleles 3 2 3 
Expected allele size range (bp) 178 - 224 103 128 - 142 
Observed allele size range (bp) 198 - 204 97 - 99 127 - 133 
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Chapter 3 

Genetic population structure of Atlantic spotted dolphins, Stenella frontalis, in the 

Bahamas 

 

Introduction 

 Genetic structuring has radically changed the way science views wild populations.  

Not only does genetic population structure provide basic information on the ecology and 

evolution of a species, but molecular investigations can reveal population structure where 

spatial and behavioral data may not (Hampton et al. 2004).  Marine animals are difficult 

to observe and have the ability to migrate and disperse over large distances making direct 

observation of population structure difficult (Avise 1998), however, genetic structure can 

reveal levels of gene flow, especially in marine environments where barriers to gene 

transfer may be difficult for humans to recognize (Rosel et al. 1999).  Genetic structuring 

of marine species can occur even when physical boundaries are lacking.  Factors such as 

mate preference, habitat specialization or founder events may cause population 

structuring in large, unobstructed marine environments (see review by Palumbi 1994).  

Given the lack of physical boundaries in open ocean environments, population structuring 

of highly mobile cetacean species may be driven by factors such as social structure, 
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resource distribution, site fidelity or dispersal (Lopéz and Shirai 2008; Parsons et al. 

2006). 

Atlantic spotted dolphins (Stenella frontalis) are primarily found in warm 

temperate, subtropical and tropical waters of the North and South Atlantic and the Gulf of 

Mexico (Carwardine 1995).  There are currently two distinct stocks for the species, 

designated as the western North Atlantic and the northern Gulf of Mexico stocks (Waring 

et al. 2000), however, the stock assignments were made prior to population level genetic 

information.  Since the stock assignments were made, genetic information has revealed 

three putative populations of S. frontalis along the coast of the United States with one 

population in the Gulf of Mexico and two populations in the northwest Atlantic (Adams 

and Rosel 2006).  Although genetic information exists for S. frontalis along the coast of 

the United States, no genetic population information for animals in the Bahamas has 

previously been reported.  Therefore, the level of gene flow between the Bahamas and the 

northwest Atlantic is currently unknown. 

A resident population of Atlantic spotted dolphins exists in the northwest 

Bahamas on White Sand Ridge (Figures 1.1 and 1.2).  The population has been 

determined to consist primarily of three main social clusters (North, Central, South) 

based on coefficients of association (COAs) estimated by the half-weight index (HWI), 

principle coordinates analyses (PCO) and latitudinal geographic ranging data (Welsh 

2007).  In general, the animals in the North cluster range only in the northern latitudes 

while the Central cluster geographically ranges throughout the central and northern 
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latitudes.  The South cluster has the largest geographic range because the South animals 

have been sighted throughout the southern, central and northern latitudes.  Although their 

geographic ranges overlap, the animals in each of the social clusters associated more with 

each other than with individuals from other clusters.  Based on HWI, PCO and ranging 

data, there was a group of individuals (n = 10) that did not fit well with any cluster 

(Welsh 2007).  Geographically, the ten individuals ranged throughout all three areas, 

similar to the South cluster.   These unclassified animals were associates of the Central 

and South clusters, but they most frequently associated with each other.   

  Given the previous social delineations in the study population, the goals of this 

study were to determine if genetic population structure and social population structure 

were congruent and investigate the level of gene flow between the northwest Atlantic and 

the Bahamas.  Therefore, the objectives of the study were: 1) to determine if the Bahamas 

population is genetically distinct from populations of S. frontalis reported along the coast 

of the United States in the northwest Atlantic; 2) to estimate the number of 

subpopulations present within the Little Bahama Bank population; and 3) to investigate 

whether population sub-structuring is due to the behavior of males, females or both. 

 

Materials and Methods 

Sample collection and DNA extraction 

 Genetic samples were collected, stored and extracted as described in Chapter 2.   

Mitochondrial DNA 
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 A fragment of the mitochondrial control region was amplified using primers 

L15824 and H16265 (Rosel and Block 1996; Rosel et al. 1999) utilizing the same 

reaction volumes, concentrations and PCR parameters as reported in Chapter 2.  All 

resulting sequences were searched in GenBank to ensure amplification of the target 

sequence from the noninvasive source of DNA. 

 The neutrality of the marker was tested using Tajima’s D statistic (Tajima 1989a, 

1989b) in ARLEQUIN v. 3.1 (Excoffier et al. 2005).  The significance was tested by 10,000 

random permutations of the data.  Molecular diversity was measured by nucleotide 

diversity (π) and haplotype diversity (h) (Nei 1987) and was carried out in ARLEQUIN v. 

3.1.  Prior to testing for population differentiation, MODELTEST v. 3.6 (Posada 2006; 

Posada and Crandall 1998) was used to determine the optimum model of nucleotide 

evolution given the data set.  Population differentiation was tested by analysis of 

molecular variance (AMOVA) using ARLEQUIN v. 3.1.  Estimates of FST were calculated 

using haplotype frequencies and φST were calculated using the Tamura-Nei distance 

algorithm (Tamura and Nei 1993) with gamma correction α = 0.02 as determined by 

MODELTEST v. 3.6.  The significance of both FST and φST were tested by 10,000 random 

permutations of the data and all significance values were Bonferroni corrected for 

multiple tests.  A median-joining network was constructed in NETWORK v. 4.5 (Bandelt et 

al. 1999) to visualize relationships among haplotypes in the population. 
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Microsatellites 

In addition to mitochondrial sequences, ten polymorphic microsatellite loci were 

amplified: EV37, EV01 (Valsecchi and Amos 1996), D08 (Shinohara et al. 1997), Ttr04, 

Ttr11, Ttr19, Ttr34, Ttr48 (Rosel et al. 2005), Ttru AAT44 (Caldwell et al. 2002), 

KWM12 (Hoelzel et al. 1998a).  All loci were optimized for use with fecal material using 

the PCR OptimizerTM Kit (Invitrogen).  Reactions were carried out in 25.0 µL volumes 

consisting of 0.06 M Tris-HCl (pH 8.5), 0.015 M (NH4)2SO4), 0.2 mM dNTP’s, 0.2 µM 

primers, 0.75 U Taq DNA polymerase (Fisher Scientific) and 1.0 µL 1X template DNA 

except for locus Ttr34 which required 0.4 µM primers.  Amplification parameters for all 

ten loci are shown in Table 3.1.  The concentration of MgCl2 varied for each locus and is 

reported in Table 3.2. 

All microsatellite fragments were initially visualized on a 6% polyacrylamide gel 

stained with ethidium bromide (EtBr) prior to sizing.  DNA fragments were sized on an 

ABI Prism 310 genetic analyzer using GENESCAN ANALYSIS® v. 3.1 and GENOTYPER® v. 

2.1 (Applied Biosystems).  The data set was checked for duplicate samples with MS-

TOOLS (available from http://animalgenomics.ucd.ie/sdepark/ms-toolkit/index.php). 

 

Genotyping Error 

Genotyping error has been defined as the observed differences in two or more 

genotypes obtained independently from the same sample (Bonin et al. 2004).  Such error 

is common especially in studies utilizing noninvasive tissue types such as feces, hair and 
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feathers (Bonin et al. 2004; McKelvey and Schwartz 2004; Taberlet and Luikart 1999; 

Taberlet et al. 1999).  Genotyping error is problematic because it can result in errantly 

typing individuals as homozygous when they are in fact heterozygous and often arises 

from allelic drop-out due to sampling stochasticity (Taberlet and Luikart 1999).  

Sampling stochasticity occurs in very dilute DNA samples if only one of two alleles in a 

heterozygous individual is transferred by pipet and subsequently amplified (Taberlet et al. 

1996).  Allelic drop-out might also occur if the DNA is extremely degraded or if there is 

preferential amplification of one allele (Taberlet and Luikart 1999).  Error can also arise 

from amplification of false alleles either from PCR artifacts such as stutter bands or 

contamination of samples (Rodriguez et al. 2001; Taberlet and Luikart 1999). 

Precautions were taken throughout the project to reduce genotyping error.  The 

computer program GENOTYPER® v. 2.1 (Applied Biosystems) was used to assign allele 

sizes.  Once the program had generated an allele size, all of the chromatograms were 

checked by eye to verify the data.  If a sample contained low quantity or excessively 

degraded DNA, multiple amplifications were completed based on the multiple tubes 

approach (Miquel et al. 2006; Navidi et al. 1992; Taberlet et al. 1996).  A consensus 

genotype from all amplifications was reported and used in subsequent analyses. 

In order to estimate the level of genotyping error in the data set, a blind study was 

conducted.  An individual without prior knowledge of sample genotypes randomly 

selected twelve samples (approximately 13% of the total sample set) and relabeled those 

samples according to a new, unique labeling system.  The twelve samples were provided 
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to the author for use in the blind study.  The blind study samples followed the same 

protocol that had been used for the entire project, in that if the amplification was 

successful, the allele sizes were scored.  If the amplification was questionable for any 

reason, the sample was re-amplified until a consensus was reached.  Questionable 

samples were re-tested if allele amplitude was close to the baseline or if differences in 

peak sizes were unclear.  Once the allele sizes for all blind study samples at all ten loci 

were determined, they were compared back to the full data set to identify the samples that 

had been retested in the blind study. 

In order to estimate the initial error rate in the data set, the blind study data were 

analyzed in a second manner.  For each individual, only the initial attempt at PCR 

amplification and sizing was compared to the consensus (Bonin et al. 2004).  For each 

mismatch in allele size, a score of one was assigned.  If there was not a mismatch, a score 

of zero was assigned.  The total mismatch score was divided by the total number of allele 

comparisons and reported as the error rate. 

Error rate was also estimated from genotypes of mothers and calves.  Allele sizes 

for mothers and calves were compared across all loci.  The number of mismatches was 

recorded and divided by the total number of allele comparisons.  Any mother and calf 

pairs with true non-filial mismatches were excluded from the analyses.  Finally, the 

remaining data set was analyzed for the presence of null alleles, large allele drop-out and 

stutter bands using MICRO-CHECKER v. 2.2.3 (Van Oosterhout et al. 2004). 
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Geographic Range and Social Cluster 

Previous social cluster assignments from Welsh (2007) subdivided the study 

population into three main social clusters along with a fourth group of unclassified 

individuals.  In recent analyses, the unclassified individuals were partitioned into the 

social cluster that best reflected their short-term social associations and ranging patterns 

based on the status of their strongest affiliates and PCO data (Welsh et al. in press).  As 

such, the groupings of the most recent analyses (Welsh et al. in press) represent a current 

snapshot of social structure among individuals of the study group whereas the previous 

groupings (Welsh 2007) focus on long-term social trends.  Many males of alliance age 

change ranging patterns and social affiliations upon reaching maturity and are only 

classifiable when analyzing associations over a short period of time (L. Welsh, pers. 

communication).  Social cluster assignments from Welsh (2007) representing the long-

term social trends of individuals were predominantly utilized in the present study, 

however, fecal samples were collected from some individuals not included in the 

previous study.  Such individuals did not have a previously assigned social cluster based 

on COAs, PCO and latitudinal ranging.  For the purpose of this study, those individuals 

were assigned a social cluster based on the number of times they were sighted with 

known-cluster individuals.  For example, if an individual was most often sighted with 

North individuals, the animal was included in the North cluster for this study.  

Unclassified animals from Welsh (2007) were categorized together as a fourth cluster for 

the purpose of this study and are referred to as the Roaming cluster. 
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Statistical Analyses 

Tests for deviation from Hardy-Weinberg (HW) equilibrium (overall deviation, 

heterozygote deficiency, heterozygote excess) and linkage disequilibrium were carried 

out using Fisher’s exact tests and the Markov chain method (10,000 dememorization 

steps, 1,000 batches and 10,000 iterations per batch) using GENEPOP v. 3.4 (Raymond and 

Rousset 1995) and Bonferroni corrected for multiple comparisons.  Input files for 

GENEPOP were constructed using CONVERT v. 1.31 (Glaubitz 2004). 

Allele frequencies, number of alleles per locus and estimates of null allele 

frequency were calculated by CERVUS v. 3.0 (Kalinowski et al. 2007; Marshall et al. 

1998) which used an iterative algorithm based on the observed and expected frequencies 

of the genotypes in the data set to determine null allele frequency estimates (Summers 

and Amos 1997).  Levels of gene diversity were estimated as expected (HE) and observed 

heterozygosity (HO) in CERVUS v. 3.0 (Kalinowski et al. 2007; Marshall et al. 1998).  The 

polymorphic information content (PIC) was used as a measure of informativeness for 

each genetic marker (Hearne et al. 1992) and was calculated using CERVUS v. 3.0 

(Kalinowski et al. 2007; Marshall et al. 1998). 

Differentiation among populations was estimated using FST calculated by 

ARLEQUIN v. 3.1 (Excoffier et al. 2005) and RST calculated by RSTCALC v. 2.2 (Goodman 

1997).  The FST values were calculated by differences in allele frequency between 

populations whereas RST values were computed by considering both differences in allele 
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frequency and a mutation model of microsatellite loci to determine overall population 

differentiation.  Significance tests were estimated based on 10,000 random permutations 

of the data and Bonferroni corrections for multiple tests were applied. 

 Microsatellite genotypes in the population were tested for evidence of genetic 

structuring using STRUCTURE v. 2.2 (Pritchard et al. 2000).  STRUCTURE uses a Bayesian 

model-based method to cluster similar genotypes, which can be used to infer population 

structure.  The program specifically applies a Markov Chain Monte Carlo (MCMC) 

method to estimate the probabilities from the model.  The method requires prior 

probability distributions to be assigned to the unknown parameters that are being tested in 

order to generate estimated results in the form of direct probability distributions (Gelman 

et al. 1995; Parsons et al. 2006).  Models for various numbers of subpopulations, K (1, 2, 

3, 4 and 5) were tested.  Data were tested using a burn-in length of 100,000 runs, 

followed by 100,000 simulations.  Estimated values of the prior distributions Pr(X/K) 

where X equals the observed genotype data and K equals the number of subpopulations 

were calculated for all values of K.  The best-fit model was determined assuming a 

uniform prior on K (Pritchard et al. 2000) and values of Pr(K/X) were calculated 

according to the following equation: 

Pr(Ki|X) = exp (Ln Pr(X/Ki)) / ∑ (exp [Ln Pr(X/Ki)]) 
               K = 1-5 
 
 

The best-fit model results in the largest posterior probability.  By including data on 

geographic group or social clusters, the program assigns individuals to groups with 

increased accuracy and improves the overall estimate of the best-fit model (Pritchard et 
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al. 2000).  Therefore, the program was first run without prior cluster assignment followed 

by runs with cluster assignment included. 

