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Abstract 

Conservation of large-bodied marine taxa, many of which have undergone population declines, is 

often hindered by difficulty in quantifying spatiotemporal patterns of abundance. This is 

especially true for diving species that spend little time at the surface, and is largely responsible 

for gaps in our understanding of the habits of highly migratory, long-lived marine turtles in 

coastal foraging areas. Here, I use a variety of field and analytical techniques to study these 

elusive ectotherms on a foraging ground, focusing on loggerhead turtles (Caretta caretta) in 

Shark Bay, Western Australia.  

 

First, I combine stable isotope analysis, animal-borne video and mark-recapture data to describe 

loggerhead foraging ecology. Low stable isotope (!
13

C and !
15

N) variance in slow-turnover 

tissue, particularly among large individuals, combined with evidence of a general diet and strong 

fidelity to a foraging location suggest that adult loggerheads in Shark Bay are foraging generalists 

and site specialists. While isotopic evidence of polymodal foraging has been found among 

females on nesting grounds, this may reflect isotopic characteristics of preferred migratory routes 

or foraging habitat as opposed to prey specialization within foraging areas. 

 

Subsequently, I focus on an important methodological problem in population ecology: detection 

probability during abundance surveys. During transects for long-diving taxa (e.g., marine turtles, 

beaked whales) a large proportion of the population will be missed because they are submerged, 

leading to ‘availability bias’ in count data. I collected dive data for loggerhead and green turtles 

(Chelonia mydas) and demonstrated that dive-surfacing patterns were highly heterogeneous and 

correlated with water temperature and habitat depth. Current approaches do not incorporate 

diving variability, without which abundance indices can be biased and spatiotemporal 

comparisons unreliable. For example, in seasonal environments marine turtle counts often 

decrease in colder months. Usually interpreted as emigration, this may also reflect reduced 

availability (extended dive times), leading to misinterpretation of local population dynamics. 
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Finally, Bayesian methods of incorporating diving variability are applied to survey data, revealing 

that seasonality, habitat depth and regional characteristics drive variation in loggerhead 

distribution. Loggerhead density was stable over ten years, and the foraging population in Shark 

Bay may be substantially larger than currently believed. 

 

 

Keywords: availability bias; detection probability; diving behaviour; foraging ecology; habitat 

use; individual specialization; marine turtle; stable isotopes 
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1: General Introduction 

Global populations of large-bodied marine vertebrates including marine mammals, sharks and sea 

turtles have experienced dramatic declines due to contemporary (e.g., Baum et al. 2003) and 

historical (e.g., Jackson et al. 2001) anthropogenic mortality. These taxa often play important 

roles in marine ecosystems (Bowen 1997; Bjorndal & Jackson 2003) and reductions in their 

abundances can have profound effects on community structure and ecosystem dynamics. For 

example, the loss of apex predatory sharks has caused shifts toward mesopredator dominance in 

some systems with cascading indirect effects on prey populations (Myers et al. 2007). Thus, 

curbing declines and restoring populations of large-bodied marine consumers has become a 

conservation priority in recent years. 

 

Conservation strategies should seek to restore populations to levels allowing them to fulfil their 

historical functional roles (Bjorndal & Jackson 2003), contingent upon contemporary ecosystem 

conditions (Marsh et al. 2005). However, the development of effective conservation strategies 

can be challenging, hindered by difficulty in quantifying spatiotemporal patterns of abundance; 

despite their size, many large-bodied marine vertebrates are elusive to researchers and range 

widely, resulting in a paucity of population data (e.g., deep-diving odontocetes, Read & Wade 

2000). Furthermore, migratory species often have complex population structure (Bowen et al. 

2005) and require integrative management across population subgroups (Hawkes et al. 2006). 

Therefore, in order to inform management planning, research is often needed in diverse 

ecosystems using a variety of field and analytical techniques. 

 

Long-lived and highly migratory marine turtles typify this scenario, with complex life cycles that 

include terrestrial, pelagic and (in most cases) neritic stages. All extant species of marine turtle 

are included on the International Union for the Conservation of Nature’s (IUCN) Red List of 

Threatened Species (but see Seminoff & Shanker 2008; Chapter Seven). The leatherback 

(Dermochelys coriacea), Kemp’s ridley (Lepidochelys kempii) and hawksbill (Eretmochelys 

imbricata) are Critically Endangered (Marine Turtle Specialist Group 1996a; Sarti Martinez 

2000; Mortimer & Donnelly 2008), green (Chelonia mydas) and loggerheads (Caretta caretta) 
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are Endangered (Marine Turtle Specialist Group 1996b; Seminoff 2004) while the olive ridley 

(Lepidochelys olivacea) is considered Vulnerable (Abreu-Grobois & Plotkin 2008) and the 

flatback (Natator depressus) is Data Deficient (Red List Standards and Petitions Subcommittee 

1996). While positive trends suggesting recovery have been observed in some previously 

depleted breeding populations (e.g., Bjorndal et al. 1999), others are declining (e.g., Witherington 

et al. 2009) and some species may face extinction (Spotila et al. 2000). In addition to continued 

work on nesting grounds where the majority of population research has traditionally occurred 

(Carr & Ogren 1960), research on traditionally less accessible life stages (e.g., pelagic and neritic 

foraging stages) and links between these life stages and nesting population growth rates are 

needed for effective conservation (Hamann et al. 2010). 

 

Chelonid (i.e., hard-shelled) sea turtles typically recruit to neritic foraging areas following a 

prolonged post-hatching pelagic phase. In coastal ecosystems, where they spend the majority of 

their sub-adult and adult lives, chelonids are thought to play important functional roles as 

predators, prey, competitors, nutrient transporters and substrate for epibionts (Bjorndal & Jackson 

2003; Bjorndal 2003). However, marine turtles in foraging areas are challenging to study, 

spending as much as 95% of their time submerged (Lutcavage & Lutz 1997) and engaging in 

most activities on or near the sea floor where direct observation and capture are difficult. Thus, 

reliable abundance and density estimates in foraging areas are relatively rare and the behaviour 

and ecological roles of turtles remain poorly quantified (Bjorndal 2003). Advances in tracking 

and data-logging technology since the 1960’s (review in Kooyman 2004), particularly satellite 

telemetry and time-depth recorders, have led to considerable advances in this regard (Hays 2008) 

and will continue to do so, especially when integrated with other novel methods (e.g., stable 

isotope analysis, Hatase et al. 2002) and traditional techniques (e.g., transect surveys, Cardona et 

al. 2005; flipper tagging, Godley et al. 2003). 

 

Research in accessible, but relatively undisturbed, coastal ecosystems is particularly important for 

marine turtle conservation (Heithaus et al. 2005; Hamann et al. 2010). In order to assess 

populations and set meaningful recovery targets it is necessary to have reliable estimates of pre-

exploitation population parameters (e.g., abundance, density, demographic rates) to avoid the 

‘shifting baseline syndrome’ (Pauly 1995), which arises because exploitation typically pre-dates 

empirical research. Historical reconstructions based on alternative data sources are one means of 

accomplishing this (Jackson 1997). However, such reconstructions often require a large number 

of assumptions, many of which are untestable. Empirical data from contemporary ecosystems 
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with a minimal history of exploitation provide a complementary approach to gaining insight into 

historical populations. 

 

In this dissertation, I investigate the habits of marine turtles in a pristine coastal foraging location, 

focusing on loggerhead turtles in the sand-seagrass ecosystem of Shark Bay, Western Australia. 

Located approximately 800 km north of Perth, Shark Bay is home to seagrass beds that are 

among the world’s largest (Walker, Kendrick & McComb 1988) and year-round feeding 

aggregations of loggerhead and green turtles (Preen et al. 1997; Heithaus, Frid & Dill 2002; 

Heithaus et al. 2005). Green turtles in Shark Bay forage on a variety of seagrasses, algae or 

gelatinous plankton (Heithaus et al. 2002; D. Burkholder, unpublished data) while loggerhead 

turtles, generally, are known to feed on diverse benthic invertebrates (reviews in Mortimer 1982, 

Dodd 1988 and Bjorndal 1997). With low human population density and a minimal history of 

commercial harvest – green and hawksbill turtles in Western Australia were taken primarily 

during a ten-year period between 1963 and 1973, after which commercial harvest was banned, 

while loggerhead turtles appear to have largely avoided commercial trade and subsistence hunting 

(Halkyard 2009) – Shark Bay is well-suited for baseline foraging ground research. 

 

The primary goal of this dissertation is to integrate traditional and novel field and analytical 

techniques to gain insight into the foraging ecology, abundance and habitat use patterns of a 

generalist marine ectotherm, the loggerhead turtle, in coastal foraging habitat. In some key 

analyses I also include green turtle data to develop analytical methods that will be applied in a 

concurrent green turtle foraging ecology project (D. Burkholder, unpublished data). The results of 

this dissertation will be generally applicable to the study of chelonid marine turtles in coastal 

foraging habitats, focusing on methods that can be used to obtain data necessary for informed 

regional management (e.g., abundance and distribution). More broadly, the dissertation addresses 

niche variation within generalist populations in Chapter Two, while the greatest focus (Chapters 

Four to Six) is on diving behaviour and detection probability during population surveys, an issue 

common to all diving taxa surveyed by boat or plane (e.g., marine mammals). 

 

In Chapter Two, I use stable isotope analysis, animal-borne video and environmental data 

recorders (AVED) and mark-recapture (i.e., flipper tagging) methods to describe loggerhead 

turtle foraging ecology in Shark Bay. I quantify the isotopic niche of the feeding population and 
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examine sources of isotopic variation within the population (e.g., related to size, sex and 

individual specialization). To inform the interpretation of isotopic variation I analyze loggerhead 

foraging behaviour in AVED footage and examine long-term fidelity to the foraging site using a 

>10-year flipper tagging database. These analyses are then interpreted relative to recently 

described among-individual variation in the isotopic signatures of female loggerheads on 

breeding grounds (Hatase et al. 2002; Reich et al. 2010; Vander Zanden et al. 2010). Since 

breeding populations may include individuals from diverse and distant foraging grounds, foraging 

area data are useful for teasing apart alternative hypotheses for breeding ground isotopic 

variation. A secondary purpose of this opening data chapter is to set the ecological context for the 

dissertation, emphasizing the importance of developing methods to quantify spatiotemporal 

patterns in loggerhead abundance to understand community and ecosystem dynamics in Shark 

Bay. 

 

In Chapter Three, I investigate correlations between dive profile characteristics and marine turtle 

behaviour using time-depth recorder (TDR) and AVED technology. It is often of interest to infer 

aspects of the behaviour of diving animals using stand-alone dive profiles, which are relatively 

affordable and easy to obtain. However, dive profile characteristics, such as the shape of 

commonly performed dives, can reflect multiple behaviours, confounding their interpretation and 

potentially leading to erroneous inferences (Seminoff, Jones & Marshall 2006). Complementary 

data sources (e.g., imaging devices, Mori et al. 2005; activity sensors, Hochscheid et al. 1999) are 

therefore useful for assessing correlations between diving and behaviour, and validating 

behavioural inferences from stand-alone dive profiles. Here, I use AVED data to assess variation 

in behaviour within and among commonly performed dive types by green and loggerhead turtles. 

Of particular importance for this dissertation is an analysis of the proportion of dives that reach 

the sea bottom. This determines the reliability of using maximum dive depth in dive records as a 

proxy for habitat depth in the absence of tracking data, which was necessary in Chapters Four and 

Five. 

 

I examine an important and long-standing methodological problem in population ecology in 

Chapter Four: detection probability during abundance surveys. Detection probability for diving 

taxa (e.g., marine mammals and marine turtles) can be divided into two component probabilities: 

the probability that an animal is at or near the surface where it can be seen at the time of a survey, 

referred to as being ‘available’, and the conditional probability that an available animal is actually 
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seen by observers (Marsh & Sinclair 1989). Bias in count data arising because these probabilities 

are < 1 have been termed availability bias and perception bias, respectively (Marsh & Sinclair 

1989). 

 

During aerial or boat-based surveys for taxa with long-diving capability (e.g., deep-diving 

odontocetes, marine turtles), a large proportion of the population will be missed because these 

animals spend the vast majority of their time submerged and out of view. Thus, corrections that 

incorporate diving animals into counts are required. These can be made if dive and surface times 

are known (e.g., Barlow 1999). However, due largely to a lack of adequate regional dive data, 

most studies currently assume that dive-surfacing patterns are uniform across all survey 

conditions, neglecting potential variation related to habitat or environmental features. If such 

heterogeneities exist and are not modelled, abundance indices may be biased and spatiotemporal 

comparisons of the data unreliable (Laake & Borchers 2004).  

 

To test this possibility, I deployed TDRs on a large number of loggerhead and green turtles across 

a year-round seasonal gradient and examined diving variability related to habitat depth and water 

temperature in Shark Bay based on a priori expectations. Hierarchical, Bayesian regression 

models were used to test for correlations and quantify variation and uncertainty in predicted dive 

and surface interval durations across temperature and depth gradients. The implications for 

surveys of long-diving taxa are evaluated by quantifying heterogeneity in ‘availability correction 

factors’, which are multipliers based on dive and surface times that adjust counts to include 

diving animals. 

 

Chapter Five expands on the analyses in Chapter Four, using Bayesian methods to incorporate 

diving variability and uncertainty into analyses of marine turtle survey data. I examine the impact 

of incorrectly assuming uniform diving across heterogeneous survey conditions. Boat-based strip 

transect survey data from Shark Bay, collected between 1999 and 2009, are analysed under the 

assumption of uniform diving (i.e., applying a single availability correction factor to all data for 

each species) and allowing for variable diving (i.e., applying availability correction factors 

specific to survey temperature and depth conditions). The two dive correction approaches are 

compared for three different applications to assess the consequences of unmodelled diving 

heterogeneity. These include: 1) quantification of seasonal variation in turtle density; 2) 
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abundance and density estimates; and 3) habitat use modelling. The implications for surveys of 

marine turtles and other diving taxa in heterogeneous environments are discussed. 

 

Finally, in Chapter Six the focus turns to a regional assessment of loggerhead turtle abundance, 

distribution and habitat use. I apply the modelling approach developed in Chapters Four and Five, 

which accounts for variable diving, to evaluate factors influencing loggerhead turtle distribution 

on a sand-seagrass feeding ground in Shark Bay and provide density estimates over ten years of 

systematic transect sampling. This chapter is primarily intended to provide management-oriented 

data on the foraging population in Shark Bay but also demonstrates how the methods developed 

in this dissertation can be applied to assess foraging populations at the regional level, which 

appears to be the way forward in conservation planning for sea turtles (Seminoff & Shanker 

2008; Hamann et al. 2010; see also Chapter Seven). 
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2: Site specialists, foraging generalists? Isotopic 

variation, foraging behaviour and long-term site fidelity 

by loggerhead turtles on a pristine coastal feeding 

ground 

2.1 Abstract 

The foraging ecology of loggerhead turtles (Caretta caretta) in the pristine sand-seagrass 

ecosystem of Shark Bay, Western Australia, was investigated using stable isotope analysis, 

animal-borne video and long-term mark-recapture (i.e., flipper tagging) data. The goals were to 

identify sources of resource use variation within a generalist feeding population, describe 

loggerhead turtle foraging behaviour, assess long-term fidelity to a foraging site and generate 

insight into the recent finding of among-individual isotopic variation in loggerhead breeding 

populations that may originate from diverse foraging areas. Larger loggerhead turtles in Shark 

Bay showed little isotopic variance in long-turnover skin tissue suggesting similar foraging habits 

over several months or more. Comparison with isotopic variance and a mixing model for 

sympatric green turtles (Chelonia mydas), and analysis of loggerhead foraging in limited video 

data, suggest that low isotopic variance among large loggerheads reflects a similar, highly general 

diet. Higher isotopic variance among smaller turtles may reflect among-individual variation in 

diet, timing of recruitment to the neritic foraging area or use of habitats varying along other 

known isotopic gradients. Loggerheads used an opportunistic, mobile foraging tactic with a diet 

consisting of diverse benthic invertebrates, consistent with research in other populations. 

Furthermore, loggerheads showed a high degree of fidelity to the foraging site over many years 

and individuals recaptured frequently showed remarkable affinity for very small geographic 

areas, often < 5 km2. Together, the results suggest that a substantial proportion of the loggerhead 

population is composed of site specialists, while larger adults in particular appear to be foraging 

generalists. Further research is required to elucidate the habits of smaller turtles, which may differ 

in foraging or habitat use patterns. Among-individual isotopic variation (i.e., individual 

specialization) has recently been found in breeding populations. Research from a single foraging 

location in Shark Bay provides evidence that such variation may more likely reflect the isotopic 

characteristics of preferred migratory and foraging habitat, owing to site fidelity, than prey 

specialization among individuals in feeding areas. While limited by sample size, this study 
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highlights the considerable potential for integrating stable isotope analysis and AVED data to 

assess diet composition and intrapopulation niche variation in foraging chelonid populations. 

2.2 Introduction 

Marine turtle populations in much of the world have undergone dramatic declines due to human 

exploitation (Jackson et al. 2001), which, in some cases, extends back several millennia (Frazier 

2003). Conservation efforts for sea turtles, and other large marine vertebrates, should strive to 

restore populations to levels allowing them to fulfil their historical functional roles (Bjorndal & 

Jackson 2003), given contemporary ecosystem conditions (Marsh et al. 2005). However, due to 

their complex life cycle and population structure, conservation of these taxa can be challenging, 

requiring research and management across diverse life stages and ecosystems (Bowen et al. 2005; 

Hawkes et al. 2006; McClellan et al. 2010).  

 

The habits of chelonid (i.e., hard-shelled) sea turtles in coastal foraging areas represent a major 

knowledge gap in marine turtle ecology. Most, though not all, chelonids recruit to neritic foraging 

areas following an extended post-hatching pelagic phase and are thought to play important 

functional roles in these ecosystems (Bjorndal & Jackson 2003). However, marine turtles are 

elusive at sea, spending as much as 95% of their time submerged (Lutcavage & Lutz 1997), 

making them difficult to observe or capture. Therefore, foraging ground research is limited and 

functional roles remain poorly quantified (Bjorndal 2003). Long-term studies in accessible 

foraging areas (Limpus, Couper & Read 1994a,b; Heithaus, Frid & Dill 2002; Heithaus et al. 

2005) are important for filling this knowledge gap and baseline data from relatively pristine 

ecosystems are particularly needed to enable comparisons with more impacted regions (Heithaus 

et al. 2005; Hamann et al. 2010). 

 

The loggerhead turtle (Caretta caretta) is a cosmopolitan, generalist species distributed 

throughout the world’s tropical and warm temperate oceans (Bolten & Witherington 2003). 

Despite being well-studied relative to other chelonids (Bjorndal & Jackson 2003), key aspects of 

loggerhead foraging ecology remain enigmatic. For example, the extent to which individuals 

return to specific areas for foraging between reproductive migrations is not clear, although 

mounting evidence suggests a high degree of fidelity to feeding sites in some populations 

(Limpus et al. 1992; Limpus & Limpus 2001; Avens et al. 2003; Godley et al. 2003; Heithaus et 

al. 2005; Broderick et al. 2007). Furthermore, intrapopulation variation in patterns of resource 
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use is an important, unresolved issue (Vander Zanden et al. 2010). While loggerheads consume 

diverse invertebrate taxa (reviews in Mortimer 1982, Dodd 1988 and Bjorndal 1997; Plotkin, 

Wicksten & Amos 1993; Godley et al. 1997; Limpus et al. 2001; Frick et al. 2009; Lazar et al. 

2011), foraging variation related to factors such as size, sex and individual specialization are not 

well understood. In part, this can be attributed to limitations of traditional techniques (e.g., 

stomach content analysis), which require extensive and intrusive sampling and may yield biased 

results (Plotkin, Wicksten & Amos 1993; Tomas, Aznar & Raga 2001). 

 

Recently, stable isotope analysis has emerged as a valuable tool for quantifying resource use and 

examining sources of niche variation at different levels of organization and over various time 

scales (Peterson & Fry 1987; Post 2002; Bearhop et al. 2004; Fry 2006; Layman et al. 2007). The 

utility of stable isotope analysis stems from the fact that isotope ratios in the tissues of consumers 

predictably reflect those of their prey (Bearhop et al. 2004). The ratio of 13C to 12C (!13C, ‰) in 

consumer tissues reflects basal carbon sources because little enrichment of this ratio occurs across 

trophic levels. On the other hand, the ratio 15N to 14N (!15N, ‰) is enriched by ca. 2.5 to 5 ‰ 

across each trophic level and can therefore be useful for assessing a consumer’s trophic position 

(review in Post 2002). Isotope ratios in tissues reflect diet over temporal scales equivalent to 

isotopic assimilation (Hobson & Clark 1992); thus, isotope signatures of short-turnover tissues 

(e.g., blood plasma) reflect foraging over short time periods while signatures of long-turnover 

tissues (e.g., skin and muscle) reflect foraging over longer periods (Bearhop et al. 2004). Isotope 

ratios in tissues that are created over time but remain inert following formation (e.g., otoliths, 

baleen, scutes) provide longitudinal records of foraging for an individual (Hobson 1999). As 

such, stable isotopes can provide diet information, free of key drawbacks of traditional methods 

over a variety of time frames. They are, however, not without limitations. Most importantly, it is 

often not possible to determine specific diets from stable isotopes and multiple diet compositions 

may result in similar isotopic values (Newsome et al. 2007). 

 

Stable isotope ratios in long-turnover tissues have recently been used to investigate among-

individual foraging variation and the dynamics of generalist populations (Bolnick et al. 2003; 

Bearhop et al. 2004, but see Mathews & Mazumder 2004). Within a generalist population, wide 

total niche width may reflect individuals along a gradient from individual specialists, which 

consume different subsets of the overall population’s resources, to individual generalists, which 

consume the same broad diet as the population (Van Valen 1965; Bolnick et al. 2003; Bearhop et 

al. 2004). High isotopic variance in long-turnover tissues has been used to infer persistent among-
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individual differences in foraging (i.e., individual specialization, Bolnick et al. 2003). However, 

isotopic variation can reflect both bionomic (i.e., related to resources) and scenopoetic (i.e., 

related to habitat) influences, making its interpretation challenging (Newsome et al. 2007). In the 

absence of isotopic data for the range of potential prey and foraging habitat, traditional diet (e.g., 

Newsome et al. 2009) or behavioural data (e.g., Hatase et al. 2002) can be useful for teasing apart 

alternative hypotheses accounting for isotopic variation. 

 

A recent analysis of stable isotopes in scutes of breeding loggerhead turtles in Florida revealed 

strong among-individual differences, suggestive of long-term foraging specialization within the 

breeding population (Vander Zanden et al. 2010). However, since breeding populations comprise 

individuals from potentially diverse foraging areas, these differences could be explained by diet 

specialization while in foraging areas or by variation in the isotopic characteristics of preferred 

food webs or foraging locations (Reich et al. 2010; Vander Zanden et al. 2010). For example, 

oceanic habitats tend to be more carbon-depleted (i.e., lower !13C values) than neritic habitats and 

differential use of these areas for foraging could explain isotopic variation among females on 

breeding grounds (Hatase et al. 2002). In their study, Hatase et al. (2002) used satellite telemetry 

to confirm that smaller nesting female loggerhead turtles with more depleted !13C values indeed 

moved to oceanic habitats to feed while larger females with less depleted !13C values used neritic 

areas. 

 

Here, I take a similar integrative approach, combining stable isotope analysis with behavioural 

data to describe the foraging ecology of loggerhead turtles at a single feeding location in Shark 

Bay, Western Australia. Using long-turnover skin samples, I quantify the isotopic niche of 

loggerhead turtles and examine variation in !13C and !15N signatures related to sex, body size and 

other covariates. Isotopic dispersion is then examined within different size and sex classes and the 

potential for diet specialization at the individual level is assessed. To inform the interpretation of 

isotopic variation and elucidate loggerhead turtle behaviour on a feeding ground, I analyze 

foraging behaviour in animal-borne video footage and examine long-term fidelity to the foraging 

site by summarizing a > 10-year mark-recapture (i.e., flipper tagging) data set. By integrating 

stable isotope and behavioural analyses in a single foraging location, I generate insight into the 

potential mechanisms underlying among-individual isotopic variation in loggerhead nesting 

populations. 
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2.3 Methods 

Shark Bay, Western Australia (~ 25°45’ S, 113°44’ E), is a shallow (mostly < 15 m), subtropical 

bay located approximately 800 km north of Perth. The main study area (e.g., Heithaus et al. 2007) 

in the bay’s Eastern Gulf near the Monkey Mia Resort (Fig. 2.1, boxed area) is characterized by 

expansive shallow (< 4.5 m) seagrass-dominated habitat separated and surrounded by deeper (> 

6.0 m), sand-dominated habitat. In this study I include capture data along a stretch of nearshore 

sand-seagrass habitat extending ca. 15 km northwest of the main study area, which is visited less 

frequently but where loggerhead sightings are common (Fig. 2.1). Sub-adult and adult loggerhead 

turtles use this region of Shark Bay as a feeding ground year round. 

 

 

Figure 2.1: Map showing the study area in the Eastern Gulf of Shark Bay, Western Australia, and the 

location of 554 captures of 350 loggerhead turtles between 1999 and 2009. The boxed area 

comprises the main study area in which most data for this dissertation were collected. 
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2.3.1 Stable isotope analysis 

Flipper tissue samples were obtained from 66 loggerhead turtles captured by hand (Heithaus, Frid 

& Dill 2002) during haphazard searches and systematic transect surveys of the study area 

between 2006 and 2008. Turtles were brought aboard the research vessel either manually or using 

a custom-built davit arm, winch and sling. Curved carapace length (CCL) was measured (± 0.5 

cm) and turtles were tagged using titanium flipper tags (Department of Environment and 

Conservation, Western Australia) applied to a proximal foreflipper scute. Turtles were considered 

male if tail length was ! 25.0 cm and unclassed, which included immature males and all females, 

if tail length was < 25.0 cm (Limpus, Couper & Read 1994a,b; Heithaus et al. 2005). Post hoc, 

unclassed turtles were categorized as likely females if CCL was ! 95.0 cm and tail length was < 

25.0 cm while those with CCL < 95.0 cm remained unclassed (Heithaus et al. 2005). 

 

While turnover rates for stable isotopes in tissues of adult loggerhead turtles are not known, 

residence time in the skin of small juveniles was estimated to be ca. 45 days (Reich et al. 2008) 

and would be much longer for larger-bodied and slower-growing adults (Martínez del Rio et al. 

2009). Captive juvenile green turtle (Chelonia mydas) isotope signatures equilibrated with diet in 

< 371 days (Seminoff et al. 2006), while turnover in blood plasma, whole blood and liver tissue 

of pond slider turtles (Trachemys scripta) took hundreds of days (Seminoff, Bjorndal & Bolten 

2007). The isotopic signatures presented here therefore likely reflect diet over time periods of 

several months or more. 

 

Samples were collected from the trailing edge of a foreflipper and placed on ice until the end of 

the field day when they were stored at -20°C until processing. Prior to analysis, tissue samples 

were dried and ground to a fine powder. For analysis of turtle samples, 0.95-1.05 mg of ground 

sample were weighed into tin capsules and analyzed for carbon and nitrogen isotope ratios at the 

University of Western Australia’s Western Australia Biogeochemistry Center, or Yale’s Earth 

System Center for Stable Isotopic Studies. Lipid extraction was not performed because C:N ratios 

(mean = 1.70, SD = 0.31) indicated that lipid corrections were not necessary (i.e., < 3.5, Post et 

al. 2007). Rarefaction analysis was used to determine whether the sample size was adequate to 

capture the total isotopic area occupied by loggerhead turtles. Sample size was considered 

adequate if the slope of the regression through the final four points of the rarefaction curve was 

not significantly different from zero (Bizzaro et al. 2009). 
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The effects of size, sex, the size*sex interaction, season, year and capture location (nearshore 

sand-seagrass flats versus offshore seagrass banks, Fig. 2.1) on !13C and !15N values were tested 

using general linear models in R v. 2.9.2 (R Foundation for Statistical Computing, Vienna, 

Austria). To quantify the dispersion of isotopic values within sex and size classes, Total Area 

(TA), Centroid Distance (CD) and the standard deviation of CD (SDCD; Layman et al. 2007) for 

three sex (male, likely female, unclassed) and size (< 85.0 cm, 85.0 – 99.5 cm, ! 100.0 cm) 

groups were calculated. Rarefaction analysis was performed to determine whether sample sizes 

within each subgroup were adequate to describe the total isotopic niche area. Finally, niche area 

overlap was calculated for each subgroup as the percentage of its area contained by that of the 

other subgroups using the Animal Movements extension in ArcView v. 3.2a. 

 

The isotopic values of basal resources were assessed to facilitate meaningful future comparisons 

with other taxa foraging in Shark Bay and with loggerheads in other foraging locations; 

interpretation of isotopic variance within the loggerhead population was the goal here as opposed 

to the inference of specific carbon sources. Samples of seagrasses and long-lived filter feeders, 

which reflect long-term averages of planktonic algae and detritus (Post 2002), were collected and 

analyzed. The seagrasses comprised temperate species Amphibolis antarctica and Posidonia 

australis and tropical species Cyamodocea sp., Halodule sp. and Halophila ovalis. Methods of 

collecting, processing and analyzing seagrasses are given in Burkholder et al. (in review). Filter 

feeders included pen shells (Pinna bicolor), pearl oysters (Pinctada sp.), mussels (Modiolus sp.) 

and scallops (Chlamys sp.), all of which are potential prey for loggerheads and were collected by 

hand opportunistically. Soft tissue for each individual was dried and ground to a fine powder. 

