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ABSTRACT 

 

Although of theoretical interest, the juvenile period in mammals is a relatively 

neglected area of research. In large-brained and social mammals, such as bottlenose 

dolphins, where juvenile periods are prolonged, life history theorists assume they must 

need or use this period to solve specific adaptive problems, such as growth, skill 

development or social bond formation. Here, I examine the period of immaturity in 

bottlenose dolphins with a diverse set of approaches: physiological and hormonal 

development, age- and sex-specific survival, and juvenile behavior and relationships. 

The 30-year Shark Bay dataset provides a unique opportunity to investigate these 

features longitudinally. 

Chapter 1 investigates the ontogeny and possible functions of ventral speckling 

in bottlenose dolphins in Shark Bay. Speckles first appear at 10 yrs of age around the 

genital area, just prior to the typical age of first pregnancy. Throughout a dolphins’ 

lifespan, speckles increase in number and density.  The most promising functional 

explanation is that speckles offer cues to reproductive maturity, social status (age) or 

condition. 

Chapter 2 investigates age and sex-specific survival rates. 1
st
 yr calves had 

significantly lower survival rates than older calves or juveniles. Adult survival was 
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highest, with no significant difference between the sexes, possibly because bottlenose 

dolphins in Shark Bay are sexually monomorphic where males compete intensively for 

mates. 

In Chapter 3, I focus on the causes of mortality associated with ingestion of 

large amounts of seagrass.  Since seagrass impaction was most common in young 

calves compared with older dolphins, maternal loss by either separation or death was 

considered to be the main cause. The pattern underscores the importance of the calf 

period for developing hunting skills and helps explain why bottlenose dolphin calves 

have some of the longest periods of dependence documented to date.   

In Chapter 4, I concentrate on behavioral and social development during the 

transition to independence, two years pre- and two years post-weaning. Juvenile 

activity and social patterns illustrate the specific ecological and social challenges they 

face in relation to adulthood. 

Finally, Chapter 5 examines the methodology for assessing hormones in blow 

(exhaled breath condensate) including cost effective extraction and analytical 

techniques. 
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DISSERTATION INTRODUCTION 

 

 The primary objective of living organisms is to survive long enough to reproduce. Life 

history theory seeks to explain how natural selection shapes organisms to optimize their survival 

and reproduction in the face of ecological challenges, through analysis of the evolution of life 

history traits, and how they interact: e.g., size at birth and maturity, growth pattern, number and 

sex of offspring, other components of reproductive effort, survival and lifespan (Stearns 2000, 

Roff 2002). To this end, this dissertation focuses on physiological development, juvenile 

behavior and social networks, age- and sex-specific survival and methods for measuring 

hormones in wild bottlenose dolphins in Shark Bay, Western Australia. 

Color patterning and contrast play a significant role in the ecology and behavior of many 

animal species, including detection of resources or predators, intraspecific signaling, and 

camouflage. To date, color patterns have been used to assess cetacean age and taxonomic status, 

but few studies have determined precise correlates of coloration with known age or investigated 

its function. Accurate determination of age and clear and accurate understanding of age 

composition is a prerequisite for the understanding of many aspects of animal life, such as age at 

sexual maturity, age at first reproduction and natural longevity, essential to studies of the 

juvenile period. However, current determination of age in cetaceans is invasive and costly or 

restricted to dead animals. In Chapter 1 (Krzyszczyk and Mann 2012), we investigated the 

ontogeny and possible functions of ventral speckling in bottlenose dolphins in Shark Bay, 

Australia. Based on the ventral speckling, I then developed a method of aging these wild 

dolphins, thus offering a new non-invasive tool for determining ages.   
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Age- and sex-specific survival patterns are an integral part of demography, sexual selection, 

life history and in the evolution of life history strategies (Stearns 1992). As a result many studies 

in population ecology attempt to determine mortality rates for each age class and sex (Caughley 

1966, Clutton-Brock et al. 1982, Berteaux 1993, Toïgo et al. 2007, Tecot et al. 2013). Despite its 

importance, sex- and age-specific survival patterns have received only modest attention in 

cetaceans (Perrin et al. 1976, Ralls et al. 1980, Kasuya and Marsh 1984, Stolen and Barlow 2003, 

Olesiuk et al. 2005), in part because of the time scales involved in studying these long-lived 

mammals. Historically, mortality rates were estimated from bycatch or dead animals (Perrin et 

al. 1976, Ralls et al. 1980, Kasuya and Marsh 1984). More recently, studies are using capture-

mark-resight (CMR) models on living species (Currey et al. 2009, Ramp et al. 2010, Cantor et al. 

2012, Nicholson et al. 2012); however, the majority of these studies are based on adults only. 

Using the model from Chapter 1 and actual ages, in Chapter 2 I used capture-mark-resight 

(CMR) to investigate and improve our knowledge of sex- and age-specific survival in a long 

lived, socially complex mammal, the bottlenose dolphin. These results represent the first age- 

and sex-specific survival estimates for the eastern gulf of Shark Bay and provide an important 

baseline for future comparisons, especially in the face of climate change and threat of coastal 

development (DEWHA 2010). 

Infancy is the most vulnerable period in a mammal's life and bottlenose dolphins are no 

exception, as shown by the significantly lower survival rate of 1
st
 year calves in Chapter 2 (also 

see Mann et al. 2000). By identifying the sources of calf mortality, we can better understand the 

selective pressures that shape life history characteristics. Mann and Watson-Capps (2005) 

suggested that poor calf condition is the primary cause of mortality based on calves spending 
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more time in infant position (contact under the mother) to compensate for poor health. Gastric 

impaction of marine debris such as plastic and other foreign objects (e.g., nylon fishing line, 

cigarette wrappers, metal bottle caps) has been found to be the cause of death in some 

odontocetes (Walker and Coe 1990, Tarpley and Marwitz 1993, Stamper et al. 2006, Jacobsen et 

al. 2010). However, death due to gastric impaction by marine plants (high densities of 

intertwined marine plant(s) preventing efficacious pyloric emptying and gastric evacuation 

(Santos et al. 2001) is rarely reported (see McBride 1940, Trianni and Kessler 2002). In Chapter 

3 (Krzyszczk et al. 2013), we report the results of necropsies of bottlenose dolphins (Tursiops 

sp.) with gastric impaction due to seagrass ingestion. Specifically I concentrated on mortality 

associated with ingestion of large amounts of seagrass, a rare occurrence. Various reasons for 

cetacean debris ingestion have been proposed, but in this chapter I focused on why young 

dolphins might ingest large quantities of seagrass.  

Surviving the juvenile period is the first great task of life after weaning. It is during this 

relatively inexperienced life stage that animals must learn to avoid predators, find food and build 

social bonds necessary to survive to adulthood and reproduce. Juveniles have rarely been studied 

in the wild. This can largely be attributed to cetacean life histories, the marine environment, and 

that juveniles, compared to adults, move fast and unpredictably, are small in size, and lack 

distinctive markings-- making individual identification difficult. Chapter 4 examined how each 

sex copes with the change from dependency on the mother to full independence. Since dolphins 

live in a fission-fusion social system where group membership is spatially and temporally 

variable (over minutes, hours, years and tens of kilometers), juveniles spend time alone or with 

others for varying amounts of time. The social ‘choices’ they make during this transition are 
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likely to have fitness consequences.  In contrast to primates that tend to have stable groups and 

closed communities, dolphins are on their own post-weaning. This makes the challenges of that 

developmental period more daunting but also more telling. Detailed descriptions of behavior 

offer insight into ways that juvenile dolphins resolve the specific fitness challenges they face, 

such as avoiding predators, finding food and eventually raising young.  

Social behavior and mortality have hormonal correlates (reviewed in Adkins-Reagan, 

2005). Hormones are coordinators of reproduction, of suites of physiological and behavioral 

components of different parts of the brain and body. In both short and long term (life history) 

scales, they coordinate behavioral and physiological sequences over time, establish the duration 

of events and sequences by regulating onset and offset, and modify the nervous system 

appropriately (Truman, 1994). They help adjust behavior to circumstances and contexts: 

physical, social and developmental. In other words hormones play a crucial role in mediating 

genetic and environmental effects into morphological and behavioral phenotypes. Therefore 

obtaining information on the status of the female hormonal milieu through the juvenile period 

will be invaluable in understanding better, how the female is able to function and survive the 

rigors of everyday life, some in the most challenging of environments. 

Such environments where cetaceans face considerable anthropogenic threats from 

overfishing, noise, and pollutants, methods for assessing stress and reproductive function in 

cetaceans have become critical. Hogg et al. (2009) depicted a novel non-invasive sampling 

method, blow collection, further describing the extraction and analytical techniques of blow to 

determine the presence of testosterone and progesterone from two species of baleen whale: 

humpback whale (Megaptera novaeangliae) and North Atlantic right whale (Eubalaena 
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glacialis). While Hogg et al. (2009)’s study was “the first documented use of lung mucosa to 

determine the presence of reproductive hormones in free-swimming cetaceans”, the description 

of their methodology and results were rather vague and incomplete. The advantage of this 

method is that it capitalizes on the natural breathing behavior of dolphins and can be applied to 

even very young dolphins. We recently demonstrated the value of collecting blow in a 

polypropylene tube. Using this collection method, we isolated high quality DNA from captive 

bottlenose dolphins at the National Aquarium in Baltimore (Frère et al. 2010). We have since 

optimized this sample collection method in wild bottlenose dolphins in Shark Bay, Western 

Australia by trialing the tube together with a screw on polypropylene funnel and using this 

method, we have isolated high quality DNA (Frère unpublished data).   

In Chapter 5, I examined the methodology for assessing hormones in blow samples, 

specifically why more studies have not been published given the relative ease in which blow 

samples can be collected, and consider alternative and cost effective extraction and analytical 

techniques. If the method could be used as biomarkers for reproductive status and health, we can 

better assess the health of threatened or endangered populations. Such knowledge would improve 

our ability to designate appropriate regulations in areas where human activities are affecting the 

population. 
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CHAPTER I 

 

Why become speckled? Ontogeny and function of speckling in Shark Bay bottlenose 

dolphins (Tursiops sp.)
1
   

 

ABSTRACT 

To date, color patterns have been used to assess cetacean age and taxonomic status, but 

few studies have determined precise correlates of coloration with known age or investigated its 

function. Here we examine the ontogeny of speckling in 88 bottlenose dolphins (Tursiops sp.) in 

Shark Bay, Australia of known age, tracked from birth to age 34. Ventral speckles first appear in 

the genital area at a mean age of 10.2±0.35 yr (range=7.6-12.7 yr). Throughout their lifespan, 

speckles increase in number and density, particularly along the ventral and lateral sides. The 

timing of speckle onset does not significantly differ by sex but is related to sexual maturity in 

females. The age of speckle onset in the genital area correlates with the age of first known 

parturition. In terms of speckle function, we discuss two hypotheses commonly proffered to 

explain color variation, concealment and communication. Concealment from predators or prey is 

unlikely to explain speckle development in Shark Bay Tursiops because the onset occurs long 

after peak predation risk and initial hunting success (at 3 months of age). We suggest that 

speckle patterns offer reliable cues on reproductive status and/or condition and could thus serve a 

communicative or some other function. 

 

 

                                                 
* 
A version of this chapter appears as: Krzyszczyk, E. & Mann, J., 2012. Marine Mammal Science 28:295-307 



11 

 

INTRODUCTION 

 

Adaptive hypotheses explaining animal coloration date at least as far back as Darwin 

(1871), and many have received empirical support (reviewed in Caro 2005). Specifically, color 

typically serves three broad adaptive functions: concealment, communication, and regulation of 

physiological processes (Cott 1940, Ortolani 1999, Stoner et al. 2003, Caro 2005, Bradley and 

Mundy 2008, Mills and Patterson 2009,). Vibrant coloration is often linked to sexually selected 

traits or ornament (Caro 2005), with males exhibiting brighter coloration than females in birds 

(e.g., Butcher and Rohwer 1989), fish (e.g., Houde 1997), reptiles (e.g., Cooper and Greenberg 

1992), amphibians (e.g., Doucet and Mennill 2010) and occasionally mammals (Dixson 1998, 

Caro 2005). Cetacean coloration has received only modest attention, in part because color 

variation is limited to variations on pink, grey, black, white and yellow and because cetaceans 

are typically sexually monochromatic and appear to lack color vision (Madsen and Herman 

1980, Peichl et al. 2001, but see Griebel and Schmid 2002). However, ontogenetic changes in 

coloration are widespread in cetaceans and interspecific differences aid in taxonomic 

identification (Perrin 2009). Specifically, the ventral speckling in Indo-pacific bottlenose 

dolphins (Tursiops aduncus) is one of the salient features that helps distinguish them from 

common bottlenose dolphins (Tursiops truncatus, Ross 1977, LeDuc et al. 1999, Hale et al. 

2000, Möller and Beheregaray 2001). Despite the similarities in social structure and behavior 

between T. aduncus and T. truncatus (e.g., Connor et al. 2000), this physical difference between 

them, speckles, has received little attention. The current study investigates the ontogeny and 

possible functions of ventral speckling in bottlenose dolphins in Shark Bay, Australia, where 
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basic individual demographic data are available. Although their taxonomic status is uncertain 

(see Krützen et al. 2004), their speckling pattern is similar to T. aduncus and similarly 

informative. 

Coloration often varies with age, reproductive status, and stress (Marcoux 2008, Wang et 

al. 2008, West and Packer 2002). In many species, young have characteristic natal coats that 

differ from adult pelage (e.g., Pampus deer, Ozotocerus bezoarticus, Jackson 1987; tapirs, 

Tapirus terrestris, Padilla and Dowler 1994; gibbons, Hylobates sp., Treves 1997; mountain lion, 

Puma concolor, Pierce and Bliech 2001; redfronted lemurs, Eulemur fulvus rufus, Barthold et al. 

2009). Cetacean natal coloration also differs widely; some species have the same coloration 

throughout development (e.g., franciscana, [Pontoporia blainvillei] Brownell 1981), but most 

calves have muted or paler coloration than adults (e.g., Commerson’s dolphin, Cephalorhynchus 

commersonii, Robineau 1984; right whale dolphins, (Lissodelphis), Jefferson et al. 1994; 

Fraser’s dolphins, Lagenodelphis hosei, Jefferson et al. 1997). By contrast, belugas, 

Delphinapterus leucas, are dark gray at birth but lighten to white as adults (Brodie 1981). Indo-

pacific humpbacked dolphins (Sousa chinensis) near Hong Kong are solid grey as calves, but are 

heavily speckled as juveniles and become mostly white in adulthood (Jefferson and Leatherwood 

1997). Suggested functions for natal coloration include enhanced infant care, reduced infanticide 

risk, sexual mimicry (e.g., primates, Treves 1997, Barthold et al. 2009), heat conservation and 

camouflage against predators (e.g., pinnipeds, Bonner 1990). Such explanations may be relevant 

for cetaceans, but have received little attention to date. Coloration can also differ by geographic 

area (e.g., Orcinus orca, Evans et al. 1982; humpback whales, Megaptera novaeangliae, 

Rosenbaum et al. 1995; humpback dolphin, Sousa chinensis, Wang et al. 2008). Thus studying 
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the ontogeny of coloration in cetaceans can inform about function and facilitate species 

identification and sex or age determination at sea, which is essential for understanding life 

history and social structure.  

Here, we describe and investigate the ontogeny and possible function(s) of speckling in 

Shark Bay bottlenose dolphins (Tursiops sp.). We examine sex differences and the development 

of ventral speckles in individuals of known age and reproductive history. Speckling ontogeny has 

been studied in spotted dolphins (Stenella frontalis – Perrin et al. 1994, Herzing 1997; 

S.attenuata - Perrin and Hohn 1994, Mignucci-Giannoni et al. 2003; S.a.graffmani – Perrin 

1970) and bottlenose dolphins (Tursiops aduncus – Ross and Cockcroft 1990; Tursiops sp. – 

Smolker et al. 1992). However, these studies were based either on few or no animals of known 

age or limited age range, and none discussed the possible function(s) of speckles. That said, of 

the three main functional hypotheses described above, concealment, communication, and 

regulation of physiological processes, one can be readily discarded. Regulation of physiological 

processes (regulation of body temperature by reflecting or absorbing light, or reducing glare 

from the sun) is not likely to be the function of speckling because it occurs ventrally (Ross and 

Cockcroft 1990, Smolker et al. 1992). The function of speckles is also unlikely to be related to 

aposematism since Tursiops are not known to be unpalatable or poisonous. Concealment is also 

unlikely given that young dolphins do not have speckles and are likely to be most vulnerable to 

predators. Since dolphins begin hunting soon after birth and typically exhibit adult hunting 

tactics before weaning (Mann and Sargeant 2003, Sargeant and Mann 2009), camouflage from 

prey also seems to be an unlikely function. Three communication functions are possible; 
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speckles could signal or provide cues on age, reproductive maturity, or species identity.  These 

non-exclusive functions will be discussed. 

 

METHODS 

 

Speckling data were collected opportunistically from wild Indian Ocean bottlenose 

dolphins (Tursiops sp.) between 1985 and 2010 as part of the ongoing long-term research project 

(established in 1984) in Shark Bay, Western Australia (25º47’S. 113º43’E). Shark Bay Tursiops 

have uncertain taxonomic status with control region haplotypes characteristic of both T. aduncus 

and T. truncatus (Krützen et al. 2004). Therefore, we refer to them as Tursiops sp., although their 

speckling patterns are similar to those in T. aduncus (Ross and Cockcroft 1990). Individual 

dolphins are identified by natural dorsal fin shape and markings with the aid of a photographic 

catalogue (Würsig and Jefferson 1990). Over 1500 dolphins have been identified since 1982 and 

approximately 550 dolphins are seen frequently and monitored each year in the main study area 

(roughly 300 km²). Birthdates and weaning ages were determined as in Mann et al. (2000). For 

this analysis, all birthdates were accurate to within one year, but most estimates were accurate to 

within months, weeks or even days. Sexes of individuals were determined by (1) the presence of 

a dependent calf (Smolker et al. 1992), (2) views of the genital area. (Smolker et al. 1992) and/or 

(3) DNA analyses (Krützen et al. 2003). Dolphins of unknown age, sex or ambiguous identity 

were not used in analyses. 

Speckling information was obtained during surveys and focal follows for most dolphins 

(Mann 1999), or at the beach whilst the semi-provisioned dolphins visited (see Mann and Kemps 
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2003). Speckle information was collected from photographs or views of the lateral and ventral 

area. Speckles were classified by density and body part: 1 = no speckles; 2 = few speckles; 3 = 

moderate speckles and 4 = heavy speckles (Fig. 1). Speckles were rated by body part: genital 

area, belly, chest, axillae, and throat/jaw (Fig. 2). The type of view was further classified as 

ventral (when the dolphin was belly-up) or lateral (side view, Fig. 3). Speckling information was 

collected when water clarity was good and Beaufort was 1 or less. 

Our analyses focused on 88 identified dolphins of known age and sex, 58 females and 30 

males, between the ages of 3 mo and 34 yr. Only speckle data from reliable observers were used. 

These observers had more than one field season and were trained by experienced observers. Any 

ambiguous data such as comments not corresponding with speckle scores, were excluded from 

analyses. If a transition from one classification to another was missing, we excluded that case 

from some analyses. For example, if a dolphin had moderate speckles at age 20, and heavy 

speckles when next observed at age 25, we have missed the transition year and would exclude 

that case.  

