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A b str ac t

A b s t r a c t

Knowledge of the structuring of natural populations is important for understanding 

both evolutionary processes and population ecology, and for supporting 

management decisions. Conventional methods of direct observation often suffer 

from a lack of resolution, particularly when studying mobile animals in a marine 

environment. In this study, I combined direct observation with indirect molecular 

genetic approaches to infer the social and population structure of coastal (inshore) 

bottlenose dolphins, Tursiops truncatus.

Genetic diversity and structure of bottlenose dolphins around the UK and Ireland 

was examined using tissue samples from stranded dolphins and incidental fisheries 

by-catch. Mitochondrial DNA (mtDNA) sequence data indicated significant 

subdivision among four main sample regions (NE Scotland, Wales, NW Scotland 

and Ireland). Genetic divergence between NE and NW Scotland populations, and 

low genetic diversity within the NE Scotland population, provide further support for 

the precautionary approach currently applied to the management of this population.

Inference from both mtDNA and nuclear microsatellite genetic markers, and direct 

observational data were used to examine the social and population structure of 

bottlenose dolphins in the NE Bahamas. Novel strategies for collecting genetic 

samples (remote biopsy and faecal sampling) from free-ranging dolphins were 

developed and validated, enabling an individual-based analysis of population 

subdivision. Patterns of individual associations in two contrasting habitats indicated 

that environmental pressures affect dolphin grouping patterns; with a genetic basis 

for social affiliations occurring only where predation pressures are low. Nonetheless, 

a particularly notable feature of the social structure in both habitats was the 

persistence of stable alliances among maternally related males. At the population 

level, the significant degree of genetic structuring revealed among three sampled 

regions on Little Bahama Bank, supported the high degree of site fidelity suggested 

by individual-based photo-identification data. Contrary to the patterns of male 

dispersal and female philopatry common among both mammals and bottlenose 

dolphins, sex-specific patterns of genetic differentiation inferred from both mtDNA 

and microsatellite markers were indicative of female-mediated gene flow.

This study provides novel insight into the factors governing the patterns of 

structuring within populations of highly mobile small cetaceans, and demonstrates 

the value of integrating both direct (field-based) and indirect (molecular genetic) data 

in the study of free-ranging animals.
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A b b r e v ia t io n s

m icro
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A adenosine
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General Introduction C h apter  1

C h a p te r  O ne 

General Introduction

The structuring o f  na tu ra l popu lations

The distribution o f genetic variation among subpopu lations is 

governed by a popu lation ’s m ating system, as well as h istoric and 

contem porary d ispersal patterns (Chesser 1991a, b). Together, these factors 

create population structuring through the opposing forces o f gene tic  drift and 

selection w ith in, and restricted gene flow  among subpopu lations (Rosel e t al. 

1995). Understanding the structuring o f natural populations is o f in terest to 

evo lu tionary biologists, ecologists, conservationists and w ild life  m anagers 

alike.

Because population structure is an expression o f the  d istribution of 

genetic variation, and it is recognised that the structuring o f natural 

popu lations plays an active role in both m icroevolution and speciation (W right 

1932, 1965), resolving these patterns is im portant fo r furthering our 

understanding o f both evolutionary processes and population ecology. From 

an applied perspective, understanding rates o f genetic exchange between 

subpopu lations is a key elem ent in identifying b io logically m eaningful 

population subdiv is ions and defining m anagem ent stocks or conservation 

units (Baker & Palum bi 1997; Rosel e t al. 1999). Furtherm ore, the structuring 

o f populations plays a critical role in determ ining the degree and direction of 

gene flow, inbreeding, d isease transm ission, dispersal and ultim ately a 

popu la tion ’s ab ility  to adapt to environm enta l disturbance. Hence, population
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General Introduction C h apter  1

genetic stud ies are a priority w here the  conservation and m anagem ent o f a 

species is an issue (Tem pleton 1987; Harrison & Hastings 1996; O 'Corry- 

C rowe e t al. 1997; W hitehead e t al. 1998).