 

Results 

Mitochondrial DNA 

 A total of 93 samples were collected (Table 3.3) and a 402 bp fragment of the 5’ 

variable end of the mitochondrial control region was successfully sequenced.  The locus 

was found to be neutral (Tajima’s D = 0.5749, P = 0.7588) (Table 3.4) and there were ten 

variable sites with nine transitions and a single transversion found among seven 

haplotypes (Table 3.5).  Of the seven haplotypes, the most common haplotype 

(SFLBB002) was found in all social clusters (Table 3.6).  Five of the seven haplotypes 

were only found in the Central social cluster.  One haplotype was unique to the South and 

Roaming groups. 

 

Microsatellites 

 Of the samples with successful mitochondrial sequences, 87 were used in the 

microsatellite study (Table 3.3).  A total of six individuals did not amplify adequately 

across multiple loci and were therefore not used in the microsatellite data set.  The 

numbers of alleles per locus and allele size ranges are shown in Table 3.2.  The expected 

heterozygosity (HE), observed heterozygosity (HO), polymorphic information content 
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(PIC) and overall FIS are reported in Table 3.7.  All loci conformed to Hardy-Weinberg 

expectations and there was no evidence of linkage between markers.  

 

Genotyping Error 

Two duplicate genotypes were found in the data set.  In both cases, the genotypes 

were a 100% match and the mitochondrial haplotype also matched.  One duplicate in 

each case was excluded from further analyses. 

Among all twelve samples included in the blind study, the replicates resulted in 

allele typing that matched with 100% accuracy to the previously assigned genotypes.  

When the initial attempts at amplification in the blind study were scored and compared 

according to Bonin et al. (2004), four differences out of 240 comparisons were found, 

giving an error rate of 1.67%.  Of the four differences, three were cases of false alleles 

and the fourth was error due to allelic drop-out.  An estimated error rate of 1.67% is 

probably higher than the actual rate present in the data because it does not account for the 

multiple comparisons made to determine consensus genotypes, which resulted in the final 

assessment of error as 0% in the blind study. 

Genotyping error was also estimated from mother-calf comparisons assuming 

Mendelian inheritance patterns.  The data set originally included 30 mother and calf 

comparisons.  When the pairs were compared for allelic mismatches, one of the 

comparisons contained a true non-filial mismatch, confirmed through multiple 

amplifications of both mother and calf at the locus in question.  This mother-calf pair was 
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excluded from further analyses.  Excluding 1 pair out of 30 was a rate of approximately 

3.3% exclusion.  Paternity studies of fur seals (Arctocephalus gazella) and grey seals 

(Halichoerus grypus) excluded approximately 10% and 15% of mother-pup pairs based 

on non-filial mismatches in microsatellite data (Gemmell et al. 2001; Worthington 

Wilmer et al. 1999).  Prior to removing the non-filial mismatch pair from the data, all 30 

mother-calf pairs were compared across all loci.  There were four differences out of 293 

comparisons, resulting in 1.37% error rate.  After the non-filial mismatch pair was 

removed, there were three differences out of 284 comparisons, which gave a final error 

rate of 1.1%.  Based on the results of both the blind study and the comparison of mother-

calf pairs, the best estimate of genotyping error in the data was 1%.  Further checks for 

genotyping error using MICRO-CHECKER v. 2.2.3 (Van Oosterhout et al. 2004) resulted in 

no evidence of null alleles, large allele drop-out or error detected due to stutter bands. 

 

Population Differentiation 

   Mitochondrial DNA 

For the total population, the mean number of pairwise differences was 6.1103 (SE 

± 2.9337), nucleotide diversity was 0.0152 (SE ± 0.0081) and haplotype diversity was 

0.5755 (SE ± 0.0522) (Table 3.4).  The South and Roaming populations were not 

genetically different (FST and φST < 0.0001, P = 1.000) and were combined as a single 

genetic cluster for the remainder of the analyses. 
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Overall, there was genetic differentiation among the behaviorally identified 

clusters of the LBB population (FST = 0.2532, P ≤ 0.0001; φST = 0.1926, P ≤ 0.0006) 

(Table 3.8).  The North cluster was not genetically different from the South/Roam cluster 

(FST = 0.0195, P ≤ 0.5156; φST = 0.0195, P ≤ 0.5060), however, the Central cluster was 

genetically different than both the North and South/Roam clusters (Table 3.8).  Males 

were not significantly differentiated after Bonferroni correction but genetic 

differentiation between females was detected (Table 3.8).  Females from the North cluster 

were differentiated from females of the Central cluster (FST = 0.3499, P ≤ 0.0001; φST = 

0.2483, P ≤ 0.0075), whereas males were not different (FST = 0.1076, P ≤ 0.2326 φST = 

0.0437, P ≤ 0.3435).  Differences were found between females of the Central and 

South/Roam cluster (FST = 0.3089, P ≤ 0.0001; φST = 0.2221, P ≤ 0.0022).  Males of the 

Central and South/Roam cluster were slightly different according to the FST (0.1565, P ≤ 

0.0221) but not according to the φST (0.1339, P ≤ 0.0714). 

The mean haplotype diversity among the LBB population (h = 0.5755) was lower 

than the mean haplotype diversity reported for S. frontalis along in the northwest Atlantic 

(h range 0.7291 – 0.9644) (Adams and Rosel 2006) (Table 3.9).  However, the levels of 

nucleotide diversity in the LBB population were similar to those reported by Adams and 

Rosel (2006) (LBB π = 0.0152, northwest Atlantic π = 0.0147). 

 A minimum spanning network was constructed for the seven haplotypes found 

among the study population (Figure 3.1).  Each circle represents a haplotype and the size 
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of the circle is proportional to the frequency of the haplotype in the population.  The 

length of the lines is proportional to the distance between the sequences and each hash 

mark represents one change between the sequences.  A single median vector was found, 

indicating a sequence that is missing from the haplotype group either because it was not 

sampled or because it has gone extinct in the population (Bandelt et al. 1999). 

 

   Microsatellite DNA 

 The South and Roaming clusters were not genetically different (FST < 0.0001, P ≤ 

0.6159) and were combined as a single genetic cluster for the remainder of the analyses.  

Tests for population differentiation indicated differences within the total population (FST 

= 0.0449, P ≤ 0.0001; RST = 0.0338, P ≤ 0.0001) (Table 3.10).  When separated by 

gender, significant differentiation was found among females (FST = 0.0582, P ≤ 0.0001; 

RST = 0.0341, P ≤ 0.0036) but not males (FST = 0.0296, P ≤ 0.4048; RST = 0.0119, P ≤ 

0.1219).  Population differences were found between all three social clusters for both FST 

and RST (Table 3.10).  Females were different between the North and Central clusters, as 

well as the North and South/Roam clusters, but no differences were found for males 

between these social clusters.  Males and females were different between the Central and 

South/Roam clusters according to the FST values, but were not significantly separated 

based on RST values (Table 3.10).   

Generally, FST values of female differentiation were higher than males except in 

the comparison of the Central cluster to the South/Roam cluster when male 
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differentiation was similar to females.  Values of RST supported FST values in most cases, 

however, RST values when comparing the total Central cluster to the South/Roam cluster 

showed an overall significant difference but the difference was not significant when the 

sexes were compared separately. 

The results from models constructed by STRUCTURE v. 2.2 are shown in Table 

3.11 and Figures 3.2 and 3.3.  Table 3.11 indicates the average log likelihood that was 

estimated as [ln Pr(X/K)] from five runs for increasing values of K (1 - 5).  The 

calculated posterior probability of each K estimate Pr(K/X) (Pritchard et al. 2007) is also 

reported in Table 3.11.  Without any prior social cluster assignments, the best-fit model 

was K = 2, however, the probability of the model was estimated at 97% and the 

probability of a K = 3 model was approximately 3%.   Given prior social cluster 

assignment, the accuracy of the model increased to 100% (Table 3.11) and determined 

the best-fit model of the western LBB population was a three population model (K = 3).  

The three populations assigned by STRUCTURE were graphed according to social cluster 

assignments of individuals (Figure 3.2).  Each bar represents one individual and the 

colors in the bar indicate the proportion of the individual’s genome assigned to each 

population.  The graph gives the order of the individuals as they were entered into the 

analyses and the social cluster subdivisions are given beneath the x-axis with North 

individuals on the left, Central individuals in the center and South/Roam individuals on 

the right.  Figure 3.3 shows a triangle plot at K = 3.  Each dot represents an individual 

and the color indicates the individual’s prior social cluster assignment.  Individuals in the 
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center of the triangle were assigned with more or less equal probability to all three 

groups, while those along the edge of the triangle were assigned with equal probability to 

two groups. 

  

Discussion 

This study evaluates patterns of DNA variation at multiple independent loci to 

examine genetic differences between populations of S. frontalis within and outside LBB.  

The resident population of LBB was compared to previously reported populations along 

the coast of the United States to determine if the population was genetically similar or 

unique.  In addition, population structuring within LBB was unknown and the influence 

of male and female behavior on population structuring was unclear. 

 

Population Structure of Little Bahama Bank 

Within the North, Central and South/Roam social clusters of Little Bahama Bank, 

there was clear evidence of genetic structure.  Mitochondrial DNA indicated the 

significant genetic differentiation between the North and Central clusters, and the Central 

was also significantly differentiated from the South/Roam cluster.  However, the 

mitochondrial data showed no significant difference between the North and South/Roam 

clusters.  All sampled individuals from the North cluster shared a single haplotype, 

SFLBB002, which was the most common haplotype within the LBB population.  Given 

the high number of females, low number of males (Table 3.3) and the matrilineal 
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inheritance of mitochondria, it is not surprising to find similar haplotypes among a 

relatively small group of females.  The South/Roam cluster shared haplotype SFLBB002 

with the North cluster, but also had a unique haplotype, SFLBB005.  The Central cluster 

revealed the highest number of haplotypes (n = 6) and was also the largest group of 

individuals (n = 53).  The Central cluster had the highest haplotype diversity (h = 0.7446, 

SE 0.0309), which can be explained by the fact that the highest number of individuals are 

found in that group and the sex ratio is close to parity. 

Microsatellite genotypes indicated that all social clusters were genetically 

differentiated from each other.  However, in contrast to the mitochondrial assessment, 

microsatellites indicated the North and South/Roam clusters were the most genetically 

distinct (Table 3.10).  The least amount of difference was found between the Central and 

South/Roam clusters.  These results indicate a potential sexual bias in population 

structure, given the maternal inheritance pattern of mitochondrial DNA. 

Using the microsatellite data in a second analysis, two population models must be 

considered.  Without prior social cluster information provided to the program 

STRUCTURE, the model that best fit the data was the two-population model (K = 2).  A 

two-population model likely represents the combination of male gene flow and genetic 

structuring of females as reflected in the AMOVA analyses.  However, when social 

cluster/geographic ranging assignments for each individual were provided, the accuracy 

of the model increased and the model of best fit was the three-population model (K = 3).  

While STRUCTURE provided the best-fit model as three populations, the subdivisions did 
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not clearly coordinate with social cluster divisions (Figures 3.2 and 3.3).  Social cluster 

subdivision signifies that individuals within the cluster preferentially associate with each 

other, however, the results of the Bayesian clustering analyses indicate that genetic 

relatedness does not perfectly coincide with social cluster structuring on LBB.  Although 

there was not a perfect correlation between genetic relatedness and social cluster 

structuring, there was still evidence of genetically related animals grouping together.  

Welsh (2007) found evidence of preferential association of kin within LBB, meaning 

individuals were more often sighted with a related individual rather than an unrelated 

individual.  However, social interactions of cetaceans are also influenced by reproductive 

status (Connor et al. 2000b) and alliance formation (Wells et al. 1987) which could dilute 

genetic structuring.  Individuals may preferentially associate while they are in the same 

reproductive status, however, individuals may leave a relative to seek a non-relative 

associate in the same reproductive status.  For example, related non-pregnant individuals 

may associate together until one becomes pregnant.  At that time, the pregnant individual 

may leave the relative to seek out a non-related pregnant associate (Herzing and Brunnick 

1997).  Such action may change social structure over time and shift population structure 

away from a genetic bias toward a social bias.  The results of the three-population 

clustering analyses in STRUCTURE indicate some level of genetic difference between the 

three social clusters, but the difference is not large enough for complete divergence or 

clustering into unique and discrete groups.  Given the small population size and low 

average number of alleles per locus (ave = 4.3), further genetic sampling and testing 
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could resolve the discrepancy between social structure and genetic structure indicated by 

Bayesian cluster analyses.   

 

Population Differences Between Sexes 

The sexual bias in population structure revealed by genetic evidence clearly 

indicates differences in behavior patterns between males and females.  In other cetacean 

studies, sex-based differences of population structure have been reported on various 

geographic scales.  Adams and Rosel (2006) found evidence for sex-biased dispersal for 

male S. frontalis due to higher levels of population differentiation among females.  A 

study of bottlenose dolphins (Tursiops truncatus) in Shark Bay, Australia found limited 

movement and dispersal of females as well as natal philopatry in both sexes because 

males incorporate their natal range into a larger adult range (Krützen et al. 2004b).  In 

contrast, male T. truncatus showed slightly higher levels of population structure than 

females in the Bahamas indicating that males and females have similar 

philopatry/dispersal patterns, with slightly more evidence of female movement (Parsons 

et al. 2006).  Within the LBB study population of S. frontalis, patterns of population 

structure revealed by mitochondrial and microsatellite data were different between males 

and females.  In both mtDNA and nuclear DNA, there was only slight difference seen 

among males, but high levels of differentiation were seen among females (Tables 3.8 and 

3.10).  In mitochondrial DNA, females accounted for most differences between the North 

and Central clusters along with the Central and South/Roam clusters.  Males of the 
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Central cluster were significantly different from males of the South/Roam cluster 

according to the FST (P ≤ 0.05) but not φST.  However, the difference of females was twice 

that of the males (female FST = 0.3089, male FST = 0.1565) indicating stronger female 

structure. 