Acidification was conducted for any samples that might contain substantial quantities of 

inorganic carbon by placing a fine layer of powder in a petri dish in a sealed chamber with 

concentrated hydrochloric acid until liquefied. Samples were then dried, crushed, and 0.95 – 1.05 

mg of powder were weighed for analysis. 

2.3.2 Foraging behaviour 

Animal-borne video and environmental data recorders (AVED, National Geographic’s 

‘Crittercam’, Marshall 1998) were successfully deployed on 18 loggerhead turtles between 1999 

and 2003 (details in Heithaus et al. 2002). Briefly, the units included a video recorder and data-

logging equipment recording time, depth and water temperature. To attach AVEDs, a plexiglass 

plate was affixed to the carapace using cool-setting epoxy (Ten-SetTM) and the package attached 
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to this plate using a small wire and magnesium washer. Units were programmed to stay attached 

for 3 to 24 hours, after which they released via a burnwire mechanism or when the magnesium 

washer dissolved. A VHF radio transmitter was included in the package to facilitate AVED 

retrieval. 

 

Foraging was logged when clear evidence of biting and swallowing could be observed via head 

and neck movements, which were often accompanied by disturbance of the sediment. It was 

necessary to infer feeding because ingestion could not be directly observed due to camera 

positioning behind the large heads of the turtles. Time spent feeding was measured from the first 

evidence of biting to the point when neck muscle movements suggested that prey had been 

swallowed. Unfortunately, prey were not usually visible as the turtle approached but when a prey 

item could be clearly determined we attempted identification to the lowest possible taxon. Depth 

of feeding habitat was determined using the dive profiles. 

 

In addition to describing diet, I was interested in whether feeding varied with depth to assess the 

importance of shallow, sand-seagrass flats as foraging habitat. Feeding data were strongly zero-

skewed and it was considered important to include random effects for turtle identity to avoid 

pseudoreplication (i.e., mixed effect models, Bryk & Raudenbush 1992; Gelman & Hill 2006; 

Crawley 2007). Since zeros in the data set were ‘true’ zeros indicating absence as opposed to 

non-detection of feeding, two-part conditional (or ‘hurdle’) models (Cameron & Trivedi 1998) 

were appropriate (Martin et al. 2005). This involved dividing the data into a binary (i.e., feeding 

or no feeding) data set including all dives and a continuous, presence-only data set for only dives 

in which feeding occurred (i.e., excluding the zeroes). A binary logistic regression was performed 

on the binary data (i.e., presence or absence of feeding during a dive) and a linear regression 

performed on log-transformed presence data (i.e., duration of feeding during a dive). The former 

is referred to as the binary model and the latter the conditional model. 

 

Models initially included maximum dive depth, duration and their interaction as independent 

variables and were simplified following Crawley (2007). Models were run using the package 

lme4 and p-values for the conditional models were obtained using an MCMC procedure. Standard 

errors are given for coefficients in the binary models while lower and upper 95% credible limits 

(LCL, UCL) of p-value posterior distributions are provided for the conditional models. Only 

dives reaching the sea floor were included in this analysis to ensure dive depth accurately 

reflected habitat depth. This included all feeding events except for one that occurred during a 
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mid-water dive. Inclusion of this data point did not alter the results and it was left out of the final 

analysis. 

2.3.3 Foraging site fidelity 

Between 1999 and 2009, loggerhead turtles were captured by hand (Heithaus, Frid & Dill 2002; 

Heithaus et al. 2005) during haphazard searches and transect surveys, as above. Capture data 

prior to 2004 were first analyzed in Heithaus et al. (2005). Here, six years of additional capture 

data are added to assess foraging site fidelity over a longer time frame using a larger sample of 

individuals (350 turtles compared to 223 in the 2005 study). Spatiotemporal variation in search 

effort and capture probability have not been controlled for and are no doubt influential in this data 

set. However, a formal capture-mark-recapture analysis is not the goal and this does not interfere 

with the ability to determine whether a substantial proportion of the population returns to the 

same feeding site over time. Captures were divided into distinct breeding (Nov. – Mar.) and non-

breeding (Apr. – Oct.) seasons. If an individual was recaptured within 30 days of a previous 

capture, the second encounter was excluded to avoid confounding long-term site fidelity and 

short-term residency. For turtles captured in at least four seasons, individual histories were 

plotted in ArcMap v. 9.3. The extension XTools Pro was used to generate convex hulls around 

the capture points for each individual and calculate their area as an index of the dispersion of 

capture locations. 

2.4 Results 

Flipper tissue samples were analyzed for 18 male, 11 likely female and 37 unclassed loggerhead 

turtles. Loggerhead !13C values ranged from -16.43 to -8.09 ‰ (mean = -13.55, SD = 1.66, range 

= 8.34) and !15N values ranged from 6.15 to 10.40 ‰ (mean = 8.13, SD = 1.12, range = 4.25; 

Table 2.1, Fig. 2.2). The regression models revealed a significant effect of CCL (F1,63 = 18.53, P 

< 0.001) and season (F1,63 = 4.75, P = 0.033) on !15N; !15N values decreased with increasing body 

size and were higher during the cold season compared to the warm season. All other !13C and 

!
15N effects were non-significant. 

 

Rarefaction analysis revealed that our sample size was adequate to describe the isotopic niche 

area of all loggerheads (F1,2 = 0.13, P = 0.757) but inadequate for size and sex subgroups, 

although an asymptote was nearly reached for some subgroups. Despite low sample size, trends in 
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the dispersion of the data were apparent. The TA occupied by unclassed turtles was much larger 

than adults suggesting a potential effect of reproductive maturity on isotopic variation (Fig. 2.2a, 

Table 2.1). Furthermore, the TA of the largest size class was ca. three times less than the two 

smaller size classes (Fig. 2.2b, Table 2.1) and the TA occupied by males and likely females was 

similar, supporting an effect of body size on isotopic dispersion among adults. Similar size and 

sex class trends were present in CD and SDCD dispersion metrics (Table 2.1). The niche area of 

the largest size class was completely contained (99.8%) by the other two size classes, while 

overlap of the middle size class was 69.5% and the smallest size class 79.2%. Only 45.2% of 

unclassed turtle niche area overlapped with the other two sex classes while overlap of male and 

likely female areas were similar (97.3% and 95.4%, respectively). 

 

Table 2.1: Descriptive statistics for !13C and !15N values in flipper tissue samples of 66 loggerhead 

turtles, arranged by size and sex classes. TA, CD and SDCD are total area, centroid distance 

and standard deviation of centroid distance (Layman et al. 2007), respectively, which are 

measures of isotopic dispersion. 

 
!

13C 
Mean 

!
13C 

Range 
!

15N 
Mean 

!
15N 

Range 
TA CD SDCD 

Size class        

< 85 cm -13.67 7.05 8.83 3.78 16.68 1.77 1.07 

85 - 99.5 cm -13.39 8.17 7.81 4.21 19.87 1.64 1.07 

> 100 cm -13.85 3.74 7.54 2.97 5.42 1.25 0.64 

Sex class        

Unclassed -13.32 7.86 8.45 4.09 22.05 1.90 1.17 

Likely female -14.06 3.11 7.87 4.05 7.33 1.30 0.72 

Male -13.73 4.64 7.59 3.29 9.80 1.34 0.69 
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Figure 2.2: Biplot showing the isotopic signatures of loggerhead turtles, separated by sex class (a) and 

size class (b), relative to primary producers. Long-lived filter feeders are used as a proxy for 

planktonic algae and detritus, while seagrasses include both temperate and tropical species 

(see Methods). 
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Of the 18 AVED deployments, 13 had accompanying dive profiles and feeding was observed in 

eight. Loggerheads demonstrated an opportunistic, mobile foraging tactic, feeding on single items 

or small patches of prey while travelling along the sea bottom. Mid-water foraging was observed 

only twice for loggerhead turtles – one of these feeding events occurred during the mid-water 

portion of a dive that did reach the sea bottom, resulting in a single data point being excluded 

from the feeding-habitat depth analysis (see Methods). Prey identification was not possible in 

either mid-water event because feeding occurred out of the field of view and was inferred from 

head and neck movements. Instead, loggerheads fed predominantly on items on the sea floor, 

often using their foreflippers to clear debris and extract prey. 

 

A total of 185 feeding events were recorded for the eight individuals that fed, including those 

without an accompanying dive profile. Of these, 151 were by a 102.0-cm unclassed turtle, which 

fed intermittently over 75 minutes while travelling along a sandy bottom in water generally < 2 m 

deep. Despite a favourable camera angle and clear, well-lit water, prey were rarely visible as the 

turtle approached a feeding location. In many of these events, the turtle bit into the sand substrate 

and tugged backward while using its foreflippers to thrust downward, suggesting extraction of 

infauna (Appendix 2.1). However, during its foraging trip through the shallows, this turtle also 

consumed large, mobile prey including a northern baler (Melo amphora; Appendix 2.2) and a sea 

hare (Aplysia sp.; Appendix 2.3) moving along a sandy bottom. A 76.0-cm unclassed turtle 

appeared to consume several large bivalves including clustered pearl oysters (Pinctada sp.) and 

solitary pen shells (Pinna bicolor), which are common in the study area (J.T., unpublished data). 

 

Preliminary examination of residuals from the foraging models suggested a non-linearity between 

time spent feeding and maximum dive depth. Therefore, a quadratic term for dive depth was 

included in the binary and conditional models, which significantly improved model fit in both 

cases and reduced heteroscedasticity in the conditional model. The final binary model revealed a 

positive effect of dive duration on the probability of feeding occurring during a dive (coefficient 

= 0.005, std. error = 0.001, P < 0.0001), a negative effect of maximum depth (coefficient = -

1.175, std. error = 0.669, P = 0.010) and a positive effect of depth2 (coefficient = 0.171, std. error 

= 0.073, P = 0.020). The final conditional model revealed a positive effect of dive duration 

(coefficient = 0.002, LCL = 0.001, UCL = 0.003, P = 0.002), a negative effect of depth 

(coefficient = -1.627, LCL = -2.673, UCL = -0.735, P = 0.001) and a positive effect of depth^2 

(co-efficient = 0.153, LCL = 0.034, UCL = 0.265) on time spent feeding during a dive. Thus, 
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despite the fact that dive duration (i.e., time available for feeding) increased at greater depths, 

feeding increased in shallower areas (Fig. 2.3). 

 

 

 

Figure 2.3: Duration of feeding during a dive (a) and dive duration (b) by habitat depth. Despite the 

longer duration of dives in deeper areas, the duration of feeding was greater in short, shallow 

dives suggesting that shallow sand-seagrass areas comprise important feeding habitat. Fit 

lines shown here are based on one-way linear models. 
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The flipper tagging data set comprised 554 captures of 350 loggerhead turtles between March 

1999 and July 2009. Body size, averaged across all captures for each turtle, ranged from 63.0 to 

111.0 cm (mean = 89.02, SD = 10.7; Fig. 2.4). 

 

 

Figure 2.4: Frequency of body size (CCL) of 350 loggerhead turtles captured in the study area between 

1999 and 2009. 

 

The mean number of captures per individual was 1.58 ± 0.06 (SE) and 30% (104/350) of turtles 

were captured multiple times. If only turtles initially captured in the first half of the study (1999 

to 2004) were considered, 37% (86/233) were recaptured overall and 22.7% (53/233) were 

recaptured during the second half. One quarter (89/350) of turtles were captured in two or more 

years and 11% (40/350) were captured in three or more years. When broken into year-specific 

breeding and non-breeding seasons (e.g., 2002 non-breeding, 2002 breeding, 2003 non-breeding), 

27% (95/350) of turtles were captured in two or more seasons while 12% (44/350) were captured 

in three or more seasons (Table 2.2). The maximum number of captures for an individual was 

eight and the maximum interval between initial and final captures was 8.9 years (Fig. 2.5).  
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Table 2.2: Number (N) and percentage of loggerhead turtles captured by the number of years (left) and 

year-specific seasons (right). 

Years N individuals % Seasons N individuals % 

1 261 75 1 255 73 

2 49 14 2 51 15 

3 23 7 3 22 6 

4 12 3 4 13 4 

5 4 1 5 7 2 

6 1 0 6 1 0 

7 0 0 7 0 0 

8 0 0 8 1 0 

 

Figure 2.5: Histograms showing the number of captures per individual (a) and the interval over which 

turtles were recaptured (b) for 350 loggerhead turtles. 
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The mean area of the convex hulls encompassing the capture locations of each turtle captured in 

at least four seasons was 4.66 km2 (SD = 6.23, N = 20); two of the 22 individuals captured in four 

or more seasons (Table 2.2) were excluded from this calculation due to missing GPS positions in 

capture records. The distribution of these areas was positively skewed with most hull areas 

covering < 5 km2 (Fig. 2.6). Capture histories of four turtles randomly selected from those with 

capture records in five or more seasons are shown in Fig. 2.7.  

 

 

Figure 2.6: Histogram of the area (km2) of convex hulls encompassing the capture locations of twenty 

individuals captured in four or more seasons. 

2.5 Discussion 

Quantifying variation in patterns of resource use is fundamental to understanding population and 

community dynamics and developing effective conservation strategies. Stable isotope analysis is 

a useful tool for investigating niche variation at different levels of organization (Bearhop et al. 

2004; Layman et al. 2007; Newsome et al. 2009). However, inferences about resource use can be 

difficult to make based on stable isotope ratios in consumer tissues alone because these may 

reflect multiple aspects of foraging (e.g., prey, foraging habitat or food web characteristics). 

Complementary data (e.g., stomach content analysis, satellite tracking) can therefore be useful for 

informing the interpretation of isotopic variance (e.g., Hatase et al. 2002, 2006). From the reverse 

perspective, isotopic niche variation determined from long-turnover tissues can be valuable for 

identifying groups of organisms whose activities may differ, suggesting targets for additional 

research. 



 

 

2
6

 

 

 

Figure 2.7: Histories of four loggerhead turtles randomly selected from those captured in five or more seasons: LT5, unclassed, 99.8 cm CCL (a); LT91, male, 

98.1 cm CCL (b); LT92, male, 102.1 cm CCL (c); LT220, male, 93.8 cm CCL (d). Labels indicate the year of capture followed by season (B = 

breeding, NB = non-breeding). 
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Within a feeding population of loggerhead turtles, evidence was found of size-related isotopic 

niche variation, mostly related to !
13

C. Lower isotopic dispersion was found among the largest 

turtles in the study relative to smaller size classes, suggesting similar foraging habits by large 

individuals over time. One possible explanation is that large turtles show fidelity to the same 

foraging habitat over time periods equivalent to isotopic assimilation (i.e., several months or 

more). Satellite tracking of 14 large turtles (3 unclassed, 11 male) in the study area supports this 

possibility, revealing strong affinity to specific foraging sites (Wirsing et al. 2004; E. Olson, 

personal communication), particularly around Cape Rose and Guichenault Point, approximately 

15 km northwest of the main study area (Fig. 2.1). These patterns are remarkably consistent with 

potentially biased flipper tagging data (Fig. 2.1). In fact, one turtle showed strong fidelity to the 

Cape Rose region between 2002 and 2009 based on flipper tag recaptures (Fig. 2.7b) and was also 

tracked by satellite in the same area between February and October, 2009. Furthermore, all 

individuals in Fig. 2.7 showing affinity to nearshore foraging sites were larger than 93.0 cm CCL. 

Thus, fidelity to a foraging site may be an important contributor to low isotopic variance among 

large turtles. 

 

Low isotopic dispersion may also reflect similarity in the diets of large turtles. This comprises 

two possibilities: 1) large turtles specialize on similar prey to one another, and this represents a 

subset of the prey consumed by the population; or 2) large turtles consume the same, highly 

general diet that is equivalent to the dietary breadth of the population and, thus, converge on the 

same isotopic signature over time. A concurrent study of isotopic variance and foraging by 

sympatric green turtles (Burkholder et al. in review) bears on these contrasting explanations. 

Green turtles in Shark Bay can forage on a small variety of distinct resource groups: seagrasses, 

benthic macroalgae and gelatinous plankton (i.e., jellyfish and ctenophores). Analysis of stable 

isotopes in green turtle flipper tissue revealed remarkably wide variation in !
13

C (-22.4‰ to -

9.8‰, range = 12.6‰, mean =  -15.0‰) with no trends in isotopic variation with body size, 

suggesting long-term individual specialization on (predominantly) one prey type. A mixing model 

incorporating data on potential prey groups corroborated this inference, as did limited stomach 

content and AVED data. Thus, for green turtles, a wide isotopic niche at the population level 

reflects a narrow dietary niche at the individual level. 

 

In contrast, the loggerhead turtle !
13

C range was quite small and I suggest that this distribution 

probably reflects a wide dietary niche at the individual level based on several arguments. First, in 
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a single AVED deployment, a large turtle consumed prey ranging from large, mobile gastropods 

to small infaunal organisms (see Appendices 2.1, 2.2 & 2.3) and it seems unlikely that a specialist 

individual would hone in on these diverse prey types, which require different foraging tactics. 

Furthermore, large body size (i.e., reduced gape limitation, Limpus et al. 2001) might be expected 

to lead to an increasingly general diet if large turtles also continue to feed on small items, which 

was also inferred from the same turtle’s AVED deployment. Furthermore, increased prey 

diversity in larger turtles has been noted in stomach contents (Plotkin, Wicksten & Amos 1993), 

although this diversity could also reflect bias due to larger stomach size and longer retention time 

(Tomas, Aznar & Raga 2001). While the data presented here are preliminary, there appears to be 

support for the notion that the limited isotopic niche area of large loggerhead turtles reflects a 

highly general, as opposed to specialized, diet at the individual level. 

 

Higher isotopic variance in smaller loggerhead turtles is more challenging to interpret in part 

because data on their long-term movements are not available. In addition to variation in diet, 

gradients in !
13

C that could influence isotopic distributions include, from more to less depleted, 

use of oceanic to neritic habitats, pelagic to benthic zones, high to low latitudes and food webs 

with more depleted (e.g., plankton) to more enriched (e.g., seagrasses) basal resources (Reich et 

al. 2010 and references therein). One possibility is that !
13

C dispersion among smaller turtles 

reflects variation in the timing of recruitment to Shark Bay’s neritic habitat from oceanic areas or 

movement between these areas (e.g., McClellan et al. 2010). Indeed, size-related variation in the 

use of oceanic and neritic foraging areas has been documented elsewhere for this species (Hatase 

et al. 2002; Hawkes et al. 2006). However, within the smaller size classes in Shark Bay no 

evidence of a trend in !
13

C relative to body size, which might be expected to correlate with time 

since recruitment to the neritic habitat, was found. Still, this does not preclude the possibility that 

among-individual differences in use of neritic and oceanic areas influenced the isotopic 

distribution. Alternatively, variation in !
13

C values could indicate differential foraging in 

seagrass-based or algae-based food webs or on benthic versus pelagic prey items but data to 

assess these possibilities are not available. 

 

Strong fidelity to very specific foraging sites, similar to that found in Shark Bay, has been shown 

in other populations. In the Mediterranean, for example, female green and loggerhead turtles used 

similar routes over multiple migrations between nesting beaches, foraging grounds and 

overwintering areas (Broderick et al. 2007) and female loggerhead turtles showed fidelity to 

discrete foraging areas over several months (Godley et al. 2002, 2003). In Queensland, adult 
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green and loggerhead turtles show fidelity to specific feeding areas between reproductive 

migrations (Limpus et al. 1992) and loggerheads reencountered after breeding migrations were 

found within 3.6 km of their pre-migration capture location (Limpus & Limpus 2001). While 

perhaps not universal (Cheng 2000; Zbinden et al. 2008), it is apparent that affinity to foraging 

sites can be strong, similar to long-known fidelity of females to nesting grounds (Carr & Ogren 

1960). 

 

Along with diet and foraging insight from AVED deployments, the isotopic and site fidelity data 

bear on among-individual variation in the isotopic signatures of breeding female loggerhead 

turtles in other populations (Hatase et al. 2002; Reich et al. 2010; Vander Zanden et al. 2010). In 

a single foraging location in Shark Bay, individual loggerhead turtles – particularly larger adults – 

appear to be site specialists and foraging generalists. This result suggests that isotopic variation 

among breeding females, which may include individuals from distant and diverse foraging 

grounds, may be more likely to reflect the isotopic characteristics of migratory routes and 

foraging habitats due to site fidelity than among-individual prey specialization within foraging 

areas. However, larger data sets from multiple feeding areas are needed to test such hypotheses 

more rigorously (Reich et al. 2010). 

 

This study, while limited by sample size, demonstrates the considerable potential for research 

combining stable isotope analysis and behavioural data (Hatase et al. 2002; Hawkes et al. 2006). 

Stable isotopes and AVED deployments, in particular, appear to be powerful tools for resolving 

diet composition and intrapopulation niche variation in marine turtles. Advances in AVED 

technology (i.e., smaller size, longer memory) and analysis of isotopes in loggerhead tissues with 

different turnover rates (e.g., blood plasma, skin and scute) will improve our ability to evaluate 

within- and among-individual isotopic variation (e.g., Matich, Heithaus & Layman 2011) and 

their stability over time. 

2.5.1 Implications for conservation and management 

This research highlights potentially important issues for management of coastal ecosystems where 

loggerhead turtles forage. Foremost among these, size-related variation in foraging or habitat use 

patterns may necessitate integrated management strategies to address threats targeting different 

population subgroups (Hawkes et al. 2006; McClellan et al. 2010). Survival of late juvenile life 

stages can have a large per capita impact on population growth rates (Crouse, Crowder & Caswell 
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1987) but the habits of these individuals in Shark Bay are currently unknown. Data on their long-

term movements and diet are required to fill this gap and inform management planning. 

 

The extensive use of, and fidelity to, nearshore habitat for foraging may make loggerhead turtles 

prone to conflict with human activities (e.g., boat traffic, coastal development). In high use areas, 

the potential exists for vessel strikes, which are most problematic in shallow water where turtles 

are unable to dive to avoid approaching boats (Hazel et al. 2007). Indeed, Hazel et al. (2007) 

found that turtles were often unable to detect and avoid boat approaches even at relatively slow 

speeds (4 km h
-1

), and boat strikes may be an important source of anthropogenic mortality for 

some turtle populations (Lutcavage et al. 1997). In Shark Bay, evidence of boat strikes was 

minimal – of 350 turtles, three had abnormal carapace chips or indentations that may have been 

caused by collisions and one had three parallel grooves in the carapace consistent with healed 

propeller scars. While boat strikes (at least of the non-lethal variety) appear rare, this does not 

preclude the possibility of disturbance if turtles perceive human stimuli as predators (Frid & Dill 

2002) and respond behaviourally. This could involve displacement from preferred foraging areas, 

which should be given attention considering that species showing high site affinity may be 

limited in their ability to adapt to disturbances or habitat loss (Warkentin & Hernández 1996). 

 

Finally, as a remote, well-protected area with a minimal history of commercial exploitation 

(Halkyard 2009), Shark Bay is important for establishing baselines for marine turtle abundance, 

distribution and community interactions (Heithaus et al. 2005). Standardized population surveys 

and spatiotemporal analyses of habitat use patterns are needed to take steps toward quantifying 

the functional role of loggerhead turtles in this coastal foraging habitat and guiding conservation 

efforts in more impacted regions. 
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2.7 Supplementary Information 

Appendix 2.1 shows a loggerhead turtle diving and extracting unknown prey from the shallow, 

sandy substrate. Appendices 2.2 and 2.3 show the same loggerhead turtle consuming a northern 

baler (Melo amphora) and a sea hare (Aplysia sp.), respectively. Video clips located on the 

enclosed DVD. 
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3:  Informing behavioural inferences from dive profiles 

using animal-borne video: a marine turtle case study 

3.1 Abstract 

It is often of interest to infer the behaviour of air-breathing aquatic taxa (i.e., divers) based on the 

characteristics of dive profiles, which are relatively affordable and easy to obtain. However, 

correlations between dive characteristics and behaviour are rarely perfect – dives that appear 

similar in shape or other attributes can reflect multiple activities, confounding their interpretation. 

Thus, complementary research techniques are necessary to inform behavioural inferences from 

dive profiles. Here, I used animal-borne video and environmental recording devices (AVED) with 

time-depth recorders (TDR) to study the behaviour and diving patterns of green (Chelonia mydas) 

and loggerhead turtles (Caretta caretta) on a feeding ground in Shark Bay, Western Australia. 

Commonly performed dive types were behaviourally diverse but some generalizations about their 

function could be made. V-shaped (Type 2) dives comprised active swimming for both species 

and likely reflected a combination of near-surface movements, travel and benthic exploration. 

Gradual ascents through the water column during S-shaped (Type 3 and 4) dives reflected an 

energy conservation tactic while travelling but also involved mid-water foraging on gelatinous 

plankton for green turtles. Square-bottom, U-shaped (Type 1) dives included feeding, benthic 

travel and resting behaviour. However, within Type 1 dives maximum dive depth, duration and 

variation in depth during the bottom phase correlated with the proportion of bottom time spent 

resting versus active, providing a means of assessing primary dive function. The proportion of 

dives reaching the sea floor varied by dive type, influencing the ability to use maximum dive 

depth as a proxy for habitat depth in the absence of tracking data. Green and loggerhead turtles 

spent 89% and 68% of surface interval duration breathing, respectively – information that is 

useful for estimating oxygen loading from dive profiles. This case study demonstrates that 

behavioural inferences from stand-alone dive data can be tenuous and emphasizes the value of 

AVED and other behavioural data-logging systems for increasing the level of ecological insight 

obtainable from dive profiles. 
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3.2 Introduction 

Large-bodied, air-breathing aquatic foragers (i.e., divers) comprise a diverse group of birds, 

mammals and reptiles. These species can play important roles in marine ecosystems (Croxall 

1987; Bowen 1997; Bjorndal & Jackson 2003), often occupying high trophic positions and 

interacting strongly in marine food webs. Despite their large size, divers can be challenging to 

study because they can range widely and engage in important activities (e.g., foraging) while 

submerged and out of view. Since its inception in the 1960’s, bio-logging technology has 

advanced rapidly to fill this knowledge gap (review in Kooyman 2004). Time-depth recorders 

(TDR; Kooyman 1965), satellite-linked tracking systems (e.g., Stewart et al. 1989) and animal-

borne video and environmental data recorders (AVED; Marshall 1998; Davis et al. 1999) are now 

among the primary tools for investigating the physiology, behaviour and ecology of diving 

animals. 

 

Dive data from TDR deployments, in particular, have become widely used to investigate the 

submerged habits of divers. Two dimensional dive profiles (time versus depth) provide a 

continuous measure of depth use and can be useful for inferring behaviours such as foraging, 

travelling, resting and predator avoidance (e.g., Hindell, Slip & Burton 1991; Thompson et al. 

1991; Le Boeuf & Crocker 1996; Frid, Heithaus & Dill 2007). Furthermore, dive characteristics 

during foraging – such as bottom time relative to dive depth (i.e., travel time) – may indicate the 

distribution of important prey species (Mori & Boyd 2004; Mori et al. 2005). Depth use records 

may also provide insight into conservation issues such as the potential for interactions with 

human activities (e.g., boat traffic, Hazel, Lawler & Hamann 2009). Thus, gleaning as much 

information as possible from dive profiles is important for developing a better understanding of 

the ecology and management of diving taxa. 

 

Most diving species perform a limited number of common dive types, which may correlate to 

varying degrees with specific activities (e.g., foraging, Le Boeuf et al. 1988; Hindell, Slip & 

Burton 1991; Thompson et al. 1991; Schreer & Testa 1996). However, dive characteristics are 

unlikely to be perfectly associated with particular behaviours, which limits our ability to make 

inferences from stand-alone dive data (Davis et al. 2003). For example, an increased proportion 

of U-shaped dives by female harbour seals (Phoca vitulina) correlated with increased food intake 

based on water flux data (Bowen et al. 2001; Baechler, Beck & Bowen 2002); however, animal-

borne video from male harbour seals revealed that U-shaped dives can also reflect travelling and 
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reproductive vocalizations (Baechler, Beck & Bowen 2002). Moreover, the function of 

generalized dive types, and correlations between behaviour and other dive characteristics (e.g., 

depth, duration), will likely vary among taxa (Schreer, Kovacs & O’Hara Hines 2001), 

particularly if factors such as diet, foraging tactics and predation regimes differ. Therefore, 

relationships between diving and behaviour need to be evaluated with additional data in order to 

validate inferences from stand-alone dive profiles. 

 

For long-diving marine turtles, validating behavioural inferences from dive data is particularly 

important. In coastal foraging areas, chelonid (i.e., hard-shelled) marine turtles can spend as much 

as 95% of their time submerged (Lutcavage & Lutz 1997) and engage in a wide variety of 

activities (e.g., foraging, resting, travelling and social interactions) on or near the sea floor where 

direct observation is not possible. Thus, dive profiles are an important tool for investigating sea 

turtle behaviour. However, behavioural inferences based on generic dive shapes can be tenuous. 

For example, chelonids often perform extended square-bottom U-shaped dives to a constant 

depth, which have been assumed to reflect benthic resting (van Dam & Diez 1996; Hays et al. 

2000a). However, TDRs deployed in conjunction with other data-logging devices (animal-borne 

video recorders and activity sensors) have revealed that these dives may also include foraging, 

benthic travel and other activities (Hochscheid et al. 1999; Seminoff, Jones & Marshall 2006), 

confounding generalization of their function. Still, characteristics of individual Type 1 dives, such 

as residual variation in the dive depth-duration relationship, can provide insight into dive function 

(i.e., resting versus activity) but require validation using external data (Hays et al. 2000b). 

 

Other valuable behavioural information may be contained in dive profiles but require assessment 

with complementary data. For example, for benthic foragers it is often of interest to infer habitat 

depth from maximum dive depth when tracking data are not available, allowing for inference of 

habitat use patterns (e.g., Le Boeuf & Crocker 1996; Jay, Farley & Garner 2001; Hays et al. 

