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Abstract: 

We examined the development of respiratory and diving competence in 44 wild 

bottlenose dolphin calves (Tursiops sp) in Shark Bay, Western Australia.  Analyses of 

dive durations, dive patterns, and mother-calf synchrony show that the newborn period 

(0-4 mos.) is markedly different from all ages with both mother and calf diving only 

briefly (1 min. or less), suggesting that mothers adjust their diving behavior during this 

vulnerable period.  In addition, calves gradually increased diving competence into the 

second year of life, as seen in increased dive durations and a greater proportion of deep 

dives; however, there were little changes in diving ability thereafter, even though the 

minimum weaning age is three (Mann et al. 2000).  Thus, while diving competence may 

not be the final limit on weaning age it is likely a prerequisite for the development of 

other behaviors that ultimately limit weaning age. 

Introduction: 

Cetaceans possess many unique behavioral, morphological, and physiological 

traits shaped by their evolutionary history. The fossil record suggests that cetaceans were 

initially terrestrial animals that adapted to a semi-aquatic life and eventually evolved to 

animals that spend their entire lives at sea (Berta et al. 1989). This transition to an aquatic 

life resulted in behavioral, morphological, and physiological modifications to allow these 

animals to engage in aquatic rather than terrestrial movement and activities. 

A primary distinction between marine mammals, whose evolutionary pathway 

indicates a terrestrial life and a return to the sea, and fish, which have always been marine 

creatures, is that marine mammals lack gills and thus need to be at the surface to breathe. 
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The long periods of submersion characteristic of most marine mammal activities require 

altered physiology and body structures to terrestrial mammals. Marine mammals have 

higher total body oxygen stores than their terrestrial counterparts, due primarily to greater 

blood and muscle oxygen stores (Noren et. al 2002). In particular, myoglobin, the 

primary oxygen carrier in the muscles, is 10-30 times greater in marine mammals and 

aquatic birds than in terrestrial animals (Kooyman 1989). Myoglobin allows marine 

mammals to engage in extended apnea during dives, increases with age, and is positively 

correlated with maximum dive durations for odontocetes (Noren et al. 2001, Noren & 

Williams 2000).  In addition, marine mammals markedly decrease heart rate during 

diving, a phenomenon known as bradycardia, which allows for oxygen conservation and 

thus facilitates long periods of submergence.  

      Clearly respiratory and diving capacity in young marine mammals is essential in 

allowing these animals to survive a life at sea.  Cetaceans are not born with full diving 

capacity.  Muscle oxygen storage ability increases with age (Noren et. al. 2002).  Body 

size, another factor influencing diving competence, is positively correlated with 

maximum dive duration in odontocetes (Noren & Williams 2000, Marino et al. 2006), 

suggesting that younger animals may not reach adult diving capability until they 

approach adult size. For example, sperm whales are the largest toothed whales and they 

are the deepest divers, descending more than 1000 meters and staying submerged for up 

to an hour.  Sperm whale calves cannot dive for the prolonged periods of time shown by 

adults, which results in a “babysitting” system to care for the calves while adults engage 

in long foraging dives (Gero 2005, Whitehead 1996).  Other measures of respiratory 

competence, such as red blood cell number, hemoglobin content, and haematocrit have 
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been shown to require a developmentary period, not reaching adult levels until age three 

(Noren et al. 2002). In addition, Noren, Cuccurullo, and Williams (2003) demonstrated 

that the ability to reduce heart rate in response to prolonged submergence increases with 

age for captive bottlenose dolphins.    

As marine mammals that must breathe air at irregular intervals, young dolphins 

not only "learn" to breathe when reaching the surface (breathing is conscious, unlike 

terrestrial animals), but diving-breathing relates to a host of other physiological traits, 

including uni-hemisphere sleep and foraging ability. The development of diving and 

respiration ability may determine the minimum weaning age (Noren 2002). That is, 

calves would not survive weaning unless they can forage independently and successful 

foraging depends on diving ability. Variation in weaning age may relate to the time 

foraging at depth, for example. Deep water may be more challenging for young calves 

and require greater respiratory-diving ability, thought to be "adult-like" at age three 

(Noren 2002).  

While researchers have demonstrated the importance of physiological factors such 

as bradycardia for diving development (Noren et al. 2004), behavioral techniques to 

increase the animal's energetic efficiency while diving have also been noted in marine 

mammals (Williams 2001). Bottlenose dolphins use alternating forms of motion while 

diving, termed stroking and gliding, to maximize their diving capability (Williams 2001, 

Williams et al. 2000).  This strategy may not be an essential one for the dolphins of Shark 

Bay as marine mammals spend the most time gliding on deep dives (Williams et al. 

2000), and Shark Bay is a relatively shallow bay, reaching approximately 13 meters at its 
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deepest point.  However, even if gliding does not play an essential role in diving for these 

animals, young calves employ this gliding strategy while swimming adjacent to the 

mother in echelon position, which is likely to give them a hydrodynamic benefit 

(Gubbins et al. 1999). 

There are few studies of diving development in wild bottlenose dolphin calves 

other than observations of the newborn period (Mann & Smuts 1999). However, many 

studies have been conducted on the ontogeny of diving in pinnipeds, which differ from 

cetaceans in that they are not born in the water and thus need not immediately 

demonstrate adaptations for aquatic life. For example, Baylis and colleagues (2005) 

found that New Zealand fur seal pups (Arctocephalus forsteri) increase the depth, 

frequency, and vertical distance of dives as they approach weaning age. In addition, 

nocturnal diving, a behavior associated with greater foraging efficiency for seals 

restricted by body size, was seen as increasing with age (Baylis et al. 2005). Thus, fur 

seals modify diving behavior as they approach weaning, which would likely lead to 

enhanced foraging ability and thus greater chance of survival (Baylis et al. 2005). 

Likewise, respiratory and diving maturation are essential for the Australian sea lion 

(Neophoca cinerea) to reach adult foraging competence (Fowler et al. 2006). Australian 

sea lions exhibit a much longer period of dependency than other otariids, most likely 

because their benthic foraging strategy requires enhanced diving ability (Fowler et al. 

