Health assessment and hatching
success of two Western Australian
loggerhead turtle (Caretta caretta)
populations

Sabrina Trocini DVM, MVS (Cons Med)

This thesis is presented for the degree of Doctor of Philosophy
Murdoch University
2013

ii

I declare that this thesis is my own account of my research and
contains as its main content work which has not previously been
submitted for a degree at any tertiary education institution.

....................................
Sabrina Trocini

iii

iv

“Any glimpse into the life of an animal quickens our
own and makes it so much the larger and better in
every way.” John Muir

v

vi

Abstract
Most of the existing sea turtle populations worldwide are in decline, and
loggerhead turtles (Caretta caretta), in particular, are listed as Endangered. The
loggerhead nesting population in Western Australia is the largest nesting
population in Australia and one of the largest in the Indian Ocean and the world.
This research project investigated hatching success and health, two critical
aspects for loggerhead turtle conservation and management, on two important
nesting sites in Western Australia: Turtle Bay on Dirk Hartog Island and
Bungelup Beach in Cape Range National Park. This project undertook an interdisciplinary approach encompassing the disciplines of conservation medicine,
ecology and epidemiology to investigate questions about sea turtle conservation
that could not be addressed by any of these disciplines alone.
Morphological and reproductive measurements were collected during two
nesting seasons, between 2006 and 2008, obtaining important baseline
reproductive data about the Western Australian population. It was found that the
presence of deformed and yolkless eggs was associated with smaller clutch
size. At the same time several biotic and abiotic factors were assessed in
relation to embryonic and hatchling mortality.

Hatching success was

significantly reduced by high temperatures during the pre-emergent period, the
presence of roots in the nest and nest location along the beach. Results
suggest that bacterial contamination of sand on the high nesting density beach
sectors may, in part, be responsible for the differences in hatching success
along the beach. High nest temperature during the pre-emergent period also
significantly reduced emergence success and influenced emergence patterns
vii

and duration. Prolonged emergence duration, associated with increased nest
temperatures, may further reduce hatchling survival due to diminished energy
reserves and increased risk of predation.
On the mainland nesting site, Bungelup Beach, predation of eggs and
hatchlings severely limited reproductive success with over 80% of the monitored
nests showing signs of partial or complete predation. In contrast with that
reported in the literature, ghost crabs (Ocypode spp) were the main predator at
this site and the first among the identified predators to dig into nests. Perentie
(Varanus giganteus) and introduced foxes (Vulpes vulpes) also predated on
eggs and hatchlings, making the level of predation recorded unlikely to be
sustainable in the long term.
Health monitoring of the nesting populations enabled the determination of
baseline blood health parameters and toxin levels in blood. Two cases of
fibropapillomatosis were confirmed for the first time in Western Australian
loggerhead turtles. Changes in the leukogram and some biochemical
parameters were detected in association with the presence of barnacles, in
particular burrowing barnacles. In order to establish the connection between the
nesting turtles’ health and reproductive success, maternal health indices were
compared to hatching success and reproductive output. Several blood health
parameters, including alpha and gamma proteins, iron, zinc and vitamin E
levels, were correlated with hatching success or clutch size, suggesting that
these parameters influence reproduction in loggerhead turtles. Additionally, sea
turtles with reproductive abnormalities, such as soft-shelled or deformed eggs,
had higher blood mercury levels than turtles without any egg or clutch
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abnormalities. This finding raises important questions about the toxic effect of
mercury, at low blood concentrations, on sea turtle reproduction.
During the health assessment, a novel intraerythrocytic protozoal parasite
species, similar to a malaria parasite (Haemoproteus and Plasmodium spp),
was identified for the first time in sea turtles and was described through the use
of light microscopy and diagnostic molecular techniques. The phylogenetic
analysis indicated that this new parasite is closely related to other
haemosporidia isolated from chelonians, but is well separated from malaria
parasites isolated from other hosts (e.g. mammals, birds and other reptiles).
This parasite appears to be largely benign. Although parasitaemia was low in all
infected individuals, further studies are required to assess the potential impact
of this haemoparasite on sea turtle fitness.
In conclusion, this study provided further understanding of factors affecting
reproductive success, identified threats to the Western Australian nesting
population whilst at the same time enabling assessment of the general health of
nesting loggerhead turtles in Western Australia.
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Chapter 1

General Introduction
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1.1 Background
Australian waters host important foraging grounds and migratory routes for six of
the seven sea turtle species: loggerhead turtles (Caretta caretta), green turtles
(Chelonia mydas), hawksbill turtles (Eretmochelys imbricata), olive ridley turtles
(Lepidochelys olivacea), flatback turtles (Natator depressus) and leatherback
turtles (Dermochelys coriacea) (Environment Australia 2003). Additionally, key
nesting grounds for four of these species (green, flatback, loggerhead and
hawksbill turtles) are located in Australia (Prince 1993). The most abundant turtle
species breeding in Western Australia include loggerhead, green and flatback
turtles (Prince 1993).
The loggerhead nesting population in eastern Australia declined by 86% between
the 1970s and 2000 (Limpus & Limpus 2003; Limpus 2008). It is therefore critical
to obtain baseline population data and to assess the impacts of threatening
processes on the Western Australian loggerhead nesting population, which is
among the largest in the world (Baldwin et al. 2003). The work reported in this
thesis focused on two important loggerhead turtle nesting grounds in Western
Australia: Turtle Bay on Dirk Hartog Island within the Shark Bay region, the largest
loggerhead nesting site in Australia, and Bungelup Beach at Cape Range National
Park, one of the few significant mainland loggerhead rookeries in Western
Australia (Figure 1.1).
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Figure 1.1 Location of the two study sites: Turtle Bay at Dirk Hartog Island and
Bungelup Beach at Cape Range National Park.
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1.1.1 Reproduction of sea turtles and their life cycle
Life cycle characteristics are similar in all sea turtle species and are characterised
by a breeding migration (of variable distance) from foraging areas to mating and
nesting areas (Figure 1.2, Lanyon et al. 1989). Loggerhead turtles show a high
level of philopatry, meaning that females return to the same nesting area in
successive years (Dodd Jr 1988). Also within the same nesting season,
loggerhead turtles tend to re-nest within 5 km or less during successive nesting
attempts (reviewed in Miller 1997; Schroeder et al. 2003). This behavioural trait
raised the possibility that the strong nesting site fidelity may be associated to natal
homing. In fact, genetic data has proven that there is a strong link between the
breeding turtles and the region of their birth (Bowen et al. 1993). Similarly, males
migrate to breeding areas located close to their natal beaches (FitzSimmons et al.
1997a; Fitzsimmons et al. 1997b).
Following mating, males return to their feeding areas, while females spend several
months at the nesting area laying their clutches. Typically, adult loggerheads from
regional nesting grounds do not converge at a few foraging sites. Rather, most
studied loggerhead rookeries are characterised by several high site-fidelity feeding
areas across an extensive geographic range (Schroeder et al. 2003). Equally, sea
turtles within the same foraging area are expected to disperse to widely scattered
breeding and nesting sites (Limpus & Limpus 2003; Limpus 2008).
Loggerhead turtles have iteroparous reproduction both within and among years,
nesting on average three to five times within the same nesting season (Miller et al.
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2003); however, typically adult females do not reproduce in consecutive years
(Dodd Jr 1988). The remigration intervals (i.e. inter-seasonal nesting intervals) can
vary from one to more than nine years (Dodd Jr 1988) and is, on average, 2.5 to 3
years (Schroeder et al. 2003).
Hatchlings emerge from their nests 6.5 to 13 weeks after deposition (depending on
the nest temperature), typically at night when the sand temperature drops (Miller et
al. 2003). Hatchlings begin their oceanic phase following a swim frenzy stage
which is thought to take them to the major offshore currents that serve as moving,
open-sea nursery grounds (Bolten 2003b; Lohmann & Lohmann 2003). Immature
juvenile loggerhead turtles recruiting to coastal feeding habitats are estimated to be
between 6.5 to 11.5 years old (Bjorndal 1999), although estimates from eastern
Australia indicate that the pelagic phase may last longer than 10 years (Limpus &
Limpus 2003). Loggerhead turtles are thought to reach sexual maturity around 35
years of age (Heppell et al. 1996).
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Figure 1.2 Generalised life cycle of sea turtles from Lanyon et al. (1989).
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1.1.2 Conservation status and threats
The International Union for Conservation of Nature and Natural Resouces (IUCN)
recognised the global decline of sea turtle populations, assigning the Vulnerable,
Endangered or Critically Endangered status to all species, except for the flatback
turtle which is listed as Data Deficient (IUCN 2012). Likewise, the Convention for
the Conservation of Migratory Species of Wild Animals (CMS) and the Convention
on International Trade in Endangered Species of Wild Fauna and Flora (CITES)
also highlight the global decline of sea turtles by listings in their appendices.
Australia is a signatory country to both conventions. Loggerhead turtles’ threatened
status has been acknowledged internationally by the IUCN that listed this species
as Endangered. Nationally loggerhead turtles are also listed as Endangered under
the Environment Protection and Biodiversity Protection Act 1999 (EPBC Act) and
as Rare or Likely to Become Extinct under the Western Australian Wildlife
Conservation Act 1950.
The decline of most sea turtle populations is predominantly attributed to
anthropogenic causes, such as fisheries related mortality, direct take, dredging,
boat collision pollution and changes associated to climate change (e.g. Magnuson
et al. 1990; Lutcavage et al. 1997; Mascarenhas et al. 2004; Hazel & Gyuris 2006;
Chaloupka et al. 2008; Limpus 2008; Müller et al. 2012). In the United States and
Indonesia the increased prevalence of marine turtle fibropapillomatosis has also
been associated with high levels of urban and industrial coastal development and
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consequent habitat degradation close to foraging areas (Adnyana et al. 1997;
Aguirre & Lutz 2004; Foley et al. 2005).
Threats at nesting beaches include: coastal development and beach lighting, egg
poaching, vehicle and foot traffic, obstacles (e.g. debris, recreational and work
equipment), introduced predators and/or pest plant species (e.g.Magnuson et al.
1990; Pilcher 1999; Witherington 1999; Garcia et al. 2003; Tuxbury & Salmon
2005; Engeman et al. 2010). Additionally, nesting grounds are expected to be
particularly vulnerable to current and predicted future climatic processes
associated with climate change, i.e. increased temperatures, sea level rise and
extreme weather events (Hawkes et al. 2009; Fuentes et al. 2011).
Causes of sea turtle mortality in Western Australia due to anthropogenic causes
have mostly not been quantified, but are believed to be related to industrial
activities (dredging, boat collision), accidental fishery by-catch, indigenous take,
industrial light pollution on nesting beaches, vehicle traffic on beaches and
predation by introduced red foxes (Vulpes vulpes) (Baldwin et al. 2003; Pendoley
2005; Limpus 2008).

1.1.3 Western Australian loggerhead turtles
There are two genetic stocks of loggerhead turtles in Australia, identified by the
area in which they aggregate for breeding: the eastern Australian stock and the
Western Australian stock (FitzSimmons et al. 1996; Pacioni et al. 2012). While the
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eastern Australian stock has been extensively studied and monitored since 1968
(Limpus 1985; Limpus & Limpus 2003; Limpus 2008), comparably little is known
about the loggerhead turtle nesting in Western Australia.
The two major loggerhead rookeries in Western Australia are: Northern Dirk Hartog
Island in Shark Bay and Muiron Island in the Exmouth Gulf (Prince 1993, 1994).
Current data suggest that loggerhead turtles nesting at Dirk Hartog Island
represent 70-75% of the nesting loggerheads found in the south-eastern Indian
Ocean (Baldwin et al. 2003). On the mainland coast of north-west Australia the two
loggerhead nesting grounds with higher nesting density are Bungelup Beach within
the Cape Range National Park and the recently identified Gnarloo Bay (Richards et
al. 2005a; Hattingh et al. 2011). Tag recovery data and the first satellite tracking
data suggest that some of the loggerheads nesting on Dirk Hartog Island and in the
Ningaloo region, forage within Shark Bay, but more distant dispersal locations have
also been reported (Baldwin et al. 2003; Mau et al. 2012). Two tag recoveries were
reported from locations off the north and east of the Arnhem Land coasts (Northern
Territory) and one from Indonesian waters in the Java Sea (Baldwin et al. 2003).
Similarly, one turtle nesting at Bungelup Beach migrated north-east moving into
neritic habitats off the Cape York peninsula in Queensland (Mau et al. 2012).
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1.2 Research context
Improving knowledge on embryology and hatchling production is considered a
research priority and a fundamental component for nesting beach management
(Richardson 1999; Hamann et al. 2010). Although there is a great wealth of
published literature focusing on hatchling production over the past four decades
several knowledge gaps remain (Hamann et al. 2010). No consensus has been
reached regarding the primary environmental factors driving hatching success
(Ditmer & Stapleton 2012) and there can be important regional differences.
Also, studies that address the health of marine animals are recognised as
increasingly important due to the growing pressure on the marine ecosystem from
factors including coastal development, pollutants and global warming (Harvell et al.
1999; Stachowitsch 2003; Deem 2004; Lafferty et al. 2004; Wilcox & Aguirre 2004).
Recent evidence shows that sea turtles may be particularly vulnerable to
pollutants, infectious agents and biotoxins, resulting in compromised physiology,
impaired immune function and/or increased disease prevalence (Aguirre et al.
2002). Sea turtles may therefore serve as indicators of marine ecosystem health
(Aguirre & Lutz 2004). Although the number of studies regarding sea turtle health
and disease has increased in the last decade along with the interest in wildlife and
environmental health (e.g. Herbst & Jacobson 1995; George 1997; Deem et al.
2001; Deem et al. 2003; Herbst & Jacobson 2003; Flint et al. 2009), there is still
only limited knowledge on how sea turtles’ health relates to their reproductive
success (Perrault et al. 2012).
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Although several population models have demonstrated that for long-lived and
slow-maturing species, such as sea turtles, survival of juvenile and adult life stages
is critical to ensure population growth (Crouse et al. 1987; Heppell et al. 1996),
recent empirical studies (Dutton et al. 2005; Marcovaldi & Chaloupka 2007) and
simulations (Mazaris et al. 2005) have shown that egg and hatchling protection
play a critical part in the recovery of declining sea turtle stocks. These recent
findings emphasise the importance of continued research and conservation efforts
to reduce egg loss and enhance hatchling survival.

1.3 Aims and Objectives
The main aim of this study was to investigate the effect of several factors, including
environmental nest parameters, predation and the nesting turtles’ health, on
loggerhead turtle reproductive success. By conducting a health assessment of the
nesting loggerhead turtles while also monitoring their nests, it was possible to test
the null-hypothesis that there is no association between the nesting turtles’ blood
health indices, as well as contaminant levels, and their reproductive success (i.e.
reproductive output and hatching success). Dirk Hartog Island and the mainland
rookery Bungelup Beach, with different nesting and predator densities, were
selected as case studies to be able to assess biotic and abiotic factors limiting
hatching success at the regional level.
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The main objectives of this research project were to:
1. Establish reproductive parameters and identify threats at the high density
Dirk Hartog Island rookery and at the smaller mainland nesting beach,
Bungelup Beach;
2. Identify primary environmental determinants of sea turtle hatching and
emerging success, as well as hatchling emergence patterns at the Dirk
Hartog Island rookery;
3. Identify predators of loggerhead turtle eggs, quantify predation levels and
determine predation timing at Bungelup Beach;
4. Establish reference intervals for health parameters and concentration of
pollutants in the blood and assess their effect on reproductive success and
output;
5. Characterise and describe potential pathogens identified during the health
assessment of nesting loggerhead turtles in Western Australia and assess
their impact on loggerhead turtle health.

1.4 Thesis structure and outline
This thesis consists of 8 chapters, divided in four parts. Part 1 contains two
chapters: Chapters 1 and 2 (General Introduction; Field site description and
general methodology), which provide the introductory material relevant to this
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study, i.e. background information, objectives, study site description and general
field methodology employed to handle animals and gather information. In Chapter
2 the current sea turtle projects and knowledge on loggerhead turtle density at the
study sites is described. Further details on current literature for specific aspects of
sea turtle ecology and health and detailed methodology (including analytical
methodology) were provided at the beginning of each result chapter (Chapters 37).
Chapters 3 to 7 address each of the five objectives listed above. Chapters 3 to 5
(Part 2) describe baseline reproductive and nest parameters, document causes of
nest disturbance (Chapter 3: Western Australian nesting loggerhead turtles:
reproductive biology, nest parameters and threats) and assess external causes
affecting overall reproductive success at the two nesting sites (Chapter 4: Biotic
and abiotic factors affecting loggerhead turtle nest success and hatchling
emergence patterns and Chapter 5: Nest predation by ghost crabs, foxes and
perenties on a mainland loggerhead turtle nesting beach in Western Australia)
Part 3 consists of two Chapters (Chapters 6 and 7) which present the results
obtained from the health assessment of the nesting loggerhead turtles. Information
obtained during the nest monitoring (Chapters 3, 4 and 5) was used to select nests
without any major external disturbances (e.g. inundation, predation, other nesting
turtles) to include in the analysis assessing the effect of health status on hatching
success. In Chapter 6 (The role of health and contaminants on loggerhead turtle
reproductive success) reference intervals for blood health parameters are reported
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and associations between the nesting turtles’ blood parameters, as well as
contaminants levels and their reproductive output and success, are described and
discussed. In Chapter 7 (First detection of an intraerythrocytic haemosporidian
parasite in marine loggerhead turtles) a novel haemoparasite identified in the
Western Australian nesting population is described, and its effect on health and
reproduction assessed.
Lastly, Chapter 8 (General Discussion), Part 4, presents the main outcomes of
this thesis, identifies knowledge gaps and discusses the significance of the results
for present and future management of the Western Australian loggerhead turtle
nesting sites.
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Chapter 2 Field site description and
general methodology
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2.1 Study sites
2.1.1 Cape Range National Park - Bungelup Beach
Cape Range National Park is located within the Pilbara region on the western side
of North-West Cape Peninsula, 1,200 km north of Perth. The northern boundary of
the park is 40 km from Exmouth by road, and the southern boundary is 70 km north
of Coral Bay. It was declared a National Park in 1964 and contains an area of
50,581 ha of the Cape Range Peninsula. The temperature ranges between 2438°C maximum and 11-24°C minimum (mean temperatures), with an annual
average of 17.7-31.8°C. The annual average rainfall in the area is 259.9 mm
(Bureau of Meteorology 2012). Despite the arid climate, the national park is home
to an incredible diversity of fauna and flora, including several endemic species (Zell
& Bedford 2005). The park is highly valued for recreational activities and ecotourism, and visitors numbers have doubled since 1987, attracting more than
200,000 visitors per year (Wood 2003; Department of Environment and
Conservation 2010).
Cape Range National Park lies adjacent to Ningaloo Marine Park (NMP) which
stretches along 260 km of coastline from North West Cape to Amherst Point. The
NMP, with an area of 263,343 ha, protects approximately 90% of the largest
fringing coral reef in Australia: the Ningaloo reef. The marine park was established
in 1987 due to the great biodiversity of marine life, including a mix of temperate
and tropical species (Zell & Bedford 2005). Both the Ningaloo reef and Cape
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Range National Park have been proposed for World Heritage nomination and
National Heritage listing (Department of Environment and Conservation 2010).
The NMP has been recognized as an important breeding ground for green,
loggerhead and hawksbill turtles. The most abundant marine turtle species nesting
along the Ningaloo coast is the green turtle, followed by the loggerhead turtle
(Richards et al. 2005a; Richards et al. 2005b). Muiron Island, approximately 15 km
north of the North West Cape, is the second largest loggerhead nesting site in
Western Australia after Dirk Hartog Island (Baldwin et al. 2003).
In 2002 a community-based monitoring program, the Ningaloo Turtle Program
(NTP), was established as a collaborative project between the Cape Conservation
Group, the Department of Environment and Conservation (DEC), Murdoch
University and The World Wide Fund for Nature (WWF), to provide information on
the nesting densities and distribution of turtles in the Ningaloo region by collecting
information on successful nesting emergences and false crawls on the mainland.
Since 2002/2003 a targeted 1080 (sodium monofluoroacetate) fox baiting program
has been implemented by DEC in certain areas of the National Park during the sea
turtle nesting season (October to April) in an attempt to reduce predation of eggs
and hatchlings by this introduced predator (Gourlay et al. 2010).
At the southern end of Cape Range National Park, within the Osprey Sanctuary
zone, lies Bungelup Beach (22°17’S, 113°49’E), which in 2004 was first identified
by the NTP as the most significant mainland loggerhead turtle rookery of the
Ningaloo Region (Richards et al. 2005a; Richards et al. 2005b). There is no public
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access to the beach and impact by tourism is limited to tourists walking from
nearby camping sites and beaches, or shore fishing from close-by beaches.
Between mid-December and early February the NTP monitors this beach sector
early in the morning (6-9am) to count tracks, including successful nests and false
crawls. No research activity has been conducted by the NTP during the night.
Bungelup Beach is a low energy beach with fine white sand. The vegetation on
pre-dunes comprises primarily of broad leaved spinifex (Spinifex longifolius) and
saltbush (Atriplex spp.) (Figures 2.1 and 2.2). The beach is 5.5 km long, and is
subdivided into three different transects: Rolly Beach Sub-section to the south,
Bungelup Beach Sub-section in the centre and Neils Beach Sub-section to the
north (Figure 2.3). The central section was the section with the highest nesting
density during the 2006-2007 and 2007-2008 nesting seasons (Markovina 2008;
pers. obs.).
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A

B

Figure 2.1 Bungelup Beach south (A) and north (B); notice the beach marker (arrow)
on photo 2.1A.
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A

B

Figure 2.2 Rolly Beach (A) and Neils Beach (B).
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Figure 2.3 Bungelup Beach section and subsections (courtesy of DEC 2004).
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The nesting density of loggerheads is far greater at Bungelup Beach (22.5
nests/week/km) than on other sites of similar length located in the North West
Cape (1-2nests/week/km) (Richards et al. 2005a). In fact, more than 80% of all
turtle tracks recorded by the NTP located on this beach were identified as
loggerhead turtle tracks (Markovina 2008). Between 60 and 70% of all loggerhead
turtle tracks recorded by the NTP during the different years of monitoring were
located on Bungelup Beach (Richards et al. 2005a; Richards et al. 2005b;
Markovina 2008; Whiting 2008).
Over time the NTP has observed variations in the annual loggerhead turtle nesting
density at Bungelup Beach. The total annual estimated number of clutches laid by
loggerhead turtles on this nesting beach has ranged between 700 and 1200 (from
2004 and 2008). The peak of 1200 estimated annual clutches occurred in 2005
(Bool et al. 2009).
At the time of the study the 1080 baiting program along the Ningaloo Marine Park
coast did not include Bungelup Beach, but DEC established baiting stations in
2005/06 at the nearby Bundera Coastal Protection Area (S22º27’26.28”, E113 º
44’36.20”- S22º27’31.18”, E113º44’34.19”) and Boat Harbour (S22º21’42.73",
E113º47’19.07” - S22º21’39.49”, E113º47’23.46”) (Gourlay et al. 2010) .
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2.1.2 Dirk Hartog Island – Turtle Bay
Dirk Hartog Island, named after the Dutch explorer who landed at Cape Inscription
in 1616, is located approximately 850 km north of Perth and 30 km west of
Denham, within the Shark Bay World Heritage Area. Shark Bay, the most westerly
point in Australia, is characterized by exceptional natural features and was
therefore included on the World Heritage List in 1991, the first site in Western
Australia to be listed. The Shark Bay World Heritage Area has a coastline of 1,500
km and covers around 23,000 km2, of which approximately 71% is ocean.
The region’s climate is arid, with an average annual rainfall of 224.5 mm and mean
temperatures of 17.7-26.7°C (annual mean maximum temperature range: 21.731.8°C; annual mean minimum temperature range: 12.7-22.8°C) (Bureau of
Meteorology 2012). On the other hand, with an annual average of 313 mm, rainfall
is higher on Dirk Hartog Island compared to the adjacent mainland. Most of the rain
falls in winter, with the exception of occasional summer cyclones and
thunderstorms.
Dirk Hartog Island is approximately 80 km long and a maximum 14 km wide,
covering around 63,000 hectares, and is consequently Western Australia’s largest
Island. Dirk Hartog Island is separated from the Peron Peninsula only by a narrow
channel, the South Passage, which, at its narrowest point, is only 2 km wide.
The island was on a pastoral lease and had been used as a sheep station since
1899. However, the State Government purchased the pastoral lease in November
2009 and declared the island a national park. Part of the island is freehold title that
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is privately maintained for tourism purposes. Dirk Hartog Island has tremendous
biodiversity conservation values with more than 250 native plant species, 84
species of birds and 27 species of reptiles. Two bird and one reptile species, i.e.
the black and white fairy wren (Malurus leucopterus), the southern emu wren
(Stipiturus malachurus hartogi) and the western spiny skink (Ctenotus youngsoni)
are endemic to this island (Burbidge & George 1978). The high level of endemism
on Shark Bay’s islands is a result of the long-term isolation and limited
opportunities for recolonisation. Unfortunately, cats, mice, sheep and goats were
introduced to Dirk Hartog Island and have severely reduced the biodiversity on this
island(Whitlock 1920; Garnett 1993).
Shark Bay is also renowned for its marine biodiversity (Preen et al. 1997) and
Turtle Bay (25°28’S, 112°58’E), on the northern tip of Dirk Hartog Island, has been
identified as the largest loggerhead nesting beach in both Australia and the
Eastern Indian Ocean (Baldwin et al. 2003). During the peak nesting period and
with favourable conditions up to 100 loggerhead turtles/night nest on this rookery
(Prince 1994) (Figure 2.4). The annual nesting population is estimated to comprise
at least 1500 individuals, representing the third or fourth largest in the world
(Baldwin et al. 2003; Limpus 2008; DEC unpublished data).
The Department of Environment and Conservation initiated a tagging program in
1994, as part of the Western Australian Marine Turtle Program (WAMTP) (Prince
1994). The program has been conducted for two weeks each year in early January
except for 1995 and 2006. Unfortunately, no historical data is available on nesting
densities prior to the tagging program and therefore it cannot be verified whether
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there was a population decline prior to the start of the WAMTP. Since 1994 more
than 5000 turtles have been tagged on Dirk Hartog Island (DEC unpublished data).

Figure 2.4 Turtle Bay during the peak of the nesting season (early January). Note the
density of turtle tracks on this beach section (Beach 1).

The western side of Dirk Hartog Island is characterised by high limestone cliffs that
range from 3 to 80 m at Herald Heights. The eastern side, on the other hand,
features long sandy or rocky beaches bordered by low cliffs or sand dunes. Turtle
Bay shows a mixture of both characteristics, with long sheltered low-energy sandy
beaches bordered by steep cliffs at the western end (Beaches 1 and 2), which then
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reduce to sand dunes towards Cape Levillain to the East (Beach 5) (Figure 2.5).
The monitored beach is approximately 5.5 km long and was divided into 5 beach
transects (Figure 2.6). Beach 1 is 580 m long and the widest of all beach transects,
while Beach 2 is slightly smaller (470 m long). Beaches 1 and 2 are backed by high
limestone cliffs that shade the higher beach environment in the afternoon. Beaches
3 and 4 are both approximately 200 m long, narrower than 1 and 2, and are
bordered by low rocky ledges and cliffs which are approximately 3-4 m high. Beach
4 is the smallest beach, but has high nesting density (DEC unpublished data; pers.
obs.). The shallow sand depth on Beaches 3 and 4 allow underlying rocks to
emerge from the sand. Vegetation on the beach is comprised mainly of Spinifex
longifolius (Figure 2.5 A). Beach 5 is the longest beach sector (1.35km), with the
lowest nesting density (DEC unpublished data; pers. obs.), and is backed by low
vegetated foredunes (Figure 2.5 B). Average beach slope (measured from the
study nests) was steeper on Beaches 1 and 2 (8.4º and 7.4º, respectively). There
are long stretches of rocky shores not suitable for nesting, especially between
Beaches 2 and 3 and Beaches 4 and 5. Most of the sampling was done between
Beaches 1 and 4 (Chapters 3 and 4), because of the lower nesting density on
Cape Levillain (Beach 5).
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B

Figure 2.5 Turtle Bay A:Beach 1; B:Beach 5.
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Figure 2.6 Turtle Bay on Dirk Hartog Island and beach sectors.
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2.2 General methodology
2.2.1 Field site preparation
The start and end of each beach sector were clearly identified by natural
landmarks or signs on Dirk Hartog Island and posts with a sign on Bungelup
Beach. The beach markers were 2 m long wooden posts, positioned along the
study transects at the beginning of the first monitoring season and left in place for
the two years of the study. All beach markers were labelled with a distinctive
identification number and positioned at the vegetation line of both nesting sites.
The posts were positioned 20 m apart from each other and their positions
determined by GPS in case one was lost and had to be replaced.
Photos of the different beach sectors were taken from standard positions at the
beginning of the first and second year of fieldwork. In particular, on Dirk Hartog
Island, the beach transects were also photographed after cyclones Ophelia and
Pancho in 2008, so that the extent of the damage could be visually assessed
(Figures 3.6-3.11).
During the 2007/08 nesting season, in addition to the temperature data loggers
positioned in the middle of the study nests (see below), 16 data loggers were
buried at approximately 50 cm depth along the whole transect of Turtle Bay to
establish sand temperatures at different positions along the beach (Chapter 4).