A similar pattern was seen among microsatellite loci.  Population differentiation 

was not as biased towards females in microsatellites although female differentiation was 

still higher than male overall (female FST = 0.0582, male FST = 0.0296).  Females 

accounted for most differences whereas males accounted for very little.  Reflective of 

mtDNA, the Central and South/Roam clusters were genetically different according to FST 

values of both males and females, but not RST values.  

Population genetic differentiation was higher in mitochondrial sequences than 

nuclear microsatellites.  Mitochondrial DNA is haploid and reduces the effective 

population size to 25% of the effective population size of nuclear genes (Birkey et al. 

1983), which can cause changes in allele frequencies to accumulate faster in 

mitochondrial markers.  Another reason for the differences between mitochondrial and 

nuclear markers used in the study could be a behavioral pattern of male dispersal and 

female philopatry.  The fact that male North individuals were similar to Central males but 

not South/Roam males based on mitochondrial data suggested that male calves might be 

leaving the North group at sexual maturity and moving to the Central group.  The 

geographically close dispersal could explain why genetically similar individuals were 

grouped even though their social affiliations were different.  This is similar to the pattern 
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seen in Shark Bay, Australia where male bottlenose dolphins do not leave their natal 

range, they simply include it as part of their adult range (Krützen et al. 2004b). 

Given the differences between sexes in population differentiation, there is 

evidence of some level of sex-biased dispersal in the population with more evidence seen 

for male dispersal and female philopatry.  The discovery of unique haplotypes in the 

population also supports sex-biased dispersal.  Two haplotypes were each found only 

once in the population.  Haplotypes SFLBB006 and SFLBB007 were each sequenced 

from males.  Both males were first observed in the speckled age class.  BIGW was first 

seen in1986, GRAY was first seen in 1993 and maternal data of each male is unknown.  

Given the unique haplotypes, it is possible that these males immigrated into the 

population from another area after reaching maturity, which supports some level of male 

dispersal away from their natal group, more so than female dispersal.  Although male 

cetaceans often stay somewhat connected to their natal site and disperse to seek females 

(Evans and Stirling 2001), this data suggests that some individual males may leave their 

natal site completely and establish a new adult range that is not connected to their natal 

site. 

 

Western Atlantic Population Structure 

Haplotype diversity among the LBB population was lower than reported for S. 

frontalis in the northwest Atlantic (Table 3.9) (Adams and Rosel 2006).  Given the larger 

geographic range of populations sampled in the northwest Atlantic, it is not surprising 
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that the range of haplotypic diversity is greater.  However, the levels of nucleotide 

diversity in the LBB population were similar to those reported by Adams and Rosel 

(2006).  In their study, microsatellite and mitochondrial comparisons divided the 

northwest Atlantic and the Gulf of Mexico into three putative populations, two in the 

Atlantic (South Atlantic Bight, Mid-Atlantic Bight) and one in the Gulf of Mexico.  The 

division in the Atlantic coincided with a known biogeographic transition zone at Cape 

Hatteras, North Carolina.  The current study site of Little Bahama Bank is located east of 

the coast of Florida, within the latitudinal range of the South Atlantic Bight, but on the 

opposite side of the Gulf Stream.  The most common haplotype in the Bahamas, 

SFLBB002, matched one of 34 haplotypes recovered in the northwest Atlantic  (L. 

Adams, pers. communication) (Table 3.6).  The second most common haplotype was 

found in the Gulf of Mexico, South and Mid-Atlantic Bight. 

For the five microsatellite loci used both in the northwest Atlantic investigation 

and Little Bahama Bank, the mean value of observed heterozygosity in LBB was closest 

to the values in the South Atlantic Bight and Gulf of Mexico (Adams and Rosel 2006).  

In the Bahamas, values of FST were higher than values of RST and φST.  Values of FST are 

calculated using only allele frequencies whereas RST and φST consider both allele 

frequency and a microsatellite mutation model (distance measures).  Higher FST values 

indicate that the populations have not been separated long enough for mutational 

processes to contribute significantly to genetic differentiation.  In comparison, Adams 
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and Rosel (2006) reported higher RST and φST values than FST indicating a longer 

population time in which mutations have had time to accumulate. 

Given the limited data comparison between LBB and the coast of the United 

States, there is evidence of gene flow between the two locales based on mitochondrial 

haplotype sharing and lower FST values.  The most common haplotype found within LBB 

was previously recovered in both the Gulf of Mexico and the South Atlantic Bight, but 

not the Mid-Atlantic Bight.  Since the Gulf Stream flows from South to North, it is 

biologically reasonable that animals from the Gulf of Mexico may travel with the current 

of the Gulf Stream to, not only the South Atlantic Bight, but also the Bahamas.  If such a 

case were true, the Bahamas may be connected to a much larger population through 

migration or dispersal of individuals.  However, large-scale population structure is purely 

speculative until S. frontalis samples are collected from additional locations around the 

Bahamas island chain and a direct statistical comparison of all locations is made. 

 

Conclusions 

 Overall, genetic evidence suggest the population of LBB may be connected to a 

larger population of S. frontalis given genetic sharing between locations.  Within the 

LBB population, genetic differences were found between the main social clusters 

previously described for LBB (Welsh 2007).  Females have higher levels of genetic 

structuring than males indicating a general pattern of male dispersal and female 

philopatry.  Behavioral differences of males and females as revealed by genetic analyses 
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of population structure have important implications for mating behavior within the 

population such as female mate choice, promiscuity, male resource defense and 

intrasexual competition, among others. 
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Table 3.1.  PCR thermal cycler profiles run for amplification of ten microsatellite loci in 
Stenella frontalis fecal material. All temperatures reported in °C, minutes (m), seconds 
(s), initial denature time (DTime), initial denature temperature (Dtemp), annealing 
temperature (AnnTemp), annealing time (AnnTime), final extension time (Ext. 72 °C), 
*annealing temperature decreased by 1 °C each cycle. 
Locus Dtemp DTime Cycles Temp Time AnnTemp AnnTime 72 °C Ext. 72 °C
EV37 90 2 m 35 - 40 94 30 s 58 30 s 30 s 5 m 
EV01 90 2 m 10 93 1 m 50.4 1 m 50 s  
   25 90 45 s 53.4 1 m 1 m 5 m 
D08 90 2 m 35 - 40 94 30 s 56 30 s 30 s 5 m 
Ttr4 94 30 s 40 94 20 s 60 20 s 40 s 10 m 
Ttr11 94 30 s 40 94 20 s 60 20 s 40 s 10 m 
Ttr19 94 30 s 40 94 20 s 60 20 s 40 s 10 m 
Ttr34 94 30 s 40 94 30 s 58 30 s 30 s 10 m 
Ttr48 94 30 s 35 94 30 s 58 30 s 30 s 10 m 
Ttru AAT44  92 1 m 35 92 15 s 56 15 s 30 s 10 m 
KWM12 95 3 m 15 94 30 s 69* 30 s 30 s  
      20 92 30 s 54 30 s 30 s 2 m 
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Table 3.2.  Concentration of MgCl2, pH, number of alleles and allele size range for ten 
microsatellite loci used to construct multi-locus genotypes for S. frontalis.  

Locus MgCl2 (mM) pH No. of alleles Allele range 
EV37 3.5 8.5 4 198 - 206 
D08 2.0 8.5 3 97 - 103 
EV01 2.0 9.5 4 134 - 140 
Ttr04 2.0 8.5 5 106 - 114 
Ttr11 2.0 8.5 4 201 - 213 
Ttr19 2.5 8.5 5 184 - 194 
Ttr34 1.5 8.5 6 177 - 185 
Ttr48 2.5 8.5 6 125 - 133 
Ttru AAT44 2.0 8.5 2 83 - 89 
KWM12 3.5 8.5 4 153 - 175 
Mean   4.3  
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Table 3.3.  Number of samples (n) successfully amplified and used in mitochondrial and 
microsatellite population structure analyses organized according to social cluster and sex.   
  mtDNA (n) Microsatellite (n)
North 16 16 
     Male 3 3 
     Female 13 13 
Central 53 47 
     Male 25 23 
     Female 28 24 
South/Roam 24 24 
     Male 9 9 
     Female 15 15 
All Clusters 93 87 
     Total Male 37 35 
     Total Female 56 52 
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Table 3.4.  Estimates of molecular diversity in mitochondrial DNA control region 
sequences.  Sample size (n), number of haplotypes (H), haplotype diversity (h), 
nucleotide diversity (π), standard error (SE), mean number of pairwise differences (PD) 
and test for neutrality (Tajima’s D). 
 Social 
Cluster n H h (SE) π (SE) PD Tajima's D 
North 
 

16 
 

1 
 

0.0000 
(0.0000) 

0.0000 
(0.0000) 

0.0000 
(0.0000) 

0.0000 
(P = 1.000) 

Central 
 

53 
 

6 
 

0.7446 
(0.0309) 

0.0079 
(0.0046) 

3.1756 
(1.6690) 

1.6650 
(P ≤ 0.9554) 

South/Roam 
 

24 
 

2 
 

0.1594 
(0.0945) 

0.0020 
(0.0017) 

0.7971 
(0.5971) 

-1.1727 
(P ≤ 0.1212) 

All 
 

93 
 

7 
 

0.5755 
(0.0522) 

0.0152 
(0.0081) 

6.1103 
(2.9337) 

0.5749 
(P ≤ 0.7588) 
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Table 3.5.  Polymorphic sites found among the seven mitochondrial haplotypes in the 
population.  The top row indicates the site in the sequences where the variation occurred.  
Haplotypes listed in order of the frequency they were found in the population, with the 
first haplotype being the most common and used as a reference sequence.  A dot 
represents an identical nucleotide to the reference sequence. 
Haplotype 43 94 115 153 184 250 284 315 319 392 
SFLBB002 A G T T A A G C T C 
SFLBB003 • • C C G T • T C • 
SFLBB004 • • • • • T • • • • 
SFLBB001 G • • • • T A • C • 
SFLBB005 G • • • • T A • C T 
SFLBB006 • A • • • • • • • C 
SFLBB007 G • • • • T • • C C 
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Table 3.6.  Distribution of haplotypes found in Little Bahama Bank (LBB) in the 
Bahamas and western North Atlantic near the coast of the United States.  Distributions 
provided by personal communication with L. Adams and correspond to previously 
published data (Adams and Rosel 2006).  Number of individuals (N) with the 
corresponding haplotype found in the Bahamas, GenBank accession number of the 
sequence (Acc. No.), Gulf of Mexico (GOM), South Atlantic Bight (SAB), Mid-Atlantic 
Bight (MAB). 

Haplotype N Acc. No. LBB Clusters USA Populations 
SFLBB001 7 EF5464400 Central unknown 
SFLBB002 58 DQ060059 North, Central, South/Roam GOM, SAB 
SFLBB003 15 DQ060054 Central GOM, SAB, MAB
SFLBB004 8 DQ060055 Central GOM, MAB 
SFLBB005 3 DQ060057 South/Roam GOM, SAB, MAB
SFLBB006 1 unpublished Central unknown 
SFLBB007 1 unpublished Central unknown 
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Table 3.7.  Observed heterozygosity (HO), expected heterozygosity (HE), polymorphic 
information content (PIC) and estimates of null allele frequencies for ten microsatellite 
loci. (FIS  = 0.041) 
Locus HO HE PIC Null allele frequency 
EV37 0.512 0.595 0.541 0.0805 
D08 0.386 0.484 0.398 0.1200 
EV01 0.369 0.401 0.364 0.0168 
Ttr04 0.580 0.543 0.488 -0.0401 
Ttr11 0.557 0.589 0.510 0.0227 
Ttr19 0.667 0.687 0.638 0.0113 
Ttr34 0.375 0.351 0.338 -0.0457 
Ttr48 0.602 0.627 0.580 0.0177 
Ttru AAT44 0.443 0.404 0.321 -0.0490 
KWM12 0.698 0.727 0.673 0.0148 
Mean 0.519 0.541 0.485  
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Table 3.8.  Tests for significant population differentiation using mitochondrial DNA 
sequences.  North social cluster (N), Central social cluster (C), South and Roaming social 
clusters combined (S/R).  Significant P-values after Bonferroni corrections for multiple 
tests are shown in bold. 

  FST P - value φST  P - value 
N v C v S/R 0.2532 P ≤ 0.0001 0.1926 P ≤ 0.0006 
     Male 0.1403 P ≤ 0.0355 0.1076 P ≤ 0.1005 
     Female 0.3317 P ≤ 0.0001 0.2373 P ≤ 0.0007 
N v C 0.2881 P ≤ 0.0001 0.2158 P ≤ 0.0022 
     Male 0.1076 P ≤ 0.2326 0.0437 P ≤ 0.3435 
     Female 0.3499 P ≤ 0.0001 0.2483 P ≤ 0.0075 
N v S/R 0.0195 P ≤ 0.5156 0.0195 P ≤ 0.5060 
     Male < 0.0001 P = 1.000 < 0.0001 P = 1.000 
      Female < 0.0001 P = 1.000 < 0.0001 P = 1.000 
C v S/R 0.2569 P ≤ 0.0001 0.2049 P ≤ 0.0007 
     Male 0.1565 P ≤ 0.0221 0.1339 P ≤ 0.0714 

     Female 0.3089 P ≤ 0.0001 0.2221 P ≤ 0.0022 
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Table 3.9.  Comparison of nucleotide diversity measures between Little Bahama Bank 
and the northwest Atlantic (Adams and Rosel 2006).  Haplotype diversity (h), nucleotide 
diversity (π), average number of alleles per locus for five loci (A), observed 
heterozygosity (HO). 
Measure LBB (SE) GOM SAB MAB 

h 0.5755 (0.0522) 0.8919 (0.0167) 0.7291 (0.0438) 0.9644 (0.0120) 
π 0.0152 (0.0081) 0.0110 (0.0063) 0.0129 (0.0072) 0.0147 (0.0081) 
A 4.3 8.6 8.6 9.6 
HO 0.519 0.543 0.586 0.721 
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Table 3.10.  Tests for significant population differentiation using the genotypes of ten 
microsatellite loci.  North social cluster (N), Central social cluster (C), South and 
Roaming social clusters combined (S/R).  Significant P-values after Bonferroni 
corrections for multiple tests are shown in bold. 