2006). Similarly, Pitcher and colleagues (2005) found that diving development was 

necessary to acquire foraging skills and thus also had implications on weaning age in 

Steller sea lions (Eumetopias jubatus).  Richmond and colleagues also found that Steller 

sea lions start foraging independently when their relative oxygen stores are similar to 
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those of adults (Richmond et al. 2006).  A few studies have been conducted on cetaceans, 

such as Baird, Hanson, and Dill's examination of the diving behavior of killer whales 

(Orcinus orca) (2005).  While their research did not show an effect of age on diving 

behavior, this is likely due to limitations of the depth of the study area and/or to the 

limited age distribution of the sample, with the youngest animals being three years of age 

(Baird et al. 2005). 

It is likely that these findings about the impact of diving development on foraging 

ability and consequently on weaning age may extend to other cetacean orders. However, 

it is important to highlight the key distinction between dolphins and pinnipeds, in that 

while pinnipeds are born on land and eventually venture into the sea to learn to dive and 

forage, dolphins are born in the water and thus exhibit precocious motor functioning 

(Mann & Smuts 1999). For example, during the first two weeks of life, dolphin calves 

exhibit fast swimming with their mothers both in the wild and in captivity (Mann & 

Smuts 1999; Lyamin et al. 2005). It seems likely that this unique developmental motor 

pattern may result in differences in diving ontogeny in dolphins versus pinnipeds.  

The newborn period is one of rapid developmental changes for bottlenose dolphin 

calves (Mann & Smuts 1999). Immediately after birth, the infant and its mother remain in 

motion twenty-four hours a day (Lyamin et al. 2005). The continuous motion of infants is 

noted in newborns in the wild, which do not stop moving for more than a few seconds 

(Mann & Smuts 1999). There is some debate over whether newborn dolphins and their 

mothers exhibit sleep behaviors during the first month of life. Dolphin sleep is 

demonstrated by uni-hemispheric slow waves in the brain which are associated with 
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closure of the contralateral eye (Lyamin et al. 2005, Sekiguchi et al. 2006). Lyamin and 

colleagues maintain that eye closure is rare in both mothers and newborns, and conclude 

that prolonged periods of sleep do not occur during the first month of life (2005). 

However, others (Sekiguchi et al. 2006; Gnone et al. 2006) suggest that infants and their 

mothers engage in "swimrest," an underwater behavior where one or both eyes are closed 

and continuous activity is maintained (2006). Regardless of the technicalities of whether 

newborns engage in sleep, the fact remains that, for dolphins, breathing is a conscious 

activity and calves must learn when to surface to breathe.  Thus, it is likely that the 

continuous motion of the newborn and its mother may be related to the newborn's 

respiratory development as the newborn must make frequent surfacings to breathe. 

While calves exhibit motor precociousness in that they must start to swim at birth, 

motor functioning clearly improves with age (Mann & Smuts 1999). For example, calves 

often exhibit chin-up surfacings during the first two to three weeks of life, where the calf 

slaps the jaw on the water surface when submerging, unlike the smooth rolling surfacings 

of adults and older calves (Mann & Smuts 1999). These chin-up surfacings are rarely 

seen after the first two or three weeks of life, as the calf's surfacings become smoother 

with motor development (Mann & Smuts 1999).  Likewise, Peddemors reports that when 

newborn calves surface, they bring most of their torso out of the water, but by 

approximately the 25th day, calves acquire the rolling surfacing pattern shown by adults 

(1990).  Further evidence for limited motor capabilities in bottlenose dolphin calves is 

that 0-3 month old captive calves have a mean swim speed only 40-60% of the 

sustainable swim speed of adult bottlenose dolphins (Noren et al. 2006).  In addition, 

swim speed of calves traveling independently from their mothers increased significantly 
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with age from birth to the second year of life (Noren et al. 2006).  It is likely that this 

hindered motor functioning of calves is due both to smaller body size and to 

physiological constraints, such as reduced myoglobin and hemoglobin concentration in 

calves compared to adults (Noren et al. 2006). 

Another notable change during the newborn period that indicates improved motor 

ability is the reduction in echelon swimming and the accompanying increase in infant 

position swimming (Mann & Smuts 1999, Gubbins at al. 1999). After making "corklike" 

surfacings immediately after birth, especially during the first week of life, newborn 

calves tend to swim alongside and in contact with their mother, a behavior known as 

echelon swimming (Mann & Smuts 1999).  Peddemors also found that newborns spend 

much time swimming in echelon and that this behavior declined with calf age (1990).  In 

echelon position, the newborn calf may be better able to coordinate movements, 

surfacings, and breathing with the mother (Mann & Smuts 1999, Peddemors 1990). With 

age, the calf begins to spend more time in infant position, where the calf is positioned 

beneath the mother with his/her head touching the mother's abdomen (Mann & Smuts 

1999). By the fourth month, calves no longer swim in echelon, but spend approximately 

30% of their time in infant position (Mann & Watson-Capps 2005).  Calves also increase 

the amount of time they spend away from their mothers over the first year of life, 

indicating greater independence with age (Gubbins at al. 1999).  Swimming in infant 

position rather than echelon position likely requires more advanced motor abilities as 

calves must break contact with the mother to surface and breathe (Mann & Smuts 1999). 
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The preponderance of echelon swimming during the first week of life suggests 

that synchronous surfacings with the mother may play a role in aiding calf motor and 

diving development (Mann & Smuts 1999). Infants show the highest rate of synchronous 

breathing with their mothers during the first week of life, corresponding with the highest 

rate of echelon swimming (Mann & Smuts 1999).  In one captive bottlenose dolphin calf, 

90% of breaths were taken in synchrony with the mother during the first 50 days of life, 

after which synchronous breathing declined (Peddemors 1990).  Studies of wild dolphins 

have also shown that breathing synchrony decreases from the first to the second month of 

life (Mann & Smuts 1999). 