29

2.2.2 Sample collection
The fieldwork involved two main phases: night patrols during the nesting period
(December-January) and nest excavations during the hatchling emergence period
(February-March). A total of 169 nesting loggerhead turtles were examined for
health assessment during both nesting seasons, of these blood samples were
collected from 164. Overall, 226 nests were marked during the two nesting
seasons to establish hatching success, of those 151 had a temperature data logger
placed in the middle of the clutch (Table 2.1). Study nest distribution along the two
nesting beaches is outlined in Appendices 1 and 2; datasheets are included in
Appendices 3-5.

Table 2.1 Number of turtles sampled and nests excavated during both years of
fieldwork in Cape Range National Park (CR) and Dirk Hartog Island (DHI).
CR

DHI

Total

06/07

07/08

06/07

07/08

CR DHI

Total

Turtles examined

18

34

56

61

52

117

169

Blood samples

16

33

54

61

49

115

164

Study nests

55

32

60

79

87

139

226

Data loggers

16

30

46

59

46

105

151

Data loggers active

14

20

43

43

34

86

120

Health assessment

Hatching success
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2.2.2.1 Sample collection during the nesting season
Because of the lower nesting density at the mainland rookery, the nesting season
fieldwork was longer at Bungelup Beach (~4 weeks) (mid-December to early
January) compared to Dirk Hartog Island (2 weeks; 2 nd and 3rd week in January).
The beaches were patrolled every night during the study period from 8 pm to 5 am
by a maximum of four people, including the author and two or three volunteer field
assistants. Volunteers were trained prior to the start of fieldwork and were
supervised at all times during data collection and animal handling.
The use of light was minimised during the beach patrols and sampling, and all
head-torches projected red light instead of white light, which has been shown to
lessen disturbance of nesting turtles(Witherington 1997). Turtles were approached
slowly to identify the stage of nesting activity (i.e. emerging from the water, digging
a body pit, digging of an egg chamber, oviposition, rear flipper covering,
camouflaging, returning to the sea) (Dodd Jr 1988). All precautions were taken not
to disturb the turtle during any of the nesting phases and none of the turtles
sampled appeared to be disturbed by the research activities.
Turtles emerging from the water would only be observed from 2-3 m distance, as
sea turtles are particularly sensitive to disturbance at this stage. If a turtle was still
in the first stages of her nesting activity (i.e. digging body pit, digging of egg
chamber), her progress would be monitored. Any observed abnormal nesting
behaviour (e.g. long contractions prior to laying, unusual shape of nest chamber or
several unsuccessful nest chambers prior to nesting) were recorded.
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The person closest to the nest counted the eggs and signalled to the team when
the turtle had laid approximately half of the clutch, turtles were measured and
blood was taken only towards the end of deposition when the turtle was in egglaying trance (Dodd Jr 1988). The turtle’s head was covered with a cloth so that
movement and light disturbance would be reduced. Red lights were only used after
having covered the turtle’s head. After the turtles’ eyes were covered they would
settle very quickly and continue their nesting activity (pers. obs.).
Whenever possible eggs were counted during egg laying by digging a little ditch
behind the turtle so that the turtle’s cloaca and the nest chamber could be
inspected during egg deposition. Alternatively, the turtle was allowed to cover,
camouflage the nest and return to the sea before the nest was excavated to count
the eggs. During the second season in Cape Range National Park all nests were
excavated to obtain exact clutch counts due to the high levels of predation
(Chapter 5).
Latex gloves were always worn to minimise contamination of the clutch and to
avoid health risks to the operators (Soslau et al. 2011). Flagging tape was inserted
into the nest during deposition to facilitate the location of the nest after
camouflaging. Particular attention was given to maintaining the original shape and
size of the nest, as well as to position the eggs in the nest in the same order.
Several nest measurements (i.e. nest depth, neck and bowl width; Figure 3.1) were
obtained for all nests excavated after oviposition.
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Ten randomly selected eggs were measured (Figure 2.7) and weighed (Chapter 3).
Studies have shown that manipulation of eggs within two hours of oviposition does
not affect hatching success (Limpus et al. 1979; Parmenter 1980).

Figure 2.7 Egg measurements taken with a digital calliper.

Each nest was identified with an individual ID code from which it was possible to
differentiate field site and nesting season. The first number identified the nesting
site (1=Dirk Hartog Island, 2=Cape Range National Park), the two following
numbers the nesting season (06=nesting season 2006/2007; 07=nesting season
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2007/08) and the last 3 numbers the individual nest (e.g. 107001=first turtle
sampled on Dirk Hartog Island during the 2007/08 nesting season).
A temperature data logger was inserted in 151 study nests (Table 2.1). The data
loggers used were small i-Button data loggers from Dallas semiconductor (DS
1922 and DS 1923; Maxim Integrated Products, San Jose, CA, US). Both types of
i-Buttons deployed had a temperature accuracy of ±0.5 °C and temperature
resolution of 0.0625 °C. The temperature data loggers were attached with silicon or
cable tie to a cord and flagging tape labelled with the ID of the data logger and of
the nest, date and location (Figure 2.8). The data logger recorded nest temperature
every hour starting from 6 am the morning following deposition to excavation after
hatchling emergence.

Figure 2.8 i-Button temperature data logger attached to flagging tape.
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Geographic Positioning Systems (GPS) coordinates of each nest were obtained
with a handheld GPS device (Garmin etrex Legend, Garmin Ltd., Olathe, Kansas,
USA). Topographic nest position was more precisely recorded by measuring the
linear distance from the two closest beach markers. Additionally, compass
bearings were taken from the top of the nest to the top of the two closest beach
markers which were clearly identified by reflective tape (Figure 2.9). This allowed
pinpointing the exact position of the nest, even when one of the beach stakes was
lost. A sketch was also made of the nest location to accelerate and aid locating the
nest, especially in the case of a lost beach marker, and to detect significant
changes in the morphology of the beach.

Figure 2.9 Triangulation of nest position taken from the nest to the two closest
beach markers.
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The nest location across the beach was classified as: intertidal (below or at the
high tide level); high (above the high tide level but before the edge of the
vegetation), edge (at the edge of the vegetation) or dune (on the beach dune) at
deposition and again after emergence. For all nests the distance from the high tide
level (measured from the centre of the nest to the highest high tide mark ) and
vegetation were obtained, as well as the slope of the beach. The slope was
measured with a clinometer pointed to the high tide mark to allow calculation of the
height above sea level knowing the distance from the high tide level (Chapters 3
and 4).
Sea turtle measurements included curved carapace length and width measured
with a flexible fibreglass tape, and straight carapace length and width measured
using a tree calliper (Häglof Mantax Precision Blue Calipers, Haglof Company
group©, Långsele, Sweden). Only curved measurements were previously taken
during the Western Australian tagging program, however it is generally accepted
that straight carapace measurements are more accurate and precise (Bolten
1999). Carapace length measurements are measured from the anterior midline of
the nuchal scute to the posterior midline between the supracaudals (Figure 2.10).
Carapace width is measured at the widest point, however, there are no anatomical
reference points for this measurement and the location varied from turtle to turtle
(Figure 2.11). Measurements were, therefore, repeated three times, especially for
curved carapace measurements, to minimise errors. Head width measurements
were included during the second year of monitoring only and were measured at the
widest point of the head with the callipers (Bolten 1999).
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B

Figure 2.10 Reference points for carapace length measurements (A); Straight
carapace measurements with tree calliper (B).

Figure 2.11 Curved carapace measurements were taken with a measuring tape.
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A thorough external physical examination was performed on each nesting turtle.
Turtles were checked for traumatic injuries and epibiota load was established
(Chapter 6). Any other abnormalities, such as foreign materials or tumours, were
recorded and samples were collected whenever clinically necessary. All lesions
were drawn on the turtle diagram on the datasheet (to identify exact location;
Appendix 3) and a photo was taken whenever possible.
A maximum of 30 ml of blood was collected from each turtle from the cervical sinus
(Figure 2.12). The tests performed and samples collected are listed in Table 2.2.
Laboratory techniques, equipment used and blood parameters screened are
described in more detail in Chapter 6.

Figure 2.12 Blood collection from the cervical sinus.
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Table 2.2 Type of sample collected and tests performed during the study.
Sample

Blood

Plasma/serum/slides

Test

Lithium Heparin tubes
Whole blood

10 ml

Heavy metals

Plasma

2 ml

0.5-1 ml

Biochemistry

1 ml

0.25 ml

Plasma protein electrophoresis

10 ml

5 ml

OCs1 and PCBs2

2 ml

0.5-1 ml

Vitamin A/E

1 ml

0.3 ml

Vitamin D

1-2 ml

0.5-1 ml

Storage

Plain tubes
Whole blood

<1 ml

2-5 slides

WBC3 count, haemoparasites

Serum

1-2 ml

0.5-1 ml

Storage

Blood clot
Total

Molecular tests
25-30 ml

1

Organochlorine pesticides
Polychlorinated biphenyls
3
White blood cell
2

All turtles were tagged with titanium flipper tags according to standard practice
(Balazs 1999) (Figure 2.13) only after the nesting turtles completed egg laying and
started to cover the nest chamber. Both front flippers were tagged, preferably on
the first or second scale proximal to the turtle’s body. Tags were cleaned to remove
any residue from manufacture and soaked in 70% alcohol. Pierced skin area was
disinfected with 70% alcohol or Betadine (Balazs 1999). The pliers were also
disinfected with 70% alcohol between tagged turtles to avoid transmission of
diseases between animals, as studies have shown that pathogens could be
passed from one turtle to another during tagging (Curry et al. 2000). If the turtle
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was already tagged, then both tag numbers were recorded on the datasheet. If one
tag was missing or very loose, another tag was applied on the same flipper. All
tagging data were sent to DEC to be included in the Western Australian tagging
database (Prince 1994). Tag numbers were read out loud after having checked for
proper attachment by the person applying the tag and then again by the person
recoding the data to minimise recording errors.
The left flipper tag was the main turtle ID, but all turtle tags (new and old) were
recorded and included in the database. Each turtle had, therefore, at least two IDs
on the database, one referring to the nest and one or more to the turtles’ tags.
During both nesting seasons none of the turtles were sampled twice.

Figure 2.13 Flipper tagging.
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2.2.2.2 Nest monitoring and inventory
Nest monitoring and nest excavations were carried out in March on Dirk Hartog
Island and in February in Cape Range National Park. During the first year nests in
Cape Range National Park were not monitored during the 2-3 weeks of nesting
season sampling on Dirk Hartog Island, but during the second year volunteers from
the NTP were trained to monitor the nests for signs of predation and emergence
while the fieldwork was being carried out on Dirk Hartog Island (Chapter 5). Daily
monitoring at Bungelup Beach was necessary to assess the timing and patterns of
predation (Chapter 5).
Study nests marked at deposition were excavated either 48 hours after the last
observed signs of emergence or 70 days after deposition. Whenever an
emergence of a study nest was observed, 10 hatchlings were randomly selected
and measured (Figure 2.14; Chapter 3). When live hatchlings were found in the
nest (stragglers that, in most cases, would not have made it out of the nest), these
were released into the ocean immediately.
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Figure 2.14 Straight carapace measurements of a loggerhead hatchling with digital
calliper.

Following classification of the nest contents (unhatched eggs, shells and
hatchlings; Table 4.2 [Chapter 4]; Figures 2.15, 2.16 and 2.17), hatching and
emergence success was calculated. Hatching success was defined as the
percentage of hatchlings that hatched out of their eggs and was calculated using
the following formula:

( )
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Emergence success refers to the percentage of hatchlings that were able to
emerge out of the nest and was therefore calculated using the following formula:

( )

(

)

Figure 2.15 Nest excavation and classification of nest content (hatched and
unhatched eggs).

43

2.2.3 Animal ethics permits and associated licences
All activities were approved by the Murdoch University Animal Ethics Committee
under the permit number W2013/06. The Department of Environment and
Conservation granted a DEC Regulation 17 licence to take (i.e. capture, collect,
disturb, study) fauna for scientific purposes under the Wildlife Conservation Act
(1950) (No.CE001849, No. CE002301) and a DEC Regulation 4 Authority licence
(i.e. a permit to enter DEC lands and/or waters for the purpose of undertaking
research; No.SF006130, No. SF006718).
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Figure 2.16 Early stage loggerhead turtle embryo from a failed, unhatched egg.

Figure 2.17 Dead late stage loggerhead turtle embryo from a failed, unhatched egg.
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Chapter 3 Western Australian nesting
loggerhead turtles: reproductive
biology, nest parameters and threats

47

3.1 Introduction
Variation in life history traits within the same species is linked to different attribution
of resources to growth, reproduction and maintenance, so that overall fitness is
optimised (Brockelman 1975; Stearns 1993; Tiwari & Bjorndal 2000). Intraspecific
variation in life history traits along latitudinal gradients has been observed in both
freshwater and marine turtles (Iverson et al. 1993; Tiwari & Bjorndal 2000).
In sea turtles the reproductive output is influenced by both the conditions at the
foraging sites, which affect the energetics and health of the nesting female (e.g. by
regulating clutch size and number of clutches laid during the same nesting
season), and the conditions on the nesting beach (e.g. humidity, temperature, gas
flow, rainfall, tidal inundation, erosion and predation of nests), which in turn
strongly influence embryonic development, and hatching and emergence success.
After hatchling emergence, conditions on the nesting beach (e.g. predation levels)
and at sea (e.g. currents) will determine hatchling survival (Miller et al. 2003).
Determining reproductive baseline data of a sea turtle population, such as clutch
size, egg and hatchling measurements and hatching and emergence success,
provides information crucial for both conservation and management. These data
are fundamental to understanding the importance of a nesting beach, its suitability
as an incubation system and to assess the general health of the nesting population
(Miller 1999).
To assess the reproductive effort and success of sea turtles it is necessary to
determine the average number of eggs laid, size and weight of the eggs, the
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percentage of eggs that incubate successfully and the number of hatchlings that
manage to emerge from the nest. Additionally, measurements of sea turtles on
nesting beaches are an important baseline parameter of a particular rookery
(Bolten 1999) and can be used to correlate body size to reproductive output and
determine minimum size at sexual maturity. It is important to continuously monitor
a nesting beach for these reproductive parameters, as any major variations over
time could be indicative of changes to the nesting environment or diminished turtle
health.
Nest temperature is another critical parameter on a nesting beach as it not only
influences the rate of embryonic development (Miller 1985; Ackerman 1997), but
also the gender of the hatchlings (i.e. temperature dependant sex determination,
TSD) (Yntema & Mrosovsky 1980; Mrosovsky 1994). Additionally, nest
temperatures above or below the optimal thermal range (25-27°C and 33-35°C)
may lead to death of sea turtle embryos and hatchlings (Ackerman 1997). Changes
associated with global warming may consequently affect the sex-ratio of a nesting
beach (i.e. female skewed) and reduce hatchling survival (Fuentes et al. 2011)
In Western Australia, surveys have identified key loggerhead turtle nesting
beaches and the ongoing tagging program on Dirk Hartog Island enables
demographic parameters to be obtained for this important rookery (Prince 1994).
However, no data are available on critical reproductive parameters and nesting
biology. In this study, morphological and reproductive measurements were
collected during two nesting seasons, between 2006 and 2008, on Dirk Hartog
Island and the smaller mainland nesting site in Cape Range National Park,
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Bungelup Beach. This study provides important baseline data, identifies threats to
nesting success on these Western Australian nesting beaches and provides critical
information to guide further monitoring and future management decisions.
Additionally, by comparing these two nesting sites, which differ both in terms of
nesting density and beach characteristics, it is possible to advance critical
management strategies for the Western Australian loggerhead nesting population
as a whole, rather than for only one rookery.

3.2 Materials and Methods
The two nesting beaches, Dirk Hartog Island in Shark Bay and Bungelup Beach
within Cape Range National Park and in the Ningaloo region (Figure 1.1), were
monitored nightly during the peak of the nesting season (December – January,
Chapter 2). The data collected were grouped into that regarding nesting females,
eggs and nest parameters (Chapter 2). Bungelup Beach was subdivided into three
beach transects (Figure 2.3). On Dirk Hartog Island five beaches were monitored
(Figure 2.6), but this study focused mainly on Beaches 1 to 4. Beach 5 (Cape
Levillain) had lower nest density (DEC unpublished data; pers. obs.) and was only
occasionally monitored in 2008 (n=9, Table 4.1). When analysing differences
among the beaches, Beaches 3 and 4 were combined, and referred to as Sector 3,
to equilibrate sample size for each beach sector (Table 4.1). These two beaches
were smaller, very close to each other and had a very similar beach environment.
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Whenever a turtle was encountered, the time and the turtle’s activity (i.e. emerging
from the water, digging a body pit, digging of an egg chamber, oviposition, rear
flipper nest covering, camouflaging, returning to the sea) were recorded, as well as
the time when the turtle went back to sea after oviposition, so that the average
nesting duration (± SD) could be calculated. Measurement of nesting turtles
followed standard recommended procedures (Bolten 1999) and included both
straight and curved carapace measurements (straight carapace length and width,
SCL and SCW, and curved carapace length and width, CCL and CCW), as well as
head measurements (Chapter 2).
Clutch count was established by counting the eggs during deposition, by
excavating the clutch immediately after laying or by counting hatched and
unhatched eggs (i.e. egg shell count) after hatching following the recommended
procedure (Miller 1999). To validate the estimated egg counts obtained after
hatchling emergence, counts of 55 nests obtained during deposition (i.e. only the
counts obtained following nest excavation of freshly laid eggs) were compared to
the estimated egg shell counts.
Ten randomly selected eggs per clutch in a sample of nests (n=100) were cleaned,
measured and weighed within two hours of oviposition to avoid movement induced
mortality (Limpus et al. 1979; Parmenter 1980). Average egg size was established
by measuring two diameters taken at a 90° angle of each egg with a digital calliper
(150mm Sontax® digital calliper, Perth, Western Australia; accuracy ±0.2 mm).
The same ten eggs were then weighed using digital scales (Ohaus Scout® Pro,
Brooklyn, NY, US; accuracy ±0.01g) and the average egg weight calculated.
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Abnormally shaped and sized eggs were counted, described and photographed.
Very small eggs (less than half of the typical size), called ”yolkless eggs”, were
counted but were not included in the clutch count and were reported separately,
because they do not contain a viable embryo (Miller 1999).
Temperature data loggers (DS 1922 and DS 1923 iButton data logger, Dallas
semiconductor®, Maxim Integrated Products, San Jose, CA, US) were inserted
into the middle of the clutch and programmed to record temperature every hour.
The “incubation to emergence period “(IEP) in this study was defined as the time
between deposition and first observed emergence. It is known that hatchlings take
on average four days to emerge from the nest after hatching (Godfrey & Mrosovsky
1997). Therefore incubation was estimated as IEP- 4 days, when for determining
the average nest temperature for the incubation period (Tincub). Average
temperatures for the first (T1), middle (T2) and last third (T3) of incubation and preemergent period (T4) were also calculated.
The exact position of the nests was determined by triangulation from two stakes,
located at regular intervals along the beach (Chapter 2). For all nests marked at
deposition (n=183), nest location across the beach was recorded by measuring
distance to the high tide level and the closest vegetation, as well as by identifying
beach habitat at deposition and again after hatchling emergence (intertidal, above
high tide level, edge of vegetation, dune). After emergence, beach slope at the
nest’s location was recorded with a clinometer pointed to the high tide line.
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For a subset of monitored nests (n=72), several nest measurements were
obtained, including nest depth from the bottom of the clutch to the top of the nest
chamber, excluding the body pit (i.e. to the turtle’s cloaca during deposition) (depth
1, Figure 3.1 B), as well as to the beach surface (depth 2, Figure 3.1 A); sand
depths from the uppermost egg of the clutch to the turtle’s plastron (nest top 1,
Figure 3.1 D) and to the beach surface (nest top 2, Figure 3.1 C); neck width
(Figure 3.1 E) and nest bowl width (Figure 3.1 F). All measurements were obtained
with a flexible metal measuring tape.

Figure 3.1 Schematic figure of a nest and nest measurements taken: A) nest depth2;
B) nest depth1, C) nest top2; D) nest top1; E) neck width; F) bowl width.
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Whenever an emergence was observed, a sub-set of hatchlings were measured
with a digital calliper (150mm Sontax® digital calliper, Perth, Western Australia;
accuracy ±0.2 mm) to obtain straight carapace width (hSCW) and length (hSCL),
as well as plastron length (hPL). A maximum of ten apparently healthy hatchlings
that had emerged from the nest from each clutch were selected randomly for
biometry. Hatchling size was only determined on turtles from Dirk Hartog Island, as
emergences were rarely witnessed in Cape Range National Park because of the
low nesting densities and high level of predation (Chapter 5). Full-term dead
hatchlings in nests, that did not have any macroscopic developmental
abnormalities, were measured for comparison.
Nests with more than 80% of the clutch taken by predators or which were washed
away during storm surges and beach erosion were considered “lost”. Nests
classified as “lost” typically had 0% emergence success. In a few cases of nest
predation, only a small number of shredded shells could be found in the nest and it
was not possible to safely identify whether some hatchlings had managed to
emerge or not. Predators may have predated hatchlings making their way out of
the nest, and whenever only small shell fragments remained in the nest it was very
difficult to differentiate between hatched egg shells (shredded by a later predation
event) and remains of predated eggs. However nests were monitored daily for
signs of emergence and, consequently, it is reasonable to assume that emergence
success was 0% or close to 0%, whenever more than 80% of the eggs were taken
by predators. Nests that were inundated several times, disturbed by another turtle
nesting on top of, or close to, the original nest or that had more than 20% of the
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eggs taken by predators were categorised as “disturbed” (i.e. this also included
“lost nests”).
Hatching and emergence success were calculated by categorising nest content
after hatchling emergence (Miller 1999) (Chapter 2; Table 4.2). Hatching success
was defined as the total number of hatched eggs divided by the total clutch size
and emerging success as the total number of hatchlings emerging from the nest
divided by the clutch size (see formula in Chapter 2). Hatching and emergence
success were calculated for both sites including and excluding disturbed nests. In
this way it was possible to compare hatching success of nests that were not
affected by flooding, predation or other turtles digging into the nest with the overall
hatching success of the beach, which included all nests.
Descriptive statistics (given as mean ± standard deviation) were performed using
Microsoft ExcelTM (Microsoft Corp, Redmond, Washington US) while statistical
analyses were performed using SPSS 19.0 for WindowsTM (IBM Corp., Armonk,
NY, US). Prior to statistical analyses, all parameters were screened for entry
errors, outliers and checked for normality, using the Shapiro-Wilk statistic, kurtosis
and skewness.
Parametric t-tests were used to compare clutch parameters of nests with and
without egg overflow, yolkless eggs and abnormal eggs. The t-test was also
utilised to compare the average IEP and mean nest temperatures between nests
from Dirk Hartog Island and Cape Range National Park. Cohen’s d was reported
as a measure of effect size (Cohen 1988).
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Mean comparisons of non-normally distributed variables (hatching and emergence
success)

were

conducted

with

non-parametric

Mann-Whitney

U

tests.

Relationships between morphometric and reproductive parameters were analysed
with Pearson correlation coefficients with two-tailed significance. One-way Analysis
of Variance (One-Way ANOVA) was used to investigate differences in the mean
IEP and the average of mean temperatures between the three beach sectors on
Dirk Hartog Island. One-Way ANOVA was also used to assess whether nest
location across the beach (i.e. beach habitat) influenced nest size. Bonferroni and
Gabriel’s tests were used for the post-hoc comparisons (Field 2009).
Differences were considered statistically significant at α<0.05. When multiple
analyses were conducted using the same variable, sequential Bonferroni correction
was applied to control for the type I error.

3.3 Results
3.3.1

Data validation

The counts of eggs at deposition were compared with the counts of egg shells from
55 clutches that did not show any signs of predation or other disturbances. The
counts were highly correlated (r=0.995, p=0.000) (Figure 3.2), and therefore it was
confirmed that the clutch size estimates after emergence (i.e. shell counts) were a
reliable count for all nests that were not predated or disturbed in any other way.
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Figure 3.2 Relationship between clutch counts obtained at deposition (deposition
count) and estimated clutch counts obtained by counting hatched egg fragments
and unhatched eggs (hatching count) (n=55).

3.3.2 Nesting behaviour and nest site selection
Turtles would start emerging from the ocean around 8 pm and generally would be
back in the ocean by dawn (5 am). In a couple of instances turtles were observed
finishing their nests after sunrise. Only once, on Dirk Hartog Island, a turtle was
observed starting and finishing the nesting process in full daylight, before sunset.
The average time spent to complete the nesting process (i.e. from the moment the
loggerhead turtles emerged from the ocean to the moment when the turtles
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returned to the water) was 1 h and 37 min±10 min (n=15). The longest nesting
duration recorded was 4 h 40 min (this particular turtle started digging several body
pits and nest chambers but laid her eggs only at her eighth attempt) and the
shortest 50 min. Typically, loggerhead turtles in both Western Australian locations
would not wander for a long time prior to selecting a nesting spot. The furthest a
turtle nested from the high tide level was 27.5 m on Dirk Hartog Island and 27.2 m
on Bungelup Beach. However, on average, turtles would nest 13.4±5.3 m from the
high tide mark on Dirk Hartog Island and 7.8±5.9 m on Bungelup Beach. After
hatchling emergence nests were located on average 7.0±5.8 m and 6.7±5.0 m
from the high tide level on Dirk Hartog Island and at Bungelup Beach, respectively.
The average beach slope of nest sites was slightly steeper on Bungelup Beach
(9.8±5.6°) compared to Dirk Hartog Island (6.9±4.2°). Therefore, the average
height above sea level of nests after emergence was 1.09±1.01 m for Dirk Hartog
Island and 1.37±1.19 m on Bungelup Beach.
On Dirk Hartog Island, (n=120) 72.5% of the turtles nested in the area between the
high tide level and the vegetation with the remaining 27.5% nesting at the edge of
the vegetation. At the end of incubation 20.8% of the nests located above the high
tide level at oviposition were found to be at or below the high tide level. On
Bungelup Beach (n=50) 40% of the loggerhead turtles laid their eggs above the
high tide level but below the vegetation line, 50% of nests were located close to the
vegetation and 10% on the dunes. At nest excavation, 26% of the nests located
above the high tide level during oviposition were located at or below high tide level.
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All inundated nests, except for one nest on Dirk Hartog Island, were from the
second season.
In 18% (n=27) of all nests, eggs laid would completely fill and overflow the egg
chamber. In five cases, during the covering of the egg chamber, some of the eggs
were broken by the nesting turtle. There was no significant difference in the mean
clutch size of nests that overflowed and those that did not. On the other hand, nest
depth and nest bowl width were significantly smaller in those nests that could not
contain the whole clutch (nest bottom: t=-2.76, df=69, p=0.007, Cohen’s d=-0.67;
nest bowl: t=-4.42, df=68, p=0.000, Cohen’s d=-1.06).

3.3.3 Morphometric and reproductive parameters
No significant differences in any of the reproductive parameters were found
between the two Western Australian nesting locations. Female loggerhead turtles
had a mean (±SD) CCL of 95.9±5.3 cm and SCL of 87.5±4.6 cm, CCW of 86.3±4.9
cm and SCW of 68.25±4.4 cm and head width of 18.64±1.4 cm. SCL size
distribution shows a peak in abundance between 85 and 99 cm (Figure 3.3) and
the smallest turtle recorded had a SCL of 75.1 cm (CCL 83 cm) (Table 3.1). As
expected, SCL and CCL were strongly correlated to each other (n=161, r=0.902,
p=0.000; CCL=SCL*1.07+2.63; SCL=CCL*0.76+14.34). The significant positive
correlation between CCW and SCW was very strong but not as strong as for the
length measurements (n=159, r=0.723, p=0.000; y=0.529; CCW=SCW*0.99+18.9;
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SCW=CCW*0.53+22.6). This is primarily due to the lack of clear anatomical
reference points during width measurements (Bolten 1999).
The average clutch size consisted of 123.4±27.7 eggs. Normal, viable loggerhead
turtle eggs are white, spherical and have an elastic, soft shell; the mean egg
diameter in this study was 4±1.6 cm and the eggs weighed 36.7±3.9 g. The straight
carapace length of the nesting females was positively correlated to both the
number of eggs (n=147, r=0.396, p=0.000) and the weight of the eggs (n=91,
r=0.308, p=0.003) (Figures 3.4 A and B), but not with egg size (n=98, r=0.182,
p=0.072).