  FST P - values RST  P - values 
N v C v S/R 0.0449 P ≤ 0.0001 0.0338 P ≤ 0.0001 
     Male 0.0296 P ≤ 0.4048 0.0119 P ≤ 0.1219 
     Female 0.0582 P ≤ 0.0001 0.0341 P ≤ 0.0036 
N v C 0.0515 P ≤ 0.0001 0.0353 P ≤ 0.0066 
     Male < 0.0001 P ≤ 0.4115 0.0324 P ≤ 0.2168 
     Female 0.0603 P ≤ 0.0001 0.0348 P ≤ 0.0264 
N v S/R 0.1067 P ≤ 0.0001 0.0602 P ≤ 0.0014 
     Male 0.0350 P ≤ 0.2462 0.0872 P ≤ 0.1425 
      Female 0.1039 P ≤ 0.0001 0.0600 P ≤ 0.0148 
C v S/R 0.0331 P ≤ 0.0004 0.0254 P ≤ 0.0062 
     Male 0.0369 P ≤ 0.0191 0.0081 P ≤ 0.3145 

     Female 0.0298 P ≤ 0.0171 0.0189 P ≤ 0.0756 
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Table 3.11.  Posterior probabilities of K [Pr (K/X)].  Posterior probabilities calculated 
from prior distributions of K [ln Pr(X/K)] from STRUCTURE.  Number of subpopulations 
(K) tested without previous assignment of social cluster and with social cluster 
information.  The K with the greatest probability indicates the highest probability of the 
best-fit model (indicated in bold). 

 
 

Without social cluster assignments With social cluster assignments 

K ln Pr(X/K) Pr(K/X) ln Pr(X/K) Pr (K/X) 
1 -1747 ~0 -1726 ~0 
2 -1710 0.97 -1725 ~0 
3 -1714 0.03 -1689 1 
4 -1761 ~0 -1728 ~0 
5 -1881 ~0 -1854 ~0 
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Figure 3.1  Median-joining network of haplotypes found within the Little Bahama Bank 
population.  Size of the circle is proportional to the frequency of the respective haplotype 
in the population.  Colors represent the proportion of samples from each social cluster 
(blue = North, yellow = Central, green = South/Roam).  Hash marks represent one change 
in the sequence.  One intermediate median vector between LBB7, LBB4 and LBB3 
represents a hypothesized haplotype, necessary to connect the sequences in the data. 
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      North    |                              Central                          |     South/Roam 

Figure 3.2.  Analysis of population structure from STRUCTURE where K = 3.  Social 
cluster subdivisions are shown beneath the x-axis.  Each line represents one individual 
and individuals are in the order represented in the data input file. 
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Figure 3.3.  Triangle plot of STRUCTURE results where K = 3.  Each dot represents an 
individual and the color corresponds to the individuals prior social cluster assignment 
(red = North, green = Central, blue = South/Roam group). 
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Chapter 4 

Molecular evidence of promiscuous mating by females in a delphinid species, Stenella 

frontalis, and implications for multiple-male mating strategies 

 

Introduction 

Fitness can be measured as the reproductive success of one individual’s genotype 

relative to the reproductive success of the genotypes of other individuals (Emlen and 

Oring 1977).  Sexual selection predicts individuals will strive to maximize their own 

fitness, but they will find themselves engaged in competition since all members of the 

same sex are striving for an identical goal.  Although the exact form of competition can 

vary (Davies 1985; Davies and Lundberg 1984), intrasexual competition is a major 

component in driving the development of mating systems.   

Differences in mating systems can have multiple causes.  A major determinant is 

the amount of parental investment from each sex.  If one sex, typically males, is free from 

the burden of raising offspring, then males have more time and energy to allocate to 

accessing mates (Reynolds 1996).  As a result, the breeding system of a population is 

greatly influenced by the ability of males to gain access to mates through tactics such as 

physically herding females, guarding females in an effort to block other males from 
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accessing those females, or controlling resources important to potential mates (Emlen and 

Oring 1977; Reynolds 1996).   Ecological factors such as spatial and temporal 

distribution of mates and physical resources play an important role in shaping the mating 

system of a population due to the way in which such factors impact the ability of males to 

control access to mates (Emlen and Oring 1977).  The overall interaction of the variables 

leads to an often complex mating system that may be unique to a species or population. 

Mating systems of mammals include monogamy, polygyny and promiscuity, 

however, most terrestrial and marine mammals utilize an open polygynous system where 

one or both sexes mate with multiple individuals (Clutton-Brock 1989).  With the 

development of molecular techniques, DNA profiling and mating system investigations 

have advanced considerably and it is now common to distinguish between social and 

genetic mating systems (Hughes 1998).  Social mating systems describe behaviors such 

as mate guarding and pair bonding of individuals over time (Emlen and Oring 1977) 

while the genetic system can differ from the social system since socially pair-bonded 

individuals may produce offspring outside of the pair (Coltman et al. 1999).  Promiscuity 

is defined as males and females mating with multiple individuals in successive attempts 

when there is no social bond between mating individuals (Clutton-Brock 1989). 

Promiscuity in females has been reported in 133 species of mammals (see Wolff 

& Macdonald 2004 for review) and a number of marine species have been labeled 

promiscuous based on observational data.  However, reasons for promiscuity vary.  

Eleven of 13 ice-breeding species of seal have developed promiscuous mating systems 
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due to the fact that females are sufficiently spread out to keep males from guarding 

territories containing females.  In addition, ice-breeding seals typically exhibit only slight 

sexual dimorphism.  Three manatee species (Trichechus manatus, T. senegalensis and T. 

inunguis) and baleen whales are likely to be promiscuous since males are unable to 

defend a resource that is important to females (Evans and Stirling 2001).  Baleen whales 

such as Northern right (Eubalaena glacialis), southern right (E. australis), bowhead 

(Balaena mysticetus) and gray whales (Eschrichtius robustus) mate in multi-male groups 

(Würsig et al. 1993).  Male humpback whales (Megaptera novaeangliae) also compete in 

multi-male groups to monopolize females and to prevent other males from mating with 

the female (Clapham 2000).  Females of these species will commonly copulate with more 

than one male per bout (Evans and Stirling 2001). 

Over the past few decades, long-term observations of delphinid groups has led to 

a better understanding of life history and behavior in these complex and highly social 

mammals (Herzing 1997; Mann et al. 2000; Rogers et al. 2004; Wells 1991).  Gathering 

information on breeding behavior has been a major component in understanding the role 

mating systems play in the social structure of dolphins.  Numerous studies have assigned 

mating systems of delphinids based on observational and morphological data.  Behavioral 

observations indicate generalized patterns of mating across species.  Small delphinids 

such as bottlenose (Tursiops truncatus), spotted (Stenella frontalis) and striped dolphins 

(S. coeruleoalba) live in large loosely connected social networks, termed fission-fusion 

societies, where males often stay connected to their natal site but also range to gain 
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access to unrelated females (Evans and Stirling 2001).  In most behavioral studies, male 

dolphins tend to seek out receptive females, but generally spend little time with the 

females except to mate (Mann et al. 2000; Perrin and Mesnick 2003) leading to general 

assignments of promiscuity in a number of delphinids including dusky dolphins 

(Lagenorhynchus obscurus) (van Waerebeek and Read 1994), estuarine dolphins (Sotalia 

guianensis) (Weber Rosas and Monteiro-Filho 2002), common dolphins (Delphinus 

delphis) (Murphy et al. 2005), Hector’s dolphins (Cephalorhynchus hectori) (Slooten 

1994) and bottlenose dolphins (Tursiops sp.) (Connor et al. 1996; Wells et al. 2000). 

Although observational data makes assignment of social mating systems possible, 

molecular evidence is necessary to confirm the genetic mating system.  Due to the 

challenges of delayed sexual maturity and long inter-birth intervals common in cetaceans, 

combined with long-term observation and the collection of genetic material, few genetic 

studies of mating systems, and specifically female promiscuity, exist.  Of the studies that 

have been reported, genetic analysis of humpback whales revealed promiscuous mating 

in females (Clapham and Palsbøll 1997).  In Sarasota, Florida, a molecular investigation 

of bottlenose dolphins indicated that individual males may have sired more than one calf 

with a given female but a single male had not sired all of the calves from a female 

(Duffield and Wells 2002).  Promiscuous mating of two female bottlenose dolphins in 

Shark Bay, Australia was genetically revealed when paternity was assigned to different 

males for two offspring from the same mother (Krützen et al. 2004a). 
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The population studied here has been part of an on-going observational project for 

more than 20 years, which has afforded a unique opportunity to collect genetic material 

from sexually mature females and multiple calves.  Population structure analyses 

revealed some level of male dispersal and female philopatry but mating patterns are not 

completely understood.  Therefore, the objective of the study was to determine if females 

exhibit evidence of promiscuity based on genetic analyses.  The study presents molecular 

evidence to support assumptions of a promiscuous mating system in Atlantic spotted 

dolphins and presents a theoretical discussion to fit promiscuous patterns of females into 

a larger behavioral framework. 

 

Materials and Methods 

Genetic samples for analyses were collected from sexually mature females and 

three or more of her offspring from a resident population of S. frontalis on Little Bahama 

Bank in the Bahamas (Figures 1.1 and 1.2).  Calves stay with their mother for a period of 

2 - 3 years, and mother-calf assignments were based on observational data including 

close association and nursing (Herzing 1997).  Identification of individual spotted 

dolphins was accomplished through underwater observation of physical characteristics as 

described in Chapter 1. 

Fecal material was collected as template for genetic analyses.  All samples were 

stored in 20% dimethyl sulfoxide (DMSO) and 80% 5 Μ sodium chloride (NaCl) 
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solution (Amos and Hoelzel 1991) and frozen until extraction.  DNA was extracted using 

a modified cetyltrimethyl-ammonium bromide (CTAB) protocol (Chapter 2). 

Five polymorphic microsatellite loci were used for this study: EV37 (Valsecchi 

and Amos 1996), D08 (Shinohara et al. 1997), Ttr34, Ttr48 (Rosel et al. 2005), and 

KWM12 (Hoelzel et al. 1998a).  All reaction concentrations, volumes and PCR thermal 

cycler parameters were reported in Chapter 3 (Tables 3.1 and 3.2). 

All microsatellite fragments were initially visualized on a 6% polyacrylamide gel 

stained with ethidium bromide (EtBr) prior to sizing.  DNA fragments were sized on an 

ABI Prism 310 genetic analyzer using GENESCAN ANALYSIS® v. 3.1 and GENOTYPER® v. 

2.1 (Applied Biosystems). 

The data were checked for heterozygote deficiency, deviations from Hardy-

Weinberg and genotyping error due to null alleles, large allele drop-out and stutter bands 

with MICRO-CHECKER v. 2.2.3 (Van Oosterhout et al. 2004).  Evidence for multiple 

paternity was tested using GERUD v. 1.0 (Jones 2001) (available from 

http://www.bio.tamu.edu/USERS/ajones/JonesLab.htm) which uses a computer algorithm 

to reconstruct parental genotypes based on multi-locus data from a progeny array when 

the genotype of one parent is known.  In the case of Atlantic spotted dolphins, the mother 

was known and therefore, the computer program reconstructed the genotypes of potential 

fathers. 

Because microsatellite inheritance is biparental, the program first subtracted the 

maternal allele at each locus and then combined the paternal alleles in all pairwise 
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possibilities at each locus to determine all the possible paternal genotypes.  The 

reconstructed genotypes were then compared to the progeny array to determine the 

minimum number of males necessary to explain the alleles in the offspring array.  The 

microsatellite allele data were checked by eye to calculate the number of loci indicating 

the result calculated by GERUD v. 1.0.  

 

Results 

Samples were collected from 13 individual spotted dolphins, comprised of three 

mothers with three or more offspring.  Females FLYI and LGSH were sampled, each with 

three offspring.  Female PAIN was sampled along with four of her calves.  The age of the 

mother at the birth of each offspring and age of first parturition was based on previously 

reported age estimates for each female (Herzing 1997) (Table 4.1).  The mother’s age of 

conception for each calf is based upon an estimated 12 month gestation period (Herzing 

1997). 

All samples were successfully extracted and subsequently amplified across all 

five loci.  There was no evidence of heterozygote deficiency and no evidence for 

deviations from Hardy-Weinberg equilibrium (Chapter 3).  In addition, there was no 

evidence for null alleles, allelic drop-out or genotyping error due to stutter bands (see 

Chapter 3 for full explanation of the assessment of genotyping error).  The number of 

alleles per locus for the five loci ranged from 3 - 6 (mean = 4.6) (Table 3.2) and the mean 

polymorphic information content was 0.506 (Table 3.7). 
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Using five polymorphic loci, it was determined that for all three mothers, there 

was a minimum of two males necessary to explain the progeny array.  The progeny arrays 

of both FLYI and PAIN showed more than three paternal alleles at two of the five loci, 

while the array of LGSH resulted in three paternal alleles at a single locus (Table 4.1). 