To examine differences in speckling as a function of age, sex, body view, and body part, 

we restricted our sample to one speckling data point per body part and view at a given age for 

each individual unless speckle classification changed within the year, in which case both points 

were used. Males and females were combined for some analyses when there was no detectable 

sex difference determined by a Mann-Whitney U test. To analyze differences in speckle onset 

between body views, we used a mixed linear regression model to account for intercorrelated 

observations (i.e., within and between subject) or Wilcoxon Matched Pairs Signed Rank test for 

within-subject comparisons.  
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For growth curve analysis (Singer and Willett 2003) all data points were used to analyze 

speckling state as a function of time, and to examine the shape of the curve (linear or 

quadratic).The growth curve was analyzed using Proc Mixed in SAS statistical software v9.2.  

To examine the relationships between speckling and maturation, we correlated weaning age 

(both sexes) and age at first-birth (females only) with age of speckling onset using Spearman’s 

rank test. Differences were considered significant at P<0.05 for all analyses. 

 

RESULTS 

 

When and where do speckles first appear? Do speckles increase with age? 

Shark Bay bottlenose dolphins are born with only the basic countershading coloration 

(dark dorsal, white ventral) and no speckles. Table 1 summarizes the speckling onset for each 

body part for each view (ventral and lateral). Speckles first appeared ventrally in the genital area 

at a mean age of 10.2±0.35 yr (females at 10.27±0.44 yr (n=13) and males at 10.22±0.42 yr 

(n=5)), with a minimum of 7.6 yr and a maximum of 12.7 yr (n=19).  

Soon after the onset of speckles in the genital area (ventral view), speckles appeared on 

the belly (ventral view). Table 2 summarizes the development of speckling from onset in the 

genital area to heavy speckles at the throat. All growth curve analyses indicated that speckles 

increased quadratically with age in all body parts (Fig. 4)..  
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Is there a difference in speckling onset with body view? 

Linear mixed model tests indicated that onset of speckling differed between lateral and 

ventral view in the genital and belly area only (AIC=143.5, t=2.52, P=0.045, n=33; AIC=140.8, 

t=6.18, P=0.004, n=28, respectively), with speckles first appearing in the ventral area. No 

significant difference was found for lateral and ventral views of the chest, probably due to small 

sample size (Ventral n=6, Lateral n=4).  Sample sizes were too small for the axillary (Ventral 

n=6, Lateral n=1) and throat (Ventral n=3, Lateral n=3) areas to analyze.  

 

Is onset of speckles linked to weaning or sexual maturity? 

Spearman’s correlation analyses showed that speckle onset did not significantly correlate 

with weaning age for either sex (Female n=18, P=0.224; Male n=8, P=0.456). However speckle 

onset in the genital area highly correlated with the age of first parturition (r=0.867 P<0.002, 

n=9), averaging 2.5±0.5 yr (Range 1-4.3 yr) from when speckles occur at the genital area to 

when the female gave birth to her first calf. 

 

DISCUSSION 

 

Our data show that speckling variation is primarily determined by age and maturation. 

Speckles first appear at 10 yr of age around the genital area, though speckle onset occurs as early 

as 7 yr or as late as 12 yr of age. Throughout their lifespan, speckles increase in number and 

density, particularly along the ventral and lateral sides. Age of speckle onset in the genital area 

was found to correlate significantly with the age of first known parturition, confirming the 
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relationship of speckling to sexual maturation. Using speckling data, it would be possible to 

estimate the percentage of sexually mature females in the population regardless of whether or not 

they have a dependent calf.  

Speckling ontogeny in Shark Bay bottlenose dolphins differs from that of other 

delphinids. In the Atlantic spotted dolphin (Stenella frontalis) dark ventral spots begin to appear 

near weaning, not sexual maturity, and light dorsal spots begin to appear with age. However, 

similar to the case in Shark Bay, dark ventral spots increase in number and size (Perrin et al. 

1994, Herzing 1997). The same ontogeny is observed in the pantropical spotted dolphin (Stenella 

attenuata), with the spots first appearing in puberty on the side of the lower jaw, in the flipper 

band, on the throat or in the abdominal region (Perrin 1970, Perrin and Hohn 1994, Mignucci-

Giannoni et al. 2003).  

Overall, our results generally support the conclusions reached by other studies of Stenella 

and Tursiops spp. that speckles correlate with sexual maturity (Perrin 1970, Kasuya et al. 1974, 

Hohn et al. 1985, Myrick et al. 1986, Ross and Cockcroft 1990, Smolker et al. 1992, Herzing 

1997). Studies of Stenella attenuata (Perrin 1970, Kasuya et al. 1974, Hohn et al. 1985, Myrick 

et al. 1986) found a higher percentage of sexually mature dolphins (presence of corpora in 

females and spermatogenesis or full size testes in males) in the mottled (extensive and merging 

gray and white spots on the dorsal surface and continued increase in ventral black spots) and 

fused (dark and white spots become extensive and coalesced on the ventral and dorsal surfaces) 

coloration phases. Herzing (1997) found that female Atlantic spotted dolphins (Stenella frontalis) 

did not give birth until after they had reached the mottled color phase, similar to our findings that 

females become speckled before their first parturition.  However, in contrast to Smolker et al. 
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(1992) we found that speckling often occurs before the attainment of adult size, which is thought 

to occur after age 10. 

Yablokov (1963, in Mitchell 1970) proposed that coloration in cetaceans could aid in 

prey acquisition; Mitchell (1970) also noted that nursing calves in Stenella sp. (referred to as 

Stenella frontalis by Perrin et al. 1987), are unspotted and only begin to develop spots at about 

the age when they begin to forage on their own, inferring that spotting aids in hunting rather than 

against predators. However Tursiops in Shark Bay are often weaned by age 3 or 4 (Mann et al. 

2000), successfully hunt by 3-4 months of age, and typically exhibit adult hunting tactics before 

weaning (Mann and Sargeant 2003, Mann et al. 2008, Sargeant and Mann 2009), years before 

any speckling has occurred. As such, this hypothesis may help explain spotting in Stenella, but 

not Tursiops spp. 

Coloration in cetaceans could be directed at conspecifics and provide information on 

reproductive status and physiological condition, or for species, kin and individual recognition 

(Bradley and Mundy 2009). Pigment patterns act as individual-recognition cues in some insects 

(e.g., Tibbetts 2002) and birds (e.g., Dale et al. 2001). Although speckles might aid in individual 

or kin recognition in dolphins, it would not be the most reliable cue given the lack of ventral 

speckles early in life and the age-determined changes.  

Species recognition is another possibility, given that Indo-pacific bottlenose dolphins 

overlap with other delphinids at several locations in Australia (Best 2007, Hale et al. 2000, Parra 

and Ross 2009). Speckling occurs in bottlenose dolphins along the coastlines of New South 

Wales, Queensland and Western Australia, but is absent in South Australia, Victoria, Tasmania 

and the Bass Strait (Ross and Cockcroft 1990). Genetic analyses in a recent paper by Möller et 



20 

 

al. (2008), suggested a new species of bottlenose dolphin in Southern Australia.  Given that 

speckling occurs before sexual maturity, speckles could offer cues on what species to avoid 

breeding with. On rare occasions, we have observed Shark Bay Tursiops interacting with Sousa 

at our study site. 

The most promising functional explanation is that speckles offer cues to reproductive 

maturity, social status (age) or condition. Speckles could be a byproduct of hormonal changes 

(see Ketterson and Nolan 1992, Jawor and Breitwisch 2003), but still serve communicative 

functions. Their onset suggests that they are a secondary sexual characteristic.  Although most 

secondary sexual traits are sexually dimorphic, their presence or absence can be similar between 

the sexes (e.g., armpit and genital hair in humans; perineal and facial coloration in macaques, 

Waitt et al. 2003, Waitt et al. 2006). Although the occurrence and onset of speckles appears not 

to be sexually dimorphic, further investigation could reveal sex differences in speckle patterns. 

In sexually monomorphic species, speckles may provide obvious cues for sexual maturity. For 

example, females might avoid mating with unspeckled males (immature) or very heavily 

speckled males (potential fathers), particularly as recent data suggest that breeding with close kin 

is a real risk, especially for young females (Frère et al. 2010). Within sex, speckles might signal 

social status (Samuels and Gifford 1997) or deter older males from behaving aggressively 

towards younger ones (Graham and Nadler 1990, Wahlström 1994, Setchell and Dixson 2001).  

Our results suggest that speckling patterns in Shark Bay and Indo-pacific dolphins could 

be used for estimating age, sexual maturation and social status.  They might also aid in species 

identification. We are currently using the speckle data to develop a robust age structure of the 

Shark Bay population and to better estimate age-specific mortality and lifespan.  
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FIGURES AND TABLES 

 

 

  

Figure 1. Speckle classifications: 1 – none; 2 – few; 3 – moderate; 4 – heavy. 
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Figure 2. Speckles were rated by body part: Genital area, belly, chest, axillae, throat/jaw. 
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Figure 3. Classification of view: a) ventral (when the dolphin was belly-up); b) lateral 

(dolphin turned on side). Photos by Kirk Gastrich. 
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Figure 4a-e. The development of Tursiops sp. speckles with age at each body part.  Means 

and quadratic trend line were added for visual presentation. Growth curve analysis was used as it 

is able to account for unbalanced, incomplete and/or missing data, as seen in the axillae region.  

Genital area, y=speckle state= -0.0025x
2
 + 0.1979x + 0.2881, x

2
=age

2
=F1,317=17.96, P=0.0001, 

x=age=F1,317=192.54, P<0.0001; Belly, y= -9E-05x
2
 + 0.1128x + 0.5115, x

2
=F1,361=5.15, 

P=0.0239, x=F1,361=58.53, P<0.0001; Chest, y=0.0026x
2
 + 0.0108x + 0.8533, x

2
=F1,377=220.60, 

P<0.0001, x=F1,377=1.09, P=0.2971; Axillae, y=0.0004x
2
 + 0.104x + 0.4378, x

2
=F1,216=27.25, 

P<0.0001, x= F1,216=3.61, P=0.0589; Throat/Jaw, y=0.0025x
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+ 0.0108x + 0.8406, 

x
2
=F1,342=327.56, P<0.0001, x=F1,342=14.82, P=0.0001. 
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Table 1. Age of mean speckle onset for Shark Bay bottlenose dolphins. 
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Table 2. The onset age of speckles by body part (lateral and ventral views combined). 
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CHAPTER II 

Survival of bottlenose dolphins (Tursiops cf. aduncus) in the eastern gulf of Shark Bay, 

Western Australia
*
 

 

ABSTRACT 

Age and sex specific mortality is a critical feature of animal life histories, with 

implications for viability and sustainability of threatened populations. To estimate survival rates, 

we analyzed sighting histories of 567 individuals over 25 years from a resident population of 

bottlenose dolphins (Tursiops cf. aduncus) in Shark Bay, Western Australia. We estimated age- 

and sex-specific survival rates using Akaike Information Criterion (AICc or QAICc)-based 

model selection and found a significantly lower survival rate for 1
st
 yr calves (0.719, 95% 

CI=0.629-0.794), than older calves (0.909, 0.862-0.947) or juveniles (0.904, 0.867-0.931). Adult 

survival was highest (females: 0.929, 0.905-0.949; males: 0.947, 0.927-0.962). Although we 

predicted that adult male mortality would be higher than female, consistent with other non-

monogamous mammalian species, we found no significant difference, possibly because 

bottlenose dolphins in Shark Bay are sexually monomorphic (like many monogamous species), 

but with a polygynandrous mating system, where males (in alliances of 2 or more) compete 

intensively for mates. We hypothesize that males in alliances experience reduced costs 

associated with male-male competition, while females bear the costs of sexual conflict, 

pregnancy and prolonged lactation. Given detailed records on female reproductive histories, 

future modeling will allow us to examine how the costs of reproduction impact survival. We 

discuss the implications of differential survival across the lifespan (calf, juvenile, adult) for 

                                                 
*
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behavior and life history. Our study also provides a baseline for future comparisons within and 

between populations that vary in exposure to anthropogenic activity, including climate change.  

 

INTRODUCTION 

 Sex- and age-specific survival patterns play an integral part in demography, sexual 

selection, and the evolution of life history strategies (Stearns 1992) and are thus the focus of 

population ecology research (Caughley 1966, Clutton-Brock et al. 1982, Berteaux 1993, Toïgo et 

al. 2007, Tecot et al. 2013). Despite its importance, sex- and age-specific survival patterns have 

received only modest attention in cetaceans (Perrin et al. 1976, Ralls et al. 1980, Kasuya and 

Marsh 1984, Stolen and Barlow 2003, Olesiuk et al. 2005), in part because of the lengthy time 

scale required to study these long-lived mammals. Historically, mortality rates were estimated 

from bycatch or dead animals (Perrin et al. 1976, Ralls et al. 1980, Kasuya and Marsh 1984). 

More recent studies use capture-mark-resight (CMR) models on living animals (Currey et al. 

2009, Ramp et al. 2010, Cantor et al. 2012, Nicholson et al. 2012) to estimate survival. However, 

the majority of these studies are based on adults only, and do not provide detailed information on 

age- and sex-specific survival which is critical fro determination of population stability and 

growth. Here we use CMR to investigate sex- and age-specific survival in a long lived, socially 

complex mammal, the bottlenose dolphin (Tursiops cf. aduncus). 

Life history strategies are adaptive solutions to a number of simultaneous fitness trade-

offs. The most basic trade-offs are between somatic effort (e.g., growth and body maintenance) 

and reproductive effort, such as mating effort (e.g., finding and attracting mates, conceiving 

offspring) and parenting (e.g., investing resources in already conceived offspring). Sex 
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differences in survival are often attributed to differences in reproductive strategies (Kraus et al. 

2008). Male reproductive strategies are typically associated with elevated mortality risks and 

weaker selection for long life span relative to female longevity (reviewed in Trivers 1985). 

Empirical studies of a broad array of mammalian species support the general theory that male 

age-specific survival rates are usually lower than female age-specific survival rates (Clutton-

Brock et al. 1982, Jorgenson et al. 1997, Bronikowski et al. 2011).  

High male mortality is the consequence of trade-offs between competitive tactics (e.g., 

fighting, dominance strategies) and longevity. Sexual conflict, particularly as it pertains to costs 

of reproductive effort, has been proposed as an ultimate cause of sex-specific mortality patterns 

(Bonduriansky et al. 2008, Aloise King et al. 2013). Several proximate causes have been 

suggested to explain sex differences in survival, such as decreased male survival due to costs 

associated with the development of larger size (sexual size dimorphism, SSD) and armor (e.g. 

deer antlers) (Leutenegger and Kelly 1977, Promislow 1992), lower immunocompetence 

mediated by testosterone and therefore susceptible to infection and disease (Moore and Wilson 

2002, Hau 2007), male biased dispersal and movement patterns (Alberts and Altmann 1995, 

Kraus et al. 2008), and male-male competition (Clutton-Brock et al. 1982). However, it is not 

known if and how males can mitigate these costs to survival. Furthermore, without examining 

when mortality occurs, understanding the factors determining sex-specific differences are 

limited. 

Mammals commonly have three-age specific stages with differential patterns of mortality 

(Caughley 1966): an initial high early (juvenile) mortality, followed by a period of relatively low 

mortality during prime-age (early adulthood), and concluding with a period of senescence and 
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increased mortality (Caughley 1966). Theoretical models suggest that differential mortality 

between age-classes is particularly important in shaping life history strategies (Charlesworth 

1994). For example, size-specific juvenile mortality is closely correlated with gestation period, 

litter and offspring size, whereas size-specific adult mortality is strongly correlated with age at 

maturity (Promislow and Harvey 1990).  

The most reliable method to determine age-specific survival would be to follow the fate 

of all individuals from birth to death. However, it is not possible to apply this approach for most 

wild/natural populations. Many studies have used life table analysis (Caughley 1966, Spinage 

1972, Gage and Dyke 1988, Barlow and Boveng 1991, Stolen and Barlow 2003), but this 

approach is based on assumptions (random sampling, stability of age structure, and stationary 

population size over time) that are often not met (see Ciucci et al. 2007), and cannot take into 

account between year variations (Loison et al. 1994). Capture-mark-resight (CMR) models 

provide a number of advantages to investigate sex-specific survival and test for time- and age-

dependent effects on survivorship; especially in long term monitoring of marked known sex and 

age individuals such as the bottlenose dolphins in Shark Bay. 

The bottlenose dolphins in Shark Bay are particularly interesting in that they have a 

fission-fusion social organization, are sexually monomorphic (like many monogamous species), 

but with a polygynandrous mating system (both male and female with multiple partners). 

Polygynous species are associated with greater male-male competition and risky male behavior 

(such as dispersal, physical combat and roaming) (Alberts and Altmann 1995, Plavcan et al. 

1995). However, strong male-male competition is also associated with polygynandry, in which 

male cooperation (alliances or coalitions) to gain access to fertile females is common (Packer 
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and Pusey 1983, Connor et al. 1992a, Van Hooff and Van Schaik 1994, Watts 1998, Ursprung et 

al. 2011). Adult male dolphins in Shark Bay form alliances, characterized by strong, stable and 

often genetically related bonds with two or more other males, to compete intensively for mates 

(Connor et al. 1992b, Krützen et al. 2003). Competition for mates, both within and outside of an 

alliance, results in aggressive intrasexual encounters, however, affiliative behavior (petting and 

rubbing) and synchronous breathing likely to mediate relations within alliance bonds (Connor et 

al. 2006). Previous work has shown that juvenile males had higher mortality than juvenile 

females suggesting that males might bear great costs early in life (i.e., when forming alliances) 

(Stanton and Mann 2012). Male reproductive strategies clearly focus on gaining and maintaining 

access to cycling females, female reproductive strategies are likely to center on calf protection 

(from predators and/or conspecifics) and access to food for lactation. 

Male-male competition does not, however, only harm males. In chimpanzees, one reason 

females may form coalitions is to avoid harm and harassment from other males (Palombit et al. 

1997, Smuts 1995). However, Smuts (1995) suggested that these female coalitions would no 

longer be effective in species where males form stable alliances with one another and females 

must often separate to hunt or forage (e.g. lions, Packer and Pusey 1983; chimpanzees, Goodall 

1986; bottlenose dolphins, Connor et al. 1992b). Female bottlenose dolphins in Shark Bay are 

more socially variable than males. Females can be highly social or solitary, associating with 

related and unrelated females; (Smolker et al. 1992, Connor et al. 1992b, Krützen et al. 2003, 

Mann et al. 2000, Gibson and Mann 2008) and bear the costs of sexual conflict, pregnancy and 

prolonged lactation. Females first give birth at about age 12 in the spring or summer, after a 12 

month gestation period, nursing the calf for 3 to 8 yrs (Mann et al. 2000). For both sexes the 
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juvenile period starts at weaning and ends with sexual maturity (~12 yrs). Both sexes are 

philopatric with stable home ranges from birth to adulthood (Tsai and Mann 2013), although 

males presumably travel outside the home range to find fertile females. 