Figure 3.3 Size distribution of Western Australian female loggerheads (n=165).
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Mean nest depth was 62.2±7.8 cm (bottom 2) and 39.1±9.2 cm (top 2) from the top
of the eggs, the neck’s width was 18.8±3.6 cm and the bowl’s width 25.2±4.3 cm
(Table 3.1). No correlation was found between the turtle size or clutch size and any
of the nest measurements. Additionally, the nests’ distance to the high tide level
and vegetation, as well as the height above sea level did not influence nest size.
Yolkless eggs were observed in 5.5% (n=7) of all nests inspected at deposition
(n=128), with typically only one to three yolkless eggs per clutch (Figure 3.5 A,
Table 3.1). Clutches with yolkless eggs were significantly smaller (n=6, 84.2±40.1
eggs) compared to clutches without yolkless eggs (n=118, 126±27.9 eggs) (t=3.51, df=122, p=0.001, Cohen’s d=1.48). Apart from yolkless eggs, other egg
abnormalities were observed in 27 clutches (21.1% of examined clutches). These
eggs were of unusual shape, colour and/or size, chain-form or fused and/or
particularly soft and thin shelled with or without peeling shell (Figure 3.5 B-F). In
most cases only a small number of eggs in the clutch (i.e. ≤5 eggs) was abnormal,
but in two clutches approximately half of the clutch was classified as abnormal. In
one of these two clutches, 60 eggs were connected by strings of shell material
(chain-form) and in the other, 45 eggs of the clutch had an unusually soft shell.
Clutch size was significantly smaller in nests that had at least one abnormal egg
(110.3±38.7 eggs) compared to nests without any abnormal eggs (127.6±26.1
eggs) (t=-2.125, df=29.62, p=0.042, Cohen’s d=-0.60).
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Hatchlings measured 42.3±1.2 mm (range 40.1-44.8 mm), 33.2±1.4 mm (range
30.7-35.8 mm) and 32.9±1.1 mm (range 30.0-34.7 mm) for straight carapace
length, straight carapace width and plastron length, respectively (n=28). No size
difference was found between emerged live hatchlings and dead full term
hatchlings in nest (n=12, hSCL= 41.6±1.9 mm; hSCW= 33.2±2.6 mm; hPL=
31.3±2.1 mm). Hatchling length was strongly correlated to egg weight (n=12,
r=0.637, p=0.013) (Figure 3.4 C). Egg diameter showed a strong positive
relationship with hatchling length, although this was not statistically significant
(n=12, r=0.57, p=0.56).
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Table 3.1 Descriptive statistics of the main reproductive parameters for turtles from
Cape Range NP and Dirk Hartog Island separately and combined.
Western Australia

Cape Range NP

Dirk Hartog Island

mean±SD

mean±SD

mean±SD

n

range

n

range

n

range

turtle measurements
SCL (cm)

87.51±4.58

165 86.46±4.43

75.1-98.6

51

75.1-97

87.98±4.58

114

78.7-98.6

CCL (cm)

95.93±5.33
83-109

167 95.67±5.13
83-108

48

96.03±5.42
84.4-109

119

SCW (cm)

68.25±4.38

163 66.79±3.78

50

68.9±4.49

113

CCW (cm)

54-95.9
86.3±4.86

57.5-75
166 86.08±5.46

48

54-95.9
86.39±4.61

118

head (cm)

72-96
18.64±1.41

37

75-96
18.69±1.37

59

96

15.9-22

72-95.5
18.56±1.48
16-22

15.9-21.4

nest parameters
top1 (cm)

16.75±9.32
0-38

72

17±8.16
0-30

31

16.56±10.21
0-38

41

top2 (cm)

39.05±9.16

75

40.01±8.24

35

38.2±9.92

40

18-56
depth1 (cm)

39.26±7.38

depth2 (cm)

24-58
62.16±7.82

25-56
72

38.9±6.06

69

26-50
61.8±7.8

45-75
neck (cm)

18.78±3.6
25.22±4.3

78

39.91±1.63

71

36.68±3.88
28.1-48

clutch size

123.44±27.72
38-193

41

35

24-58
62.53±7.94

34

18.99±4.16

45-75
36

25.9±3.82

100 40.15±1.84

35

36.22±3.59

40

53-181

63

24.56±4.69

36

39.76±1.47

60

36.4-43.3
36

28.1-42.7
169 122.05±29.35

42

10-31.5

36.6-46.8
92

18.6±3.08
12-27

18-33

36.4-46.8
egg w (g)

39.53±8.3

13-29

10-33
egg d (mm)

31

46-74

12-29
bowl (cm)

18-55

36.97±4.06

56

29.6-48
41

124.32±27.49
24-193

128

A

B

C

Figure 3.4 Scatterplots for the significant correlations between the reproductive
parameters: A) SCL and number of eggs in the clutch; B) SCL and average egg
weight of the clutch; C) Egg weight and hatchling SCL.
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A

C

E

B

D

F

Figure 3.5 Normal and yolkless eggs and different types of egg abnormalities: A)
normal and yolkless egg (arrow); B) normal and elongated egg (arrow); C) two fused
eggs; D) chain-form eggs; E) abnormally shaped egg; F) soft shelled egg with
peeling shell.
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3.3.4 Nest Temperatures and Incubation
The data loggers were placed in the middle of the clutch at a mean depth of
51.1±8.9 cm. No difference was found for both nesting sites between the average
nest temperatures for the two nesting seasons. On the other hand, both the IEP
and the mean temperature of all three stages of incubation were significantly
different between the two nesting sites (independent samples t-test), with higher
temperatures and shorter incubation at the mainland rookery in Cape Range
National Park. No statistical difference was found between nesting sites for the
mean temperature during the pre-emergent period (Table 3.2).
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Table 3.2 Descriptive statistics and statistical comparisons (independent sample t-test) of incubation to emergence period (IEP)
and average of mean temperatures of incubation (Tincub), first third (T 1), middle third (T2), final third of incubation (T3) and the
pre-emergent period (T4) on Dirk Hartog Island and in Cape Range National Park.
Dirk Hartog Island

Cape Range NP

mean±SD

range

n

mean±SD

Range

n

t

df

p

IEP (days)

62.30±4.08

57-75

79

57.40±2.38

53-62

15

6.11

34.03

0.000

Tincub (C°)

29.23±0.89

26.73-31.94

83

30.28±0.45

29.12-31.01

26

-7.95

84.64

0.000

T1 (C°)

27.53±0.77

25.54-29.46

83

28.23±0.41

27.53-31.01

26

-5.99

80.49

0.000

T2 (C°)

28.77±0.95

26.44-32.05

83

30.01±0.71

28.25-31.18

26

-6.15

107

0.000

T3 (C°)

31.4±1.29

27.49-35.01

83

32.59±0.81

30.53-34.44

26

-4.77

107

0.000

T4 (C°)

32.3±1.43

28.01-36.23

83

32.6±1.23

30.47-35.34

26

-0.95

107

>0.05
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3.3.5 Causes of nest disturbance and hatching success
On Dirk Hartog Island 31 of 137 nests (22.6%) were disturbed, and 13.14% (18
nests) were classified as “lost”. In contrast in Cape Range National Park, 21
(45.65%) of the sampled nests were disturbed and 13 (28.26%) of the 46 study
nests marked at deposition were lost. On Dirk Hartog Island all of the lost study
nests were destroyed during the second field season due to high tides and beach
erosion in association with cyclone Ophelia on the 6 th of March (n=15, Figure 3.6).
Apart from flooding, the main cause of nest disturbance was other turtles nesting
on top of an existing nest due to the high nesting density of the island rookery
(Table 3.3).
Conversely, in Cape Range National Park all of the lost and the majority of the
disturbed nests were predated (Table 3.3). None of the study nests were affected
by the first cyclone, cyclone Nicholas (19th of February, Appendix 6A), as all study
nests had emerged and could be excavated shortly before the cyclone hit the
Ningaloo region. Some of the nests on Bungelup Beach were temporarily
inundated during high tides just prior to this cyclone. Nevertheless, it was expected
that all nests remaining on the beach were destroyed by the storm surge
associated with cyclone Nicholas that directly hit the Ningaloo coast.
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A

B

Figure 3.6 Beach erosion on Dirk Hartog island as a consequence of storm surge
and higher tides associated with cyclone Ophelia (6th of March) A=Erosion bank of
1-2m on Beach 1; B= Loggerhead turtle nest partially washed away and exposed
after beach erosion (circle).
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Table 3.3 Frequencies and percentages of nests disturbed by flooding, predators or
other nesting turtles on Dirk Hartog Island and Cape Range National Park.
Dirk Hartog Island

Cape Range NP

n

%

n

%

Flooding

15

48.4

3

14.3

Predated

4

12.9

18

85.7

Other turtles

12

38.7

0

0

Total

31

100

21

100

The average hatching and emergence success of undisturbed nests on Dirk Hartog
Island (n=105) was 70.56±20.9% and 59.94±24.3%, respectively. In Cape Range
National Park both hatching and emergence success of undisturbed nests (n=25)
were significantly higher than on Dirk Hartog Island with values of 84.5±14.7% and
73.61±23.1%, respectively (hatching success: Mann-Whitney U=732; Z=-3.43,
p=0.001; emergence success: Mann-Whitney U=801; Z=-2.92, p=0.003). In both
field sites no statistical differences were detected in hatching and emergence
success of undisturbed nests between the two nesting seasons.
When data from all nests were analysed there were no differences in the hatching
and emergence success (p>0.05) between Dirk Hartog Island and Cape Range
National Park. However, predictably, there was a significant difference between
seasons in hatching success on Dirk Hartog Island due to the nests lost due to
beach erosion during the cyclones in season two (Mann-Whitney U=1309; Z=-3.13,
p=0.002). After excluding only the data from all nests lost by the cyclones in
season two, both hatching and emergence success were significantly higher on the
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island nesting site compared to the mainland site (n=158; hatching success: MannWhitney U=1870.5; Z=-2.52, p=0.012; emergence success: Mann-Whitney
U=1941.5; Z=-2.32, p=0.021). Dirk Hartog Island’s hatching and emergence
success were only slightly lower than the average of the undisturbed nests
(67.8±22.6% and 56.8±25.9% respectively), while hatching and emergence
success in Cape Range National Park were dramatically lower (48.1±37.4% and
42.2±34.8% respectively), due to the high number of eggs lost to predation (see
Chapter 5).

3.4 Discussion:
3.4.1

Nesting behaviour and nest site selection

The nesting duration for Western Australian loggerhead turtles observed in this
study is within the 1-2 hour average reported for the species (Miller 1997). Due to
the difference in beach environment more nests were close to vegetation at
Bungelup Beach than on Dirk Hartog Island (the first vegetation line was only about
one metre from the high tide level at the mainland rookery, Figures 2.1-2.2). At
both Dirk Hartog Island and Cape Range National Park nesting beaches a
proportion of nests were inundated during the second season due to storm surges.
Additionally, tides are proportionally higher during the time of hatchling emergence
(i.e. late February/March, which is closer to the Southern Hemisphere autumn
equinox), compared to tides at deposition. This resulted in all nests being slightly
closer to the high tide level at emergence compared to deposition. However, none
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of the nests were below the high tide level during the first year of the study (no
cyclones occurred in the region during the 2006/2007 nesting season).
In this study, egg overflow was associated with an unusually shallow and narrow
nest, rather than a particularly big clutch; in fact there was no relationship between
clutch size and nest measurements. In one case the cause for a shallow nest was
obvious, i.e. there was a rock at the bottom of the nest impeding further digging. All
the other times, however, the nest was simply too shallow. Future studies are
required to investigate whether inexperienced, younger turtles are more likely to
dig smaller nests or whether individual turtles systematically dig nests that are too
shallow. In this study, there was no relationship between turtle size and nest size.

3.4.2

Morphometric and reproductive parameters

No differences between biometric parameters could be identified among the two
Western Australian locations. This is expected as these two rookeries are
genetically one population (Pacioni et al. 2012). Turtle measurements and
reproductive parameters were also comparable to the ones reported for
Queensland loggerhead turtles (Table 3.4), meaning that even though these
populations are genetically distinct (FitzSimmons et al. 1996; Pacioni et al. 2012),
they respond similarly to selective pressures (Tiwari & Bjorndal 2000).
Overall, Australian loggerhead turtles, in comparison to other populations
worldwide, rank within the intermediate size class for SCL and egg diameter (Table
3.5). However, both the Eastern and Western Australian populations lay, on
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average, larger clutches in comparison to those from other rookeries in the world.
Due to the complex life cycle of sea turtles and the fact that turtles at the same
nesting beach can feed at different nesting grounds, it is very difficult to unravel the
selective forces that drive variations of reproductive parameters among different
sea turtle populations. Differences in measurement techniques could also account
for some of the variance, e.g. different reference points when only taking curved
carapace measurements.
Comparable to the findings of this study on the Western Australian loggerhead
turtles, several other studies have found a positive relationship between clutch size
and turtle size in loggerheads (Limpus 1985; Frazer & Richardson 1986; Van
Buskirk & Crowder 1994; Broderick et al. 2003), as well as other species of sea
turtles (Bustard 1972; Hirth 1980). However, this has not been the case in other
studies (Caldwell et al. 1959; Hirth 1980). These conflicting results may have been
due to relatively small sample sizes rather than biological differences between
populations (Frazer & Richardson 1986). Additionally, a direct relationship between
clutch size and body size is generally observed in other turtle species (Moll 1979).
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Table 3.4 Comparisons between main reproductive parameters in Western Australia
(Cape Range National Park and Dirk Hartog Island) and Queensland (Mon Repos
and Heron Island).
Western Australia
Cape Range NP
mean±SD

n

range
CCL (cm)

95.67±5.13

122.05±29.35

48

0.02±0.16

41

4.01±0.18

41

400

36.22±3.59
28.1-42.74

nest depth
(cm)

61.8±7.8
46-74

hSCL (mm)

96.03±5.42

119

124.32±27.49

2

n

95.76±4.42

127±22.15

0.1±0.43

87

0.07±0.34

2207

600

4.04±0.13

1056

560

36.54±2.95

671

34

45-75

57.88±7.05

380

124.4±20.07

27

0.15±0.46

27

0-2
3430

4.12±0.12

170

3.91-4.34
240

26.2-43.1

62.53±7.94

95.7±4.68

89-164

3.47-4.57

36.97±4.06

n

84-108

0-3

3.98±0.15

mean±SD
range

48-190

39.22±3.04

170

34-46
505

36-85

42.33±1.18

280

40.05-44.75
1

128

29.6-47.95
35

mean±SD

Heron Island2

80-113.5

3.64-4.33
360

Mon Repos1

range

0-3

3.66-4.68
egg w (g)

n

38-193

0-1
egg d (cm)

mean±SD

84.4-109

53-181
yolkless
eggs

Dirk Hartog Island

range

83-108
clutch size

Queensland

43.3±1.41
39-46.9

(Limpus 1985)
(Limpus et al. 1984)
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710

43.7±1.54
40-46.9

127

Table 3.5 Comparison of mean straight carapace length (SCL), egg size and clutch
size of Caretta caretta nesting beaches around the world.
Location

SCL (cm)

Egg size
(mm)

Clutch
size

Reference

Western Australia

87.5

39.9

123.4

Queensland

87.4*

40.4

127

(Limpus 1985)

South Africa

87.6

40.9

112

(Hughes et al. 1967; Hughes 1975)

Oman

93.6

42.1

101

(Hirth 1980)

Florida

90.9

42.5

109.6

(Tiwari & Bjorndal 2000)

Mexico

90.5

43

103.5

(Márquez 1990)

Brazil

92.9

41.5

130.5

(Tiwari & Bjorndal 2000)

Greece

79.4

37.6

116.4

(Tiwari & Bjorndal 2000)

this study

* Formula established in this study was used to estimate SCL from CCL

Contradictory results have also been reported in the literature regarding the
correlation between sea turtle size and egg size. Some studies have found
significant correlations in loggerheads (Bjorndal & Carr 1989; Van Buskirk &
Crowder 1994), while others were not able to detect such a relationship (Hays &
Speakman 1991; Van Buskirk & Crowder 1994; Broderick et al. 2003) or even
found an inverse relationship (Caldwell et al. 1959). In the current study no
relationship was detected between SCL and egg diameter, only between SCL and
egg weight. Egg size has been shown to be much less variable than clutch size
(Dodd Jr 1988; Hays & Speakman 1991; Tiwari & Bjorndal 2000), however, the
results of the current study would indicate that egg size cannot be completely
dismissed as an important variable of reproductive output, which may be, in part,
influenced by turtle size.
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Hatchling size is consistently a few millimetres larger than the average egg
diameter (Hirth 1980). It is therefore not surprising that in this study there was a
strong positive correlation between egg weight and size, and hatchling size. The
correlation between hatchling size and egg weight was significant, whilst the strong
correlation between egg and hatchling size, was not statistically significant
probably due to small statistical power (0.49; n=12). It is important to bear in mind
that this study found a weak, but nevertheless significant, positive correlation
between egg weight and nesting turtle size, which would signify that larger (older)
turtles would also produce larger hatchlings and this could be of selective
advantage.
This study found the same prevalence of clutches with one or more yolkless eggs
as that reported by Limpus (1985) for the Queensland loggerhead population.
Additionally, similar to Limpus (1985), there was a significant reduction in the
average clutch size whenever yolkless eggs were present and the magnitude of
the difference in means (expressed as Cohen’s d) was very large. Of the seven
nests with yolkless eggs, four also had other abnormal egg structures Other egg
abnormalities have also been reported in other studies, such as multi-yolked,
chain-form and shell-less eggs (Limpus 1985; Miller 1985), but the frequency of
these events has not previously been quantified. Interestingly, mean clutch size
was also smaller in nests with abnormal eggs. This may signify that both the
presence of yolkless eggs and abnormal eggs could be signs of abnormalities
within the turtles’ reproductive system, also affecting clutch size (see Chapter 6 for
associations between blood health parameters and abnormal eggs). Due to the
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lack of information on the number of clutches laid by the turtles sampled during this
study, the possibility that yolkless eggs and other egg abnormalities may increase
in turtles that have laid more than a certain number of clutches during the same
season, cannot be excluded. Loggerheads are known to nest up to seven times in
one season (Miller et al. 2003) and studies have found a significant decrease in
clutch size with increasing number of nesting events within individuals during the
same nesting season (Frazer & Richardson 1985; Honarvar et al. 2011). It is,
therefore, possible that there could also be an increase in abnormalities, such as
soft shelled eggs, towards the end of the reproductive cycle. However, Miller
(1985) speculated that alterations in egg shape, such as chain-form eggs, are
more likely to be due to a malfunction of the membrane and shell secreting zone of
the oviduct. Organic and inorganic pollutants have also been associated with shell
thinning and/or other reproductive abnormalities in birds (e.g. Cooke 1973;
Wiemeyer et al. 1984; Eeva & Lehikoinen 1995). Associations between pollutants
and reproductive abnormalities are further explored in Chapter 6.

3.4.3 Nest Temperatures and Incubation
The pivotal temperature, the sex-determination temperature during the middle third
of incubation (Yntema & Mrosovsky 1982), for loggerheads on Western Australian
beaches is 29.0ºC (Woolgar et al. 2012), which is the same as the one estimated
in eastern USA (29ºC, Mrosovsky 1988) and similar to the one estimated in Brazil
(29.2ºC, Marcovaldi et al. 1997) and Greece (29.3ºC, Mrosovsky et al. 2002), but
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slightly higher than that estimated for loggerhead turtles in Queensland (28.6°C
and 28.3°C; Limpus et al. 1985; Chu et al. 2008). The transitional range of
temperatures (TRT) at which both sexes are produced has been established at
0.67°C for the Western Australian population (Woolgar et al. 2012). Consequently,
based on the two years of temperature monitoring, Dirk Hartog Island would be
male biased, while the Cape Range National Park nesting site would mostly
produce females. The significant male bias found in juvenile Caretta caretta
stranded on a Perth beach (750 km south of Dirk Hartog Island) (Kuchling 2004) is
further indication that hatchlings from Dirk Hartog Island, the most southerly
rookery, is mostly male biased.

3.4.4 Causes of nest disturbance and reproductive success
The main identified causes of nest destruction for the Western Australian
loggerhead turtle nests were: nest predation and flooding during storm surges,
which also caused significant beach erosion. Whereas predation is the main
limiting factor on the mainland rookery (Chapter 5), on Dirk Hartog Island predation
of a small number of eggs was only occasionally detected on the beaches with
highest nesting density (Beaches 1 to 4; Chapter 4). Because of the high nesting
density on Dirk Hartog Island, nest disturbance by other turtles is another
noteworthy cause of egg destruction on the island (Chapter 4).
Even though only study nests on Dirk Hartog Island were severely affected by
flooding and beach erosion due to cyclone Ophelia (Figure 3.6; Appendix 6B), both
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locations experienced massive beach erosion and nest loss following further
cyclonic activity in 2008. Cyclone Nicholas hit the Ningaloo coast at the end of
February (February 19, 2008, Appendix 6A), just one day after all study nests were
excavated, and with all likelihood, destroyed all incubating nests remaining on the
beach. Later, Cyclone Pancho (March 27, 2008, Appendix 6C) caused massive
beach erosion on Dirk Hartog Island (Figures 3.7-3.11) and washed away all
remaining nests.
Several sea turtle populations have been shown to be threatened by increased
nest destruction by storms (Pike & Stiner 2007; Van Houtan & Bass 2007). The
Ningaloo region, being more northerly, is more often subjected to cyclones during
summer (Bureau of Meteorology 2013). However, due to climate change, the
distribution and intensity of cyclones may increase throughout the world (Emanuel
2005; Webster et al. 2005), possibly resulting in beaches in more southerly
locations of WA also becoming vulnerable to destructive weather patterns. While
predictions on future cyclone frequency do vary, most of the recent models predict
no change or a decrease in frequency associated with an intensification of
cyclones (Oouchi et al. 2006; Leslie et al. 2007; Fuentes 2010; Knutson et al.
2010).
In addition to changes in cyclonic activity, sea level rise is further accelerating
beach erosion and will continue to do so in the future (Perkins 2000; Feagin et al.
2005; Schlacher et al. 2007). The International Panel for Climate Change forecasts
a sea level rise of 0.6m (IPCC 2007), which would be detrimental for low-lying and
narrow coastal and island beaches (Jones et al. 2007; Hawkes et al. 2009; Mazaris
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et al. 2009). Availability of nesting areas would be compromised at both Western
Australian nesting sites as a consequence of the predicted sea level rise, but the
island rookery is particularly vulnerable to this threat. Beaches 1 to 4 are bordered
by limestone cliffs and there is the potential risk that the nesting area would be
dramatically reduced on Beaches 1 and 2 and would be non-existent on Beaches 3
and 4, which are smaller, with a gentle slope and narrower beach area. Because
Bungelup Beach and Beach 5 on Dirk Hartog Island are wider and delimited by
dunes, the consequences of sea level rise on these nesting beaches, in relation to
their role as an incubator, are more difficult to predict. If loggerhead turtles will not
adapt to a potential decrease in nesting area on the island by moving to other
nesting grounds, problems associated with increased nest density, such as nest
destruction by other turtles and increased bacterial and fungal contamination may
significantly decrease hatching success (Chapter 4). In general, the mainland
nesting beach will be more adaptable to changes simply because of the fact that
nesting turtles have the possibility to move and nest on a longer stretch of
coastline.
Another important threat associated with climate change is increased temperatures
which would not only alter sex ratios on the beach but also decrease hatching and
emergence success whenever lethal nest temperatures are reached (Chapter 4).
During the last third period of incubation some nests in Cape Range NP and on
Dirk Hartog Island reached average temperatures close to or at the lethal
temperature limit established for Eastern Australia (33ºC, Table 3.2) (Miller 1997).
Temperature during the pre-emergent period is even higher (Table 3.2) and could
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compromise successful emergence of hatchlings by inhibiting coordinated
movement and in extreme cases cause spasms (O'Hara 1980; Gyuris 1993; Drake
& Spotila 2002). The effects of high temperatures during the pre-emergent period
are further assessed and discussed in Chapter 4.
Hatching success was over 80% for the undisturbed nests in Cape Range National
Park, which is typical for loggerhead turtles (Miller et al. 2003), while Dirk Hartog
Island had lower hatching success for undisturbed nests, probably due to higher
levels of fungal and bacterial contamination associated with higher nesting density
(Chapter 4). However, when the disturbed nests (except for the nests lost during
the cyclone) were included in the analyses, the hatching success on Dirk Hartog
Island did not change much, while the hatching success in Cape Range basically
halved due to the high number of eggs taken by predators, in particular ghost crabs
(Chapter 5).
Because of the different temperature patterns and beach characteristics, the Cape
Range National Park mainland nesting population, even though it is smaller, may
be of critical importance to the overall population, since currently it produces the
majority of females and might be more adaptable to sea level rise. At the same
time the mainland rookery is also more at risk of further temperature increases
having already relatively high mean nest temperatures. Consequently, it is
important to address the factors reducing hatching success on this and other
mainland nesting sites, namely predation by introduced and native animals
(Chapter 5). Whereas, on Dirk Hartog Island it is very important to consider
differences in nest temperature and hatching success among the different beach
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sectors (Chapter 4) when planning management strategies or future tourism
activities associated with the recent establishment of National Park status for the
island. Also, in both locations, predicted environmental changes associated with
global warming need to be taken into consideration when developing management
strategies for each nesting rookery and ideally need to be evaluated in the broader
context of the genetic stock, which encompasses several nesting rookeries of
different sizes spanning a distance of over several hundred kilometres (Pacioni et
al. 2012).

3.4.5 Conclusions
In this chapter first critical baseline data on reproductive parameters were detailed,
identifying threats for two critical Western Australian loggerhead turtle rookeries.
However, because of the dynamic and ever-changing beach environment,
particularly in associations with predicted climatic changes, it is particularly
important to regularly obtain data on parameters, such as nest temperatures,
predation levels and hatching success, in order to assess management strategies,
to allow valid predictions to be made and to accurately model populations. It is also
unknown if and how sea turtles may be able to adapt to a fast changing climate
and regular monitoring of overall nest disturbance and hatching success might give
an insight on possible adaptive strategies of the species. Potential management
options to mitigate increased temperatures or beach erosion include nest shading,
re-vegetation, nest relocation and artificial incubation (Hawkes et al. 2007; Hawkes
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et al. 2009; Fuentes 2010; Fuentes et al. 2011), but many may be difficult to
implement at remote sites.
It is envisaged that data obtained from this study will provide the foundation for
future targeted reproductive data collection and research on nesting loggerhead
turtles in WA and help prioritise management actions. Chapters 4 and 5 provide
detailed descriptions of factors affecting hatching and emergence success on Dirk
Hartog Island and egg predators and predation levels in Cape Range National
Park, respectively.
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Figure 3.7 Aerial view of Turtle Bay (Dirk Hartog Island) after cyclone Pancho (27th
of March 2008): extensive beach erosion is visible all along this coastline.

Figure 3.8 Eggs from destroyed nests washed over Beach 1.
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Figure 3.9 Beach 1 before and after cyclone Pancho.
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Figure 3.10 Beach 2 before and after cyclone Pancho.