 

Discussion 

The results clearly indicate consistent results across all three mature females that 

more than a single male must have fathered their respective offspring.  Because the father 

could contribute either of two alleles to a progeny array, the analysis determined the 

minimum number of fathers necessary to explain the array and was therefore a 

conservative estimate.  For instance, if three paternal alleles (A, B and C) were observed 

in three progeny, a single male could have contributed two of the three alleles, indicating 

theoretical genotypes A/B and C/- of the two fathers.  Since three paternal alleles were 

present at a particular locus, it is possible that three different males could have 

contributed to the array if each male was carrying a unique allele in their genotype (A/-, 

B/- and C/-).  Therefore, a minimum of two males and a maximum of three males were 

possible for all three females. 

Although it is evident that multiple males sired the offspring from a single female, 

the underlying cause of this pattern is not as clear.  Mating systems develop as a result of 

the interaction of multiple variables, but the benefits of a particular system must outweigh 

the costs for the strategy to be successful on a population level.  The potential costs and 
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benefits to promiscuous females are numerous and a selection of the most likely 

scenarios will be discussed. 

The most obvious cost of combined social and genetic promiscuity to females is 

that she may not receive help from the male in raising her offspring.  Sexual selection 

predicts that males will maximize their own fitness and if there is not a resource that can 

be controlled by males, the most effective means of maximizing fitness occurs by mating 

with as many females as possible.  Although S. frontalis females are solely responsible 

for rearing young, social females may partially offset this cost through alloparental care.  

Alloparenting has been reported in a number of cetacean species (see Simard and 

Gowans 2004 for review) including Atlantic spotted dolphins (Herzing 1996; Herzing 

and Johnson 1997).  Mothers may benefit from alloparenting by allowing her time to 

forage more efficiently or by decreasing predation risk if the calf were simply left alone 

during foraging dives. 

Second, if females are actively seeking multiple males with which to mate, they 

may incur both an energetic cost and costs associated with increased predation risk 

(Jennions and Petrie 2000).  Evidence of movement by female bottlenose dolphins has 

been reported in the Bahamas and Sarasota, Florida (Duffield and Wells 2002; Parsons et 

al. 2006).  In 2000, genetic samples from two adult T. truncatus females were collected 

when they were with a community of bottlenose dolphins in South Abaco, Bahamas 

(Parsons et al. 2006).  Subsequent genetic analyses assigned the females to an East Abaco 

community rather than South Abaco.  One female was repeatedly photographed in East 
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Abaco between 1992 - 2000 and migrated to South Abaco at the end of 2000.  Since then, 

the female was re-sighted in East Abaco, indicating temporary movement of the female 

(Parsons et al. 2006).  A long-term study of bottlenose dolphins in Sarasota, Florida 

reported evidence of female movement and reproductive interaction with other 

communities.  Although the movement was less frequent than males and perhaps even 

generational, it was supported by observational records of females being absent from the 

Sarasota community prior to returning with a calf (Duffield and Wells 2002).  In Shark 

Bay, Australia, bottlenose paternity could only be assigned for 47.1% of known mother-

calf pairs even though the proportion of potential sires sampled was considered high 

indicating that either non-resident males came into the community to mate with females, 

or the females left for periods of time to seek out additional mates (Krützen et al. 2004a).  

For grey seals (Halichoerus grypus), evidence suggested that 10 - 20% of females 

obtained mates from beyond their local males (Twiss et al. 2006).  Females left their 

pups, moved away from the local male’s home range into a neighboring male’s range or 

beyond and mated with a male prior to returning to nurse their pups (Twiss et al. 2006). 

Females may increase their risk of predation if they search for males in areas that 

increase predator-prey interaction (Jennions and Petrie 2000).  Sharks are frequent 

predators of marine mammals (Heithaus 2001) and pinnipeds incur a cost of decreased 

reproductive fitness if they survive a shark attack.  At best, only 10% of female elephant 

seals (Minounga angustirostris) that suffered shark attacks were able to successfully 

wean pups, but 0% copulated that year.  Therefore, the females who could not wean pups 
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and did not copulate, lost two years of reproductive potential (Ainley et al. 1981; Le 

Boeuf et al. 1982).  On Little Bahama Bank, shark scars have been observed on the 

bodies of Atlantic spotted dolphins and shark species including tiger (Galeocerdo cuvier), 

bull (Carcharinus leucas), lemon (Negaprion brevirostris) and hammerhead sharks 

(genus Sphyrna) have been observed in the same geographic areas as the dolphins.  If 

females are leaving their resident area to seek additional mates, then the risk of predation 

may increase either due to unfamiliar territory or lack of group protection. 

Based on genetic data, female Atlantic spotted dolphins on Little Bahama Bank 

demonstrated genetic differences based on social cluster and geographic range (Chapter 

3).  Since females had genetic evidence of site fidelity, the idea that females disperse 

away from the group to gain access to additional mates is not genetically supported.  It is 

more likely that males move around to gain access to mates.  However, analyses of 

genetic population structure can only reveal widespread patterns and cannot rule out 

individual movements of females as reported in Sarasota, Florida (Duffield and Wells 

2002).  Although a small portion of S. frontalis females may leave the resident area to 

seek mates, it is not likely to be a generalized pattern utilized by the majority of females 

on Little Bahama Bank.  Therefore, relatively few females on Little Bahama Bank likely 

incur costs associated with traveling to seek mating opportunities. 

Another cost to females that mate with more than one male is that they may 

contract a venereal disease (Jennions and Petrie 2000).  In primate species, the mean 

count of white blood cells increased with the number of males with which females of a 
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particular species mate (Nunn et al. 2000).  Higher white blood cell counts indicate 

elevated activity of the immune system.  In cetaceans, genital lesions and/or papillomas 

have been reported in harbor porpoises (Phocoena phocoena), Burmeister’s porpoise (P. 

spinipinnis), killer whales (Orcinus orca), Atlantic white-sided dolphins 

(Lagenorhynchus acutus), Dusky dolphins (Lagenorhynchus obscurus), long-snouted 

common dolphins (Delphinus capensis), sperm whales (Physeter macrocephalus) and the 

bottlenose dolphin (Van Bressem et al. 1996).  Squamous cell carcinomas and lingual and 

genital papillomas have been found in both captive and free-ranging Atlantic bottlenose 

dolphins (Bossart et al. 2005).  Interestingly, Bossart et al. (2005) found oral papillomas 

and oral neoplasia in the same dolphins which indicates a potential malignant 

transformation of papillomas to squamous cell carcinomas which likely spread through 

sexual interaction.  The diseases are associated with immunologic dysfunction, are 

occurring at high levels along parts of the Florida coast (Bossart 2007) and may indicate 

an immunological cost of mating with multiple males.  However, these diseases are 

associated with an environmentally polluted habitat and they are relatively recent 

findings.  Therefore, sexually transmitted disease is not likely to be a major driving force 

in the development of mating systems associated with populations living in habitats with 

relatively low levels of pollution, such as White Sand Ridge in the Bahamas. 

Three potential costs incurred through promiscuous mating of females have been 

discussed, but there are also potential benefits, both direct and indirect.  Direct benefits 

include resources such as a territory containing a food item.  Territories and consequently 
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direct benefits are uncommon among cetaceans therefore indirect benefits will be the 

focus of the remainder of the discussion.   

Hrdy (1979) first postulated that females mate with multiple males in order to 

confuse paternity and therefore avoid infanticide.  The hypothesis fits well in species that 

give birth to altricial young and where killing offspring results in a mating opportunity 

with the mother (Wolff and Macdonald 2004).  Cetaceans give birth to precocial calves 

(Dearolf et al. 2000) although an extended period of maturation is necessary for young to 

develop physical characteristics necessary for swimming and diving (Noren and Edwards 

2007).  Although few reports of infanticide exist in cetaceans (Dunn et al. 2002; Patterson 

et al. 1998) it does not necessarily mean it does not occur.  Many odontocetes exhibit 

characteristics that favor infanticide (Connor et al. 2000a) even though it has not been 

directly observed.  The geographic location coupled with the presence of sharks on Little 

Bahama Bank make any type of carcass recovery extremely unlikely even though 

approximately 25% of S. frontalis calves are lost each year from the resident population.  

However, infanticide is not a tactic that works well for males unless the male that kills a 

female’s offspring can monopolize that female at the time of her next ovulation (Mann et 

al. 2000).  Although infanticide may be occurring, calves are more likely to be lost to 

predation rather than to aggressive interactions from males. 

An alternative hypothesis is that females mate with multiple males to guard 

against male infertility (Wolff and Macdonald 2004).  This would be expected in animals 

where both males and females are promiscuous and sperm is potentially depleted.  
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Although it is not known if male Atlantic spotted dolphins can deplete their sperm 

reserves, courtship and copulatory behavior has been observed between all age classes 

and sexes (Herzing 1997).  Therefore, females may use mating with multiple males to 

ensure that they have mated with males that are not only carrying adequate amounts of 

sperm, but with males that are sexually mature. 

By mating with multiple males, females may increase the chance of avoiding 

mating with a genetically incompatible male (Wolff and Macdonald 2004) which could 

have fatal consequences for her offspring.  The major histocompatibility complex (MHC) 

is the most studied potential cause of genetic incompatibility (Stockley 2003).  A study of 

polytocous mammals found that promiscuous females exhibited a lower rate of early 

reproductive failure than monogamous species (Stockley 2003).  Studies in both humans 

and pigtailed macaques (Macaca nemestrina) indicated an increased frequency of shared 

MHC antigens in breeding pairs that reported difficulty in carrying a fetus to term (Knapp 

et al. 1996; Ober et al. 1998).  Female cetaceans may mate with different males at each 

conception in order to decrease the lifetime risk of mating with an incompatible male and 

consequently decrease the chance of fetal loss.   

Females might mate with multiple males to exercise cryptic female choice 

through sperm competition (Wolff and Macdonald 2004).  Sperm competition should 

select for large testes size and increased penis length (Ginsberg and Huck 1989).  Studies 

comparing testes size relative to body size have been conducted for species in the genera 

Lagenorhynchus, Delphinus, Grampus, Orcinus, Cephalorhynchus and Tursiops and 

 74



found that although there was some variation between the genera, all exhibited large 

testes sizes compared to other mammals (Connor et al. 2000a; Kenagy and Trombulak 

1986).  These findings suggest that sperm competition is important in delphinids.  It is 

interesting to note that in the same study, sexual size dimorphism (SSD) and testes size 

were plotted against each other and S. attenuata had relatively low values of SSD and 

relatively small testes size.  Species with this type of dimorphism and testes size would 

be expected to exhibit less intrasexual fighting and reduced sperm competition.  Although 

smaller body size may reduce fighting, it could also increase maneuverability which may 

aid males in securing copulations (Connor et al. 2000a).  Atlantic spotted dolphins in this 

study have been observed underwater engaged in sexual interactions with bottlenose 

dolphins where erections from both species are easily observed (Herzing and Johnson 

1997; Herzing et al. 2003).  Atlantic spotted dolphins have small penis sizes relative to T. 

truncatus and reduced sexual dimorphism.  Although testes size is not known, the 

combination of small penis size and the lack of sexual size dimorphism indicate that 

sperm competition and cryptic female choice is not a major component of the mating 

system of S. frontalis on Little Bahama Bank. 

Even though cryptic female choice may not play a major role in the mating 

system, females may still be choosing males according to a set of characteristics or 

behaviors.  Numerous studies focusing on female choice exist in the literature but only a 

few examples will be discussed to provide specific illustration.  In social species, age and 

male rank are often determinants of female choice.  In primates, high-ranking males 
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typically sire more offspring than low-ranking males (see Widdig et al. 2004 for review).  

In rhesus macaques (Macaca mulatta), the top male sired 24% of all offspring in the 

group but at the same time, an average of 25% of infants were sired by males from 

outside the troop that did not hold a dominant position (Widdig et al. 2004).  Females 

have been observed leaving the area of a high-ranking male to copulate with lower-

ranking males that are relatively new to the group (Berard et al. 1994; Manson 1992), 

indicating that social rank is not always a true indicator of reproductive success.  In 

captive mandrills (Mandrillus sphinx), the highest-ranking male was assigned 80 - 100% 

of paternity during his years as alpha male.  When he was shifted to second-ranking male, 

he still attained 67% and 25% of offspring for the next two years.  The loss of access to 

females occurred over time and females still associated with and elicited copulations 

from him indicating that males with a good “track record” were still attractive to females 

(Dixson 1997). 

Spotted hyenas (Crocuta crocuta) live in promiscuous, fission-fusion groups 

consisting of multiple matrilines and immigrant males (Engh et al. 2002).  Rank is an 

important aspect of social hierarchy among spotted hyenas and females hold the highest 

ranks, followed by their offspring and immigrant males hold the lowest ranking positions.  

Although fighting is rare among spotted hyena males, if fighting does occur, natal males 

win against immigrants even though it does not result in reproductive opportunities for 

natal males.  Interestingly, leaving their natal group forces males to become subordinate 

in a new group, nonetheless, immigrant males have the highest reproductive success.  
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When natal males comprised over 20% of an adult male population, natal males only 

sired 3% of cubs, and immigrants sired 97% (Engh et al. 2002).  The pattern indicates 

that the genetic diversity of offspring was more important to female hyenas than mating 

with high-ranking males. 

Therefore, another hypothesis for multi-male mating is that it will increase the genetic 

diversity of a female’s offspring (Wolff and Macdonald 2004).  Male age may be an 

indicator of genetic quality to females.  A study of North Atlantic right whales revealed 

that the majority of calves were sired by older males (Frasier et al. 2007).  Most males 

did not achieve their first paternity until they were roughly twice the average age of first 

fertilization in females (~15 years in males and ~8 years in females) indicating that social 

and sexual maturity occur at very different ages (Frasier et al. 2007).  Conversely, a 

socially immature juvenile male T. truncatus successfully sired a calf in Shark Bay, 

Australia (Krützen et al. 2004a).  Female Atlantic spotted dolphins seem to preferentially 

copulate with older males even though mating behavior is seen in all age classes (Herzing 

1997).  Older males are less often observed in aggressive intrasexual interactions than 

younger males but the older males are more often seen attending to mature females and 

their calves.  In dolphin societies, older males may carry a “track record” as male 

mandrills do or the males may be displaying characteristics such as tending and teaching 

which may provide an indication of male quality to females (D. Herzing, pers. 

communication, Bender et al. in press).  Although right whales exhibited reproductive 

skew, studies of humpback whales revealed little skew in the reproductive success of 
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males (Cerchio et al. 2005; Nielsen et al. 2001) indicating a potentially more random 

mating system.  Since age may indicate male quality to females, females may receive a 

genetic benefit to their offspring by mating with older males.  By mating with multiple 

older males, females not only increase the genetic quality of her calves, but also increase 

genetic diversity among her progeny. 