Assessing population structure and differentiation has becom e the 

focus o f num erous studies spanning the continuum  o f nearly all taxonom ic 

d iv is ions (e.g. Chesser 1983; Bakke e ta l. 1996; Good e t al. 1997; M cConnell 

e t al. 1997; A ndersen e ta l.  1998; A rens e ta l.  1998; Barratt et al. 1999; Burg 

e t al. 1999; Segesser e t al. 1999; Avise et al. 2000; C ooper & Lenski 2000; 

Fernando e t al. 2000; G utierrez-Espeleta et al. 2000; P iertney e t al. 2000; 

Pope e ta l. 2000; Dalebout e ta l. 2001; G irm an e ta l. 2001). Natural 

popu lations inhabit a variety o f ecological and environm enta l contexts tha t 

e ffective ly determ ine both the ir d istribution in space and tim e, and the 

apportioning o f individuals into sm aller subpopulation units. W hile  the 

segregation and dispersal o f populations of terrestria l vertebra tes is often 

influenced by physical geographic characteristics (e.g. Ta lbot & Shields 

1996; Von S egesser e t al. 1999; Pope et al. 2000), the m arine environm ent 

lacks obvious barriers to gene flow  (Avise 1998; W aples 1998). M any m arine 

vertebrates are h igh ly m obile and undergo extensive m igrations as adults 

(e.g. m arine turtles; N ichols e ta l. 2000, and hum pback whales; S tone e ta l. 

1990). However, th is high potentia l fo r dispersal does not necessarily 

translate into high levels o f gene flow  (Palum bi 1996), and a lack o f 

understanding o f these m ovem ent patterns constra ins attem pts to define 

stocks to be conserved or managed.

A m ong species o f m arine m am m als, both patterns o f specia tion and 

causes o f genetic differentia tion are poorly understood. Defining structure in

2
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General Introduction C h apter  1

popu lations o f h ighly vagile m arine m am m als is further com plicated by the 

know ledge tha t geograph ic distance is not necessarily well corre lated w ith 

genetic d istance (Hoelzel 1998). Moreover, marine m am m als exh ib it a 

d iverse array o f patterns o f population differentiation w ith som e 

geograph ica lly coincidenta l populations being genetically d ivergent (e.g. 

sym patric killer w hale population; Hoelzel & Dover 1991; Hoelzel et al.

1998a), and other geographica lly distant populations being genetica lly s im ilar 

(e.g. fin whales; reviewed in Hoelzel 1998).

A lthough little is known about w hat limits genetic exchange in 

cetaceans (whales, do lphins and porpoises), genetic d iffe rentia tion am ong 

popu lations has been attributed to both resource specia lisa tion and social 

organisation (Hoelzel and Dover 1991; Palsboll e ta l. 1995; O 'C orry-C row e et 

al. 1997; Hoelzel 1998; Hoelzel e ta l. 1998b; W hitehead e t al. 1998). 

In traspecific  resource specia lisation, such as foraging or habitat 

specia lisations, can act as an im portant m echanism  in lim iting gene flow  and 

causing population d ifferentiation between both sym patric and parapatric 

populations (Hoelzel 1998). Moreover, the com plexity and diversity o f social 

structures tha t have been described for m any cetacean species (Connor 

2000) suggests tha t th is m ay play a s ignificant role in defining 

subpopulations.

S ocia l structure

W hilst m ating system s can be viewed as the culm ination o f the 

reproductive strateg ies o f individuals (C lutton-Brock 1989), a popu la tion ’s

3
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General Introduction C h apter  1

social structure com prises all in teractions among conspecifics, both 

reproductive and non-reproductive (A lexander 1974). A  popu la tion ’s m ating 

system  and social organisation can dram atica lly affect its dem ograph ic 

param eters (e.g. W hitehead 1987; Lambin & Krebs 1993), patterns o f gene 

flow  (S elander 1970; A lexander 1974; A ltm ann e ta l. 1996), cultural (Connor 

e ta l. 1998) and disease transm ission; (Bell 1983; Loehle 1995), and 

ultim ately population structuring (Chesser et al. 1993). Consequently, 

in form ation on social structuring contributes significantly tow ards 

understanding the  partitioning o f genetic variation w ith in and am ong 

popu lations (C hesser 1991a, b; Surridge e ta l. 1999).