It is likely that given the differing reproductive strategies between the sexes that survival 

rates will also differ. Here we describe the survival rates of bottlenose dolphins (Tursiops cf. 

aduncus) in eastern gulf of Shark Bay, Western Australia. We investigate sex-, age- and time 

dependence of survival rates by means of a CMR model. We focus our attention on sex- and age-

specific survival and discuss potential implications in relation to behavior, life history, and 

population outcomes. 

 

METHODS 

 

Study site  

Data were collected as part of a long-term study of bottlenose dolphins in the Eastern gulf 

of Shark Bay, Western Australia (25°47S 113°43E), a ~300 km
2
 semi-enclosed bay (Figure 1). 

The habitat consists of shallow seagrass beds (<4 m), sandflats, embayment plains, and deeper 

channels (<15m). Bottlenose dolphins reside within the bay year round (Smolker et al. 1992). 

Since 1984, this population has been the subject of long-term non-invasive research documenting 

life history (Mann et al. 2000, Mann et al. 2008), social behavior and networks (Gibson and 

Mann 2008a, b, Mann et al. 2012, Stanton & Mann 2012), behavioral ecology (Heithaus and Dill 

2002, 2006, Sargeant et al. 2007, Patterson and Mann 2011), and genetics (Krützen et al. 2003, 
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Frère et al. 2010), making this study one of the most comprehensive and detailed studies of 

bottlenose dolphins.  

 

Data collection 

Because survey effort varied across areas and years, and could have a substantial effect 

on CMR models, we used boat based surveys that were conducted within a ~180 km
2
 area (Red 

Cliff Bay (RCB) & East (EA), see Figure 2) from July to August between 1988 and 2012. The 

area was searched extensively, but not always systematically, in light weather conditions 

(Beaufort scale ≤ 3). Our surveys are designed to collect brief sighting records for groups of 

dolphins, with group membership defined based on a 10m chain rule, in which an individual was 

considered to be in the group if it was within 10m of another individual in the group (Smolker et 

al. 1992). Individuals were identified visually and/or by photographs of dorsal fins, scars and 

lateral pigmentation.  

Calf birth, weaning and death dates were determined as in Mann et al. (2000). For all 

calves, birth dates were accurate to within 1 yr, but most estimates were accurate to within 

months, weeks, or even days. Individuals not encountered as calves were assigned an age using 

size and density of ventral speckles via a model based on individuals of known age and speckling 

rate (Krzyszczyk and Mann 2012). Life history stages were as follows: (1) Calf: birth to weaning 

(~4 yrs); (2) Juvenile: weaning age (~4 yrs) to pregnancy or 12 yrs of age; (3) Adult: 12+ yrs. 

Sexes of individuals were determined by (1) the presence of a dependent calf (Smolker et al. 

1992), (2) views of the genital area, (Smolker et al. 1992), and/or (3) DNA analyses (Krützen et 

al. 2003).  
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Survey effort and subjects 

 Sampling was performed on 549 days in the months of July and August from 1988 to 

2012 within a ~180 km
2
 area (Figure 2). A total of 3948 surveys were conducted, in which 567 

individuals were identified. The number of identified individuals sighted fluctuated considerably 

among years (Table 1).  In total we identified 397 adults, of which 391 individuals were sexed 

(202 female, 189 male). Five individuals (1.3%) were sighted in 20+ different years, whereas 91 

(23.3%) individuals were sighted only once (see Figure 3). The data set also included 170 calves 

that were first encountered between birth and 1 yr (YOY), 106 of them sexed (50 female, 56 

male). Of the 170 calves, 71 individuals were sighted as juveniles and 68 were sexed (37 female, 

31 male).  

 

Data analysis 

Two different data types were analyzed: 1) ‘Adult data set’ – we used all individuals 

older than 12 yrs of age; 2) ‘Calf-Juvenile data set’ - we used only those individuals that were 

first encountered between birth and 1 yr and followed through to death or adulthood. Due to the 

large number of unknown sexed individuals (N = 64, 37.65%) in the Calf-Juvenile data set, we 

analyzed the data in two ways: a) using all individuals to investigate survival rates between age 

classes, b) using only the sexed individuals to investigate survival rates between the sexes. 

Sightings of individual dolphins made during the same year were pooled and each year was 

treated as a sampling occasion to create encounter histories. The encounter histories were used to 

estimate apparent survival with the Cormack-Jolly-Seber (CJS) model (Cormack 1964, Jolly 

1965, Seber 1965) in the program MARK (White and Burnham 1999), an open population 
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model. The CJS model was used because of sample size, history of use, comparability to other 

studies, and minimal parameters estimated. The CJS model estimates two parameters: 1) 

Survival probability (φ), the probability that a marked animal in the study population at sampling 

period i survives until period i+1 and remains in the population (does not permanently emigrate). 

Thus apparent survival rate includes true survival and site fidelity, but for simplicity will be 

referred to as survival rate. 2) Probability of capture (p) is the probability that a marked animal in 

the study population at sampling period i is observed during period i (Williams et al. 2002). 

The CJS model makes several assumptions (Pollock et al. 1990). (1) Marks are not lost or 

missed. Violation of this assumption may result from the poor quality of photographs used, lack 

of distinctiveness of the individual markings and lack of stability of markings throughout time. 

To reduce the chance of missing or misidentifying marks, the dataset we analyzed only included 

individuals with high confidence sightings and high-quality photographs. However, even with 

total fin mutilation and amputation, the use of wounds, scratches and lateral pigmentation to 

match individuals (Hammond et al. 1990) reduces the chances of this occurring. In spite of this 

precaution, the chances of making at least some identification errors during the analysis of a 

catalogue as extensive as the one analyzed in this study are likely. (2) Individuals are 

immediately released after being sampled, and samples are instantaneous relative to the intervals 

between sampling occasions. This assumption should have been easily met because the length of 

the sampling occasion was negligible compared to the dolphins’ lifespan, and because 

individuals are not removed from the population during the sampling process. (3) All marked 

individuals in the population that are alive on a given sampling occasion have the same 

probability of surviving to the next sampling occasion, and (4) all marked individuals that are 
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present on a given sampling occasion have the same probability of capture. As survival and 

capture rates can vary by age, sex and/or social status, the third assumption is difficult to satisfy, 

and the fourth assumption is rarely met in any field studies (Hammond 1986, Lebreton et al. 

1992). To minimize violation of these assumptions, sex-specific analyses were implemented for 

each data set (calf-juvenile and adult) separately. Any further departures of the data from these 

last assumptions were assessed through goodness-of-fit tests (GOF) with additional directional 

tests for transients and trap dependence (see below).  

Transients are individuals that are seen once and subsequently leave the study area, such 

that they are no longer available for a future encounter or sighting (Pradel et al. 1997). If 

transient individuals are included, survival estimates would be substantially lower because 

permanent absence cannot be differentiated from death. Here, transients were modeled after 

Pradel et al.’s (1997) ad-hoc method, which involves deleting the first sighting of each 

individual, left truncating the data set, suppressing the influence of the lower survival estimate of 

transients.  

Trap dependence sensu stricto, refers to the probability of capture of an individual as a 

function of being physically captured in the previous year (Pradel and Sanz-Aguilar 2012). In 

studies such as the current investigation, where individuals are not physically captured (trap 

dependence sensu lato), general heterogeneity of capture probabilities among individuals (i.e., 

due to preferred habitats and/or associates and see Pradel and Sanz-Aguilar 2012 for further 

examples) can affect estimate of survivorship in a manner similar to trap dependence sensu 

stricto. In studies that do not involve physical capture of individuals, Pradel and Sanz-Aguilar 
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(2012) advise to nevertheless include trap dependence in models to account for these other 

structural effects that mimic trap dependence sensu stricto. 

There are potential biases associated with calf survival estimates that must be considered. 

Calves depend on their mothers until weaning (Mann and Watson-Capps 2005). Consequently, 

there is a little chance of a calf surviving if the mother dies within the calf’s first year of life. 

Additionally if a mother disappeared it may not be possible to determine the fate of her calf.  

However, 45% of the calves included in this study were identified and sighted without their 

mothers and only two calves had last sighting dates the same as their mothers, one calf however 

was very distinctive. Furthermore, the survival estimate for YOY’s in this study should be 

regarded as a maximum for this population as the estimate does not reflect the mortality of 

neonates that died before being observed.   

 

Model selection 

Goodness-of-fit (GOF) of the general CJS model ‘φ(t) p(t)’, where survival and capture 

probabilities vary over time, was assessed to determine whether the model fitted the data and its 

use appropriate. GOF assesses the sources and overall heterogeneity in the data that could violate 

model assumptions. GOF was tested in U-CARE (Choquet et al. 2009), which includes 4 

different tests, testing for differences among individuals in the probability of capture and 

survivorship; including trap dependence and transients. The results of all tests are pooled to 

produce the GOF outcome. 

Further model selection procedures were carried out using the notation of Burnham et al. 

(1987), Sandland & Kirkwood (1981) and Lebreton et al. (1992). A set of candidate models were 
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developed that included the following effects: time dependence (t), sex (s), trap dependency (m) 

as an individual covariate, 2 age-class (a2) ((1) Calf: birth to 4 yrs; (2) Juvenile: 4 to 12 yrs), 2 

age-class YOY (a2-yoy) ((1) YOY: birth to 1 yr; (2) Calf and juvenile: 1 to 12 yrs), and 3 age-

class (a3) ((1) Young of the year (YOY): birth to 1 yr; (2) Older calf: 1 to 4 yrs; (3) Juvenile: 4 to 

12 yrs). Age classes in the Calf-Juvenile data set correspond to actual age. A parameter constant 

over time was noted as (.).  

We tested the effect of two more factors on the probability of capture. We added research 

focus (rf) calculated as the proportion of surveys for either sex in a given year to account for 

potential sighting bias between the sexes, dependent on the overall goals of a researcher. We also 

added centroid (cd) as an individual covariate. In this study centroid corresponds to a measure of 

the central tendency of an animal's location. A centroid area (e.g. Faure or Peron, see Figure 2) 

was calculated for each individual by averaging all of the individual’s GPS points over all of the 

individual’s sightings (all months over 25 yrs). The centroid areas were then converted into a 

dummy variable: 1 (‘IN’) if the centroid was RCB or EA; or 0 (‘OUT’) if the centroid was not in 

either location. These effects were used singly ‘φ(s)’ or ‘φ(t)’ and in combination as interactive 

models ‘φ(s x t)’ or additive models ‘φ(s + t)’. 

Models were ranked and selected using Akaike's Information Criterion (AIC) (Akaike 

1985). The AIC evaluates the fit of the model together with the number of parameters used to 

achieve this fit. The model with the lowest AICc was deemed the best model. However, models 

with ΔAICc values close to 0 have considerable empirical support, between 4-7 have far less 

support, and 9-14 have relatively little support (Anderson 2008). When several models showed 

some support (ΔAICc <14 or a AICc weight), model-averaged estimates of φ and respective 
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standard errors (SE) were produced to reflect the AICc weight of the candidate models (Burnham 

and Anderson 2002). A variance-inflation factor ĉ was applied if overdispersion was indicated in 

the data, from GOF results, consequently model selection was based on the small sample version 

of the Quasi Akaike Information Criterion (QAICc) (Burnham & Anderson 2002). To test 

specific hypotheses about the effects of sex and age on survival, we used the effect size and its 

associated 95% confidence interval (CI). If the 95% CI did not include 0, the effect size was 

considered statistically significant. 

 

RESULTS 

Adult data set 

 We used the sighting histories of the 361 sexed individual bottlenose dolphins in this 

analysis. The GOF test rejected the general model (Model 15, χ2 = 627.96, df = 178, p < 0.0001). 

The direct test for transience was significant for both sexes as was the directional test for trap 

dependence. We adjusted for transience by deleting the first sighting of each individual and 

tested GOF again. This truncation reduced the data set to 24 yrs and 301 individuals (151 

females, 150 males), however, the test was still rejected (χ2 = 436.29, df = 161, P < 0.0001). We 

therefore further adjusted for transience by deleting the first sighting of each individual in the left 

truncated data set and tested GOF again. This truncation reduced the data set to 23 yrs and 243 

individuals (113 females, 130 males). The test was rejected (χ2 = 251.14, df = 141, p < 0.0001), 

although only the direct test for trap dependence was significant for both sexes, which led to the 

immediate trap dependence model (Model 14). This general model was accepted (χ2 = 105.58, df 

= 102, p = 0.412). 
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 A ĉ estimate of 1.038 was applied to the model set. The trap dependence model (Model 

14) did improve the QAICc value to that of the CJS model (Model 15, Table 2). However, the 

additive model (Model 10) with fewer parameters and without sex fitted the data better. Adding 

the effect of centroid to the capture model (Model 8) improved the fit of the model. We then 

tested time and sex dependence in survival probabilities, using a time with centroid and trap 

dependent capture probability (p(t+m+cd)). Results showed that time did not have an important role 

in survival and therefore could be disregarded. However, a sex effect was detected on survival 

probability, and was found to be the best model (Model 1). Including rf as an effect on capture 

did not improve the model fit (Model 1 vs. 2). However, model 2 has a lower deviance than 

Model 1 but is penalized for the additional parameter, thus a slightly higher QAICc.  

 Several models had considerable support, ΔAICc <4 (Table 2). Therefore, the estimates 

were model-averaged over the model set. The estimate of survival for females was 0.929 (95% 

CI 0.905-0.949) and for the males 0.947 (0.927-0.962). However, this difference was not 

statistically significant (effect size = 0.017, CI -0.012-0.046). Models 3 and 4 were the only 

models included in the model averaging that gave a single survival estimate (0.939, CI 0.925-

0.951), it had some support (ΔAICc <4) and is given here for comparison. The model-averaged 

estimates for the probability of capture are shown in Figure 4. The three models with rf as an 

additive constraint resulted in model averaged capture probabilities for each sex that paralleled 

each other. However, any differences between sexes will be diluted by the 4 other models 

without sex as a constraint.  
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Calf-Juvenile full data set 

 We used the sighting histories of 170 individuals in this analysis. The GOF test rejected 

the general model (Model 12, χ2 = 128.21, df = 74, p < 0.0001). The direct test for trap 

dependency was significant, which led to the immediate trap dependence model for capture 

(Model 11). This general model was accepted (χ2 = 63.87, df = 55, p = 0.193). A ĉ estimate of 

1.162 was applied to the model set.  

 The trap dependence model (Model 11) did improve the QAICc value. However, the 

additive model (Model 10) with fewer parameters fit the data better. Adding the effect of 

centroid to the capture model (Model 8) improved the fit of the model, decreasing the deviance 

and the QAICc (Table 3). We applied a 2 age class model to test if capture probability differs 

between calves and juveniles. The interaction 2 age class model (Model 9) lowered the deviance 

but was so heavily parameterized that its QAICc was high. The estimates of this model showed 

large variation of capture rates, with no constant difference between the age classes, thus an 

additive model was not used. 

We tested different age effects on survival probabilities, using a time with centroid and 

trap dependent capture probability (p(t+m+cd)). Results showed that time did not have an important 

role in survival and therefore could be disregarded. We applied a 2 age class model due to the 

significant direct test for transience, which is not thought to be true transience but an indicator of 

high mortality in the first year of life. We also applied a 3 age class model to test if survival 

differed between YOY’s (age class 1), 2-4 yr old calves (2
nd

 age class) and juveniles (3
rd

 age 

class); and a 2 age class model to test if survival differed overall between calves and juveniles. 
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The 2 age class model with YOY’s as the first age class and all other ages in the 2
nd

 age class 

performed the best (Model 1 vs. 2 and 3).  

Two models had considerable support (ΔAICc <4, Table 3) however, 3 other models had 

some AICc weight. Therefore, the estimates were model-averaged over the model set. Several of 

the models had differing age classes thus model-averaging would have diminished any difference 

in φ for each age class. The estimate of survival for YOY’s was 0.719 (95% CI 0.629-0.794), for 

calves 2-4 years old 0.909 (0.862-0.941), and for juveniles 0.904 (0.867-0.931) (Figure 5). The 

effect sizes indicate a significant difference between the first age-class and the second (effect 

size = 0.18 (0.093-0.286) and third (effect size = 0.185 (0.093-0.276), but not between the 

second and third age-class (effect size = 0.005 (-0.03-0.04). The model-averaged estimates for 

the probability of capture are shown in Figure 6. As model 5 (Table 3) has a 2 age class effect, 

model-averaged capture probability results were thus given for the 2 age classes, calves and 

juveniles. However, the very small weight of this model combined with the 4 other models 

without a 2 age class constraint diminished any differences between the age groups. 

 

Calf-Juvenile data set by sex 

 We used the sighting histories of 106 individuals in this analysis. The GOF accepted the 

general model (Model 11, χ2 = 80.36, df = 98, p = 0.902) and made a ĉ adjustment unnecessary; 

thus the model selection was based on AICc. Closer examination of the test results revealed the 

direct test for trap dependency was significant for both sexes, which led to the immediate trap 

dependence model (Model 12).   
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 The trap dependence model (Model 12) had the lowest deviance, but with 118 parameters 

it did not improve the AICc value. The additive model (Model 8 & 10) with fewer parameters fit 

the data better. Results showed that sex did not play an important role for capture and therefore 

could be disregarded. Adding the effect of centroid to the capture model (Model 7) improved the 

fit of the model, decreasing the deviance and the AICc (Table 4). 

We did not find evidence of time dependence in survival probabilities and therefore this 

effect could be disregarded. We tested different age-class models and sex dependence on 

survival probabilities, using a time with centroid and trap dependent capture probability 

(p(t+m+cd)). Age class models without an interaction with sex (Models 3 and 4) fit the data better 

than those models with an age class-sex interaction (Models 5 and 6), and a 2 age class model fit 

better than a 3 age class model (Model 3 vs. 4). Results showed that the model with constant 

survival probability over time fit the data the best (Model 1). However, the second best model is 

where survival probabilities differ with sex (Model 2). 

Several models had considerable support (ΔAICc <4, Table 4). Therefore, the estimates 

were model-averaged over the model set. The model-averaged estimates of survival for sex and 

age class are shown in Table 5. Results indicate that the 1
st
 year of the calf age class has the 

lowest survival in both sexes, but overall females have a higher survival than males. However, 

the differences between sexes or age classes were not statistically significant (see Table 5 for 

effect size and 95% CI). The model-averaged estimates for the probability of capture are shown 

in Figure 7. Capture probabilities for the sexed data set are similar to the full data set. 

DISCUSSION 
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Sexual selection theory predicts that intense competition among males for reproductive 

opportunities results in higher mortality rates in males over the course of their lifetime (Trivers 

1972). Across adult polygynous species of mammals there is consistent support for accelerated 

male mortality (Promislow 1992, Bronikowski et al. 2011), whereas monogamous species 

sometimes show slightly higher female mortality (Promislow 1992, Moore and Wilson 2002). 

The models in this study, of a monomorphic polygynandrous species, offered strong support for 

a male-biased sex difference for adult survival however the difference in survival between the 

sexes was not significant. Males and female calves (>1 yr) and juveniles experienced similar 

probabilities of survival. Furthermore, calves in their first year had significantly lower survival 

rate than older calves and throughout the juvenile period. Survival rates of older calves and 

juveniles, though relatively high, were lower than adult survival rates. Within sex and age class, 

survival rates were constant over the 24 year study period. Our data reveal that the survival rates 

of our study population are more analogous with monogamous species and generally follows the 

Caughley-like mortality pattern (low survival for the youngest and higher survival for the 

intermediate ages, Caughley 1966).  