In conclusion, female Atlantic spotted dolphins show genetic evidence of 

promiscuous mating.  Population structure revealed female philopatry and male dispersal, 

indicating that females of Little Bahama Bank do not travel extensively to seek out 

mating opportunities, but rather males disperse throughout the population to mate or 

males may immigrate into the population.  Females may benefit in multiple ways from 

promiscuous mating behavior though increased genetic diversity of offspring is likely to 

be one of the main influences in the development of a promiscuous mating system among 

S. frontalis in the Bahamas.  The mating patterns of males are currently unknown and 

reproductive success is poorly understood.  To better understand the dynamics of mating 

within this population, further genetic investigation of paternity will reveal valuable 

information of physical and behavioral characteristics of sexually successful males. 
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Table 4.1.  Minimum number of males required to explain progeny arrays of three 
Stenella frontalis females.  Year of birth (YoB), estimate of mother’s age at time of 
conception (MC), estimate of mother’s age at time of birth of young (MB), * mother’s 
estimated age of first parturition (mother’s name in bold, followed by the names of her 
calves), minimum number of males required to account for progeny array (number in 
parentheses indicates number of loci resulting in maximum estimate), § maximum 
number of males possible based on number of paternal alleles present at a particular 
locus. 
Name YoB MC MB Min. no. males Max. no. males§ 
FLYI      
     KP 1992 11 12* 2 (2) 3 
      FLAM 1999 18 19   
     FREE 2002 21 22   
LGSH      
     LHAL 1993 11 12* 2 (1) 3 
     LAGU 1997 15 16   
     LHAS 2001 19 20   
PAIN      
     BRUS 1990 9 10* 2 (2) 3 
     PIGM 1994 13 14   
     PICA 1999 18 19   
     PORT 2007 26 27   
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Chapter 5 

Noninvasive assessment of paternity in a population of free-ranging Atlantic spotted 

dolphins, Stenella frontalis, in the Bahamas 

 

Introduction 
 With the advent of molecular techniques, studies of paternity in free-ranging 

terrestrial species have increased, but only a handful of studies investigating paternity in 

cetacean species are currently available (Amos et al. 1991; Cerchio et al. 2005; Clapham 

and Palsbøll 1997; Krützen et al. 2004a; Nielsen et al. 2001).  The limited number of 

cetacean paternity studies is due to the unique challenge of collecting genetic samples 

from species that spend only a fraction of their time at the surface interface where 

collection is most likely.  Although paternity can be assigned without maternal data, the 

number of paternities assigned and the statistical confidence with which those 

assignments are made increases if both the mother and calf are sampled, along with a 

high proportion of the candidate fathers in the population.  However, collecting genetic 

samples from known mother-calf pairs and candidate fathers is time-consuming and field 

intensive.  Given the challenges, it is not surprising that paternity studies of cetaceans are 

infrequent. 
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 Although there are challenges, paternity studies have already provided substantial 

information with respect to the behavioral and functional aspects of mating systems.  In 

baleen whales, paternity assessment revealed variable levels of reproductive skew.  For 

example, reproductive success in North Atlantic right whales (Eubalaena glacialis) was 

biased toward older males (Frasier et al. 2007) whereas no large reproductive skew in 

male reproductive success was found among male humpback whales (Megaptera 

novaeangliae) (Cerchio et al. 2005).   

 Besides age, social structure plays an important role in reproductive success.  

Paternity analysis of bottlenose dolphins (T. truncatus) in Shark Bay, Australia revealed 

that male reproductive success was significantly skewed toward members of strategy I 

first order alliances (Krützen et al. 2004a).  Strategy I alliances form long-term, stable 

associations of two or three males.  Although alliances likely serve multiple purposes, it 

was found that males in the alliances were more likely to successfully mate with females 

versus unpaired males (Krützen et al. 2004a).  Over a lifetime, social interaction could 

greatly influence the reproductive success of individuals. 

A population of free-ranging Atlantic spotted dolphins (Stenella frontalis) in the 

Bahamas has been the subject of study since 1985.  Although relatively little is known 

about the mating system, life history data has been collected for many years.  Female 

Atlantic spotted dolphins reach sexually maturity at approximately 8 – 11 years (Herzing 

1997).  The age of sexual maturity for male S. frontalis is unknown, but male S. attenuata 

are known to reach sexual maturity near 12 – 15 yrs (Perrin 2001).  Gestation for S. 
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frontalis as well as S. attenuata and T. truncatus lasts from eleven months to one year 

(Herzing 1997; Perrin et al. 1976; Schroeder 1990).  The average calving interval is three 

years but shortens when a female has lost a calf (Herzing 1997).  Animals in the study 

population exhibit peak calving periods in early spring and late fall (Herzing 1997) 

although mating behavior has been observed throughout the entire field season (May - 

September).  Mating and courtship behavior have been observed during all stages of 

development (Herzing 1997).   The study population consists of three social clusters 

(North, Central, South) (Welsh 2007) based on coefficients of association estimated by 

the half-weight index, principle coordinates analyses and latitudinal geographic ranging 

data (see Chapter 3 for a full explanation of social cluster assignment and geographic 

ranges of social clusters). 

Given that long-term data exist to provide information on maternal relatedness 

and social structure, the study population provided a unique opportunity for the genetic 

investigation of paternity.  Presented here is the combination of over 20 years of photo-

identification data and genetic information for members of a free-ranging population of 

Atlantic spotted dolphins (S. frontalis).  The combined data was used to assign paternity 

to calves in the population based on known mother-offspring pairs and candidate fathers.  

The resulting paternity assignments were then used to determine whether male 

reproductive success was related to specific characteristics such as age class or social 

cluster. 
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Materials and Methods 

Study Site and Population 

Samples were collected from individual S. frontalis on the western edge of Little 

Bahama Bank in the northwest Bahamas (Figure 1.1).  Individual dolphins in the study 

population have been documented through an on-going photo-identification program that 

began in 1985.  Mother and calf pairs were assigned through observations of close 

association, lactation and nursing. 

 

DNA Extraction and Amplification 

Fecal samples were collected, stored and extracted as described in Chapter 2.  

PCR was used to amplify a fragment of the variable 5’ end of the control region of the 

mitochondrial genome using primers L15824 and H16265 (Rosel and Block 1996; Rosel 

et al. 1999) following previously outlined parameters (Chapter 2).  

In addition to mitochondrial sequences, ten polymorphic microsatellite loci were 

amplified: EV37, EV01 (Valsecchi and Amos 1996), D08 (Shinohara et al. 1997), Ttr04, 

Ttr11, Ttr19, Ttr34, Ttr48 (Rosel et al. 2005), Ttru AAT44 (Caldwell et al. 2002), 

KWM12 (Hoelzel et al. 1998a).  Reaction concentrations, volumes and PCR thermal 

cycler parameters were reported in Chapter 3 (Tables 3.1 and 3.2). 

All microsatellite fragments were initially visualized on a 6% polyacrylamide gel 

stained with ethidium bromide (EtBr) prior to sizing.  DNA fragments were sized on an 
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ABI Prism 310 genetic analyzer using GENESCAN ANALYSIS® v. 3.1 and GENOTYPER® v. 

2.1 (Applied Biosystems).  Genotyping error rate was assessed and reported in Chapter 3. 

 

Statistical Analyses 

Tests for deviation from Hardy-Weinberg equilibrium and linkage disequilibrium 

were described in Chapter 3.  Allele frequencies, number of alleles per locus and 

estimates of null allele frequency were calculated as described in Chapter 3.  Levels of 

gene diversity were estimated as expected (HE) and observed heterozygosity (HO) and 

determinations of polymorphic information content (PIC) were detailed in Chapter 3. 

 

Paternity Analyses 

Paternity assignment was carried out using CERVUS v. 3.0 (Kalinowski et al. 

2007; Marshall et al. 1998).  The program evaluated hypotheses given a set of data and 

determined the likelihood of one hypothesis relative to another.  The two hypotheses 

considered were: 

H1:  the alleged father is the true father 

H0:  the alleged father is an unrelated random male from the population 

The likelihood score of each hypothesis was compared and used to calculate the 

likelihood ratio.  The likelihood ratios were reported as LOD scores (the logarithm of the 

likelihood scores).  The LOD scores of the two most likely males were compared and the 

difference was reported as ∆.  Paternity was assigned to a male if the likelihood ratio was 
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large relative to the likelihood ratios of alternate males based on critical values 

determined through simulation runs. 

A total of 100,000 iterations were run in the simulation of parentage analyses to 

estimate the critical values of the LOD statistics and ∆.  The simulations used allele 

frequencies to randomly generate genotypes of a mother and father, and then generated 

genotypes for offspring through Mendelian sampling.  The LOD scores of the true parent 

and unrelated candidate parents were calculated and CERVUS identified the most likely 

parent (which may or may not be the true parent).  Since the program could check to see 

if it had assigned the true parent, the simulation determined the critical value of ∆ needed 

to assign paternity when the true parent is not known.  These critical values were then 

applied to the actual parentage analyses. 

Input parameters for CERVUS included the proportion of loci typed, genotyping 

error rate, number of candidate males in the population that could have sired the 

offspring, and the proportion of candidate males that have been sampled.  The proportion 

of loci typed was calculated from the microsatellite data and based on the results of the 

genotype error tests previously described (Chapter 3), genotyping error was set to 1% for 

paternity analyses.  The number of candidate males and the proportion sampled were 

estimated through field data.  The sex ratio in the study population was close to parity 

(Herzing 1997).  During each year in which genetic samples were collected (2000 - 

2007), the number of individuals sighted averaged 93, indicating approximately 45 males 

in the population each year.  However, there was a decrease in the number of individuals 
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sighted following the 2004 field season.  The reduction in sightings may be attributed to 

the number of hurricanes that tracked through the study site in 2004.  Therefore, the 

average sighting data prior to 2005 was used as a more conservative overestimate of 

population size.  Prior to 2005, the average number of individuals sighted per year was 

108, indicating approximately 54 candidate males in the population, regardless of age or 

sexual maturity.  Although rates of discovery have previously indicated that the study 

population is closed (Welsh 2007), the full extent of movement of both males and 

females in and out of the population is currently unknown.  Therefore, paternity was 

assessed with 100 candidate males in the population to encompass extreme levels of 

individual movement in and out of the study population.  The proportion of candidate 

males sampled was tested at three different levels for 54 candidate males, based on age 

ranges of sampled males, and a single level for 100 candidate males. 

CERVUS v. 3.0 was flexible with the data in that it took into account the number of 

candidate males and resolved paternity at a predetermined level of confidence even if 

some of the candidate males have not been sampled.  The program does not require that 

all individuals be typed at every locus and takes genotyping error into account.  In 

addition, CERVUS assumed negligible levels of inbreeding in the population.  Therefore, 

the inbreeding coefficient FIS (Weir and Cockerham 1984) was calculated using FSTAT v. 

2.9.3 (Goudet 1995). 
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Age Determination 

The ages of the mother and assigned father at the time of the conception of the 

calf were estimated through a combination of observational data and generalized age 

class ranges.  Atlantic spotted dolphins gain spots as they age and age estimates can be 

made based on the speckling and coloration patterns of individual dolphins (see Herzing 

1997 for review of age classes) (Table 1.1).  In this study, age ranges of individuals were 

based on their identified age class at the time they were first observed in the field.  For 

instance, if an individual was first observed in 1986 in the fused age class, their age range 

in 2007 was determined as at least 37+ yr since the individual was at least 16 yr in 1986, 

plus an additional 21 yr to 2007.  If the individual was first observed in the year they 

were born, an actual age was reported.  In addition, an age class was assigned to each 

individual based on their spot morphology every year they were observed in the field.  By 

combining all available information, a reliable estimate of age was reported for each 

individual. 

 

Half-sibling Likelihood 

 In free-ranging populations where pedigree information is unknown, paternity 

assessment can be complicated by the presence of close relatives in the data set.  If a male 

was assigned paternity to a particular calf based on allele sharing, it is possible that the 

pair could actually be half-siblings.  The study population has been under observation 

since 1985 and mother-calf relationships are relatively well known.  Although such 

 87



relationships are historically well documented, maternal pedigrees were not completely 

identified since some animals were not observed until they were past the stage of nursing 

and maternal dependence.  On the other hand, paternal relationships are completely 

unknown in the population and paternal half-siblings may indeed exist.  To assess the 

likelihood of the father-offspring relationship versus a half-sibling relationship, two 

hypotheses were tested: 

 H1:  the relationship between the assigned father and calf is true 

 HHS:  the two individuals are half-siblings 

 The assigned father-offspring data set was tested for both maternal and paternal 

half-sibling relationships using KINSHIP v. 1.3.1 (Goodnight and Queller 1999).  The 

analyses follow the principle that each individual inherits an allele from it’s mother and 

father, XM / XP and YM / YP.  The allele frequencies in the population were defined as PXM, 

PYM, PXP and PYP.  Two R values, RM and RP represent the probability that the maternal 

and paternal alleles are identical by descent.  Values of RM = 0 and RP = 1 represent a 

father-offspring relationship in the primary hypothesis, and RM = 0 and RP = 0.5 represent 

paternal half-siblings in the null hypothesis.  Depending on the pattern of allele matching 

and mismatching among the four alleles, one of four equations was used to calculate a 

likelihood value (see Goodnight and Queller 1999).  The program then compares the 

likelihood of the primary hypothesis to that of the null and reports the log of the 

likelihood ratio (LRH1/HS). 
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 A total of 10,000 simulations were run to determine the critical likelihood score 

necessary for statistical confidence.  The simulations randomly selected a genotype from 

the data set, individual X.  Individual Y was selected using the values of RM and RP that 

define the relationship of the pair.  For Y’s first allele, the program either copies X’s allele 

(using probability RM), or draws a random allele.  The second allele is chosen in the same 

manner, using RP.  The likelihood ratio value that excludes 95% of the null-related pairs 

corresponds to the P = 0.05 significance level.  The program also determined the 

corresponding likelihood ratio values for P = 0.01 and P = 0.001. 