Reviews o f analyses o f social behaviour have dem onstra ted tha t the 

patterns o f social organisation determ ining population d ispersion are 

in tricate ly linked to  a species’ ecology (Crook & Gartlan 1966; C rook 1970; 

E isenberg e ta l. 1972; C lutton-Brock & Harvey 1977; Em len & Oring 1977). In 

particular, both group size and social behaviour are strong ly influenced by 

the pressures exerted by the distribution o f resources and the risk o f 

predation (C lutton-B rock and Harvey 1977). Intraspecific variation in social 

s tructure in response to these variab les has been reported in m any species 

(Lott 1984; C lapham  1996; Connor e t al. 2000), and as such, species-w ide 

genera lisations cannot be made (C lutton-Brock 1989). Consequently, studies 

o f m ultip le populations of a species occupying d ifferent eco logica l 

environm ents can provide valuable insight into the ecologica l de term inants o f 

social organisation and its evolution (Fernando & Lande 2000; Baird & 

W hitehead 2000).

4
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General Introduction C h apter  1

Exam ining the nature and stab ility o f associations am ong individuals 

can prove useful in determ ining the value o f sociality fo r a species or 

population (M yers 1983; W hitehead e ta l. 1991; Christal e ta l. 1998). The 

social structure o f a population can be characterised by exam in ing the  size, 

stab ility  and com position o f social groups, which can be broad ly defined as 

interacting individuals tha t are organised in a co-operative m anner (Chesser 

et al. 1993). W here m em bers o f social groups are e ither c lose relatives, 

and/or long-term  associates, there is the potential fo r both kin selection 

(Ham ilton 1963, 1964) and reciprocal altruism  (Trivers 1971) to operate. 

A lthough social behaviour is defined by interactions am ong individuals, and 

not by genetic relatedness, gene corre lations can underpin the m aintenance 

and evolution o f social behaviours (Ham ilton 1964; Chesser e ta l.  1993).

K inship often plays an integral role in determ ining the  level o f 

associa tion between conspecific  individuals across taxa, and, as such, is 

regularly cited as a central tenet in the evolution o f socia lity (Ham ilton 1964; 

Pam ilo e ta l. 1997; Ross 2001). The benefits accrued through kin selection 

have been proposed to explain social groupings in a varie ty o f species. 

A ssocia tions am ong related individuals form the fram ew ork o f the social 

organisation o f som e cetaceans (Bigg 1990; Baird 2000), social insects 

(W ilson 1975; Ross 2001), bats (Kerth e t al. 2000), carn ivores (G irm an e ta l. 

1997), e lephants (Fernando and Lande 2000), birds (Parker e t al. 1995; 

P iertney e t al. 1999; Shorey et al. 2000), and some prim ate species (C lutton- 

Brock and Harvey 1977). It has been theorised that these types o f 

associations encourage co-operation between related individuals, the reby 

enhancing the ir inclusive fitness (Ham ilton 1963, 1964).

5
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General Introduction C h apter  1

A ssess ing  popu la tion  structure: the use o f m o lecu lar genetics

Exam ining the structuring o f w ild life populations, not only at the  level 

o f subpopu lations but also at the level o f social groups and individuals, has 

y ie lded a wealth o f in form ation on population structuring and dispersal 

patterns in terrestria l animals. However, delim iting stocks or popu lations fo r 

species o f w hales and dolphins has been confounded by the ir relative 

inaccessibility, longevity, and mobility. D irect fie ld-based observations have 

proved valuable fo r describ ing social affiliations based on recogn isab le 

individuals, but can require several years o f study to ach ieve substantia l 

sam ple sizes. Furtherm ore, behavioural observations are lim ited in the ir 

pow er to assess gene flow  and determ ine genetic re latedness am ong 

associates. D irect assessm ent o f cetacean population structuring is restricted 

not only by the vastness of the ir three-dim ensional environm ent, but also by 

a lack of understanding o f the barriers to m ovem ent and gene flow  

encountered by highly m obile anim als w ith in a seem ingly continuous m arine 

habita t (Rosel et al. 1995; Avise 1998). Consequently, it has proved d ifficu lt 

to study these species at the appropria te spatial and tem pora l resolution.