In polygynous species, both males and females incur the costs of mating and reproduction 

(Aloise King et al. 2013), but the costs to the males of increased growth and male-male 

competition are thought to be greater than the costs to the female of mate choice and 

reproduction (Reznick 1985, Promislow 1992, Loison et al. 1999), hence higher adult male 

mortality is generally observed. In monomorphic monogamous species, male-biased SSD and 

male-male competition may be reduced or non-existent, and even in the presence of paternal 
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care, the main costs of raising offspring is likely to be lactation, accounting for female-biased 

mortality (Promislow 1992).  

Male bottlenose dolphins in Shark Bay might be spared the costs of dimorphic growth 

and buffered against male competition by simultaneously cooperating with males within their 

alliance - and against other alliances over access to females. Male chimpanzees that form both 

short-term coalitions and long-term alliances have been shown to have important fitness 

consequences, such as improving dominance status and defending their territories cooperatively 

against foreign males (Muller and Mitani 2005, Mitani 2009). Whereas, for females the cost of 

reproduction is likely to still be high, and similar to that of polygynous species (e.g. sexual 

conflict, pregnancy and prolonged lactation) (Pusey et al. 2008, Murray et al. 2009). This 

decrease in male costs relative to females may explain the lack of sex (or slightly male-biased) 

difference in survival found here.   

Age-specific results in general followed the Caughley-like mortality pattern that is 

observed in other mammals (ungulates: Gaillard et al. 2000, Festa-Bianchet et al. 2003; primates: 

Bronikowski et al. 2011; marine mammals: De la Mare 1985). The much lower first year (YOY) 

survival rates compared to older calves and juveniles found here mirror results from a previous 

study on these bottlenose dolphins (Mann et al. 2000). Although we have few accurate 

information on the causes of death in our dolphin population, a number of causes are likely to 

pose a considerable threat to survival, including shark predation, maternal condition, social skills 

and human disturbance (fish provisioning and tour vessels) (Mann and Barnett 1999, Heithaus 

2001, Heithaus and Dill 2002, Mann and Watson-Capps 2005, Bejder et al. 2006, Heithaus and 
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Dill 2006, Stanton and Mann 2012, Foroughirad and Mann 2013, Krzyszczyk et al. 2013 (see 

Chapter 3)). 

One-third of nursing calves bear shark bite scars (Mann and Barnett 1999). However, 

poor calf condition, not predation has been suggested as the primary cause of calf mortality (<1 

yr, Mann and Watson-Capps 2005) because calves that spent more time in infant position (in 

contact under the mother) in the first year of life were more likely to die by 3 years of age than 

calves that spent less time in infant position. The authors suggested that calf condition was likely 

a product of maternal condition and experience, and that maternal condition may be linked to 

age, experience, early growth patterns and foraging success. Similarly, Krzyszczyk et al. (2013) 

found that a few young calves died due to ingesting large quantities of seagrass, perhaps to feel 

sated because their hunting skills were not adequately developed; maternal loss by either 

separation or death was suggested to be the main factor. Social skills are also important, 

especially for male calves since eigenvector centrality, a measure of importance in the network, 

predicted later survival (Stanton and Mann 2012). 

The lower juvenile survival rates compared to that of adults found in this study adds to 

the small body of literature that juveniles; smaller, weaker and less-experienced; are challenged 

in distinctively different ways than adults. It is during this relatively inexperienced life stage that 

animals must learn skills, such as finding their own food, avoiding predators on their own, and 

solidifying relationships necessary (e.g. male alliances) to survive to adulthood and become 

successful reproductive members of a population (see Chapter 4). Especially for species that live 

in fission-fusion social system, like the dolphins in this study, where group membership is 

temporally and spatially variable (over minutes, hours, years). Such a social system can be quite 
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dynamic and complicated, involving intricate networks of preferred and avoided associates, 

alliances or dominance hierarchies, associations with kin, or other complex relationships with 

community members (Smolker et al. 1992, Connor et al. 1992b, Krützen et al. 2003, Mann et al. 

2000, Gibson and Mann 2008a). The ‘choices’ they make during this period are likely to have 

survival consequences. 

We were unable to analyze the adult data for senescence, as sample size was too small to 

follow a cohort to old age; actuarial senescence is difficult to test in long-lived animals 

(Promislow 1991). Older ungulate males, more experienced socially and competitively than 

younger males, are thought to possess a lower likelihood of suffering debilitating effects of stress 

and injury from competition with other males and access to females (Clinton and Le Boeuf 

1993). With further study and more data on older ages of bottlenose dolphins, the adult age class 

of bottlenose dolphins should be analyzed with respect to age in further detail. 

 

Probability of survival  

Using estimates from a single model in the candidate model set, even if it is the most 

parsimonious model in the set, ignores model uncertainty. For example, Model 1 and 2 in Table 

2 have a combined QAICc weight of 0.7344, while Model 3 has a QAICc 0.1426. While Model 1 

and 2 are clearly better supported, there is still some uncertainty in that there is some chance (~ 

14%) Model 3 is the correct model, relative to other models in the candidate set. To 

accommodate this uncertainty in the estimates, model averaging is used. However, model 

averaging can potentially reduce any differences between estimates. This is evident in that the 
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average showed no sex difference in adult survival, even though several of the best models did 

show higher survivorship for adult males over females. 

Survival estimates for adult females (0.929) and males (0.947) (constant survival, 0.939 

(0.925-0.951)) were in range with other studies on bottlenose dolphins (0.917-0.97, see Table 6). 

There is only one study that we know of, that reports information on sex differences in survival 

of bottlenose dolphin populations (95% CI: 0.9107-0.9662 for males and 0.9190-0.9739 for 

females, Currey et al. 2009). However the authors concluded that a single survival rate for adults 

was preferred, due to the risk of positive bias on sex-based survival rate estimates for 

opportunistically sexed animals (individuals observed for brief periods were less likely to be 

sexed). This bias is not thought to affect the adult survival rates in this study given the low 

numbers of unsexed individuals (6). However, this bias could affect the calf-juvenile data set by 

sex survival rates, due to the large proportion of individuals whose sex was not known (37.6%). 

Consequently, for this data set we were only interested in differences between the sexes. Males 

had lower survival rates than females in all age groups, however the differences were not 

significant. 

Survival estimates for calves and juveniles are similar to results from a previous (0.71 for 

first-year calf survival (YOY), 0.82 in the 2
nd

 yr and 0.97 in the 3
rd

 yr (Mann et al. 2000, using 

survival analysis)). However, the estimate of YOY survival is lower than other estimates 

obtained for bottlenose dolphins in the wild:  in Sarasota Bay (0.811 (0.67-0.94), Wells and Scott 

1990); in the Indian River Lagoon, Florida, USA, assessed from strandings, (0.886 for males, 

0.918 for females, Stolen and Barlow 2003); in the Doubtful Sound, New Zealand, pre 2002 

(0.8621 (0.685-0.947), Currey et al. 2009); around Mikura Island, Japan (0.87, Kogi et al. 2004). 
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but similar to estimates obtained in Charleston, South Carolina, USA (0.754 (0.647-0.878), 

Speakman et al. 2010). These differences may be due to environmental variations between study 

sites and anthropogenic effects (Currey et al. 2009). Equivalent survival estimate studies on older 

calves and/or juveniles are lacking. Silva et al. (2009) stated a survival estimate of 0.817 (SE 

0.083) for subadults however, the age range of this age class is not known and cannot be 

compared to the results in this study. 

By analyzing adult females and males separately from calf-juvenile females and males 

and stratifying the calf-juvenile data set by age class (2 or 3 age class), we were able to control 

for any heterogeneity associated with age class and sex. Yet, the results for the GOF tests 

suggested that there was still a considerable amount of heterogeneity in the adult dataset. 

Deleting the first two sightings for each individual and fitting a trap dependent model enabled us 

to deal with the problem of transience and trap dependent dolphins and avoid the consequent 

downward bias in survival estimates. By truncating the data in this way, we lost a large portion 

of the data set (143 individuals and 2 years) but it was important that results from GOF tests 

indicate that the general model adequately fits the reduced data set (Choquet et al. 2009). 

Moreover by incorporating a measure of overdispersion, the variance inflation factor (ć), the 

precision of the estimates reflects the extra amount of variance in the data (Anderson 2008). 

For all data sets we estimated the apparent survival, which is the product of true survival 

and site fidelity. Shark Bay dolphins are bisexually philopatric, retaining a large amount of natal 

range into adulthood (Tsai and Mann 2013). We thus regard apparent survival as true survival. 

For reliable survival estimation, Buckland (1990) suggests that sighting probabilities should be at 

least 0.2 in a given year, and that research should continue for many years – ideally at least 10. 
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Probability of capture 

Capture probabilities were relatively high for each age-class (>0.2). Capture was also 

similar between age classes (Figures 4, 6 and 7), indicating that sighting and recognizing young 

dolphins, usually less distinctively marked than adult individuals, was similar to that of adults. 

Surprisingly we found little evidence of a difference between the sexes in the adult data capture 

probability or the calf-juvenile capture probability. We expected there to be some differences due 

to the way the population is socially structured. However, it is important to note that the second-

best model in the adult data set included the effect of research focus (rf: subconscious sighting 

bias between the sexes dependent on the overall question of the researcher), indicating that when 

having a specific research objective in mind, care needs to be taken so as not to bias toward a 

particular sex when collecting survey data. Research focus was not included in the calf-juvenile 

data sets, as it would have only affected whether an individual was seen or not, not whether there 

was a difference in capture between the sexes. 

Capture probabilities did however vary with time for each data set. Results showed large 

variation over the years (Figures 4, 6 and 7), representing the fluctuation of animals sighted 

annually. Even though the calf-juvenile data sets and the beginning of the adult data set are 

marked with large CI and SE values, possibly caused by smaller sample sizes; the fluctuations in 

capture are likely caused by food availability and tiger shark predation (Heithaus and Dill 2002) 

and not by are our relatively consistent effort.  

The ~180 km
2
 area that was used in this study is unlikely to cover some individual’s 

entire home range. We therefore tried to control for some heterogeneity in capture probabilities 

by incorporating centroid as an individual effect. This effect improved the model fit substantially 
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and as expected, we found evidence of different capture probabilities with centroid. Individuals 

with ‘IN’ centroids had a higher capture probability than those individuals that had “OUT’ 

centroid.  

 

Conclusions 

Age- and sex-specific survival probabilities are a critical component of models of 

population growth and viability, but they are all too often lacking. In general, age-specific 

survival in bottlenose dolphins resembled those found in other mammals with a similar life 

history strategy; however the sex-specific survival in adults is more similar to monogamous 

species. We emphasize that a good a priori understanding of the model species and research 

methodology and its biases are necessary. These results represent the first age- and sex-specific 

survival estimates for the eastern gulf of Shark Bay and provide an important baseline for future 

comparisons, especially in the face of climate change and threat of coastal development 

(DEWHA 2010).  

Future studies of the Shark Bay dolphin population should investigate whether 

reproduction has significant survival costs; whether these costs occur due to parental care or 

sexual conflict in females, or due to male-male conflict whilst forming alliances in young adult 

males or against other alliances in older adult males. As more data becomes available, survival 

can be analyzed incrementally over the adult period to provide more information about 

senescence in bottlenose dolphins. Furthermore, survival rates need to be analyzed in what are 

considered to be high risk periods in a dolphin’s lifetime (e.g. soon after weaning). 
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FIGURES AND TABLES 

 

 

Figure 1. Map of study area, Eastern gulf of Shark Bay, Western Australia (25°47S 

113°43E). The white box indicates the ~300 km
2
 study area. * indicates boat-launching site 

(Monkey Mia) 
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Figure 2. A map of the ~300 km
2
 study area partitioned into smaller areas. Black (Red Cliff 

Bay) and orange (East) boxes indicate the ~180 km
2
 area used in this study. * indicates boat-

launching site (Monkey Mia) 
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Figure 3. Adult data set - Sighting frequency of all identified adult individuals 
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Figure 4. Probability of capture Adult data set. Model averaged capture probability estimates 

for male (  ) and female (■) adults with 95% CI 
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Figure 5. Probability of survival Calf-Juvenile full data set. Model averaged estimates of 

survival for different age classes (1 = YOY (birth-1 yr), 2 = last 3 years of the calf period (1-4 

yrs), and 3 = juvenile period (4-12 yrs)). * = indicates significant difference between age classes 
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Figure 6. Probability of capture Calf-Juvenile full data set. Model averaged capture 

probability estimates for calves (  ) and juveniles (■) with 95% CI 
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Figure 7. Probability of capture Calf-Juvenile sexed data set. Model averaged capture 

probability estimates for sexed calves and juveniles with 95% CI 
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Table 1. Annual number of identified dolphins (1988 to 2012). Separated into calf, juvenile 

and adult, plus those adults seen exclusively in one year only. (C & J: calves and juveniles) 

 

Year 
Total 

seen 

# 

Calves 

# 

Juveniles 

Sexed 

C & J  

# 

Adults 

Sexed 

Adults 

Only 1 

year 

(Adults) 

1988 37 2 0 2 

 

35 35 6 

1989 62 10 0 7 

 

52 52 5 

1990 64 7 0 6 

 

57 56 7 

1991 63 11 0 11 

 

52 52 2 

1992 57 12 1 11 

 

44 44 2 

1993 77 14 4 14 

 

59 58 2 

1994 61 7 4 10 

 

50 50 2 

1995 88 10 5 15 

 

73 73 5 

1996 60 12 6 16 

 

42 42 0 

1997 97 13 8 20 

 

76 76 2 

1998 159 23 14 29 

 

122 121 3 

1999 147 27 15 35 

 

105 104 4 

2000 78 9 12 21 

 

57 57 0 

2001 180 25 13 34 

 

142 141 2 

2002 204 23 22 42 

 

159 158 3 

2003 199 25 19 41 

 

155 155 3 

2004 214 33 19 42 

 

162 162 4 

2005 191 23 18 35 

 

150 150 2 

2006 184 18 22 33 

 

144 144 2 

2007 106 15 10 22 

 

81 81 1 

2008 131 15 24 35 

 

92 92 3 

2009 101 11 23 31 

 

67 67 1 

2010 74 14 10 23 

 

50 50 1 

2011 97 11 14 21 

 

72 72 4 

2012 194 18 29 36 

 

147 147 30 

         Sum 2925 388 292 592 

 

2245 2239 96 

Mean 117 15.52 11.68 23.68 

 

89.8 89.56 3.84 

SD 57.21 7.43 8.75 12.27 
 

43.77 43.67 5.72 
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Table 2. Adult data set model selection. Details for a subset of candidate models of apparent 

survival (φ) and capture probabilities (p). Models are in decreasing order of the Quasi Akaike 

Information Criterion (QAICc) value. QAICc wt: QAICc weights, No. Par: Number of 

parameters. Model effects: s = sex, . = constant, t = time (year), m = trap dependence, cd = 

centroid, rf = research focus, + = additive model, x = interaction model 

 

No. Model QAICc ΔQAICc QAICc  wt No. Par QDeviance 

1 φ(s)p(t+m+cd) 2515.39 0.00 0.3807 26 2462.39 

2 φ(s)p(t+m+cd+rf) 2515.53 0.15 0.3537 27 2460.46 

3 φ(.)p(t+m+cd) 2517.35 1.96 0.1426 25 2466.43 

4 φ(.)p(t+m+cd+rf) 2517.66 2.28 0.1221 26 2464.67 

5 φ(s+t)p(t+m+cd) 2528.99 13.60 0.0004 47 2431.75 

6 φ(s+t) p(t+m+cd+rf) 2529.09 13.70 0.0004 48 2429.71 

7 φ(t)p(t+m+cd) 2532.18 16.79 0.0001 46 2437.07 

8 φ(s x t)p(t+m+cd)  2548.91 33.52 0.0000 67 2408.27 

9 φ(s x t) p(s+t+m+cd) 2550.40 35.02 0.0000 68 2407.56 

10 φ(s x t)p(t+m) 2599.70 84.32 0.0000 66 2461.27 

11 φ(s x t) p(s+t+m) 2601.73 86.35 0.0000 67 2461.10 

12 φ(s x t)p(t x m)  2619.69 104.30 0.0000 86 2436.64 

13 φ(s x t) p(s x t+m) 2625.45 110.07 0.0000 87 2440.14 

14 φ(s x t) p(s x t x m) 2640.86 125.48 0.0000 107 2409.53 

15 φ(s x t)p(s x t) 2725.02 209.64 0.0000 86 2541.97 
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Table 3. Calf-Juvenile full data set model selection. Details for a subset of candidate models 

of apparent survival (φ) and capture probabilities (p). Models are in decreasing order of the 

Quasi Akaike Information Criterion (QAICc) value. QAICc wt: QAICc weights, No. Par: Number 

of parameters. Model 1 = 1
st
 year as 1

st
 age class (YOY), all other years 2

nd
 age class. Model 3 = 

1
st
 3 years as 1

st
 age class (calf), all other years as 2

nd
 age class (juvenile). Model effects: s = sex, 

. = constant, t = time (year), m = trap dependence, cd = centroid, rf = research focus, + = additive 

model, x = interaction model 

 

No. Model QAICc ΔQAICc QAICc wt No. Par QDeviance 

1 φ(2a-yoy)p(t+m+cd) 1035.17 0.00 0.72106 28 976.49 

2 φ(3a)p(t+m+cd) 1037.08 1.91 0.27779 29 976.20 

3 φ(2a-calf)p(t+m+cd) 1048.37 13.19 0.00098 28 989.68 

4 φ(.)p(t+m+cd) 1052.52 17.34 0.00012 27 996.02 

5 φ(3a)p(2a x t+m+cd) 1054.85 19.68 0.00004 50 946.09 

6 φ(2a)p(2a x t+m+cd) 1064.15 28.98 0.00000 49 957.75 

7 φ(.)p(2a x t+m+cd) 1069.65 34.47 0.00000 48 965.59 

8 φ(t) p(t+m+cd) 1084.75 49.58 0.00000 50 975.99 

9 φ(t)p(2a x t+m+cd) 1104.21 69.03 0.00000 70 946.52 

10 φ(t) p(t+m) 1124.96 88.78 0.00000 49 1018.55 

11 φ(t) p(t x m) 1149.24 114.06 0.00000 72 986.47 

12 φ(t)p(t) 1162.02 126.85 0.00000 48 1057.97 
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Table 4. Calf-Juvenile sexed data set model selection. Details for a subset of candidate models 

of apparent survival (φ) and capture probabilities (p). Models are in decreasing order of the 

Akaike Information Criterion (AICc) value. AICc wt: AICc weights, No. Par: Number of 

parameters. Model effects: s = sex, . = constant, t = time (year), m = trap dependence, cd = 

centroid, rf = research focus, + = additive model, x = interaction model 

 

No. Model AICc ΔAICc AICc wt No. Par Deviance 

1 φ(.)p(t+m+cd) 956.61 0.00 0.314 27 899.75 

2 φ(s)p(t+m+cd ) 957.28 0.66 0.225 28 898.19 

3 φ(2a)p(t+m+cd) 957.41 0.79 0.211 28 898.33 

4 φ(3a)p(t+m+cd) 958.36 1.75 0.131 29 897.05 

5 φ(2a x s)p(t+m+cd) 959.09 2.48 0.091 30 895.55 

6 φ(3a x s)p(t+m+cd) 961.47 4.86 0.028 32 893.43 

7 φ(s x t)p(t+m+cd) 1021.80 65.19 0.000 74 850.73 

8 φ(s x t)p(t+m) 1061.46 104.85 0.000 73 893.04 

9 φ(s x t)p(t x m) 1092.46 135.85 0.000 95 862.81 

10 φ(s x t)p(s x t+m) 1096.88 140.27 0.000 96 864.31 

11 φ(s x t)p(s x t) 1132.39 175.77 0.000 95 902.73 

12 φ(s x t)p(s x t x m) 1136.89 180.27 0.000 118 836.62 

 

 

 

 

 

 

 

 

 

 

 

 



88 

 

Tables 5. Calf-Juvenile sexed data set survival estimates. Model averaged estimates for 

survival with 95% CI, and corresponding effect size of sex and age class with 95% CI 

 

Age class Male Female Effect size (sex) 

1 0.919 (0.859-0.955) 0.931 (0.868-0.966) 0.012 (-0.038-0.061) 

2 0.926 (0.860-0.961) 0.939 (0.874-0.972) 0.013 (-0.044-0.069) 

3 0.912 (0.871-0.942) 0.919 (0.874-0.949) 0.007 (-0.029-0.044) 

 



 

 

 

8
9 

Table 6. Survival estimates of adult bottlenose dolphins using CMR. CJS = Cormack-Jolly-Seber, RD = Robust design, F = 

female, M = male, * = studies on Tursiops aduncus all others are on Tursiops truncatus 

Location 
Model 

used 
# dolphins Yrs of data Survival rate (SE) 95% CI Reference 

Monkey Mia, Western 

Australia 
CJS 243 24 

F: 0.929 

M: 0.947 

0.905-0.949 

0.927-0.962 
This study* 

Doubtful Sound, New 

Zealand 
CJS 79 18 0.937 0.917-0.953 Currey et al. 2009 

Bay of Islands, New 

Zealand 
RD 317 7 0.928 (0.008) 0.911-0.942 Tezanos-Pinto et al. 2013 

Azores, Portugal CJS 224 6 0.97 (0.029) NA Silva et al. 2009 

Useless loop, Western 

Australia 
RD 304 5 0.95 (0.02) 0.87-0.98 Nicholson et al. 2012* 

Bay of Bengal, Bangladesh RD 1144 4 0.976 (0.022) 0.802-0.922 Mansur et al. 2012* 

Algoa Bay, South Africa CJS ~1569 3 0.992 (0.002) NA 
Reisinger and 

Karczmarski 2010* 

South Carolina, USA RD 856 3 0.951 (0.035) 0.882-1.00 Speakman et al. 2010 

Laguna, South Brazil CJS 47 2 0.917 0.876-0.961 Daura-Jorge et al. 2013 
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CHAPTER III 

A report on six cases of seagrass-associated gastric impaction in bottlenose dolphins  

(Tursiops sp).  