86

Figure 3.11 Beach 4 before and after cyclone Pancho.
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Chapter 4 Biotic and abiotic factors
affecting loggerhead turtle nest
success and hatchling emergence
patterns
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4.1 Introduction
An understanding of nest biology is crucial for the management of sea turtle
populations (Richardson 1999). In fact, hatching and emergence success
provide fundamental data to assess the overall reproductive output and
importance of a nesting beach, and indirectly assess the general health of the
nesting population (Miller 1999), and are therefore considered a “critical
population parameter” in the Recovery Plan for Marine Turtles in Australia
(Environment Australia 2003).
The reproductive strategy of loggerhead turtles, as for all sea turtles, involves
laying several large clutches during a reproductive period of several months at a
selected nesting beach within the region of their birth. Successful reproduction
depends on the energetics at the foraging sites and the environmental
conditions at the nesting sites (Miller 1997).
At nesting beaches with little anthropogenic impact, hatching success is
influenced by several biotic and abiotic factors, including predation (e.g.
Stancyk 1982; Engeman et al. 2003; Donlan et al. 2004), beach characteristics
(Mortimer 1990; Kolbe & Janzen 2002), weather conditions and flooding of
nests (Ragotzkie 1959; Limpus 1985; Foley et al. 2006; Van Houtan & Bass
2007), and nest parameters, such as temperature and humidity (McGehee
1990; Mortimer 1990; Ackerman 1997; Miller et al. 2003). Although several
studies

have

identified

numerous

environmental

determinants

limiting

reproductive success, it appears clear that regional differences regarding the
primary factors driving hatching success exist and it is to be expected that
several factors may act synergistically.
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The aims of this study were to:
1. Identify the environmental factors that limit embryonic development and
pre-emergent hatchling survival on the Dirk Hartog Island nesting beach;
2. Assess differences in hatching and emergence success along and
across the nesting beach;
3. Identify environmental factors that influence hatchling emergence
patterns and duration.
In the face of potential future temperature increases due to climate change,
attention was given to evaluating the effect of high temperatures on hatching
and emergence success, as well as on emergence patterns and behaviour.
Successful incubation occurs within the thermal range of 24ºC to 33ºC (e.g.
Bustard & Greenham 1968; Bustard 1972; Yntema & Mrosovsky 1980; Miller
1985). Temperature also influences incubation duration and the sexual
differentiation of sea turtle embryos (Mrosovsky 1980, 1982). Faster
development at higher temperatures may also increase the possibility of
developmental deformities (Miller et al. 2003). Thereby, sea turtles, in general,
are considered an excellent indicator of the impact of climate change on coastal
and marine habitats (Hawkes et al. 2009).
Furthermore high mortality of pre-emergent hatchlings has been attributed to
high sand temperatures in loggerhead turtles in Japan (Matsuzawa et al. 2002)
and green turtles in Costa Rica (Segura & Cajade 2010). Several studies have
looked at emergence triggers and threshold temperatures at which emergence
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is inhibited (Witherington et al. 1990; Hays et al. 1992; Gyuris 1993; Moran et
al. 1999; Drake & Spotila 2002), but based on available literature it seems that
no studies have investigated how high temperatures (>33ºC) translate into
changes of emergence duration and asynchrony.
Inundation of nests reduces oxygen availability and when prolonged can kill an
entire clutch (Maloney et al. 1990; Foley et al. 2006), and roots have been
observed to invade eggs and kill eggs directly or indirectly by facilitating
pathogen entry (Conrad et al. 2011). Therefore, inundation of nests closer to the
high tide line and the presence of roots in nests located along the vegetation
line were monitored and their effect on reproductive success assessed.
Additionally, it was deemed important to assess hatching success on different
beach habitats and beach sectors. Establishing whether there are significant
differences in nesting success across or along the beach is critical for several
management decisions. For example, to identify beaches more suitable for ecotourism activities (to minimise potential impact of tourism on beach sectors with
high hatching and emergence success) and to evaluate the benefits and risks of
nest translocation to enhance overall hatchling production (Eckert & Eckert
1990).
Dirk Hartog Island is the largest loggerhead turtle nesting site in Australia and
has been recently declared a National Park. It is therefore critical to assess the
reproductive success of this rookery because of its international contribution to
loggerhead numbers. In the face of climate change and potential future
increases of tourism activities on the island, results obtained in this study will
provide crucial baseline data. Assessment of the role of environmental
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conditions on nest success can provide valuable insight to develop and improve
management strategies to increase hatchling output. Additionally, on isolated
beaches with minimum anthropogenic impact, such as Dirk Hartog Island, data
on reproductive success are essential to obtain means of comparison for other
nesting grounds with greater, and often increasing, anthropogenic pressures.

4.2 Materials and Methods
4.2.1 Nest success
Turtle Bay beaches (Beaches 1-4; Figure 2.6) were monitored nightly for 14
days early January during the 2007 and 2008 nesting season to mark nests and
obtain clutch and nesting turtle parameters. The beaches were then monitored
for 4-5 weeks in March to identify signs of emergence or nest disturbance on
pre-emergent nests. In total, 121 nests were marked during nesting (55 in 2007
and 66 in 2008) and another 18 after observed emergence (5 in 2007 and 13 in
2008). Around 50 nests were marked on both Beach 1 and Beach 2 and 29 on
Beaches 3 and 4. In 2008 Beach 5 (Cape Levilllain) was also occasionally
monitored and four nests were marked at deposition and another five nests
were excavated on this beach sector after observed emergence (Table 4.1).
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Table 4.1 Sample distribution along the beach sectors during the 2006/07 and
2007/08 nesting seasons. Most nests were marked during egg deposition
(nesting), but a small number were excavated after observed emergence
(emergence).
2007
Nesting

2008

Emergence Nesting Emergence

Total

Beach1

21

3

22

2

48

Beach2

23

2

22

6

53

Beach3

2

0

7

0

9

Beach4

9

0

11

0

20

Beach5

0

0

4

5

9

For all nests (n=139), beach sector, GPS coordinates and nest position across
the beach were recorded by measuring the distance to the high tide level, as
well as to the closest vegetation and by identifying beach habitat (intertidal,
above high tide level, vegetation, dune; Chapter 2). After hatchling emergence,
beach habitat and distance from high tide level were again re-assessed and
beach slope at the nests location recorded with a clinometer pointed to the high
tide line. At emergence (March, around the autumn equinox) the tides were
higher than at clutch deposition (January) and therefore most study nests were
located closer to high tide level as incubation progressed. During the second
year, beach erosion was responsible for some nests being located below or at
high tide level during the second half of incubation (Chapter 3).
For a sample of nests, nest measurements (n=41) and clutch parameters
(clutch count, n=87; egg size and weight, n=60) were obtained at deposition
(see Chapter 3 for details on methodology). Whenever eggs were not counted
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at deposition, clutch count could reliably be estimated from the examination of
nest contents following hatchling emergence (Figure 3.2, Miller 1999).
Study nests marked at deposition by triangulation from the two closest beach
stakes were excavated either 48 hours after the last observed signs of
emergence or 70 days after deposition. Nest contents were classified as empty
shells, hatchlings and unhatched eggs (Table 4.2) to calculate hatching and
emergence success (HS and ES; i.e. the percentage of hatched eggs and
emerged hatchlings in relation to the total number of eggs; Chapter 2). Because
emergence success is typically calculated in relation to the total number of
eggs, the overall hatching success influences the emergence success
percentage (e.g. nests with low hatching success always have a low emergence
success, even when all hatched hatchlings emerge successfully), and
emergence success is always equal to or lower than hatching success. To
control for the effect of hatching success over the value of emergence success
and to evaluate the effect of factors over the hatched hatchlings during the
emergence process, a new variable, called “adjusted emergence success” was
created. Adjusted emergence success (ESadj) was calculated as:

(

)

This allowed calculation of the percentage of hatched hatchlings, which
emerged.
All unhatched eggs were opened in the field to identify the developmental stage.
If the degree of decay in the egg was too advanced then the egg content was
classified as “undetermined” (Table 4.2). During excavation of the nest
95

presence of rocks or roots was recorded, and in the case of roots the density of
roots was reported using a density scale from zero to three (three referring to
the nests with highest root density).

Table 4.2 Nest content classification and description.
Category

Description

Shells

Empty egg shells (greater than 50% intact)

Live in nest

Hatchlings found alive within the egg chamber

Dead in nest

Dead hatchlings free of shells found in nest

Live in pipped egg

Alive embryo that ruptured the egg shell but did not exit
the egg; stage 30 (Miller 1985)

Dead in pipped egg

Dead embryo in pipped egg; stage 30 (Miller 1985)

Undeveloped

Unhatched eggs with no sign of development or embryo
inside

Unhatched – pigmented

Unhatched eggs with bloodspot but no discernible
embryo

Unhatched – early

Unhatched eggs with partially developed embryo. Small
white embryo usually with eyes, without obvious
carapace (Figure 2.16)

Unhatched – mid

Unhatched eggs with mid-term embryo: white embryo
with a carapace, without dark scutes; stage 23-26
(Miller 1985)

Unhatched – late

Unhatched eggs with an embryo classified as late
embryonic stage: large brown or white (amelanic)
embryo with fully formed scutes; stage 26-29 (Miller
1985) (Figure 2.17)

Yolkless

Small egg (less than half of typical size), which did not
contain a viable embryo (Figure 3.4 A)

Undetermined

Egg content cannot be classified in any of the above
categories (e.g. dried out, bacterial contamination,
predated)

Fungal/bacterial

Eggs with visible fungal growth or bacterial
contamination (eggs were also classified in one of the
above categories) (Figures 4.14 and 4.15)
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For descriptive statistics of nest success, an “unsuccessful” nest was defined as
a nest that had 0% emergence success or whenever the number of eggs lost
due to predation or beach erosion was more than 80%. Nests disturbed by
another turtle were considered separately, although most of those nests could
be classified as successful. Whenever a nest was disturbed by more than one
cause (for example lost due to beach erosion but also previously disturbed by
another nesting turtle), only the disturbance that was believed to be responsible
for the most damage was recorded in the table and chart that summarises all
unsuccessful nests (i.e. Figure 4.9; Table 4.7). All nests lost to beach erosion
and complete predation were considered to have had 0% hatching and
emergence success. While it is possible that some eggs from these nests might
have hatched prior to beach erosion or predation, emergences were never
observed from any of these lost nests.
Hatching and emergence success could be calculated for most study nests that
had another nest deposited on top of it (in some nests the contents were too
decomposed to allow differentiation of contents). Whenever the subsequently
laid nest shared the same nest chamber it was not possible to differentiate nest
success of the two separate nests and the nest content was evaluated as one
nest. For the descriptive statistics of nest content (Table 4.14), nests disturbed
by another turtle were excluded for the analyses of absolute counts, but were
included when assessing relative percentages of nest content.
The following nests were not included for the hatching and emergence success
analyses, which explored the effect of environmental/nest factors (beach sector,
roots in nest, temperature, clutch parameters, beach habitat) on nest success:
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1. nests that were lost due to beach erosion and predation (n=16)
2. nests that had more than 80% of undeveloped eggs (n=3)
3. nests that were almost completely destroyed by another turtle and had 0%
hatching success (n=1)
Some analyses were repeated using the whole dataset (i.e. difference between
seasons), and the use of the complete dataset is always specified in the
relevant sections of this chapter.

4.2.2 Temperature
Temperature data loggers (DS 1922 and DS 1923 iButton data logger, Dallas
semiconductor, Maxim Integrated Products, San Jose, CA, US), programmed to
record temperature every hour, were placed in the middle of each clutch at
deposition and were recovered after hatchling emergence. A total of 105 data
loggers were deployed to monitor nest temperatures across the two nesting
seasons (46 in 2007 and 59 in 2008). In 2007 43 functional data loggers were
recovered. In 2008 ten data loggers were lost due to beach erosion and one
due to a turtle digging into the study nest. Of the remaining 48 data loggers in
2008 five stopped working, probably due to prolonged inundation during cyclone
Ophelia.
Sand data loggers were placed at approximately 50 cm depth along the beach:
four data loggers each on Beaches 1 and 2 (three along the vegetation line, at
the beginning, middle and end of the beach and one, half way between the
vegetation and the high tide level), two data loggers each on Beaches 3 and 4
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and five data loggers along Beach 5 (all close to the dunes/cliffs) (see Figure
4.6 for sand data-logger distribution across the study transects). Data on air
temperature (daily minimum and maximum) and rainfall were obtained from
Denham weather station (station 6044: Australian Bureau of Meteorology)
located 30 km from Dirk Hartog Island and approximately 70 km from Turtle
Bay.
Temperature readings were subdivided in thirds of incubation (T 1, T2, T3).
Incubation period was defined as the time between egg deposition up to four
days prior to first observed emergence, as studies have shown that loggerhead
hatchlings hatch, on average, four days prior to emergence (Godfrey &
Mrosovsky 1997). Pre-emergent temperature values (T 4) were calculated using
the temperature readings four days prior to emergence up to the last recorded
emergence event. Average temperatures, standard deviations, minimum and
maximum temperatures were calculated for each incubation period. The
number of hours above 33ºC and 35ºC during the last third of incubation and
the pre-emergent period were also calculated. The incubation to emergence
period (IEP) was determined as the time from deposition to first emergence and
was reported in days.
In 2008 during the study period two cyclones, Nicholas and Ophelia, developed
off the Kimberley coast. Although they weakened to below cyclone intensity
they still affected meteorological conditions in the Shark Bay area around the
20th of February and 6th of March. Only cyclone Nicholas caused rainfall in the
area. To assess whether the two cyclones caused any temperature changes in
the nests the data logger readings of all nests in 2008 were graphically
inspected to identify drops in temperature around the time the low pressure
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systems moved into the Shark Bay area. The date, temperature before the
drop, minimum temperature reached, temperature difference, time (in hours) to
reach minimum temperature and time to return to the temperature before the
cyclone, were all extrapolated from the data. Study nests were not affected by
the massive beach erosion that resulted as a consequence of cyclone Pancho
(27th of March 2008; Chapter 3; Figures 3.7-3.11), as hatchlings from all study
nests had already emerged. Average nest and sand temperatures were plotted
on a map using ArcGIS 10.0 (Esri®, Redlands, CA, USA).

4.2.3 Emergence
Every morning study nests were checked for hatchling emergence and the
number of hatchling tracks was estimated at a point where the emergence cone
would fan out and it was possible to differentiate single tracks (Figure 4.1). The
number of emerged hatchling tracks was categorised in one of three groups:
<25, 25-50 or >50 tracks. The date and number of tracks of subsequent
emergences from the same nest were also recorded. The “emergence period”
was defined as the number of nights between the first and last observed
emergence from the same nest.
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Figure 4.1 Emergence tracks of a loggerhead turtle nest.

4.2.4 Statistical analyses
Statistical analyses were performed using IBM SPSS 19.0 and PRIMER-E Ltd
(Plymouth, UK). Prior to statistical analyses, all parameters were screened for
entry errors, outliers and checked for normality, using the Shapiro-Wilk statistic,
kurtosis and skewness. Means are presented ±SD.
Analysis of similarity (ANOSIM) is a method to test differences among defined
groups in multivariate data sets using permutation-based analysis with
PRIMER-E (Clarke & Warwick 2001; Clarke & Gorley 2006). ANOSIM was used
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to compare different groups (i.e. beach sector and habitat) for mean, minimum
and

maximum

nest

temperature

during

all

three

incubation

periods

simultaneously. ANOSIM produces a statistic R, which indicates the magnitude
of difference among groups of samples. R=1 indicates that the dissimilarities
among the groups are larger than the dissimilarities within the groups; R≤0
indicates that there is no difference among groups. The statistical significance
of R is tested by Monte Carlo randomisation (Clarke & Gorley 2006).
To explore factors affecting hatching and emergence success, nest content and
emergence duration, univariate parametric and non-parametric tests and
correlations were run, whilst taking into consideration the normality of
distributions and homogeneity of variances (i.e. t-test or Mann-Whitney U tests;
Pearson’s correlation coefficient with two-tailed significance or Spearman’s rank
order correlation; One-way Analysis of Variance in association with Bonferroni
and Gabriel’s tests for the post-hoc comparisons or Kruskal-Wallis test).
Hatching and emergence success, which are expressed as percentages, were
arcsine transformed for parametric analyses. Cohen’s d and r were calculated
as the effect size statistic (i.e. strength of association) for t-tests and MannWhitney U tests, respectively (Cohen 1988). To minimise the risk of type 1
errors sequential Bonferroni corrections were used to adjust p values when
related groups of analyses were performed (Field 2009) on:


Nest position (3 parameters): slope, distance to high tide level and
vegetation;



Nest measurements (4 parameters): top and bottom depth, neck and
bowl width (Figure 3.1);
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Clutch parameters (3 parameters): clutch size, egg size and weight



Temperature (4 parameters): temperature in three incubation periods
and one pre-emergent period;



Time above lethal temperature (4 parameters): hours above 33°C and
35°C during the last third of incubation and pre-emergent period;



Nest content (10 categories, Table 4.2);



Egg contamination (2 categories): fungal, bacterial.

Linear multiple regression was used to assess the importance of predictors on
hatching and emergence success. Preliminary analysis was conducted to
ensure no violation of the assumptions of normality, linearity, multicollinearity
and homoscedasticity. Predictors significant in the univariate analysis were
included by forced entry in a linear multiple regression model. When predictors
were highly correlated to each other (e.g. average temperature during the preemergent period and number of hours above 33°C during the pre-emergent
period), only one was chosen for the analysis. Hierarchical multiple regression
was used for hatching success to assess whether nest location on Sector 3
(expressed as a dichotomous variable and added in the second step of the
analysis) significantly improved the overall model.
The emergence period was coded into a dichotomous variable (1=1-2 nights;
0=>2 nights) for direct logistic regression, to assess how much of the variance
in emergence duration was explained by physical obstruction due to dead
hatchlings blocking the exit and/or by high pre-emergent temperatures. To avoid
multicollinearity the percentage of dead hatchlings and pipped hatchlings were
merged into one variable (sum of dead hatched and pipped hatchlings).
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4.3 Results:
4.3.1 Air, sand and nest temperatures
Study nests had a mean incubation temperature of 29.2±0.9ºC during the two
study years and sand data loggers recorded a mean temperature of 28.9±0.9ºC
during the 2008 nesting season. There was no significant nest temperature
difference among nesting seasons although nest temperatures were slightly
higher during the 2008 nesting season (2007: 29.1±0.7ºC; 2008: 29.5±1.02ºC;
Table 4.3). A seasonal difference was detected for daily atmospheric minimum
temperatures between January and March in Denham (t=-3.97, df=152,
p=0.000, Cohen’s d=-0.64; Table 4.3). While both average minimum and
maximum atmospheric temperatures in Denham were higher in 2008 compared
to 2007, in 2007 maximum temperatures peaked to 46.2°C (6/3/2007), whilst in
2008 the maximum temperature reached was 40.4°C (20/2/2008) (Figure 4.2)
(Bureau of Meteorology 2012). Rainfall was minimal in 2007 (0.4-1.8 mm on 3
days) and didn’t influence atmospheric or nest temperatures, while in 2008 low
pressure systems due to cyclone Nicholas and Pancho resulted in 30.8 mm of
rain on the 21st of February and 163.3 mm in five days between the 27-31st of
March (Bureau of Meteorology 2012). Whilst cyclone Nicholas and Pancho
were associated with a drop in atmospheric temperature (particularly in
maximum temperature; Figure 4.2 B) the low pressure system resulting from
cyclone Ophelia did not cause any comparable temperature decrease (Figure
4.2). This pattern was reflected in the nest temperature readings and while
cyclone Nicholas caused temperature drops in all nests, only a few nests
showed a clear drop in temperature during Ophelia (e.g. Figure 4.3). All nests
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that showed a drop in temperature during Ophelia were located on Beaches 3,
4 and 5.
Weather changes associated with cyclone Nicholas on the 19-20th of February
resulted in a mean temperature drop of 1.2 ±1.1°C (range 0.31-6.2°C; 56%, 24
of the temperature monitored nests had a drop in temperature of more than
1°C) within 43.7±11.9 hrs (range: 17-66 hrs) and a return to the pre-Nicholas
temperature on average in 104.8±24.6 hrs (range 65-171hrs). In particular,
nests close to sea level reached lower temperatures and the minimum
temperature reached during the cyclone Nicholas rainfall event was positively
correlated to the height above sea level of the nests (Spearman rank
correlation, n=43, r=0.39, p=0.011). However, there was no difference in the
drop in temperature, minimum temperature reached, and the duration of the
temperature drop between beach sectors (Kruskal Wallis test, all p>0.05). It
didn’t rain in Shark Bay when cyclone Ophelia hit the Ningaloo coast on the 5 th
of March, but higher tides and waves resulted in beach erosion (Figure 3.6).
Inundation and destruction of some nests closest to the high tide level occurred
during this period. Of the 66 nests marked at nesting, 14 were lost due to beach
erosion and another 27 were inundated. Most of the nests were only inundated
for a few hours and only seven of the 27 inundated nests showed a drop in
temperature (on average 3.7 ± 2.3°C) on the 6th of March that was clearly
associated with cyclone Ophelia.
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A
A

B

Figure 4.2 Average daily temperature in nests (minimum, maximum and mean)
and average daily atmospheric temperature and rainfall recorded at Denham
weather station (A= 2007 and B= 2008). In 2008 (B) blue arrows indicate cyclones
Nicholas, Ophelia and Pancho (in chronological order).
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Table 4.3 Descriptive statistics of nest temperatures: mean, minimum and
maximum of the three thirds of incubation (T1, T2, T3), pre-emergent period (T 4)
and mean minimum and maximum temperatures in Denham for both nesting
seasons.
°C
T1
MIN T1
MAX T1

T2
MIN T2
MAX T2

T3
MIN T3
MAX T3

T4
MIN T4
MAX T4

MIN Denham

MAX Denham

Season

n

Mean

SD

2007

41

27.39

0.77

2008

38

27.66

0.88

2007

41

25.20

1.60

2008

38

25.45

1.43

2007

41

28.20

1.01

2008

38

28.08

0.97

2007

41

28.59

0.77

2008

38

28.82

1.14

2007

41

27.95

0.84

2008

38

28.11

1.09

2007

41

29.59

1.05

2008

38

30.03

1.46

2007

41

31.41

0.87

2008

38

31.50

1.22

2007

41

29.46

0.95

2008

38

29.11

1.57

2007

41

33.07

0.98

2008

38

33.05

1.52

2007

41

32.24

1.32

2008

38

32.53

1.37

2007

41

31.24

1.46

2008

38

31.53

1.47

2007

41

33.07

1.59

2008

38

33.29

1.59

2007

22.28

1.88

2008

23.41

1.63

2007

30.55

4.42

2008

30.88

3.21

107

Figure 4.3 Nest temperature readings of nest 107052, the arrows mark
temperature drops associated with cyclone Nicholas and Ophelia and the star
marks emergence of the turtles.

Nest temperatures at the three beach sectors were correlated to atmospheric
temperatures recorded in Denham (Minimum: Beach 1 p=0.001, r=0.255; Beach
2 p=0.000, r=0.336, Sector 3 p=0.000, r=0.371; Maximum: Beach 1 p=0.000,
r=0.278; Beach 2 p=0.001, r=0.255, Sector 3 p=0.000, r=0.322). Overall, there
were considerably less temperature fluctuations in the nests compared with the
temperature of the atmosphere and the sand. In all nests a gradual increase in
temperature was observed over the incubation period (Figures 4.2 and 4.4).
The mean sand temperature at a depth of 50 cm in 2008 (28.6±0.9ºC, range:
24.3-31.4ºC) was almost one degree lower than the average temperature in
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nests of the same season (29.5±1.02ºC; range: 22.3-37.0ºC). When comparing
sand and nest temperatures at the same beach, a temperature difference
ranging between 0.27 and 1.45°C was recorded (Table 4.4). On all three beach
sectors the largest temperature differences between nest and sand data loggers
were recorded during the last third of incubation (range of 2.02-3.2°C). This is
also evident from Figure 4.4, which shows that the average nest temperatures
for the first third of incubation closely follow the sand temperatures, however
approximately one third of the way through the incubation process the nest
temperatures rise. Additionally, nest data loggers recorded, on average, a
smaller drop in temperature in association with the cyclones, than the sand data
loggers, the only exception being nests located below high tide level during the
storm surge (Figure 4.4 C).
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Table 4.4 Comparison of nest and sand temperatures on Beach 1 (B1), Beach 2 (B2) and Sector 3 (Beaches 3 and 4; S3) during the
2007/08 nesting season. The table shows average incubation temperatures (Tincub) and average temperatures during the first (T 1), middle
(T2) and last third of incubation (T 3) and the difference between nest and sand temperatures (Δ).

Nests B1

Sand B1

mean±SD

mean±SD

Tincub

29.7±2.1

28.6±0.8

T1

27.3±0.4

T2
T3

°C

Δ B1

Nests B2

Sand B2

mean±SD

mean±SD

1.11

29.0±1.8

28.7±0.6

27.6±0.1

-0.24

27.1±0.4

29.3±0.9

28.3±0.5

1.01

32.1±0.8

29.3±0.5

2.81

Δ B2

Δ S3

Nests S3

Sand S3

mean±SD

mean±SD

0.27

30.5±1.9

29.0±0.6

1.45

28.1±0.1

-0.99

28.6±0.5

28.4±0.1

0.15

28.6±0.7

28.6±0.4

-0.04

30.3±0.9

29.1±0.4

1.21

31.1±1.1

29.1±0.7

2.02

32.5±1.4

29.3±0.8

3.19
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A

B

C

Figure 4.4 Average temperature readings of nest and sand data loggers during
the 2007/08 nesting season on Beach 1 (A), 2 (B) and 3 (C), across different
beach environments: HTL=above high tide level; VEG= vegetation line; below
HTL= inundated nests.
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A total of 52.3% of the study nests (n=45) exceeded 33ºC during the last third of
incubation and during the pre-emergent period, and 8.1% (n=7) and 11.6%
(n=10) of nests reached a temperature of 35ºC during the last third of incubation
and the pre-emergent period, respectively. During the last third of incubation
nests maintained temperatures of 33ºC and 35ºC and higher for 136.5±106.2
hrs (range: 5-370 hrs) and 104.6±108.2 hrs (range: 6-269 hrs), respectively.
Whereas,

during

the

shorter

pre-emergent

period

nests

maintained

temperatures of ≥33ºC and ≥35ºC for 88.6±59.4 hrs (range: 7-219 hrs) and
49.4±55.7 hrs (range: 3-190 hrs), respectively. Nests located on Beaches 3 and
4 (Sector 3) experienced, on average, a higher number of hours above 33ºC,
particularly during the last third of incubation, compared to Beaches 1 and 2
(Kruskal Wallis test, n=77, χ2=10.5, df=2, p=0.005). This difference was not
present during the pre-emergent period (Table 4.5).

Table 4.5 Average number of hours the nest temperature was above 33ºC during
the last third of incubation (T 3) and the pre-emergent period (T4) in Beaches 1
and 2 and Sector 3.
>33°C in T3 (hrs)

>33°C in T4 (hrs)

Beach/Sector

n

mean

SD

mean

SD

1

31

65.61

91.99

52.32

62.41

2

29

34.97

74.29

30.86

56.38

3

17

111.29

124.66

66.71

73.74
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Overall, there was a significant difference in the nest temperature between
beach sectors (ANOSIM: Global R=0.114, p=0.003), with Sector 3 having
significantly higher nest temperatures than Beaches 1 (ANOSIM R=0.30,
p=0.002) and 2 (ANOSIM R=0.15, p=0.03). Average temperatures on Sector 3
were significantly higher during all three incubation stages (but not the preemergent period) and the incubation to emergence period was significantly
shorter than on Beaches 1 and 2 (Table 4.6). Similar to nest temperatures, sand
data loggers distributed evenly along the nesting beach showed an increase in
temperature from Beach 1 to Beach 5, with higher temperatures on Beaches 4
and 5 (Figures 4.5; 4.6). The coolest beach area was located at the western
end of Beach 1 (Figures 4.5-4.7).
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Table 4.6 Descriptive statistics and statistical comparisons of incubation to emergence period (IEP) (Kruskal-Wallis test) and mean
temperatures of the first third (T 1), middle third (T2) and final third of incubation (T 3), as well as the pre-emergent temperature (T 4) in the
three beach sectors on Dirk Hartog Island (One-way ANOVA).
Beach 1

Beach 2

Sector 3 (Beach 3 and 4)

mean±SD

range

n

mean±SD

range

n

mean±SD

range

n

χ2

p

63.11±3.92

57-75

30

63.00±4.16

57-74

33

59.23±3.09

57-68

13

12.74

0.002

mean±SD

range

n

mean±SD

range

n

mean±SD

range

n

F

p

T1 (°C)

27.22±0.66

25.54-28.24

31

27.30±0.56

26.11-28.44

29

28.48±0.52

27.79-29.46

17

28.20

0.000

T2 (°C)

28.42±0.65

26.44-29.69

31

28.52±0.79

27.03-30.42

29

29.7±0.82

28.85-32.05

17

18.52

0.000

T3 (°C)

31.50±0.84

29.36-33.46

31

31.00±1.03

28.63-33.48

29

32.00±1.18

30.05-35.32

17

5.12

0.008

T4 (°C)

32.50±1.13

30.78-34.62

31

31.98±1.53

28.64-36.23

29

32.70±1.30

30.05-35.21

17

1.84

0.165

IEP (days)

114

32

Sand temperture (ºC)

31
30
29
28
27
26
25

24
23

B1 W

B1 VEG

B1 M

B1 E

B2 W

B2 VEG

B2 M

B2 E

B3 W

B3 E

B4 W

B4 E

B5 W

B5.2

B5.3

B5.4

B5 E

Beach sectors

Figure 4.5 Descriptive statistics of sand data loggers positioned along Turtle Bay from the western end (W) to the eastern end (E): Beach
1 (B1), Beach 2 (B2), Beach 3 (B3), Beach 4 (B4) and Beach 5 (B5). The length of the box is the variable interquartile range and contains
50% of all cases, the line across the box represents the mean value and the whiskers go to minimum and maximum values. Sand data
loggers were located close to the vegetation line, except for two sand data loggers on Beaches 1 and 2 (B1 M, B2 M), located in the
middle of the beach sector half way between the high tide line and the vegetation.
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Figure 4.6 Distribution of sand data loggers and average sand temperature during the 2008 nesting season.
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Figure 4.7 Nest data logger distribution (nesting season 2007 and 2008) and average nest temperature.
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Temperature was also significantly different between beach habitats (Global
R=0.174, p=0.002), with intertidal nests and nests located between the high tide
and the vegetation line having higher temperatures than nests located at the
vegetation line (ANOSIM R=0.297, p=0.014 and ANOSIM R=0.16, p=0.006,
respectively).
Nest temperatures in the last third of incubation (T 3) and the number of eggs in
the nest were strongly correlated to each other (n=71, mean T 3: r=0.49,
p=0.000; min T3: r=0.36, p=0.001, max T3: r=0.51, p=0.000) (Figure 4.8).