2002). However, marine turtles and other benthic foragers routinely perform dives that do not 

reach the sea floor (e.g., Hochscheid et al. 1999). Therefore, the reliability of habitat 

characterizations from dive profiles requires assessment, for which AVED systems are well 

suited. Finally, video data can be used to estimate breath rates or oxygen loading from surface 

interval duration in stand-alone dive data, if the proportion of surface intervals spent breathing 

can be quantified. 

 



 

 40 

In this chapter, I use AVED and TDR technology to investigate correlations between dive profile 

characteristics and the behaviour of green (Chelonia mydas) and loggerhead turtles (Caretta 

caretta) on a feeding ground in Shark Bay, Western Australia. The analyses serve as a case study 

to illustrate the value of AVED and other data-logging systems for informing behavioural 

inferences from stand-alone dive records, which are more affordable and easily obtained (see also 

Seminoff, Jones & Marshall 2006). I assess marine turtle behaviour among and within commonly 

performed dive types, which have been described previously (Minamikawa, Naito & Uchida 

1997; Hochscheid et al. 1999; Houghton et al. 2002; Seminoff, Jones & Marshall 2006; Fig. 3.1), 

increasing our understanding of marine turtle behaviour in coastal foraging habitat. Of particular 

importance for this dissertation is an analysis of the proportion of dives reaching the sea bottom, 

which is used to reduce error in characterized habitat depth in Chapter Four. 

 

Here, I address the following questions:  

1) What generalizations can or cannot be made about the function of dive types commonly 

performed by marine turtles in shallow, coastal ecosystems? 

2) Does the probability of a dive reaching the sea floor vary by dive type and, if so, what are 

the implications for using maximum dive depth as a proxy for habitat depth in the 

absence of spatial data? 

3) Within Type 1 dives (square-bottom, U-shaped dives), which are commonly assumed to 

reflect resting but may be behaviourally diverse, do dive features such as depth, duration 

and depth variability during the bottom phase correlate with activity level?  

4) To what extent does time spent at the surface reflect time breathing and, hence, provide a 

means of estimating oxygen loading? 

3.3 Methods 

Shark Bay, Western Australia (~ 25°45’ S, 113°44’ E), is a shallow (mostly < 15 m), subtropical 

bay located approximately 800 km north of Perth. The study area in the bay’s Eastern Gulf is 

characterized by expansive shallow (< 4.5 m) seagrass-dominated habitat separated and 

surrounded by deeper (> 6.0 m) sand-dominated habitat. Sub-adult and adult green and 

loggerhead turtles use this area of Shark Bay as a feeding ground year round. Green turtles may 

forage on a variety of seagrasses, algae, jellyfish and ctenophores (Heithaus et al. 2002; 

Seminoff, Jones & Marshall 2006; D. Burkholder, unpublished data) while loggerhead turtles are 



 

 41 

known to feed mostly on benthic invertebrates, particularly molluscs and crustaceans (reviews in 

Mortimer 1982; Dodd 1988; Bjorndal 1997; Chapter Two).  

 

Fieldwork took place between March and July, 1999, April and June, 2000 and during April, 

2003. Turtles were captured by hand (Heithaus, Frid & Dill 2002; Heithaus et al. 2005) during 

haphazard searches and transect surveys of the study area. Turtles were brought aboard the vessel, 

curved carapace length (CCL) was measured (± 0.5 cm) and turtles were tagged using titanium 

flipper tags (Department of Environment and Conservation, Western Australia) applied to a 

proximal foreflipper scute. Turtles were considered male if tail length was ! 25.0 cm or 

unclassed, which would include immature males and all females, if tail length was < 25.0 cm 

(Limpus, Couper & Read 1994a,b; Heithaus, Frid & Dill 2002; Heithaus et al. 2005). 

 

To study turtle behaviour and diving patters, AVED systems (National Geographic’s 

‘Crittercam’; Marshall 1998) were deployed. These units included a video recorder and recorded 

time, depth (± 0.5 m) and water temperature (± 0.1 ° C) every 2.4 s. A plexiglass plate was 

affixed to the carapace using cool-setting epoxy (Ten-Set
TM

) and AVEDs were attached to this 

plate using a small wire and magnesium washer. Units were programmed to stay attached to the 

turtle for 3 – 24 hours after which they would detach using a burnwire mechanism or when the 

magnesium washer dissolved. AVED packages were designed to be positively buoyant to 

facilitate retrieval at the surface using a VHF radio beacon. 

3.3.1 Video data transcription 

The first 30 minutes of each deployment were excluded from analysis to reduce the effects of 

post-release stress on behaviour. This time period was determined via observation of turtle 

behaviour in the video footage; turtles displayed rapid escape swimming following release but 

swim speeds generally returned to a level consistent with the rest of the deployment within a few 

minutes. Some foraging was observed in the first 30 minutes of video deployments suggesting 

that, for some individuals at least, capture stress was not prolonged. However, this important 

issue is addressed more thoroughly in the Discussion. 

 

Video data were transcribed using a computer event recorder and behaviour durations were 

measured to the nearest second. Behaviours measured included: 1) breathing; 2) descent; 3) 

swimming along the bottom; 4) resting on the bottom; 5) swimming at a constant depth in the 
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water column; 6) gradual ascent through the water column consisting of infrequent and gentle 

swimming strokes; 7) active ascent; 8) feeding; and 9) other behaviours including social 

interactions and sponge-rubbing (Heithaus et al. 2002). If the vertical direction of movement 

could not be easily discerned in the video footage, the duration of descents, ascents and mid-water 

swims were confirmed using the dive profile. While an animal was at the surface, we assumed 

that all time spent with the head above water reflected breathing and we counted ‘head 

emergences’ instead of breaths because breaths were cryptic in the video due to camera 

positioning. Foraging tactics and diet data have been presented elsewhere (Heithaus et al. 2002; 

Burkholder et al. in review; Chapter Two) and are not analyzed in depth here. 

3.3.2 Dive profile analysis 

For consistency with previous research, dives were classified visually following Seminoff, Jones 

& Marshall (2006; Fig. 3.1). Type 1 dives were characterized by steep ascent and descent angles 

and a distinct bottom phase, indicating that the turtle descended to and remained at a constant 

depth for the majority of the dive. Type 2 dives were V-shaped, with minimal time spent at the 

maximum depth of the dive prior to ascent. Type 3 dives had steep descents but a bottom phase in 

which depth increased gradually prior to a steep ascent to the surface. Type 4 dives comprised a 

steep descent and a brief initial ascent followed by an extended, gradual ascent through the water 

column and a steep final ascent to the surface. Type 5 dives were typically shallow parabolic 

dives lacking abrupt inflection points separating descent and ascent from the bottom phase. 

Finally, Type 6 dives were defined by Seminoff, Jones & Marshall (2006) as having a W shape 

with a depth change during the bottom phase of at least 2 m. To adjust this criterion to suit the 

shallow depth regime in Shark Bay, I considered W-shaped dives with a 1.5 m depth change 

during the bottom phase to be Type 6 dives.  

 

The software Multi Trace Dive (Jensen Software Systems, Laboe, Germany) was used to analyse 

dive profiles. Dive cycles were detected and surface and dive times measured using a 

combination of vertical velocity and depth thresholds. Dives began when depth exceeded 0.75 m 

and inflection points separating dive phases (descent, bottom phase, ascent, surface interval) were 

detected using a vertical velocity threshold of 0.03 m s
-1

. End of diving was detected when 

vertical velocity dropped below 0.03 m s
-1 

and the turtle returned to a depth shallower than 10% 

of the maximum dive depth. This depth threshold was necessary because in our study system and 

others (Houghton et al. 2002) marine turtles often perform very gradual ascents making a vertical 
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velocity threshold alone insufficient for detecting the end of dives. Video data were used to 

distinguish actual surfacing events from near-surface movements, which was not possible in 

extremely shallow water using the dive profiles alone. Each individual dive was inspected 

visually during analysis to ensure that the software settings accurately detected inflection points 

in the dive profile. 

 

 

Figure 3.1: Common dive types performed by green and loggerhead turtles, reproduced with permission 

from Seminoff, Jones & Marshall (2006, Fig. 3). 

3.3.3 Statistical approach 

Data were analyzed using mixed effect models (e.g., Bryk & Raudenbush 1992; Gelman & Hill 

2006; Crawley 2007) in R v. 2.9.2 (R Foundation for Statistical Computing, Vienna, Austria). 

Individual dive cycles were treated as data points and turtle identity was included as a random 

effect to avoid pseudoreplication. Depth and duration data were log-transformed to reduce 

heteroscedasticity and analyzed using general linear models. Post hoc Tukey tests were performed 

to test for pair-wise differences between dive types. Binary data (e.g., dives reaching or not 

reaching the sea floor) were analyzed using generalized linear models, specifying a binomial error 

structure. Percentage data (e.g., percentage of dive time spent resting) were analyzed using 

general linear models on arcsine-transformed data. Figures and tables present means of individual 

deployment means, as opposed to pooled dives for all individuals, unless otherwise specified. 

3.3.4 Models for resting behaviour 

Resting data were zero-inflated for both species, necessitating a specialized modelling technique. 

Zero-inflation was caused by ‘true’ zeros in the data set; when resting was not observed it was 
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because it did not occur during a dive and not because it went undetected (i.e., ‘false’ zeros). 

Two-part conditional (or ‘hurdle’) models (Cameron & Trivedi 1998) are appropriate for dealing 

with zero-inflation due to true zeroes (Martin et al. 2005). However, it was also necessary to 

include random effects for turtle identity to avoid pseudoreplication. Thus, the following 

approach was taken: the data set was divided into a binary data set (resting versus no resting) 

including all dives and a presence-only data set that included only dives in which resting did 

occur. A binomial logistic regression was performed on the binary data (referred to as the ‘binary 

model’) and an ordinary regression performed on the continuous data (referred to as the 

‘conditional model’). Mixed effect models were run using the package lme4 and, for the 

conditional models, p-value estimates were obtained using a Monte Carlo Markov Chain 

procedure. 

 

I was interested in determining whether maximum dive depth, dive duration and the standard 

deviation of depth during the bottom phase correlated with the proportion of time spent resting 

during a Type 1 dive. Due to low sample size in the conditional component of the models, 

interactions were not included in this analysis. The binary model tested for the effect of 

independent variables on the probability of resting occurring, while the conditional model tested 

for their effect on the proportion of the bottom phase (arcsine-transformed) spent resting. 

3.3.5 Models for surface interval duration and time spent breathing 

I also wanted to determine the amount of variation in time spent breathing (i.e., duration for 

which a turtle’s head was above the surface) explained by surface interval duration from dive 

profiles to assess the extent to which surface interval duration reflects oxygen loading. To test this 

relationship I used generalized linear mixed models specifying a Poisson error distribution. Model 

diagnostics were checked using Pearson and deviance residuals following Zuur et al. (2009). To 

determine the proportion of variance in time breathing explained by surface interval duration 

from the mixed model, I calculated a pseudo-R
2
 value (i.e., the R

2
 value for the regression of 

fitted values on observed time spent breathing for each species). 

3.4 Results 

Video and dive profile data were successfully obtained for 12 green turtles (10 unclassed, 2 male, 

mean CCL = 89.9 ± 3.79 cm SE) and 13 loggerhead turtles (8 unclassed, 5 male, mean CCL = 
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93.4 ± 2.68 cm SE). For green turtles, the duration of the linked segments of data, excluding the 

first 30 minutes following release, ranged from 0.20 to 2.43 h (mean = 1.79 ± 0.21 SE) while the 

number of dives in each deployment ranged from 3 to 52 (mean = 24.83 ± 4.46 SE). For 

loggerhead turtles, the duration of the linked segments ranged from 0.33 to 5.14 h (mean = 2.04 ± 

0.33 SE) while the number of dives in each deployment ranged from 5 to 79 (mean = 25.08 ± 

5.63 SE). Video data without accompanying dive profiles were obtained for a further four green 

and five loggerhead turtles and were included only to assess the overall proportion of dives 

reaching the sea floor for each species. 

 

For green turtles, Type 1 and 4 dives comprised the majority (67 %) of total dive time with all 

other dive types each representing < 8 % of the total (Table 3.1). Dives that did not conform to 

the visual classification scheme represented 9.4 % of total green turtle dive time. For loggerhead 

turtles, Type 1, 4 and 5 dives comprised the majority of total dive time (86 %) with other dive 

types each representing < 4 % of the total (Table 3.1). Dives that did not conform to the visual 

classification scheme comprised 6.1 % of total loggerhead dive time. Type 2 (V-shaped) dives 

were performed frequently by both species (18.1 % of green turtle dives and 14.7 % of 

loggerhead turtle dives by frequency) but, due to their short durations, comprised only 6.3 % and 

4.0 % of green and loggerhead dive time, respectively. 

 

The duration and maximum depth of dives varied by dive type for green turtles (duration, F5,265 = 

60.81, P < 0.0001; depth, F5,265 = 14.73, P < 0.0001; Fig. 3.2a,c) and loggerhead turtles (duration, 

F5,291 = 56.05; depth, F5,291 = 39.88, P < 0.0001; Fig. 3.2b,d). Tukey post hoc tests between all 

pairs of dive types are specified using superscripts in Table 3.1. Feeding was observed during all 

dive types for green turtles but not during Type 3 or 6 dives for loggerhead turtles, although only 

six Type 3 and Type 6 dives were performed by loggerheads (Table 3.1). Benthic resting was 

observed during Type 1, 4 and 6 dives for green turtles and Type 1, 3 and 4 dives for loggerhead 

turtles (Table 3.1). Approximately 70% of all dives reached the sea floor and the probability of a 

dive reaching the bottom varied by dive type for both species (green turtles, "
2
 =11.93, df = 5, P = 

0.036; loggerhead turtles "
2
 = 45.19, df = 5, P < 0.0001; Fig. 3.3). Type 3 and 5 dives were least 

likely to be benthic for green turtles while Type 2 and Type 5 dives were least likely benthic for 

loggerhead turtles (Table 3.1). 
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Figure 3.2: Dive duration and maximum depth of dive types commonly performed by green (a, c 

respectively) and loggerhead (b, d respectively) turtles. Means of each turtle’s deployment 

mean (± 1 SE) are presented, while statistical analyses treated individual dive cycles as data 

points with turtle identity included as a random effect. 
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Figure 3.3: Proportion of dives reaching the sea bottom by dive type for green (a) and loggerhead (b) 

turtles. Means of each turtle’s deployment mean (± 1 SE) are presented, while statistical 

analysis treated individual dive cycles as data points with turtle identity included as a random 

effect. 

 

3.4.1 Benthic resting and Type 1 dive characteristics 

Approximately 71% and 93% of time spent resting (dives pooled for all individuals) occurred 

during Type 1 dives for green and loggerhead turtles, respectively. For green turtles, the 

probability of resting occurring increased during longer dives but decreased with greater depth 

variation during the bottom phase (binary model; Table 3.2). The proportion of bottom time spent 

resting increased with the maximum depth of a Type 1 dive (conditional model; Table 3.2). 

 

For Type 1 dives by loggerhead turtles, the probability of resting occurring increased with dive 

depth and dive duration while decreasing with greater depth variation during the bottom phase 

(although the standard deviation fixed effect was marginally non-significant, Table 3.2). Dive 

duration had a positive effect on the proportion of bottom time spent resting, while depth 

variation during the bottom phase had a negative effect (conditional model; Table 3.2). 
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Table 3.1: Descriptive statistics for each dive type performed by 12 green and 13 loggerhead turtles fitted with time-depth recorders 

and animal-borne video cameras. Means are presented ± 1 SE. Feeding and resting observed indicate the fraction of dives 

including each behaviour in parentheses. Where indicated, cells in the same row not sharing the same superscript letter are 

significantly different based on Tukey’s post hoc tests. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Green turtles Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 

No. turtles performing dive type 11 9 6 10 6 5 

No. dives with video 132 51 13 37 38 11 

Mean proportion of total dive time 0.43 ± 0.08 0.06 ± 0.02 0.08 ± 0.03 0.23 ± 0.06 0.07 ± 0.03 0.03 ± 0.01 

Mean maximum dive depth (m) 6.03 ± 0.48
a
 4.82 ± 0.89

b
 5.98 ± 1.01

a,c
 6.77 ± 0.93

c
 3.85 ± 0.68

b,d
 5.30 ± 0.63

a,b,c,d
 

Mean dive duration (min) 5.29 ± 0.62
a
 1.62 ± 0.42

b
 6.20 ± 1.05

a,c
 6.67 ± 1.28

c
 2.29 ± 0.65

b,d
 3.97 ± 0.86

a,c,d
 

Proportion reaching sea floor 0.71 ± 0.08 0.78 ± 0.13 0.39 ± 0.20 0.83 ± 0.08 0.52 ± 0.19 0.83 ± 0.11 

Feeding observed? Yes (21/132) Yes (4/51) Yes (2/13) Yes (7/37) Yes (3/38) Yes (4/11) 

Resting observed? Yes (14/132) No No Yes (4/37) No Yes (2/11) 

Loggerhead turtles       

No. turtles performing dive type 10 9 4 10 11 2 

No. dives with video 83 58 6 35 121 6 

Mean proportion of total dive time 0.33 ± 0.07 0.04 ± 0.01 0.02 ± 0.01 0.20 ± 0.05 0.33 ± 0.09 0.02 ± 0.01 

Mean maximum dive depth (m) 4.32 ± 0.47
a
 2.51 ± 0.36

b
 4.92 ± 1.02

a,c
 5.45 ± 0.48

c
 2.63 ± 0.62

b,d
 1.49 ± 0.42

b,d
 

Mean dive duration (min) 6.96 ± 1.00
a
 1.28 ± 0.13

b
 6.64 ± 1.23

a,c
 10.13 ± 1.63

a,c
 3.99 ± 0.52

d
 3.40 ± 0.09

a,c,d
 

Proportion reaching sea floor 0.85 ± 0.08 0.35 ± 0.12 0.63 ± 0.24 0.85 ± 0.06 0.57 ± 0.14 1.00 ± 0.00 

Feeding observed? Yes (15/83) Yes (1/58) No Yes (4/35) Yes (15/121) No 

Resting observed? Yes (14/83) No Yes (1/6) Yes (2/35) No No 
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Table 3.2: Results of hurdle models of the proportion of bottom time spent resting by green and 

loggerhead turtles. Binary models correspond to analysis of presence-absence resting data 

while conditional models are linear models of the proportion of bottom time spent resting, 

given that resting was observed during the dive. For the binary models, the standard error 

(SE) of the estimate is given while the lower and upper 95% credible limits (LCL, UCL) are 

provided for the conditional models. 

Species Model Fixed effect Coefficient 

SE/ 

LCL,UCL P-value 

Green Binary  std. dev. -11.730 5.492 0.033* 

  duration 0.007 0.003 0.012* 

  max. depth 0.160 0.782 0.434 

 Conditional std.dev. -0.207 -2.324, 1.304 0.452 

  duration 0.000 -0.001, 0.001 0.357 

  max. depth 0.054 -0.013, 0.136 0.009* 

      

Loggerhead Binary  std. dev. -16.086 8.776 0.067 

  duration 0.011 0.003 0.000* 

  max. depth 0.760 0.325 0.019* 

 Conditional std. dev -3.935 -10.044, -1.454 0.009* 

  duration 0.001 -0.001, 0.001 0.018* 

  max. depth -0.048 -0.176, 0.165 0.471 

 

3.4.2 Surface interval as a proxy for oxygen loading 

While at the surface, green turtles spent an average of 89.0% (SE = 4.70) of their time with their 

head above water (i.e., presumed breathing) with an average of 1.10 (SE = 0.04) head emergences 

per surface interval and a mean surface interval duration of 3.74 s (SE = 0.05). Loggerhead turtles 

at the surface spent 67.9% (SE = 6.19) of their time with their head above water with an average 

of 2.82 (SE = 0.52) head emergences per surface interval and a mean surface interval duration of 

24.60 (SE = 5.84) s. 

 

Surface interval duration had a significant, positive effect on time spent breathing for both species 

(Fig. 3.4). However, a smaller proportion of the variance in time spent breathing was explained by 

surface interval duration for green turtles (co-efficient = 0.024, SE = 0.004, P < 0.0001, R
2
 = 0.49) 

compared with loggerhead turtles (co-efficient = 0.018, SE = 0.001, P < 0.0001, R
2
 = 0.77). The 

green turtle data set may have been heavily influenced by two data points (Fig. 3.4a). However, 

these data were not errors and were therefore biologically meaningful and retained in the 

regression. 
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Figure 3.4: Time spent with head above water and the number of head emergences for green (a, c 

respectively) and loggerhead (b, d respectively) turtles relative to surface interval duration in 

dive profiles. Points are individual dive cycles and turtle identity was included as a random 

effect during analysis. Note that for some short surface intervals, the duration of breathing 

may exceed surface interval duration due to the coarse (2.4 s) sampling interval in the dive 

profiles. 
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3.5 Discussion 

Marine ecologists often wish to make inferences about the behaviour of diving animals from dive 

profile data. However, it is important to validate these inferences using complementary data 

sources because common dive types or characteristics can reflect multiple behaviours (Hochscheid 

et al. 1999; Baechler, Beck & Bowen 2002; Davis et al. 2003; Seminoff, Jones & Marshall 2006). 

This case study highlights the value of AVED and other behavioural data-logging systems for 

gaining insight into the behaviour of diving animals and validating inferences made from more 

affordable and easily obtained dive records. 

3.5.1 What generalizations can be made about the function of commonly 

performed dive types? 

Behaviour during Type 1 dives was diverse for both species, consistent with previous findings for 

chelonid marine turtles. For example, Seminoff, Jones & Marshall (2006) deployed AVED 

systems on green turtles and found that Type 1 dives could include benthic travelling, resting and 

foraging. In the current study, the majority of Type 1 dives by both species were benthic and 

many included foraging, benthic travelling, resting or some combination of these activities. 

Despite this diversity in behaviour, maximum dive depth, dive duration and variation in depth 

during the bottom phase did correlate with the proportion of the bottom phase spent resting. 

Therefore, characteristics of Type 1 dives may be useful for categorizing their function as active 

or resting dives (see below). 

 

Type 2 dives are often assumed to be active exploratory or travelling dives for marine turtles (van 

Dam & Diez 1996; Hochscheid et al. 1999; Seminoff, Jones & Marshall 2006). In Shark Bay, 

Type 2 dives comprised continuous swimming, which is consistent with flipper beat data during 

V-dives reported for both species (Hays et al. 2004). The majority of Type 2 dives reached the sea 

floor for green turtles (78%), which would support a benthic exploratory function, but not for 

loggerhead turtles (35%). Type 2 dives more often involved near-surface movements for 

loggerheads. Furthermore, Type 2 dives appear to play a role in foraging for green turtles, which 

frequently fed on gelatinous plankton suspended in the water column (Heithaus et al. 2002; 

Burkholder et al. in review). Only one feeding event occurred for loggerhead turtles during a Type 

2 dive and it occurred on the sea bottom. 
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Type 3 and 4 dives are unique among reptilian dives due to a gradual ascent phase preceding a 

short, final ascent to the surface (Graham et al. 1987; Minamikawa, Naito & Uchida 1997; 

Minamikawa et al. 2000; Hochscheid, Bentivegna & Speakman 2003; Hays, Metcalfe & Walne 

2004). It has been suggested that gradual ascents could represent stationary mid-water resting 

(Minamikawa et al. 2000) or, alternatively, an energy conservation tactic by turtles in transit 

(Hochscheid et al. 1999; Houghton et al. 2002; Hays et al. 2004). In Shark Bay, turtles spent 72-

78% of the bottom phase of these dives actively swimming along the sea bottom and maintained a 

low flipper stroke rate during gradual ascents (J.T., personal observation), although camera 

positioning did not allow reliable observation of flipper motions in several videos. Overall, this 

suggests an energy conservation tactic while travelling. Similarly, Seminoff, Jones & Marshall 

(2006) observed no stationary mid-water resting by green turtles. Finally, much like Type 2 dives, 

gradual ascents played a dual role for green turtles because they included mid-water foraging on 

jellyfish and ctenophores. Seven of nine foraging events during these dives by green turtles 

occurred in the gradual ascent phase. In contrast, all feeding by loggerheads during Type 3 and 4 

dives occurred on the sea floor. 

 

Type 5 dives, which were shallow and U-shaped with a round bottom, were behaviourally diverse 

but exclusively active dives for both species (i.e., no resting was observed). These dives included 

foraging and reached the sea bottom in just over 50% of cases for both green and loggerhead 

turtles. Generally, these dives were associated with searching-foraging behaviour or travel along 

the sea bottom or in mid-water. 

 

Type 6 dives occurred rarely so generalizations regarding their function require further data. 

However, of the dives recorded, most were benthic for both species. Resting and feeding were 

both observed during Type 6 dives for green turtles while neither was observed during these dives 

for loggerhead turtles. 

3.5.2 Can maximum dive depth be used to infer habitat depth? 

Overall, turtles in this study dove to the sea floor approximately 70% of the time (including 

analysis of video data without linked dive profiles, which are not included in Fig. 3.3) and the 

probability of a dive reaching the sea floor depended on dive type. Therefore, when attempting to 

infer habitat depth from dive profiles it is important to consider the shape of individual dives. In 

many cases short, shallow Type 2 or 5 dives are performed between consecutive longer, deeper 
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dives with distinct bottom phases suggesting a benthic stage (Chapter Four). In these situations, 

habitat depth can be estimated based on the maximum depth of neighbouring dives to reduce error 

in characterized habitat depth. Increasingly affordable satellite-linked data loggers, which provide 

spatial data that can be compared with bathymetry, should reduce this problem in the future. 

3.5.3 Do dive characteristics reveal activity during Type 1 dives? 

Generally, resting during the bottom phase for both species increased with maximum dive depth 

and dive duration and decreased with depth variability during the bottom phase (Table 3.2). Hays 

et al. (2000b) also used behavioural data to examine correlates of resting versus activity during 

Type 1 dives. A 3D compass system (Hochscheid & Wilson 1999; Hochscheid et al. 1999) was 

used to measure activity levels and residual variation in the dive duration-depth relationship was 

analyzed. Shorter than expected dive duration for a given depth, compared to duration predicted 

by a regression of duration on depth in known zero-activity dives, corresponded with increasing 

activity levels. Therefore, while the generalized function of Type 1 dives is difficult to categorize, 

characteristics of individual dives are useful for assessing the degree of rest versus activity. 

 

The relationships between depth, duration, bottom phase depth variation and resting behaviour are 

intuitive for marine turtles. Due to lung buoyancy, turtles are able to rest for longer periods during 

dives in deeper water because they can achieve negative buoyancy with greater lung volume 

(Hays, Metcalfe & Walne 2004). Furthermore, during rest lower metabolic rates should lead to 

increased dive duration relative to periods of activity (Hays et al. 2000b). Finally, variation in 

depth around the mean during the bottom phase reflects vertical movement, which is indicative of 

activity. One caveat may be that horizontal swimming at a near constant depth may be difficult to 

distinguish from bottom rest using depth variation during the bottom phase. However, such 

cryptic differences in activity level, which influences metabolic rate, should be reflected by the 

dive depth-duration relationship (Hays et al. 2000b). 

 

Another potential problem with the use of standard deviation in depth during the bottom phase as 

an indicator of activity is the influence of tidal or, possibly, sea state variation in some areas. Tidal 

flux may be problematic if turtles are diving for extended periods (e.g., Hochscheid et al. 2007) in 

strong tidal environments. In Shark Bay the maximum tide range is only ca. 1.5 m, yet extended 

sequences of Type 1 dives with cyclic depth fluctuations corresponding to tidal period have been 

observed in longer dive records (J.T., unpublished data). In such cases, tide-related depth variation 
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would have to be identified visually. While a fully quantitative means of predicting the degree of 

activity versus rest during Type 1 dives is an important goal, it is not achieved in this analysis due 

to limitations of the data set. Due to the short AVED deployments, limited resting was observed 

and extended bouts of long-duration Type 1 dives, which are characteristic of several chelonids 

(van Dam & Diez 1996; Hochscheid et al. 1999; Houghton et al. 2002), were not recorded. 

However, the finding that dive characteristics correlate with activity levels indicates that larger 

AVED data sets have considerable potential for developing such predictive relationships. 

3.5.4 Surface interval duration as a proxy for oxygen loading 

The surfacing and breathing patterns of green and loggerhead turtles were quite different. Green 

turtles spent very little time at the surface, most of which comprised time breathing during a small 

number of head emergences. Loggerhead turtles spent considerably longer at the surface with a 

lower proportion of that time spent breathing and a greater number of head emergences. The lower 

proportion of variation in time spent breathing explained by surface interval duration for green 

turtles can likely be explained by the low amount of time spent breathing per surface interval (max 

= 11 s) relative to the sampling interval in the dive profiles (2.4 s). 