 

Marine debris such as plastic and other foreign objects (e.g., nylon fishing line, cigarette 

wrappers, metal bottle caps) are commonly found in odontocete stomachs (Walker and Coe 

1990), but due to the often small amounts and diversity of the debris, the impact on animal health 

is unclear (Walker and Coe 1990, Laist 1997, Baird and Hooker 2000). Small quantities can 

however, have large effects if they are capable of intermittently or consistently blocking the 

pyloric outflow tract (e.g., Tarpley and Marwitz 1993, Stamper et al. 2006, Jacobsen et al. 2010) 

causing long-term malnutrition and death (Gomerčić et al. 2006); either directly due to acute 

gastric rupture or complete pyloric obstruction, or indirectly as a result of chronic malnutrition 

due to partial/intermittent pyloric obstruction. Kastelein and Lavaleije (1992) documented the 

persistence of undigested algae in the forestomach of a harbor porpoise for at least 3 days. 

Several other odontocete species (e.g., bottlenose dolphins (Tursiops truncatus, e.g., McBride 

1940), northern right whale dolphins (Lissodelphus borealis, Walker and Coe 1990), and spinner 

dolphins (Stenella longirostris, Trianni and Kessler 2002)) have been found to ingest marine 

plants, such as kelp (Egregia sp., Macrocystic pyrifera), seaweed (Fucus vesiculosus) or seagrass 

(Enhalus acroides, Haldule uninervis). However, death due to gastric impaction by marine plants 

(high densities of intertwined marine plant(s) preventing efficacious pyloric emptying and gastric 

evacuation (Santos et al. 2001)) is rarely reported (see McBride 1940, Trianni and Kessler 2002).  
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Here, we report the results of necropsies of bottlenose dolphins (Tursiops sp.) with 

gastric impaction due to seagrass ingestion. Descriptions of the stomach contents in cetaceans 

help us to determine diet and assess anthropogenic impacts (e.g., if dolphins are ingesting debris, 

stealing bait, or changing prey due to depletion of favored prey species) and therefore direct 

conservation and management efforts. Although there are a number of biases associated with 

analysis of stomach contents for determination of diet (e.g., differential prey digestion and 

retention, dead animals and stranding cases not being representative of whole populations), our 

central interest is in relative differences in seagrass content as a function of dolphin age. 

Specifically, we focus on mortality associated with ingestion of large amounts of seagrass, a rare 

occurrence. We examined stomach contents of 40 dead bottlenose dolphins opportunistically 

found at two sites, Shark Bay and Bunbury, in Western Australia.  

Shark Bay (SB: 25° S. 113° E) is a large (22,000 km
2
), semi-enclosed bay with two 

shallow embayments (< 16 m), 850 km north of Perth. Shark Bay has extensive shallow seagrass 

banks and is the site of long-term dolphin research, where the study population includes over 

2,000 individually recognized bottlenose dolphins sighted since 1984. The main study site covers 

300 km
2
 in the eastern gulf and 250 km

2
 in the western gulf. The Bunbury (BB: 33° S. 115° E) 

study site, 180 km south of Perth, covers 120 km
2
 (maximum water depth is ~10 m) along 65 km 

of coast exposed to wave action with no barriers or islands for protection. The benthic habitat 

includes seagrass, limestone reef, macroalgae communities and sand (Hillman et al. 2000). The 

study population includes 259 individually recognized bottlenose dolphins identified between 

2007 and 2010 (Smith, personal communication). 
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The taxonomy of SB and BB bottlenose dolphins is unresolved. The mitochondrial DNA 

haplotypes based on the control region of SB Tursiops are characteristic of both T. aduncus and 

T. truncatus (Krützen et al. 2004). Therefore, we refer to SB and BB dolphins as Tursiops sp., 

although in SB their speckling patterns are similar to those in T. aduncus (Ross and Cockcroft 

1990, Krzyszczyk and Mann 2012); BB dolphins do not speckle with age (Smith, personal 

communication) and genetic investigations are underway. 

The age of dead dolphins was estimated by known birth year or determined from thin 

sections of postnatal dentine observed in the teeth following Hohn et al. (1989). When birth year 

or a tooth was not available for aging, age was estimated by the degree of ventral speckling 

(Krzyszczyk and Mann 2012) and/or body size and length. Dolphins were placed in one of three 

categories: calf (0 to 4 yr), juvenile (sexually immature, 5 to 10 yr), and adult (mature, >10 yr) 

(Mann et al. 2000, Krzyszczyk and Mann 2012). In our sample, 3 calves were approximately 4 

yr old and could have been recently weaned (Mann et al. 2000). Sampling was opportunistic, 

with assistance from the Department of Environment and Conservation (DEC) in carcass 

collection and necropsies. Standard morphometric measurements were recorded from stranded 

carcasses during necropsies with supporting information including location, sex, degree of 

ventral speckling, external wounds and scars, and date of stranding for each dolphin.  

Of the 40 dead bottlenose dolphins (Tursiops sp.) found, 30 were in SB (1992-2010), and 

10 in BB (2007-2010). Over half (52.5%) were calves or juveniles, 30% were adults, and 17.5% 

were of unknown age. Of the 40 dead dolphins, 27 complete or partial necropsies were 

performed by veterinarians and researchers (see Table 1 for details). Eight stomachs contained 

seagrass (Table 2); one adult (ID: 99-10) and 7 calves (ID’s: 09-665 to 03-15). Six of the 8 
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stomachs were impacted with seagrass (Fig. 1). All individuals with seagrass-associated gastric 

impaction were emaciated. The data suggest that all dolphins with gastric impaction were quite 

young, but with a small sample size, the pattern is not statistically significant (Fisher Exact Test, 

P=0.136). 

Various reasons for cetacean debris ingestion have been proposed. For example dolphins 

might confuse debris with prey (e.g., Derraik 2002), but given delphinid echolocation 

capabilities, this seems unlikely (Walker and Coe 1990). Here we focus on why dolphins might 

ingest large quantities of seagrass.  

Dolphins commonly hunt in seagrass beds (Grigg and Markowitz 1997, Barros and Wells 

1998, Mann and Sargeant 2003), and immature dolphins play with detached seagrass floating at 

the surface (Mann and Smuts 1999). Thus seagrass could be incidentally ingested when hunting 

or playing with seagrass (McBride 1940). For the adult (ID: 99-10) and calf (ID: 03-15) that had 

only small amounts of seagrass in their stomachs, incidental ingestion during hunting or playing 

seems likely. However, mistaken or accidental ingestion does not explain the vast amount of 

seagrass in the engorged and impacted stomachs of the six affected calves (ID’s: 09-665 to 92-1). 

Walker and Coe (1990) suggested that debris ingestion in stranded cetaceans may be part 

of the stranding syndrome, and that naturally occurring disease factors may predispose an 

individual to ingest abnormal objects. Similarly, Kastelein and Lavaleije (1992) suggested that 

an individual weakened by lung parasites (or arguably any incapacitating chronic disease), might 

be rendered incapable of catching enough fish, and as a substitute, may start to eat whatever 

material it encounters. This may result in a false sensation of satiation for the animal, which 

would subsequently reduce the dolphin’s appetite and meal size. Long-term, this could 
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compromise the ability to form/maintain adequate blubber adipose stores; with chronic 

malnutrition potentially adversely affecting the health of the animal and subsequently (albeit 

indirectly), leading to its death. However, given that all of the dolphins with seagrass-associated 

gastric impaction were young, separation from the mother seems another likely cause of seagrass 

ingestion, leading to emaciation secondary to chronic malnutrition and eventually, death. 

The sheer quantity of seagrass present combined with the fact that there were no obvious 

signs of milk in the stomachs of most of the calves affected by seagrass-associated gastric 

impaction suggests that their mothers were absent for hours to days prior to their death. Learning 

to hunt is a slow process, with calves successfully catching fish in their 4
th

 month of life, but 

continuing to nurse for up to 8 years (Mann and Sargeant 2003; Mann et al. 2000). However, 

dolphins are precocious, often separating from their mothers for brief periods soon after birth 

(Mann and Smuts 1999) and continuing to do so until weaned (Gibson and Mann 2008, Stanton 

et al. 2011). Temporary separations entail risk of permanent separation. SB calves occasionally 

appear to lose track of their mothers during long distance separations and it can take 2-3 hours 

before becoming reunited (Mann, personal communication).  

We therefore suggest that maternal loss by either separation or death was the main factor 

causing calves to ingest seagrass, perhaps to feel sated because their hunting skills were not 

adequately developed. The result underscores the importance of the calf period for developing 

hunting skills (Sargeant and Mann 2009, Mann et al. 2007) and helps explain why bottlenose 

dolphin calves have some of the longest periods of dependence documented to date (Mann et al. 

2000).  
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FIGURES AND TABLES 

 
 

Figure 1. Seagrass associated impacted forestomach of dolphin calf 06-18. 
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Table 1. Information on dolphins reported in this study. Location, age, age class, sex data 

and whether stomachs contained seagrass for 27 individuals on which necropsies were performed 

(BB = Bunbury, SB = Shark Bay). 
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Table 2. Summary of the 8 individuals with seagrass found in their stomachs (BB = Bunbury, SB = Shark Bay). 
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CHAPTER IV 

The transition to independence – Behavioral and social development of free-ranging 

juvenile bottlenose dolphins in Shark Bay, Western Australia
*
 

 

INTRODUCTION 

An extended juvenile period is one of the major features associated with big brained, 

long-lived social mammals such as primates, cetaceans and elephants; yet most research on these 

taxa has concentrated on adults and infants. Juvenile periods (post-weaning, pre-reproductive) 

are wide ranging from 0-33% of mammalian life spans (Hawkes et al. 1998). Juvenile periods 

can extend over a decade as seen in chimpanzees (Pan troglodytes, Goodall 1986), African 

elephants (Loxodonta africana, Moss 2001), and bottlenose dolphins (Tursiops cf. aduncus, 

Mann et al. 2000). Mammals with high proportions of juvenile period to life span ((age at sexual 

maturity-weaning age)/maximum recorded lifespan) are considered to have extended juvenile 

periods: e.g., 0.131 in chimpanzees (Joffe 1997), 0.146 in elephant (Moss 2001) and 0.211 in 

bottlenose dolphin (Mann et al. 2000). Juvenile mortality rates (~15%) can outstrip those of 

adults (~8%), including those of reproducing females (Pereira and Fairbanks 2002). Thus, 

survival during this relatively inexperienced life stage is a significant challenge.  

Among social mammals with prolonged juvenile periods, juveniles remain in relatively 

stable groups with their mothers post-weaning (e.g., primates: Altmann et al. 1977, Wrangham 

1980, Pusey and Packer 1987a; elephants: Moss and Poole 1983, Fernando and Lande 2000; 

killer whales: Bigg et al. 1990, Baird 2000; sperm whales: Engelhaupt et al. 2009; Lions: Pusey 

                                                 
*
 Authorship for paper: Ewa Krzyszczyk & Janet Mann 
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and Packer 1987b; hyenas: Frank 1986a, b), and are thus somewhat protected from ecological 

and social threats.  However, bottlenose dolphins, are on their own post-weaning and must 

negotiate a complex social and physical environment in the absence of maternal care (Mann et al. 

2000). This makes the challenges of this developmental period more daunting but also more 

striking. This study provides a first step towards understanding the transition to independence in 

one of the best-known cetacean species, the bottlenose dolphin (Tursiops cf. aduncus) by 

examining longitudinal behavioral and social development over four years, two years pre- and 

two years post-weaning.  

A fundamental premise of life history theory is that, all else being equal natural selection 

favors the earliest possible reproduction (Charlesworth 1994, Pereira and Fairbanks 2002). The 

extended juvenile period observed in cetaceans, a time when an individual is not reproducing, 

poses interesting problems for life history theory. A central problem is then to understand how 

delayed maturation can be adaptive (e.g. Wiley 1974, Stearns 2000, Roff 2002). To this end four 

hypotheses predominate: (1) trade-off between growth and reproduction; (2) ecological risk 

aversion; (3) social pressure; and (4) brain-growth constraint. 

The trade-off hypothesis posits that the juvenile period allows the organism to acquire the 

physiological machinery and size critical for reproduction and to allocate limited resources to 

maximize reproductive success (Blueweiss et al. 1978, Calder 1984, Charnov 1993). In contrast, 

Janson and van Schaik (2002) proposed that slow growth and delayed maturation in primates 

evolved in response to ecological risks experienced by juveniles. Social pressures have also been 

cited as a driving factor promoting the extended juvenile period, requiring an extended learning 

period when the social environment is particularly complex (Joffe 1997). Finally because many 
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mammals with delayed maturation also have large brains, a feature related to social and 

ecological complexity, the brain-growth constraint hypothesis suggests that the energetic costs of 

growing a large brain place constraints on growth (Lefebvre et al. 2006, Walker et al. 2006). 

These hypotheses are often difficult to test given that social and ecological complexity, relative 

brain size and delayed maturation are strongly correlated (Pereira and Fairbanks 2002) and 

require extensive comparative data (Joffe 1997). It remains an outstanding challenge to 

understand the behavioral development of organisms with an extended juvenile period to 

determine how selection pressures shape this important life history stage. Consequently, 

juveniles present a ‘missing link’ in behavioral studies, life history analyses, and population 

models. 

The lack of attention to the juvenile period is unfortunate because this stage can represent 

a significant proportion of the lifespan of many long-lived species with slow development. 

Furthermore, the behavior, selection pressures, realized niches, and mortality patterns of 

juveniles may substantially differ from those of either infants or adults. Among the 36 delphinid 

species, there are only 4 journal articles on juveniles, the majority on bottlenose dolphins (3 

Tursiops sp.) and 1 on spotted dolphins (Stenella frontalis) (Kaplan and Connor 2007, McHugh 

et al. 2011a, McHugh et al. 2011b, Tsai and Mann 2013). One reason for this is that juveniles are 

difficult to observe, especially in natural settings. Juveniles, compared to adults, move fast and 

unpredictably, are small in size, and lack distinctive markings-- making individual identification 

difficult even if found (Pereira and Fairbanks 2002).  Tracking juveniles is further impeded if 

they emigrate from the study population, a typical mammalian pattern (Greenwood 1980). 

However, as the behavioral and reproductive strategies of calves and adults are beginning to be 
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understood in bottlenose dolphins (Mann et al. 2000, Connor et al. 2001, Mann and Sargeant 

2003, Mann and Watson-Capps 2005, Gibson and Mann 2008a b, Frère et al. 2010, Connor et al. 

2011, Stanton et al. 2011, Stanton and Mann 2012), long-term research on juveniles is possible.  

This study analyzes the differences in activity budgets and social network metrics for 

individuals from two years pre- to two years post-weaning. By using a comparative approach we 

can examine how individuals navigate the transition from dependency on the mother to full 

independence, giving some insight into how selection pressures shapes this important life history 

stage. We examined four non-mutually exclusive hypotheses to explain behavioral variation 

during the juvenile period: (1) the social bonds hypothesis (Fairbanks 2002, Mann and Watson-

Capps 2005, Gibson and Mann 2008a b, Stanton et al. 2011); (2) protection hypothesis (van 

Noordwijk et al. 2002, Gibson and Mann 2008b); (3) maternal influence hypothesis (Gibson and 

Mann 2008b); and (4) parental investment hypothesis.  

Developing social bonds is a challenge, especially for juveniles that have to contend with 

a fission-fusion social system where group membership is temporally and spatially variable (over 

minutes, hours, years and tens of kilometers). The social environment that juveniles experience is 

dynamic and complicated due to the number of individuals available for interaction and the 

elaborate network structure (Mann et al. 2012). Bottlenose dolphins have preferred associates 

and avoidance relationships (Connor et al. 2001, Lusseau et al. 2003, Gero et al. 2005, 

Wiszniewski et al. 2009), multi-level alliances (Connor et al. 1992, 1999, 2001, 2011), and 

relationships with kin and non-kin (Krützen et al. 2003, Parsons et al. 2003, Frère et al. 2010, 

Mann et al. 2012). This pattern of social organization is highly fluid and dynamic, and it may 
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take a long time for young and inexperienced juveniles to learn about the other individuals in the 

community and become adequately integrated.  