 To further test the applicability of the program to the Little Bahama Bank 

population, several analyses were completed.  First, given multiple paternity assignments 

to a single male, the potential paternal half-siblings were compared to determine if the 

likelihood of a paternal half-sibling relationship was greater than a non-relative 

relationship.  Known maternal half-siblings (assigned based on observational data) were 

tested both with and without maternal information provided to the program.  Finally, 25 

individuals with known maternal half-siblings were tested to determine if a maternal half-

sibling relationship was more likely than no relationship.  The number of correct maternal 

half-sibling assignments (based on observational data) and the number of incorrect 

assignments for each individual were calculated and the average number of incorrect 

assignments determined across all 25 individuals. 
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Geographic Range and Social Cluster 

Social cluster assignments from Welsh (2007) were predominantly utilized in the 

present study.  Refer to Chapter 3 for additional details regarding social cluster 

assignments. 

 

Results 

Sample Collection 

For this study, 96 samples were collected.  A total of six samples were excluded 

from the study due to poor quality or low quantity extractions.  Two additional samples 

were removed because they matched another genotype in the data set at all loci and likely 

represented re-sampling events.  The remaining 88 samples consisted of 52 females and 

36 males.  All samples represented animals that had been individually identified through 

the photo identification program.  A total of 29 mother-calf pairs were sampled.  There 

were five sets of the mother and a single offspring, seven sets of the mother and two of 

her offspring, three sets of the mother and three or more of her offspring.  In one case, 

multiple generations were represented where SFLK and her offspring SNOW were 

collected along with SNOW’s offspring SUNA. 

Of the 36 males sampled, the majority of males were from the Central social 

cluster (n = 24).  A total of 15 animals were sampled from the North cluster (3 males, 12 

females) and 13 South cluster individuals were sampled (1 male, 12 females).  The 

majority of samples were collected from the Central cluster which is the largest cluster of 
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the three (Welsh 2007) and consisted of 24 males and 27 females.  In addition, a total of 

nine individuals were sampled from the Roaming group (8 males, 1 female). 

 

DNA Amplification 

A 402bp fragment of the mitochondrial control region was amplified for all 

individuals in the data set.  The sequences were searched in GenBank and found to most 

closely match known haplotypes from S. frontalis tissues in all cases.  The haplotypes for 

all mother-calf pairs matched and were used as confirmation of mother-calf assignments 

made based on observational data in the field. 

Genotypes were determined across all ten loci for most individuals (n = 76).  

Genotypes could not be determined for two individuals at locus KWM12, two at EV37, 

four individuals at Ttr19 and four at EV01 giving an overall genotyping success rate of 

868 successfully typed loci over 880 attempts (98.7% success).  Individuals that could 

not be typed at a particular locus were labeled as missing data at that locus and included 

in the analyses. 

 

Genotyping Error 

The results of the tests of genotyping error rate are described in Chapter 3.  An 

overall estimate of 1% was reported and used for paternity analyses in CERVUS. 
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Statistical Analyses 

All ten loci conformed to Hardy-Weinberg expectations and no significant linkage 

between loci was detected after Bonferroni correction.  The number of alleles per locus 

ranged from 2 – 6 with an average of 4.3 (Table 3.2).  Expected heterozygosity (HE) 

ranged from 0.351 to 0.727, with a mean of 0.541 (Table 3.7).  Observed heterozygosity 

(HO) ranged from 0.369 to 0.698 (mean = 0.519) (Table 3.7).  The polymorphic 

information content ranged from 0.321 to 0.673, with a mean of 0.485 (Table 3.7).  

Overall population FIS was less than 0.05, indicating a low incidence of inbreeding in the 

population. 

 

Paternity Analyses 

A total of 29 offspring were candidates for paternity testing.  Initially CERVUS 

assigned twelve paternities at the level of 54 potential males with 0.46 sampled and 13 

paternities at the level of 54 males and 0.67 sampled.  Once paternities were assigned, the 

data were checked to determine if the assigned sire was of a reasonable age to be 

considered the father of the calf in question.  The male was rejected as the father if he 

was not old enough to have sired offspring in the estimated year of conception of the calf.  

Paternity assignments were rejected based on age for two father-offspring pairs, 

BRUS/FINE and SNOW/SCQE.  Calf BRUS was born in 1990, while the estimated year of 

birth of the assigned father, FINE was 1991-1995, making the father younger than the 

calf.  In the second case, SNOW was born in 1987 and the year of birth of the candidate 
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father was estimated to be from 1981-1985.  Based on this estimate, SCQE would have 

been from 1-5 yr at the time SNOW was conceived and it is unlikely that such a young 

male would successfully reproduce. 

One additional father-calf relationship (LAVA/NAVE) was rejected due to the fact 

that it was more likely that they were maternal half-siblings (LRH1/HS = 0.261, critical 

value = 0.648).  For this pair, CERVUS originally assigned paternity with relaxed 

confidence when the data was tested as 54 candidate males and 0.67 proportion sampled.  

At the more likely level of 46% of 54 potential males sampled, NAVE was reported as the 

most likely candidate male, but paternity could not be assigned since the ∆ was smaller 

than the critical value (∆ = 1.72, critical ∆ = 2.47). 

After adjusting the paternity assignments for age and maternal sibship, ten 

paternity assignments remained (Table 5.1).  As expected, the success rate for paternity 

assignment varied depending on the number of potential candidate fathers in the 

population and the proportion of those males that had been sampled.  When paternity was 

assessed with 54 candidate males, the proportion sampled was based on the estimated age 

classes of each male.  A proportion of 0.67 represented the proportion of males sampled 

regardless of age (36 total males sampled out of 54 candidate males).  A proportion of 

0.46 represented only mottled and fused males considered potential sires, and 0.33 

represented only fused males.  When testing with 100 candidate males, the proportion of 

sampled males was determined regardless of age class (36 total males sampled from 100 

candidates = 0.36).   
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Of the 29 offspring tested, 34.5% were assigned paternity after adjustments were 

made for age and half-sibling testing.  A total of five paternities were assigned with strict 

confidence (95%) and five with relaxed confidence (80%) when the number of candidate 

males was low (n = 54) and the proportion of sampled males was 46% (Table 5.1).  The 

number of paternities assigned decreased when 100 candidate males were assumed and 

only 36% were sampled.  At this level, six paternities were assigned (four with strict 

confidence, two with relaxed). 

In all cases, the assigned father shared an allele at each locus with the offspring.  

In nine of ten cases, all ten loci were typed and compared across the father and offspring, 

in a single pair, only nine loci were typed for the calf, therefore only those loci were 

compared. 

 

Age at Conception 

At the 80% confidence level, a total of ten paternities were assigned to seven 

males (Table 5.1).  Based on the estimated age of the mother and assigned father at 

conception, the male was almost always older than the female at the time the calf was 

conceived (80%) (Table 5.2).  In one pair, the male was younger than the female, 

although the male was still in the oldest age class category.  In most cases (n = 5), the 

females were in the oldest age class at conception (fused), although four females were in 

the mottled age class and a single female was in the late speckled phase.  All seven males 
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that were assigned paternities were in the oldest age class at the time of the conception of 

the calf (Table 5.2). 

 

Half-sibling Likelihood 

A total of seven of the ten assigned father-offspring pairs were more likely to be 

true relationships rather than paternal half-siblings (P < 0.05) according to KINSHIP 

(Table 5.3).  Given the microsatellite data set, three assigned father-offspring pairs were 

more likely to be paternal half-siblings (LRHP/HO range 0.4 – 0.549, critical value = 

0.646). 

When relationships were tested to determine if the two individuals were more 

likely to be half-siblings or unrelated, one pair (DITT and TYLE) were significantly more 

likely to be paternal half-siblings (∆ = 0.82, critical ∆ = 0.53, at P < 0.05).  The two 

remaining pairs (PICA and LHAS, HAVA and MALI) were more likely to be unrelated in 

comparison to paternal half-siblings (∆ = 0.445, ∆ = 0.175 respectively at critical ∆ = 

0.53 for P < 0.05).  Of 21 previously assigned maternal half-sibling pairs, 18 were 

correctly identified when maternal assignment information was provided (86%) but only 

twelve were assigned when no maternal information was provided (56%).  A total of 25 

individuals were expected to have one or more maternal half-siblings assigned.  On 

average, an additional 5.88 maternal half-siblings were assigned per individual (range 2 - 

10). 
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Geographic Range and Social Cluster 

Five of 88 individuals (5.7%) included in the present study were not in the study 

by Welsh (2007) and were assigned a social cluster based on the number of times they 

were sighted with known-cluster individuals.  Of the seven males assigned paternity, four 

were designated to the Central cluster (Table 5.4).  The Central males most often mated 

with females from the same social cluster (n = 6).  Three males in the Central cluster 

were each assigned two paternities.  One such male mated with two different females 

from the same social cluster to produce two offspring.  The other two multiple paternity 

males sired one calf with a female from the same social cluster, and one calf with a 

female from the Northern cluster.  The remaining three males were assigned to the 

Roaming cluster.  In two cases, Roaming males mated with Southern females.  One 

Roaming male was assigned paternity for a Central female’s offspring. 

 

Discussion 

DNA extracted from underwater plumes of fecal material was useful in 

determining paternity in S. frontalis.  All derived mitochondrial haplotypes were found to 

closely match previously published sequences from known S. frontalis tissues in 

GenBank.  Specific precautions and careful testing reduced the amount of genotyping 

error in the data set.  It should be noted that the error rate could be decreased from 1.67% 

to 0% through careful examination by eye of each sample.  Although this type of 

checking can be tedious and does not lend itself well to very large data sets, in cases with 
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relatively small sample sets, it is well worth the effort to decrease the error rate.  In 

addition, comparing error rate through both a blind study and Mendelian inheritance 

patterns provided a more complete picture of error rate for the study (see Chapter 3). 

 Although CERVUS assigned paternity for only a portion of the offspring tested, 

some interesting patterns in the paternity assessment were revealed.  First, one pair of 

individuals was revealed to be maternal half-siblings rather than a father-calf pair.  

Second, reproductive success was skewed towards older males.  Third, males most often 

mated within their social cluster.  Fourth, at the 80% confidence level, paternities could 

only be assigned for 34.5% of offspring.  Each point has important implications and will 

be discussed in turn. 

 First, one previously unknown pair of maternal half-siblings was revealed.  The 

pair was first weakly assigned as a father-calf relationship, but the likelihood of maternal 

half-siblings was greater than a father-calf relationship.  The male, NAVE, was assigned 

as a maternal half-sibling to LAVA.  Observational and mtDNA haplotype sharing had 

previously confirmed that LILL is the mother of LAVA, therefore, LILL is also the mother 

of NAVE.  The relationship was further confirmed by mtDNA haplotype sharing between 

LILL and NAVE, and allele sharing across all loci. 

 Second, of the ten paternity assignments, three were not significantly supported 

by comparing the likelihood of the father-calf relationship to the likelihood of a paternal 

half-sibling relationship.  Additional testing of paternal half-sibling relationships 

indirectly supported the father-calf assignments of ROME/DITT and ROME/TYLE because 
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KINSHIP assigned DITT and TYLE as paternal half-siblings.  When PICA and LHAS were 

tested as half-siblings, the relationship was not significant, and the same result was 

observed for HAVA and MALIBU.  The individuals were more likely to be unrelated than 

paternal half-siblings which does not support the father-calf assignment.  In another pair, 

BIGG was assigned paternity of both PICA and LHAS by CERVUS, and KINSHIP supported 

the father-offspring relationship rather than paternal half-sibling relationship in both 

cases.  However, KINSHIP did not assign a relationship of paternal half-siblings to PICA 

and LHAS even though both CERVUS and KINSHIP previously supported the father-

offspring relationship.  The likelihood of the paternal half-sibling relationship was close 

to the critical value but not high enough to be significant.  Finally, the age of a shared 

father in each pair can be estimated based on age class data.  The potential shared father 

of NAVE/AREP would range in age from 31 - 37 yr.  The shared father of HORS/VEGA and 

SURG/MALI would range from 34 - 44 yr and 47 - 53 yr, respectively.  Although the life 

span of Atlantic spotted dolphins is unknown, the possibility of a shared father near the 

age of 50 at the time of the conception of the younger sibling should be taken into 

account when considering a relationship of father-calf or half-sibling.  In the case of 

maternal half-siblings, an overall average of 5.88 incorrect maternal half-sibling 

relationships were reported as significant by KINSHIP, and only 57% of maternal half-

siblings were assigned correctly (based on observational data). 

 Given the discrepancies between paternity assignments and half-sibling 

assignments, the decision to reject father-offspring relationships in favor of paternal half-
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sibling should be approached cautiously for many reasons.  First, Marshall et al. (1998) 

addressed the problem of full and half-siblings in the population when testing for 

paternity and stated that the likelihood method utilized in CERVUS is insensitive to even 

large numbers of half-siblings of the true father within the candidate pool of males.  Also, 

if the mother is sampled with the offspring, relatives of the offspring in the candidate 

pool do not affect the number of paternities assigned, but the confidence with which 

those assignments are made slowly decreases as the number of relatives in the candidate 

pool increases.  Although full siblings tend to have a higher likelihood of paternity than 

the true father, full siblings are less likely in the study population than half-siblings given 

the promiscuous mating behavior of S. frontalis.  Second, there was a positive LRH1/HS for 

all assigned fathers; however, three were not sufficiently large enough to be considered 

significant (Table 5.3).  Even though the LRH1/HS was not large enough to support the 

primary hypothesis of father-calf relationship, the LRH1/HS in each case was positive and 

was not close to zero (min value = 0.4).  Third, if the animals in question were actually 

half-siblings, mismatches of alleles would be expected at a higher rate than if they were 

father-calf pairs.  In fact, there were no observed mismatches between the father-

offspring and paternal half-sibling pairs across all ten loci.  Finally, the critical values 

determined for each level of significance were determined through simulation runs.  