Mortola and Limoges have shown that at rest breathing frequency is lower for 

aquatic than terrestrial animals (2006); due to the heterogeneity of aquatic mammal 

species, it seems that this shared breathing pattern reflects a common strategy to cope 

with aquatic life.  Newborn aquatic mammals showed lower resting breathing frequencies 

than newborn terrestrial species, indicating a genetic basis for this pattern; however, 

resting breathing frequency of newborn aquatic mammals was nevertheless higher than 

that of adults of the same species, suggesting that maturation is required to reach adult 

breathing frequency (Mortola & Limoges 2006).  Breathing rates collected for wild 

bottlenose newborn calves indicate that newborn calves breathe more frequently than 

their mothers, and rates were similar to those found for captive dolphins (Mann & Smuts 

1999). However, the maximum breath intervals for wild dolphins in Shark Bay were 

longer than those of captive dolphins, which is likely due to the fact that the animals can 

dive to greater depths in the wild (Mann & Smuts 1999). The breathing capability of 

newborn calves is likely a limiting factor in their diving ability.  
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An additional variable that plays a role in calf dive development is dive type.  The 

first dives of the bottlenose dolphin calves in Shark Bay are peduncle dives, which all 

calves exhibit by the end of their second week of life (Mann & Smuts 1999). Peduncle 

dives entail arching of the body to allow the animal to descend into the water, but the tail 

does not clear the water.  In contrast, the dolphin's flukes emerge from the water in tail-

out dives, which are associated with deeper and longer dives than peduncle dives.  Tail-

out dives usually are not exhibited by the infants until after week five (Mann & Smuts 

1999), perhaps because calves must acquire certain motor and respiratory competence 

before being able to engage in tail-out dives.  

As the development of diving ability was seen to have effects on foraging ability 

and weaning age in pinnipeds and other marine mammals, it is likely that respiratory 

functioning and diving ability have similar functions in dolphins. From the calf's point of 

view, competent diving is essential for staying close to the mother or other dolphins, 

avoiding predators, and for catching prey.  Mothers of young calves face a potential 

tradeoff in that if the calf is not a capable diver, the mother may have to choose between 

efficient foraging and protecting her calf.  Calves must become proficient divers if they 

are to survive after weaning. Despite precocious motor functioning, dolphins have a long 

period of dependency, which may be due to the complexity of dolphin society and/or due 

to the need to develop refined foraging skills (Mann & Smuts 1999). Thirteen different 

foraging strategies have been identified in the dolphins at Shark Bay, Western Australia 

(Mann & Sargeant 2003, Sargeant et al. 2005). Many of these strategies, such as 

"sponging," which involves using a sponge on the rostrum as a foraging tool, require 

foraging in deep water channels, and thus efficient diving ability (Mann & Sargeant 
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2003). Starting in month two, calves engage in a foraging behavior known as "snacking" 

where the calf goes belly-up and chases small fish towards the surface of the water; 

however, calves in Shark Bay have not been observed to catch fish until sometime 

between months four and six (Mann & Smuts 1999, Mann & Sargeant 2003).  Snacking 

is the predominant foraging type as calves, but this technique declines with calf age, 

suggesting that the calves are engaging in more non-snacking foraging techniques (Mann 

& Sargeant 2003).  Thus, it appears that perhaps part of the reason for why dolphin calves 

are weaned so late in life is due to the fact that they need to improve their foraging 

ability, which requires advanced respiratory and diving functioning. While newborns 

must quickly develop motor skills to survive in a marine environment and cope with brief 

separations from the mother, the long period of dependency in these animals suggests that 

further skills such as advanced respiratory functioning and diving ability must be 

developed before the calf can survive without its mother.  

To examine the importance of the development of respiratory and diving ability in 

bottlenose dolphin calves beyond the newborn period examined by Mann and Smuts 

(1999), we sought to complete a comprehensive study of diving and respiratory 

development from birth until weaning.  Detailed data from eighteen field seasons 

studying the bottlenose dolphins at Shark Bay, Western Australia, starting in 1988 were 

analyzed. Measures of synchrony, diving and surfacing durations, and dive types for 44 

mother-calf pairs were examined. In addition, in the 2006 field season, detailed breathing 

data on four mother-calf pairs who come to the Monkey Mia beach for daily provisioning 

were collected for use in this study. We hypothesized that diving competence would 

increase linearly with age and reach adult competence by age three, which led to several 
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predictions.  We predicted that calf dive durations would increase with calf age and that 

the proportion of deep dives would increase with calf age.  We also predicted that the 

mother may modify her behavior for the young calf by decreasing her dive duration 

and/or by decreasing her proportion of deep dives.  Additionally, we hypothesized that 

calf-age may affect mother-calf synchrony. 

Materials and Methods: 

Study Site:  

Observations were conducted in an approximately 250 km2 area offshore from Monkey 

Mia in Shark Bay, Western Australia.  The habitat consists of embayment plains, shallow 

sand, and seagrass beds bisected by deeper channels (up to 13m)  The animals studied 

belong to the genus Tursiops sp; they are a relatively small type of bottlenose dolphin 

(adult size is ~2m) with ventral speckles commonly known as Indo-Pacific bottlenose 

dolphins. Individual dolphins are recognized by the shape and markings on their dorsal 

fins, as well as markings on their bodies. Dolphins are sexed according to ventral views 

of their genitals or presence of a dependent calf. Calves are recognized by the appearance 

of fetal folds or lines which allow for approximate aging of the animal (Mann et al. 

2000). Calf age was defined by year with class 0 = newborn (0-3 months), class 1 = 4-11 

months, class 2 = 12-23 months, class 3=24-35 months, class 4= 36-47 months, and class 

>4= 48+ months (Sargeant et. al. 2005).  

Focal Observations:  
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For eighteen field seasons starting in 1988, Dr. Janet Mann and her students have 

conducted focal observations by following specific mother-calf pairs on a small boat. 

Continuous sampling was used to record data such as surfacing and diving bouts, 

synchronous surfacings, dive type, and time spent in echelon or infant position. Point 

sampling was used to record other variables such as activity, party composition, and 

distance between the mother and the calf. Data from before 1997 were coded to be either 

discrete bouts, when the animals are generally in deeper water and are engaging in clear, 

discrete dives, or non-discrete bouts, when the animals are usually in shallow water 

without displaying distinct dives. The data used to analyze diving behavior was limited to 

discrete bouts. After 1997 diving data were recorded for specific mother-calf pairs only.  

We examined the diving data of 44 dolphin calves, encompassing approximately 240 

hours of detailed diving data.  

Breathing Rate Observations in the Provisioning Area:  

During the 2006 field season, four calves accompanied their mothers came to the 

Monkey Mia beach on a daily basis to receive food handouts from tourists regulated by 

rangers. Calves are not fed (Mann & Kemps 2003). On windy days when it was too rough 

to conduct offshore data collection, breathing rates for these eight animals were collected 

because they are highly visible and typically spend 30-60 minutes near the beach prior to 

being fed. Continuous sampling was used to collect exact breath rates of one animal at a 

time with five minute samples. Point sampling was used to record the location and 

activity of the individual each minute. Data were collected either from the beach or from 
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the jetty which marks the edge of the provisioning area.  See Figure 1 for a diagram of 

the provisioning area. 