According to the Social bonds hypothesis juveniles selectively form affiliative bonds with 

those individuals that can later, as adults, return the greatest benefit to them (Bekoff 1977, 

Fairbanks 2002). Several studies have focused on spatial and affiliative relations of juvenile 

social behavior, finding sex differences in immatures that match adult patterns. For example, in 

female philopatric baboons and macaques, juvenile females have both adult and other juvenile 

females as neighbors more than males do (Pereira 1988, van Noordwijk et al. 2002). In male 

philopatric muriquis, juvenile males associate with group-mates more often than female peers 

(Strier 2002). Additionally, independence may allow juveniles to expand their social horizons 

beyond those provided by their mothers, thus ego networks of juveniles will be larger than those 

of calves. Since bottlenose dolphin associations are relatively segregated by sex in adulthood 

(Smolker et al. 1992), support for the social bonds hypothesis we predict that: (1) increasing 

preferential same-sex and age associations (homophily) among males and females in the juvenile 

period; (2) larger juvenile networks, and (3) increased social activity. Additionally, as adult 

males in Shark Bay form strong and stable alliances we would expect juvenile males to have 

larger networks and higher social activity than juvenile females.  

Protection hypothesis - Learning to avoid predators or conspecifics is a challenge, as the 

small size and inexperience of juveniles likely makes them more vulnerable (Cords and Aureli 

2002, Pereira 2002, van Noordwijk et al. 2002). A behavioral predatory avoidance tactic is to 

spend time in groups (Hamilton 1971), or to remain in the center of a group (Janson and van 

Schaik 2002). Pereira (1988) found that juvenile savannah baboon (Papio cynocephalus 
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cynocephalus) survival was related to the amount of time spent in close proximity with other 

group members. Observations of capuchins (Cebus apella, Janson 1990), long tailed macaques 

(Macaca fascicularis, van Schaik and van Noordwijk 1986) and white-nosed coatis (Nasua 

narica, Hass and Valenzuela 2002) indicate that juveniles remain in the central positions in their 

social groups. However, Stone (2007) observed that juvenile squirrel monkeys (Saimiri sciureus) 

may avoid predators primarily through the use of particular forest substrates, rather than by 

spatial association with adults.  

Alternatively, associating with certain individuals (kin, peers) within a group may lower 

predation and lessen the risk of aggressive encounters with conspecifics (Pereira 1988, Dugatkin 

and Sih 1998, Silk 2002, Djaković et al. 2011), highlighting the importance of developing social 

relationships. Thus we predict that juveniles would spend less combined time alone (time alone 

plus time with the mother alone) than as calves and avoid aggressive conspecifics, i.e., adult and 

juvenile males (Scott et al. 2005, Stanton and Mann 2012). 

Some socialization in bottlenose dolphins clearly begins while infants are still under their 

mothers’ direct care (Gibson and Mann 2008a b, Stanton et al. 2011). A number of studies, in 

other mammals, highlight the influence of early social experience and its impacts on social 

development (Berman et al. 1997, Repetti et al. 2002, Suomi 2004, Qingxuan et al. 2010, 

Sachser et al. 2013). However, it is probable that most juveniles must continue to learn about 

other members of their community once independent of their mothers. The social ‘choices’ they 

make during this transition are likely to have fitness consequences (Stanton and Mann 2012).  

The Maternal influence hypothesis broadly suggests that juveniles, 2 years post-weaning, will 

show social and foraging tendencies similar to their mothers. Simply a continuation of what they 
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were exposed to as calves and learned to emulate. Previous studies of bottlenose dolphins found 

that calf sociality during separations from the mother was predicted by maternal sociality 

(Gibson and Mann 2008a b, Stanton et al. 2011). Thus we would expect that if maternal 

influence continues into the juvenile period that juveniles will show social tendencies similar to 

when they were calves (combined time alone, ego size, strength and density). 

Learning to forage successfully for growth is another major challenge of the juvenile 

period, especially as the juvenile is no longer nutritionally dependent on his or her mother 

(Altmann 1998). Some foods may be more difficult to find or obtain than others, difficult to 

process, and some foraging tactics are high risk. For example, delphinids that beach themselves 

to catch prey are at risk of stranding (e.g. bottlenose dolphins, Sargeant et al. 2005; killer whales, 

Guinet & Bouvier 1995); chimpanzees that eat honeycomb have a risk of being stung (Sanz and 

Morgan 2009). While some specialized hunting tactics may take years to master (e.g. Maripa 

palm fruit foraging, Gunst et al. 2010; sponge foraging, Patterson et al. submitted).  

Learning to forage successfully may be particularly important for females as maternal 

condition is associated with offspring condition (Trivers and Willard 1973) and likely 

determined by a mother’s early development (Lindström 1999, e.g. fish Taborsky 2006). In 

Shark Bay, female calves adopt the foraging tactics of their mothers and devote more time to 

foraging than males (Mann and Sargeant 2003, Gibson and Mann 2008a b, Sargeant and Mann 

2009). The Parental investment hypothesis would thus predict that females would continue to 

devote more time to developing foraging skills, to increase fat stores in order to sustain their first 

pregnancy and lactation, while juvenile males, which contribute no paternal investment, can 

continue the same foraging rates as when they were calves. 
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The 30-year Shark Bay Dolphin Research Project has tracked individuals from birth to 

death which allows us to explore the nature and significance of the juvenile stage from both life-

history and socioecological perspectives, and to better understand changes in development, thus 

meeting this gap. In examining the activity and social networks of juveniles, this study provides 

a novel approach to the investigation of the extended juvenile stage. 

 

METHODS 

Study Site and Data Collection 

Data were collected as part of a long-term study of bottlenose dolphins in the semi-

enclosed eastern gulf of Shark Bay, Western Australia (25°47’S, 113°43’E). The main study area 

is ~300km
2
. Research in Shark Bay is facilitated by a large number of identifiable individuals 

(>1500) and an extensive 30 year dataset.  Shark Bay is exceptional for studies of cetacean social 

development because behaviors are easy to observe in the shallow, clear water and individual life 

histories are well known. Both “snapshot” survey data and more intensive focal follow data were 

collected.  During boat-based focal follows we collect detailed behavioral information including 

group composition, activity, location, and specific social interactions using standard quantitative 

sampling techniques such as point, scan, and continuous sampling (Altmann 1974). Individuals 

were followed during daylight hours and the focal length (typically from 1 to 3 h) was 

determined a priori based on the hours that individual was observed and field conditions. Group 

composition and size were scanned every minute, conservatively determined using a 10m chain 

rule where one dolphin is in a group with another dolphin if they are separated by 10m or less 

(Smolker et al. 1992).   
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Individuals were identified by dorsal fin and lateral pigmentation using photo-

identification techniques. Sex was determined by (1) presence of dependent calf, and/or (2) 

opportunistic views of the genital area (Smolker et al. 1992). Birthdates were estimated based on 

the calf’s physical and behavioral characteristics, such as fetal folds and surfacing behavior and 

sighting dates for the mother and calf. All birthdates in this study were accurate to 6 months, but 

most estimates were accurate within days. Weaning age was determined by taking the midpoint 

between the last sighting of a calf in infant position or spending more than 80% of the time with 

the mother and when this association decreased to less than 50% (Mann et al. 2000). Weaning 

ages ranged from 2.45 to 3.99 (mean ± SE = 3.32 ± 0.12). 

Our analyses used focal follows as they provide greater detail and precision in terms of 

individual social variation than surveys (Gibson and Mann 2009, Stanton et al. 2011). Focal data 

for calves and juveniles were collected during 1988 to 2012. Each follow had to be longer than 

30 minutes in length. We used focal data from 16 individuals, 8 females and 8 males, which had 

been followed for a minimum of 3 hours for both two years pre-weaning and two years post-

weaning. We used 2 years either side of the weaning period as we were interested in the 

transition to independence and some individuals disappear soon after weaning (Stanton and 

Mann 2012), and to have a constant amount of years for each weaning status. These criteria 

generated a total of 387.6 h of focal data (226.1 h pre-weaning and 161.5 h post-weaning). 

Observation time ranged from 12.63 to 51.13 h (mean ± SE, 28.58 ± 3.22, Table 1) per 

individual. We analyzed activity budgets and social network metrics to examine the four non-

mutually exclusive hypotheses proposed in this study. 

 



112 

 

Activity Budgets 

The activity of the focal individual was recorded every 2.5 minutes (pre-1997) or every 

minute (post-1997). Results from these two sampling methods have been found to be nearly 

identical (Mann 1999). Activities were collapsed into four behavioral states: forage, rest, social 

and travel (Table 2). Activity budgets were calculated for each individual by summing time spent 

engaged in each behavioral state across all observations, as a proportion of observation time. 

 

Sociality 

 This study analyzed proportion of time alone, proportion of time alone with the mother 

and ego networks. Proportion of time alone and time alone with the mother was calculated by 

summing the time that each individual was solitary (i.e. without any other individuals within 

10m) and with mother alone (i.e. with mother but no other individuals within 10m) during focal 

follows, standardizing for observation time.  

Ego networks are a type of social network for a focal individual (the ego) and all directly 

connected individuals. Ego networks provide a means for describing and quantifying an 

individual’s immediate social neighborhood (Wasserman and Faust 1994). Ego networks were 

constructed from the focal data set described above for 12 individuals pre- and post-weaning 

(Nfemales = 6, Nmales = 6, see Table 1) followed for a minimum of 5 hours in each weaning status 

(pre-weaning: mean ± SE = 17.33 ± 3.11, post-weaning: 11.25 ± 1.35, Table 1) to adequately 

capture individual variation in social patterns (Gibson and Mann 2009). To obtain robust 

networks, data were pooled by weaning status for each individual to create that individual’s 

static ego network. A tie between individuals existed if the two dolphins were observed in the 
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same group. 

 Ego network metrics, including size, density and age-sex class homophily (see Table 3 

for definitions), were calculated for each ego network controlling for observation time. A 

previous analysis indicated a gradual, nonlinear increase in focal ego size with increasing sample 

size (Stanton 2011). To reduce the bias based on different sample size of each individual in each 

weaning status on ego size, we selected 5 hrs of consecutive focal data, which may span different 

focal follows and/or days, to analyze ego size. Because ego networks consisted of multiple years 

of data, age-sex homophily was calculated for each year and averaged. Ego networks for these 

analyses were static and binary. 

The strength of the ego’s relationships to the members of its network pre and post 

weaning was also calculated. Strength is a measure of how strongly connected the ego is to other 

individuals in its network (Whitehead 2008). We determined the weight of a tie between the ego 

and each associate in his/her network by dividing the number of minutes the associate was 

observed in a group with the ego by the number of total minutes the ego was observed. The ego’s 

total strength is the sum of these weights and is thus a function of both the number and weight of 

his or her ties. The mother was excluded from social metric calculations for the calf pre-weaning.  

 

Data analysis 

Weaning status by sex interaction terms were tested using paired permutation ANOVAs, 

followed by multiple paired permutation tests for comparisons between and within weaning 

status and sex. Permutations were performed either using the coin package in R (Hothorn et al. 

2006) or custom permutations were written in R (Anderson 2001, Bates et al. 2013, lme4 
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package in R for ANOVA, R Development Core Team 2011). Correlation permutations and ego 

network metrics were also carried out in the statistics package R. Throughout, data are presented 

as mean ± standard error (SE), and significance was assigned at the P ≤ 0.05 level.  

 

Ego Network Composition 

 Age-sex class composition of the ego networks for each weaning status was examined. 

We calculated the proportion of each age-sex class and compared them to the proportion 

expected based on population means. The mean proportion of each age-sex class in the 

population was subtracted from the observed ego network values, to determine if each observed 

age-sex class in an ego network differed from expected. One sample permutation tests were used 

to compare these corrected values to zero, performed using the DAAG package in R 

(Maindonald and Braun 2013). The expected population means were calculated from 

demographic records on 422 individuals of known age and sex class for the most recent 2 years, 

considered more accurate, and averaged. Population means in our study area do not differ by 

more than 2% over a 10 year interval (Gibson and Mann 2008b). 

 Determining the strength of the ego’s relationships to individuals in specific age-sex 

classes may provide better insight into the ego network composition. We determined strength as 

above for each ego network and summed the weights of the ties to members of each age-sex 

class to determine strength for each age-sex class. These observed strengths were compared to 

expected strengths. Expected strengths were calculated as in Stanton et al. (2011); multiplying 

the total strength of known age-sex individuals by the proportion of each age-sex class in that 

network. For example a male juvenile associated with other female juveniles for 38 minutes of 
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the total 467 minutes the male juvenile was observed, the strength to male juveniles would be 

0.081, multiplied by 0.073 (31 female juveniles divided by the total number of individuals in the 

population, 422) equals 0.0006. Expected strengths were subtracted from observed strengths and 

the means compared to zero using independent one-sample permutation tests in R (Maindonald 

and Braun 2013).  

 

RESULTS 

Activity budgets 

Pre-weaning, individuals spent 36.3% of their time in infant position (calf swims under 

mother, in intermittent contact, with the calf’s head touching the mother’s abdomen). Pre-

weaning, with infant position excluded, calves spent the highest proportion of their time foraging 

(mean % ± SE = 31.66 ± 4.15) and resting (30.94 ± 4.29), followed by travelling (24.32 ± 3.28), 

and socializing (13.09 ± 3.36, Figure 1). Post-weaning, foraging was the predominant behavioral 

state (44.10 ± 4.62), followed by resting (23.51 ± 4.17), travelling (14.19 ± 3.12) and socializing 

(14.19 ± 3.12, Figure 1).  

Foraging increased post-weaning (Z = 1.94, P = 0.049); no other behavioral states 

significantly differed (ZRest = -1.10 P = 0.283, ZSocial = 0.34 P = 0.745, ZTravel = -1.53 P = 0.132, 

Figure 1). Pre-weaning, males spent more time socializing than females (Z = -2.66 P = 0.002, 

Figure 4), but there were no other significant differences pre-weaning between the sexes (ZForage 

= 0.88 P = 0.400, ZRest = 1.59 P = 0.116, ZTravel = -1.34 P = 0.186, Figures 2 and 3). Post-

weaning, females spent more time foraging than males (Z = 2.77 P = 0.002, Figure 2), whereas 

males spent more time resting than females (Z = -2.01 P = 0.037, Figure 3). There were no other 
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significant sex differences in behavior post-weaning (ZSocial = -0.808 P = 0.434, ZTravel = -1.637, 

Figure 4). Males did not significantly differ in activity budget pre- and post-weaning (ZForage = 

0.221 P = 0.834, ZRest = 0.967 P = 0.343, ZSocial = -0.874 P = 0.393, ZTravel = -1.088 P = 0.292). 

Females increased their time spent foraging post-weaning (Z = 2.13 P = 0.029, Figure 2), 

whereas resting decreased post-weaning (Z = -2.51 P = 0.007, Figure 3); social (Z = 1.566 P = 

0.122, Figure 4) and travel (Z = -1.348 P = 0.185) time did not significantly change. Sex by 

weaning status interactions were significant for foraging (P = 0.049, Figure 2) and resting (P = 

0.009, Figure 3), but not for socializing (P = 0.088, Figure 4). 

 

Sociality 

Pre- and post-weaning dolphins were highly variable in the amount of time spent alone, 

ranging from 0 to 37.7% (mean 16.1% ± 3.1) and 14.5 to 80% (mean 41.7% ± 4.5) of their time 

respectively. The time spent with mother alone was also highly variable pre-and post-weaning, 

ranging from 10 to 73% (mean 32.4% ± 4.6) and 0 to 24% (mean 3.9% ± 1.6) respectively 

(Figure 5). Interaction terms were not significant (Time alone P = 0.35, time with mother alone P 

= 0.32, or time alone + time alone with mother (from now on referred to as combined time alone) 

P = 0.78). 

Time alone increased post-weaning (Z = 3.527 P <0.0001), whereas time with the mother 

alone decreased post-weaning (Z = -3.475 P <0.0001), but combined time alone did not 

significantly differ between weaning states (Z = 0.584 P = 0.573, Figure 5). For both sexes, time 

alone was greater post-weaning than pre-weaning (ZFemale = 2.362 P = 0.011, ZMale = 2.748 P = 

0.002) and time with the mother alone decreased (ZFemale Z = -2.901 P<0.001, ZMale = -2.879 P = 
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0.002). There were no significant differences for combined time alone pre- and post-weaning 

within each sex (ZFemale = -0.409 P = 0.698, ZMale = -0.125 P = 0.906) or in time spent alone pre- 

and post-weaning (females: pre 18.3 ± 3.28, post 47.5 ± 4.4, males: pre 13.9 ± 2.96, post 35.9 ± 

4.54, ZPre = 0.715 P = 0.476, ZPost = 1.269 P = 0.216). There were no significant sex differences 

within weaning status for time alone with the mother (ZPre = 1.199 P = 0.245, ZPost = 0.257 P = 

0.808) or combined time alone (ZPre = 1.203 P = 0.239, ZPost = 1.394 P = 0.169).  

 

Ego network metrics 

Ego network metrics were not different pre- and post-weaning based on paired 

permutation ANOVAs (FSize = 1.969 P = 0.178, FDensity = 1.179 P = 0.337, FHomophily = 0.01 P = 

0.919, FStrength = 0.381 P = 0.643), or permutation correlations (ρSize = 0.484 P = 0.258, ρDensity = -

0.232 P = 0.334, ρHomophily = 0.516 P = 0.653). Only strength was significantly correlated (ρ = 

0.657 P = 0.03), indicating that those individuals with high strength pre-weaning also had high 

strength post-weaning. 

 

Ego size 

 Pre and post-weaning dolphins were highly variable in their ego size, with individuals 

interacting with 2 to 31 and 5 to 30, respectively. Average ego size (pre 14.83 ± 2.24, post 13.42 

± 2.26) did not significantly differ with weaning status (Z = -0.503 P = 0.655). Within each sex, 

average female ego size pre-weaning was 11.83 ± 2.37 and 14.33 ± 2.87 post-weaning; male ego 

size was 17.83 ± 3.57 pre-weaning and 12.50 ± 2.50 post-weaning. However, ego size did not 
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significantly differ by weaning status within sex (ZFemale = 0.660 P = 0.568, ZMale = -1.051 P = 

0.337) or between sex within weaning status (ZPre = -1.338 P = 0.208, ZPost = 0.406 P = 0.752).  

 

Ego density 

 Average ego density (pre: 0.46 ± 0.03, post: 0.52 ± 0.06) did not significantly differ with 

weaning status (Z = 0.811 P = 0.438). Pre-weaning female ego density was 0.48 ± 0.06 and male 

ego density was 0.44 ± 0.03. Post-weaning female ego density was 0.47 ± 0.07 and, male ego 

density was 0.58 ± 0.11), not significantly different by sex (ZPre = 0.556 P = 0.623, ZPost = -0.886 

P = 0.430) or weaning status (ZFemale = -0.151 P = 0.879, ZMale = 1.173 P = 0.238). 

 

Ego homophily 

 Average age-sex class homophily (pre: 0.07 ± 0.01, post: 0.20 ± 0.03) significantly 

differed with weaning status (Z = 2.68 P = 0.003). Within the sexes, average age-sex class 

homophily in females was 0.07 ± 0.02 and 0.20 ± 0.02, in males 0.06 ± 0.02 and 0.20 ± 0.07 pre- 

and post-weaning respectively (Figure 6). Differences between weaning status significantly 

differed between weaning status for each sex (ZFemale = 2.77 P = 0.034, ZMale = 1.79 P = 0.037), 

but not between sex within each weaning status (ZPre = 0.45 P = 0.78, ZPost = 0.03 P = 1). 