Figure 4.8 Relationship between clutch size and average temperature during the
last third of incubation (T3).
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4.3.2 Nest success
The main causes of nest loss and disturbance were beach erosion and other
nesting turtles digging into existing nests (Figure 4.9). A higher percentage of
nests were categorised as successful (i.e. nests that produced hatchlings to the
beach surface) during the first year of monitoring primarily because no nests
were lost to beach erosion. Additionally, none showed signs of substantial
disturbance by predators (more than 80% of the clutch predated) during the
2006/07 nesting season (Table 4.7). In 2006/07, two marked nests could not be
found and their fate was unknown. A further nest had 90.2% hatching success
but zero emergence success. The cause of hatchling death could not be clearly
identified (this nest was therefore categorised as “unknown” in the nest success
analysis).
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Figure 4.9 Pie chart outlying the percentage of successful nests and nests that were partially destroyed by another nesting turtle and
nests that had 0% emergence success due to inundation, beach erosion, predation, no development or unknown causes during both
nesting seasons. Two nests could not be found during the first nesting season.
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Table 4.7 Frequency (n) and overall seasonal percentage (%) of successful nests,
nests disturbed by another nesting turtle and unsuccessful nests (0%
emergence

success)

due

to

predation,

inundation,

beach erosion,

no

development and unknown causes, and nests that could not be found at
excavation during the two nesting seasons (2006/07 and 2007/08).
2006/07

2007/08

n

%

n

%

Not found

2

3.4

0

0

Unknown

1

1.7

0

0

Inundated

1

1.7

1

1.3

Beach erosion

0

0

14

18.2

Predated

0

0

2

2.6

Other turtle

4

6.8

8

10.4

Undeveloped

3

5.1

0

0

Successful

48

81.4

52

67.5

Total

60

100.0

79

100.0

4.3.2.1 Inundation and beach erosion
Fourteen nests were lost due to beach erosion in association with the high tide
and storm surge due to the passing of Cyclone Ophelia on the 6 th of March
2008. Aside from the nests lost due to beach erosion, only two more nests (one
in each year) were classified as unsuccessful due to embryo and hatchling
death caused by inundation (Table 4.7). In both cases, the excavated clutch
consisted mostly of decomposed late stage embryos, dead pipped hatchlings
and dead hatched hatchlings. Both nests were classified as “intertidal” at
excavation. Six nests were inundated for a variable amount of time during the
2006/07 nesting season and 45 during the 2007/08 nesting season (overall,
n=51, 37.2% of the study nests). The beach habitat of 12 nests (8.6%) was
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classified as “intertidal” at nest excavation, of these 11 were in the 2007/08
nesting season.
Half of the nests lost due to beach erosion were located on Beach 1 (n=7, 29%
of the nests marked on this beach sector during the 2007/08 nesting season), in
particular at the western end of the beach. On Beach 4, four nests were lost due
to beach erosion, representing the beach sector with the highest percentage of
marked nests lost to beach erosion (36.4% of nests within Beach 4).
Additionally, during the second year all except one of the nests on Beach 4
were classified as intertidal at excavation.
Nests that were classified as intertidal at excavation, and therefore were
subjected to repeated inundation at high tide but were not lost due to beach
erosion or other causes, had lower hatching and emergence success
(62.8±21.1% and 53.8.2±25.0, respectively) compared to the other nests
(72.4±17.8% and 61.7±21.4%); however this difference was not statistically
significant (p>0.05). Similarly, nests that were inundated (i.e. all nests that were
inundated for a variable amount of time but not lost due to beach erosion) didn’t
have a significantly lower hatching and emergence success (p>0.05). There
was also no significant difference between nests that were inundated during the
pre-emergent period, nests that were inundated before the pre-emergent period
and nests that were not inundated at all (ANOVA, p>0.05).

122

4.3.2.2 Predation
Of the nests that showed signs of confirmed or suspected predation (n=50,
Table 4.8), only two were classified as unsuccessful with no observed hatchling
emergence and more than 80% of the clutch predated by ghost crabs (Ocypode
convexa, Figure 4.10 A). Both of these nests were located on Beach 5 during
the 2007/08 nesting season and ghost crab burrows were observed leading into
the nest area several weeks prior to expected emergence. Only two more nests
were marked on Beach 5 during the 2007/08 nesting season. In one nest the
estimated clutch count at excavation was 38% smaller compared to the clutch
count at deposition. The last nest on Beach 5 was categorised as lost by beach
erosion (no shells and eggs were found) although ghost crab burrows leading
into the nest were observed prior to inundation. Additionally, ghost crab burrows
leading into the nest area were recorded in all of the Beach 5 nests that were
excavated two days after the last observed emergence (and which had not
been marked at deposition).

Table 4.8 Frequency and percentage of nests with signs of possible predation,
confirmed predation associated with different nest predators encountered during
both nesting seasons (i.e. ghost crabs, monitor lizards, cats, birds and unknown
predator) (n=128).
Predated

Confirmed

Crabs

Monitors

Cats

Birds

Unknown

50

29

39

4

9

4

2

Overall %

39.1

22.7

30.5

3.1

7

3.1

1.6

% within predated

100

58

78

8

18

8

4

n
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Several other cases of suspected and confirmed egg and/or hatchling predation
were recorded on all beach sectors (n=50, Table 4.8). However, on Beaches 1
to 4 ghost crab predation of eggs was always below 20% of the clutch (mean:
6±7%; range:1-18%) and monitors (Varanus spp.), cats (Felis catus, Figure
4.11 B) and birds (i.e. sea gulls, ravens and sea eagles) predated exclusively
on emerging hatchlings (pers. obs.). In this study only hatchling predation
events in the nest area were recorded while predation of emerged hatchlings
making their way to the sea was not accounted for or quantified. However in
most

instances

of

daylight

emergences

several

sea

gulls

(Larus

novaehollandiae, Figure 4.10 B) and crows (Corvus orru, Figure 4.12) were
observed to prey intensely on hatchlings crawling on the beach and sea gulls
continued to prey on hatchlings even after they reached the ocean (pers. obs.).
Signs of hatchling predation by a large raptor, most likely a sea eagle
(Haliaeetus leucogaster) were also observed in one instance (Figure 4.11 A).

124

A

B

Figure 4.10 Hatchling predation on the nesting beach by a ghost crab (A) and a
sea gull (B).
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A

B

Figure 4.11 Signs of hatchling predation emerging from the nest by a large bird
of prey (e.g. sea eagle; A) and cat (B).

Figure 4.12 Crows nest containing a predated loggerhead hatchling.
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4.3.2.3 Clutch destruction by other nesting turtles
Overall 9.4% (n=13) of all monitored nests were disturbed by another nesting
turtle at some point during incubation. This was particularly common on Sector
3 (Beaches 3 and 4 combined) with approximately one fourth (24.13%, n=7) of
all nests monitored in this beach sector disturbed by another turtle (Table 4.9).
Nests that were dug into by another turtle and which then deposited her eggs
on top of the existing nest could not automatically be considered unsuccessful
as most of the time at least part of the clutch would successfully continue
incubation. Of all nests disturbed by another nesting turtle only one was
unsuccessful with 0% hatching and emergence success and over 70% of the
clutch destroyed (nest 107012). While both hatching and emergence success
are, on average, lower in nests disturbed by another nesting turtle, there was no
statistical difference (p>0.05) between hatching and emergence success of
these (60.0±27.6% and 48.4±22.7%, respectively) and other nests (71.8±19.0%
and 60.2±23.9%). Only one clutch (107036), located on Beach 3, was directly
observed being partially damaged by another nesting turtle during the first
weeks of incubation and approximately 25 eggs were destroyed.

Table 4.9 Descriptive statistics of nests dug into by another nesting turtle on all
Dirk Hartog Island nesting beaches (Beaches 1-4).
Beach

n

% within beach overall %

1

1

2.08

7.7

2

5

9.43

38.5

3

2

22.22

15.4

4

5

25.00

38.5

Total

13

9.35

100.0
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4.3.2.4 Hatching and emergence success
Hatching and emergence success of all nests marked at nesting (60.3±30.1%
and 49.8±30.3%, respectively) and those excavated after observed emergence
(72.3±24.7% and 61.1±24.6%, respectively) were not significantly different
(p>0.05). and were included in the analysis whenever obtained data were
sufficient and nest predation was not suspected.
When considering all nests, hatching success was significantly lower in the
2007/08 nesting season (n=72, 53.9±33.4%) compared to the first season
(n=57, 71.3±22.1%; t=3.44, df=129.9, p=0.001, Cohen’s d=0.6) (Table 4.10).
There was, however, no significant seasonal difference in emergence success
(p=0.15; 2006/07: 55.4±28.0%; 2007/08: 48.4±31.3%). The seasonal difference
in hatching success was not evident when nests lost due to beach erosion,
predation or disturbance by other nesting turtles, and nests with no
development (0% hatching success) were excluded from the analyses.
Sector 3 (Beaches 3 and 4 combined) had a significantly lower hatching
success than Beach 1 (one-way ANOVA, df=2, F=4.3, p=0.016). There was,
however, no significant difference in emergence success among beach sectors
(Table 4.11).
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Table 4.10 Descriptive statistics of hatching and emergence success during two
nesting seasons.
Hatching success (%)

Emergence success (%)

n

mean±SD

min

max

n

mean±SD

min

max

2006/07

53

74.5±16.7

23.5

96.7

53

60.4±23.5

3.8

96.7

2007/08

58

69.1±19.0

28.8

96.5

58

61.7±20.0

24.0

94.8

Total

111

71.7±18.1

23.5

96.7

111

61.1±21.7

3.8

96.7

Table 4.11 Average hatching and emergence success (±SD) on the three beach
sectors on Dirk Hartog Island.
Beach 1

Beach 2

Sector 3*

n=39

n=46

n=21

Hatching success (%)

76.7±16.1

69.7±18.7

63.5±18.5

Emergence success (%)

65.2±22.4

59.4±21.1

52.9±20.3

* Beaches 3 and 4

Nest position on the beach (i.e. beach habitat, distance to high tide level and
vegetation, beach slope and height above sea level), as well as nest
measurements and clutch parameters (i.e. clutch size, egg size and weight) did
not affect hatching and emergence success of successful nests. In contrast,
when including nests lost due to beach erosion, a positive correlation between
hatching/emergence success and distance to high tide level (HS: r=-0.443,
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p=0.000; ES: r=-0.471, p=0.000), as well as slope (HS: r=0.466, p=0.000; ES:
r=380, p=0.001), was found during the second season.
Nests that contained roots had a significantly lower hatching and emergence
success (HS: t=-2.84, df=109, p=0.005, Cohen’s d=-0.54; ES: t=-2.39, df=109,
p=0.019, Cohen’s d=-0.46), but adjusted emerging success was not significantly
different between nests with or without roots. There was no difference in
hatching and emergence success between nests with different root density
(ANOVA p>0.05).
Hatching success was negatively correlated with mean pre-emergent
temperature (Pearson’s correlation, n=78, r=-0.31, p=0.006), minimum preemergent temperature (Pearson’s correlation, n=78, r=-0.30, p=0.007) and the
number of hours above 35ºC during the pre-emergent period (Spearman rank
correlation, n=78, r=-0.34, p=0.002). Emergence success was significantly
lower with increasing mean (Figure 4.13; Pearson’s correlation, n=78, r=-0.42,
p=0.000), minimum (Pearson’s correlation, n=78, r=-0.44, p=0.000) and
maximum (Pearson’s correlation, n=78, r=-0.34, p=0.002) pre-emergent
temperatures and number of hours above 33ºC (Spearman rank correlation,
n=78, r=-0.35, p=0.002) and above 35ºC (Spearman rank correlation, n=78, r=0.31, p=0.006) during the pre-emergent period. The same was true for the
adjusted emergence success values (Spearman rank correlation, n=75; T 4:r=0.39, p=0.001; T4min: r=-0.42;p=0.000; T4max:r=-0.34, p=0.003; hrs>33ºC: r=0.45. p=0.000; hrs>35ºC: r=-0.25, p=0.03). There was no significant difference
in hatching or emergence success between nests that had a temperature drop
during cyclone Ophelia and cyclone Nicholas and nests that did not.
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Figure

4.13

Relationship between mean pre-emergent temperature and

emergence success.

Hierarchical multiple regression was used to assess how much of the variance
in hatching and emergence success was explained by high pre-emergent
temperatures (T4) and the presence of roots in nests and whether nest location
on Sector 3, added in the second step, would be able to further predict a
significant amount of variance in hatching and emergences success. Preemergent temperature (n=78) and the presence of roots in the nest (n=111)
explained 16% of the variance in hatching success. After entry of “Sector 3”
(n=111) the total variance in hatching success explained by the model as a
whole was 20.4% (F change (2, 75) = 6.3, p=0.001). Beach sector explained a
further 4% of the variance in hatching success (F change (1, 74) = 4.095,
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p=0.047). All three predictors made a statistically significant contribution to the
model, but pre-emergent temperature and the presence of roots made a larger
unique contribution than nest location on Sector 3 (Table 4.12).

Table 4.12 Summary of hierarchical multiple regression for variables predicting
hatching success. Independent variables are: average temperature during the
pre-emergent period (T4), the presence of roots in nest (roots) and location on
Sector 3.
β

p

0.02

-0.03

0.006

-0.16

0.07

-0.25

0.019

Constant

2.62

0.67

T4

-0.05

0.02

-0.27

0.012

roots

-0.17

0.07

-0.27

0.010

Sector 3

-0.14

0.07

-0.21

0.047

B

SE

Constant

2.79

0.67

T4

-0.06

roots

Step 1: R2=0.16

Step 2: ΔR=0.04

As opposed to hatching success, for emergence success the model was not
significantly improved by adding Sector 3 as a predictor and the only
parameters that contributed significantly were pre-emergent temperature (n=78)
and the presence of roots in nest (n=111). The model explained 22% of the
variance in emergence success (F (2,75) = 10.62, p=0.000) and pre-emergent
temperature made a higher unique contribution to the model (see β, Table
4.13).
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Table 4.13 Summary of standard multiple regression for variables predicting
emerging success.
β

p

0.02

-0.41

0.000

0.07

-0.21

0.043

B

SE

Constant

3.54

0.70

T4

-0.09

Roots

-0.14

R2=0.22

4.3.2.5 Nest content
After hatched eggs (“shells”), unhatched eggs with late stage embryos (“late”)
represented the next largest group (2006/07: 11.2%; 2007/08: 13.2%), followed
by dead hatchlings in nest (2006/07: 10.3%; 2007/08: 5.7%) and undeveloped
eggs (2006/07: 5.5%, 2007/08: 6.8%) (Table 4.14).
The percentage of dead late stage embryos was negatively correlated with
beach slope (Spearman rank correlation, n=111, r=-0.293, p=0.002) and height
above sea level (Spearman rank correlation, n=111, r=-0.231, p=0.015).
Additionally, intertidal nests at excavation had a significantly higher percentage
of late stage embryos (Mann-Whitney U=223, Z=-2.56, p=0.01, r=0.24). No
other significant correlation was found among nest content categories and nest
parameters.
Mean pre-emergent temperature was positively correlated with the percentage
of dead hatchlings in nests (Spearman rank correlation, n=78, r=0.46, p=0.000)
and dead pipped hatchlings in nests (Spearman rank correlation, n=78, r=0.31,
p=0.007). Both the percentage of dead and pipped hatchlings were also
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significantly correlated to the number of hours above 33ºC during the preemergent period (Spearman rank correlation, n=78; r=0.30, p=0.000 and
r=0.44, p=0.000 respectively). In contrast there was a negative correlation
between the mean temperature during the last third of incubation (T3) and the
percentage of undeveloped eggs (Spearman rank correlation, n=78, r=0.39,
p=0.000) and early embryonic death (Spearman rank correlation, n=78, r=0.30,
p=0.008).

In 2007/08 the percentage of eggs at different developmental stages with visible
fungal growth (Figure 4.14) was approximately 100 times higher than during the
first year of monitoring (2006/07: 0.08%; 2007/08: 8.1%; Mann-Whitney, n=112,
U=620.5, Z=-6.33, p=.000, r=-0.6). Because of the seasonal (annual)
differences the two years were analysed separately. During the first season the
percentage of eggs affected by fungal growth was negatively correlated to
temperatures in the last third of incubation (n=40, r=-0.36, p=0.02). Similarly
during the second nesting season, nests with a higher percentage of eggs with
fungal

contamination

were

associated

with

overall

lower

incubation

temperatures in all three incubation periods, but particularly the last third of
incubation (n=38, T1: r=-0.37, p=0.02; T2: r=-0.37, p=0.02; T3: r=-0.55, p=0.000).
The percentage of eggs with fungal contamination was negatively correlated to
hatching success (Spearman rank correlation, n=55, r=-0.382, p=0.005), but not
emergence success. Additionally during the second nesting season, nests
containing roots had a significantly higher percentage of eggs with fungal
contamination (Mann-Whitney, n =58, U= 229.5, Z=-2.1, p=0.037, r=-0.3). No
other significant correlations were found with any other nest and clutch
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parameter. Nests located on different beach sectors were affected similarly by
fungal contamination (Beach 1: 4.4%; Beach 2: 4.5%, Sector 3: 4.1%; KruskalWallis Test: p>0.05).

Table 4.14 Descriptive statistics of nest content (mean percentage within the
nest and absolute count).

Shells

Live in nest

Dead in nest

Live pipped

Dead pipped

Undeveloped

Pigmented

Early

Mid

Late

Yolkless

Undetermined

Bacterial

Fungal

n

Mean

SD

Min

Max

% in nest

118

70.10

21.21

0

97

Freq

113

84.56

33.01

0

155

% in nest

118

3.19

5.65

0

32

Freq

113

4.24

7.74

0

45

% in nest

118

7.80

14.95

0

90

Freq

113

10.14

21.10

0

119

% in nest

118

0.33

1.06

0

8

Freq

112

0.44

1.41

0

11

% in nest

118

3.59

6.14

0

31

Freq

113

4.35

7.72

0

34

% in nest

118

6.18

11.06

0

65

Freq

113

6.62

12.64

0

85

% in nest

118

0.28

0.69

0

4

Freq

113

0.32

0.80

0

5

% in nest

118

0.60

0.96

0

4

Freq

113

0.65

1.03

0

5

% in nest

118

0.55

1.22

0

9

Freq

113

0.64

1.58

0

12

% in nest

118

12.24

12.33

0

73

Freq

113

14.73

17.35

0

109

% in nest

118

0.04

0.46

0

5

Freq

113

0.02

0.19

0

2

% in nest

118

6.49

10.44

0

100

Freq

113

7.64

12.99

0

118

% in nest

118

11.74

15.53

0

100

Freq

113

14.73

21.63

0

118

% in nest

118

4.20

10.55

0

51

Freq

113

4.63

12.77

0

75
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Bacterial contamination of unhatched eggs was identified by black, green and/or
pink coloration of the egg shell (Figure 4.15) and egg contents, and/or a
purulent appearance. Most of the eggs categorised as “bacterial” had to be
classified as undetermined, but were most likely undeveloped or at early stages
of embryonic development. There was a strong negative correlation between
the percentage of nests with bacterial contamination/infection and hatching
success (Spearman rank correlation, n=110, r=-0.623, p=0.000), as well as
emergence success (Spearman rank correlation, n=110, r=-0.44, p=0.000), but
not adjusted emergence success. The percentage of eggs categorised as
bacterial was significantly higher in nests that contained roots (Mann Whitney,
U=601.5, Z=-3.3, p=0.001, r=0.32). No seasonal difference was detected, but
Sector 3 had a significantly higher percentage of eggs with bacterial
contamination than Beach 1 (Kruskal Wallis test, n=105, df=2, χ2=10.6,
p=0.005) (Table 4.15).

Table 4.15 Descriptive statistics for the percentage of eggs with bacterial
contamination within nests for Beaches 1 and 2 and for Sector 3 (Beaches 3 and
4).

%bacterial

n

Mean

SD

Beach 1

39

7.56

8.85

0.00

35.0

Beach 2

45

11.22

14.91

0.00

77.0

Sector 3

21

18.57

16.05

0.00

67.0

Total

105

11.33

13.71

0.00

77.0
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Minimum Maximum

Figure 4.14 Loggerhead turtle eggs with visible fungal growth.

Figure 4.15 Two unhatched loggerhead turtle eggs with pink shell coloration
indicative of bacterial growth (such as Serratia marcesens).
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4.3.2.6 Emergence duration
For the study nests, most hatchlings emerged during the night, except for one
nest where 20 hatchlings were observed emerging late morning. Hatchlings
emerged on average over a period of 2.5±1.9 nights (range: 1-9 nights) and
75.4% of all study nests with observed emergences (n=71) produced hatchlings
for periods of 3 nights or less (Figure 4.16). The average number of
emergences per nest was 2±1.43 (range: 1-9 emergences).
Big emergences (>50 hatchlings) on the first night were associated with one
night emergences while emergences stretching over several nights tended to
have mostly smaller first emergences (Figure 4.17). Whenever emergences
stretched over multiple nights, the first night was typically the one that produced
the most hatchlings (only two nests produced a higher number of hatchlings on
the second night) with progressively smaller proportions of hatchlings emerging
on subsequent days. Over 90% of nests with multiple emergences produced
less than 25 hatchlings on the second and third emergence nights and from the
fourth night onwards all nests always produced less than 25 hatchlings per
night. Overall, the frequency of the three groups of hatchling numbers emerging
during the first night (<25, 25-50, >50) was equally distributed among the
sample (<25 hatchlings: n=24; 25-50 hatchlings: n=24; >50 hatchlings: n=23).
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Figure 4.16 Percentage of nests with different emergence duration (from one to
nine nights) (n=74).

Figure 4.17 Frequency of nests grouped by emergence duration and number of
hatchlings which emerged during the first night (n=74).
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No significant inter-seasonal difference in emergence duration was observed
(Mann-Whitney U test, n=71, p>0.05) and none of the nest measurements and
nest location parameters (distance to vegetation and high tide level) correlated
with

emergence

duration

(Spearman

rank correlation, n=71,

p>0.05).

Additionally, no difference in emergence duration was observed among different
beach sectors and beach habitats (Kruskal Wallis Test, p>0.05).
Nests with big first night emergences (>50 hatchlings) had significantly higher
hatching and emergence success compared to the other two groups (one-way
ANOVA, HS: df=2, F=8.06, p=0.001; ES: df=2, F=21.16, p=0.000; Table 4.16).

Table 4.16 Mean hatching and emerging success of nests grouped by number of
emerging hatchlings during the first night of the emergence period.

hatching
success (%)

emerging
success (%)

Number of emerging
hatchlings

N

Mean

SD

Min

Max

<25

24

60.41

21.67

23.50

95.70

25-50

24

68.07

16.58

37.90

96.70

>50

23

80.96

10.85

45.80

96.50

Total

71

69.65

18.81

23.50

96.70

<25

24

43.52

19.32

3.80

79.40

25-50

24

60.28

20.64

24.30

96.70

>50

23

77.32

11.64

43.30

94.70

Total

71

60.13

22.29

3.80

96.70

Emergence duration was negatively correlated with emergence success
(Spearman rank correlation, n=71, r=-0.25, p=0.039) and adjusted emergence
success (Spearman rank correlation, n=71, r=-0.34, p=0.004). Additionally,
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emergence duration increased with increasing nest percentages of dead
hatchlings (Spearman rank correlation, n=71, r=0.36, p=0.002) and dead pipped
embryos (Spearman rank correlation, n=71, r=0.45, p=0.000), but was inversely
correlated to the percentage of undeveloped eggs (Spearman rank correlation,
n=71, r=-0.46, p=0.000).
Emergence duration was also inversely correlated to IEP (Spearman rank
correlation: n=71, r=0.28, p=0.018) and positively correlated with average preemergent temperatures (Spearman rank correlation: n=64, r=0.36, p=0.003)
and the number of hours above 33°C and 35°C during the pre-emergent period
(Spearman rank correlations, n=64; >33°C: r=0.35, p=0.005; >35°C: r=0.35,
p=0.004 respectively).
Logistic regression was used to assess the impact of potential physical
obstruction by dead pipped embryos and hatched hatchlings and pre-emergent
temperatures on the emergence period. The full model was statistically
significant, χ2=12.31 (df=3, n=60), p=0.006, indicating that it could distinguish
between nests with short (1-2 nights) and long (>2 nights) emergence duration.
The model as a whole explained 18.5% (Cox & Snell R2) and 25.4%
(Nagelkerke R2) of the variance in emergence duration. Only pre-emergent
temperature made a unique statistically significant contribution to the model
(Table 4.17). For every additional degree celcius during the pre-emergent
period it was 0.46 times less likely that the emergence period was short, i.e. of
1-2 nights of duration.
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Table 4.17 Logistic regression predicting the influence of pre-emergent
temperature (T4) and the percentage of dead hatchlings per clutch (including
hatched and pipped dead hatchlings) on emergence duration (1=1-2 emergence
nights; 0=>2 emergence nights).
95% CI for OR

B

S.E.

Wald

df

p

OR*

Lower

Upper

T4

-0.77

0.31

6.33

1

0.01

0.46

0.25

0.84

% dead hatchlings

-0.02

0.02

1.04

1

0.31

0.98

0.94

1.02

Constant

25.75

9.85

6.84

1

0.01

*OR=Odds Ratio

4.4 Discussion
4.4.1 Comparison between air, sand and nest temperature
A close relationship between nest, sand and atmospheric temperatures was
observed, and was comparable to that reported in other studies (e.g. Maloney
et al. 1990; Godfrey 2001). Overall, the temperature in nests is not influenced
as much by diel atmospheric temperature oscillations compared to the sand
temperature, confirming the work of DeGregorio and Willard (2011), that nests
provide a certain degree of thermal buffering. Decreases in temperature due to
rainfall associated with cyclone Nicholas were substantial in most study nests
and were in the range capable of affecting the sex determination in clutches still
within the thermo-sensitive period (i.e. middle third of incubation) (Houghton et
al. 2007). For the majority of the study nests the temperature drop coincided
with the end of the middle third and beginning of the last third of incubation. The
greater temperature drop in nests close to the high tide level was probably
because of inundation from the storm surge. Alternatively, because nests not
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shaded by cliffs tended to be warmer, the cloud cover associated with the
cyclone meant these nests had temperature reductions similar to nests closer to
vegetation and the cliffs.
Heavy rainfall, similar to prolonged inundation, can cause embryonic and
hatchling mortality (Ragotzkie 1959). While following rainfall there was a drop in
temperature comparable to inundated nests, no association was found between
the length and level of temperature drop within the nests during rainfall and
hatching success. The nest water content, which is the ultimate cause of death
of embryos and hatchlings, is most likely higher in inundated nests. Clearly,
rainfall during the study period was not long or intense enough to cause
hatchling mortality.
The gradual increase in nest temperature over the incubation period, and the
difference between sand and nest temperature during the last third of incubation
was due to metabolic heating and concurs with previous findings (Godfrey et al.
1997; Broderick et al. 2001; Zbinden et al. 2006). Likewise the strong
correlation between average temperature during the last third of incubation and
clutch size is due to metabolic heating that increases with the number of viable
eggs (Godley et al. 2001; Zbinden et al. 2006). For the same reason, average
temperature during the last third of incubation was negatively correlated to the
percentage of undeveloped eggs and eggs with early embryonic death in the
nests. So, even when sand temperatures are below the lethal limit (>33-35ºC;
Yntema & Mrosovsky 1980; Miller 1982; Limpus et al. 1985), increasing
metabolic heat during the later developmental stages can lead to nest
temperatures that can kill developing embryos and pre-emergent hatchlings.
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In this study, Beaches 1 and 2 were cooler overall, due to the high limestone
cliffs bordering the beach and shading the beach in the afternoon, in particular
the western end and nests closer to the cliffs and vegetation.