M olecu lar genetic data can be used to estim ate gene tic  re latedness of 

social affiliates, and indirectly infer patterns o f dispersal and gene flow. 

Therefore, genetic techniques can provide additional and/or alternative 

in form ation on the  degree o f effective genetic exchange between population 

subdivisions. A  notable breakthrough in the field o f m olecu lar genetics was 

the advent o f the  polym erase chain reaction (PCR; Saiki e ta l.  1988). This 

technique, w hich greatly reduced the quantity of tissue required fo r genetic 

surveys, and led to the successful application o f highly variab ly m arkers such

6
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General Introduction C h apter  1

as m icrosatellites to the study o f natural populations (Schlotterer &

Pem berton 1994), sparked a revolution in the study o f free-rang ing 

cetaceans.

M itochondria l DNA (mtDNA) is often selected as a gene tic  m arker to 

in fer population structure due to its m aternal mode o f inheritance (G yllensten 

e t al. 1985) and very low probability o f recom bination (Brown 1985;

G yllensten e t al. 1985). The inheritance o f the m itochondria l genom e as a 

single organelle from  the m aternal cytoplasm  means tha t nearly all changes 

in the m olecule are due to m utation, and these d ifferences can be used to 

trace m atrilines. Furtherm ore, w ith in the m itochondria l genom e is the non

coding contro l region contain ing the D-loop, the m ost variab le  part o f the 

m tDNA genom e (see Aquadro & Greenburg 1983; Hoelzel e t al. 1991).

These characteristics render the m tDNA control region ideal fo r inferring 

phylogeography at or be low  the level o f species (Avise et al. 1987; Harrison 

1989; A vise 1994). However, there are lim itations w hen draw ing in ference 

from  a single class of genetic marker. M tDNA m arkers lack the ab ility to 

resolve m ale-m ediated gene flow, due to m aternal transm ission , and m ay not 

be suffic iently variab le to exam ine relationships among individuals w ith in a 

s ingle population. Hence, a lack o f differentiation in m tD N A m ay not be 

su ffic ien t evidence to conclude tha t structuring is absent (Dow ling et al. 1992; 

Ram ey 1995). Consequently, the use o f multiple genetic m arkers can help in 

identify ing the processes that shape patterns of in traspecific variation (Avise 

1994; P iertney et al. 2000). Specifically, the use o f m arkers w ith contrasting 

m odes o f inheritance can prove useful in resolving sex-b iased patterns o f 

dispersal and gene flow  (e.g. Burg et al. 1999)

7
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General Introduction C h apter  1

M icrosatellites, b iparentally-inherited short (2-6 basepair [bp]) tandem  

repeat sequences, are another com m only used class o f genetic m arker fo r 

population stud ies (Bruford & W ayne 1993; Q ueller e ta l.  1993). M icrosatellite  

arrays consisting o f longer units (i.e. 3 o r4 bp , tri- o rte tra nuc leo tide  repeats) 

evo lve fas te r than those contain ing shorter (2 bp, d inucleotide repeats) (see 

Cham bers & M acAvoy 2000). However, selection o f m icrosatellite  loci 

involves balancing the relative rates o f evolution and the frequency of 

occurrence throughout the genom e (dinucleotide repeat arrays occur m ore 

frequently than tri- or te tranucleotide arrays), w ith practical considerations 

(d inucleotide arrays often show ‘stu tte r’ bands (Hauge & Litt 1993) m aking 

the scoring of alle les difficu lt) (Cham bers and M acAvoy 2000). These highly 

po lym orphic (Tautz 1989), neutral nuclear m arkers have proved useful in 

addressing a range o f both behavioural and ecological questions including 

population dem ographics, social structure, reproductive success, dispersal 

and population structure (e.g. Q ueller et al. 1993; Morin e ta l.  1994; A llen et 

al. 1995; Petri et al. 1997; Coulson e ta l. 1998; G oodm an 1998; Pem berton 

et al. 1999; P iertney et al. 1999; W ilm er et al. 1999). M oreover, the ability to 

estim ate levels o f genetic relatedness among pairs o f individuals, and infer 

relationships, enables studies o f natural populations to exam ine the pattern, 

context and function o f conspecific interactions (e.g. Packer et al. 1991;