 

Data Analysis:  

Dive and Surface Durations: 

Times of submergence and of reemergence from dives for both the mother and the 

calf were collected during focal observations, which allowed us to calculate dive and 

surface durations.  Thus, for each focal follow we have a list of dive and surface 

durations corresponding to each particular calf and mother.  Both dive and surface 

durations of the calf and the mother were analyzed with a mass-univariate general linear 

model (GLM) analysis of variance (ANOVA) to determine whether calf age had an effect 

on diving and surface durations.  One difficulty faced with these data was that the amount 

of data collected varies between calf and year.  For example, due to calf mortality, some 

animals may have data for only the first year of life.  In addition, there are limited data 

for the newborn period and for animals older than four years.  Also, not all focal calves 

were observed in a field season, so some dolphins lack sequential data.  The GLM 

allowed us to overcome these problems by focusing only on the effect of calf age on dive 

and surface duration, and not focusing on variation between individual calves.  Residual 

plots indicated that the data were normally distributed.  While consecutive dives may not 

be independent, the GLM is still an acceptable model as the data are seen as a number of 

clusters of dependent data, with the clusters being independent of each other (Wickens 
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2004).  Post-hoc Tukey paired comparisons with an adjusted p-value were used to assess 

which specific age classes showed significant changes in dive and surface durations.  

Alpha levels were set at <0.05. 

Dive Types: 

Dive type for both the mother and the calf were examined.  In particular, we 

looked at the proportion of total dives that were tail-out dives and compared this 

proportion across years.  As there is a great deal of variation in dive-type for individual 

animals (certain animals are more likely to tail-out dive than others because of habitat 

heterogeneity) the data for each calf or mother was matched across years and examined 

with the Wilcoxon signed-ranks tests.  

Mother-Calf Synchrony: 

Like dive-type, synchrony data were also compared within the same calf across 

years due to individual variation.  Synchrony data were limited to animals observed 

during earlier focal follows (before 1997) as diving synchrony data was not coded 

beyond this year.  The Wilcoxon matched pairs signed-ranks test was used to analyze the 

data.  

 Breathing Rates: 

The effect of both location and activity on breathing rates was examined.  Four 

mother-calf pairs entered the provisioning area on a regular basis to be fed by tourists, 

and we assessed the effect of location near shore on breathing rates.  We compared the 
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breathing rates while in the provisioning area but further than two meters away from 

people to the breathing rates while within two meters of the tourists (see Figure 1 for a 

diagram of the provisioning area).  To examine the effect of activity, we compared 

breathing rates while resting to breathing-rates while playing or foraging, more active 

activities. 

Due to the limited sample size (only eight animals), the data were analyzed within 

individuals.  Because continuous focal observations on the same day were not 

independent, breathing rates for particular activities or particular locations were 

determined for each individual dolphin on each day, and the rate for each day represented 

an independent observation.  Certain individuals were excluded from some of the 

analyses as there were not enough days of observation to conduct the analyses on that 

animal, for example, if the mother was not observed in one location.  The Wilcoxon 

signed-ranks test was used to assess whether the dolphin’s breathing-rate differed by 

location or activity.  
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Results:   

Dive and Surface Durations: 

      Calf dive duration differed significantly by calf age [general linear model (GLM), F 

(5,15675) =96.23, P< 0.001].  Post-hoc Tukey comparisons indicated differences between 

specific calf age classes (Table 1). In general, calf dive duration increased consistently 

into the second year of life (Figure 2).  Additionally, while there was no difference 

between year 2 and year 3, calves in year 4 and over dove significantly longer than those 

in year 2 (Figure 2).  Maternal dive duration also differed significantly by calf age [GLM, 

F(5, 14902)= 95.27, P<0.001].  Table 2 shows post-hoc Tukey comparisons for 

differences between mean maternal dive durations between specific calf age classes.  

90 m 

beach 

jetty buoys 
45 m 

Figure 1: Diagram of the provisioning area at Monkey Mia (Mann & 
Kemps 2003).  Tourists line up on an approximately 90 m length 
stretch of beach between the jetty and the buoys to feed the dolphins.  
Tourists stand ankle deep in the water and the dolphins approach as 
close as they wish.  Dolphins are considered in the provisioning area 
when they are between the buoys and the jetty and no further out than 
the edge of the jetty. 
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Like calf dive-duration, maternal dive-duration showed a general trend of increasing into 

the second year of the calf's life (Figure 3). 

      Calf surface duration also differed significantly by calf age [GLM, F(5,16033)= 4.43, 

P<0.001].  Post-hoc Tukey comparisons of the surface durations of each age class 

indicated that differences in surface duration with calf age did not follow any sort of 

directional trend at younger calf ages (Table 3); however, calves spent significantly more 

time at the surface in year 2 than in year 3 (T=3.5545, p= 0.0051) and significantly less 

time at the surface in year 3 than year 4 (T=-3.841, p=0.002).  Maternal surface duration 

differed significantly by calf age (GLM, F(5,15261)=8.64, P<0.001), and post-hoc Tukey 

comparisons showed that mothers spent more time at the surface with newborn calves 

than with calves in year 3 (T=3.8233, p=0.002) and significantly more surface time with 

calves in year a than year 3 (T=3.060, p=0.027).  Additionally, mothers spent more time 

at the surface with calves in year 2 than calves in year 3 (T=6.109, p<0.001) and more 

surface time with calves in year 2 than calves in year 4 (T=0.0381). 
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Table 1: Post-hoc Tukey comparisons representing the effect of calf-age on calf dive-
duration. Table shows 95% confidence intervals representing the difference in mean dive 
interval (minutes) between calf-age classes. * P<0.05, ** P<0.01, *** P<0.001. 
 