4.4.2 Nest success
The mean hatching success of around 60% reported here for Dirk Hartog Island
is within the lower range reported for other loggerhead rookeries (e.g.Caldwell
et al. 1959; Stancyk et al. 1980; Limpus 1985; Matsuzawa et al. 2002).
However, many studies estimated hatching success from nests excavated after
hatchling emergence, and therefore excluded unsuccessful nests with 0% or
close to 0% emergence success from analysis. Within this study, there was no
difference between hatching success of study nests excavated after observed
emergence and of study nests excluding unsuccessful nests (72.3 and 71.7%,
respectively), but both were approximately 12% higher than mean hatching
success of all nests. Despite the non-significant difference it is critical to specify
how data were obtained, as there can be a marked difference between seasons
and locations on the reliability of estimates from nests excavated after
emergence.
The cause of the overall lower hatching success during the second year of
monitoring was due to nests lost subsequent to beach erosion and inundation
following a storm surge. Storm surges, even when not of cyclonic strength, can
impact on a nesting beach by washing away a high number of nests. In this
study narrower beach sections with gentler slopes and higher nesting density
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(i.e. Beaches 3 and 4) were more vulnerable as more nests overall were located
closer to sea level.
Another effect of the storm surge and high tides in association with cyclone
Ophelia was to create an erosion bank of approximately 150-200 cm of height in
some of the beach sections. Beaches 1 and 2, due to their steeper beach slope
had longer and higher erosion banks compared to the other beaches (Figure
3.6). Some turtles were not able to climb the bank, resulting in increased
nesting below the bank and therefore a larger number of nests closer to, or
below, the high tide mark for the remaining part of the season (Figure 4.18).
Beach erosion witnessed after cyclone Pancho (after all study nests had been
excavated) was so massive that it is unlikely that any remaining clutches
survived (Figures 3.7-3.11). No sand was left on Beaches 3 and 4 or on most of
Beaches 1 and 2. The height of the erosion bank on Beaches 1 and 2 ranged
anywhere between 5 to 10 metres. Beach 5 was the only beach sector still
suitable for nesting after cyclone Pancho (Figure 4.19). This was most likely due
to the increased vegetation cover which provided stability to the beach
environment and the fringing reef which protected this beach sector from
erosion. If future climate change predictions hold true with sea level rise or
increased intensity of storms (reviewed in Hawkes et al. 2009; Fuentes et al.
2011), this beach sector may become the only sector along Turtle Bay suitable
for nesting, and the likelihood of this is further increased by the fact that it is the
only sector bordered by dunes.
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Figure 4.18 Nesting turtles laying a clutch close to high tide level due to the erosion bank blocking her way.
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Figure 4.19 Beach 5 during cyclone Pancho and the day after the storm.
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In this study once nests lost by erosion following the storm surge were excluded
from the analysis, inundation did not significantly reduce hatching success.
Inundation is known to affect hatching success due to asphyxiation of the
developing embryos (Whitmore & Dutton 1985; Foley et al. 2006). However,
several factors such as duration of inundation and developmental stage of the
clutch at the time of inundation influence the level of mortality. In this study,
most nests were inundated during the storm surge associated with cyclone
Ophelia, which coincided with the pre-emergent period of several nests. No
significant difference was found between nests with different inundation timing
in relation to incubation stage, but nests identified as intertidal at excavation,
closer to sea level and with a gentle slope had a higher percentage of dead late
stage hatchlings.
These results show that nests at later stages of incubation are resilient to oneoff inundation events, as is the case during storm surges, or even repeated
inundation. Among the inundated nests, only two nests were categorised as
unsuccessful with 0% emergence success. On the other hand, a higher
percentage of late stage embryos in nests closer to the sea level could indicate
that late stage embryos are more susceptible to inundation than pipped and
emerging hatchlings. Oxygen demand is, in fact, higher during the pre-pipping
stage (Maloney et al. 1990) and consequently, inundation during this late
developmental stage could cause mortality by reducing oxygen availability, as
suggested by Miller (2003). Under experimental conditions a study on red-eared
sliders (Trachemys scripta elegans) found that early stage embryos did not
suffer any significant increase in mortality, even after 48 hours exposure to
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water-saturated substances, whilst late stage embryos died after only 12 hours
of exposure (Tucker et al. 1997).
Predation did not appear to be an important limiting factor for overall nest
success on Dirk Hartog Island. Cats are the only introduced predator on the
island. Close observation of tracks around the nest area and counting of
interrupted hatchling tracks indicated that, cats did not appear to take more than
a couple of hatchlings at the same time. Unlike for cat predation, preliminary
results from Beach 5, which has lower nesting density (DEC unpublished data),
showed that ghost crab predation has a higher impact on this beach. Ghost
crabs are generally reported to have only minimal impact (Fowler 1979; Stancyk
1982; Limpus 1985; Hitchins et al. 2004) and this was observed on all beaches
except Beach 5. On this beach sector higher ghost crab density were observed
(Figure 4.20) and all study nests (n=9) had signs of partial or complete
predation. The differences of beach characteristics and temperature could all be
responsible for the higher ghost crab density.

149

Figure 4.20 Ghost crab density on Beach 5 early in the morning (note that ghost
crab density is higher at night).

On Dirk Hartog Island the overall impact of nesting turtles digging into
incubating nests was difficult to exactly quantify. Nevertheless, although part of
the clutch was destroyed by the other turtle, most nests continued to incubate
successfully with no significant difference in hatching success. Similar results
were obtained by Limpus (1985), who established that on average 21 eggs
were destroyed per clutch, which is comparable to the number of eggs
destroyed during the only witnessed nest disturbance in this study. Nesting
densities of loggerhead turtle nesting beaches in Mon Repos (Queensland)
(Limpus 1985) are considerably lower than on Dirk Hartog Island and therefore,
it was not surprising that overall percentage of clutches disturbed by another
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turtle was lower (2-3%) than that witnessed on Dirk Hartog Island (9%).
Considering these data were collected during the peak of the nesting season,
data presented here should represent the maximum percentage of nest
disturbance by other turtles during the nesting season.
Factors reducing hatching success were high pre-emergent temperature, which
caused the death of pipped hatchlings, roots in nests, and nest location on
Sector 3, which may be related to higher levels of bacterial sand contamination
(Sector 3 had significantly higher percentages of eggs with bacterial
contamination). High pre-emergent temperatures were the main predictor for
reduced emergence success in association with the presence of roots.
Pre-emergent temperature has received limited attention in previous studies,
since it is not part of the incubation period. However results obtained in this
study show that due to metabolic heat increasing in the last stages of
incubation, it was possible for nests to reach lethal temperatures during the
days preceding hatching and/or emergence. Temperatures above 32-33ºC
caused higher mortality levels of pipping embryos and emerging hatchlings,
consequently reducing hatching and emergence success. Other studies have
found a significant correlation between pre-emergent temperatures and
emergence success (Matsuzawa et al. 2002; Segura & Cajade 2010; Valverde
et al. 2010), but not with hatching success, probably due to smaller sample size
or lower mortality rate of pipped embryos.
Interestingly, while high temperatures were associated with high mortality rates
of pipping and emerging hatchlings, late stage embryonic mortality was not
correlated to average temperature during the last third of incubation or with the
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number of hours above 33 or 35ºC, although half of the nests experienced
temperatures around the lethal limit. This is probably due to the fact that most
nests reached 33ºC towards the very end of the last third of incubation which
affected the embryos during the pipping phase rather than at late embryonic
development. The nests that reached 33ºC during the pre-emergent period
maintained this temperature, on average, for 4 days, which is the average time
hatchlings usually take to dig out of the nest (Godfrey & Mrosovsky 1997). It is
therefore not surprising that pipping embryos and emerging hatchlings
experienced higher mortality when constantly exposed to temperatures that are
known to inhibit coordinated movement (Drake & Spotila 2002) and reduced
oxygen levels in nests due to increased metabolic rate (Ackerman 1980).
Emergence success was also reduced when roots were present. Hatchlings
becoming caught in roots during emergence have been reported in other
studies (Caldwell et al. 1959). However, in this study hatchlings were never
observed to be caught in roots, as rootlets were typically very fine. Adjusted
emergence success was not reduced when roots were present. It is therefore
very likely that roots in this study site did not directly affect emerging hatchlings
and that the correlation with emergence success was due to the strong
association with hatching success. The main impact of roots was therefore on
hatching success and not on emerging hatchlings.
Roots have been known to affect hatching success by penetrating and
desiccating eggs and damaging eggshells (Whitmore & Dutton 1985; Conrad et
al. 2011). Sea turtle eggs are important fertilizers for dune vegetation and roots
can grow both inside and outside and absorb nutrients from the egg (Bouchard
& Bjorndal 2000; Hannan et al. 2007). Apart from directly killing developing
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embryos, roots piercing egg shells may facilitate bacterial and fungal entry into
the egg. Once one egg is colonised by bacteria or fungi, microorganisms can
then spread to other adjacent healthy eggs (Phillott & Parmenter 2001). The
association between roots and the percentage of eggs with bacterial/fungal
contamination may also be related to overall higher sand microbial
concentration close to dune vegetation due to the presence of plant biomass
which favours microbial development (McLachlan 1991). Also, vegetated areas
are a more stable environment than the open beach sector and less subject to
the erosion-accretion cycle, which removes organic matter and microorganisms
from the beach that may have accumulated over time.
Sea turtle nests are a moist environment naturally containing a host of
microorganisms that can potentially infect a developing embryo by penetrating
the egg shell layers (Al-Bahry et al. 2009). Higher levels of bacterial diversity in
nests have been shown to be associated with lower hatching success
(Wyneken et al. 1988) and infections by pathogenic bacteria and fungi can be
responsible for embryonic death at various stages of development and can
severely reduce overall hatching success (Wyneken et al. 1988; Phillott &
Parmenter 2001; Sarmiento‐Ramírez et al. 2010; Soslau et al. 2011)..
In this study bacterial and fungal contamination appeared to be implicated with
egg failure, as low hatching success was correlated with higher percentages of
eggs with bacterial/fungal contamination. It is very likely that the additional
significant contribution to the regression model of nest location on Sector 3 was
due to increased bacterial contamination of sand. The difference between
beach sectors in nest percentage of eggs with bacterial contamination (as well
as overall hatching success) could be due to higher sand microorganism
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concentration on Sector 3. Nesting density was higher on Beach 4 in particular
(DEC unpublished data, pers. obs.), which probably resulted in a higher
incidence of broken eggs when nesting turtles dug into existing nests.
Contamination of the nest and surrounding sand with egg contents, coupled
with moisture and warmth, makes an ideal environment for bacterial growth.
Additionally, the higher nest density signifies also a higher density of old nests,
i.e. organic matter, which again can facilitate microbial growth.
The hypothesised increased microbial concentration on the higher nest density
beach sector is supported by studies on arribada and high density olive ridley
sea turtle (Lepidochelys olivacea) nesting beaches, which have shown that the
higher density rookeries may foster microbial populations due to higher
concentrations of organic material (Clusella Trullas & Paladino 2007; Madden et
al. 2008). It has been shown that these beaches have lower oxygen levels due
to microbial and embryo respiration, as well as higher temperatures due to
increased microbial and embryonic metabolic activity (Clusella Trullas &
Paladino 2007; Honarvar et al. 2008). As observed in this study, bigger clutches
are associated with higher nest temperatures and therefore on nesting beaches
where a high degree of overlap between nests occurs, temperatures are
expected to be higher. In the case of Sector 3 several factors may come into
play synergistically and be responsible for the overall reduced hatching and
emergence success. Sand temperatures are overall higher due to a lack of
shading and the metabolic heat produced by microbial populations and higher
clutch density may further contribute to reaching the lethal temperature limit.
Potentially, lower average oxygen levels in nests located on this beach sector
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could also be the cause of hatchling mortality and reduced fitness. Finally there
is the direct effect of pathogenic microbes on eggs and hatchlings.
While it was logistically difficult and beyond the scope of this study to identify
microbial species present on eggs and in sand, in the light of these results
further research is critical to evaluate the differences in pathogenic
microorganisms present in sand and on eggs in beach sectors with different
nesting density.

4.4.3 Emergence duration
Sea turtle hatchlings typically emerge simultaneously at night (Limpus 1985;
Dodd Jr 1988; Gyuris 1993). In this study, approximately 50% of all nests
emerged over the course of one night, but for the other half emergence
asynchrony occurred with an emergence duration of up to 9 days. Nests with
large one night emergences had higher emergence success than nests with
smaller emergences over several nights.
Asynchronous emergence over a period of up to 11 nights has been previously
reported for loggerhead turtles in the literature (Witherington et al. 1990; Hays
et al. 1992; Glen et al. 2005; Adam et al. 2007) and has been attributed to
different incubation temperatures within the same clutch (Houghton & Hays
2001). However, similar to the findings reported by Glen et al. (2005), in this
study long emergence durations were associated with nests with shorter
incubation durations. Glen et al. (2005) speculated that high temperatures may
lead to less vigorous hatchlings and in fact, on Dirk Hartog Island, emergence
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duration increased with increasing pre-emergent temperatures. Furthermore, in
both this study and one in Cyprus (Glen et al. 2005) no relationship was found
between emergence duration and nest measurements, in particular nest depth,
which would be expected if an increased thermal range within the clutch is
responsible for the longer emergence duration. However, Adam et al. (2007)
suggested that possibly within-nest thermal variation and its consequences on
the emergence pattern may be more apparent in nests with longer incubation
(i.e. lower temperature).
On Dirk Hartog Island emergence duration was also positively correlated to the
number of dead hatched and pipped hatchlings and negatively correlated to the
number of undeveloped eggs. While dead and pipped hatchlings may have
acted as a barrier to other emerging hatchlings (Glen et al. 2005), high preemergent temperature, as previously noted, was also likely responsible for
hatched and pipped hatchling mortality (i.e. lower hatching and emergence
success). Also, nests with a high percentage of undeveloped eggs had lower
temperature (less metabolic heating due to a reduced number of developing
eggs).
Studies on thermal tolerance in loggerhead hatchlings have shown that
coordinated swimming movements in hatchlings stop at 33ºC (O'Hara 1980)
and other studies have shown that nest temperatures near this critical threshold
typically inhibit emergence (Witherington et al. 1990; Moran et al. 1999; Drake &
Spotila 2002). When including both the number of dead hatchlings and preemergent temperatures in a logistic regression model, only pre-emergent
temperatures explained the variance in emergence duration. This signifies that,
although a certain level of obstruction by dead hatchlings cannot be dismissed,
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the main limiting factor is pre-emergent temperature, which, above a certain
threshold, disrupts normal emergence patterns probably by affecting the
hatchling’s capacity to dig out of the nest. The longer the temperature stayed
above 33ºC the longer the emergence duration and the more hatchlings that
perished likely due to heat stroke and decline in oxygen levels. Glen et al.
(2005) also observed that nests that produced hatchlings both during the day
and night had significantly longer emergence durations and although, in this
study, a similar pattern was not observed, it is clear that increased temperatures
can disrupt typical hatchling behaviour.
Emergence synchrony is believed to be an effective strategy of predator
avoidance by swamping and diluting the per capita predator risk (Colbert et al.
2010). Indeed, a recent experimental study proved that the per capita risk of
predation by ghost crabs is lower for larger emergence groups (Peterson et al.
2012). Similarly, night emergence has evolved to reduce hatchling predation,
but also as a way to avoid potentially lethal sand temperatures during the day
(Miller 1997). Consequently, high pre-emergent temperatures, as the ones
reported in this study, not only affect overall emergence success but, due to
changes in emergence patterns, potentially could also increase the risk of postemergence mortality. Additionally, the yolk reserve may be reduced due to
extended emerging periods and consequently, these hatchlings may not be able
to meet their nutritional requirements during the swim frenzy stage and/or also
be more susceptible to predation in the ocean.
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4.5 Conclusions
There are environmental factors, outside the scope of this study, which may
influence the level and pattern of hatching and emergence success. Gas
exchange (Ackerman 1977; Ackerman 1997; Garrett et al. 2010), moisture
content (McGehee 1990; Mortimer 1990), and sand characteristics (Mortimer
1990) have all been shown to influence egg development. The nesting turtle’s
health also needs to be considered in relation to reproductive success and will
be further explored in Chapter 6. Nevertheless, the results obtained from this
study consistently show that high temperatures are a critical limiting factor for
overall nest success and that resulting changes in the emergence pattern could
further limit hatchling survival. Small increases in temperature due to climate
change might have a devastating impact on the loggerhead turtles’ reproductive
success, even before the population is being threatened by skewed sex ratios
(only female producing temperatures). Reduced beach area due to beach
erosion and/or sea level rise may additionally increase density related problems
observed in this study (nest destruction by other turtles, bacterial contamination,
root invasion of the clutch) and further increase nest temperatures due to
overall higher clutch density.
Because of the importance of this rookery for the whole genetic stock,
management strategies to counteract the effects of climate change may be
essential to save this population from decline. Nest temperature monitoring
during the whole nesting season should, therefore, be deemed a research
priority for this critical nesting site. Concurrently, models to predict how climatic
processes will affect Western Australian loggerhead turtles, similar to those
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developed for the Great Barrier Reef (Fuentes et al. 2010; Fuentes 2010;
Fuentes et al. 2011), need to be developed. Results obtained in this study
should be taken into consideration when modelling effects of increased
temperatures and when establishing sex-ratios for a nesting beach, as warmer
and more female producing nests may experience higher hatchling mortality.
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Chapter 5 Nest predation by ghost
crabs, foxes and perenties on a
mainland loggerhead turtle nesting
beach in Western Australia
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5.1 Introduction
Predation of eggs and hatchlings can be an important cause of mortality in sea
turtles. Many aspects of sea turtle behaviour, such as nest camouflaging, nocturnal
hatchling emergence and emergence synchrony may have evolved to counter the
impact

of

natural

predators

(Stancyk 1982).

Anthropogenic changes in

ecosystems, such as the alteration of environmental conditions to favour native
predators and the introduction of exotic predators such as the European fox in
Australia, can artificially exacerbate nest predation (Stancyk 1982).
In general, sea turtle populations are most vulnerable to juvenile and adult mortality
(Heppell 1998), however substantial egg and hatchling loss, such as on rookeries
with heavy predation, can have a long-term demographic effect on the population
(Heppell et al. 1996). The impact of high mortality of these early life stages is not
detectable in the adult nesting population until the hatchlings reach maturity
several decades following the predation event (Limpus 2008).
Empirical and theoretical evidence indicates that egg and hatchling survival are
critical in the recovery of endangered sea turtle populations (Dutton et al. 2005;
Mazaris et al. 2005). The Australian sea turtle recovery plan (Environment
Australia 2003) prescribes that the management criteria for success is when more
than 70% of sea turtle nests produce hatchlings in populations affected by
predation. Specifically for loggerhead turtle nests the recovery plan recommends a
management objective of close to zero fox predation of eggs and hatchlings
(Environment Australia 2003).
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Small to medium sized mammals, such as raccoons (Procyon lotor) and foxes, are
considered the most destructive sea turtle egg predators around the world, due to
their ability to detect olfactory cues immediately after deposition and around the
time of hatchling emergence. Predators of eggs and hatchlings within nests
reported in Australia include: varanid lizards (Varanus spp.) (Bustard 1972;
Blamires et al. 2003 ; Blamires 2004), saltwater crocodiles (Crocodylus porosus)
(Whiting & Whiting 2011), ghost crabs (Ocypode spp.), dingoes (Canis lupus
dingo) (Bustard 1972; Whiting et al. 2007), bandicoots (Isoodon spp.) (Whiting et
al. 2007) and the introduced European fox (Limpus 1985). Nest predation by foxes
is thought to have contributed to the decline of Australian mainland nesting
populations (Limpus 1985; Baldwin et al. 2003). Fox predation has consequently
been identified as a key threatening process for endangered sea turtle populations
in Australia (Environment Australia 2003; Limpus 2008). Conversely, ghost crabs,
although a wide spread and common egg predator, generally are believed to have
little impact on overall hatchling production and in most instances are considered
scavengers rather than predators (reviewed in Stancyk 1982).
Since the discovery of temperature dependent sex determination for marine turtles
(Yntema & Mrosovsky 1980), it has become evident that smaller, but warmer,
female producing mainland nesting beaches are crucial for the protection of the
sea turtle stock as a whole (Limpus & Limpus 2003; Limpus 2008). For Western
Australia, this means that protection and management of the two largest island
loggerhead turtle populations (Dirk Hartog Island in Shark Bay and Murion Island
within the Ningaloo Marine Park) must be coupled with management of smaller, but
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nevertheless very important, mainland nesting beaches along the Pilbara coast,
which are threatened by nest predation and other anthropogenic threats.
Bungelup Beach, located within Cape Range National Park, is the most significant
loggerhead turtle rookery on the mainland coast of northwest Western Australia
(Gourlay et al. 2010). Over 50% of the loggerhead turtle clutches laid in the
mainland Ningaloo region occur on this beach section (Whiting 2008). Control for
foxes has been undertaken using 1080 baiting (sodium monofluoroacetate) on this
beach section, but only since 2010 (Gourlay et al. 2010).
An understanding of predation levels and predator foraging behaviour provides an
important insight for predation management and is essential to achieve more
efficient and effective turtle conservation strategies (Engeman et al. 2003; Leighton
et al. 2011). To this end, the study reported in this chapter aimed to:
1. Identify and quantify the effect of common predators of loggerhead turtle
eggs and emerging hatchlings on Bungelup Beach;
2. Examine the sequence of predator activity at predated nests;
3. Establish the periods during incubation most susceptible to nest depredation
by different predators.
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5.2 Materials and Methods
5.2.1 Nest monitoring
During the 2006/2007 and 2007/2008 nesting season Bungelup Beach was
monitored every night for four weeks during the peak of the nesting season (midDecember to mid-January). Monitoring practices were as outlined in Chapter 2.
Nest parameters, such as distance from the high tide line and vegetation, beach
habitat, nest measurements and nest temperature, were obtained as described in
Chapter 2 and 3.
During the first year of monitoring (2006/2007) clutch count at deposition
(established by excavating nests immediately after oviposition; Chapter 2) was
available for 11 of the 55 study nests. During the second field season (2007-2008)
clutch counts at deposition were available for all the study nests (n=30). Sand
around the nest area was smoothed out to avoid leaving visual cues to predators.
The position of marked nests was recorded by measuring the distance and taking
compass bearings to the two closest beach markers, as previously described
(Chapter 2). During the 2007-2008 nesting season all nests were also discretely
marked with a short stake, labelled with nest ID and deposition date, 1 to 2m from
the nest, to allow more easy identification of study nests during daily predator
monitoring.
Nests were excavated following hatchling emergence to examine nest content and
estimate clutch size at emergence (Chapter 2 and 4). Where possible, this
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estimated clutch count was compared with the clutch count obtained at deposition
to obtain the “clutch count error” (i.e. the average error when estimating clutch size
after hatchling emergence) or the percentage of depredated eggs. Only nests that
were not predated or disturbed by another nesting turtle (from Dirk Hartog Island
and Cape Range National Park, Chapter 3) were used to establish clutch count
error at excavation. Mean clutch count error was 1.4±2.7% (n=55) and clutch count
at deposition and excavation were strongly correlated to each other (Pearson’s
correlation, r=0.995, p=0.000; Chapter3, Figure 3.2). Differences of more than 5%
from the clutch count at deposition are therefore most likely due to egg predation
when associated with observed signs of predation during the course of incubation.
The percentage of eggs predated could not be established for the nests without
predetermined clutch size as predators would typically remove the whole eggs or,
in the case of ghost crabs, shred them to small pieces preventing exact
quantification. Egg shells found around the nest area, following predation, were not
suitable to quantify the numbers of eggs predated as shells were often blown away
by the wind.
Hatching and emergence success were calculated (as described in Chapter 2)
using the clutch count at deposition to obtain the “real” hatching success value of
the nesting beach and assess the impact of egg loss by predators. Hatching and
emergence success were, also calculated for the remaining eggs in the nest using
the clutch count at excavation (nests with more than 80% of the clutch missing
were excluded from this analysis). In this way it was possible to establish whether
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hatching and emerging success of the remaining eggs in partially predated nests
was lower than in nests that were not predated.

5.2.2 Predator monitoring
During the 2006-2007 nesting season, study nests were monitored daily for signs
of nest predation, inundation or other disturbances during the last month of
incubation and opportunistically during the night patrols (first 2-4 weeks of
incubation). During the 2007-2008 nesting season, all study nests were monitored
every morning from deposition to emergence
Activity of foxes and monitors around nests was identified by prints and excavation
signs (Figures 5.1-5.4). Diurnal perenties were also directly witnessed digging into
a turtle nest in the morning and predating on both hatchlings and eggs (Figure 5.5).
Ghost crab burrows leading directly into the nest were recorded as ghost crab
predation. In all but one case of ghost crab burrows leading into a nest, egg shell
remains were observed around the nest area or within the burrows (Figure 5.2).
During the second nesting season, fox and perentie activity close to nests was also
monitored by recording prints within 1m of the nest, even when there were no signs
of nest predation. The area around the nest was smoothed to erase tracks and
signs of predation and ghost crab burrows were filled, so that subsequent
disturbances of the nest could be easily identified. Whenever predator signs could
not be identified, the nest predation event was recorded as an unknown predator.
This happened on occasions when, due to strong wind conditions, all predator
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tracks were blown away but signs of nest depredation were still visible (e.g.
excavation ditch, egg shells) or when no signs of predation were observed prior to
nest excavation but the nest was particularly shallow and shell count at excavation
differed by 10% or more from the clutch count at deposition (n=2).
Each nest was categorised as predated or not during the course of the incubation
period. Date of the predation event, predation signs (excavation ditch, ghost crab
burrow, shells) and identified predator were recorded for every predation event by
one or multiple predators. This information was also obtained for recurrent
predation events on the same nest so that during the second year of monitoring
(daily monitoring as opposed to intermittent monitoring during the first year) the
average number of predation events per nest for each predator and timing in
relation to the incubation period could be established, as well as the frequency of
predator combinations in nests predated by multiple predators
In 2008 the whole beach sector, between the intertidal sector and the dunes, was
monitored daily for fox tracks to provide an index of fox activity on the beach
(Figure 5.6) irrespective of nest predation.
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Figure 5.1 Caretta caretta nest with multiple ghost crab burrows leading into the
nest.

Figure 5.2 Ocypode ceratophtalma predating on sea turtle nests. Egg shells are
scattered all around the nest area.
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Figure 5.3 Fox nest predation signs: fox prints (circled) and excavation pit (big
arrow). The temperature data logger (small arrow) positioned in the middle of the
clutch was dug out by the fox.

Figure 5.4 Signs of nest predation by perentie (Varanus giganteus).
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Figure 5.5 Perentie digging into a sea turtle nest in Cape Range National Park.

Figure 5.6 Fox on Caretta caretta nesting beach in Cape Range National Park (photo
by Grant O’Grady, NTP).
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5.2.3 Statistical Analysis
Descriptive statistics (given as mean ± SD) were generated using Microsoft Excel
(Microsoft Corp, Redmond, Washington US). The distribution of all nest
parameters was evaluated separately for normality using the Shapiro-Wilk statistic,
kurtosis and skewness. Taking into account the normality of distribution, parametric
(independent t-test) or non-parametric tests (Mann-Whitney U test) were used to
explore differences among predated and non-predated nests and clutch count
methods. Cohen’s d and r were calculated as the effect size statistic for t-tests and
Mann-Whitney U tests, respectively (Cohen 1988). The Kruskal-Wallis test was
used to compare continuous variables among different predators. The MannWhitney U test between pair of groups with Bonferroni correction of the alpha
values was used as a post-hoc test. Chi-square tests were performed to test
association between nesting seasons and nest predation frequencies. Statistical
analysis was performed using SPSS 20.0 for Windows (IBM Corp., Armonk, NY,
US). Differences were considered statistically significant at α<0.05.
Logistic regression was performed to assess which nest location parameters
influenced the likelihood of being raided by ghost crabs (coded as 1=predated by
ghost crabs and 0=not predated by ghost crabs). To avoid multicollinearity,
distance to high tide level and beach slope were merged into one variable by
calculating height above sea level. The model, consequently, contained two
independent variables (height above sea level, distance to vegetation).
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5.3 Results
During both nesting seasons two species of ghost crabs (Ocypode convexa,
Ocypode ceratophtalma) (George & Knott 1965), perentie (Varanus giganteus) and
European red foxes predated on eggs and emerging hatchlings. Overall, 82.4% of
the monitored nests (n=85) showed signs of predation, 28% were lost to predation
(i.e. egg loss of more than 80%) and only 64% of all monitored nests produced
hatchlings. Average clutch size established at deposition (121.7±29.1; n=41) was
significantly larger than average clutch size estimated from the nest content at
excavation (82.9±45.7; n=83; t=-5.7, df=114.3, p=0.000).
A Chi-square test for independence (with Yates continuity correction) indicated no
significant difference between nesting seasons in total, ghost crab, fox and
perentie nest predation frequencies (n=85, df=1, all p>0.18; Table 5.1). During both
nesting seasons ghost crabs were the main nest predator accounting for the
greatest number of predation events (60% on average), whilst foxes and perenties
accounted for approximately one fifth of the predation events each (15-23%; Table
5.1). In both nesting seasons, the predator could not be identified in approximately
20% of nest predation events (Table 5.1).
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Table 5.1 Percentage of nests predated by the different predators during the two
nesting seasons, mean percentage of eggs predated and timing of first predation
(expressed as number of days into incubation).
n

Overall

Crab

Fox

Perentie

Unknown

Multiple

Nest predation 06/07
(%)

55

80.0

49.1

14.6

18.2

21.8

18.2

Nest predation 07/08
(%)

30

86.7

66.7

23.3

16.7

23.3

30.0

Eggs predated
(%)

41

36.6±40.6

54.1±42.6

3.7±4.6

n/a

11±9

51.4±41

Timing of first
predation (days into
incubation)

30

35.0±15.8

31.4±13.4
(4-52)

53±9
(40-59)

35.6±17.7
(6-53)

39.8±2.3
(37-42)

28.2±13.4

Although the difference was not statistically significant (χ2=0.96 (1, n=85), p=0.33,
phi=0.14), in 2008 more nests showed signs of predation by multiple predators
(Table 5.1) and in all cases ghost crabs were the first to dig into the nest. On
average, ghost crab predation on the nest would precede the second predator by
9.6±12.4 days (range 0.5-30 days, n=9) and, in all but one case, ghost crab
burrows were also observed following the raid of a second predator. All perentie
predation events in 2008 (n=5) were preceded by ghost crab nest predations, one
or two nights before. Foxes, on the other hand, followed ghost crab predations in
43% of the recorded fox predations (n=7). When considering cases of predation by
multiple predators, predation by ghost crabs and unknown predators, and ghost
crabs and perenties, represented 66.7% of the combined predation events.
The mean incubation to emergence period in Cape Range National Park was
57.4±2.4 days, however hatchlings hatch from their eggs approximately four days
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prior to emergence (Godfrey & Mrosovsky 1997). On average ghost crabs would
predate on nests mostly during the middle third of incubation (31.4 ±13.4 days,
Table 5.1), but, ghost crab burrows with signs of egg predation were observed as
early as four days after oviposition. Perenties had similar predation timing to ghost
crabs while foxes exclusively raided nests towards the end of the last third of
incubation and during the pre-emergent period (Table 5.1). There was a significant
difference in predation timing (expressed as days into incubation) between the
three predators (Kruskal Wallis test, χ2=12.8, df=2, p=0.002). Ghost crabs would
burrow into nests significantly earlier than foxes (Mann Whitney, U=6.5, Z=-3.5,
p=0.000, r=0.7), whilst there was no significant difference in predation timing
between ghost crabs and perenties or unknown predators (Table 5.1). Ghost crabs
burrowed into the same nest for 6.1±4.2 consecutive days and there was a very
strong correlation between the number of consecutive days of predation and the
number of missing eggs (Spearman rank correlation, n=30, r=0.8, p=0.000) (Figure
5.7).
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Figure 5.7 Relationship between eggs predated by ghost crabs and the number of
consecutive days ghost crab burrows were observed entering loggerhead turtle
nests.