 

The differences in surfacing behaviour between the two species likely reflect a combination of 

physiological and behavioural traits. Maximum tidal volumes are reported to be nearly 4 times 

greater for green than loggerhead turtles (Lutcavage & Lutz 1997), meaning loggerhead turtles 

would require relatively more breaths to replenish oxygen stores than green turtles for a given 

dive duration. Both species are under risk of predation from tiger sharks (Galeocerdo cuvier; 

Heithaus, Frid & Dill 2002; Heithaus et al. 2007). Between breaths, loggerhead turtles often 

submerge their heads and scan in all directions beneath them (J.T., personal observation), which is 

likely a vigilance tactic. Conversely, green turtles occasionally appeared to keep their head above 

water long enough for more than one breath, making them able to dive more quickly thereafter. It 

is possible that these two tactics represent different methods of mitigating predation risk within 

species-specific physiological limitations. However, this is speculative and the effect of tiger 

shark density on surfacing patterns remains an important, unresolved question (Heithaus & Frid 

2003; Frid, Heithaus & Dill 2007). 
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3.5.5 Limitations 

It is important to consider the effects of capture stress and the AVED units themselves on marine 

turtle behaviour, particularly due to the short nature of the deployments. As one means of 

mitigating the effects of stress, the first 30 minutes of data were excluded from analyses (see 

Methods). However, in Chapter Four of this dissertation, a trend toward higher dive frequency 

was observed in the first four hours of longer dive profiles for 29 green turtles and 42 loggerhead 

turtles collected using stand-alone TDRs. To test the effects of AVED deployments on turtle 

behaviour more thoroughly, I compared dive durations from the AVED data set for each species 

with those predicted under similar temperature and depth conditions using predictive diving 

models (Chapter Four). For green turtles in the AVED study, mean habitat depth was 5.62 m (SE 

= 0.60), mean daily water temperature was 20.0 °C (SE = 1.05) and mean observed dive duration 

was 4.85 min (SE = 0.67). Predicted dive duration at this depth and temperature using the models 

from Chapter Four was 6.89 minutes (SD = 0.71). For loggerhead turtles in the AVED study, 

mean habitat depth was 3.29 m (SE = 0.45), mean daily water temperature was 24.6 °C (SE = 

0.85) and mean observed dive duration was 5.6 min (SE = 0.85). Predicted dive duration for this 

depth and temperature from Chapter Four was 9.05 min (SD = 1.18). Thus, AVED units appear to 

have had an effect on dive-surfacing patterns, possibly due to a combination of elevated 

metabolism from capture stress, added buoyancy from the AVED or increased energy expenditure 

due to drag caused by the AVED. Progress in AVED technology (e.g., smaller unit size, increased 

memory allowing longer deployments) will reduce these effects in the future. 

 

Seasonality is also likely to be an important factor influencing marine turtle behaviour in Shark 

Bay (Chapter Four). The data in this study were collected during the Austral fall and early winter 

in multiple years. In applying these results to dive data outside of these conditions, it will be 

important to consider factors such as variation in water temperature, prey distribution and predator 

density that may influence turtle metabolic rates, behaviour and dive-surfacing patterns. Finally, 

dive categorization was conducted visually, an inherently subjective method. Statistical methods 

of categorizing dives have been recently developed for pinnipeds (e.g., hierarchical cluster 

analysis, Schreer & Testa 1995) and similar approaches in marine turtle diving studies are 

warranted. While the current data set is not appropriate for this purpose, larger sets of turtle diving 

records will be useful in this regard. 



 

 56 

3.6 Acknowledgements 

We thank the Monkey Mia Dolphin Resort for accommodation and logistic support and the 

Department of Environment and Conservation for providing flipper tags. We deeply appreciate 

the help of our volunteer field assistants. Alejandro Frid contributed to AVED data collection and 

provided input on a previous version of the manuscript. Research was supported by NSERC 

Canada grant A6869 and PADI grants to L. M. Dill, NSF grants OCE0526065 and OCE0745606 

to M. R. Heithaus, and the College of Arts and Sciences of Florida International University. J. 

Thomson was supported by NSERC Canada CGS-M and PGS-D awards and an Animal Behavior 

Society student research grant. Research was conducted under DEC permits SF002752, 

NE002120, SF005394, CE001338 and subsequent annual renewals and under SFU UACC and 

FIU IACUC certification. This is contribution no. ## from the Shark Bay Ecosystem Research 

Project. 

3.7 Reference list 

Baechler, J., Beck, C.A. & Bowen, W.D. (2002) Dive shapes reveal temporal changes in the 

foraging behaviour of different age and sex classes of harbour seals (Phoca vitulina). 

Canadian Journal of Zoology, 80, 1569-1577. 

Bjorndal, K.A. (1997) Foraging ecology and nutrition of sea turtles. The biology of sea turtles 

(eds. P.L. Lutz & J.A. Musick), pp. 199-231. CRC Press, Boca Raton. 

Bjorndal, K.A. & Jackson, J.B.C. (2003) Roles of sea turtles in marine ecosystems: reconstructing 

the past. The biology of sea turtles volume II (eds. P. L. Lutz, J. A. Musick & J. 

Wyneken), pp. 259-274, CRC Press, Boca Raton. 

Bowen, W.D. (1997) Role of marine mammals in aquatic ecosystems. Marine Ecology Progress 

Series, 158, 267-274. 

Bowen, W.D., Boness, D.J., Iverson, S.J. & Oftedal, O.T. (2001) Foraging effort, food intake, and 

lactation performance depend on maternal mass in a small phocid seal. Functional 

Ecology, 15, 325-334. 

Bryk, A.S. & Raudenbush, S.W. (1992) Hierarchical linear models: Applications and data analysis 

methods. Sage Publications, Thousand Oaks. 

Burkholder, D.B., Heithaus, M.R., Thomson, J.A. & Fourqurean, J.W. (in review) Unexpected 

diversity in trophic interactions of green sea turtles (Chelonia mydas) on a pristine coastal 

seagrass foraging ground. 

Cameron, A. & Trivedi, P. (1998) Regression analysis of count data. Cambridge University Press, 

Cambridge. 

Crawley, M.J. (2007) The R book. John Wiley and Sons, West Sussex. 



 

 57 

Croxall, J.P. (1987) Seabirds: feeding ecology and role in marine ecosystems. Cambridge 

University Press, New York. 

Davis, R.W., Fuiman, L.A., Williams, T.M., Collier, S.O., Hagey, W.P., Kanatous, S.B., Kohin, S. 

& Horning, M. (1999) Hunting behavior of a marine mammal beneath the Antarctic fast 

ice. Science, 283, 993-996. 

Davis, R.W., Fuiman, L.A., Williams, T.M., Horning, M. & Hagey, W. (2003) Classification of 

Weddell seal dives based on 3-dimensional movements and video-recorded observations. 

Marine Ecology Progress Series, 264, 109-122. 

Dodd, C.K. (1988) Synopsis of the biological data on the loggerhead sea turtle Caretta caretta 

(Linnaeus 1758). Biological Report of the US Fish and Wildlife Service, 88 (14). 

Frid, A., Heithaus M.R. & Dill, L.M. (2007) Dangerous dive cycles and the proverbial ostrich. 

Oikos, 116, 893-902.  

Gelman, A. & Hill, J. (2006) Data analysis using regression and multilevel/hierarchical models. 

Cambridge University Press, New York. 

Graham, J.B., Gee, J.H., Motta, J. & Rubinoff, I. (1987) Subsurface buoyancy regulation by the 

sea snake Pelamis platurus. Physiological Zoology, 60, 251-261. 

Hays, G.C., Adams, C.R., Broderick, AC., Godley, B.J., Lucas, D.J., Metcalfe, J.D. & Prior, A.A. 

(2000a) The diving behaviour of green turtles at Ascension Island. Animal Behaviour, 59, 

577-586. 

Hays, G.C., Hochscheid, S., Broderick, A.C., Godely, B.J. & Metcalfe, J.D. (2000b) Diving 

behaviour of green turtles: dive depth, dive duration and activity levels. Marine Ecology 

Progress Series, 208, 297-298. 

Hays, G.C., Glen, F., Broderick, A.C., Godley, B.J. & Metcalfe, J.D. (2002) Behavioural plasticity 

in a large marine herbivore: contrasting patterns of depth utilisation between two green 

turtle (Chelonia mydas) populations. Marine Biology, 141, 985-990. 

Hays, G.C., Metcalfe, J.D., Walne, A.W. & Wilson, R.P. (2004). First records of flipper beat 

frequency during sea turtle diving. Journal of Experimental Marine Biology and Ecology, 

303, 243-260. 

Hays, G.C., Metcalfe, J.D. & Walne, A.W. (2004). The implications of lung-regulated buoyancy 

control for dive depth and duration. Ecology, 85, 1137-1145. 

Hazel, J., Lawler, I.R. & Hamann, M. (2009) Diving at the shallow end: green turtle behaviour in 

near-shore foraging habitat. Journal of Experimental Marine Biology and Ecology, 371, 

84-92. 

Heithaus, M.R., McLash, J.J., Frid, A., Dill, L.M. & Marshall, G.J. (2002). Novel insights into 

green sea turtle behaviour using animal-borne video cameras. Journal of the Marine 

Biological Association of the United Kingdom, 82, 1049-1050. 

Heithaus, M.R., Frid, A. & Dill, L.M. (2002). Shark-inflicted injury frequencies, escape ability, 

and habitat use of green and loggerhead turtles. Marine Biology, 140, 229-236. 

Heithaus, M.R. & Frid, A. (2003) Optimal diving under the risk of predation. Journal of 

Theoretical Biology, 223, 79-92. 



 

 58 

Heithaus, M.R., Frid, A., Wirsing, A.J., Bejder, L. & Dill, L.M. (2005) Biology of sea turtles 

under risk from tiger sharks at a foraging ground. Marine Ecology Progress Series, 288, 

285-294. 

Heithaus, M.R., Frid, A., Wirsing, A.J., Dill, L.M., Fourqurean, J.W., Burkholder, D., Thomson, 

J. & Bejder, L. (2007) State-dependent risk-taking by green sea turtles mediates top-down 

effects of tiger shark intimidation in a marine ecosystem. Journal of Animal Ecology, 76, 

837-844. 

Hindell, M.A., Slip, D.J. & Burton, H.R. (1991) The diving behaviour of adult male and female 

southern elephant seals, Mirounga leonine (Pinnipedia: Phocidae). Australian Journal of 

Zoology, 39, 595-619. 

Hochscheid, S., Godley, B.J., Broderick, A.C. & Wilson, R.P. (1999) Reptilian diving: highly 

variable dive patterns in the green turtle Chelonia mydas. Marine Ecology Progress 

Series, 185, 101-112. 

Hochscheid, S. & Wilson, R.P. (1999) A new method for the determination of at-sea activity in 

sea turtles. Marine Ecology Progress Series, 185, 293-296. 

Hochscheid, S., Bentivegna, F. & Speakman, J.R. (2003) The dual function of the lung in 

chelonian sea turtles: buoyancy control and oxygen storage. Journal of Experimental 

Marine Biology and Ecology, 297, 123-140. 

Hochscheid, S., Bentivegna, F., Bradai, M.N. & Hays, G.C. (2007) Overwintering behaviour in 

sea turtles: dormancy is optional. Marine Ecology Progress Series, 340, 287-298. 

Houghton, J.D.R., Broderick, A.C., Godley, B.J., Metcalfe, J.D. & Hays, G.C. (2002) Diving 

behaviour during the internesting interval for loggerhead turtles Caretta caretta nesting in 

Cyprus. Marine Ecology Progress Series, 227, 63-70. 

Jay, C.V., Farley, S.D. & Garner, G.W. (2001) Summer diving behavior of male walruses in 

Bristol Bay, Alaska. Marine Mammal Science, 17, 617-631. 

Kooyman, G.L. (1965) Techniques used in measuring diving capacities of Weddell Seals. Polar 

Record, 12, 391-394. 

Kooyman, G.L. (2004) Genesis and evolution of bio-logging devices: 1963-2002. Memoirs of the 

National Institute of Polar Research, Special Issue, 58, 15-22. 

Le Boeuf, B.J., Costa, D.P., Huntley, A.C. & Feldkamp, S.D. (1988) Continuous, deep diving in 

female northern elephant seals, Mirounga angustirostris. Canadian Journal of Zoology, 

66, 446-458. 

Le Boeuf, B.J. & Crocker, D.E. (1996) Diving behavior of elephant seals: implications for 

predator avoidance. The biology of great white sharks (eds, A.P. Klimley & D.G. Ainley), 

pp. 193-206, Academic Press, San Diego. 

Limpus, C.J., Couper, P.J. & Read, M.A. (1994a). The green turtle, Chelonia mydas, in 

Queensland: Population structure in a warm temperature feeding area. Memoirs of the 

Queensland Museum Brisbane, 35, 139-154. 

Limpus, C.J., Couper, P.J. & Read, M.A. (1994b) The loggerhead turtle, Caretta caretta, in 

Queensland: Population structure in a warm temperature feeding area. Memoirs of the 

Queensland Museum Brisbane, 37, 195-204. 



 

 59 

Lutcavage, M.E. & Lutz, P.L. (1997) Diving physiology. The biology of sea turtles (eds. P.L. Lutz 

& J.A. Musick), pp. 277-296, CRC Press, Boca Raton. 

Martin, T.G., Wintle, B.A., Rhodes, J.R., Kuhnert, P.M., Field, S.A., Low-Choy, S.J., Tyre, A.J. 

& Possingham, H.P. (2005) Zero-tolerance ecology: improving ecological inference by 

modelling the source of zero observations. Ecology Letters, 8, 1235-1246. 

Marshall, G.J. (1998) Crittercam: an animal-borne imaging and data logging system. Marine 

Technology Society Journal, 32, 11-17. 

Minamikawa, S., Naito, Y. & Uchida, I. (1997) Buoyancy control in diving behavior of the 

loggerhead turtle, Caretta caretta. Journal of Ethology, 15, 109-118. 

Minamikawa, S., Naito, Y., Sato, K., Matsuzawa, Y, Bando, T. & Sakamoto, W. (2000) 

Maintenance of neutral buoyancy by depth selection in the loggerhead turtle Caretta 

caretta. The Journal of Experimental Biology, 203, 2967-2975. 

Mori, Y. & Boyd, I.L. (2004) The behavioural basis for nonlinear functional responses and 

optimal foraging in Antarctic fur seals. Ecology, 85, 398-410. 

Mori, Y., Watanabe, Y., Mitani, Y., Sato, K., Cameron, M.F., Naito, Y. (2005) A comparison of 

prey richness estimates for Weddell seals using diving profiles and image data. Marine 

Ecology Progress Series, 295, 257-263. 

Mortimer, J.A. (1982) Feeding ecology of sea turtles. Biology and conservation of sea turtles (ed. 

K.A. Bjorndal), pp. 103-109. Smithsonian Institution Press, Washington. 

Schreer, J.F. & Testa, J.W. (1995) Statistical classification of diving behavior. Marine Mammal 

Science, 11, 85-93. 

Schreer, J.F. & Testa, J.W. (1996) Classification of Weddell seal diving behavior. Marine 

Mammal Science, 12, 227-250. 

Schreer, J.F., Kovacs, K.M. & O’Hara Hines, R.J. (2001) Comparative diving patterns of 

pinnipeds and seabirds. Ecological Monographs, 71, 137-162. 

Seminoff, J.A., Jones, T.T. & Marshall, G.J. (2006) Underwater behaviour of green turtles 

monitored with video-time-depth recorders: what’s missing from dive profiles? Marine 

Ecology Progress Series, 322, 269-280. 

Stewart, B.S., Leatherwood, S. & Yochem, P.K. (1989) Harbor seal tracking and telemetry by 

satellite. Marine Mammal Science, 5, 361-375. 

Thompson, D., Hammond, P.S., Nicholas, K.S. & Fedak, M.A. (1991) Movements, diving and 

foraging behaviour of grey seals (Halichoerus grypus). Journal of Zoology, London, 224, 

223-232. 

van Dam, R.P. & Diez, C.E. (1996) Diving behavior of immature hawksbills (Eretmochelys 

imbricata) in a Caribbean cliff-wall habitat. Marine Biology, 127, 171-178. 

Zuur, A.F., Ieno, E.N., Walker, N.J., Saveliev, A.A. & Smith, G.M. (2009) Mixed effects models 

and extensions in ecology with R. Springer, New York. 



 

 60 

4: Variable dive-surfacing patterns lead to 

heterogeneous availability bias in surveys of long-diving 

marine taxa 

4.1 Abstract 

During visual surveys for large-bodied diving taxa, a proportion of the population will be missed 

because they are submerged, leading to ‘availability bias’ in abundance indices derived from 

survey data. Availability bias, which is particularly problematic for species with long-diving 

capability (e.g., marine turtles, deep-diving odontocetes), can be corrected if dive-surfacing 

patterns can be quantified. However, it is typically assumed that a species’ diving behaviour is 

uniform across all survey conditions, an assumption that neglects potential variation related to 

environmental or habitat variables. If not modelled, such heterogeneity could lead to biased 

abundance indices and unreliable spatiotemporal comparisons. I studied the diving behaviour of 

green turtles (Chelonia mydas) and loggerhead turtles (Caretta caretta) using time-depth 

recorders to test for variation in diving related to habitat depth and water temperature based on a 

priori expectations. To assess the potential for, and implications of, heterogeneous availability 

bias I quantified variation in availability correction factors – multipliers based on dive and surface 

times that adjust counts for availability – across temperature and depth gradients. Hierarchical, 

Bayesian regression models revealed that dive and surface interval durations for both species 

varied positively with habitat depth and negatively with water temperature, although temperature 

effects were not always significant. Dive metrics were predictable, although uncertainty was high 

at the deep extreme of our data sets with few observed dives. Availability correction factors were 

highly heterogeneous, with larger corrections necessary in cold, deep conditions (long-diving, 

infrequent-surfacing behaviour) and smaller corrections required in warm, shallow conditions 

(short-diving, frequent-surfacing behaviour). These results indicate potential for severe bias in 

abundance estimates and confounded spatiotemporal comparisons based on survey data, stressing 

the need for increased regional diving research. Future research should also focus on analytical 

methods of incorporating diving heterogeneity, and uncertainty, into analyses of survey data for 

diving taxa. 
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4.2 Introduction 

Visual survey data are commonly used to estimate animal abundance and analyze wildlife-habitat 

relationships. However, abundance indices derived from visual data may be biased by imperfect 

and heterogeneous detection probability – that is, some proportion of animals present in a survey 

area will be missed by observers and this proportion may vary spatially and temporally (Seber 

1982; Buckland et al. 1993, 2004). Unmodelled heterogeneity in detection probability can lead to 

biased analyses and erroneous ecological inferences (Gu & Swihart 2004; Mazerolle, Desrochers 

& Rochefort 2005) and may impact the efficacy of applications of the data (e.g., conservation 

planning). Therefore, researchers should attempt to account for heterogeneous detection 

probability during survey design and data analysis. 

 

Detection probability for air-breathing aquatic foragers (i.e., divers), which include marine 

mammals and marine reptiles, can be broken into two component probabilities (Marsh & Sinclair 

1989a). First, to be detected an animal must be at a depth where it can be seen by observers, which 

is commonly referred to as the probability of being available (pa). This may comprise only 

animals at the surface (e.g., ship-based surveys in which observers cannot see into the water) or 

include a proportion of submerged animals (e.g., aerial surveys in which submerged animals can 

be seen to some depth). Second, given that an animal is available, it must be seen by an observer, 

which is the conditional probability of being detected (pd). Thus, overall detection probability for 

an animal within detectable range can be calculated as papd. Bias in count data arising from these 

probabilities being < 1 have been termed availability and perception bias, respectively (Marsh & 

Sinclair 1989a). 

 

Availability bias is a particularly salient issue for long-diving taxa (e.g., marine turtles, beaked 

and sperm whales) because these species spend only a small fraction of their time at or near the 

surface (Lutcavage & Lutz 1997; Barlow 1999). Therefore, during a survey a large proportion of 

the population will be missed due to submergence and corrections for availability strongly 

influence abundance indices. Due to limited dive data, it is typically assumed that dive-surfacing 

patterns are uniform across all survey conditions and a single correction for availability bias is 

applied for each species (e.g., Kasamatsu & Joyce 1995; Barlow 1999; Gómez de Segura et al. 

2006). However, this neglects potential heterogeneity in dive-surfacing patterns and correlations 

between diving and environmental or habitat variables (e.g., bathymetry). Where such variation 

exists, abundance indices derived under the assumption of uniform availability may be biased 
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(Laake & Borchers 2004) and spatiotemporal comparisons, which are fundamental to ecological 

research and applications, may be unreliable. 

 

Among long-diving taxa, correlations between availability patterns and environmental variables 

may be particularly high for chelonid (i.e., hard-shelled) marine turtles. First, their metabolic rates 

are linked to ambient water temperature and as temperature decreases, slower oxygen use should 

lead to longer dives (e.g., Bentivegna, Hochscheid & Minucci 2003; Hochscheid et al. 2007). 

Additionally, marine reptiles use their lungs as their primary oxygen store leading to buoyancy 

effects during diving in shallow habitat (Graham et al. 1987; Minamikawa, Naito & Uchida 1997; 

Minamikawa et al. 2000; Hochscheid, Bentivegna & Speakman; Hays, Metcalfe & Walne 2004). 

In shallow areas, turtles may dive with a smaller volume of air in their lungs to avoid paying the 

energetic cost of actively countering buoyancy to remain on the seabed (Hays, Metcalfe & Walne 

2004). Thus, dive and surface times – and availability bias – might be expected to vary across 

depth and temperature gradients. 

 

Aerial and boat-based surveys are commonly used to quantify the abundance and distribution of 

marine turtles (e.g., Marsh & Sinclair 1989a,b; Shoop & Kenney 1992; Epperly, Braun & Chester 

1995; Epperly et al. 1995; Preen et al. 1997; McDaniel, Crowder & Priddy 2000; Gómez de 

Segura et al. 2003, 2006; Eguchi et al. 2007) and other long-diving taxa (e.g., Kasamatsu & Joyce 

1995; Barlow et al. 2006). To assess the potential for, and implications of, heterogeneous 

availability bias during these surveys I studied the diving behaviour of green turtles (Chelonia 

mydas) and loggerhead turtles (Caretta caretta) on a foraging ground in Shark Bay, Western 

Australia. The primary goals were: 1) to determine whether dive-surfacing patterns varied with 

habitat depth and water temperature based on a priori expectations; 2) to assess the extent to 

which variation in diving at the population level could be predicted based on temperature and 

depth data; and 3) to infer the impact that variable diving could have on survey data by 

quantifying variation in availability correction factors that adjust counts to include diving animals. 

The analysis of the effects of depth and temperature should be considered correlational. Clearly, a 

variety of other factors (e.g., body size, Schreer & Kovacs 1997; prey distribution, Croxall et al. 

1985; predation risk, Kramer, Manley & Bourgeois 1983; Heithaus & Frid 2003) can influence the 

behaviour of divers. However, for this application these relationships may be less tenable. 

Predictive relationships between diving and easily measured variables, if they exist, are of 

particular interest. 
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4.3 Methods 

4.3.1 Study system and species 

Shark Bay, Western Australia (~ 25°45’ S, 113°44’ E), is a shallow (mostly < 15 m), subtropical 

bay located approximately 800 km north of Perth. The study area in the bay’s Eastern Gulf is 

characterized by expansive shallow (< 4.5 m) seagrass-dominated habitats separated and 

surrounded by deeper (> 6.0 m) sand-dominated habitats. Sub-adult and adult green and 

loggerhead turtles use Shark Bay as a feeding ground year round; green turtles may forage on a 

variety of seagrasses, algae, jellyfish and ctenophores (Heithaus et al. 2002; Seminoff, Jones & 

Marshall 2006; D. Burkholder, unpublished data) while loggerhead turtles are known to feed 

mostly on benthic invertebrates, particularly molluscs and crustaceans (reviews in Mortimer 1982, 

Dodd 1988 and Bjorndal 1997; Chapter Two). 

 

Turtles were captured by hand (Heithaus, Frid & Dill 2002) during haphazard searches and 

transect surveys of the study area. Curved carapace length (CCL) was measured (± 0.5 cm) and 

turtles were tagged using titanium flipper tags (Department of Environment and Conservation, 

Western Australia) applied to a proximal foreflipper scute. Turtles were considered male if tail 

length was ! 25.0 cm and unclassed, which would include immature males and all females, if tail 

length was < 25.0 cm (Limpus, Couper & Read 1994a,b; Heithaus, Frid & Dill 2002). 

 

Time-depth recorders (TDRs; MK9, Wildlife Computers, Redmond, WA, USA) were used to 

collect diving data. Tags recorded depth (± 0.5 m) every second and temperature (reported to ± 

0.01 ° C) every 60 s. TDRs were packaged in high-density foam along with an acoustic pinger 

(Sonotronics, Tuscon, AZ, USA) and a VHF radio transmitter (Telonics, Mesa, AZ, USA) for 

retrieval. Tag packages were attached using dissolving zinc-magnesium links tethered to a square 

of nylon mesh glued directly to the turtle’s carapace with 5-minute epoxy (Devcon, Danvers, MA, 

USA). Links lasted between two and seven days and tags were re-deployed over the course of the 

study. 

4.3.2 Dive data analysis 

The software Multi Trace Dive (Jensen Software Systems, Laboe, Germany) was used to analyse 

dive profiles. To smooth profiles, each depth measurement was averaged over thirteen points 
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(centred on itself with six points before and after). Dive cycles were detected and surface and dive 

times measured using vertical velocity and depth thresholds. Submergence was considered a dive 

if maximum depth exceeded 1.5 m; at depths < 1.5 m it was not possible to reliably discern 

surfacing events from near-surface movements. Dives began when depth exceeded 0.75 m and 

dive phases (descent, bottom phase, ascent, surface interval) were detected using a vertical 

velocity threshold of 0.03 m*s
-1

. End of diving was detected when vertical velocity dropped below 

0.03 m*s
-1 

and the turtle returned to a depth shallower than 10% of the maximum dive depth. This 

depth threshold was necessary because marine turtles often perform gradual ascents making a 

velocity threshold alone incapable of detecting the end of diving (Houghton et al. 2002). Every 

dive was inspected visually to ensure the software accurately detected inflection points in the dive 

profile. 

 

To allow for post-release stress, the first four hours of every deployment were excluded. This time 

period was determined by visual inspection of dive profiles, which showed a trend toward higher 

dive frequency in the first four hours following release for some individuals. Only daytime dives 

(between 8h00 and 18h00 local time) were analyzed to coincide with the timing of visual surveys. 

 

I considered the maximum depth of a dive to reflect habitat depth. This assumption seems 

reasonable for marine turtles, which spend the majority of their time on the sea bottom in shallow 

feeding habitats. Animal-borne video and dive profile data for 16 green and 18 loggerhead turtles 

in Shark Bay revealed that ca. 70% of dives by both species reached the bottom (Chapter Three). 

Of the dives that were not benthic, many were extremely short, shallow V-shaped or U-shaped 

dives (i.e., Type 2 or Type 5 dives following Seminoff, Jones & Marshall 2006; Chapter Three). 

To reduce error in characterized habitat depth, we used the following criteria: if one to several 

Type 2 or Type 5 dives were performed between much longer, deeper dives with an extended 

bottom phase suggesting a benthic stage, and the maximum depth of the shallow dive(s) was less 

than half of the average maximum depth of the neighbouring dives, the average maximum depth 

of the neighbouring dives was assigned to the shorter dives. 

4.3.3 Statistical analysis 

Statistical analyses were conducted using R v. 2.9.2 (R Foundation for Statistical Computing, 

Vienna, Austria) and WinBUGS (Imperial College & MRC, UK). For several reasons, a Bayesian 

multi-level regression approach was used (Bryk & Raudenbush 1992; Gelman & Hill 2006; 
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Crawley 2007). First, the data were hierarchically structured: individual dive cycles were nested 

within days within each TDR deployment. Pooling of dives by all turtles would constitute 

pseudoreplication while modelling each turtle separately would risk over-fitting the data. A 

hierarchical approach allowed the use of individual dive cycles as data points while accounting for 

the repeated measures nature of the data via random effects for turtle identity. 

 

Second, it was necessary to include independent variables at different levels in the models. Habitat 

depth, for instance, should have explanatory power at the dive cycle level but would be less 

meaningful applied as a daily average because turtles can move across the range of depths in the 

study area within a day. While temperature data were collected frequently by the TDRs (every 60 

s), I wanted to assess the influence of temperature at a scale that would be transferrable to 

abundance surveys lacking fine-scale data. Therefore, temperature data were collapsed to daily 

means. Finally, a Bayesian approach allowed assessment of uncertainty in estimates of dive and 

surface interval duration and availability correction factors (see below) using posterior 

distributions. 

4.3.4 Multi-level regression model 

Identical models were constructed for dive and surface interval duration (log-transformed to 

achieve homoscedasticity) for green and loggerhead turtles. Initially, the models included dive 

depth, daily temperature and their interaction as fixed effects with random effects (intercept and 

slopes) for each turtle. Preliminary examination of the residuals from these models revealed 

evidence of non-linearity between depth and duration, therefore we also included a quadratic 

depth term in each model. A variance parameter was estimated for each turtle because TDR 

deployments were short and of variable duration. The generalized hierarchical regression equation 

for the models was: 

 

Yijk = !0j + !1jXijk + !2jX
2

ijk + "0jWjk + "1jWjkXijk +#ijk    (1) 

 

where Yijk is the duration of dive or surface interval i performed by turtle j on day k, !0j is the 

turtle-specific intercept, !1j  is the coefficient for dive depth (Xijk), !2j is the coefficient for depth
2
 

(X
2

ijk), "0j 
is the coefficient for daily temperature (Wjk), "1j is the coefficient for the 

temperature*depth interaction (WjkXijk) and #ijk  is the residual error, which we assumed to be 
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normally distributed with a mean of zero and variance $
2

 j. The random effects were assumed to 

be normally distributed with means and variances: 

!0j ~ N(!0, $
2
!0) 

!1j ~ N(!1, $
2
!1) 

!2j ~ N(!2, $
2
!2) 

"0j ~ N("0, $
2
"0) 

"1j ~ N("1, $
2
"1) 

 

In order to reduce error in the estimation of the intercept caused by the large gap between 

minimum temperature (ca. 16 °C) and zero, temperature and depth data were centred by 

subtracting the mean from each observation. Five Monte Carlo Markov Chains (MCMC) were run 

for each model with 2050000 iterations thinned every 200 and a burn-in period of 5000 iterations 

(prior to thinning). Model diagnostics including chain convergence, within-chain autocorrelation 

and posterior parameter distributions were evaluated using the ‘Coda’ package in R. 