According to Goodnight and Queller (1999),  the power of the method used in KINSHIP is 

dependent on the relationships being compared.  When testing paternity as the primary 

hypothesis versus half-sibship as the null hypothesis, five loci are necessary to accept 
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50% of the pairs related as father and calf (P < 0.05).  The theoretical framework of the 

number of loci required was based on simulations with 20 equally frequent alleles per 

locus.  Although ten loci were used in the current study, the average polymorphic 

information content was 0.485.  If ten loci with 20 equally frequent alleles per locus were 

used, the average PIC would be 0.948.  Given the relatively low PIC values, additional 

loci would be needed to determine if the three non-significant father-offspring pairs 

would shift towards a likelihood ratio that favors either a father-offspring relationship or 

a paternal half-sibling relationship. 

Among the seven males that were assigned paternities, all were in the oldest age 

class during the estimated year of conception of the calf indicating potential skew in the 

reproductive success of males.  Age is often a significant trait in reproductive success 

either due to larger body size, social dominance or as an indication of male quality to 

females.  Larger body size as a consequence of age benefits males of species with high 

levels of intrasexual competition (Haley et al. 1994) whether they are fighting for direct 

access to females or fighting to defend indirect resources that are important to 

reproductively receptive females.  Age is often a precursor to achieving a high-ranking 

position in social species where dominance correlates with reproductive opportunity 

(Widdig et al. 2004).  In North Atlantic right whales, older males (E. glacialis) have 

higher reproductive success than younger males.  In fact, most males did not successfully 

sire a calf until the age of 15 yr, which is roughly twice the age of first parturition of 

females (approximately 8 yr) (Frasier et al. 2007).  While the age of first reproductive 
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success in male S. frontalis is unknown, male S. attenuata reach sexual maturity between 

the ages of 12 – 15 yrs.  In this study, 18 yrs was the youngest estimated age of a male at 

the time of calf conception in the study.  The age of sexual maturity for female S. 

frontalis has been estimated from 9 - 11 yr (Herzing 1997).  Males may reach sexual 

maturity at an earlier age, similar to females however, some characteristic, whether it is 

physical or social may restrict males from successfully mating until years later. 

One possible reason to explain the pattern of older males successfully mating in 

the population relates to physical development.  In a study of gonad sizes in male 

common dolphins (Delphinus delphis), the youngest sexually mature male was 8 yr but 

most were 10 yr and older (mean = 16.7 yr) (Murphy et al. 2005).  Although some males 

may attain sexual maturity at an early age, most males may not reach that stage until their 

late teen years.  In the same study of D. delphis, seasonal variation in testes size indicated 

a “rut” or seasonal breeding period, which has also been reported in Bryde’s whale 

(Balaenoptera edeni) and harbor porpoises (Phocoena phocoena) (Murphy et al. 2005).  

On Little Bahama Bank, older fused males have been observed in the field with enlarged 

keels or post-anal swelling, which appeared similar to enlarged mammary glands of 

lactating females.  The presence of a swollen keel in males could indicate enlarged testes 

and consequently, increased sperm production.  Peak calving intervals in S. frontalis 

occur in early spring and late fall (Herzing 1997).  Given a gestation estimate of twelve 

months, seasonal breeding and testicular swelling should also peak in early spring and 
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late fall.  Older males may enter a state of “rut” which includes swollen testes and 

increased sperm production of which younger males are not physically capable. 

Another possible reason to explain the pattern of older males siring offspring may 

be that females seek older males for copulation.  Observations in the field have revealed 

that mating and courtship occur in all age classes, but females are more often sighted 

copulating with older males (Herzing 1997).  On the other hand, in Shark Bay Australia, 

juvenile male bottlenose dolphins (T. truncatus) sired offspring within the age ranges of 4 

- 8 yr and 5 - 15 yr (Krützen et al. 2004a), indicating that sexual and social maturity may 

not be as distinct in the Australian population.  However, given the data in the current 

study, it appears that males may not be sexually successful until reaching an older age 

class, perhaps due to female choice.   

 The third main discussion point addresses the fact that males with assigned 

paternities were from either the Central or Roaming clusters.  In a previous study Welsh 

(Welsh 2007) reported social cluster size and composition for the population and found 

the Central cluster was the largest (52 total; 27 male, 25 female) while the North and 

South clusters were smaller with 16 and 15 individuals, respectively (South: 13 female, 1 

male, 1 unknown; North: 12 female, 3 young juvenile males).  Therefore, the fact that 

males in the Central cluster sired the majority of calves was expected since the highest 

proportion of males in the population come from the Central cluster. Roaming cluster 

males were assigned paternity for three calves.  The Roaming males mated with females 

from either the Southern or Central clusters which was also expected since the Roaming 
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males are frequent associates of the Southern and Central clusters, even though they most 

frequently associate with each other (Welsh 2007).  Two males assigned multiple 

paternities sired one calf within their own social cluster and a second calf with a female 

from outside the cluster.  BIGG and ROME each sired a calf with a Northern female.  The 

pattern of mating seems to be that the largest cluster, the Central cluster is somewhat self-

contained.  The number of males and females in the cluster is sufficient to support mating 

within the cluster.  On the other hand, the South and North clusters consist primarily of 

females.  In order to be reproductively successful, these females will need to mate with 

males outside of their social cluster.  The Central cluster is the closest group 

geographically to the North cluster and it is known that Central individuals range 

throughout both the Central and North latitudinal ranges (Welsh 2007).  Therefore, there 

is a general pattern that Central males mate with Central and North females, while the 

Roaming males mate with South and Central females. 

 Finally, results for the S. frontalis study population are similar to other paternity 

studies of marine mammals in that paternity could only be assigned for 34.5% of the 

offspring tested.  In a study of Antarctic fur seals (Arctocephalus gazella), only 28% of 

pups could be assigned paternity from the sampled males (Gemmell et al. 2001).  In grey 

seals (Halichoerus grypus), paternity was assessed on two different islands and only 46% 

and 29% pups could be assigned paternity (Worthington Wilmer et al. 1999).  In Shark 

Bay Australia, paternity was assigned for 47.1% of bottlenose dolphin (T. truncatus) 

calves (Krützen et al. 2004a) and 32.5% of humpback whale calves (M. novaeangliae) 
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were assigned a father (Cerchio et al. 2005).  The reason for the relatively low level of 

paternity assignment could be due to several factors.  One reason could be the low 

polymorphism of the molecular markers used.  By testing additional loci or loci with 

higher levels of polymorphism, the statistical confidence could be increased enough to 

assign additional paternities.  The low level of polymorphism also indicates that many 

individuals in the population may share alleles at a particular locus.  Allele sharing in the 

population would decrease the confidence with which CERVUS can assign paternity.  The 

assignment rate could also be low if the fathers of the remaining offspring were not 

sampled.  While it was estimated that there are approximately 54 candidate males in the 

population, only 36 males total were sampled for the study.  The low proportion of males 

sampled was partially due to the somewhat restrictive nature of noninvasive fecal 

sampling.   

The low proportion of sampled males could also have resulted from the fact that 

males are moving in and out of the population.  Although the population is considered 

generally closed (Welsh 2007), rates of immigration and emigration are currently 

unknown.  One male, HELI was first seen in the fused age class in 1995.  During this year 

he was sighted on four different dates.  In 1996 he was sighted on a single occasion and 

then he was not sighted from 1997 - 2005.  In 2006, HELI was sighted again representing 

a nine year gap in sightings. HELI may have left the regular geographical ranging area of 

the resident population during those nine years and later returned.  Although this sighting 

pattern is not common among the study population, it is clear that there are some cases of 
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movement in and out of the group.  In Sarasota, Florida, an estimated 15% of T. truncatus 

calves were fathered by non-resident males (Duffield and Wells 2002).  The non-resident 

males may have encountered females in the study population either because the males 

were in a neighboring or transient group, or because females left the area to seek out 

males (Duffield and Wells 2002).  In addition to male movement, genetic evidence of 

female mediated gene flow has been reported for bottlenose dolphins in the Bahamas 

(Parsons et al. 2006).  Therefore, it is possible that individuals of either sex may leave the 

population for periods of time prior to returning to the group, although movement of 

females is less likely given the level of population differentiation within Little Bahama 

Bank. 

Genetic evidence of a promiscuous mating system was reported in Chapter 4.  The 

definition of promiscuity indicates a lack of social bonding between mating individuals. 

Sighting data was reviewed for both the assigned father and mother in the year of 

conception of the calf.  It was found that the majority of the male/female mating pairs (n 

= 5) were never sighted together and only two pairs were sighted together on two 

occasions (C. Rogers, pers. communication).  Although an assessment of social structure 

comparing fathers and mothers is necessary to fully understand the social interaction 

between breeding pairs, the low number of sightings indicate potentially low levels of 

social bonding between breeding pairs and supports a promiscuous mating system. 

In conclusion, the noninvasive technique proved useful in providing genetic 

material for molecular investigations.  The sampling protocol allowed for the collection 
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of genetic material while protecting the integrity of ongoing underwater observational 

studies.  While the percentage of paternities assigned was somewhat low, future work 

will add to the current data available for the study population.  Additional samples from 

candidate males may result in future assignments of paternity.  With an increased data set 

of father-offspring pairs, the patterns of correlations between age and reproductive 

success could be tested further.  Additional markers designed specifically for S. frontalis 

could provide more informative markers to further assign paternity and differentiate 

between levels of relatedness.  In the meantime, my study has provided new information 

that will prove useful to a diverse range of cetacean species and aquatic mammals. 

 106



 

Table 5.1.  Paternity assignment based on likelihood ratios (LOD score) and ∆.  
Shaded column indicates most likely scenario of potential males in population 
based on observational field data. 

No. candidate males in population      54 Males   
100 

Males 
Proportion of candidate males 
sampled   0.67 0.46 0.33  0.36 
           

Offspring Mother 
Candidate 
Father LOD ∆            

FREE FLYI SICK 8.34 8.13 * * *  * 
PICA PAIN BIGG 8.54 7.91 * * *  * 
NEPT NASS FLAY 6.76 6.76 * * *  * 
HAVA HEDL SURG 6.30 6.30 * * *  * 
DITT DOS ROME 5.77 5.77 * * *  + 
TYLE TRIM ROME 5.62 4.90 * + +  + 
MALI MUGS SURG 4.97 3.61 + + +  - 
AREP APPL NAVE 2.98 2.98 + + -  - 
VEGA VENU HORS 2.83 2.83 + + -  - 
LHAS LGSH BIGG 5.15 2.86  + + -   - 
* strict confidence 95%    
+ relaxed confidence 80%  
- most likely father but paternity not assigned  
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Table 5.2.  Estimated ages and morphological age classes of mothers and candidate 
fathers at time of offspring conception.  Estimated year of conception of offspring 
(YearC), estimated age of individual at time of conception (AC).  Age classes indicate 
speckled (S), mottled (M) and fused (F). 

         
Offspring YearC   Mother AgeC Age Class Father AgeC Age Class

NEPT 1998  NASS 9 S FLAY 20 - 26 F 
PICA 1998  PAIN 17 - 21 M BIGG 28+ F 
TYLE 1998  TRIM 14 - 18 M ROME 29+ F 
LHAS 2000  LGSH 18 - 22 M BIGG 30+ F 
VEGA 2002  VENU 14 - 18 M HORS 19 - 23 F 
HAVA 1990  HEDL 20+ F SURG 20+ F 
DITT 1995  DOS 18 - 24 F ROME 26+ F 
MALI 1999  MUGS 17 - 21 F SURG 29+ F 
FREE 2001  FLYI 20 - 24 F SICK 26+ F 
AREP 2004   APPL 25+ F NAVE 18 F 
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Table 5.3.  Likelihood of father-offspring relationship versus no relationship and paternal 
half-sibling relationship.  Likelihood ratio of hypothesis indicating the father-offspring 
relationship is true versus the pair being two unrelated individuals (LRHP/HO) and 
likelihood ratio of hypothesis indicating the father-offspring relationship is true versus a 
paternal half-sibling relationship (LRHP/HO). 

Offspring 
Candidate 
Father 

Father v. Unrelated 
LRHP/HO 

Father v. Paternal  
Half-sibling LRHP/HO 

FREE SICK 5.280† 1.631† 
PICA BIGG 3.763† 1.262† 
NEPT FLAY 3.079† 1.072§ 
TYLE ROME 2.494† 0.985§ 
DITT ROME 2.695† 0.921§ 
LHAS BIGG 2.056† 0.654* 
HAVA SURG 2.295† 0.646* 
VEGA HORS 1.714§ 0.549 
MALI SURG 1.906§ 0.512 
AREP NAVE 1.036* 0.400 
* P < 0.05, § P<0.01, † P<0.001  
Father v. unrelated critical values, * = 0.4994, § = 1.2855, † = 2.0209 
Father v. paternal half-sibling critical values, * = 0.646, § = 0.902, † = 1.1653 
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Table 5.4.  Social cluster assignments of mother-calf pairs and assigned fathers. *Range 
for mother represents the social cluster for both mother and calf. 
Offspring Mother Range* Candidate Father Range 
PICA PAIN N BIGG C 
LHAS LGSH C BIGG C 
DITT DOS C ROME C 
TYLE TRIM N ROME C 
HAVA HEDL C SURG C 
MALI MUGS C SURG C 
AREP APPL C NAVE C 
NEPT NASS C FLAY R 
FREE FLYI S SICK R 
VEGA VENU S HORS R 
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