During the 2007-2008 nesting season, a total of 1374 eggs were lost due to
predation, representing 37% of the total number of eggs laid. The number of
predated eggs varied among nests and predators, ranging from <5% (when
probably only hatchlings making their way out of the nests were predated) to 100%
of the clutch, with an average of 42% (Table 5.1). The clutch size difference
between eggs counted at deposition and estimated egg count at excavation (i.e.
percentage of eggs taken by predator) was significantly higher in nests predated by
ghost crabs (Mann Whitney, n=41, U=53.5, Z=-3.92, p=0.000, r=0.61). All nests
that had more than 30% of the clutch missing were predated by ghost crabs alone
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or in combination with other predators (Figure 5.8; Table 5.1). The percentage of
eggs predated by ghost crabs was not correlated with the percentage of unhatched
eggs remaining in the nest (Spearman rank correlation, n=25, p>0.05).

Figure 5.8 Percentage of eggs predated by unknown predators, foxes, ghost crabs
alone and in association with other predators (i.e. perentie and fox) during the
2007/2008 nesting season.

Perenties only predated nests which had previously been predated by ghost crabs.
It was therefore, not possible to quantify how many eggs were predated on
average by perentie as a sole nest predator (Table 5.1). On the other hand, when
foxes were the only predator recorded (n=4), less than 10% of the eggs were taken
in all cases and, in two instances there was less than 2% difference between the
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count at deposition and the count after hatching (Figure 5.8). Consequently,
difference in clutch size established at deposition and excavation was not
statistically different in nests predated by foxes alone (Mann Whitney, p>0.05).
It was not possible to quantify how many hatchlings were predated during
emergence, due to the fact that remnant parts of some of the predated hatchlings
could be found in the nest only when the perentie raided the nests (Figure 5.9). It
was also not possible to reliably quantify any signs of hatchling predation after
emergence. However, ghost crabs were often directly witnessed to predate on
hatchlings after emergence, before they reached the ocean (Figure 5.10). In these
cases, ghost crabs would typically catch hatchlings at the neck region and attack
the eyes, the top of the head or access the coelomic cavity through the umbilicus.
Foxes were observed in the vicinity (<1 m) of all but one of the study nests.
Similarly perentie tracks were observed close to 80% of the study nests at some
point in time during incubation. Perentie activity (expressed as number of days that
tracks were observed <1 m from a study nest) was significantly higher for predated
nests (4.4±1.7 days; Mann Whitney, U=5.5, Z=-3.3, p=0.000, r=-0.6). Fox activity
was not significantly higher for nests with signs of fox predation (Mann Whitney,
p>0.05, r=0.2). The perentie did revisit the nest area of all predated nests for 1-5
days (2.4±1.5 days) after predation, but only on one occasion were there signs of
subsequent nest excavation. Conversely, although fox tracks were observed close
to study nests on several occasions, they were never observed in the week
preceding predation. Only on one occasion fox tracks were seen close to the nest
area the day after predation. Additionally, no cases of repeated fox predation on
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the previously predated nests were detected. During the second nesting season
fox tracks were observed along the study transect every day after the 1st of
January. Generally, only a maximum of two sets of tracks were identified on the
beach.
There was no difference between predated and non-predated nests in mean nest
measurements, temperature and clutch size, as well as percentage of unhatched
eggs. The same held true when different predators were assessed separately
(Mann Whitney, p>0.05).
Direct logistic regression was used to assess the impact of nest location factors on
the likelihood of a nest being predated by ghost crabs. The model contained two
variables: distance from vegetation and height above sea level, calculated from the
distance to high tide level and slope, and was statistically significant (chisquare=13.6, df=2, 84, p=0.001). This indicated that the model was able to
distinguish between nests that were predated by ghost crabs and nests that were
not. The model as a whole explained between 15% (Cox and Snell R square) and
20% (Nagelkerke R square) of the variance, and correctly classified 63.1% of
nests. The only nest location parameter that made a statistically significant
contribution to the model was height above sea level with nests located closer to
sea level being more susceptible to ghost crab predation (Table 5.2). None of the
nest location parameters influenced the likelihood of being predated by perenties
or foxes.
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Table 5.2 Logistic regression model predicting likelihood of a sea turtle nest being
predated by ghost crabs (n=84).
95% CI for OR
B

S.E.

Wald

df

p

OR

Lower Upper

Height above sea level

-0.78 0.24

10.48

1

0.001

0.46

0.284

0.734

Distance to vegetation

0.00

0.04

0.00

1

0.991

1.000

0.929

1.077

Constant

1.34

0.43

9.94

1

0.002

*OR=Odds Ratio

Due to the high number of eggs taken in predated nests, hatching success and
emergence success (calculated over clutch size determined at deposition) were
significantly lower in predated nests compared to non-predated nests (Table 5.3). It
is very likely that the actual emergence success from predated nests would have
been even lower than that reported (36%; Table 5.3), as it was not possible to
quantify how many hatchlings were predated during the emergence phase.
Comparison of hatching success and emergence success of remaining eggs (using
clutch count at nest excavation) in predated nests with non-predated nests did not
show any statistically significant difference in hatching success. However,
emergence success (of the remaining clutch following predation) was significantly
lower in predated nests (Table 5.3).
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Table 5.3 Mean hatching and emergence success calculated using clutch count at
deposition and estimated egg count at excavation of predated and non-predated
nests.
hatching success
(mean ± SD)

emergence success
(mean ± SD)

Using clutch count at deposition
non-predated nests (%)

86.2±17.9

85.9±17.7

predated nests (%)

43.0±35.1

36.2±31.3

n

41

41

Z

-2.77

-3.04

Mann-Whitney U

20.5

14.0

r

0.43

0.48

p

0.003

0.001

Using estimated clutch count at nest excavation
non-predated nests (%)

90.4±10.3

85.6±13.3

predated nests (%)

80.8±22.7

72.8±24.7

n

68

68

Z

-1.8

-2.4

Mann-Whitney U

277.0

238.5

r

0.22

0.29

p

0.075

0.019
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Figure 5.9 Loggerhead turtle hatchling remains following perentie predation
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A

B

Figure 5.10 Ocypode convexa predating on a Caretta caretta hatchling (A) and egg (B).

.
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5.4 Discussion
Predation by native and introduced predators, in particular ghost crabs, greatly
reduced loggerhead turtle clutch survivorship on Bungelup Beach in Cape Range
National Park. Over 80% of monitored nests were predated, approximately 40% of
all eggs were taken and less than the 70% of nests, as recommended by the sea
turtle recovery plan (Environment Australia 2003), actually produced hatchlings.
Stochastic stimulation models for loggerhead turtles at the Great Barrier Reef
showed that egg loss above 5-10% of the annual egg production lead to a
declining stock (Chaloupka 1998). It is therefore expected that past and current
predation levels along the Western Australian mainland have and will have an
adverse impact on the Western Australian loggerhead turtle population. It is
important to note that the number of hatchlings predated during and after
emergence could not be estimated and therefore the percentage of the clutch lost
to predation is likely to be significantly higher than the figures reported in this study.
Further, erasing signs of predator activity predation each morning might have
artificially reduced subsequent predations of the same nests.

5.4.1 Ghost crab predation
Ghost crabs predated on both eggs and hatchlings (Figure 5.9) and were not only
responsible for the majority of recorded nest predation events but also predated
the highest number of eggs per clutch. Ghost crabs predated on nests at any stage
of incubation (starting from the end of the first third through to the very end of the
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incubation period and also during the emergence period), targeting both incubating
eggs and emerging hatchlings. Ghost crabs were even observed attempting to
enter a nest during deposition (pers. obs.).
There was no difference in the hatching success between nests that were not
targeted by ghost crabs and that of the remaining eggs in nests following ghost
crab predation. Hatching success of non-predated nests and remaining eggs in the
clutch following predation was very high (over 80%) and within the range reported
for loggerhead turtles (Miller 1999). There was also no significant difference in the
percentage of undeveloped eggs. These findings indicate that ghost crabs predate
on potentially viable eggs rather than exclusively scavenging on failed eggs and
dead hatchlings. If ghost crab predation was primarily compensatory then a lower
hatching success (and a higher number of undeveloped eggs) would have been
expected in targeted nests.
In general, ghost crabs tended to burrow into nests earlier during the incubation
period, compared to other predator species. Additionally, in the case of nests
predated by multiple predators ghost crabs were the first predators to dig into the
nests. This finding supports the suggestion made by others (Barton & Roth 2008;
Brown 2009) that ghost crab predation may facilitate other predators to locate a
partially predated clutch. In fact foxes, as a sole predator, predated exclusively on
nests during the pre-emergent stage, whilst they predated on nests at
approximately 70% development (40-43 days of incubation) when they immediately
followed ghost crab predation. Both foxes and varanid lizards rely mainly on
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chemoreception to locate nests and would certainly take advantage of olfactory,
and possibly visual cues, associated with ghost crab nest predation.
Ghost crabs dug into nests located at a lower height above sea level. This was to
be expected, as wet sand facilitates burrowing and both O. convexa and O.
ceratophthalma preferably burrow at or close to the high-tide level (Jones &
Morgan 1994). However, in areas where both species occur, O. convexa typically
lives higher up on the beach (Jones & Morgan 1994). Further studies should
explore differences between the two ghost crab species in foraging behaviour and
impact on sea turtle nests.
In this study ghost crabs were found not only to be the first species to predate
nests but also were capable of predating a whole clutch. Based on review of
published literature, this is the first study to report such high levels of ghost crab
predation, not only in terms of the percentage of nests predated but also in terms
of the number of eggs predated within one clutch. In contrast others have reported
that ghost crabs generally do not have a big impact on hatchling production
(Fowler 1979; Stancyk 1982; Bouchard & Bjorndal 2000; Hitchins et al. 2004).
Other studies that have reported more substantial egg predation by ghost crabs
never observed egg loss above 20% (Stancyk 1982; Hitchins et al. 2004; Barton &
Roth 2008; Brown 2009), except for a single year in the study by Hitchins,
Bourquin et al (2004) where 38.3% of the eggs were predated by ghost crabs.
Conversely, ghost crabs at the NMP were responsible for over 50% egg loss, and
in some instances predated on the whole clutch.
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In addition to the high percentage of eggs predated by ghost crabs, these
predators were also observed to predate on emerging hatchlings. The mean
number of hatchlings predated after emergence was not established for Bungelup
Beach, but a study on a loggerhead turtle rookery in North Carolina established
that 24% of emerging hatchlings were predated by ghost crabs (Peterson et al.
2012).
Ghost crabs have an important ecological role of cleaning up nest contents after
hatchling emergence (Bouchard & Bjorndal 2000). However, an important
management question that must be addressed is whether ghost crab numbers
have increased due to tourism activities in Cape Range National Park (e.g. littering
and food scraps at camping sites, burying of fishing offal, road-kill). This hypothesis
is supported by studies on ghost crab behaviour that found a positive correlation
between the presence of ghost crab burrows and the number of visitors using
sections of the beach. It was concluded that ghost crabs benefited from low impact
human activity, for example being attracted by food leftovers (Steiner &
Leatherman 1981; Strachan et al. 1999; Brown 2009). Other studies have shown
that numbers of ghost crab decrease on urban beaches with intense recreational
activities (Barros 2001). However, the beach activities and impact described by
Barros (2001) are not present at the current study site. Rather, Bungelup Beach is
comparable to the pristine control sites of the study by Barros (2001).
The peak tourism season (April-September) in Cape Range National Park
coincides with the non-nesting season and ghost crab numbers may increase in
the months preceding sea turtle nesting. To confirm if ghost crab densities are
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elevated due to anthropocentric causes, temporal and spatial changes in ghost
crab densities need to be assessed across different beaches within the National
Park. Possible management strategies should include public education (e.g.
reduction or elimination of littering at camping sites and burying of fishing offal
close to nesting grounds) and nest protection (i.e. in-situ or hatcheries), which is a
time consuming but effective management option (Boulon Jr 1999; Garcia et al.
2003).

5.4.2 Fox predation
Foxes predated on the nests at the very last stage of incubation, typically when
most of the eggs had hatched and the hatchlings were preparing to make their way
out of the nest. While the number of nests predated exclusively by foxes was low
(n=4 in 2008), results support the hypothesis that foxes predated mainly on
emerging hatchlings as no, or only a very small number of eggs were missing.
Foxes would explore Bungelup beach every day and tracks were observed in close
proximity of study nests prior to predation. However, fox activity near to the nests
did not seem to indicate that the nests were located by foxes before the predation
event, as there was no difference in the frequency of fox activity between predated
and non-predated nests and no tracks were observed in the days directly
preceding predation. Other studies have found that foxes and other mammals,
such as raccoons and dogs, typically predate on nests soon after egg deposition
and would generally dig into a nest as soon it was located (Stancyk 1982;
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MacDonald et al. 1994; Leighton et al. 2011). However, due to olfactory cues
released by pre-emergent hatchlings a second peak of predation, that coincides
with hatching, has been observed in foxes (Bustard 1972), racoons (Stancyk et al.
1980), dogs (Fowler 1979) and mongoose (Leighton et al. 2011). At this nesting
site no nests were predated in the days after deposition and foxes detected nests
exclusively during the emergence phase or following ghost crab predation. It is
possible that research activities on the beach at night might have acted as a
deterrent and reduced overall fox predation on freshly laid nests during the weeks
of night monitoring. Smoothing out the nest area following clutch count after egglaying may have further reduced detection of study nests immediately after
oviposition, by eliminating visual cues. However, similar results to the timing of fox
predation found in this study were also reported for green turtle nests located at
Five Mile Beach in Jurabi Coastal Park, adjacent to Cape Range National Park,
where most of the predations occurred during the emergent or pre-emergent phase
(McKinna-Jones 2005).
It is not possible to estimate the impact of foxes on each clutch, as it is very difficult
to reliably assess how many hatchlings were killed by foxes during each predation
event. Nevertheless, data collected during this study showed that levels of fox
predation (i.e. 15-23% of monitored nests) were much higher than the
recommended management target (close to zero, Environment Australia 2003).
This study also did not quantify levels of predation after emergence, but Randall
(2003) reported a 12.7% loss of hatchlings to foxes prior to reaching the sea. It is
therefore critical to undertake effective management actions to minimise or
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eliminate predation of loggerhead turtle nests by foxes on this important mainland
nesting beach. It is important to note that the established predation levels could be
higher due to the fact that foxes predate at night and in some instances their tracks
might have been erased in the morning by subsequent predation by perenties.
Additionally, part of the unidentifiable predation cases characterised by an
excavation ditch or shallow nest were most likely attributable to foxes. Excavation
pits into nests by foxes are smaller and less obvious than those caused by
perenties and it is also more likely that signs of nest excavation by foxes might
become unrecognisable after strong winds.
Possible fox control management options should take into consideration the timing
of predation to be able to obtain the best results and to intensify the effort during
the emergence period. Shooting or trapping could be a feasible management
option in addition to an intensive 1080 ground baiting programme, considering that
it is likely that only a few individual foxes patrol and predate on this beach at any
one time. An intensive monitoring programme should be associated with the fox
control programme to assess the effectiveness of each management strategy and
to determine how quickly the area would be re-colonised by other foxes.

5.4.3 Perentie predation
Varanid lizards are common native predators of sea turtle eggs on Australian
beaches and have a variable impact on sea turtle nest success (Limpus 1980;
Blamires et al. 2003 ; Blamires 2004; Whiting et al. 2007). To date there are no
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published records of Varanus giganteus predating on sea turtle nests. During both
study years the same perentie, a very large adult approximately two metres in
length, patrolled the beach each morning. However, in April 2007 a smaller
individual with a distal tail amputation (Figure 5.11), possibly associated with
intraspecific territorial aggression, was also observed.

Figure 5.11 Second individual observed on Bungelup Beach with fresh lesion on his
tail (missing tip, which may have been caused by intraspecific aggression).
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Unlike foxes, perenties would revisit nests following the initial predation. The
difference might be related to the timing of predation, as foxes mostly predated on
emerging hatchlings, whereas perenties predated nests at different stages of
incubation (following predation by ghost crabs), allowing for subsequent visits to
predate on remaining incubating eggs. More studies are necessary to unravel
differences in predatory behaviour between predators.
While findings are constrained by low sample size, 100% of nest predation by
perenties followed ghost crab predation. In comparison foxes also targeted nests,
which had not previously been predated. The different timing of predation may
facilitate the perentie to take advantage of visual and chemoreceptive clues due to
partial nest predations during the night. This might signify that perenties have
adapted a hunting strategy more closely dependent on the other native predator. In
a situation where ghost crab density is increased, both perenties and foxes may
become more efficient predators, as has been reported for raccoons (Barton &
Roth 2008; Brown 2009). Detection of nests following ghost crab predation might
also be the cause why nest depth did not appear to influence nest predation rate
as has been observed in other studies (Leighton et al. 2009).

5.4.4 Nests predated by unknown predators and missed predation events
The predation events categorised as “unknown predator” were mostly attributable
to either foxes or perenties, as in most cases the tracks had been blown away but
a large, single excavation was still visible. Only in two instances the only sign of
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predation was a shallow nest with more than 10% of the clutch missing (10 and
13%, respectively). The fact that both nests were unusually shallow was further
indication of nest predation by probably either foxes or perenties, which remove
sand from the top of the nest (no nest disturbances by other nesting turtles were
observed for these nests).
In the case of multiple predation events on the same nest during the same day, it is
possible that predation signs were masked by the last predator at the nest (i.e.
perentie). Ghost crabs burrows were always observed in the days preceding
predation by the perentie, so, although the overall number of predation days by
ghost crabs may have been underestimated (by missing out a day when a perentie
raided the nest the following morning), no nests were categorised as only predated
by monitors. It is possible, though, that a fox predation event might have been
camouflaged by subsequent perentie activity. Often perentie nest predation was
directly witnessed and/or the nest was examined before perentie predation
occurred. On the other hand it is unlikely that foxes or ghost crabs would have
masked each other’s signs of predation as the excavation pit of foxes was always
relatively small and centred on top of the nest (fox tracks would also lead to the
nest), whilst usually several ghost crab burrows would be observed around the
nest centre (with the burrow leading towards the nest chamber) (Figures 5.1-5.4).
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5.4.5 General observations
Apart from the direct effect of egg loss, predation could also indirectly reduce
overall hatching success of eggs remaining in the nest, by making them more
susceptible to insect infestation, bacterial and fungal contamination, or simply by
altering the nest environment. In this study there was no difference between
hatching success of the remaining eggs in partially predated nests and nonpredated nests. The fact that the majority of the nests were predated during mid
and late incubation possibly reduced the chances of bacterial contamination or
insect infestation. And, whenever ghost crabs burrowed into the nest within 2
weeks from oviposition (n=2) the whole clutch was predated following a high
number of subsequent predation events by ghost crabs and perenties.
Emergence success of the surviving hatchlings following predation was
significantly lower. This may have been due to predated hatchlings and eggs
hindering successful emergence or due to increased temperatures within the nest
after the removal by the predator of the first layer of sand covering the remaining
eggs and hatchlings. It is also possible that predators were more easily able to
detect nests with higher emergent hatchling mortality.
High temperatures during the pre-emergent period are an important cause of
hatchling mortality and the average temperature of several nests (n=15) on
Bungelup Beach was above 33ºC (Table 3.4), which is known to cause
uncoordinated movement (Drake & Spotila 2002), changes in emergence patterns
and increased mortality (Chapter 4; Matsuzawa et al. 2002; Segura & Cajade
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2010). However no difference in pre-emergent temperature was found between
predated and non-predated nests, indirectly suggesting that hatchling mortality due
to high temperatures within the nests did not trigger predation, at least not
exclusively.

5.4.6 Management and research recommendations
There was no statistically significant difference in predation levels between nesting
seasons. This indicates that the less intense predator monitoring during the first
year was able to appropriately detect predation events, especially because fox and
monitor predations on nests occurred mainly during the last third of incubation.
Also, ghost crabs typically dug into the same nests several times, so, even when
the first predation event was missed it was possible to observe subsequent
predation events during an intermittent monitoring regime. Therefore, although,
intensive monitoring is critical for reliably identifying parameters such as the timing
of first predation and the combination of predators involved in multiple predation
events on the same nest, intermittent monitoring (focusing monitoring efforts
towards the beginning and end of incubation) could be deemed sufficient when, for
example, assessing the effectiveness of management strategies to control
predators.
Some researchers have raised the concern that nests marked with stakes or other
markers might attract nest predators by learnt association (Tuberville & Burke
1994). However, other long term studies showed no increased levels of predation
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of nests marked with stakes, as most of the predators use chemoreception rather
than visual markers (Antworth et al. 2006). The lack of difference in predation
between years would indicate that visual nest marking, such as the one used
during the second year of the study (small wooden stake at 1-2m distance), is
unlikely to increase nest detection by foxes, monitor lizards and ghost crabs.
Due to logistical and financial reasons many sea turtle projects around the world,
especially when community based, obtain baseline reproductive parameters by
excavating nests after observed emergence (i.e. only successful nests) rather than
following nests marked at deposition throughout incubation. This study, however,
demonstrated that it is critical to first assess the levels of predation and other
potential causes of nest loss when reproductive parameters, such as hatching and
emergence success, are calculated based solely on clutch size established after
hatchling emergence. Clutch size, hatching and emergence success cannot be
reliably calculated from the remaining shells/eggs in the nest whenever predators
predate on part of the clutch. Additionally, if nests are not marked at deposition and
only nests with signs of emergence are excavated, then overall nest loss to
predation and other causes (i.e. inundation) would be grossly underestimated, as
nests with no or very small emergences would not be included in the sample.
Clutch size established for Western Australian loggerheads consists, on average,
of 123±28 eggs, but clutch sizes as small as 24 have been observed (Chapter 3;
Table 3.1). When excavating nests after emergence, without knowing the clutch
size at deposition, it would be very difficult to differentiate whether the nest had
been predated or was simply a small clutch.
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Similarly, programs that monitor predation levels indirectly without marking nests at
deposition, such as the NTP, would most likely underestimate overall predation
events, as it is critical to know where nests are located to know when ghost crab
burrows are leading into a nest. Also, most of the fox excavation pits were
relatively small and shallow and could have been easily overlooked without
knowledge of the exact nest location. The NTP monitors predation opportunistically
by recording predations during sea turtle track counts, however this monitoring
program finishes before the peak of hatchling emergence, during which most of the
fox predations occurred. During the same years of monitoring on Bungelup Beach
the NTP estimated 0% fox predation in 2006/07 and 0.1% fox predation in 2007/08
(Halkyard et al. 2008) (as opposed to 14 and 23.3%, respectively, obtained in this
study). Notwithstanding this, data obtained from these monitoring programs are
fundamental as it is often the only data available and gives an indication of relative
changes over time, but nevertheless such data should be interpreted with caution
and should not be used to assess absolute levels of predation.
In general, the level of predation at this mainland nesting beach is unlikely to be
sustainable, as simulation models of Eastern Australian turtle populations have
shown that long term increases in annual mortality from introduced sources and
significant mortality of early life stages will cause population declines (Heppell et al.
1996; Chaloupka & Limpus 2001). However, to fully understand the consequences
of current nest predation levels at this mainland nesting beach more research is
required on loggerhead turtle population dynamics along the Western Australian
coast (i.e. survivorship to reproductive age, seasonal recruitment, nesting range
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along the mainland coast). Also, it is critical to establish whether predation levels
detected at this rookery are representative of the predation levels at other mainland
nesting beaches. Preliminary results obtained by the Gnarloo Turtle Conservation
Program (at Gnarloo Bay, approximately 180 km south of Bungelup Beach)
suggest that ghost crabs possibly predate on a high number of nests (in 2011
ghost crab burrows were observed around ~70% of the nests). The exact extent of
predation was not established, as nests were not excavated at this mainland
rookery (Hattingh et al. 2011).
There is an increasing realisation that mainland nesting beaches have the potential
to be extremely important for the population due to the tendency for these warmer
beaches to produce more females than island rookeries and by providing more
nesting options in the face of unpredictable future changes in sea levels and
climate (Chapter 3).
Cost-benefit

analyses

have

shown

that

predator

control

strategies

are

economically very effective, even when using a conservative valuation for sea
turtle hatchlings (Engeman et al. 2002). Following the recommendations arising
from the current study, the Bungelup Beach sector has recently been included
among the areas baited with 1080 to control fox numbers within Cape Range
National Park (Gourlay et al. 2010). Because of the relatively small size of the
beach sector, consideration should also be given to integration of a targeted fox
shooting and/or trapping program with the existing fox baiting program.
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Further investigations at Cape Range National Park nesting beaches are
necessary to assess the effectiveness of fox control strategies and their impact on
the other native predators. The fox control program could potentially further
increase ghost crab densities, due to reduced intraguild predation of ghost crabs
by foxes (Barton & Roth 2008). Nest protection and other predator deterrent
strategies would need to be evaluated as an additional management strategy.
Studies are required to determine if the population density of ghost crabs has been
artificially increased by tourism activities and measures to reduce anthropogenic
impact on ghost crab numbers need to be explored and implemented.
Experimental studies would also be valuable to better understand the interaction
between predators and investigate differences in ghost crab behaviour and factors
affecting nest detection by ghost crabs.