4.3.5 Model checking 

At the individual dive cycle level, a pseudo-R
2
 value was calculated (R

2
 value from the regression 

of the logs of predicted on actual values) for each model, which provided an estimate of the 

proportion of variance in dive or surface interval duration explained. However, of greater interest 

was each model’s ability to predict average diving (we used medians to reduce the impact of 

extremely long-duration events) for the population under particular depth and temperature 

conditions. Therefore, median dive and surface interval durations in 2-m by 2°C bins were 

calculated and MCMC chains were used to predict dive and surface times at the mid-point of each 

bin and calculate pseudo-R
2
 values. Mean absolute prediction errors were also calculated across 

all bins in each model. Standard deviations of the posterior distributions of dive metrics provided 

a measure of the precision of model predictions. 

 

To illustrate depth- and temperature-related variation in dive metrics, the MCMC chains were 

used to predict dive and surface interval duration, and their uncertainty, over all possible 

combinations of depth and temperature (by 0.1 m and 0.1 ºC) in the observed range for each 

species. 
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4.3.6 Availability bias and availability correction factors 

Abundance in a surveyed area can be estimated by dividing the observed count by detection 

probability, 

! 

N

pa pd
. Thus, 1/pa can be considered an ‘availability correction factor’ – a multiplier 

that adjusts the observed count to incorporate animals missed due to submergence (Marsh & 

Sinclair 1989a). Here, I present depth- and temperature-related heterogeneity in this multiplier, 

calculating pa using the approach of Barlow et al. (1988): 

pa = 

! 

s+ t

s+ d
                                                          (1) 

where s is the predicted surface interval duration (s), d is the predicted dive duration (s) and t is a 

‘sampling window’, which represents the length of time (s) in which an animal would be within 

visible range of a passing observer. The t variable accounts for the fact that sampling is not 

instantaneous and an animal’s availability status can change while within detectable range (i.e., a 

turtle that was submerged when first within detectable range could surface). For illustrative 

purposes here, I specify t = 30 seconds, which corresponds to boat-based strip transect surveys 

conducted in Shark Bay (Chapters Five & Six). These survey-specific correction factors are 

intended only as an illustrative example of the potential influence of diving heterogeneity on 

abundance indices derived from survey data. 

 

Finally, the MCMC chains were used to generate posterior distributions of availability correction 

factors, and their uncertainty, across all possible combinations of temperature and depth in the 

study area. 

 

4.4 Results 

Between 2005 and 2008, time-depth recorders were successfully deployed on 29 green (8 male, 21 

unclassed, 3692 dives) and 42 loggerhead turtles (18 male, 24 unclassed, 3591 dives). Four 

loggerheads were captured twice and have two dive records in the data set but only a single turtle 

identity. Green turtles ranged in size (CCL) from 81.0 to 118.0 cm while loggerhead turtles ranged 

from 74.0 to 104.5 cm. Mean daily temperature during a deployment ranged between ca. 16 and 

30 ºC for both species. Diving by both species, and particularly loggerhead turtles, was 
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concentrated in habitats < 8 m deep; the relative density of observed dives across temperature and 

depth gradients for both species is shown in Fig. 4.1. 

 

 

Figure 4.1: The distribution of dives by green (a) and loggerhead turtles (b) across the full range of depth 

and temperature in each data set. Scale bars, shading and contour lines reflect the proportion 

of the data set (by number of dives) at each temperature-depth combination. 

 

A significant (i.e., 95% credible intervals did not contain zero), positive effect of depth on 

duration was found in all models (Tables 4.1 & 4.2). A significant, negative effect of temperature 

on dive and surface interval duration was found for loggerhead turtles, while a negative, but non-

significant trend with temperature was found for green turtles. The quadratic term for depth was 

significant in some cases but not others while the interaction term was non-significant in all cases 

(Tables 4.1 & 4.2). Final regression equations with parameter coefficients and the depth and 

temperature values used to centre data are included as Appendix 4.1. 
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Table 4.1: Descriptive statistics of the posterior distributions of model parameters for green turtles. LCL 

and UCL represent lower and upper 95% credible limits of posterior distributions. Asterisks 

denote parameters whose credible limits do not include zero. 

 Dives Surface Intervals 

Parameter Mean SD LCL UCL Mean SD LCL UCL 

!0 (Intercept) 1.831* 0.103 1.623 2.031 2.002* 0.143 1.724 2.287 

!1 (Depth)
 

0.222* 0.042 0.141 0.309 0.108* 0.042 0.027 0.193 

!2 (Depth
2
) -0.001 0.011 -0.023 0.020 0.027* 0.009 0.009 0.046 

"0 (Temp) -0.043 0.032 -0.105 0.022 -0.045 0.043 -0.134 0.037 

"1 (Depth*Temp) 0.001 0.015 -0.029 0.031 0.016 0.015 -0.013 0.045 

 

Table 4.2: Descriptive statistics of the posterior distributions of model parameters for loggerhead turtles. 

LCL and UCL represent lower and upper 95% credible limits of posterior distributions. 

Asterisks denote parameters whose credible limits do not include zero. 

 Dives Surface Intervals 

Parameter Mean SD LCL UCL Mean SD LCL UCL 

!0 (Intercept) 2.683* 0.096 2.492 2.869 3.627 * 0.115 3.398 3.853 

!1 (Depth)
 

0.319* 0.037 0.245 0.392 0.331 * 0.037 0.257 0.405 

!2 (Depth
2
) -0.044* 0.013 -0.071 -0.019 -0.035 * 0.013 -0.061 -0.012 

"0 (Temp) -0.087* 0.031 -0.149 -0.027 -0.071 * 0.034 -0.137 -0.003 

"1 (Depth*Temp) -0.009 0.014 -0.036 0.017 -0.011 0.013 -0.036 0.015 
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4.4.1 Model checking 

At the individual dive cycle level, pseudo-R
2
 values for dive and surface interval models were 

0.33 and 0.28, respectively, for green turtles and 0.36 and 0.42 for loggerhead turtles. When 

comparing predicted values with median observed durations in 2-m by 2 °C bins, pseudo-R
2
 

values for dive and surface interval models were 0.73 and 0.51, respectively, for green turtles and 

0.47 and 0.65 for loggerhead turtles. However, for both species, large prediction errors occurred 

primarily in bins with relatively few dives. If, for instance, bins with fewer than 30 dives were 

excluded and prediction errors re-examined, pseudo-R
2
 values for dive and surface interval 

models were 0.77 and 0.67, respectively, for green turtles and 0.76 and 0.90 for loggerhead turtles. 

 

Furthermore, for green turtles, prediction errors became exceedingly variable toward ‘extreme’ 

depths of the data set (> 10 m), which comprised 7.1% of observed dives (Fig. 4.1a). For 

loggerhead turtles, prediction errors in depths > 10 m were large and consistently negative (i.e., 

underestimates of observed medians) and these dives comprised 4.7% of the data set (Fig. 4.1b). 

For both species, these predictions were considered unreliable and we proceeded with a predicted 

data set truncated at 10 m. Mean absolute prediction errors for dives and surface intervals in all 

bins < 10 m (including those with < 30 dives) were 2.1 min and 2.8 s, respectively, for green 

turtles and 5.5 min and 18.0 s for loggerhead turtles. For reference, observed dive data are 

summarized in 2-m by 2 °C bins (means with 95% confidence limits) for both species in 

Appendix 4.2. 

 

The predicted duration of green turtle dives increased toward the cold, deep extreme of the data 

set and decreased toward the warm, shallow extreme (Fig. 4.2a). Predicted surface intervals were 

shortest at the warm, shallow extreme and increased as temperature decreased at shallow depths. 

At depths > ca. 7 m, surface interval duration increased with depth consistently across all 

temperature conditions (Fig. 4.2c). Uncertainty in green turtle dive and surface interval 

predictions increased at deeper depths, particularly toward the warm, deep extreme (Fig. 4.2b,d). 

Trends in loggerhead turtle dive and surface interval predictions were similar to each other, with 

the longest durations toward the cold, deep extreme and the shortest durations toward the warm, 

shallow extreme (Fig. 4.3a,c). Uncertainty in these estimates increased with depth, particularly 

toward the cold, deep extreme (Fig. 4.3b,d). 
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Figure 4.2: For green turtles, contour plots of predicted median dive duration (min) and corresponding 

standard deviations (a & b, respectively) and median surface interval duration (s) and 

corresponding standard deviations (c & d, respectively) across temperature and depth 

combinations. 
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Figure 4.3: For loggerhead turtles, contour plots of predicted median dive duration (min) and 

corresponding standard deviations (a & b, respectively) and median surface interval duration 

(s) and corresponding standard deviations (c & d, respectively) across temperature and depth 

combinations. 

 

Availability correction factors were highly heterogeneous for both species and increased toward 

the cold, deep extreme (although correction factors for loggerhead turtles decreased slightly above 

ca. 8 m at the cold extreme) and decreased toward the warm, shallow extreme (Fig. 4.4a,c). This 

availability pattern corresponded, generally, to a long-diving and infrequent surfacing mode in 

cold, deep conditions and a short-diving and frequent surfacing mode in warm, shallow 

conditions. Standard deviations of availability correction factor posterior distributions for both 

species were quite low but increased toward the warm and cold extremes in deep habitats (Fig. 

4.4b,d). 
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Figure 4.4: Contour plots of the median availability correction factors and corresponding standard 

deviations for green turtles (a & b, respectively) and loggerhead turtles (c & d, respectively) 

across all temperature and depth combinations. 

 

4.5 Discussion 

When analyzing survey data for diving taxa, both perception and availability biases must be 

addressed to enable reliable abundance estimates and spatiotemporal comparisons (Marsh & 

Sinclair 1989a). A wide variety of techniques have been developed to correct for perception bias, 

chief among these being distance sampling, multiple independent observers (i.e., mark-recapture) 

and related methods (Buckland et al. 1993, 2004). Comparatively little research has focused on 

availability bias, particularly for elusive long-diving taxa (but see Barlow 1999; Okamura 2003; 

Okamura, Minamikawa & Kitakado 2006). 
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Traditionally, surface densities (including near-surface submerged animals) have been reported in 

the absence of reliable availability correction factors (Shoop & Kenney 1992; Epperly, Braun & 

Chester 1995). However, surface densities do not reflect absolute abundance and spatiotemporal 

analyses (e.g., seasonal distribution shifts) rest on the tenuous assumption that availability is 

uniform across all survey conditions. In another approach, surface densities have been adjusted for 

availability using the proportion of turtles that were seen at the surface versus submerged (Marsh 

& Saalfeld 1989; Preen et al. 1997); the ratio of the proportion of turtles sighted at the surface in 

turbid water relative to this proportion in clear water provides a correction factor that standardizes 

sightings across turbidity gradients (Marsh & Sinclair 1989a). Still, this approach only provides 

minimum estimates of abundance because even in clear conditions some submerged turtles will be 

missed because they are cryptic or at a depth where they are not visible (Marsh & Saalfeld 1989b; 

Preen et al. 1997). 

 

More recently, dive data have been used to generate availability correction factors based on 

measured dive and surface times (Gómez de Segura et al. 2006; Eguchi et al. 2007). This is a 

significant improvement on previous methods, allowing for estimates of absolute abundance from 

surface sightings data. However, currently, diving data sets are unavailable or limited in many 

regions (e.g., Epperly, Braun & Chester 1995; Gómez de Segura et al. 2003, 2006), necessitating 

the assumption of uniform availability and estimation of availability correction factors without 

error. Heterogeneity and uncertainty in dive-surfacing patterns, in the context of their influence on 

population survey data, have not been thoroughly evaluated. 

 

A large number of dive records for green and loggerhead turtles in Shark Bay showed that 

availability patterns can be highly heterogeneous, correlated with environmental or habitat 

features and may lead to severe bias in abundance indices derived from survey data. Consider, for 

example, depth-related changes in green turtle diving at 18 °C. At this temperature, dives in water 

9 m deep are predicted to last 15.6 minutes (SD = 4.2) with a 15.7-second surface interval (SD = 

4.3) giving an availability correction factor of 20.8 (SD = 3.5). At the same temperature but in 

water 3 m deep, dives should last 4.2 minutes (SD = 0.7), surface intervals 8.1 seconds (SD = 1.7) 

and the correction factor would be 6.8 (SD = 0.9). If we were to ignore diving heterogeneity and 

use a single correction factor for the species based on mean depth and temperature conditions 

(10.3, SD = 0.8) we would underestimate abundance by a factor of 10.5 in the 9-m habitat and 

overestimate by a factor of 3.5 in the 3-m habitat. The trend from long-diving and large correction 
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factors at the cold, deep extreme to short-diving and small correction factors toward the warm, 

shallow extreme was generally consistent for loggerhead turtles, although the magnitude of 

variation was lower than for green turtles. These results suggest that knowledge of dive-surfacing 

patterns may be necessary in heterogeneous environments to achieve reliable abundance estimates 

and spatiotemporal comparisons. 

 

The hierarchical regression models were able to predict average dive and surface times for the 

population with a reasonably high level of accuracy and precision using temperature and depth 

data. However, for both species, predictions were imprecise and inaccurate in water > 10 m deep 

and prediction errors were largest in temperature-depth conditions with few observed dives. More 

data (i.e., longer deployments) should result in increasingly reliable predictions, particularly in 

deeper areas where data were relatively scarce, although additional variation in diving may exist 

in deep areas that the models were not able to capture. For instance, the underestimation of 

loggerhead turtle dive metrics in deeper water suggests the possibility of additional non-linearities 

in the depth-duration relationship (which likely contributed to the slight decrease in availability 

correction factors at the cold-deep extreme, Fig. 4.4c). Also, it is unclear the extent to which the 

relationships found here would hold in conditions outside the range in Shark Bay. The habitat 

depth-duration relationships, for example, may apply in gradients from a few metres to the 

minimum at which turtles can achieve negative buoyancy with full lung volume – estimated by 

Hays et al. (2000) to be ca. 19 m for adult green turtles – beyond which diving may be less 

predictable by depth. 

 

Temperature-duration and depth-duration relationships appear to have considerable generality 

across chelonid species, locations and life stages. For example, Hochscheid et al. (2007) found a 

strong correlation between seasonal water temperature and dive duration by loggerhead turtles in 

the Mediterranean. Dives routinely lasted > 180 minutes for loggerheads experiencing winter 

temperatures as low as ca. 13º C and variation in temperature explained 56% of the variation in 

dive duration. In a study of captive juvenile Mediterranean loggerheads, in which turtles were 

subjected to natural fluctuations in sea temperature, Bentivegna, Hochscheid & Minucci (2003) 

found a shift in the frequency distribution of dive durations toward longer dives in the winter 

period (ca. 16º C). A positive relationship between dive depth and the duration of U-shaped dives 

has been found in adult female green turtles nesting at Ascension Island (Hays, Metcalfe & Walne 

2004) and green and loggerhead turtles in Cyprus (Hochscheid et al. 1999; Houghton et al. 2002). 
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Since chelonids are often distributed across highly variable depth ranges (e.g., Marsh & Saalfeld 

1989; Shoop & Kenney 1992) and in seasonal environments (e.g., Renaud & Carpenter 1994; 

Preen et al. 1997; Southwood et al. 2003; Storch et al. 2005), accounting for diving variation may 

be an important problem in many aerial or boat-based abundance surveys. 

 

There are clearly other factors that can influence dive-surfacing patterns for marine turtles, and I 

do not suggest that in all cases diving will be predictable based on temperature and depth data. For 

example, within a given depth range, spatiotemporal variation in prey distribution may influence 

activity levels and metabolic rates leading to diving variability that is untenable for this particular 

application. However, based on the broad trends in diving with temperature and depth 

documented in other regions (see above) and supported by data from Shark Bay, it seems 

reasonable to suggest that these gradients may be pervasive sources of detection heterogeneity in 

many populations. The implications and limitations of these findings in terms of the design of 

marine turtle surveys are discussed further in Chapter Five. 

4.5.1 Relevance to other diving taxa 

Because of their physiology, correlations between dive-surfacing patterns and environmental or 

habitat variables may be most pronounced for chelonid marine turtles. However, data for other 

diving taxa also support some degree of variation that may predictably influence availability 

patterns during abundance surveys. For example, seasonal changes in dive durations have been 

reported for sperm whales (Physeter macrocephalus; Jaquet, Dawson & Slooten 2000) and dive-

surfacing rates for minke whales (Stockin et al. 2001). The percentage of time leatherback turtles 

(Dermochelys coriacea) spend submerged may decrease at lower temperatures, possibly reflecting 

changes in the distribution of prey (Sale et al. 2006). Spatiotemporal diving trends are poorly 

understood for beaked and bottlenose whales due to sparse data (but see Barlow 1999; Hooker & 

Baird 1999; Baird et al. 2006). However, if predictable spatiotemporal variation in sequences of 

shallow near-surface dives and deep foraging dives exist their impact on availability patterns may 

warrant consideration (Okamura, Minamikawa & Kitakado 2006). Optimal diving theory (Kramer 

1988; Houston & Carbone 1992; Mori 1998) suggests that foraging dive duration and the 

proportion of a dive cycle spent submerged should increase at greater depths, all else equal. Thus, 

a theoretical basis exists for expecting some degree of variation in availability patterns for divers 

foraging across depth gradients. Furthermore, while likely most influential for long-diving taxa, 

availability bias can be important during surveys of short divers as well (e.g., harbour porpoise, 
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Phocoena phocoena, Laake et al. 1997; dugongs, Dugong dugon, Pollock et al. 2006). Thus, 

research should focus on assessing broad trends in dive-surfacing behaviour that may lead to 

predictable variation in availability bias during population surveys of all diving taxa. Finally, 

analytical methods are required to incorporate diving variability and uncertainty into analyses of 

survey data (e.g., Pollock et al. 2006; Chapter Five). 
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4.7 Supplementary Information 

Appendix 4.1: Regression equations for the final dive and surface interval models. Depth refers to the 

maximum depth (m) of a dive (a proxy for habitat depth) while temp refers to daily mean water temperature 

(°C). Dives were modelled in minutes while surface intervals were modelled in seconds. 

 

Green turtles:  dives 

duration = exp(1.831+0.222*(depth-5.253998)-0.001*(depth-5.253998)
2
-0.043*(temp-

20.453041)+0.001*(depth-5.253998)*(temp-20.453041) 

 

Green turtles:  surface intervals 

duration = exp(2.002+0.108*(depth-5.253998)+0.027*(depth-5.253998)
2
-0.045*(temp-

20.453041)+0.016*(depth-5.253998)*(temp-20.453041) 

 

Loggerhead turtles:  dives 

duration = exp(2.683+0.319*(depth-4.1238095)-0.044*(depth-4.1238095)
2
-0.087*(temp-

22.171967)-0.009*(depth-4.1238095)*(temp-22.171967) 

 

Loggerhead turtles:  surface intervals 

duration = exp(3.627+0.331*(depth-4.1238095)-0.035*(depth-4.1238095)
2
-0.071*(temp-

22.171967)-0.011*(depth-4.1238095)*(temp-22.171967) 
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Appendix 4.2: Observed data grouped into 2 m by 2 °C bins for green turtle dives (a) and surface 

intervals (b). Within each depth bin, minor ticks represent temperature increments from 

coldest at left (16 - 18 °C) to warmest at right (> 28 °C). Presented are means with 95% 

confidence limits. 

 

 

 

 

Appendix 4.3: Observed data grouped into 2 m by 2 °C bins for loggerhead turtle dives (a) and surface 

intervals (b). Within each depth bin, minor ticks represent temperature increments from 

coldest at left (16 - 18 °C) to warmest at right (> 28 °C). Presented are means with 95% 

confidence limits.  
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5: Incorporating heterogeneous availability patterns 

into survey data for long-diving marine turtles: effects 

on abundance indices and habitat use models 

5.1 Abstract 

Spatiotemporal variation in dive-surfacing patterns by long-diving marine taxa may lead to 

heterogeneous detection probability during boat-based or aerial surveys. However, the effects of 

predictable variation in diving behaviour (i.e., ‘availability’ patterns) on analyses of survey data 

have not been thoroughly examined. I analyzed strip transect survey data for green (Chelonia 

mydas) and loggerhead (Caretta caretta) turtles on a foraging ground using two approaches to 

adjust counts to account for diving animals: 1) assuming uniform diving (i.e., using a mean, 

species-level correction factor); and 2) incorporating variable diving (i.e., using temperature- and 

depth-specific dive corrections for each species). I compared three common analyses of count data 

– evaluation of seasonal density trends, density and abundance estimates and habitat use models – 

under the two approaches. The incorporation of variable diving behaviour revealed that seasonal 

variation in density can be masked by predictable variation in availability patterns. Habitat-

specific seasonal density estimates were biased by as much as 75% for green turtles and 35% for 

loggerhead turtles if mean, species-level corrections were applied. Specifically, density was 

underestimated in deep habitat during the cold season and overestimated in shallow habitat, 

particularly during the warm season. Weighted parameter estimates in habitat use models also 

differed between dive corrections approaches, although the support for alternative models 

explaining variation in turtle density was not strongly affected. In heterogeneous situations (i.e., 

spatiotemporal comparisons), analyses of count data without knowledge of the underlying dive-

surfacing behaviour may be unreliable and lead to misinterpretation of spatiotemporal abundance 

patterns. 
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5.2 Introduction 

When estimating animal abundance using visual surveys, researchers are often confronted with 

the problem of imperfect and heterogeneous detection probability – that is, some proportion of 

animals present in a survey area will be overlooked and this proportion may vary in space and 

time (Seber 1982; Buckland et al. 1993, 2004). Non-random variation in detection probability, if 

not considered during analysis, can mask variation in abundance and alter inferences made from 

survey data (Gu & Swihart 2004; Mazerolle et al. 2005). Therefore, elucidating trends in detection 

probability associated with environment and habitat variables and incorporating this information 

into abundance models is an important goal in ecology. 

 

Accounting for detection probability in surveys of air-breathing marine taxa (i.e., ‘divers’) such as 

marine mammals and marine turtles is particularly challenging. Detection probability for a diving 

animal that is present in a surveyed area comprises: 1) the probability that the animal is at a depth 

where it can be seen by observers, known as the probability of being ‘available’; and 2) the 

conditional probability that the animal is then detected (Marsh & Sinclair 1989a). The term 

‘availability bias’ has been used to describe bias in abundance indices resulting from animals 

missed due to diving, while ‘perception bias’ refers to bias resulting from available animals being 

missed due to factors such as weather conditions or sea state (Marsh & Sinclair 1989a). 

 

For long-diving taxa (e.g., deep-diving odontocetes and marine turtles), availability bias is 

particularly problematic because these species spend a small fraction of their time at the surface 

and, therefore, a large proportion of the population will be missed during surveys (Barlow 1999; 

Okamura, Minamikawa & Kitakado 2006). Corrections for availability bias can be made using 

dive data collected via time-depth recorder deployments. Currently, most studies use mean dive 

and surface times to generate an availability correction factor (ACF) for a species, which is then 

applied across all survey conditions (e.g., Barlow 1999; Gómez de Segura et al. 2006; Eguchi et 

al. 2007). However, this approach, typically necessitated by limited regional dive data, assumes 

that dive-surfacing patterns are uniform within a survey area and that dive and surface times are 

measured with certainty. If these assumptions are violated – if, for example, dive and surface 

times vary predictably with environmental features – abundance indices may be biased and 

spatiotemporal comparisons unreliable. 
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For chelonid (i.e., hard-shelled) marine turtles, certain correlations between diving and habitat or 

environmental features appear common across species and life stages. In particular, decreasing 

seasonal water temperatures can lead to longer dive times (Bentivegna, Minucci & Hochscheid 

2003; Storch et al. 2005; Hochscheid et al. 2007a) and a positive relationship is often found 

between maximum dive depth and duration (Hochscheid et al. 1999; Houghton et al. 2002; Hays, 

Metcalfe & Walne 2004), suggesting the potential for longer dives in deeper habitat. In very 

shallow coastal areas (i.e., < ca. 20 m), a positive depth-duration relationship may reflect the 

effects of lung buoyancy (Graham et al. 1987; Minamikawa, Naito & Uchida 1997; Minamikawa 

et al. 2000; Hochscheid, Bentivegna & Speakman 2003; Hays, Metcalfe & Walne 2004); the 

duration of dives may be limited by the volume of air turtles can inspire prior to diving and still 

achieve neutral buoyancy. Based on these trends, it seems reasonable to expect a degree of 

predictable variation in marine turtle availability patterns in regions that are heterogeneous in 

temperature and depth conditions (e.g., Renaud & Carpenter 1994). However, this possibility is 

rarely investigated and the effects of potential diving variation on abundance indices derived from 

surface counts are not known. 

 

In Chapter Four, I quantified temperature- and depth-related variation in the diving behaviour of 

green (Chelonia mydas) and loggerhead turtles (Caretta caretta) on a foraging ground in Shark 

Bay, Western Australia. Availability correction factors based on predicted dive and surface times 

were highly heterogeneous, with larger corrections required in cold, deep conditions (i.e., long-

diving behaviour) and smaller corrections required in warm, shallow conditions (i.e., short-diving 

behaviour). Here, I extend the work from Chapter Four, applying Bayesian methods to incorporate 

diving variability and uncertainty into analyses of survey data from Shark Bay. I then test the 

effects of diving heterogeneity on common analyses of marine turtle sightings data. To 

accomplish this, surface densities from boat-based transects are corrected for availability bias 

using two methods: 1) applying a single ACF based on mean dive and surface times for each 

species (i.e., assuming diving to be uniform); and 2) using ACFs specific to survey temperature 

and depth conditions (i.e., incorporating diving variability). Under the two dive corrections 

methods, results of three analyses are compared: 1) quantification of seasonal variation in density; 

2) estimation of density and abundance; and 3) habitat use models. The difference between the 

results for each of these analyses under the two dive corrections methods is taken to reflect the 

effect of unmodelled heterogeneity in dive-surfacing behaviour. 
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5.3 Methods 

5.3.1 Study system and species 

Shark Bay (~ 25°45’ S, 113°44’ E) is a shallow (mostly < 15 m), subtropical bay located 

approximately 800 km north of Perth, Western Australia. The study area in the bay’s Eastern Gulf 

near the Monkey Mia Resort (Fig. 5.1) is characterized by expansive shallow (< 4.5 m) seagrass-

dominated habitats separated and surrounded by deeper (> 6.0 m) sand-dominated habitats. Sub-

adult and adult green and loggerhead turtles use Shark Bay as a feeding ground year round; green 

turtles may forage on a variety of seagrasses, algae, jellyfish and ctenophores (Heithaus et al. 

2002; Seminoff, Jones & Marshall 2006; D.B., unpublished data) while loggerhead turtles are 

known to feed mostly on benthic invertebrates, particularly molluscs and crustaceans (reviews in 

Mortimer 1982, Dodd 1988 and Bjorndal 1997; Chapter Two). 

 

Figure 5.1: Map of the study area in the nearshore waters of Shark Bay’s Eastern Gulf. Dark lines 

represent thirteen belt transect sites in shallow, seagrass-dominated (N = 6) and deep, sand-

dominated (N = 7) habitats. The study area can be divided into two regions: a nearshore sand-

seagrass flat (Cape Rose) and a series of roughly parallel seagrass banks adjacent to the 

Monkey Mia Resort (Banks). 
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5.3.2 Boat-based strip transect surveys 

Strip transects comprised thirteen sites bisecting either a shallow, seagrass-dominated habitat (N = 

6) or a deep, sand-dominated habitat (N = 7). These transects were between ca. 3 and 4.5 km long 

and were initially established to measure the relative density of large marine vertebrates (e.g., 

bottlenose dolphins, Tursiops aduncus; dugongs, Dugong dugon) under predation risk from tiger 

sharks (Galeocerdo cuvier) in each habitat (Heithaus & Dill 2002; Wirsing et al. 2007). Thus, the 

sampling regime does not reflect common design-based approaches for estimating population 

abundance such as stratified random sampling. However, the data are useful for estimating turtle 

density over a limited spatial scale and illustrating the effects of diving variability on abundance 

indices derived from surveys in a heterogeneous environment, which is the goal here. Transects 

were run repeatedly in small (< 5 m) research vessels during warm (Feb. – Apr.) and cold (Jun. – 

Aug.) seasons in 2003, 2004, 2006 (cold season only), 2007, 2008 and 2009 (warm season only). 

Transects were run at other times of year, and in other years, but coverage in the core seasonal 

months was most consistent in this subset, to which the present analyses are limited. 

 

Transect passes per site within a month were conducted at different times of day and in different 

directions (i.e., reversing start and end points), organized haphazardly, to minimize these possible 

biases. Only turtles at the surface were counted. Submerged but visible turtles were ignored to 

avoid the problematic effects of variable visibility through the water (e.g., Pollock et al. 2006). In 

Shark Bay, which is a shallow ecosystem with a sand-silt substrate, turbidity conditions can 

change substantially within the spatial area and temporal window of our transect surveys. 

Furthermore, it is difficult or impossible to see to any depth from the low height of survey vessels, 

particularly as distance from the transect line increases. Thus, it was considered more appropriate 

to count only animals at the surface and adjust for unavailable animals using measurements of 

surface and dive times. 

5.3.3 Perception bias 

The strip survey protocol was designed to minimize the proportion of animals at the surface 

missed by observers, which can be influenced by factors such as sea state (Marsh & Saalfeld 

1989) and strip width (Marsh & Sinclair 1989b). Our approach for minimizing perception bias 

comprised: 1) a very narrow sightings strip (30 m) on either side of the boat; 2) slow survey 

speeds (6 to 9 km*h
-1

); 3) restriction of survey conditions to Beaufort sea states " 2; and multiple 

observers aboard the vessel (mean = 2.91, SD = 1.00). While it is inevitable that some available 
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animals were missed, I am confident that the survey protocol minimized this proportion. 