Age 
Comparisons 

Difference 
between Mean 
Dive Durations 

T-Value P-Value 

Newborn<y1 0.3630  ± 0.0733 14.12 <0.0001*** 
Newborn<y2 0.4653  ± 0.0735 18.05    <0.0001*** 
Newborn<y3 0.4957  ± 0.0733 19.26    <0.0001*** 
Newborn<y4 0.5683  ± 0.0823 19.68    <0.0001*** 
Newborn<y4+ 0.5801  ± 0.1222 13.54    <0.0001*** 
y1<y2 0.1023  ± 0.0455 6.41 <0.0001*** 
y1<y3 0.1326  ± 0.0509 7.44 <0.0001*** 
y1<y4 0.2053  ± 0.0590 9.92 <0.0001*** 
y1<y4+ 0.2171 ± 0.1098 5.64   <0.0001*** 
y2<y3 0.0304 ± 0.0504 1.71 0.5227 
y2<y4 0.1030 ± 0.0590 4.97 <0.0001*** 
y2<y4+ 0.1148 ± 0.1092 3.00 0.0327* 
y3<y4 0.0726 ± 0.0533 3.89 0.0014** 
y3<y4+ 0.0844 ± 0.1396 2.21 0.2331 
y4<y4+ 0.0118 ± 0.1100 0.31 0.9996  
 
Table 2: Post-hoc Tukey comparisons representing the effect of calf-age on maternal 
dive-duration. Table shows 95% confidence intervals representing the difference in mean 
dive interval (minutes) between calf-age classes. * P<0.05, ** P<0.01, *** P<0.001. 
 
Age 
Comparisons 

Difference 
between Mean 
Dive Durations 

T-Value P-Value 

Newborn<y1 0.3699  ± 0.0684 15.41 <0.0001*** 
Newborn<y2 0.4713  ± 0.0726 18.50    <0.0001*** 
Newborn<y3 0.4779  ± 0.0735 18.54    <0.0001*** 
Newborn<y4 0.5291  ± 0.0798 18.88    <0.0001*** 
Newborn<y4+ 0.6649  ± 0.1180 19.05 <0.0001*** 
y1<y2 0.1014  ± 0.0416 6.94 <0.0001*** 
y1<y3 0.1080  ± 0.0451 6.83   <0.0001*** 
y1<y4 0.1592  ± 0.0510 8.89    <0.0001*** 
y1<y4+ 0.2950  ± 0.1018 8.254  <0.0001** 
y2<y3 0.0065  ± 0.0465 0.40   0.9987 
y2<y4 0.0578  ± 0.0529 3.11 0.0228* 
y2<y4+ 0.1936  ± 0.1025 5.38 <0.0001*** 
y3<y4 0.0513  ± 0.0551 2.65    0.0849 
y3<y4+ 0.1871  ± 0.1050 5.08  <0.0001*** 
y4<y4+ 0.1358  ± 0.1052 3.68 0.0032 
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Table 3: Post-hoc Tukey comparisons representing the effect of calf-age on calf surface-
duration. Table shows 95% confidence intervals representing the difference in mean 
surface interval (minutes) between calf-age classes. * P<0.05, ** P<0.01, *** P<0.001. 
 
Age 
Comparisons 

Difference between 
Mean Surface 
Durations 

T-Value P-Value 

Newborn<y1 -0.0007 ± 0.0700 -0.03    1.0000  
Newborn<y2 -0.0322 ± 0.0701 -1.31 0.7796  
Newborn<y3 0.0276 ± 0.0699 1.13 0.8711  
Newborn<y4 -0.0409 ± 0.0786 -1.48  0.6743  
Newborn<y4+ 0.0130 ± 0.1164 0.32 0.9996  
y1<y2 -0.0316 ± 0.0432 -2.08  0.2966  
y1<y3 0.0283 ± 0.0484 1.67   0.5540  
y1<y4 -0.0403  ±  0.0562 -2.04    0.3185  
y1<y4+ 0.0137 ± 0.1045 0.37   0.9991  
y2<y3 0.0599 ± 0.0480 3.55 0.0051** 
y2<y4 -0.0087 ± 0.0562 -0.44 0.9979  
y2<y4+ 0.0452 ± 0.1039 1.24   0.8169  
y3<y4 -0.0686  ± 0.0508 -3.84 0.0017 ** 
y3<y4+ -0.0146  ± 0.1036 -0.40  0.9987  
y4<y4+ 0.0539 ± 0.1047 1.47  0.6849  
 
Table 4: Post-hoc Tukey comparisons representing the effect of calf-age on maternal surface-
duration.  Table shows 95% confidence intervals representing the difference in mean surface 
interval (minutes) between calf-age classes. * P<0.05, ** P<0.01, *** P<0.001. 
 
Calf age class- 
Calf age class 

Difference between 
Mean Surface 
Durations 

T-Value P-Value 

Newborn<y1 0.0437 ± 0.0597 2.09 0.2948  
Newborn<y2 -0.0010 ± 0.0634 -0.05 1.0000  
Newborn<y3 0.0859 ± 0.0640 3.82 0.0018 ** 
Newborn<y4 0.0467 ± 0.0697 1.91 0.3967  
Newborn<y4+ 0.0562 ± 0.1022 1.57 0.6206  
y1<y2 -0.0447 ± 0.0363 -3.51 0.0059 ** 
y1<y3 0.0423 ± 0.0394 3.06 0.0269* 
y1<y4 0.0030 ± 0.0446 0.19 1.0000  
y1<y4+ 0.0125 ± 0.0879 0.41 0.9986  
y2<y3 0.0870 ± 0.0406 6.11 <0.0001*** 
y2<y4 0.0477 ± 0.0893 2.94 0.0381 * 
y2<y4+ 0.0572 ± 0.0885 1.84 0.4380  
y3<y4 -0.0393 ± 0.0481 -2.33 0.1830  
y3<y4+ -0.0298 ± 0.0906 -0.94 0.9375  
y4<y4+ 0.0095 ± 0.0909 0.30 0.9997  
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Figure 2: Change in calf dive duration with age. Box includes median and two quartiles 
around the median value; whiskers indicate the outer quartiles. Letters indicate 
statistical differences as determined by a mass univariate general linear model (GLM) 
analysis of variance (ANOVA) and post-hoc Tukey pair-wise comparisons (e.g. “a” is 
statistically different from “b,” etc.).  Total number of dive bouts = 15,724; newborn 
(N=1202), 1 (N=5709), 2 (N=3124), 3 (N=2752), 4 (N=2093), >4 (N=844). 
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Dive Type:  