Morin et al. 1994; Kays & G ittlem an 1995; G irman e ta l.  1997; Kerth & Konig 

1999; P iertney et al. 1999; M itani e ta l.  2000; Burland et al. 2001). The 

num ber o f d ifferent studies em ploying m tDNA and m icrosatellite  m arkers to 

address key questions in the fie lds o f ecology, evolution, behaviour and 

conservation is rapidly increasing. However, while genetic data can provide
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General Introduction C h apter  1

in form ation on the degree o f genetic exchange between population 

subdivisions, d irect observational data from  behavioural stud ies can 

strengthen in ferences about population structure.

Recently, m olecular techniques have perm itted detailed investigations 

o f social s tructure and population structure in m arine system s (eg. A m os e t 

al. 1993a; Am os e ta l.  1993b; Hoelzel 1994; McM illan & Berm ingham  1996). 

However, w h ile  studies o f the m olecular eco logy o f w hale and dolphin 

species are increasing in number, they are still restricted by the cha llenges o f 

obtain ing sam ples fo r genetic analysis, especially from  the sm alle r de lphin id 

species. During the last decade, non-destructive tissue sam pling has been 

increasing ly used in such studies. T issue collection, using a b iopsy punch 

deployed from  a pneum atic rifle or crossbow, has proved an effective m ethod 

fo r obtain ing sm all skin sam ples from  several species o f both large (Brown et 

al. 1991; Palsboll e ta l. 1991; Barrett-Lennard et al. 1996) and sm all (W eller 

e t al. 1997; Fossi e ta l. 2000) cetaceans (see Bearzi 2001 fo r review). 

However, there are often situations in which biopsy sam pling is not feasible, 

on the grounds o f public relations or practical lim itations, and recent concern 

expressed by som e about the possib le d isturbance and physical im pact o f 

b iopsy sam pling has necessitated the developm ent o f a lternative, less- 

invasive m ethods o f tissue sam pling (Amos e ta l.  1992; Harlin et al. 1999; 

Parsons e t al. 1999). Therefore, although the aforem entioned advances in 

laboratory techniques allow  previously intractable questions to be addressed, 

the ir fu ll potentia l has not yet been realised, and the num ber o f s tud ies linking 

em pirica l data on individual an im als’ m ovem ents and associa tions to  indirect 

genetic estim ates o f gene flow  and relatedness are still few.
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General Introduction C hapter  1

In th is thesis, I focus on the value o f m olecular genetics fo r inferring 

the  population structure o f a species o f small cetacean, the bottlenose 

dolphin ( Tursiops truncatus). In particular, I develop novel m ethods fo r 

obtain ing genetic sam ples, and apply these to the study o f the social and 

population structure o f free-ranging bottlenose dolphins.

The bottlenose dolphin

O dontocete cetaceans are distributed w idely about the w o rld ’s oceans 

and coastal waters. It has been hypothesised tha t environm enta l conditions 

are a m ajor in fluence on the social structure, and ultim ately population 

subdivision, o f these species, particularly through the im pact w hich habita t 

com plexity can have on prey d istribution and exposure to predators (W ells e t 

al. 1980). Bottlenose dolphins are one o f the m ost w idespread odontocetes, 

occurring throughout tropical and tem perate waters and occupying a w ide 

range o f habitats (W ells & Scott 1994). This species, therefore, offers an 

exce llen t opportunity to exam ine how environm ental conditions influence 

cetacean social organisation and population structuring. Furtherm ore, as a 

coastal cetacean species, Tursiops truncatus  populations are often directly or 

indirectly im pacted by human activities (e.g. Acevedo 1991; S im oes-Lopes 

1991; Law e ta l.  1995), and the bottlenose dolphin is the m ost com m only live- 

caught species fo r d isplay in oceanaria. As such, regional exam ination of 

population structuring and the com bined inference o f genetic and ecologica l 

data are prerequis ites fo r defining biologically significant subdivisions.
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General Introduction C h apter  1

Previous behavioural studies have highlighted variab ility  in the social 

organisation o f th is species, characterised by patterns o f association, in 

several d iffe rent regions. G roup size, structure and the persistence o f social 

affilia tions appear to vary among study sites, with a general trend tow ards 

larger, m ore transito ry groups occurring in m ore exposed habita ts (Norris & 

Dohl 1980; Shane et al. 1986). Despite the long history o f research on 

bottlenose dolphins, assessm ents o f the role o f the environm ent in shaping 

social structure and consequent gene flow  remain constra ined by d issim ilar 

sam pling m ethodologies and group definitions, short tem pora l scales (eg. 