Supporting this assertion is the fact that the species could be positively identified in 94% of 

sightings; if perception bias were more influential, we would expect the species to be unconfirmed 

for a larger proportion of sighted animals. The few sightings for which species could not be 

confirmed were excluded from analysis. Furthermore, the perpendicular distance from the transect 

line was estimated (± 5 m) for each sighting and these data were available for all years except 

2007. The proportion of sightings logged at 0, 10, 20 and 30 m distances were all higher than at 5, 

15 and 25 m for both species, suggesting observer bias toward multiples of 10. However, when 

this was accounted for there was no evidence of a decrease in sightings with distance: if distances 

were evaluated in four distance categories (0 m, 5 - 10 m, 15 - 20 m and 25 - 30 m), the proportion 

of sightings occurring in each was 21.9%, 25.8%, 18.7% and 33.5%, respectively, for green turtles 

and 22.4%, 20.5%, 24.8% and 32.3%, respectively, for loggerhead turtles. 

5.3.4 Availability bias 

Dive-surfacing patterns were quantified for 29 green and 42 loggerhead turtles in Shark Bay 

between 2005 and 2008 (Chapter Four). Briefly, short-term (1- to 7-day) time-depth recorder 

deployments were used to collect dive data. Hierarchical, Bayesian regression models revealed a 

positive effect of depth and a negative effect of temperature on dive and surface times, although 

temperature effects were not always significant. The Bayesian approach allowed for the 

estimation of uncertainty in dive metrics and ACFs using posterior distributions. For details on the 

calculation of ACFs, see Chapter Four. Here, Monte Carlo Markov Chains (MCMC) were used to 

obtain posterior distributions of dive-corrected turtle densities. For a given surface density 

observation (see below), a posterior distribution (50,000 iterations) of dive-corrected density was 

obtained by multiplying the surface density by the ACF based on dive and surface interval 

durations predicted from temperature and depth data. 

 

The depth of each site at mean low sea level was obtained from a digital bathymetry map of the 

study area (Appendix 5.1). For each transect pass, ‘survey depth’ was determined by adding the 

tide height at the midpoint of the survey to the bathymetry site depth. Tide predictions, to the 

nearest minute, were obtained using the freeware program JTides (available online). Daily water 

temperature data were obtained from a point sampling station near the Monkey Mia Resort. The 

waters of Shark Bay are well-mixed due to the shallow depth regime, strong tidal currents and 

high winds, therefore point sampling should reflect temperatures throughout our study area 
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(Heithaus 2001). Indeed, temperature data from the point sampling station correlated strongly with 

daily mean temperature readings from the time-depth recorders used to collect dive records (see 

Chapter Four), which sampled temperature every 60 s as turtles moved throughout the water 

column and around the study area (J.T., unpublished data). 

5.3.5 Analyses of transect survey data 

5.3.5.1 Seasonal variation in density 

Seasonal variation in density is often of interest in surveys of highly migratory chelonid marine 

turtles in coastal habitats (e.g., Shoop & Kenney 1992; Epperly, Braun & Chester 1995). Lacking 

adequate survey data to analyze turtle sightings in Shark Bay year round, I calculated an ACF for 

each month in deep and shallow sites using mean monthly temperatures and average survey 

depths. For each month, these correction factors were then compared with each species’ mean 

ACF. The absolute percent error between these values, calculated as (|variable ACF – mean 

ACF|/mean ACF)*100, reflects bias that would arise in abundance indices across the seasonal 

gradient if diving were assumed to be uniform throughout the year. A sign was added to this 

percent error, and to all subsequent percent errors for abundance indices, to indicate whether the 

assumption of uniform diving would lead to an underestimate (-) or overestimate of abundance. 

The MCMC procedure was used to obtain a posterior distribution of the percent error for each 

monthly estimate. 

5.3.5.2 Density and abundance estimates 

Here, I estimate the average density of marine turtles in shallow and deep habitats, in cold and 

warm seasons, using the two dive corrections approaches. However, the application of ACFs to 

estimate the density or abundance of marine turtles involved an important practical problem: raw 

transect data were highly zero-skewed (> 85% zeros) and some of these zeros would be ‘false 

zeros’ indicating non-detection as opposed to absence. The proportion of false zeros cannot not be 

determined, although based on the extremely low proportion of time turtles spend at the surface 

and the short lengths of the transects it seems reasonable to expect this proportion to be high. The 

application of ACFs to raw transect data would result in a problematic bi-modal data distribution 

with a peak at zero, a large gap and a second peak for the positive, dive-corrected values. In other 

words, low turtle densities would be mischaracterized as zeros following dive correction, resulting 

in underestimation of the mean and overestimation of the variance. To address this issue, it was 
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necessary to collapse transect data prior to application of ACFs. Sightings were collapsed to a 

single density for each site within season and year (mean = 9.16 ± 0.26 SE transects per site 

within season and year). Then, an average density was calculated in each habitat in every year 

using these site-specific values, along with the corresponding mean survey depth and water 

temperature. Under this approach, all zeros were incorporated into the habitat averages and dive 

corrections could account for the effect of non-detection zeros resulting from non-availability. As 

a consequence, however, these coarse habitat averages do not account for uncertainty arising from 

variation among sites (see Discussion). 

The MCMC procedure was used to generate posterior distributions of dive-corrected densities. 

For each season-habitat surface density estimate, posterior distributions of dive-corrected density 

for all years were pooled and the mean and median of the pooled posterior was calculated along 

with its standard error (SD/#N, with N being the number of years contributing to the posterior 

distribution [5]). Thus, standard errors incorporate uncertainty related to dive-surfacing patterns 

and inter-annual variation in density at the habitat level. The absolute percent error between mean 

densities under the two dive corrections methods was calculated and the sign added to indicate an 

underestimate (-) or overestimate under the assumption of uniform diving. 

 

I then estimated the seasonal abundance of each species in the study region, which was ca. 134 

km
2
 and bounded by the extremes of our transect sites. The density of turtles in each habitat was 

multiplied by habitat area and summed for each season. To propagate the uncertainty, standard 

errors from the posterior distributions of dive-corrected density in season-habitat groups were 

multiplied by habitat area and combined using SEcombined = #(SEshallow
2
  + SEdeep

2
). Importantly, 

these abundance estimates exclude the narrow edges of seagrass banks and nearshore flats (4.5 to 

6.0 m deep, ca. 12% of the study area) due to limited transect data in these areas. The percent error 

between abundance estimates under the two dive corrections methods was calculated as above. 

5.3.5.3 Habitat use models 

Elucidating relationships between animal abundance and habitat characteristics is a fundamental 

pursuit in ecology. I tested the effects of variable dive-surfacing patterns on habitat use models for 

green and loggerhead turtles in Shark Bay using a model selection framework (Johnson & Omland 

2002; Burnham & Anderson 2004). 
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Prior to modelling, transect data were collapsed to a single density per site within season and year, 

as above. This data set provided adequate variation to model the effect of predictor variables, 

which the habitat-level means would not. However, this data set still comprised ca. 40% zeros and 

applying absolute correction factors would produce the problematic data and error structure 

describe above. To avoid this problem, a relative means of standardizing surface counts for 

availability, similar to that of Marsh & Sinclair (1989a), was used. The depth- and temperature-

specific ACF for each data point was divided by the species’ mean ACF and the observed surface 

density was multiplied by this value. For example, if the variable-diving ACF was 20% larger 

than the species’ mean for a particular data point, the surface density would be multiplied by 1.2. 

The resulting data were therefore dive-standardized surface densities, adjusted according to 

measured dive and surface times, and had a unimodal distribution amenable to modelling with a 

Poisson error structure. Under this approach, uncertainty in diving behaviour is not accounted for 

and the potential influence of non-detection zeros should be acknowledged. However, because of 

the smaller correction factors this influence should be reduced relative to the absolute dive 

corrections approach. 

 

The main effects in the candidate models included habitat, season, region (a term distinguishing 

two sites at a nearshore sand-flat, Cape Rose, from the other sites located on and around a series 

of seagrass banks, Fig. 5.1) and their potential two-way interactions. The candidate set of 27 

models included an intercept-only model, models with each single main effect and models with 

their additive and two-way interactive combinations. A random intercept for site was included to 

account for the repeated measures nature of the data. Year was included as a fixed effect and only 

years with coverage in both seasons (2003, 2004, 2007 & 2008) were analyzed. All models 

included mean Beaufort sea state and the mean number of observers on the boat to account for 

potential perception biases (although these were expected to be minimal). Mean tide level was 

included in all models and a habitat*tide interaction was included in models with a habitat effect 

to account for the possible larger effect of tide height in very shallow areas. Surface counts were 

specified as the response variable using log(sum area searched) as an offset. Models were run in R 

v. 2.9.2 (R Foundation for Statistical Computing, Vienna, Austria) and diagnostics were checked 

using Pearson and deviance residuals following Zuur et al. (2009). 

 

Models with AIC weights greater than 10% of the weight of the top model were considered to 

have some support from the data. This subset of models was used to generate weighted parameter 

estimates and unconditional standard errors following Burnham & Anderson (2004). The 
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modelling procedure was repeated using unstandardized surface densities and differences in 

model selection results (e.g., order and support for candidate models, weighted parameter 

estimates) between the two approaches were evaluated. 

5.4 Results 

5.4.1 Seasonal variation in density 

Habitat-specific trends were observed in the percent error between species mean ACFs and 

temperature- and depth-specific ACFs across the year-round monthly temperature gradient (Fig. 

5.2). For both species, the assumption of uniform diving would lead to overestimates of 

abundance in shallow habitats, particularly at warmer times of year (Dec. – Mar.). Conversely, the 

assumption of uniform diving would lead to underestimates of abundance in deep habitats in most 

cases, particularly during the coldest months (Jun. – Aug.). Uncertainty in the percent error, 

resulting from uncertainty in dive data, tended to be higher in deep habitats for both species (see 

Chapter Four). 

5.4.2 Density and abundance estimates 

Density estimates in season-habitat groups varied substantially between uniform and variable dive 

correction approaches (Table 5.1). For example, density in deep habitat during the cold season 

was underestimated by 75% for green turtles and 30% for loggerhead turtles under the assumption 

of uniform diving. Densities in shallow habitats during the warm season were overestimated by 

50% for green turtles and 35% for loggerhead turtles. The absolute percent error between the two 

dive corrections approaches was < 30% in only two season-habitat groups, both for loggerhead 

turtles. 

 

When turtle densities in season-habitat groups were extrapolated to the full study area to estimate 

seasonal abundance, the magnitude of diving-related detection bias was generally lower than for 

grouped density estimates (Table 5.2). However, during the cold season, green turtle abundance 

was underestimated by 15.6% while loggerhead turtle abundance was underestimated by 21.9% 

under the assumption of uniform diving. During the warm season, bias in estimates for both 

species was low. Credible limits of pooled posteriors were not estimated because some 

distributions were multimodal and therefore did not conform to a normal distribution. 
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Figure 5.2: For green turtles (a) and loggerhead turtles (b), percent error in availability correction factors 

for shallow and deep habitats across a seasonal temperature gradient. Horizontal dashed lines 

represent zero bias (i.e., the temperature- and depth- specific ACF is equivalent to the 

species’ mean). Points and error bars represent the mean and 95% credible limits of the 

posterior distribution of the percent error. Signs have been modified so that positive values 

indicate that abundance indices will be positively biased if uniform diving is assumed (i.e., 

abundance overestimated) while negative values indicate negative bias (i.e., abundance 

underestimated). 
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Table 5.1: Dive-corrected densities (turtles km
-2

) of green and loggerhead turtles in season-habitat 

groups under uniform and variable dive corrections approaches. Statistics presented are 

the mean (SE), median of posterior distributions. Percent errors for the means are 

reported. A negative sign in parentheses indicates that density was underestimated under 

the assumption of uniform diving. 

Species Season Habitat Uniform diving Variable diving 

Percent 

error  

Green Cold Deep 2.32 (0.63), 2.49 4.08 (1.15), 4.51 75.9 (-) 

  Shallow 4.59 (1.48), 3.75 2.76 (0.95), 2.08 39.9 

 Warm Deep 11.63 (1.50), 11.68 15.84 (2.65), 15.24 36.2 (-) 

  Shallow 13.48 (4.43), 13.41 6.69 (2.40), 5.88 50.4 

      

Loggerhead Cold Deep 9.24 (1.19), 9.03 12.03 (1.70), 11.47 30.2 (-) 

  Shallow 4.54 (1.70), 3.94 4.14 (1.61), 3.41 8.8 

 Warm Deep 28.25 (1.54), 28.11 27.51 (2.20), 27.58 2.6 

  Shallow 8.88 (0.96), 8.30 5.75 (0.73), 5.52 35.2 

 

 

Table 5.2: Abundance estimates (#) for green and loggerhead turtles in each season under uniform 

and variable dive corrections approaches. Standard errors are indicated in parentheses. 

Percent errors with a negative sign in parentheses indicate that abundance was 

underestimated under the assumption of uniform diving. 

Species Season 

Uniform 

diving 

Variable 

diving 

Percent 

error 

Green turtles Cold 369 (78.3) 426 (96.3) 15.6 (-) 

 Warm 1450 (217.7) 1487 (225.6) 2.5 (-) 

     

Loggerhead turtles Cold 894 (115.3) 1090 (146.1) 21.9 (-) 

 Warm 2525 (124.1) 2310 (170.5) 8.5 
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5.4.3 Habitat use models 

Dive-standardization of surface densities had a modest influence on the degree of support for 

candidate models for both species (Table 5.3). For green turtles, the top model remained the same. 

However, the difference in AIC weights between the top- and second-ranked models was larger 

when standardized surface densities were modelled (0.28 & 0.19, respectively) compared to 

unstandardized densities (0.24 & 0.22, respectively). The order of supported models for green 

turtles changed slightly and included one less candidate model under the variable-diving approach 

(Table 5.3). For loggerhead turtles, three models received the bulk of the support from the data, 

regardless of the dive corrections approach, with the top model receiving ! 50% of the support in 

both cases. The order of supported models for loggerhead turtles, and their respective AIC 

weights, were similar under both approaches (Table 5.3). 

Table 5.3: AIC table for green and loggerhead turtle habitat use models using uncorrected surface counts 

(left) and surface counts standardized for diving behaviour (right). 

Model Parameters df AICc $AICc wi Model Parameters df AICc $AICc wi 

Green turtles           

8 S+Y 9 194.23 0.00 0.24 8 S+Y 9 172.65 0.00 0.28 

22 S*H+Y 12 194.43 0.20 0.22 13 S+H+Y 11 173.38 0.73 0.19 

13 S+H+Y 11 195.31 1.08 0.14 22 S*H+Y 12 173.81 1.17 0.16 

14 S+R+Y 10 196.11 1.88 0.09 14 S+R+Y 10 174.96 2.32 0.09 

25 S*H+R+Y 13 196.60 2.37 0.07 16 S+H+R+Y 12 175.85 3.20 0.06 

16 S+H+R+Y 12 197.50 3.27 0.05 25 S*H+R+Y 13 176.32 3.67 0.04 

23 S*R+Y 11 197.53 3.30 0.05 6 S+H 8 176.94 4.29 0.03 

17 S*H 9 198.31 4.08 0.03 23 S*R+Y 11 177.02 4.38 0.03 

27 S+Y+H*R 13 198.58 4.35 0.03 - - - - - - 

Loggerhead turtles           

21 S+H*R 10 145.97 0.00 0.50 21 S+H*R 10 149.84 0.00 0.52 

12 S+H+R 9 147.21 1.24 0.27 12 S+H+R 9 151.37 1.53 0.24 

20 S*H+R 10 148.42 2.45 0.15 20 S*H+R 10 152.53 2.69 0.13 
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The significance of parameters did not vary between dive correction approaches for either species. 

However, in some cases, differences in weighted parameter estimates were observed. For 

example, the season parameter estimate for loggerhead turtles (warm relative to cold) decreased 

by ca. 32% (0.75 to 0.51, Table 5.4) in the standardized models, indicating a reduced effect of 

season on turtle density in the variable-diving approach. The habitat parameter estimate (shallow 

relative to deep) was negative and decreased by ca. 10% (-4.72 to -5.19, Table 5.4), indicating a 

greater difference in density between habitat types when diving variation was incorporated. For 

green turtles, the habitat parameter estimate (shallow relative to deep) decreased by 46.1% (from 

2.26 to 1.22, Table 5.4) indicating a smaller difference between habitats in the dive-standardized 

models, although this effect was non-significant in both. The season parameter estimate did not 

differ substantively between the two dive corrections methods for green turtles (Table 5.4). 

 

 

Table 5.4: Weighted parameter estimates and unconditional standard errors for the main effects in the 

confidence model set for green and loggerhead turtle habitat use models using uncorrected 

count data (left) and count data standardized for diving behaviour (right). Percent error 

represents bias in parameter estimates resulting from variable dive-surfacing patterns. 

Asterisks denote effects whose 95% confidence limits do not overlap zero. 

Parameter 

Weighted 

parameter 

estimate 

Unconditional 

standard error 

Weighted 

parameter 

estimate 

Unconditional 

standard error Error (%) 

Green      

Intercept -1.83 1.55 -1.49 1.23 18.6 

Season (warm)* 1.17 0.29 1.11 0.26 4.5 

Habitat (shallow) 2.26 2.44 1.22 1.83 46.1 

Region (Cape) 0.14 0.28 0.06 0.19 59.2 

Year (2004) -0.05 0.19 -0.09 0.20 82.4 

Year (2007)* -1.22 0.54 -1.42 0.57 16.3 

Year (2008) -0.40 0.62 -1.07 0.66 166.0 

Season:Habitat -0.25 0.36 -0.13 0.22 47.1 

Season:Region -0.03 0.06 -0.01 0.03 50.6 

Habitat:Region -0.03 0.07 - - - 

Loggerhead      

Intercept -0.83 0.83 -0.54 0.76 34.6 

Season (warm)* 0.75 0.18 0.51 0.16 31.6 

Habitat (shallow)* -4.72 1.97 -5.19 2.12 10.0 

Region (Cape)* 1.35 0.27 1.36 0.32 0.9 

Season:Habitat -0.06 0.13 -0.06 0.12 3.8 

Habitat:Region -0.43 0.48 -0.56 0.58 29.1 
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5.5 Discussion 

Boat-based and aerial transect surveys are widely used for assessing the abundance and 

distribution of marine turtles and other long-diving taxa (Marsh & Saalfeld 1989; Marsh & 

Sinclair 1989a,b; Shoop & Kenney 1992; Epperly, Braun & Chester 1995; Epperly et al. 1995; 

Kasamatsu & Joyce 1995; Preen et al. 1997; Barlow 1999; Gómez de Segura et al. 2003, 2006; 

Cardona et al. 2005; Barlow et al. 2006; Eguchi et al. 2007). Typically, the dive data necessary to 

make reliable corrections for availability bias in abundance indices derived from survey sightings 

are lacking (e.g., Gómez de Segura et al. 2006). As a result, spatiotemporal comparisons and 

abundance estimates are conducted using necessarily sub-optimal methods (see Chapter Four). 

With a large number of dive records, and by applying Bayesian analytical methods, I was able to 

incorporate diving variability and uncertainty into analyses of marine turtle survey data in Shark 

Bay. This research demonstrates the value of regional diving studies for population surveys, as 

well as the potential consequences of neglecting to consider variation in availability patterns when 

conducting spatiotemporal comparisons of survey data (e.g., seasonal or among-region 

comparisons). 

 

Generally, the effects of heterogeneous availability patterns were intuitive based on predictable 

variation in diving behaviour from Chapter Four, in which turtles engaged in long-diving, 

infrequent surfacing behaviour in cold, deep conditions and short-diving, frequent-surfacing 

behaviour in warm, shallow conditions. Here, analysis revealed that seasonal trends in abundance 

can be masked by habitat-specific changes in availability. Furthermore, when estimating turtle 

density within subsets of the study area (i.e., season-habitat groups), application of species-level 

availability correction factors led to severely biased abundance indices. Density tended to be 

underestimated in deep areas in Shark Bay, particularly during the cold season, and overestimated 

in shallow areas, particularly during the warm season, if dive-surfacing patterns were assumed to 

be uniform. 

 

The effect of diving heterogeneity was less marked when estimating the absolute abundance of 

turtles in the study area. However, absolute abundance was underestimated during the cold season 

for both species if uniform diving was assumed. This would result from the fact that the study area 

is dominated by deep habitat (57% compared to 31% shallow and 12% intermediate) and, 

therefore, extrapolation of habitat-specific densities to the larger area would increase the relative 

impact of negative bias resulting from long-diving behaviour. 
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In the habitat use models, the effects of standardization for diving were consistent with 

expectations based on diving trends in some cases but not others. For example, consider the effect 

of habitat and season on loggerhead turtle density. In the unstandardized model, the habitat 

coefficient indicated higher loggerhead density in deep relative to shallow habitats. Since 

loggerhead turtles are less likely to be available in deep habitats (Chapter Four), standardization 

for diving should increase the magnitude of the habitat effect, which was indeed observed (Table 

5.4). Similarly, in the unstandardized model, loggerhead density was higher during the warm 

season than the cold season. Since loggerhead turtles are more likely to be available during the 

warm season (Chapter Four), standardization for diving should reduce the impact of season, which 

was also observed (Table 5.4). 

 

However, the results were less intuitive for green turtles. For example, the season coefficient in 

the unstandardized model indicated higher density in the warm season. Since turtles are more 

likely to be available during the warm season, standardization for diving should reduce the season 

coefficient but little difference (4.5%) was observed (Table 5.4). Upon further investigation of the 

data, it was found that green turtle surface density data were highly variable from year to year. For 

example, the relative use of shallow versus deep habitats reversed halfway through the study (i.e., 

between 2003-2004 and 2007-2008). The effect of standardization for diving could therefore be 

masked to some degree by this variability. In contrast, the loggerhead turtle data were highly 

consistent in all years (i.e., density in deep habitat > shallow, density in the warm season > cold) 

and the effects of standardization for diving aligned with expectations. While dive standardization 

did not influence the significance of main effects, it did alter the strength of some relationships 

between independent variables and loggerhead density, therefore potentially altering ecological 

inferences that would be made. 

 

Together, these results suggest that traditional spatiotemporal analyses of surface densities (i.e., 

uncorrected for diving) may be influenced by diving-related detection biases. For example, Shoop 

& Kenney (1992) used variation in surface densities of loggerhead and leatherback turtles in the 

eastern United States to infer seasonal distribution shifts. While by no means suggesting such an 

inference to be invalid, my research does suggest that, to some extent, seasonal variation in 

surface densities might also reflect changes in availability. Especially considering that loggerhead 

turtles can remain in remarkably cold environments (i.e., < 15º C) where they can routinely dive 

for hours at a time (Hochscheid et al. 2005; Hochscheid et al. 2007a), it appears important to 
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account for availability patterns to accurately quantify seasonal abundance variation based on 

near-surface sightings data. Such possible misinterpretations of local population dynamics may 

have important implications if surface sightings are used to address conservation issues such as 

the potential for spatiotemporal overlap with fisheries (e.g., McDaniel et al. 2000). 

 

The general trend toward negatively biased abundance estimates at longer dive durations is 

consistent with the results of a simulation study of deep-diving odontocetes by Okamura, 

Minamikawa & Kitakado (2006). These authors simulated a population and contrasted abundance 

estimates derived from two detection models. One assumed surfacing events to be randomly 

distributed in time while the other accounted for temporal patterning of dives and surface intervals 

based on dive profiles. In the simulation, dive duration was varied from short (12 min) to medium 

(24 min) and long (48 min) and the proportion of time spent at the surface was held constant (i.e., 

surface intervals varied proportionally to dive duration). The detection model neglecting the 

temporal patterning of dives and surface intervals underestimated the population by 15% at 

intermediate dive durations and 46% at long durations. In another study, Barlow (1999) found that 

abundance estimates based on detection models for long-diving taxa were also sensitive to 

variation in the duration of long dives. Thus, accounting for variation in dive durations, even if the 

proportion of time spent at the surface remains constant, appears important for taxa with long-

diving capability. 

5.5.1 Limitations and implications for survey design 

Several limitations of the methods and analyses presented are worth noting. First, the transect 

surveys in this study were established to estimate the relative density of marine fauna in distinct 

habitat types along a seasonal gradient and do not reflect a design-based approach for estimating 

overall population size. Considering that satellite tracking (Wirsing et al. 2004; E. Olson, personal 

communication) and flipper tagging data (Fig. 2.1) suggest that localized hotspots exist, while 

neighbouring areas may support lower densities, extrapolation of the dive-corrected densities 

presented here should be considered extremely tenuous. Design-based sampling on a larger spatial 

scale with corrections for availability based on dive and surface times remains an important goal 

for the region (see Preen et al. 1997). 

 

Second, marine turtle dive-surfacing patterns can be highly variable (e.g., Hochscheid et al. 1999) 

and the extent to which diving is predictable will influence decisions regarding the level at which 
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availability corrections can be made. Furthermore, data sets with many zeros are problematic. If 

absolute availability correction factors are applied to zero counts resulting from non-detection, 

mean abundance will be underestimated and the variance overestimated. Thus, in order to estimate 

absolute abundance or density it may be necessary to collapse sightings within survey units for 

repeated measures surveys or aggregate sightings across survey units (e.g., combine sightings in 

units of similar depth). This problem may limit the scale at which availability can be differentially 

accommodated in heterogeneous environments and may result in coarse estimates of variance. For 

spatiotemporal comparisons, where absolute estimates are not necessary, the relative dive 

corrections approach (see Methods) is one means of reducing the impact of corrections applied to 

non-detection zeros. 

 

Finally, the availability correction factors applied here were based on diving behaviour for large 

sub-adult and adult green (81.0 to 118.0 cm CCL, mean = 96.9 cm, SD = 9.1) and loggerhead 

(74.0 to 104.5 cm CCL, mean = 94.0 cm, SD = 7.8) turtles in Shark Bay. Survey data, on the other 

hand, would include juvenile green turtles, which are also seen in the study area (but most 

frequently in very shallow areas near shore that were not surveyed), and smaller sub-adult 

loggerheads (Heithaus, Frid & Dill 2002; Heithaus et al. 2005; Chapter Two). Diving capacity is 

expected to scale with body mass (Hochscheid et al. 2007b). Therefore, correction factors may be 

positively biased relative to the surveyed population leading to positive bias in abundance and 

density estimates. Further dive data are required to assess this possibility. 

 

Based on the combined results of Chapters Four and Five, and given the aforementioned 

limitations, several recommendations can be made regarding at-sea surveys for marine turtles. 

First, collection of regional dive data should be prioritized to allow for survey-specific corrections 

for availability bias. Particularly if spatiotemporal analyses are the goal within or among 

heterogeneous environments, dive data are necessary to account for potentially confounding 

variation in availability patterns. Included in this research should be estimates of uncertainty in 

dive and surface times. Second, potential sources of diving heterogeneity in a survey region (i.e., 

temperature or depth gradients) should be considered a priori to guide collection of dive data and 

bear on survey design. Heterogeneous availability patterns can be accommodated if a survey 

region is subdivided such that availability is relatively uniform within, but may vary among, 

survey units. For example, sub-dividing a survey area roughly parallel to depth contours can allow 

separate availability correction factors to be calculated for habitats of different depth. If surveys 

are repeated in a single site seasonally, separate corrections for availability can be applied for the 
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same survey unit over time. Again, the degree of predictable variability in dive data will influence 

if, and to what extent, variable availability can be accommodated. At the very least, where surveys 

are conducted in seasonal environments or across depth gradients including very shallow areas, 

where dive duration may be limited by lung buoyancy, diving studies should be initiated to test for 

potential diving-related detection heterogeneity. 

 

Overall, the results of this research support the conclusion of others (Marsh & Sinclair 1989a; 

Kasamatsu & Joyce 1995; Barlow 1999; Gómez de Segura et al. 2006; Okamura, Minamikawa & 

Kitakado 2006; Pollock et al. 2006) that a greater understanding of dive-surfacing patterns is 

necessary to reduce availability bias in abundance indices derived from count data for diving 

species. Based on the degree of heterogeneity shown here, the general conclusion of MacKenzie 

& Kendall (2002) is supported: the burden of proof should lie with demonstrating equivalence of 

detection probability across heterogeneous survey conditions. 
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5.7 Supplementary Information 

Appendix 5.1: Digital bathymetry of the study area was created using ca. 85,000 opportunistic and 

systematic depth readings spanning 1989 to 2009 from the Dolphins of Shark Bay Research Foundation 

(DOSBRF), the Department of Environment and Conservation (DEC), Western Australia and the Shark Bay 

Ecosystem Research Project (SBERP). Using the extension Geostatistical Analyst in ArcGIS (v. 9.1), 

ordinary kriging was performed to interpolate the point readings and create a bathymetry layer. Prior to 

kriging, a high-resolution, geo-referenced orthophoto (Department of Environment and Conservation, 

Western Australia) allowed us to visually assess the density of depth data points relative to the level of 

habitat detail. After repeated trials, which involved including or excluding areas with low data density 

relative to habitat detail, a cross-validation revealed a mean prediction error of ± 0.76 m for the interpolated 

bathymetry map (below). 
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6: Density, abundance and habitat use patterns of 

loggerhead turtles on a pristine sand-seagrass feeding 

ground 

6.1 Abstract 

I quantified the seasonal density and abundance, and analyzed habitat use patterns of endangered 

loggerhead turtles (Caretta caretta) on a pristine sand-seagrass feeding ground in Shark Bay, 

Western Australia. Boat-based strip transects spanning 1999 to 2009 were used to collect surface 

sightings data, and analyzed using Bayesian methods which accounted for animals missed due to 

submergence. Loggerhead turtle density was high in the study area, particularly during the warm 

season (Feb. – Apr.) when average density typically exceeded 15 turtles km
-2

. Seasonal densities 

appeared relatively stable across the decade-long study. Loggerhead turtle density was 

significantly higher in deep sand-bottom habitats compared to shallow sand-seagrass habitats, and 

on a nearshore sand-seagrass flat compared to a series of offshore seagrass banks. These patterns 

were consistent across years and there was no significant effect of year on density. Density 

estimates were tentatively compared with previously published data for Shark Bay, suggesting 

that this loggerhead feeding population may be substantially larger than previously believed. Data 

from ecosystems such as Shark Bay have an important role to play in conservation, providing an 

opportunity to establish baselines for the abundance, distribution and ecological role of marine 

megafauna under relatively pristine conditions. 