 There appeared to be a general trend for the proportion of tail-out dives to 

increase with calf-age (Figure 4).  Calves had a significantly higher proportion of tail-out 

dives in the second year of life than the in the first (Wilcoxon signed-ranks, Z = -2.330, N 

= 15, p = 0.02).  Additionally, the increase in the proportion of tail-out dives was 

marginally significant between the newborn period and year two and between the 

newborn period and year three, despite a limited sample size of four (Z = -1.862, N = 4, p 

= 0.068).  A marginally significant increase in the proportion of tail-out dives also was 

a 

b 

c 

c c 

d 

Figure 3: Change in maternal dive duration with calf age.  Box includes median and two 
quartiles around the median value, whiskers indicate the outer quartiles. Letters indicate 
statistical differences as determined by a mass univariate general linear model (GLM) 
analysis of variance (ANOVA) and post-hoc Tukey pair-wise comparisons (e.g. “a” is 
statistically different from “b,” etc.).  Total number of dive bouts = 14,937; newborn 
(N=1135), 1 (N=5399), 2 (N=3145), 3 (N=2538), 4 (N=1989), >4 (N=731). 
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found between year one and year three and year one and year four (Z = -1.955, N = 9, p = 

0.051; Z = -1.893, N = 8, p = 0.058). 

 Unlike the calves, mothers showed no change in dive type with calf-age (Figure 

5).  Mothers engaged in approximately the same proportion of tail-out dives throughout 

the calf development.  

 

 

* 

t 

t 

t 

t 

Figure 4: Proportion of calf dives that are tail-out dives as a function of calf age. Box 
includes median and two quartiles around the median value, whiskers indicate the outer 
quartiles. Total number of calves =  44; newborn (N=5), 1 (N=16), 2 (N=19), 3 (N=18), 4 
(N=15), >4 (N=4). Wilcoxon signed ranks test, tp<0.07, *p<0.05, 2-tailed.  

Figure 4: Change in proportion of mother’s total dives that are tail-out dives with calf age. Box 
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Synchrony:  

 There was no apparent trend in mother-calf synchrony with calf age (Figure 6).  

As examined with the Wilcoxon signed-ranks test, synchrony did not differ significantly 

between any calf-age classes. 

 

Figure 5: Proportion of maternal dives that are tail-out dives as a function of  calf age. 
Box includes median and two quartiles around the median value, whiskers indicate the 
outer quartiles. Total number of calves =  44; newborn (N=5), 1 (N=16), 2 (N=19), 3 
(N=18), 4 (N=15), >4 (N=4). 
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Breathing-Rate Data: 

 Table 5 shows the effect of location on individual breathing rates.  The only 

animal whose breathing rate changed with location was an adult female (NIC), whose 

breathing rate was significantly higher while in shallow water, within two meters of the 

tour groups, than while further out in the provisioning area (Wilcoxon signed-ranks, Z = -

2.310, N = 13, p = 0.021).  

Figure 6: The proportion of total surfacing bouts that were exactly or almost synchronous 
(±3 sec.) by age. Box includes median and two quartiles around the median value, 
whiskers indicate the outer quartiles. Total number of calves = 12; newborn (N=3), 1 
(N=9), 2 (N=11), 3 (N=10), 4 (N=6). Wilcoxon signed ranks test tp=0.63, 2-tailed. 

t 



 25 

 Table 6 shows the effect of activity on breathing-rate.  While there were no 

significant differences in breathing-rate with activity, one calf (INI) showed a marginally 

greater breathing-rate while playing/foraging than while resting (Z = -1.660, N = 9, p = 

0.097). 

Table 5: Wilcoxon signed-ranks test results for effect of location on breathing rate (rate 
within 2 meters of tourists minus rate further out in the provisioning area). *P <0.05 

 Individual ID BUD EDE INI NIC PIC PUC SUR YAD 

Mean breathing 
rate w/i 2 m of 
tourists 

3.00 3.04 
 

3.03 
 

3.58 
 

3.10 2.90 
 

2.85 
 

2.75 
 

Mean breathing 
rate further out in  
provisioning area 

2.76 
 

2.48 
 

3.17 
 

2.91 
 

3.51 
 

2.98 
 

2.42 
 

2.86 
 

Z -.535 -.674 -.406 -2.310 -1.224 -.314 -.734 -.365 

P (2-tailed) .593 .500 .684 .021* .221 
 
 

.753 .463 .715 

N (days of 
observation) 

4 5 6 13 13 12 7 4 

 
 
Table 6: Wilcoxon signed-ranks test results for effect of activity on breathing rate (rate 
while playing/foraging minus rate while resting) 
 
Individual ID  
 

INI EDE PUC PIC SUR 

Mean breathing rate 
while playing/foraging 

3.77 
 

3.56 
 

3.06 
 

2.89 
 

1.68 
 

Mean breathing rate 
while resting 

3.00 
 

3.24 
 

2.50 
 

3.83 
 

2.25 
 

Z 1.660 .524 1.069 1.069 1.461 
P (2-tailed) .097 .600 .285 .285 .144 
N (days of 
observation) 

9 7 3 3 5 
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Discussion: 

Overall, calf diving competence increased with age.  Mothers also showed some 

modified diving behavior with younger calves. 

Dive and Surface Durations: 

As expected, calf dive duration increased with age, consistently rising into the 

second year of life.  These results are consistent with many studies of physiological 

development in pinnipeds and cetaceans.  One would expect that calves would not 

achieve adult dive durations until they had developed the physiological mechanisms 

needed for long periods of submersion.  Likewise, young calves may need to improve 

their motor coordination before becoming competent divers.  In addition, the ability to 

reduce heart rate with diving (bradycardia) has been shown to improve with calf age 

(Noren et al. 2003), and greater body size is coordinated with maximum dive duration in 

odontocetes (Noren & Williams 2000; Marino et al. 2006).  Clearly, this study’s 

demonstration of an increase in dive duration with calf age supports the previous findings 

on the development of motor functioning and diving physiology in cetaceans. 

The fact that calf dive duration increases at least until the second year of life has 

important implications for weaning age.  While there was evidence of some increased 

competence after year 2, the consistent increase in dive duration halted at year 2, 

suggesting that perhaps the majority of calves reached diving competence at this age. 