W ells et al. 1987; Sm olker e ta l. 1992; W ilson 1995), and the absence o f 

paralle l genetic studies.

Thesis synopsis

This thesis is organised into three prim ary sections, dem onstra ting the 

progression from  studying a cetacean population using sam ples collected 

from  dead stranded or by-caught do lphins (Section I), through developing 

m ethodolog ies fo r obtain ing sam ples from  individually-recognised live, free- 

ranging do lphins (Section II), and culm inating in the use o f these approaches 

in the analysis o f bottlenose dolphin social and population structure, 

in tegrating both d irect and indirect data sources (Section III).

In the first data chapter (Chapter Two), I exam ine the  genetic d iversity 

o f bottlenose dolphins around the UK and Ireland using m tDNA contro l region 

sequences. Sam ples were obtained from  by-caught and beach-cast do lphins 

from  five geograph ic regions representing the core areas indicated by the
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General Introduction C h apter  1

contem porary distribution o f this species. M tDNA sequence data are used to 

com pare genetic d iversity w ith in each region and in fer current population 

structuring. The results o f these analyses are discussed in light o f the 

lim itations to  in ference from stranded samples, and w ith reference to current 

concerns fo r the conservation and m anagem ent o f bo ttlenose dolphins 

th roughout British and Irish waters.

Chapters Three, Four and Five (Section II) are focussed on the 

developm ent and validation o f m ethods for obtaining tissue sam ples fo r 

genetic analysis from  free-sw im m ing bottlenose dolphins. In Chapter Three, I 

in troduce a novel method fo r collecting and extracting dolphin m tD N A from 

faecal sam ples. In Chapter Four I present a validation o f the  use o f faecal- 

derived do lphin DNA in m icrosatellite genotyping studies. For th is validation 

analysis, I com pare the  m ultilocus genotypes obtained from  m atched tissue 

and faecal sam ples, using a m ultiple tubes approach, and em pirica lly 

de term ine the  num ber o f repeat am plifications required to obtain the correct 

genotype w ith a high degree o f certainty. The final chapter in Section II, 

C hapter Five, is a d irect com parison o f the two m ethods em ployed 

throughout th is study fo r obtain ing DNA from wild, free-sw im m ing bottlenose 

dolphins; skin b iopsy sam pling and faecal sampling.

In Section III, I present an analysis o f the population structure and 

social organisation o f bottlenose dolphins in the NE Baham as. Chapter S ix is 

an assessm ent o f the social organisation. Flere, I exam ine the  patterns and 

persistence o f social affiliations, as well as the genetic re latedness am ong 

individual dolphins, in two study sites. The resolved social s tructure is 

com pared and contrasted between sites in light o f the ir contrasting
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environm enta l characteristics, and inferences are made regarding the 

environm enta l in fluence on the role o f kinship in a social cetacean 

population. In Chapter Seven, using both nuclear and m tDNA m arkers, I 

characterise the  strength o f associa tions among male do lphins in the two 

study sites and assess w hether or not kinship functions to  m aintain male 

alliances.

Finally, in Chapter Eight, I exam ine the population structuring o f 

bo ttlenose dolphins on Little Baham a Bank using sam ples from  identifiable 

individuals from  three study sites representing the three geograph ic poles o f 

a sha llow  sandbank. S tructure is assessed using both m tDNA contro l region 

sequences and m icrosatellite  genotyping data. A  Bayesian fram ew ork is 

used to exam ine population structuring based on the m icrosatellite  data, 

enabling the integration o f d irect fie ld-based estim ates o f between-site 

m ovem ents. The results o f this m olecular genetic survey are presented w ith in 

the context o f the behavioural data collected throughout th is study.

13

 
 
 
 

 
 
 

PREVIE
W