6.2 Introduction 

Loggerhead turtles (Caretta caretta) are opportunistic, generalist foragers distributed throughout 

the world’s tropical and warm temperate oceans (Bolten & Witherington 2003). Following a post-

hatching pelagic phase, loggerheads typically recruit to neritic foraging areas (but see Casale et al. 

2008) where they feed predominantly on benthic invertebrates (reviews in Mortimer 1982, Dodd 

1988 and Bjorndal 1997; Plotkin, Wicksten & Amos 1993; Preen 1996; Godley et al. 1997; 

Limpus et al. 2001; Tomas, Aznar & Raga 2001; Lazar et al. 2011; Chapter Two). Aside from 

intermittent migrations to their natal nesting region for reproduction, adult loggerheads spend the 



 

 110 

majority of their time on foraging grounds and are thought to play important roles in these 

ecosystems as predators, prey, competitors, nutrient transporters, modifiers of habitat and 

substrate for epibionts (Bjorndal 2003; Lazar et al. 2011). However, fundamental ecological data 

central to monitoring and management of feeding populations, such as spatiotemporal patterns of 

abundance, are limited in many regions (Witherington 2003) and the functional roles of this 

species remain poorly quantified (Bjorndal 2003). 

 

Globally, loggerhead turtles are listed as endangered on the International Union for the 

Conservation of Nature (IUCN) Red List of Threatened Species (Marine Turtle Specialist Group 

1996). In recent decades, populations of loggerhead turtles in many regions have experienced 

declines (Witherington 2003; Witherington et al. 2009), concurrent with well-documented global 

declines of other large marine vertebrates (e.g., Baum et al. 2003). Factors potentially linked to 

loggerhead declines include historic and contemporary nesting beach loss (Witherington 2003; 

McClenachan et al. 2006), by-catch in fisheries (Aguilar et al. 1995; Carreras et al. 2004; 

Lewison, Freeman & Crowder 2004) and nest predation by introduced predators (Chaloupka 2003 

and references therein). Potential impacts of climate change (Fish et al. 2005; Hawkes et al. 2007) 

have become a conservation concern in the past decade. 

 

However, not all loggerhead populations are declining (Baldwin, Hughes & Prince 2003; Erhart, 

Baley & Redfoot 2003; Marcovaldi & Chaloupka 2007) and, recently, debate has arisen 

surrounding the efficacy of species-level assessments for highly migratory, globally distributed 

sea turtles (Seminoff & Shanker 2008). Approaches to conservation focusing on sub-species 

assessments (Wallace et al. 2010) have been put forward and many researchers have stressed the 

importance of management strategies that account for within-population plasticity that makes 

population subgroups vulnerable to different threats (Hawkes 2006; McClellan et al. 2010). Thus, 

regional studies in important coastal foraging habitats are highly valuable for conservation and 

management. 

 

In Australia, major loggerhead rookeries exist along the Great Barrier Reef in Queensland 

(Limpus & Limpus 2003) and in two regions in Western Australia – Shark Bay and the Northwest 

Cape/Muiron Islands (Baldwin, Hughes & Prince 2003). At the national level, loggerheads in 

Australia are considered Endangered (Department of Sustainability, Environment, Water, 

Population and Communities 2009). Population decreases have been observed in eastern Australia 

based on nesting beach (Limpus & Limpus 2003) and in-water (Chaloupka & Limpus 2001) 
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surveys, likely linked to by-catch of juveniles in fisheries and nest predation by foxes. In the west, 

insufficient data on nesting numbers exist to evaluate trends (Baldwin, Hughes & Prince 2003), 

although aerial surveys (Preen et al. 1997) and in-water captures on a feeding ground in Shark 

Bay’s Eastern Gulf suggest loggerhead and green turtles are present in relatively high densities 

year round (Heithaus, Frid & Dill 2002; Heithaus et al., 2005). Determining the abundance and 

distribution of loggerheads is therefore an important goal for this region. 

 

Aerial and boat-based surveys are often used to quantify the abundance and distribution of marine 

turtles at sea (e.g., Marsh & Saalfeld 1989; Marsh & Sinclair 1989a,b; Shoop & Kenney 1992; 

Epperly et al. 1995; Preen et al. 1997; McDaniel, Crowder & Priddy 2000; Gómez de Segura et 

al. 2003; Cardona et al. 2005; Gómez de Segura et al. 2006; Eguchi et al. 2007). However, these 

surveys involve unique challenges because marine turtles are difficult to observe, spending as 

much as 95% of their time submerged (Lutcavage & Lutz 1997; Chapter Four). Therefore, a large 

proportion of the population will be missed during surveys because they are out of view, making 

abundance indices vulnerable to ‘availability bias’ (Marsh & Sinclair 1989a). Furthermore, 

particularly for fast aerial surveys, the probability of missing turtles that are at or near the surface 

can vary substantially with factors such as survey altitude (Marsh & Sinclair 1989b) and sea state 

(Marsh & Saalfeld 1989), leading to ‘perception bias’ (Marsh & Sinclair 1989a). In order to 

generate reliable abundance estimates and conduct meaningful spatiotemporal comparisons, both 

of these potential sources of bias need to be addressed via survey design and data analysis. 

 

In Chapters Four & Five I studied the diving behaviour of green and loggerhead turtles in Shark 

Bay using time-depth recorders, and developed methods of incorporating dive-surfacing patterns 

to account for availability bias in analyses of transect survey data. Here, these methods are used to 

quantify the abundance and distribution of loggerhead turtles on a pristine foraging ground in 

Shark Bay. Ten years (1999 – 2009) of boat-based strip transect surveys and Bayesian diving 

models (Chapters Four & Five) are used to: 1) evaluate inter-annual variation in loggerhead 

density in during the Austral summer and winter; 2) estimate the average abundance of loggerhead 

turtles in the study area; and 3) analyze factors influencing loggerhead habitat use patterns within 

the study area on the Shark Bay feeding ground. 

 

As part of the habitat use analysis, I investigate a potential behavioural trade-off between energy 

intake and safety by loggerhead turtles. The risk of predation can modify prey behaviour in 

myriad ways (review in Lima & Dill 1990) and predation-sensitive decisions by foragers (i.e., 
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sub-lethal effects of predation) can have important community, population and ecosystem 

consequences (Sinclair & Arcese 1995; Schmitz et al. 1997; Lima 1998; Dill, Heithaus & Walters 

2003; Frid, Baker & Dill 2008). Previous work in Shark Bay has revealed that large-bodied 

consumers (e.g., bottlenose dolphins, Tursiops aduncus; green turtles, Chelonia mydas; dugongs, 

Dugong dugon; pied cormorants Phalacrocorax varius) under risk from tiger sharks (Galeocerdo 

cuvier) trade off foraging opportunities in shallow, food-rich areas for safety in deeper areas when 

shark density is high (Heithaus & Dill 2002; Heithaus 2005; Heithaus et al. 2007; Wirsing et al. 

2007). Here, I ask whether loggerhead turtles adjust their relative use of shallow and deep habitats 

seasonally, in a manner broadly consistent with these sympatric consumers. 

6.3 Methods 

6.3.1 Study system and species 

Shark Bay (~ 25°45’ S, 113°44’ E) is a shallow (mostly < 15 m), subtropical bay located 

approximately 800 km north of Perth, Western Australia. Our study area in the bay’s Eastern Gulf 

near the Monkey Mia Resort (Fig. 6.1) is characterized by expansive shallow (< 4.5 m) seagrass-

dominated habitats separated and surrounded by deeper (> 6.0 m) sand-dominated habitats. Sub-

adult and adult loggerhead turtles use Shark Bay as a feeding ground year round (Heithaus, Frid & 

Dill, 2002; Heithaus et al. 2005). Animal-borne video recorders deployed on loggerhead turtles 

(Chapter Two) revealed an opportunistic, mobile foraging tactic in which turtles fed on diverse 

benthic invertebrates, consistent with feeding behaviour and diet studies elsewhere (e.g., Limpus 

et al. 2001). 

6.3.2 Boat-based strip transect surveys 

Strip transects comprised 13 sites bisecting either a shallow (N = 6) or deep habitat (N = 7). These 

transects were between ca. 3 and 4.5 km long and were initially established to measure the relative 

density of large air-breathing vertebrates (e.g., bottlenose dolphins, Tursiops aduncus; dugongs, 

Dugong dugon) under predation risk from tiger sharks (Galeocerdo cuvier) in each habitat 

(Heithaus & Dill 2002; Wirsing et al. 2007). Thus, the sampling regime does not reflect a 

common design-based approach for estimating the abundance of populations (e.g., stratified 

random sampling). However, the approach is effective for measuring animal density over a 



 

 113 

limited spatial scale with high sampling effort and provides a useful index of abundance for this 

loggerhead feeding population. 

 

Figure 6.1: Map showing the location of Shark Bay and the study area in the Eastern Gulf. Black lines 

represent 13 belt transect sampling sites with six sites in shallow, seagrass-dominated habitat 

and seven sites in deep, sand-bottom habitat. The Cape Rose region comprises two sites on a 

nearshore sand-seagrass flat, while all other sites are located on or between a series of 

offshore seagrass banks. 

 

Transects were run as frequently as possible in small (< 5 m) research vessels during field seasons 

between 1999 and 2009 (Table 6.1). Sightings data are broken into distinct warm (Feb. – Apr.) 

and cold (Jun. – Aug.) seasons. Two sites along a nearshore sand-seagrass flat (Cap Rose, Fig. 

6.1) were only established in 2003 and therefore are not included in early years of the study. 

Transect passes per site within a month were conducted at different times of day and in different 

directions (i.e., reversing start and end points), organized haphazardly, to minimize these possible 

biases. Only turtles at the surface were counted; submerged but visible turtles were ignored to 

avoid the problematic effects of variable visibility through the water (e.g., Pollock et al. 2006). In 

Shark Bay, which is a shallow ecosystem with a sand-silt substrate, turbidity conditions can 

change substantially within the spatial area and temporal window of a transect. Furthermore, it is 
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difficult to see to any depth from the low survey height of small vessels. Thus, it was considered 

more appropriate to count only animals at the surface and adjust for unavailable animals using 

measurements of time spent at the surface (Chapter Four). 

Table 6.1: Mean (SD) number of transects per site in cold and warm seasons for each year of the 

study. 

Year Season 

Number of 

transects 

1999 Cold 14.2 (1.8) 

1999 Warm 15.6 (3.7) 

2002 Warm 2.6 (1.0) 

2003 Cold 8.7 (3.2) 

2003 Warm 9.7 (1.7) 

2004 Cold 9.7 (2.2) 

2004 Warm 8.8 (2.5) 

2006 Cold 15.1 (1.9) 

2007 Cold 5.7 (2.2) 

2007 Warm 10.0 (3.2) 

2008 Cold 11.4 (0.7) 

2008 Warm 8.8 (1.2) 

2009 Warm 6.5 (2.2) 

 

6.3.3 Perception bias 

The strip survey protocol was designed to minimize the proportion of turtles at the surface that 

were missed by observers (i.e., perception bias, Marsh & Sinclair 1989a). This entailed: 1) a very 

narrow sightings strip (30 m) on either side of the boat; 2) slow survey speeds (6 to 9 km*h
-1

); 3) 

restriction of survey conditions to Beaufort sea states " 2; and multiple observers aboard the 

vessel (mean = 2.91, SD = 1.00). While it is inevitable that some available animals were missed, I 

am confident that the survey protocol minimized this proportion. Supporting this assertion is the 

fact that the species could be positively identified in 94% of sightings; if perception bias were 

more problematic, we would expect a larger proportion of sighted animals to be unconfirmed to 

species. Sightings that were not confirmed were excluded from analyses. Furthermore, there was 

no evidence of a decrease in sighting frequency with distance away from the transect line in the 

sightings strip (see Chapter Five). 
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6.3.4 Availability bias 

Dive data analysis and the methods of incorporating dive-surfacing patterns, and their uncertainty, 

into analyses of survey data are described in detail in Chapters Four & Five. Briefly, dive records 

were obtained for 29 green and 42 loggerhead turtles in Shark Bay between 2005 and 2008. 

Hierarchical, Bayesian regression models revealed a positive effect of depth and a negative effect 

of temperature on dive and surface times, although temperature effects were not always 

significant. A Monte Carlo Markov Chain (MCMC) procedure was used to predict dive and 

surface interval durations – and availability correction factors, which are multipliers that adjust 

surface sightings data to include submerged animals – across all combinations of temperature and 

depth in the study area. Here, the MCMC procedure was used to obtain posterior distributions 

(50,000 iterations) of dive-corrected loggerhead turtle density specific to survey temperature and 

depth conditions. Temperature and depth data were obtained from a point sampling station in the 

study area and a digital bathymetry map of the region, respectively (see Chapter Five). 

6.3.5 Inter-annual variation in seasonal density 

To estimate the seasonal density of loggerhead turtles in each year, sightings data were first 

collapsed to a single density for each site within season and year. Then, the average density in 

each habitat was calculated for each season in every year using these site-specific values. This 

level of data collapse was necessary to avoid applying availability correction factors to a data set 

with many zeros, which would lead to a strongly bimodal data structure, underestimate the mean 

and likely overestimate the variance (see Chapter Five). The MCMC procedure was used to 

generate posterior distributions of dive-corrected density for each season-habitat measure by 

multiplying the observed surface density by a temperature- and depth-specific availability 

correction factor. A weighted average density for the entire study area for each season and year, 

accounting for the different proportion of shallow (41.8 km
2
, 31%) and deep (76.2 km

2
, 57%) 

habitat, was then calculated using the posterior means. Intermediate depths (i.e., 4.5 – 6.0 m, 12% 

of study area) are not included in this estimate due to inadequate survey data in these areas. 

6.3.6 Average seasonal abundance 

To estimate the average seasonal abundance of loggerhead turtles in the study area, posterior 

distributions of dive-corrected density were calculated in each habitat, season and year, as above. 

However, instead of treating each year separately, posterior distributions were combined for each 
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season-habitat combination across all years. Standard errors were calculated for each pooled 

posterior, specifying N as the number of years contributing to the distribution. Habitat-specific 

densities were then extrapolated to the entire study area by multiplying the mean of the pooled 

posterior by respective habitat area and summing these. Standard errors were propagated by 

multiplying by habitat area and combining using SEcombined = #(SEshallow
2
 + SEdeep

2
). 

6.3.7 Habitat use models 

Habitat use models presented here are modified versions of those in Chapter Five. The goal in the 

previous chapter was to illustrate the importance of accounting for diving heterogeneity by 

comparing dive-corrected habitat use models to those based on uncorrected data. Here, the goal is 

to present and interpret the results of habitat use models, accounting for variation in diving 

behaviour, in a regional context. In this analysis, survey data were standardized for diving using 

the relative approach described previously (Chapter Five). 

 

A model selection procedure (Johnson & Omland 2002; Burnham & Anderson 2004) was used to 

test the influence of a variety of predictor variables on loggerhead turtle density. Main effects 

included habitat (shallow-deep), season (cold-warm), region (Cape Rose versus the seagrass 

banks, Fig. 6.1), year and their potential two-way interactions. The candidate set of 39 models 

included an intercept-only model, models with each single main effect and those with additive and 

two-way interactive combinations. This candidate model set differs from that in Chapter Five in 

that two-way interactions with year were excluded from the previous analysis to simplify the 

model selection procedure in that case study. 

 

A random intercept for site was included to account for the repeated measures nature of the data. 

Only years with coverage of all sites in both seasons (2003, 2004, 2007 & 2008) were analyzed. 

All models included mean Beaufort sea state and the mean number of observers on the boat to 

account for potential perception biases, although we expected these to be minimal. Mean tide level 

was included in all models and a habitat*tide interaction was included in models with a habitat 

effect to account for the possible larger effect of tide height in shallow habitat. Surface counts 

were specified as the response variable using log(sum area searched) as an offset. Models were 

run in R v. 2.9.2 (R Foundation for Statistical Computing, Vienna, Austria) and diagnostics were 

checked using Pearson and deviance residuals following Zuur et al. (2009). Models with AIC 

weights greater than 10% of the weight of the top model were considered to have support from the 
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data. This subset of models was used to calculate weighted parameter estimates and unconditional 

standard errors following Burnham & Anderson (2004). 

 

Investigation of the potential trade-off between foraging and safety was based on the following 

premise. Several other large-bodied vertebrates in Shark Bay (e.g., bottlenose dolphins and 

dugongs) reduce their relative use of food-rich shallow habitats when tiger shark density is high 

during the Austral summer (Heithaus & Dill 2002; Wirsing et al. 2007); green turtles manage this 

trade-off contingent upon body condition (Heithaus et al. 2007). While it was not possible to 

quantify prey distribution for loggerhead turtles, video data (Chapter Two) suggested that foraging 

by this species also appears skewed toward the shallows. Thus, if loggerheads are managing risk 

from tiger sharks, which show preference for shallow habitat (Heithaus et al. 2006), their relative 

abundance may vary in a manner similar to these other taxa. 

 

The seasonal increase in shark density also correlates with an increase in water temperature, which 

might be expected to lead to higher metabolism and increased foraging requirements for 

loggerheads. Assuming no seasonal variation in prey availability, a significant habitat*season 

interaction might indicating decreased use of shallow habitat during the warm season could be 

interpreted as evidence of a predator-averse habitat use strategy. Conversely, a significant 

interaction indicating increased use of shallow habitat during the warm season would support an 

effect of metabolic demand on habitat use. 

6.4 Results 

6.4.1 Inter-annual variation in seasonal density 

Dive-corrected loggerhead turtle density estimates were high, and relatively consistent from 1999 

to 2009 (Fig. 6.2) with the exception of a slight drop in the cold season between early years of the 

study (1999, 2003 & 2004) and later years (2006, 2007 & 2008). Average densities were 

particularly high during the warm season, generally > 15 turtles km
-2

. 
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Figure 6.2: Trends in seasonal, dive-corrected loggerhead turtle density between 1999 and 2009 (mean 

with 95% credible limits). Years without data reflect lack of sampling as opposed to the 

absence of turtles. 

 

6.4.2 Seasonal abundance estimates 

Across the 10-year data set, estimated average abundance of loggerhead turtles in the study area 

during the cold season was 1150 ±106 (SE) and 2141 ± 131 (SE) during the warm season. 

However, observed densities were particularly high in the Cape Rose region, which appears to be 

a localized hot spot for loggerhead turtles (see Discussion). These estimates are slightly different 

than those in Chapter Five due to inclusion of data prior to 2003 here, which did not include the 

Cape Rose sites. 

6.4.3 Habitat use models 

Of the 39 candidate models, three received the majority of support from the data with AIC 

weights of 0.52, 0.24 and 0.13 (Table 6.2). Each of these models contained the main effects of 

season, habitat and region while the top model contained the habitat*region interaction and the 

third model contained the season*habitat interaction. 

 

Weighted parameter estimates based on the supported subset of models were significant (i.e., 95% 

confidence limits did not overlap zero) for season, habitat and region variables (Table 6.3). 
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Loggerhead turtle density was significantly greater in the warm season compared to the cold 

season, in deep habitat compared to shallow habitat and in the Cape Rose region compared to the 

seagrass banks. These patterns were consistent across all years, and the year effect was non-

significant. The habitat*tide interaction was significant, indicating increased use of shallow 

habitats at higher tide levels. The coefficients for all other predictor variables and their 

interactions, including variables related to perception bias, were not significantly different from 

zero. Of the three supported models, the habitat*season interaction appeared in only the lowest 

ranked and the weighted parameter estimate was negative but non-significant. 

Table 6.2: Model selection results, including AIC weights (wi), for all models with weights > 10% of 

the top model weight. Parameters column indicates the main effects of season (S), habitat 

(H), region (R) and their two-way interactions in the best-supported models. All models 

included parameters for mean Beaufort sea state, number of observers and predicted tide 

level. Models with a habitat term included a habitat*tide level interaction. 

 

 

Table 6.3: Weighted parameter estimates, unconditional standard errors and 95% confidence limits 

for all variables in the confidence model set. For categorical variables, the level being 

compared to the baseline group is indicated in parentheses. Asterisks indicate parameter 

estimates for which confidence limits do not contain zero. Note that these coefficients are 

not back-transformed. 

Parameter 

Weighted 

estimate 

Unconditional 

standard error 

Lower 95% 

confidence limit 

Upper 95% 

confidence limit 

Intercept -0.54 0.75 -2.03 0.94 

Season (warm) * 0.51 0.16 0.19 0.83 

Habitat (shallow) * -5.15 2.11 -9.30 -1.01 

Region (Cape Rose) * 1.35 0.32 0.72 1.98 

Beaufort -0.37 0.27 -0.90 0.15 

Number of observers -0.12 0.13 -0.37 0.13 

Tide 0.66 0.59 -0.49 1.81 

Season*Habitat -0.06 0.12 -0.30 0.18 

Habitat*Region -0.55 0.57 -1.68 0.57 

Habitat*Tide * 2.76 1.37 0.08 5.45 

Model Parameters 

Log 

likelihood df AIC AICc $AICc wi 

24 S+H*R -63.74 10 147.48 149.84 0.00 0.52 

12 S+H+R -65.73 9 149.46 151.37 1.53 0.24 

23 S*H+R -65.08 10 150.17 152.53 2.69 0.13 
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6.5 Discussion 

Ten years of standardized boat-based belt transect surveys, and methods of adjusting sightings 

data for animals missed due to diving (Chapters Four & Five), revealed high and relatively stable 

average densities of loggerhead turtles foraging in Shark Bay’s pristine sand-seagrass ecosystem. 

Loggerheads were present in the study area year round, with the highest densities – typically > 15 

turtles km
-2

 – occurring in the warm season (Feb. – Apr.). This seasonal increase in density 

coincides with an increase in the abundance of dugongs (Wirsing et al. 2007), green turtles (D. 

Burkholder., unpublished data; Chapter Five) and their primary predators, tiger sharks (Heithaus 

2001). The warm season also comprises the breeding period for loggerhead turtles. Loggerheads 

in Shark Bay breed primarily on Dirk Hartog Island, approximately 95 km west of the study site. 

Warm-season densities may therefore reflect animals moving into the Shark Bay region from 

elsewhere in Western Australia for breeding (Preen et al. 1997, R.I.T. Prince, personal 

communication), bearing in mind that some individuals will also have emigrated from the study 

site to move to the nesting area. The decrease in density during the Austral winter, after 

accounting for confounding variation in availability patterns, indicates that a substantial 

proportion of the loggerhead population emigrates from the study area, possibly to warmer waters. 

 

Loggerhead turtle density was higher in deep, sand-bottom habitats than shallow, sand-seagrass 

habitats, which may reflect variation in turtle behaviour between habitats. Animal-borne video 

data suggest that loggerheads forage primarily in shallow areas, while resting is more likely to 

occur during deeper dives (Chapters Two & Three). Due to lung buoyancy regulation 

(Minamikawa, Naito & Uchida 1997; Minamikawa et al. 2000; Hays, Metcalfe & Walne 2004), 

turtles would be expected to move to deeper water to rest, where negative buoyancy can be 

achieved with larger lung volume allowing for longer submergence. Examination of dive profiles 

(data from Chapter Four) indeed suggests that turtles in deep areas often engage in sequences of 

long Type 1 dives with flat bottom phases, consistent with resting behaviour. In contrast, diving 

bouts to shallow depths tend to appear much more erratic, suggestive of activity. However, 

additional behavioural data (e.g., animal-borne video, Chapters Two & Three) are necessary to 

assess this interpretation further. 

 

The density of loggerhead turtles was significantly higher in the Cape Rose region than on the 

seagrass banks. In fact, loggerhead turtle density, when averaged across all season-habitat groups, 

was ca. 3.5 times greater on Cape Rose than the banks, although the Cape Rose data were also 
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more variable due to lower sampling effort in some years. Thus, the distribution of loggerhead 

turtles, even within the relatively small study area, appears to be patchy. Flipper tagging data (see 

Fig. 2.1), although potentially biased by variation in search effort and capture probability, suggest 

that high turtle densities exist around Cape Rose as well as on a sand-seagrass flat ca. 20 km west 

(Guichenault Flats). This pattern is supported by satellite tracking data for 14 adult loggerheads 

(11 male, 3 unclassed), in which turtles showed strong residency patterns but also made 

occasional, directed moves between these regions (Wirsing et al. 2004; E. Olson, personal 

communication). 

6.5.1 Comparison with previous studies in Shark Bay 

Extrapolation of the mean density estimates reported here should be considered tenuous for two 

primary reasons. First, the sampling regime did not comprise typical design-based approaches for 

estimating population abundance (e.g., stratified random sampling). Such surveys, along with 

detailed dive corrections, are an important goal for this region (Preen et al. 1997). Second, the 

need to collapse sightings data to a coarse habitat level prior to estimating density neglects 

uncertainty related to variation among sites. The data presented here are therefore most useful for 

monitoring average loggerhead density in this small region under a standardized sampling 

protocol. 

 

Given those important caveats, however, comparisons with existing survey data for turtles in 

Shark Bay are of interest. Preen et al. (1997) recorded sightings of green and loggerhead turtles 

(species could not be positively identified and were therefore pooled) during aerial surveys 

covering most of Shark Bay in the winters of 1989 and 1994. The mean observed density was 0.43 

turtles km
-2

 (mean abundance = 6373 ± 710 SD) in 1989 and 0.57 turtles km
-2

 (abundance = 8431 

± 758 SD) in 1994, which included turtles at the surface as well as visible, submerged animals. 

These survey data were standardized for availability using a correction factor based on the 

proportion of animals sighted at the surface in a clear water survey in Queensland (Marsh & 

Saalfeld 1989; see Chapter Four). Therefore the figures reported were standardized minimum 

abundance indices (Preen et al. 1997) as opposed to estimates of total abundance. 

 

In the current study, the average surface density of loggerhead turtles during the cold season – not 

including sightings of green turtles or any submerged animals – was 0.60 ± 0.16 (SE) turtles km
-2

 

(averages and standard errors in shallow and deep habitats weighted by habitat area). Excluding 
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the Cape Rose region, mean loggerhead surface density was 0.52 ± 0.13 (SE) turtles km
-2

 in deep 

sites and 0.20 ± 0.08 (SE) turtles km
-2

 in shallow sites. Thus, prior to accounting for any 

submerged animals, the density of one species in the boat-based surveys was comparable to the 

density of all turtles in the aerial study. 

 

Several factors likely contribute to the apparent discrepancy. First, the aerial surveys covered a 

much larger area and included some regions of Shark Bay with few to no sightings. If turtles are 

patchily distributed, a larger covered area would lead to lower average density compared to a 

small area containing high-density sites. Importantly, however, the density of turtle sightings in 

the area covered by boat-based surveys was not particularly high in either aerial survey (Preen et 

al. 1997, Fig. 4); in fact, few turtles were sighted near Cape Rose where boat-based surveys found 

particularly high densities. Furthermore, the majority of aerial sightings were suspected to be 

green turtles. Since aerial and boat-based surveys were conducted in different years, shifts in 

loggerhead distribution may have occurred between studies. However, this seems highly unlikely 

considering the stable densities across years in the boat-based surveys (Fig. 6.2), extended capture 

histories of some individuals and satellite tracks in the region (see Chapter Two). 

 

A more likely explanation involves the differential influence of perception and availability biases 

in aerial and boat-based surveys. Standardization of surface sightings for availability bias in the 

aerial surveys provided minimum estimates of abundance only (Preen et al. 1997; Marsh & 

Saalfeld 1989). This is because in the clear water survey used as a standard a large proportion of 

submerged turtles could still be missed because they were too deep to be seen, were confused with 

rays or were cryptic against the sea bottom (Marsh & Saalfeld 1989; Marsh & Sinclair 1989b). In 

the boat-based surveys, which counted only turtles at the surface, these issues would be avoided 

and dive and surface times were reliably measured. Perception bias was also likely more 

problematic in the fast-moving aerial surveys. While independent observer methods were used to 

correct for the proportion of available animals seen by one observer but missed by another, some 

would likely be missed by both and this proportion could be high (Marsh & Sinclair 1989b). 

Effects of sea state (Marsh & Saalfeld 1989) and survey altitude/strip width (Marsh & Sinclair 

1989b) have both been found on turtle sightings frequency in aerial surveys. Thus, in slow-

moving boat-based surveys with a narrow sightings strip, conducted in sea states " 2 (surveys in 

Preen et al. 1997 included sea states up to 4), perception bias should be considerably less 

influential. 
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The boat-based abundance estimates may still be biased for several reasons, however. First, 

survey data were not available for intermediate depths, which represent ca. 12% of the study area 

and are heavily used at least by green turtles (Heithaus et al. 2007, D.Burkholder, unpublished 

data). Second, the species could not be confirmed for ca. 6% of sightings and these sightings were 

excluded from analyses. Third, availability correction factors were based on dive times primarily 

for larger individuals (74.0 to 104.5 cm CCL, mean = 94.0 cm, SD = 7.8). Dive and surface times 

for smaller turtles may be shorter due to allometric scaling (Hochscheid et al. 2007b), leading to 

positive bias in correction factors relative to the whole population. However, relatively few 

loggerhead turtles < 70 cm are captured in the study area (Fig. 2.4) so this bias should be 

relatively minor. Finally, the proportion of loggerhead sightings occurring within the furthest 

distance category from the transect line was slightly higher than the others (see Chapter Five), 

suggesting that uncertainty in estimating the 30 m strip limit could positively bias density 

estimates via inclusion of some sightings slightly beyond 30 m. 