Minimum weaning age in the bottlenose dolphin calves in Shark Bay is 2.6 years, while 

average weaning age is 4 years (Mann et al. 2000).  Although we show that diving 

competence is likely achieved at least a year prior to independence, this does not mean it 
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does not play a role on weaning age.  Calves must learn to forage effectively before 

weaning, and this ability depends on diving more than any other activity.  The first form 

of foraging displayed by calves is snacking, which does not require diving competence.  

This behavior declines with age, which is likely due to the fact that as the calves become 

more competent divers they begin to learn other foraging skills and thus spend less time 

snacking.  Shark Bay dolphins have diverse and complex foraging skills (Mann & 

Sargeant 2003).  Calves that are at the later end of the weaning age spectrum (range 2.6-8 

years) may require longer periods of dependence in order to develop challenging 

techniques like sponging and beach hunting; however, while the development of these 

foraging abilities may be a final constraint on weaning age, it is unlikely that calves could 

achieve independence without diving competence (Mann and Sargeant, 2003; Sargeant et 

al., 2005).   

Maternal dive duration also increased with calf age, which would suggest that 

mothers alter their diving behavior to accommodate their young calves.  While it may be 

expected that mothers alter their diving behavior during the newborn period as newborn 

calves are likely to be especially vulnerable at this stage, it is slightly surprising that 

maternal dive duration seems to mirror the development of calf dive duration by steadily 

increasing into the second year of the calf's life.  One might expect that the mother's 

foraging would be compromised by reduced dive duration.  However, if the mother 

shortens her dive durations into the second year of her calf’s life, she may find ways to 

forage effectively despite taking shorter dives, such as through increasing her dive rate.    

Regardless of the degree to which this change affects foraging efficiency of the mother, it 

is unlikely that the mother would change her diving behavior unless it benefited her calf.   
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There was little discernable pattern in the surface durations of either the calf or 

the mother.  A handful of differences between calf-age classes were significant, but these 

did not follow any overwhelming trend.  Prior to analyzing the data, predictions could be 

made to justify either an increase or decrease in calf surface duration with calf age.  One 

possible prediction was that for the calves, surface duration would decrease with age as 

the calf gained respiratory efficiency and did not need to spend so much time on the 

surface to breathe between dives.  Another possibility was that perhaps if calves engaged 

in longer dives as they grew older they might spend more time at the surface between 

these longer dives as they aged to recover from taxing dives.  However, neither of these 

trends was shown in the data.  Likewise, predictions for the effect of calf-age on the 

mother's surface durations could have justified a trend in either direction.  Perhaps if 

mothers were decreasing their dive durations to accommodate their young calves, 

mothers may spend less time at the surface with younger calves in order to forage 

efficiently.  One might also posit that mothers would spend more time at the surface with 

younger calves if the vulnerable young calves need to spend more time at the surface.  

Despite these potential explanations for a change in surface duration with calf age, the 

data do not show any clear trend in surface duration with calf age.  While there are 

physiological constraints on dive durations (i.e. animals can remain submerged only so 

long before they must surface to breathe), there are no aerobic limits on time spent at the 

surface; however, factors such as temperature or sunburn may influence surface 

durations.  Additionally, location may affect time spent at the surface.  Animals may have 

longer surface durations when in shallow water versus deep water.  A study of surface 

duration limited to specific activities or locations might yield more conclusive results. 
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Dive Type: 

The bottlenose dolphins in Shark Bay, Western Australia engage in numerous 

dive types.  In particular, the tail-out dive is generally associated with longer and deeper 

dives, and previous research has indicated that young dolphins do not begin to display 

tail-out dives until after the fifth week of life (Mann & Smuts 1999).  It was thus 

hypothesized that the proportion of total calf dives that are tail-out dives would increase 

with calf age as the calf gains motor, respiratory, and diving competence.  While 

differences in the proportion of tail-out dives appeared to increase with age for calves 

(Figure 5), many of the differences were not significant.  This is most likely due to the 

limited sample size.  Due to the large amount of variance between calves (i.e. certain 

calves engage in primarily tail-out dives while others rarely tail-out dive), dive-type data 

were analyzed with a two-tailed Wilcoxon signed-ranks test.  Some comparisons between 

years were marginally significant with a sample-size of four, no better result was 

possible.  This suggests that a larger sample size will show significant changes across all 

age classes up to year 3.    

Thus, while sample size was a limiting factor, trends in the data suggest that the 

calf's proportion of tail-out dives does increase with age.  This corresponds with previous 

findings about the development of calves' motor competency.  Limits on motor 

functioning of young calves are likely to affect calf-dive type.  Calves may require 

certain motor developments before they can engage in tail-out dives.  Additionally, 

physiological constraints on young calves are likely to limit the number of tail-out dives 

as this dive-type is generally correlated than longer and deeper dives than other dive 
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types.  This study has shown that calf dive duration increases with calf age; thus, it would 

seem likely that calves would engage in longer, deeper dives more often when they are 

older and have developed diving competence.  Calves may have no need to tail out dive 

when they are younger and have limited dive durations; if calves cannot stay submerged 

for an extended period of time they may not need to dive deeply.  The trend toward a 

higher proportion of tail-out dives indicates that these physiological limits may affect 

dive type.  

While the data on calf dive-type suggested a trend towards a higher proportion of 

tail-out dives with calf age, there does not seem to be any corresponding trend for 

mothers (Figure 4).  Although there were the same limitations on sample size for the 

analysis of mother dive-durations, it is unlikely that an increase in sample size would 

change the significance of the results.  While there were a number of comparisons that 

were marginally significant for calf-dive type, mothers' dive-type showed no trend with 

calf age.  This has interesting implications when noted in conjunction with the earlier 

finding in this study that mothers show decreased dive durations when they have a young 

calf.  If mothers engage in the same proportion of tail-out dives but spend less time 

submerged when they have a young calf, it seems that they are still engaging in deep 

dives, even if their dive durations are not as long.  These deep dives may allow the 

mother to still forage efficiently even though she spends less time submerged with a 

young calf. 
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Synchrony: 

While previous findings have showed that synchronous breathing is highest 

during the calf's first month and especially the first week of life (Mann and Smuts 1999), 

this study did not find a discernible pattern in mother-calf synchrony with calf age.  