 

Ego strength 

 Average ego strength (pre: 2.81 ± 0.78, post: 2.44 ± 0.62) did not significantly differ with 

weaning status (Z = -0.478 P = 0.744). Within the sexes, average ego strength in females was 

2.17 ± 0.55 and 2.31 ± 0.53, and 3.44 ± 1.49 and 2.56 ± 1.19 in males pre- and post-weaning 
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respectively, and was not significantly different by weaning status (ZFemale = 0.189 P = 0.868, 

ZMale = -0.476 P = 0.868) or sex (ZPre = -0.808 P = 0. 534, ZPost = -0.201 P = 0.891). 

 

Ego Network Composition 

 Females pre-weaning preferentially associated with female calves (Figure 7) whereas 

post-weaning, females preferentially associated with juvenile females (Figure 8). That is, ego 

networks of females pre-weaning had more female calves (one-sample permutation tests: P = 

0.02), but more juvenile females post-weaning (P = 0.02) than expected based on the population 

means. Pre-weaning female and male ego networks had fewer adult males in their networks than 

expected (pre-weaning PFemales = 0.03, PMales = 0.03), whereas post-weaning only females had 

significantly fewer males in their network than expected (PFemales = 0.03), which did not differ 

with weaning status (paired permutation test: Z = -0.08 P = 0.96).  

 Age-sex class strength results revealed some differences (Figures 9 and 10). Pre-weaning, 

females had stronger ties to juvenile males than expected (P = 0.03). Post-weaning females had 

stronger ties to male calves (P = 0.03) and juvenile females (0.03) than expected, but weaker ties 

than expected to adult males (P = 0.03). Pre-weaning males had stronger ties to male calves and 

juveniles than expected (PCalf = 0.02, PJuvenile = 0.03), and these ties persisted post-weaning (PCalf 

= 0.03, PJuvenile = 0.03). However, tie strength did not differ by weaning status (paired 

permutation tests: ZCalf = 0.553 P = 0.88, ZJuvenile = 1.34 P = 0.19).   
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DISCUSSION 

The primary goal of this study was to better understand selective pressures during the 

juvenile period by documenting longitudinal changes in activity and social development of 

bottlenose dolphins during the transition from dependence on the mother to full independence. 

Our results indicate that juvenile dolphins exhibited (1) substantial variation in measures of 

activity and sociality, (2) emerging sex differences in behavior, (3) similar social patterns as their 

mothers, and (4) changes in association patterns from pre- to post-weaning.  Juveniles spent a 

large proportion of their time foraging but also a relatively large amount of time socializing 

compared to adult females. As expected, juveniles decreased the time spent alone with their 

mothers, however unexpectedly the combined time alone was comparable in each age class, 

suggesting maternal influence on sociability in that the degree of solitary or social time they had 

as a calf was retained in the juvenile period. 

Social network analyses yielded several main patterns indicative of maternal influence 

and emerging sex differences. Juvenile ego size, density and strength were similar to that of 

calves. Yet juvenile networks contained a greater degree of homophily than calves, indicating 

that juveniles primarily associated with other juveniles of the same age and sex, whereas calves 

associated with members of age-sex classes that differed from that of their own. Correcting for 

the availability of associates, male calf and juvenile networks contained the expected proportion 

of each age and sex class, with the exception of few adult males in the calf network. Whereas 

female calf and juvenile networks had more associates in their own age and sex class as 

themselves than expected but few adult males.  
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While the proportion of associates in each age and sex class is essential for network 

composition, the strengths of these associations may indicate their relative importance. Male 

calves and juveniles had stronger ties to male calves and juveniles than expected. Female calves 

had stronger ties to male juveniles than expected, while female juveniles had stronger ties to 

male calves and female juveniles, but weaker ties to adult males than expected.  

Despite the attention that has been given to the complex nature of fission-fusion society 

in bottlenose dolphins (Connor et al. 1999, 2001, Lusseau et al. 2003, Wells 2003, Stanton et al. 

2011), little attention has been paid to the social patterns within the transition period to 

independence. Our analyses of activity budgets and social networks provide the first analyses of 

factors related to the development of activity and social patterns within this period. These results 

can inform and provide insight into understanding the challenges associated with the juvenile 

period within a complex fission-fusion society and the selective pressures favoring a prolonged 

juvenile period. This is the first study to examine activity and social patterns in this important 

and fragile life stage. 

 

Social Bonds 

One prediction for the social bonds hypothesis was supported by our data. Juvenile 

networks of both sexes contained a greater degree of homophily than calves, indicating that 

juveniles primarily associated with other juveniles of the same sex and age. Previous studies in 

Shark Bay and Sarasota Bay, Florida found similar sex differences in association patterns of 

juveniles (Samuels 1996, McHugh 2010). However, when controlling for availability of 

associates only female calves and juveniles had more female calves and juveniles respectively 
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than expected. Despite these results the strengths of juvenile associations of the same sex and age 

were higher than expected for both sexes, exhibiting the same sexual segregation seen in adults 

(Smolker et al. 1992). Studies on other animal species have also found a preference for juveniles 

to associate and interact significantly more often with members of their own sex and/or age, 

especially so in agonistic and affiliative interactions, that match adult patterns (Bison: Rothstein 

and Griswold 1991; Cercopithecine primates: Pereira 1988, Bernstein et al. 1993, van Noordwijk 

et al. 2002, Cords et al. 2010; Atelidae: Strier 1997, 2002). The relationships formed as juveniles 

could be critical for the differing future social roles as adults; for males to establish alliance 

partners to obtain access to females (Connor et al. 1992) and for females to establish bonds 

essential for calving success and fitness (Frère et al. 2010). 

Additionally, juveniles of both sexes had strong ties with male calves. This relationship 

could be a consequence of higher socializing rates of male calves than female calves. 

Alternatively, it has been suggested, in play, that individuals prefer associates that are of similar 

size, strength and experience (Spinka et al. 2001). For example, juvenile vervet monkeys 

(Chlorocebus pygerythrus, Fairbanks 2002) and sable antelope (Hippotragus niger, Thompson 

1996) selected play partners that were comparable in size. As the juveniles in this study are only 

2 years post-weaning they are potentially the same size, strength and experience as that of older 

calves. However, further investigation is needed to analyze strengths of ties between calves and 

juveniles of differing ages. 

Independence may allow juveniles to expand their social horizons beyond those provided 

by their mothers, and as bottlenose dolphins in Shark Bay are bisexually philopatric (Tsai and 

Mann 2013), both sexes have the potential to form social relationships early in life that persist 
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into adulthood. Consequently, we expected that for juveniles to develop potential associations 

important for adulthood, that juveniles would increase the number of individuals they associate 

with (‘casting a wider net’). However, the number of associates (ego size) did not differ between 

the calf and juvenile networks. Previous research found that calves have larger networks than 

their mothers during separations (Stanton et al. 2011), hence the lack of difference between 

calves and juvenile network size in this study may indicate that juveniles are continuing to 

associate with a large number of individuals but more within their own age and sex class, to 

develop potential associates for adulthood. Alternatively, the lack of network size difference 

could be attributed to the similar combined time alone, meaning that both calves and juveniles 

have a similar time to develop potential associates. However, we did not test whether the identity 

of the associates changed, a topic which warrants further study. 

Male calves spent significantly more time socializing than females, suggesting that males 

but not females are investing time in developing their social skills as calves before the riskier 

juvenile period (Gibson and Mann 2008a b, Stanton et al. 2011). Even though this difference did 

not extend into the juvenile period and our prediction of increased rates of social activity in 

juveniles was not supported, the rate that calves and juveniles socialized (~13.5%) was higher 

than that of adult females in Shark Bay (<2%, Foroughirad and Mann 2013), and juveniles and 

adults in Sarasota Bay, Florida (7.4% and 0-4% respectively, McHugh 2010). Socializing 

behavior consists of physical contact with another (e.g. petting, rubbing and play). Physical 

interactions are thought to result in various benefits, such as motor training for future interactions 

(Rothstein and Griswold 1991), learning characteristics of the opposite sex and gain competence 

in interactions with them (Ward et al. 2008), training for intersexual competition between same 
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sex individuals (Ward et al. 2008) and social bonding (Fagen 1993). The similar high socializing 

rates of calves and juveniles emphasizes the probable continued importance of juveniles to 

devote time to developing social skills, at least for two years post-weaning, given the sex-

specific adult mating strategies.  

Sex differences in the nature and quality of social bonds of juveniles appear to 

foreshadow their adult networks. Adult males in Shark Bay form multi-level alliances, strong 

and stable bonds with two or more other males to compete intensively for mates (Connor et al. 

1992, 2001, 2011), juvenile males may need to continue high rates of socializing to maintain 

bonds with other individuals of similar age and sex to develop alliance partnerships. In light of 

recent evidence that both genetic and social factors contribute to fitness variation in adult 

females in Shark Bay (Frère et al. 2010a), it may thus be as equally important for juvenile 

females to continue high rates of socializing to establish bonds with a larger number of 

individuals of similar age and sex. Studies have suggested that adult females shift affiliations as a 

function of reproductive state (Wells et al. 1987, Herzing 1997, Möller and Harcourt 2008). 

Given the fission–fusion grouping pattern of dolphins in this study, a larger number of affiliates 

will better accommodate a future reproductive female’s chances of having an associate in the 

population who is in the same reproductive state as she is (i.e., pregnant, nursing, or cycling).  

 

Protection 

One of the predictions for the protection hypothesis was partly supported by our data. 

Juveniles, because of their small size and inexperience are probably more vulnerable to 

conspecific, and particularly male aggression. Juvenile female networks had fewer and weaker 
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ties with adult male associates than expected, similarly calf networks had fewer adult male 

associates. This apparent avoidance of calves and juvenile females is not surprising since adult 

males form alliances to consort females and are often aggressive (Scott et al. 2005, Connor et al. 

2001). However, the lack of avoidance of juvenile males by juvenile females, and the lack of 

avoidance of adult males by juvenile males is intriguing. It is possible that juvenile males are not 

particularly threatening to juvenile females, and may provide an opportunity to learn 

characteristics of male behavior and gain competence in interactions with them (Ward et al. 

2008). The strong ties with male calves could explain the lack of avoidance of adult males by 

juvenile males. Juvenile males had stronger ties than expected with male calves, who are likely 

older and have mothers who are being consorted by male alliances.  Thus, juvenile males cannot 

have weaker ties with adult males than expected AND have strong ties with male calves. 

Furthermore, male and female calves had stronger ties than expected with male juveniles. 

This result is surprising, though consistent with Gibson and Mann' (2008b) study, given that 

male calves that died post-weaning had stronger ties to juvenile males than surviving males 

(Stanton and Mann 2012). A previous study showed that male calves were the recipients of 

49.4% of socio-sexual encounters, primarily mounting, with juvenile males (Mann 2006) and 

could be a source of social stress for male calves. In contrast, juvenile males received only 4.8% 

of mounts from male calves, indicating that juvenile males are not self-handicapping or role 

switching in these encounters. As suggested earlier, the stronger ties of calves to juvenile males 

could be a consequence of preferring associates that are of similar size, strength and experience 

(Spinka et al. 2001), providing support for the social bonds hypothesis; which again warrants 

further investigation in to analyzing strengths of ties between calves and juveniles of differing 
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ages. Alternatively, it is possible that juvenile males were specifically joining the calf’s group 

(i.e. adult females) rather than the calf itself. Adult females have never been observed to act 

aggressively towards juveniles or adults of either sex, suggesting that female bottlenose dolphins 

are highly tolerant (Scott et al. 2005); young males may thus enjoy reduced predation and/or 

conspecific aggression, or the potential to build relationships with females.  

Predation is potentially a major factor of non-calf mortality. As predation risk influences 

dolphin habitat use and grouping in Shark Bay (Heithaus and Dill 2002), and 74.2% of dolphins 

(non-calves) bear shark bite scars (Heithaus 2001). Several authors have suggested that the 

amount of time juveniles spend alone has implications for predation risk (Hamilton 1971, Janson 

and van Schaik 2002), because lone individuals are more vulnerable to predators (Alberts and 

Altmann 1995). We predicted that juveniles would have a lower combined time alone than 

calves and would thus gain some protective benefit from association with others by dilution, 

detection or deterrence from predators and/or conspecifics. However, our data did not support 

this hypothesis. Several previous studies have shown that predation pressure does not appear to 

have an overwhelming influence on calf social patterns (Mann and Watson-Capps 2005, Gibson 

and Mann 2008b). Similarly, given the high rate of combined time alone in juveniles, predation 

pressure does not appear to have an overwhelming influence on juvenile social patterns. 

Alternatively, high rates of time alone could possibly be a strategy to avoid conspecifics 

aggression, which could be the case for juvenile females in this study.  
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Maternal influence 

 The maternal influence hypothesis was supported by our findings that juvenile social 

tendencies (combined time alone, ego size, strength and density) were similar to when they were 

calves and that females continued to devote more time to foraging. Previous studies of bottlenose 

dolphins found that calf sociality during separations from the mother was predicted by maternal 

sociality (Gibson and Mann 2008a b, Stanton et al. 2011). The lack of difference in social 

tendencies between calves and juveniles could possibly be evidence of continued maternal 

influence, adopting maternal style throughout life, or simply because of what calves were 

exposed to and learn to emulate when with their mothers (reviewed in Maestripieri and Mateo 

2009). Furthermore, juvenile females associate more frequently with their mothers compared to 

males (Tsai and Mann 2013), thus maternal sociality is likely to have a stronger influence on the 

social patterns of juvenile females than those of juvenile males. 

 

Parental investment 

The parental investment hypothesis was supported by our data that juvenile females 

continued to increase their foraging rates from that as calves. These results highlight the probable 

importance to increase fat stores, not only for current survival, but for future survival and 

reproductive success, in order to sustain their first pregnancy and lactation. Whereas males, 

foraging at similar rates pre- and post-weaning may indicate that they forage just enough to 

satisfy nutritional needs and their priorities are different. These results may possibly provide 

support for the trade-off hypothesis for an extended juvenile period. Furthermore, given that 

females are more likely to acquire the specific foraging techniques of their mothers (Mann and 
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Sargeant 2003, Gibson and Mann 2008a), highlights the probable continued importance of 

juvenile females needing to devote time to develop foraging skills and specialized techniques 

their mothers used (Mann and Sargeant 2003, Gibson and Mann 2008a, Sargeant and Mann 

2009, Patterson et al. submitted). Males are less likely than females to acquire rare foraging 

techniques; as an adult, foraging tactics may depend more upon who his alliance partner is 

(Krützen et al. 2005, Mann and Sargeant 2003, Patterson 2012). Likewise, juvenile chimpanzees, 

capuchin monkeys and long-tailed macaques show similar sex differences in foraging behavior 

that mirror adult differences (Hiraiwa-Hasegawa et al. 1989, Fragaszy 1990, van Noordwijk et 

al. 2002).  

 

Conclusion 

 All hypotheses concerning the function of the juvenile period, 2 years post-weaning, 

received some support. The social bonds hypothesis was supported by our data for both sexes. 

The stronger ties observed between male calves and juvenile males within the calf period 

through into the juvenile period indicate that establishing bonds or at least some social 

competency in the calf and juvenile period would benefit males into adulthood when forming 

male-alliances. The protection hypothesis and the maternal influence hypothesis was also 

supported for both sexes, but strikingly so for females. Juveniles showed clear same-sex 

associate preferences that were not evident in the calf period. Juvenile females showed clear 

avoidance of adult males, and continued to increase their foraging rates from that as calves. The 

variation in the number of follows (1 to 5 hrs) needed to obtain the minimum of 5 hours of focal 

data, to adequately capture individual variation in social patterns (Gibson and Mann 2009), 
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potentially causes a bias in the social network metric results (e.g. ego size). However, the 

similarities of results in this study to other studies (Mann and Sargeant 2003, Gibson and Mann 

2008a b, Sargeant and Mann 2009, Stanton et al. 2011, Stanton and Mann 2012, Tsai and Mann 

2013, Patterson et al. submitted) indicates that with this potential bias and small sample size that 

results here are robust. 

Juvenile periods can extend over a decade as seen in chimpanzees (Pan troglodytes, 

Goodall 1986), African elephants (Loxodonta africana, Moss 2001), and bottlenose dolphins 

(Tursiops cf. aduncus, Mann et al. 2000). However, this study only analyzed the first 2 years of 

the juvenile period, as we were interested how dolphins behaviorally mitigate the risky transition 

from calf to juvenile. The significance of calf social bonds on survival has been shown and the 

adaptive value of adult social relationships have been demonstrated (Frère et al. 2010a, Stanton 

and Mann 2012). The results from this study indicate that the behavior of juvenile dolphins is 

most likely geared towards current survival and towards acquiring skills and relationships that 

will contribute to future reproductive success; providing some support for the trade-offs, 

ecological risk aversion and social pressure hypotheses for an extended juvenile period. Further 

studies will resolve whether juvenile bottlenose dolphins also selectively cultivate relationships 

with certain individuals within certain behavioral states (e.g. rest vs. social) and who will 

become social allies in the juveniles’ adult lives.  

In conclusion, this study provides the first step towards understanding the transition from 

dependence on mother to full independence. The findings presented here help to provide a more 

comprehensive view of the nature and significance of the juvenile stage of bottlenose dolphins 
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from both life-history and socioecological perspectives, and to better understand changes in 

development, thus bridging the gap of knowledge between the calf and adult periods. 
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TABLES AND FIGURES 

 

 

Figure 1. Time budgets Pre- and Post-Weaning. Figure shows the average proportion of time 

in each behavioral state pre- and post-weaning with infant position excluded (mean ± SE, * = P 

<0.05) 
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Figure 2. Sex differences in Foraging Pre- and Post-Weaning. Figure shows the average 

proportion of time in behavioral state forage for each sex pre- and post-weaning (mean ± SE).  

Females foraged more than males post-weaning (P = 0.0023) and significantly increased 

foraging behavior from pre- to post-weaning (P = 0.029). Male foraging behavior did not change. 

There was an interaction effect between sex and weaning status (P = 0.049). 
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Figure 3. Sex differences in Resting Pre- and Post-Weaning. Figure shows the average 

proportion of time spent resting for each sex pre- and post-weaning (mean ± SE). Females 

significantly decreased the time they spent resting from pre- to post-weaning (P = 0.007), and 

rested significantly less than males post-weaning (P = 0.038). There was an interaction effect 

between sex and weaning status (P = 0.009). 
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Figure 4. Sex Differences in Social Behavior Pre- and Post-Weaning. Females spent less time 

socializing than males pre-weaning (P = 0.0019), but not post-weaning. Male social behavior did 

not change. 
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Figure 5. Time alone and time with mother alone Pre- and Post-Weaning. Figure shows the 

average proportion of time spent alone, with mother alone and the two combined pre- and post-

weaning (mean ± SE). Juveniles spent more time alone and less time with mother alone post-

weaning, but time alone combined with time with mother alone did not differ with weaning state.  
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Figure 6. Sex differences in Homophily Pre- and Post-Weaning. Mean ± SE ego network age-

sex class homophily of each sex in each weaning status. Female (P = 0.003) and male (P = 0.03) 

homophily significantly increased post-weaning. 
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Figure 7. Calf Associates. Pre-weaning - average observed minus expected age-sex class 

associates (*P < 0.05, one sample permutation tests). Calves had fewer adult male associates 

than expected and female calves had more female calf associates than expected 
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Figure 8. Juvenile Associates. Post-weaning - average observed minus expected age-sex class 

associates (*P < 0.05, one sample permutation tests). Female juveniles had more female juvenile 

associates than expected and continued to have fewer adult male associates than expected. 
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Figure 9. Calf Ego Strength with Calves, Juveniles and Adults of Both Sexes. Pre-weaning - 

average observed minus expected age-sex class strength (*P < 0.05, one sample permutation 

tests). Male calves had stronger ties with other male calves and juveniles than expected. Female 

calves also had stronger ties than expected with male juveniles. 
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Figure 10. Juvenile Ego Strength with Calves, Juveniles and Adults of Both Sexes. Post-

weaning - average observed minus expected age-sex class strength (*P < 0.05, one sample 

permutation tests). Juveniles of both sexes had stronger ties with male calves than expected. 