 

Overall, I would conclude that the number of loggerhead turtles foraging in this region may be 

substantially larger than currently thought due to the differences in handling availability and 

perception biases between studies. In the future, detailed dive corrections applied to design-based 

population surveys on a larger spatial scale will provide more reliable estimates of the total 

loggerhead population feeding in Shark Bay. 

 

6.5.2 Turtles did not trade-off food for safety 

No evidence was found of a solely temperature-driven or, by implication, predator-driven seasonal 

shift in loggerhead turtle density between habitats, although the parameter estimate indicated a 

non-significant decrease in density in shallow habitat during the warm season. This result may 

reflect constraints on anti-predator behaviour imposed by metabolic demand and prey distribution, 

requiring significant time in the shallows year round. However, if predation risk was unimportant 

and turtles behaved according to variation in temperature alone, an increase in loggerhead density 

in shallow habitat during the warm season might have been expected. 

 

Several alternative explanations are possible. First, due to the general diet of loggerhead turtles, 

variation in prey distribution could not be reliably accounted for. Preliminary counts of large, 

slow-moving and sessile prey (e.g., bivalves and gastropods) did suggest higher density in shallow 
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habitats and no apparent seasonal differences (J.T., unpublished data) but the data were highly 

variable and would also only account for a fraction of loggerhead diet. Second, transect surveys 

included foraging and non-foraging animals because we were not able to discern behaviour during 

surveys, unlike studies of dugongs, which focused only on foraging animals (Wirsing et al. 2007). 

Therefore, the relative density of foragers, particularly in deep habitats, would be masked by the 

presence of animals engaged in other activities. Sympatric green turtles adjust their use of high 

risk, high food quality habitat based on body condition. However, the visual method of 

categorizing condition for green turtles (Thomson et al. 2009) did not function well for 

loggerheads and this possibility has therefore not been assessed for this species. Finally, 

loggerhead turtle behaviour may not respond to spatiotemporal variation in tiger shark abundance. 

However, this seems unlikely due to the high rate of shark-inflicted injuries (Heithaus, Frid & Dill 

2002). The possibility that loggerhead turtles modify other aspects of behaviour such as vigilance 

or dive-surfacing patterns (Heithaus & Frid 2003) to mitigate risk requires further testing. 

6.6 Acknowledgements 

We thank the Monkey Mia Dolphin Resort for accommodation and logistic support and deeply 

appreciate the help of our volunteer field assistants. This project was supported by NSERC 

Canada grant A6869 and PADI grants to L. Dill, NSF grants OCE0526065 and OCE0745606 to 

M. Heithaus, and the College of Arts and Sciences of Florida International University. J.Thomson 

was supported by NSERC Canada CGS-M and PGS-D awards and an Animal Behavior Society 

student research grant. Research was conducted under DEC permits SF002752, NE002120, 

SF005394, CE001338 and subsequent annual renewals and under SFU UACC and FIU IACUC 

certification. This is contribution no. ## from the Shark Bay Ecosystem Research Project. 

 

6.7 Reference list 

Aguilar, R., Mas, J. & Pastor, X. (1995) Impact of Spanish swordfish longline fisheries on the 

loggerhead sea turtle Caretta caretta population in the western Mediterranean. NOAA 

Technical Memorandum NMFS SEFSC, 361, 1-6. 

Baldwin, R., Hughes, G.R. & Prince, R.I.T. (2003) Loggerhead turtles in the Indian Ocean. 

Loggerhead sea turtles (eds. A.B. Bolten & B.E. Witherington), pp. 218-232. 

Smithsonian Books, Washington. 

Baum, J.K., Myers, R.A., Kehler, D.G., Worm, B., Harley, S.J. & Doherty, P.A. (2003) Collapse 

and conservation of shark populations in the Northwest Atlantic. Science, 299, 389-392. 



 

 125 

Bjorndal, K.A. (1997) Foraging ecology and nutrition of sea turtles. The biology of sea turtles 

(eds. P.L. Lutz & J.A. Musick), pp. 199-231. CRC Press, Boca Raton. 

Bjorndal, K.A. (2003) Roles of loggerhead turtles in marine ecosystems. Loggerhead sea turtles 

(eds. A.B. Bolten & B.E. Witherington), pp. 235-254. Smithsonian Books, Washington.  

Bolten, A.B. & Witherington, B.E. (2003) Loggerhead sea turtles. Smithsonian Books, 

Washington. 

Burnham, K.P. & Anderson, D.R. (2004) Multimodel inference: understanding AIC and BIC in 

model selection. Sociological Methods & Research, 33, 261-304. 

Cardona, L., Revelles, M., Carreras, C., San Félix, M., Gazo, M. & Aguilar, A. (2005) Western 

Mediterranean immature loggerhead turtles: habitat use in spring and summer assessed 

through satellite tracking and aerial surveys. Marine Biology, 147, 583-591. 

Carreras, C., Cardona, L. & Aguilar, A. (2004) Incidental catch of the loggerhead turtle Caretta 

caretta off the Balearic Islands (western Mediterranean). Biological Conservation, 117, 

321-329. 

Casale, P., Abbate, G., Freggi, D., Conte, N., Oliverio, M. & Argano, R. (2008) Foraging ecology 

of loggerhead sea turtles Caretta caretta in the central Mediterranean Sea: evidence for a 

relaxed life history model. Marine Ecology Progress Series, 372, 265-276. 

Chaloupka, M. (2003) Stochastic simulation modelling of loggerhead population dynamics given 

exposure to competing mortality risks in the Western South Pacific. Loggerhead sea 

turtles (eds. A.B. Bolten & B.E. Witherington), pp. 274-294. Smithsonian Books, 

Washington.  

Chaloupka, M. & Limpus, C. (2001) Trends in the abundance of sea turtles resident in southern 

Great Barrier Reef waters. Biological Conservation, 102, 235-249. 

Department of Sustainability, Environment, Water, Population and Communities (2009) EPBC 

Act List of Threatened Fauna. Online. URL: http://www.environment.gov.au/cgi-

bin/sprat/public/publicthreatenedlist.pl?wanted=fauna. Viewed on 2-March-2011. 

Dill, L.M., Heithaus, M.R. & Walters, C.J. (2003) Behaviorally mediated indirect interactions in 

marine communities and their conservation implications. Ecology, 84, 1151-1157. 

Dodd, C.K. (1988) Synopsis of the biological data on the loggerhead sea turtle Caretta caretta 

(Linnaeus 1758). Biological Report of the US Fish and Wildlife Service, 88 (14). 

Eguchi, T., Gerrodette, T., Pitman, R.L., Seminoff, J.A. & Dutton, P.H. (2007) At-sea density and 

abundance estimates of the olive ridley turtle Lepidochelys olivacea in the eastern tropical 

Pacific. Endangered Species Research, 3, 191-203. 

Epperly, S.P., Braun, J., Chester, A.J., Cross, F.O., Merriner, J.V. & Tester, P.A. (1995) Winter 

distribution of sea turtles in the vicinity of Cape Hatteras and their interactions with the 

summer flounder trawl fishery. Bulletin of Marine Science, 56, 547-568. 

Erhart, L.M., Baley, D.A. & Redfoot, W.E. (2003) Loggerhead turtles in the Atlantic Ocean: 

geographic distribution, abundance and population status. Loggerhead sea turtles (eds. 

A.B. Bolten & B.E. Witherington), pp. 157-174. Smithsonian Books, Washington. 



 

 126 

Fish, M.R., Côté, I.M., Gill, J.A., Jones, A.P., Renshoff, S. & Watkinson, A.R. (2005) Predicting 

the impact of sea-level rise on Caribbean sea turtle nesting habitat. Conservation Biology, 

19, 482-491. 

Frid, A., Baker, G.G. & Dill, L.M. (2008) Do shark declines create fear-released systems? Oikos, 

117, 191-201. 

Godley, B.J., Smith, S.M., Clark, P.F. & Taylor, J.D. (1997) Molluscan and crustacean items in 

the diet of the loggerhead turtle, Caretta caretta (Linnaeus, 1758) [Testudines: 

Chelonidae] in the eastern Mediterranean. Journal of Molluscan Studies, 63, 474-476. 

Gómez de Segura, A., Tomás, J., Pedraza, S.N., Crespo, E.A. & Raga, J.A. (2003) Preliminary 

patterns of distribution and abundance of loggerhead sea turtles, Caretta caretta, around 

Columbretes Islands Marine Reserve, Spanish Mediterranean. Marine Biology, 143, 817-

823. 

Gómez de Segura, A., Tomás, Pedraza, S.N., Crespo, E.A. & Raga, J.A. (2006) Abundance and 

distribution of the endangered loggerhead turtle in Spanish Mediterranean waters and the 

conservation implications. Animal Conservation, 9, 199-206. 

Hawkes, L.A., Broderick, A.C., Coyne, M.S., Godfrey, M.H., Lopez-Jurado, L.F., Lopez-Suarez, 

P., Merino, S.E., Varo-Cruz, N. & Godley, B.J. (2006) Phenotypically linked dichotomy 

in sea turtle foraging requires multiple conservation approaches. Current Biology, 16, 

990-995. 

Hawkes, L.A., Broderick, A.C., Godfrey, M.H. & Godley, B.J. (2007) Investigating the potential 

impacts of climate change on a marine turtle population. Global Change Biology, 13, 923-

932. 

Hays, G.C., Metcalfe, J.D. & Walne, A.W. (2004) The implications of lung-regulated buoyancy 

control for dive depth and duration. Ecology, 85, 1137-1145. 

Heithaus, M.R. (2001) The biology of tiger sharks, Galeocerdo cuvier, in Shark Bay, Western 

Australia: sex ratio, size distribution, and seasonal changes in catch rates. Environmental 

Biology of Fishes, 61, 25-36. 

Heithaus, M.R. & Dill, L.M. (2002) Food availability and tiger shark predation risk influence 

bottlenose dolphin habitat use. Ecology, 83, 480-491. 

Heithaus, M.R., Frid, A. & Dill, L.M. (2002) Shark-inflicted injury frequencies, escape ability, 

and habitat use of green and loggerhead turtles. Marine Biology, 140, 229-236. 

Heithaus, M.R. & Frid, A. (2003) Optimal diving under the risk of predation. Journal of 

Theoretical Biology, 223, 79-92. 

Heithaus, M.R. (2005) Habitat use and group size of pied cormorants (Phalacrocorax varius) in a 

seagrass ecosystem: possible effects of food abundance and predation risk. Marine 

Biology, 147, 27-35. 

Heithaus, M.R., Frid, A. Wirsing, A.J., Bejder, L. & Dill, L.M. (2005) Biology of sea turtles under 

risk from tiger sharks at a foraging ground. Marine Ecology Progress Series, 288, 285-

294. 



 

 127 

Heithaus, M.R., Hamilton, I.M., Wirsing, A.J. & Dill, L.M. (2006) Validation of a randomization 

procedure to assess animal habitat preferences: microhabitat use of tiger sharks in a 

seagrass ecosystem. Journal of Animal Ecology, 75, 666-676. 

Heithaus, M.R., Frid, A., Wirsing, A.J., Dill, L.M., Fourqurean, J.W., Burkholder, D., Thomson, 

J. & Bejder, L. (2007) State-dependent risk-taking by green sea turtles mediates top-down 

effects of tiger shark intimidation in a marine ecosystem. Journal of Animal Ecology, 76, 

837-844. 

Heithaus, M.R., Wirsing, A.J., Burkholder, D., Thomson, J. & Dill, L.M. (2009) Towards a 

predictive framework for predator risk effects: the interaction of landscape features and 

prey escape tactics. Journal of Animal Ecology, 78, 556-562. 

Hochscheid, S., McMahon, C.R., Bradshaw, C.J.A., Maffucci, F., Bentivegna, F. & Hays, G.C. 

(2007b) Allometric scaling of lung volume and its consequences for marine turtle diving 

performance. Comparative Biochemistry and Physiology, Part A, 148, 360-367. 

Johnson, J.B. & Omland, K.S. (2004) Model selection in ecology and evolution. Trends in 

Ecology & Evolution, 19, 101-108. 

Lazar, B., Gracan, R., Katic, J., Zavodnik, D., Jaklin, A. & Tvrtkovic, N. (2011) Loggerhead sea 

turtles (Caretta caretta) as bioturbators in neritic habitats: an insight through the analysis 

of benthic molluscs in the diet. Marine Ecology, 32, 65-74. 

Lewison, R.L., Freeman, S.A. & Crowder, L.B. (2004) Quantifying the effects of fisheries on 

threatened species: the impact of pelagic longlines on loggerhead and leatherback sea 

turtles. Ecology Letters, 7, 221-231. 

Lima, S.L. & Dill, L.M. (1990) Behavioral decisions made under the risk of predation: a review 

and prospectus. Canadian Journal of Zoology, 68, 619-640. 

Lima, S.L. (1998) Nonlethal effects in the ecology of predator-prey interactions: what are the 

ecological effects of anti-predator decision-making? Bioscience, 48, 25-34. 

Limpus, C.J., De Villiers, D.L., De Villiers, M.A., Limpus, D.J. & Read, M.A. (2001) The 

loggerhead turtle, Caretta caretta, in Queensland: Feeding ecology in warm temperate 

waters. Memoirs of the Queensland Museum, 46, 631-645. 

Limpus, C.J. & Limpus, D.J. (2003) Loggerhead turtles in the equatorial and southern Pacific 

Ocean: a species in decline. Loggerhead sea turtles (eds. A.B. Bolten & B.E. 

Witherington), pp. 199-209. Smithsonian Books, Washington.  

Lutcavage, M.E. & Lutz, P.L. (1997) Diving physiology. The biology of sea turtles (eds. P.L. Lutz 

& J.A. Musick), pp. 277-296. CRC Press, Boca Raton. 

Marcovaldi, M.A. & Chaloupka, M. (2007) Conservation status of the loggerhead sea turtle in 

Brazil: an encouraging outlook. Endangered Species Research, 3, 133-143. 

Marine Turtle Specialist Group (1996) Caretta caretta. In: IUCN 2010. IUCN Red List of 

Threatened Species. Version 2010.4. <www.iucnredlist.org>. Downloaded on 02 

November 2010. 

Marsh, H. & Saalfeld, W.K. (1989) Distribution and abundance of dugongs in the northern Great 

Barrier Reef marine park. Australian Wildlife Research, 16, 429-40. 



 

 128 

Marsh, H. & Sinclair, D.F. (1989a) Correcting for visibility bias in strip transect aerial surveys of 

aquatic fauna. Journal of Wildlife Management, 53, 1017-1024. 

Marsh, H. & Sinclair, D.F. (1989b) An experimental evaluation of dugong and sea turtle aerial 

survey techniques. Australian Wildlife Research, 16, 639-650. 

Marsh, H., De’eath, G., Gribble, N. & Lane, B. (2005) Historical marine population estimates: 

triggers or targets for conservation? The dugong case study. Ecological Applications, 15, 

481-492. 

McClellan, C.M., Braun-McNeill, J., Avens, L., Wallace, B.P. & Read, A.J. (2010) Stable 

isotopes confirm a foraging dichotomy in juvenile loggerhead sea turtles. Journal of 

Experimental Biology and Ecology, 387, 44-51. 

McClenachan, L., Jackson, J.B.C. & Newman, M.J.H. (2006) Conservation implications of 

historic sea turtle nesting beach loss. Frontiers in Ecology and the Environment, 4, 290-

296. 

McDaniel, C.J., Crowder, L.B. & Priddy, J.A. (2000) Spatial dynamics of sea turtle abundance 

and shrimping intensity in the U. S. Gulf of Mexico. Ecology and Society, 4, 15. 

<http://www.consecol.org/vol4/iss1/art15/> 

Minamikawa, S., Naito, Y. & Uchida, I. (1997) Buoyancy control in diving behavior of the 

Loggerhead Turtle, Caretta caretta. Journal of Ethology, 15, 109-118. 

Minamikawa, S., Naito, Y., Sato, K., Matsuzawa, Y., Bando, T. & Sakamoto, W. (2000) 

Maintenance of neutral buoyancy by depth selection in the loggerhead turtle Caretta 

caretta. Journal of Experimental Biology, 203, 2967-2975. 

Mortimer, J.A. (1982) Feeding ecology of sea turtles. Biology and conservation of sea turtles (ed. 

K.A. Bjorndal), pp. 103-109. Smithsonian Institution Press, Washington. 

Plotkin, P.T., Wicksten, M.K. & Amos, A.F. (1993) Feeding ecology of the loggerhead sea turtle 

Caretta caretta in the Northwestern Gulf of Mexico. Marine Biology, 115, 1-15. 

Pollock, K.H., Marsh, H.D., Lawler, I.R. & Alldredge, M.W. (2006) Estimating animal abundance 

in heterogeneous environments: an application to aerial surveys for dugongs. Journal of 

Wildlife Management, 70, 255-262. 

Preen, A.R. (1996) Infaunal mining: a novel foraging method of loggerhead turtles. Journal of 

Herpetology, 30, 94-96. 

Preen, A.R., Marsh, H., Lawler, I.R., Prince, R.I.T. & Shepherd, R. (1997) Distribution and 

abundance of dugongs, turtles, dolphins and other megafauna in Shark Bay, Ningaloo 

Reef and Exmouth Gulf, Western Australia. Wildlife Research, 24, 185-208. 

Schmitz, O.J., Beckerman, A.P. & O’Brien, K.M. (1997) Behaviorally mediated trophic cascades: 

effects of predation risk on food web interactions. Ecology, 78, 1388-1399. 

Seminoff, J.A. & Shanker, K. (2008) Marine turtles and IUCN Red Listing: a review of the 

process, the pitfalls, and novel assessment approaches. Journal of Experimental Marine 

Biology and Ecology, 356, 52-68. 



 

 129 

Shoop, C.R. & Kenney, R.D. (1992) Seasonal distributions and abundances of loggerhead and 

leatherback sea turtles in waters of the northeastern United States. Herpetological 

Monographs, 6, 43-67. 

Sinclair, A.R.E. & Arcese, P. (1995) Population consequences of predation-sensitive foraging: the 

Serengeti Wildebeest. Ecology, 76, 882-891. 

Thomson, J.A., Burkholder, D., Heithaus, M.R. & Dill, L.M. (2009) Validation of a rapid visual-

assessment technique for categorizing the body condition of green turtles (Chelonia 

mydas) in the field. Copeia, 2009, 251-255. 

Tomas, J., Aznar, F.J. & Raga, J.A. (2001) Feeding ecology of the loggerhead turtle Caretta 

caretta in the western Mediterranean. Journal of Zoology, London, 255, 525-532. 

Wallace, B.P., DiMatteo, A.D., Hurley, B.J., Finkbeiner, E.M., Bolten, A.B., Chaloupka, M., 

Hutchinson, B.J., Abreu-Grobois, F.A., Amorocho, D., Bjorndal, K.A., Bourjea, J., 

Bowen, B.W., Briseño Dueñas, R., Casale, P., Choudhury, B.C., Costa, A., Dutton, P.H., 

Fallabrino, A., Girard, A., Girondot, M., Godfrey, M.H., Hamann, M., López-

Mendilaharsu, M., Marcovaldi, M.A., Mortimer, J.A., Musick, J.A., Nel, R., Pilcher, N.J., 

Seminoff, J.A., Troëng, S., Witherington, B. & Mast, R.B. (2010) Regional management 

units for marine turtles: a novel framework for prioritizing conservation and research 

across multiple scales. PLoS ONE, 5, 1-11.  

Wirsing, A.J., Crane K., Heithaus, M.R., Charles, D. & Dill, L.M. (2004) Pilot study of 

loggerhead turtles in the Shark Bay World Heritage Area: movements and community 

based observation. Final report to the Department of Environment and Heritage. 23 pp. 

Wirsing, A.J., Heithaus, M.R. & Dill, L.M. (2007) Fear factor: do dugongs (Dugong dugon) trade 

food for safety from tiger sharks (Galeocerdo cuvier)? Oecologia, 153, 1031-1040. 

Witherington, B.E. (2003) Biological conservation of loggerheads: challenges and opportunities. 

Loggerhead sea turtles (eds. A.B. Bolten & B.E. Witherington), pp. 295-311. 

Smithsonian Books, Washington. 

Witherington, B., Kubilis, P., Brost, B. & Meylan, A. (2009) Decreasing annual nest counts in a 

globally important loggerhead sea turtle population. Ecological Applications, 19, 30-54. 

Zuur, A.F., Ieno, E.N., Walker, N.J., Saveliev, A.A. & Smith, G.M. (2009) Mixed effects models 

and extensions in ecology with R. Springer, New York. 



 

 130 

7: Summary and Prospectus 

The conservation of long-lived, wide-ranging marine vertebrates is often hampered by difficulties 

in quantifying spatiotemporal patterns of abundance and behaviour. Marine turtles typify this 

scenario and, while our understanding of their habits has increased rapidly since pioneering work 

by Archie Carr in the 1950’s, knowledge of some life stages or population subgroups (e.g., 

oceanic-stage juveniles) lags well behind that of others (e.g., reproductive females on nesting 

grounds). The activities of neritic-stage juvenile and adult chelonid turtles on foraging grounds 

represent a major knowledge gap with important implications for conservation due to the high 

reproductive value of these individuals and their per capita influence on population growth rates 

(Crouse, Crowder & Caswell 1987). Long-term research projects in accessible foraging areas 

(e.g., Limpus, Couper & Read 1994a,b; Heithaus et al. 2005) and a trend toward the integration of 

traditional (e.g., flipper tagging and aerial surveys) and novel (e.g., satellite telemetry and stable 

isotope analysis) research techniques have made substantial progress in this regard in recent years. 

 

All extant species of marine turtle are included on the IUCN Red List of Threatened Species 

(although the flatback turtle, Natator depressus, is considered Data Deficient). However, an 

important debate has arisen regarding the efficacy of global species assessments for migratory, 

widely distributed organisms (Seminoff & Shanker 2008; Hamann et al. 2010). Global assessment 

criteria do not account for sub-species variation in population trajectories and, in many cases, the 

data necessary for reliable assessments are lacking. Wallace et al. (2010) proposed a framework 

for multi-scale management of marine turtles, dividing species distributions into Regional 

Management Units (RMU) based on genetic, flipper tagging and other data sources. Others have 

also called for integrative management strategies to address threats affecting population subgroups 

differentially (Hawkes et al. 2006; McClellan et al. 2010), which appear warranted given the 

recent finding of behavioural plasticity within many chelonid populations (e.g., Hatase et al. 2002, 

2006; Reich et al. 2010; Vander Zanden et al. 2010). 
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While certainly the way forward, these multi-faceted assessment and management approaches 

come with greatly increased research requirements. It is in this context that I hope this dissertation 

will have its greatest impact. By integrating several traditional and novel field and analytical 

techniques, I have demonstrated methods that can be applied to study marine turtle populations in 

coastal foraging habitat, over different spatial scales, to inform marine turtle status assessments 

and conservation planning. Within Shark Bay, I have quantified the abundance, distribution and 

behaviour of loggerhead turtles, which are currently considered Endangered at both the national 

(Department of Sustainability, Environment, Water, Population and Communities 2009) and 

international (Marine Turtle Specialist Group 1996) levels, on a relatively pristine sand-seagrass 

foraging ground. 

 

Several conclusions can be drawn from my research regarding the loggerhead turtle foraging 

population in Shark Bay: 1) loggerheads are present in high densities in our study area in Shark 

Bay’s Eastern Gulf year round, although density was nearly twice as high during the Austral 

summer than during winter; 2) loggerhead density in the study area appears high and stable based 

on ten years of standardized transect sampling, providing an important regional abundance index – 

albeit over a limited spatial scale – for this population; 3) a substantial proportion of the 

population shows remarkably strong foraging site fidelity, returning to small areas over multiple 

years, presumably encompassing multiple reproductive migrations; 4) within the study area, 

loggerhead distribution is variable, with higher densities in deep relative to shallow habitats and 

Cape Rose supporting particularly high densities; 5) the foraging tactics of loggerhead turtles are 

consistent with those described elsewhere, with turtles feeding opportunistically on diverse 

benthic invertebrate prey, particularly in shallow sand-seagrass habitat; and 6) the habits of 

immature and small adult loggerheads in Shark Bay appear to differ from those of larger adults, 

warranting further research into their long-term movements and foraging tactics. 

 

More broadly, in Chapter Two I have gained preliminary insight into the niche dynamics of 

foraging loggerhead populations. Isotopic data for adult female loggerheads on nesting grounds in 

other regions has suggested consistent among-individual differences in foraging (Hatase et al. 

2002; Reich et al. 2010; Vander Zanden et al. 2010). However, such variation could reflect 

differences in diet (i.e., specialization within foraging areas) or isotopic characteristics of 

preferred migratory routes and foraging habitat. In Shark Bay, isotope and behavioural data 

provide evidence that such variation is likely to arise from fidelity to migratory and foraging 
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habitat, while no evidence of foraging specialization among large adults was found. The AVED 

data set was limited by short video duration and a small number of deployments; however, this 

chapter demonstrated the considerable power of AVED systems as a research tool. Particularly 

when integrated with stable isotope analysis, AVED data can provide detailed insight into a 

species’ foraging tactics, dietary niche and sources of intrapopulation niche variation, which are 

critical for informed management. Furthermore, AVED units are useful for informing the 

interpretation of dive records from stand-alone time-depth recorder deployments, which are more 

affordable and easily obtained. 

 

Of particular importance in this dissertation was the first rigorous analysis of marine turtle diving 

behaviour in the context of at-sea population surveys, and the novel methods developed to 

incorporate diving variability and uncertainty into analyses of survey data. Uncertainty 

surrounding dive-surfacing patterns and their impact on aerial and boat-based counts has been a 

long-standing problem for at-sea marine turtle research (e.g., Marsh & Sinclair 1989; Shoop & 

Kenney 1992; Preen et al. 1997; Gómez de Segura et al. 2006; Eguchi et al. 2007). Hence, mark-

recapture and nest count data for reproductive females have been most commonly used for 

population studies. However, these studies suffer from neglecting important components of 

populations (i.e., males and non-reproductive females) and, while providing informative indices of 

population trends, cannot provide insight into distribution patterns along migratory routes or in 

feeding areas or be used to address management issues in these areas (e.g., McDaniel, Crowder & 

Priddy 2000). The methods developed here can be applied at various spatial scales to obtain 

reliable spatiotemporal abundance indices for effective monitoring and management. 

 

More generally, the availability bias problem is common to surveys of all diving taxa surveyed at 

sea by boat or plane. For example, Read & Wade (2000) recently reviewed the status of 

odontocetes in the United States, concluding that population estimates for sperm whales (Physeter 

macrocephalus) are lacking due to inadequate dive correction factors. Kasamatsu & Joyce (1995) 

similarly stated that estimates of odontocete populations in Antarctic waters rest in part on the 

assumption that dive-surfacing patterns are uniform across all survey conditions, which is unlikely 

to be true. While most influential for taxa with long-diving capability, the availability component 

of detection probability can also lead to substantial bias in surveys of short divers such as harbour 

porpoise (Phocoena phocoena, Laake et al. 1997) and dugongs (Dugong dugon, Pollock et al. 

2006). Thus, methods for quantifying and incorporating heterogeneous availability bias into 
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analyses of survey data have wide application among diving taxa. In fact, surface to dive ratios 

have also recently been applied to adjust aerial surveys of whale sharks (Rhincodon typus), which 

spend some time near the surface where they can be seen and some time at depth where they are 

out of view (Rowat et al. 2008); spatiotemporal patterning of depth use may be an interesting line 

of research for this species as well. At its most general level, my findings re-iterate the importance 

of considering sources of non-random variation in detection probability during survey design and 

employing analytical methods that can account for this variation (MacKenzie & Kendall 2002). 

 

Looking forward, marine turtle research should focus on obtaining reliable abundance indices 

from regional to larger spatial scales in order to enable effective monitoring and conservation 

status assessments. Given the results of this dissertation, prioritizing diving studies to allow 

accurate adjustment of count data from at-sea surveys appears to be an important step toward this 

goal. Furthermore, community-level studies in loggerhead foraging habitat require an 

understanding of the functional role played by these generalist consumers. While diet data are 

readily available in the literature, data on foraging rates relative to prey availability and the 

impacts of loggerhead foraging are not well known. Animal-borne video systems appear well 

suited to this purpose, while stable isotope studies can provide insight into loggerhead trophic 

interactions in benthic communities over longer time frames. Finally, large-scale comparative 

studies among loggerhead populations subject to different levels of anthropogenic pressure are 

required and relatively pristine sites such as Shark Bay may function as a baseline for such work. 

Thus, collection of similar data sets in more impacted regions is an important goal for loggerhead 

conservation and the preservation of coastal habitats in general. 
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8: General Appendix 

Appendix A: A paper published while I was an M.Sc. student at Simon Fraser University, prior to 

transferring into the Ph.D. program. A PDF version can be found on the enclosed DVD. 

Thomson, J.A., Burkholder, D., Heithaus, M.R. & Dill, L.M. (2009) Validation of a rapid visual-

assessment technique for categorizing the body condition of green turtles (Chelonia 

mydas) in the field. Copeia, 2009, 251-255. 
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