Analysis of diving synchrony data, like the dive-type data, relied on a limited sample 

size, which limited the power of the Wilcoxon signed-ranks test.  However, even in light 

of the limited sample size, there were no trends in mother-calf diving synchrony with age, 

and it is unlikely that a larger sample size would change the results.  Like predictions 

about surface durations, predictions about the changes in mother-calf synchrony with 

calf-age could take opposing forms.  One might posit that synchrony would increase with 

age as the calf improves its motor skills and is better able to coordinate with and thus 

learn from its mother.  However, one also may suggest that young calves must be more 

synchronous with their mothers because they are not yet competent divers and are more 

vulnerable to predators, while in later years, once the calf is more competent, it no longer 

needs to synchronize its dives with the mother.  The data do not suggest a trend in either 

direction, which raises the possibility that synchrony may not play an essential role in the 

development of respiratory and diving competence except perhaps at a young age.  Motor 

coordination and physiological developments that influence diving competence may not 

be influenced by synchrony; however, it is also possible that synchrony plays a role in 

calf development, but only in the very beginning of life, such as only during the newborn 

period. 
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Synchrony is likely to be influenced by behavior and mother-calf proximity.  For 

example, synchrony is higher during activities like resting or traveling, but lower during 

activities like foraging.  Also, synchronous surfacings are more likely when two animals 

are in close proximity (Connor et al. 2005).  In this study, mother-calf synchrony was 

examined across all behaviors and mother-calf distances.  It is possible that there may be 

a developmental pattern in mother-calf synchrony but that this pattern only holds when 

the mother and calf are close or for certain behaviors where there is a high or low rate of 

synchrony.  Thus, further research may want to examine whether there is a 

developmental pattern in mother-calf diving synchrony when the data is limited to 

synchrony during certain behaviors or to synchrony when the mother and calf are in close 

proximity.  

  

 Breathing-Rates: 

As breathing-rate data was limited to only four mother-calf pairs, there were 

limited analyses that could be run to examine the effect of age on breathing rate.  

However, we were able to address the effect of location and activity on individual 

animals.  Individual breathing rates of the eight animals ranged from 2.40-3.34 

breaths/minute, which is rather high in comparison to the breathing rate of adult captive 

bottlenose dolphins presented by Mortola and Limoges, which was 2.3 breaths/minute 

(2006).  This rate is high even when compared to the breathing rate of newborn captive 

bottlenose dolphins, 2.4 breaths/minute (Mortola & Limoges 2006).  However, this value 

is closer to the rate of 3-4 breaths/minute previously reported for the newborn bottlenose 

dolphins at Shark Bay (Mann & Smuts 1999).  It makes sense that this newborn rate is 
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higher than the range of breathing frequencies reported in this study as the eight animals 

we observed included four adult females and four calves all over the age of two.   

The breathing-rate data were collected during “controlled feeds,” during which 

tourists lined up ankle-deep in water and listened to a half-hour talk before giving fish to 

the four adult females.  The dolphins could approach the tourists as closely as they 

wanted, sometimes coming into quite shallow water very near the people and other times 

staying further out in the provisioning area.  Location could affect the breathing rates of 

these dolphins because while in shallow water, the dolphins are continually at the surface 

as opposed to having the ability to submerge while in deeper water.  Perhaps when in 

shallow water the dolphins would breathe more frequently as they are continually at the 

surface.  It is also possible that they might breathe less frequently because they are not 

engaged in any particularly taxing physical activity while in extreme shallow water.  The 

results indicate that location had a significant effect on the breathing rate of only one 

animal, an adult female, whose breathing rate was greater in shallow water versus further 

out in the provisioning area.  It is important to note that like in many of the earlier 

analyses, sample size may have limited the power of this test.  As it was necessary to use 

breathing rates for each day as independent bouts, the analyses were limited by how often 

the animals came to the beach and were observed.  Some animals came for the feeds 

more often than others, and two of the calves were weaned and stopped coming to the 

feeds before the end of the field season, which limited the data collection on these 

individuals.  Additionally, certain individuals spent more time in shallow water than 

others.  The calves generally did not spend as much time in shallow water as the mothers, 

so there were limited data on the effect of location on the breathing rates of calves.  The 
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results suggest that further observations ought to be made to examine the effect of 

location on breathing rate.  While only one individual showed a significant effect of 

location, it is possible that conclusions about other individuals, especially the calves were 

limited by sample size.  One possible reason why location may have no effect on 

breathing rate in these dolphins is that Shark Bay is extremely shallow in comparison to 

the environments of other cetaceans.  For example, the deepest areas in Shark Bay are 

approximately 13 m, whereas sperm whales can dive upwards of 1000 m (Gero 2005), 

and the maximum recorded dive depth of harbor porpoises (Phocoena phocoena) in 

Funka Bay, Hokkaido, Japan is 98.6 m (Otani et al. 1998).  Perhaps location has little 

effect on the breathing rates of the dolphins of Shark Bay because of this extremely 

shallow environment.  It is possible that location does not affect breathing-rate, but in 

order to make more certain conclusions about the effect of location on the breathing rates 

of these animals, one ought to gather more data on individual dolphins.  Observations of 

a larger number of individuals with a greater age range would also allow for more 

comprehensive conclusions and would perhaps permit one to examine whether an effect 

of age is confounded with an effect of location. 

Although it was hypothesized that breathing rates may be higher during more 

active behaviors, data analyses indicated that activity did not have a significant effect on 

the breathing rates of the five individuals with enough data to run analyses.  The same 

limitations on the examination of location held for analyzing the effect of activity on 

breathing-rate.  Sample size was limited both by limited observations of certain 

individuals and by the fact that some individuals rarely, if ever, engaged in the behaviors 

being compared.  In assessing the effect of activity, we compared resting to playing and 
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foraging behaviors, which are more physically active.  While most animals had a fair 

number of observations while resting, certain individuals were far less active than others, 

and it was impossible to compare their breathing rates between activities as there were 

very few observations from when they were playing or foraging.  It is possible that 

activity does not affect breathing rate; however, as in the study of the effect of location 

on breathing rate, further observations on a larger sample would provide more conclusive 

results. 

Conclusions: 

This study demonstrates that bottlenose dolphin calves require a developmental 

period before achieving adult diving and respiratory ability.  It appears that calves are 

still developing the physiological and motor capabilities for diving at least until the 

second year of life.  Further studies will be needed to examine whether the achievement 

of adult diving capacity precludes the development of challenging foraging strategies in 

the bottlenose dolphins at Shark Bay.  
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