Females had stronger ties than expected with other female juveniles; similarly, males had 

stronger ties than expected with other male juveniles. Juvenile females had weaker ties with 

adult males than expected. 
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Table 1. Subjects (ID) Pre-Weaning (Pre), Post-Weaning (Post) and total hours and 

minutes of observation. M – male, F – female, * = subjects not used in ego network metrics, 

AB – activity budget, SNA – social network analysis 

ID Sex Pre Post Total 

CEB M 28.82 5.93 34.75 

CEY M 5.00 10.07 15.07 

COO M 22.10 17.25 39.35 

ECS M 7.03 20.93 27.97 

JSE* M 47.13 4.00 51.13 

RAB M 29.78 6.83 36.62 

SMO M 30.67 7.75 38.42 

TUF* M 4.13 8.50 12.63 

EAT F 20.55 11.47 32.02 

FUT F 14.90 19.05 33.95 

GUA* F 4.58 11.75 16.33 

HFF F 14.75 6.20 20.95 

HUB* F 3.00 17.63 20.63 

NOE F 12.73 12.07 24.80 

OPY F 8.90 15.62 24.52 

SHC F 23.22 5.00 28.22 

Total   277.30 180.05 457.35 

Mean AB 17.33 11.25 28.58 

SE AB   3.11 1.35 2.59 

Mean SNA 18.20 11.51 29.72 

SE SNA 2.59 1.59 2.15 
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Table 2. Behavior state ethogram 

Behavior state Definition 

Rest Slow travel, < 2mph, frequent floating at surface, frequent direction changes 

Travel Straight movement, > 2 mph 

Forage Rapid surfacing, frequent direction changes, fast swims, fish chases, observations 

of fish catches 

Social Physical contact with conspecifics, including petting, rubbing, mounting, chases, 

genital inspections, gooses, pokes, play, bonding, displays 
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Table 3. Ego network metric definitions (modified from Stanton et al. 2011) 

Metric Definition 
 

Ego size 
 

Number of other individuals in an ego’s network. Analogous to the ego’s number 

of associates. Controlling for observation time = ego size / ego observation time 

Ego density Number of observed ties/number of possible ties in the ego network 

Homophily Proportion of individuals in an ego network that share a given attribute with the 

ego. Age-sex homophily refers to the proportion of individuals in an ego’s 

network that are the same sex and in the same age class as the ego. Age classes 

relate roughly to calf (ca.<4 years), juvenile (ca.<12 years) and adult (ca.>12 

years) periods 

Ego strength Sum of the weights of the ties between an ego and his/her associates (e.g. the 

number of minutes two individuals are observed together during follows of the 

ego) 
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CHAPTER V 

Not as easy as it looks: Getting hormones from blow
*
 

 

Environmental hazards are known to cause stress and affect reproductive function in wild 

populations. Whilst there is a considerable body of literature on the relationship between stress 

and reproductive function in terrestrial mammals (e.g., Wasser et al. 2000, Young et al. 2004), 

parallel knowledge of such relationships for cetaceans is lacking (for exceptions see Hunt et al. 

2006, review in Amaral, 2010). Cetaceans face considerable anthropogenic threats from 

overfishing, noise and pollutants and as top predators with slow life histories (Whitehead and 

Mann 2000) and complex acoustic communication systems (Janik 2009), they are particularly 

vulnerable to such cumulative threats. Consequently non-lethal or invasive methods for assessing 

stress and reproductive function in cetaceans has become critical. 

Hogg et al. (2009) depicted a novel non-invasive sampling method, blow collection, 

further describing the extraction and analytical techniques of blow to determine the presence of 

testosterone and progesterone from two species of baleen whale: humpback whale (Megaptera 

novaeangliae) and North Atlantic right whale (Eubalaena glacialis). While Hogg et al. (2009)’s 

study was “the first documented use of lung mucosa to determine the presence of reproductive 

hormones in free-swimming cetaceans”, the description of their methodology and results were 

rather vague and incomplete. This letter analyses their methodology, assesses why more has not 

been published given the relative ease in which blow samples can be collected, and finally 

                                                 
*
 Submitted as a letter to: Krzyszczyk, E. & Sandberg, K., Marine Mammal Science 
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considers an alternative blow collection method and cost effective extraction and analytical 

technique. 

First we applaud Hogg and co-authors, this novel non–invasive blow sampling collection 

technique has the potential to become a very powerful tool. Blow sampling would not only 

measure reproductive hormones important for early indications of pregnancy, sexual maturity 

and senescence, but also include the ability to measure stress hormones such as cortisol to detect 

short term acute stress responses. Blow sampling also has the potential to determine the health of 

a population by determining respiratory pathogenic microorganisms (Acevedo-Whitehouse et al. 

2010) or evidence of toxicity due to industrial and agricultural chemicals (e.g. PCB: Ross et al. 

2000). A major advantage of blow collection is that it capitalizes on the natural breathing 

behavior of cetaceans, allowing repeated measures on a daily basis with minimal stress to the 

animal. As  a result it is deemed appropriate for young animals, endangered species and 

populations already under stress. Given the significant value of blow collection for detecting 

reproductive hormones, it is unfortunate that the published methodology and results were not 

described in sufficient detail.   

Collection methodology -It has long been known that cotton materials can interfere with 

the concentration of some steroids, with assay results artificially high especially for testosterone 

and progesterone (Dabbs 1997; Schwartz and Granger 1998; Shirtcliff et al. 2001). Thus, the 

authors’ use of cotton gauze for sample collection was redundant. The authors also collected 

blow in nylon stocking material, which they cleaned first via sonication. This collection method 

is problematic for several reasons. Sonication would not be possible for remote field work and it 

is unclear how contamination could be avoided during storage if the nylon stocking was 
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sonicated before going to the field site. Furthermore, significant sample loss would occur since 

the stocking material is not air tight.  

The authors added an inhibitor mix (100mM MnCl2/ 100µg/mL amoxicillin/potassium 

clavulanate) supposedly to prevent sample degradation. However, there was no mention of how 

the blow soaked nylon stocking with inhibitor was stored on the boat. Furthermore, no data was 

presented showing the necessity of using this mixture of inhibitors for blow collection from 

baleen whales. Hogg et al. (2005) have reported results from stability experiments using MnCl2 

or amoxicillin in dolphin blow and saliva. They concluded that MnCl2 was the superior stabilizer 

compared to amoxicillin; however,  the results were difficult to interpret due to experimental 

design (Trout 2008). 

We recently demonstrated the value of collecting blow in a polypropylene tube. Using 

this collection method, we isolated high quality DNA from captive bottlenose dolphins at the 

National Aquarium in Baltimore (Frère et al. 2010). We have since optimized this sample 

collection method in wild bottlenose dolphins in Shark Bay, Western Australia by trialing the 

tube together with a screw on polypropylene funnel and using this method, we have isolated high 

quality DNA (Frère unpublished data).   

Extraction methods – Before extraction of steroids the removal of contaminants, that may 

interfere with measurement, is considered to be important for most collected samples. For 

example, lyophilization of fecal samples is strongly recommended to avoid contamination from 

water, whereas urine, saliva, ocular secretion and milk samples require centrifugation to remove 

proteinaceous components (Amaral 2010). Before hormonal analysis, most of the published 

literature for aquatic mammals have used methanol, ethanol or a combination of some other 
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solvents for steroid extraction (see review Amaral 2010). Hogg et al. is the first to use solid 

phase extraction (SPE). SPE products are excellent for sample extraction, concentration and 

cleanup; however, they are available in a wide variety of chemistries, adsorbents and sizes. 

Selecting the most suitable product for each application and sample is important (López de Alda 

and Barceló 2001). Unfortunately, Hogg et al. did not fully explain the reasoning and 

significance of this method, why was it selected above others? 

Analytical methods – The authors are the first to use liquid chromatography-mass 

spectrometry (LC-MS) to measure testosterone and progesterone in cetaceans. There have been 

several critiques of their method: 1) that a single ion at a particular retention time would not be 

considered as proof of identity; i.e., the presence of an adduct ion would be considered as a 

significant ion for identification (Trout, 2008); 2) It is unclear why the gradient scan was 

conducted in both positive and negative modes, when the SIM mode analysis for testosterone 

and progesterone was positive, even though this was not stated; 3) The authors used deuterated 

testosterone or progesterone as the internal standard, suggested by Trout (2008) instead of Fmoc-

glutamine that was used in Hogg et al. 2005; however, no further reference was made as to 

whether it was used in the analysis or not. Furthermore the chromatogram results in figure 2c are 

the exact same as in figure 7.7 from Hogg, 2005 even though internal standards differed.  

Quality of blow samples were given in Table 1; however, there is little discussion, apart 

from advising to collect samples when there is little to no wind, how this affected the detection 

of hormones in blow. We suggest that a better scoring of sample quality is needed. Such as the 

“look” of the sample (i.e. lots of organic matter, clear and watery or brown and “gunky”), the 

volume of blow (1 or more blows), together with the authors’ subjective scoring of how close the 
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pole was to the whale or the whale’s blowhole, would give a better indication of what would be a 

suitable blow sample in which to detect hormones. It is also notable that while the authors 

advocate that blow collection is a non-invasive technique, whale reactions to the boat or pole 

were not recorded nor discussed.  

Hogg et al.’s (2005, 2009) efforts to extract steroid hormones from cetacean blow 

inspired us to determine if blow sampling could be used as an alternative non-invasive method 

for hormonal data collection in a well-studied dolphin population. We aimed to develop reliable 

methods for extracting steroid hormones (primarily estrogens) from blow in wild bottlenose 

dolphins (Tursiops sp.) in Shark Bay, Australia. To test the reliability of the technique, we 

collected blow from captive bottlenose dolphins at the National Aquarium in Baltimore. A 100ml 

glass tube with a Teflon coated cap was held inverted over the dolphin’s blowhole and the 

dolphins were trained to exhale on cue. Four to six exhalations were collected per tube. As soon 

as the blow samples were collected, they were stored on dry ice until they were extracted and 

analyzed at Georgetown University (Washington, DC). 

Extraction of blow from the tube proved to be more difficult than expected.  We first 

used water to extract the sample, but had no success since blow is an oily viscous substance. 

Recently, lipid and fatty acid analyses have suggested that blow is a mixture of seawater, 

epithelial tissue and lung surfactant (Patterson, unpublished data). As a result, we explored the 

following extraction methods: diethyl ether (see Biancani et al. 2009) and ethanol/hexane (see 

Kellar et al. 2006). These two methods have been successfully used to extract estrogen from 

matrices that contain fat (i.e. blubber). We also tested methanol (see Rolland et al. 2005), which 

is an extraction method commonly used for feces.  
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Estrogen levels were measured by radioimmunoassay (RIA) using Coat-a-Count kits from 

Diagnostic Products Corporation (catalog #TKE21) since RIA is an economically viable and 

sensitive alternative to analyses by liquid chromatography-mass spectroscopy. Results indicated 

that diethyl ether failed to extract estrogen, whereas both ethanol/hexane and methanol were 

successful in extracting 17β-estrodiol (E2) from blow. All of the following experiments used the 

simpler methanol extraction procedure over the intensively lengthy and more costly 

ethanol/hexane method. 

To determine the efficiency of methanol extraction, we carried out the following 

experiment: Using four 100ml glass tubes with Teflon coated caps, two contained blow, two did 

not. 333 pg of unlabeled E2 was added to one 100ml tube with blow and one 100ml tube without. 

All tubes were then extracted using methanol, transferred to 6 ml tubes, dried and resuspended 

before being assayed for E2 by RIA as described above. In addition, 333 pg of unlabeled E2 was 

added to a 6 ml tube but not extracted so it could be used as a standard. We were able to detect 

9.6 pg of E2 from blow. Results indicated that extraction method was efficient as only 13% of E2 

was lost from tubes without blow. However, 21% of E2 was lost during the extraction procedure 

from tubes containing blow, indicating that elements in blow possibly inhibit the extraction 

and/or measurement of E2. 

We ran several additional experiments using radioactively labeled estrogen to track were 

E2 was being lost. E2 could be left behind in (1) in the 100 ml tube after extraction, (2) in the 6 ml 

tube after drying and resuspension, or (3) in the decanted fluid after incubation in RIA kit tubes. 

Results showed that a large proportion of E2 was not binding with the antibodies in the RIA kit 
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tubes (left behind in the decanted fluid), indicating that elements in blow interfere with antibody 

binding. We therefore recommend the use of SPE or thin layer chromatography to not only 

“clean” the blow from erroneous interfering elements but also help to concentrate the sample 

before analysis. 

Analytical validation experiments are still pending; however, these preliminary 

experiments show that collection of blow in a polypropylene tube, extraction with methanol and 

analysis with RIA could be an economically and potentially reliable tool to detect hormones in 

small cetaceans. This approach would be especially useful in detecting early pregnancy that can 

be missed if the offspring dies before being seen (see Tizzi et al. 2010). 

This new non-invasive tool for studying endocrinology of cetaceans would improve our 

understanding of the social lives of these animals and contribute to conservation efforts, first, by 

enabling us to assess and predict the reproductive constraints of threatened or endangered 

populations and second, by using such information to develop appropriate regulations in areas 

were pollutants or stress are affecting the population. Without baseline endocrinological data on 

wild populations under low anthropogenic stress, signs of increased stress in other populations 

would not be detected. Consequently, methods from collection to analysis need to be as 

transparent, clear and descriptive as possible, so that reinvention of the wheel is avoided. 
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DISSERTATION CONCLUSION 

A long juvenile period (post-weaning, pre-reproductive) is one of the major features 

associated with big brained, long lived social mammals such as primates, cetaceans and 

elephants; and yet the juvenile period in mammals is a relatively neglected area of research. 

Among social mammals with prolonged juvenile periods, juveniles remain in relatively stable 

groups with their mothers post-weaning, and are thus somewhat protected from ecological and 

social threats.  However, bottlenose dolphins, on their own post-weaning, must negotiate a 

complex social and physical environment in the absence of maternal care. Life history theorists 

assume juveniles must need or use this period to solve specific adaptive problems, such as 

growth, skill development or social bond formation. In this dissertation, I examined the period of 

immaturity in bottlenose dolphins with a diverse set of approaches: physiological and hormonal 

development, age- and sex-specific survival, and juvenile behavior and relationships. To provide 

a more comprehensive view of the nature and significance of the juvenile stage of bottlenose 

dolphins from both life-history and socioecological perspectives, and to better understand 

changes in development, thus bridging the gap of knowledge between the calf and adult periods. 

The 30-year Shark Bay dataset provided a unique opportunity to investigate these features 

longitudinally. 

 Sexual maturity marks the end of the juvenile period, but knowing when juveniles reach 

sexual maturity is often difficult to decipher, especially so for males. Using a natural 

pigmentation pattern, ventral speckles, in Shark Bay Indo-pacific dolphins, I found that speckles 

first appear at 10 yrs of age around the genital area, just prior to the typical age of first 

pregnancy. The speckles increase in number and density, from the genitals to the head, 
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throughout a dolphins’ lifespan. These results suggest that speckling patterns in Shark Bay and 

Indo-Pacific dolphins could be used for estimating age, sexual maturation and social status.  

 Hormone levels would give a more accurate indicator of sexual maturity. However, 

whilst there is a considerable body of literature on non-invasive sampling and the relationship 

between hormones and reproductive maturity in terrestrial mammals, parallel techniques and 

knowledge of such relationships for cetaceans is lacking. Hogg et al. (2009) was the first to 

depict a novel non-invasive sampling method, blow collection, further describing the extraction 

and analytical techniques of blow to determine the presence of hormones from two species of 

baleen whale. However, the published methodology and results were not described in sufficient 

detail. I developed alternative cost effective extraction and analytical techniques. Preliminary 

experiments show that collection of blow in a polypropylene tube, extraction with methanol and 

analysis with radioimmunoassay could be an economically and potentially reliable tool to detect 

hormones in small cetaceans.   

Furthermore, ventral speckling offered a new non-invasive tool for determining ages of 

bottlenose dolphins in Shark Bay. Especially important as accurate determination of age and 

clear and accurate understanding of age composition is a prerequisite for the understanding of 

many aspects of animal life, such as age at sexual maturity, age at first reproduction and age-

specific survival rates, essential to studies of the juvenile period.  

Age- and sex-specific survival patterns are an integral part of demography, sexual 

selection, life history and in the evolution of life history strategies. Despite its importance, sex- 

and age-specific survival patterns have received only modest attention in cetaceans in part 

because of the long time scale required to study these long-lived mammals. Using capture-mark-
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recapture models, an old technique for terrestrial species, sex-specific survival in adults is more 

similar to monogamous species. Whereas, age-specific survival in bottlenose dolphins resembled 

those found in other mammals with a similar life history strategy. In particular 1
st
 year calves had 

significantly lower survival rates than older calves and juveniles.  

One potential cause of death in 1
st
 year calves is gastric impaction due to large amounts 

of seagrass ingestion. Maternal loss by either separation or death was considered to be the main 

cause, with seagrass ingestion as a secondary or response to separation. The pattern underscores 

the importance of the calf period for developing hunting skills. Given that juvenile females 

continued to increase their foraging rates compared to pre-weaning (Chapter IV), highlights the 

importance of foraging skill development.  

Juveniles are often excluded or ignored in network analyses; therefore my study of calf 

and juvenile social networks during the transition to independence is a unique investigation into 

juvenile social network structure. Results somewhat supported all three hypotheses (social 

bonds, protection and maternal influence, and growth hypothesis), indicating that the juvenile 

dolphin behavior is likely geared towards current survival and towards acquiring skills and 

relationships that will contribute to future reproductive success. These results provide some 

support for the ecological risk aversion and social pressure hypotheses for an extended juvenile 

period. 

 

Whatever the roots of the juvenile growth stage, trade-offs, ecological risk aversion, social 

pressure, brain-growth constraint, one scholar points out that in a broad perspective, “...juvenile 

life has two main functions: to get to the adult stage without dying and to become the best 
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possible adult” (Alexander 1990). This study has provided much needed data on physiological 

and hormonal development, age- and sex-specific survival, and juvenile behavior and 

relationships. However, more questions were raised than answers given, so alas, there is more 

work to be done! 
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APPENDIX A 

Chapters 1 and 3 were published in the journal Marine Mammal Science. This journal does not 

require that authors receive permission prior to publishing the authors’ articles in their own 

theses (http://onlinelibrary.wiley.com/journal/10.1111/(ISSN)1748-

7692/homepage/Permissions.html) 
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