5.5 Conclusions
This study has developed an understanding of nest predator dynamics on an
important mainland nesting beach in the Pilbara region and assessed the predation
levels by native and introduced predators. The predation pressure on this mainland
nesting beach is most likely sufficient to have long term implications for the
population and thus, warrants management actions. In general, results showed
that ghost crabs should not be automatically disregarded as an important nest
predator, as it was demonstrated that they can have a considerable impact on an
endangered sea turtle population. Furthermore, the combination of several
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predators at the same location can amplify the effect of a single predator and
therefore, it is important for management programmes worldwide to monitor
predator dynamics rather than predation levels of single predators.
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Chapter 6 The role of health and
contaminants on loggerhead turtle
reproductive success
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6.1 Introduction
In the last decade health assessments and disease monitoring studies have
become an increasingly important part of wildlife conservation and management
(Daszak et al. 2000; Deem et al. 2001). A world-wide increase in the reporting
of diseases in marine species in particular, emphasises the need to understand
disease dynamics in ocean ecosystems (Harvell et al. 1999; Ward & Lafferty
2004). Sea turtles appear to be particularly vulnerable to environmental
changes (e.g. high temperatures, bio-toxins, pollutants, infectious agents) and,
due to their world-wide distribution, are considered sentinels of ecosystem
health (Aguirre et al. 2002; Aguirre & Lutz 2004).
Very little has been published on marine animal health in comparison to
humans and domesticated animals. Establishing blood reference intervals in
wild populations is an important first step to establish current and future
population health, to enable the health assessment of individuals, and to
investigate the cause(s) of disease outbreaks or die-off in wildlife (Deem et al.
2001). Although, the Western Australian loggerhead turtle population is
amongst the largest in the world (Baldwin et al. 2003), little is known regarding
the health status of this population and to date no blood reference intervals
have been established for any of the loggerhead turtle populations in the Indian
Ocean.
Life stage, gender, age, nutritional status, exposure to pollutants and
pathogens, and overall environmental conditions can all impact physiological
parameters and consequently influence blood baseline values. Nesting turtles
represent a homogenous group in terms of gender, life stage and age. The
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health of nesting turtles is generally considered to be good as they have to be fit
enough to make the migration to the nesting site and sustain a high energetic
expenditure during the nesting season. However, it is not uncommon in nesting
turtles to observe healed or fresh traumatic injuries, different levels of barnacle
load, abnormal reproductive output or behaviour, and signs of disease (e.g.
fibropapillomatosis). Moreover, subclinical disease in adult females may lower
reproductive output causing for example, infertility, embryonic mortality, or
illness in hatchlings, as has previously been described in birds (Ilmonen et al.
2000) and other reptiles (Schall 1983; Madsen et al. 2005).
The role of vitamins, such as vitamins A, E and D, and a number of essential
trace elements in reproduction has been extensively studied in livestock
(reviewed in Smith & Akinbamijo 2000), and the importance of micronutrients for
egg production and hatchability in poultry are well researched (e.g. Richards
1997; Surai 1999). However, there is limited information in this area for reptiles
and mostly focuses on reptiles in captivity (Lance et al. 1983; Laing & Fraser
1999; Dierenfeld et al. 2002). Several instances of mineral and vitamin
deficiencies affecting health and fitness have been reported for zoological
collections of reptiles (Frye & Schelling 1973; Dierenfeld 1989). In wild reptile
species deficiencies are less commonly reported; however, individual and
population differences could have an impact on life history traits, such as
reproductive output (Allen & Ullrey 2004). Prior to this research project, only
very limited information was available on physiological reference intervals of
these blood parameters in sea turtles. This study provides reference values for
vitamins and essential trace elements that will contribute to this species’
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conservation and be extremely valuable for wildlife rehabilitators, zoos and
aquaria with captive sea turtles.
Environmental contaminants are often suspected, and in some cases have
been proven, to cause wildlife population decline, affect reproductive success
and reduce immune function (e.g. Caughley & Gunn 1996; Hothem & Powell
2000; Hamlin & Guillette 2010; Kendall et al. 2010; Hamlin & Guillette 2011;
Virani et al. 2011). Data on contaminant concentrations in sea turtles are widely
dispersed across species, geographical regions and tissue sampled (reviewed
in Pugh & Becker 2001; D’Ilio et al. 2011). Recent studies have shown the
advantages of using non-lethal methods, such as blood sample collection, for
monitoring contaminants and have demonstrated that blood is an excellent
means for routine monitoring of toxins, indicative of recent exposure (Keller et
al. 2004a; Day et al. 2005; Van De Merwe et al. 2010a). Only two sea turtle
studies have established blood concentrations of organic and inorganic
pollutants at the same time (Deem et al. 2009; Komoroske et al. 2011). The
impact of contaminants on sea turtle reproduction and health is largely
undocumented, but past studies hypothesised that it may cause developmental
abnormalities, reduce hatching success and increase susceptibility to clinical
disease (Alam & Brim 2000; Alava et al. 2006). In sea turtles an association
between the concentrations of some contaminants (i.e. organic pollutants and
mercury - Hg) and sea turtle health parameters has been found (Keller et al.
2004b; Day et al. 2007; Innis et al. 2008), and one study documented the effect
of persistent organic pollutants on hatchling body condition (Van De Merwe et
al. 2010b). Sea turtle studies attempting to explore the relationship between the
nesting turtle’s health, including contaminant levels, and reproductive
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parameters are extremely scarce and limited to leatherback turtles (Honarvar et
al. 2011; Perrault et al. 2011; Perrault et al. 2012).
This is the first study to explore the connection between loggerhead turtle blood
health indices and the animals’ reproductive output and success. Furthermore
for the first time several blood health parameters, including haematology,
biochemistry, vitamins and toxins, were evaluated concurrently in the context of
reproductive success. To summarise the objectives of this study were:
1. To establish blood health indices, including reference intervals for
haematology, plasma biochemistry, plasma protein electrophoresis, and
vitamin A, E and D concentrations for Western Australian nesting turtles.
2. To determine blood concentrations of organic pollutants and toxic heavy
metals, as well as essential elements and compare them with
concentrations reported in the literature.
3. To examine the overall health of Western Australian nesting loggerhead
turtles, and in particular, investigate the hypothesised associations
between the nesting sea turtles’ health status and reproductive output
(clutch size, egg size) and hatching success.

6.2 Materials and Methods
Nesting loggerhead sea turtles were examined and sampled during the
2006/2007 and 2007/2008 nesting season at the mainland rookery, Bungelup
Beach (n=52), located in Cape Range National Park and at the largest
Australian rookery, Dirk Hartog Island (n=117; Table 6.1; see Chapter 2).
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6.2.1 Physical examination
In total 169 nesting females were approached for physical examination,
measurement (straight and curved carapace length and width, Chapter 2) and
blood sampling (n=164, Table 6.1) approximately five to ten minutes after egg
laying had begun, when the turtles were in egg-laying trance and therefore, less
likely to be disturbed. On five occasions some health data were obtained on
nesting turtles that, due to different reasons, did not end up laying their clutch
on the night of sampling (e.g. stuck in rocks and rescued (n=1); false crawl
(n=3); part of the satellite tagging program of DEC Exmouth (n=1; Mau et al.
2012)).
A complete physical examination was performed on each nesting turtle
sampled. External lesions were categorised in terms of injury type (abrasion,
amputation, crack, crease, cut, depression, discoloration, missing (crescent
shape; marginal; v-shaped), scrape, slice, scaling, peeling and tissue
proliferation), anatomical location (head, neck, front flippers, rear flippers,
carapace), severity (minor, moderate, severe), condition (fresh, partially healed,
healed) and possible cause (unknown, barnacle, shark/predator, social, boat
propeller, impact, tagging) following the systematic Sea Turtle Injury
Identification System developed by Norem (2005). The cause of injury was
indicated only when it could be clearly identified by the characteristics and
shape of the lesion. In the case of flipper amputation the percentage of the
missing flipper was estimated and recorded (<50%; ~50%; 50-80%; >80%).
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Epibionts (i.e. all organisms living on the surface of marine turtles) were
identified, counted and grouped into five density categories (0, <10, 10-20, 2130, >30). Barnacles were differentiated into burrowing and non-burrowing
barnacles. Because of the overall lower burrowing barnacle load, three density
categories were used for these epibionts during statistical analysis (0; <10;
≥10). Anatomical locations of injuries and barnacles were marked on a sea
turtle sketch on the datasheets (Appendix 3).
All turtles were examined for the presence of fibropapillomas and, when
detected, a description of size, appearance and location was recorded. A
fibropapilloma tumour score (Work & Balazs 1999) was assigned to affected
turtles. A biopsy sample of the fibropapilloma was collected using sterile
surgical technique following previously described procedures (Aguirre et al.
1999). Half of the section was stored in 10% neutral phosphorus-buffered
formalin and the other half was frozen at -20ºC for molecular testing.
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.
Figure 6.1 Typical traumatic injuries found on nesting turtles and possible cause: A Missing piece from the carapace (crescent shaped) –
predation; B Amputated front flipper - unknown cause; C Symmetrical cuts on the neck - propeller wound.
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6.2.2 Blood collection and preparation in the field
Approximately 30 ml of blood was collected from the cervical sinus (Figure 2.12)
(Owens & Ruiz 1980) with a Vacutainer® system (Becton Dickinson
Diagnostics, Pre Analytical Systems, San Jose, CA, USA). A 21G, 1.5 inch
needle with 6ml Lithium Heparin or plain vacutainers tubes were used,
depending on the tests required of the sample (Table 2.2). Lithium heparin was
selected as an anticoagulant as EDTA causes lysis of chelonian blood
(Christopher et al. 1999). Blood tubes were placed in a cooler containing
several frozen Techni-ice packs (Global National Australia Pty Ltd., Melbourne,
Australia) until samples could be processed at the field station (30min-7hrs).
Blood smears from plain blood were prepared in the field immediately after
collection to avoid clumping of leukocytes and thrombocytes and difficulties in
staining due to Lithium Heparin (Campbell & Ellis 2007) and were air dried.
Glucose was also assessed immediately with a handheld blood glucose meter
(GlucoCare™, DiaCare International Pty.Ltd., Sydney, NSW, Australia).
Plasma was separated within 8 hours of collection by centrifugation (10 minutes
at 3300 RPM) with a LW-Scientific Ultra8V centrifuge (LW Scientific Inc.,
Lawrenceville, GA, USA). Haemolysed samples were not analysed. Packed cell
volume (PCV) was determined using regular micro-haematocrit tubes. Plasma
and whole blood was stored at -20ºC for up to two weeks and transported on
dry ice or in a portable freezer unit (Engel MT35F, Sawafuji Electric Co. Ltd,
Ota-shi Gunma, Japan) to the respective laboratories for immediate analysis.
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6.2.3 Biochemistry
Samples were processed for plasma biochemistry using an automated chemical
analyser (Olympus AU 400, Integrated Science, Tokyo, Japan) at VetPath
Laboratory Services (Belmont, Western Australia). The biochemical panel
included total protein (TP), albumin, globulin, triglyceride, cholesterol, alanine
aminotransferase (ALT), aspartate aminotransferase (AST), creatine kinase
(CK), blood urea nitrogen (urea), uric acid, total calcium (Ca), inorganic
phosphate (P), chloride (Cl), potassium (K) and sodium (Na).
Plasma Protein electrophoresis (EPH) was performed on samples obtained
during the second field season (2007/2008, Table 6.1) at Western Diagnostic
Pathology (Myaree, Perth, Western Australia) with the SPIFE

®

Split Beta SPE

system (Helena Laboratories, Beaumont, TX, USA) using agarose gels
containing a trisbarbital/MOPS buffer with calcium lactate and SPIFE 3000
system.

6.2.4 Vitamins
A total of 94 plasma samples collected during the 2007/2008 nesting season
(Table 6.1) were tested for vitamins A, E and D levels. Vitamin A and E can be
destroyed by daylight, bright electrical light or heat (Frutchey 2004). Samples
were collected at night with only minimal light and were immediately placed in a
cooler and consequently sample degradation due to bright light or heat was
eliminated.
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Plasma concentrations of alpha-tocopherol (vitamin E) and retinol (vitamin A)
were determined at the Department of Food and Agriculture, Western Australia
(Animal Health Surveillance Laboratory, South Perth, Western Australia) using
high performance liquid chromatography (McMurray & Blanchflower 1979) on
the Agilent 1100 HPLC system (Agilent Technologies ©, Waldbronn, Germany)
with Eclipse XDB®-C8 columns and Agilent ChemStation Software.
Plasma 25-OH vitamin D concentrations were determined at the PathWest
Laboratory of the Royal Perth Hospital by using a direct competitive
chemiluminescent immunoassay (Liasison 25-OH vitamin D Total Assay) using
a DiaSorin Liaison analyser (Diasorin Inc., Stillwater, MN, USA).

6.2.5 Haematology
A minimum of two slides per animal (range 2-5 slides) were prepared, air-dried
and stained at VetPath with a Wright-Giemsa stain using an automated slide
stainer (Hematek, Siemens, Osborne Parke, Western Australia). Slides were
sealed with resin, a cover slip placed on top and were examined at the School
of Veterinary and Life Sciences, Murdoch University under 100x oil immersion
lens (Olympus BX41, Olympus Corporation, Tokyo, Japan). Three hundred
white blood cells (WBCs) were counted to obtain a differential white blood cell
count and whenever available two or more slides for each individual were
examined. WBCs were categorised as lymphocytes, heterophils, eosinophils,
basophils or monocytes based on previously described nomenclature for
reptiles (Campbell 2006) and sea turtles (Work et al. 1998). Total white blood
cell counts (WBC count) were estimated from blood films by multiplying the
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average number of WBCs observed per microscopic field times the objective
power squared (Harvey 2001). Red blood cells were also examined for
haemoparasites (Chapter 7).

6.2.6 Heavy metals, metalloids, organochlorine pesticides and polychlorinated
biphenyls
Plasma samples (n=44, Table 6.1) were screened at the Chemistry Centre
(Food and Biological Chemistry Laboratory, Department of Industry and
Resources, East Perth, Western Australia) for the presence of organochlorine
(OC) pesticides (Aldrin, cis-Chlordane; trans-Chlordane; p,p-DDD; p,p-DDE;
p,p-DDT; Dieldrin; Endrin; alpha-Endosulfan; beta-Endosulfan; Heptachlor exoEpoxide; Methoxychlor; Heptachlor; Hexachlorobenze ne; Lindane) and
polychlorinated biphenyls (PCBs) (expressed as Arochlor 1254). All samples
were extracted by vortex with hexane and analysed by gas chromatography
with electron capture detection (GC-ECD). The limits of detection (LOD) for all
OCs were 0.0005 mg/kg and for PCBs 0.01 mg/kg.
Whole blood (n=98, Table 6.1) was analysed at the Chemistry Centre
(Environmental Chemistry Section) for toxic and essential metals, including
arsenic (As), cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu), iron (Fe),
mercury (Hg), manganese (Mn), nickel (Ni), lead (Pb), selenium (Se), vanadium
(V) and zinc (Zn). Samples were digested using mixed acid microwave assisted
digestion (USEPA 3052 modification) in specially cleaned quartz vessels and
were analysed by Inductively coupled plasma atomic emission spectroscopy
(ICP-AES) and Inductively coupled plasma mass spectrometry (ICP-MS). The
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levels of detection and number of samples below the LOD are reported in Table
6.6.

6.2.7 Histopathology
The fibropapilloma biopsy (fixed in 10% neutral buffered formalin) was
processed routinely for examination by light microscopy (Bancroft & Gamble
2008). Following fixation for at least 24 hours, tissues were trimmed to 5-mmthick sections and placed into labelled cassettes. Sections were dehydrated
using graded ethanol concentrations, cleared with xylene, and embedded with
paraffin wax in a Leica EG 1150C automated processor (Leica Microsystems,
Nussloch, Germany). Tissue blocks were then sectioned at 5 mm using a Leica
2135 microtome (Leica Microsystems). Slides were stained with Harris’s
hematoxylin and 1% eosin (HE), dehydrated, cleared, and mounted with a
cover-slip using dibutyl phthalate pix xylene (DPX).

6.2.8 Reproductive parameters and nest inventory
Clutch size was established at deposition, or by counting egg shells and
unhatched eggs after hatchling emergence (Chapter 3). Clutches with less than
60 eggs (less than half of the average clutch size) were defined as “small
clutches”. When clutches were inspected during deposition (n=128), eggs with a
soft shell or abnormal shape or size were counted (Chapter 3), all nests with at
least one abnormal egg (soft, deformed and yolkless) were categorised as
nests with “abnormal eggs”. Sea turtles that showed abnormal reproductive
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behaviour (i.e. abnormally long cloacal contractions prior to deposition or
between eggs) and/or had an abnormal clutch (small) or eggs (deformed, soft)
were categorised as “abnormal reproduction”.
All nests from sampled sea turtles were marked at deposition and excavated 48
hours after the last observed emergence to examine nest contents and to
establish the hatching success (Chapters 2 and 4; Table 4.2). Nests with any
kind of external disturbance (inundated, washed out, predated or disturbed by
another nesting turtle) were excluded from the statistical analyses relating
hatching success with health parameters. For the analyses exploring
associations between reproductive output (clutch size, egg size), all available
samples were used.

6.2.9 Statistical analyses
6.2.9.1 Reference intervals and descriptive statistics
Reference intervals (RIs) of several health parameters were estimated using
data from 155 healthy nesting loggerhead turtles, although not all variables
were assessed for each turtle (Table 6.1). Twelve nesting turtles were excluded
from the analysis as they exhibited abnormal reproductive behaviour (n=5;
clutch with a majority of abnormal eggs, small clutch associated with other
abnormal nesting behaviour) or other findings indicative of pathological
processes (n=7; fibropapilloma; haemoparasites; respiratory noises at clinical
examination).
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Preliminary exploratory analysis was carried out to evaluate differences
between locations using ANOSIM, t-tests or Mann-Whitney tests. For
significantly different variables the differences between medians and interquartile ranges were used to assess whether different RIs were necessary for
the two nesting locations, as recommended by Flint et al. (2010b). Proportional
differences between median values (or interquartile range) were calculated for
the two nesting sites, as a proportion of the smaller value. Using previously
applied rules (Flint et al. 2010b), location subgroups were pooled if:
1) The difference between medians was <50% and the difference between
the interquartile intervals was <100%;
2) The difference between medians was between 50% and 100% and interquartile interval difference was <50%.
Reference Intervals for location sub-groups were reported separately only if the
difference was higher than the described cut-off value.
Outliers were assessed using Dixon’s range test and Tukey’s test. One outlier
was identified for the WBC counts and was removed also due to the fact that
the blood smears of this individual were poorly preserved. Reference Value
Advisor (Geffré et al. 2011) was used to compute RIs and the 90% CI for the
lower and upper limit. The non-parametric method was used when n>120, while
the robust method was used when n<120 and the distribution was symmetric.
When the distribution was not symmetric but data followed a Gaussian
distribution then a parametric method was used. Alternatively, when data were
not normally distributed and could not be transformed to approximate a normal
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distribution by Box-Cox transformation, the non-parametric procedure with
bootstrap calculation of the 90% CI was used (Geffré et al. 2011).
For all blood parameters, descriptive statistics were also reported, i.e.
mean±SD, median and range, to facilitate comparison with previous studies,
which didn’t calculate RIs and CIs (RI only available in: Flint et al. 2010a).
When blood parameters (i.e. ALT) and blood heavy metals (i.e. Co, Cr, Mn, Ni,
Hg, Pb, V) were below the level of detection (LOD), entries were replaced with
LOD/2. The number of samples with values <LOD were specified for each
parameter.

6.2.9.2 Comparisons and correlations
Variable distributions were evaluated separately for normality using the ShapiroWilk statistic, kurtosis and skewness. Only parameters with less than 15% of
values below the level of detection were used in the statistical analyses.
Difference of blood health parameters and toxins between groups was
assessed with t-tests or Mann-Whitney tests for normally and non-normally
distributed parameters, respectively. Differences were considered statistically
significant at α<0.05.
Type I correction was not undertaken for multiple statistical tests following the
recommendations for medical statistics from Perneger (1998) and Rothman
(1990), due to the high risk of reducing the power of the analysis excessively.
However, the effect size statistic (Cohen’s d or r) was reported for all
comparisons, so that the strength of the association could be evaluated.
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Biologically correlated health variables (i.e. leukocytes; sodium, chloride and
potassium; calcium and phosphate; total protein, albumin and globulin; plasma
protein electrophoresis globulins and albumin; vitamins A and E; triglycerides
and cholesterol) were analysed with a multivariate approach in PRIMER-E
(Clarke & Gorley 2006) using ANOSIM (Chapter 4). If required, these variables
were transformed to obtain distribution symmetry and normalised if values were
of different magnitude or unit (Clarke & Warwick 2001). When factors could be
organised in ordinal categories (i.e. epibiont burdens and trauma severity), a
matrix (model) was generated by calculating the pairwise category differences
and diversity between groups were also tested using the (non-parametric)
RELATE routine in PRIMER-E. By doing so, RELATE specifically tests whether
there is a sequential difference between categories (i.e. category 0> category
1> category 2, or vice versa category 0<category 1<category 2).
It should be noted that ANOSIM carries out a “portmanteau-test”, i.e. a
statistical test that detects any type of changes between groups against the null
hypothesis that the groups are identical. For this reason, it is important to
discriminate whether the detected (significant) differences are due to different
centroid location (i.e. groups that are distant in the multivariate space) or to
different multivariate variability (i.e. different dispersion between groups, for
example, when a group has a small within group variability and a second has a
large variability but the two centroids are near in the higher-dimensional space).
Different dispersion between groups is likely to be of little clinical interest. To
this end, follow up analyses (PCA and SIMPER) and descriptive statistics of
each group were carefully inspected and, if the statistical difference between
groups was suspected to be due to different data dispersion, this was reported.
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Principal Component Analysis (PCA) is a mathematical procedure to reduce the
observed variables. This is achieved by generating hypothetical variables
(Principal Components) that account for the largest variance originally present
in the dataset. By using the two or three most important Principal Components
(i.e. axes that account for the largest variance) it is possible to plot
multidimensional data into a two or three coordinate system with minimal loss of
information. Principal Component Analysis also offers the advantage that
graphical separation of data-points is proportional to the difference between
data-points or groups in the higher-dimensional space; thus, providing a means
to inspect the relative distance between data-points or groups.
Similarity percentages analysis (SIMPER) is a procedure that evaluates the
proportion of the total variance between two or more groups that is explained by
each observed variable. It therefore enables identification as to whether one or
more variables are mostly responsible for the significant result.
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Table 6.1 Turtles examined and blood samples obtained at Bungelup Beach (Cape Range National Park; CR) and Dirk Hartog Island (DHI)
as well as sample sizes for the different groups of tests performed during the two nesting seasons (06/07 and 07/08).

CR 06/07

CR 07/08

Physical examinations

17

34

Blood samples

16

Biochemistry
Haematology

DHI 06/07

DHI 07/08

Total DHI

Total CR

55

61

116

51

167

33

54

61

115

49

164

9

33

49

58

107

42

149

14

31

47

60

107

45

152

Protein electrophoresis

0

29

0

53

53

29

82

Vitamins

0

33

0

61

61

33

94

PCB/OCs

7

10

13

14

27

17

44

Heavy metals

7

28

13

50

63

35

98
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6.3 Results
6.3.1 Reference intervals
Multivariate and univariate analysis were used to identify differences between
locations. ANOSIM tests detected significant differences between the
leukogram for the two nesting sites (ANOSIM: Global R=0.105, p=0.005) as well
as for the electrolytes (Na, K, Cl; ANOSIM: Global R=0.087, p=0.016) and
triglycerides and cholesterol (ANOSIM: Global R=0.149, p=0.001). Turtles from
Dirk Hartog Island had significantly higher levels of CK (Mann-Whitney U=1727,
Z=-2.19, p=0.28, r=0.18) and urea (Mann Whitney U=1709, Z=-2.27, p=0.23,
r=0.19), while vitamin D was significantly higher in turtles sampled at Cape
Range National Park (t=3.48, df=94, p=0.001, Cohen’s d=0.71). The effect size
for all tests was small, except for the comparison of vitamin D which had an
effect size statistic of medium strength (Cohen 1988). However, following the
rules described in the methods (Flint et al. 2010b), it was not necessary to
estimate separate RIs for the two nesting sites for any of the haematological,
biochemical and vitamin values.
Further reasoning for establishing common RIs for the two rookeries is
supported by knowledge of the Western Australian loggerhead turtle population:
turtles from the two nesting sites are not genetically distinct and in part share
the same foraging areas (Baldwin et al. 2003; Mau et al. 2012; Pacioni et al.
2012). Reference Intervals for haematological variables are shown in Table 6.2
and the biochemical panel is reported in Table 6.3. The RIs for plasma protein
electrophoresis are provided in Table 6.4; there was no beta-gamma bridging in
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any of the 73 samples tested. The average albumin/globulin ratio was 0.24.
Vitamin levels are summarised in Table 6.5.

221

Table 6.2 Descriptive statistics and reference intervals for haematological parameters for Western Australian nesting loggerhead turtles.
Unit

n

Mean±SD

Median

Range

Lower limit of reference
interval (90% CI)

Upper limit of reference
interval (90% CI)

Statistics

WBC count

10 /L

9

142

11.6±3.8

11.4

3-26.9

5.3 (3-6)

20.1 (16.8-26.9)

Non parametric

Heterophils

109/L

140

6.2±2.3

5.8

1.6-16.4

2.4 (1.6-3.1)

11.7 (9.9-16.4)

Non parametric

53.7±9.2

52.5

35.5-76.5

1.7±1

1.4

0.2-7.2

0.4 (0.2-0.6)

3.9 (3.6-7.2)

Non parametric

14.3±6.1

13.0

4-44

1.2±0.7

1.1

0-3.6

0.1 (0-0.3)

3.2 (2.7-3.6)

Non parametric

10.7±5.9

10.0

0-35

0.0±0

0

0-0.1

0 (0-0)

0 (0-0.1)

Non parametric

0.01±0.06

0

0-0.5

0.6 (0.4-0.7)

5.9 (5-7.5)

Non parametric

21.8 (18-24)

40.2 (39-44)

Non parametric

%

Lymphocytes

9

10 /L

140

%

Monocytes

109/L

140

%

Basophils

109/L

140

%

Eosinophils

109/L

140

%

PCV

%

151

2.5±1.3

2.4

0.4-7.5

21.3±8.7

21.5

4.5-42

31.9±4.7

32

18-44
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Table 6.3 Descriptive statistics and reference intervals for biochemical parameters for Western Australian nesting loggerhead turtles.

Unit

n

Mean±SD

Median

Range

Lower limit of reference
interval (90% CI)

Upper limit of reference
interval (90% CI)

TP

g/L

137

47.2±7.7

46

30-67

32.5 (30-37)

64.6 (62-67)

Non parametric

Albumin

g/L

137

13.5±2.4

13

8-20

9 (8-10)

19.1 (18-20)

Non parametric

Globulin

g/L

137

33.7±6.3

33

21-51

22 (21-25)

48.6 (45-51)

Non parametric

Glucose

mmol/L

146

4.1±1

2-6.7

2.2 (2-2.5)

6.3 (5.8-6.7)

Non parametric

U/L

137

525.1±343.9

422

109-2589

153.6 (109-186)

1426.6 (1035-2589)

Non parametric

U/L

137

152.7±40.5

148

84-299

90.5 (84-95)

271.9 (232-299)

Non parametric

U/L

137

1.4±1.3

1

1-8

1 (1-1)

6 (4-8)

Non parametric

ALP

U/L

137

29.4±35.6

21

7-378

7.5 (7-8)

91 (66-378)

Non parametric

Urea

mmol/L

137

3.9±1.4

1.5-8.4

1.7 (1.5-2.3)

7.8 (6.7-8.4)

Non parametric

Uric acid

mmol/L

136

0±0

0-0.1

0 (0-0)

0.1 (0.1-0.1)

Non parametric

Triglycerides

mmol/L

137

4.7±3

4.2

0.6-15.1

1.1 (0.6-1.2)

12.2 (10.6-15.1)

Non parametric

Cholesterol

mmol/L

137

6.4±2.2

6.1

2.8-16.6

3.4 (2.8-3.7)

11.5 (10.4-16.6)

Non parametric

Na

mmol/L

137

145.9±5.7

123-156

129.4 (123-135)

154 (153-156)

Non parametric

K

mmol/L

137

3.7±0.6

2.8-6.1

2.9 (2.8-3.1)

5.5 (4.8-6.1)

Non parametric

Cl

mmol/L

137

109.6±5.1

95-123

97 (95-100)

117 (117-123)

Non parametric

Total Calcium

mmol/L

137

3.5±1.4

3.3

0.6-7.3

1.2 (0.6-1.6)

6.9 (6.2-7.3)

Non parametric

Phosphate

mmol/L

137

3.2±0.8

3.1

1.3-5.4

1.5 (1.3-2)

5.1 (4.8-5.4)

Non parametric

CK
AST
ALT

a

a

4.2

3.6
0

147
3.6
110

119 entries <LOD replaced with 1 U/L(LOD/2)
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Statistics

Table 6.4 Descriptive statistics and reference intervals for plasma protein electrophoresis (EPH) components for Western Australian
nesting loggerhead turtles.

Unit

n

Mean±SD

Median

Range

Lower limit of reference
interval (90% CI)

Upper limit of reference
interval (90% CI)

Statistics

EPH TP

g/L

73

50.6±6.3

51

33-64

37.7 (35.5-39.9)

63.2 (61.1-65.3)

Parametric

EPH albumin

g/L

73

9.8±1.6

9.9

6.2-13

6.7 (6.2-7.2)

12.9 (12.4-13.4)

Robust

EPH alpha1

g/L

73

1.3±0.4

1.2

0.6-2.3

0.7 (0.6-0.7)

2.3 (2.1-2.6)

EPH alpha2

g/L

73

6.8±2.8

6.4

2.5-23.6

3.4 (3-3.8)

13.4 (11.3-16.6)

Transformation+Robust

EPH beta

g/L

73

17.7±3.3

17.8

10.5-26.9

11 (9.9-12.2)

24.4 (23.4-25.5)

Robust

EPH gamma

g/L

73

15.1±3.7

15.3

6.9-24.7

7.6 (6.5-8.8)

22.3 (21-23.5)

Robust

Parametric

Table 6.5 Descriptive statistics and reference intervals for Vitamins A, E and D for Western Australian nesting loggerhead turtles.

Unit

n

Mean±SD

Median

Range

Lower limit of reference
interval (90% CI)

Upper limit of reference
interval (90% CI)

Vitamin A

mg/L

86

0.4±0.1

0.4

0.1-0.6

0.2 (0.1-0.2)

0.5 (0.5-0.6)

Robust

Vitamin E

mg/L

86

23.6±9.9

23.2

3-52.3

3.3 (0.1-6.5)

43 (39.5-46)

Robust

Vitamin D

nmol/L

86

106.3±34.9

106.5

26-178

36.8 (27.5-47.8)

176.5 (165.8-186.4)

Robust
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6.3.2 Heavy metals, metalloids, organochlorine pesticides and polychlorinated
biphenyls
6.3.2.1 Organic pollutants
Of the 44 blood samples screened for organochlorine pesticides and PCBs,
only one individual sampled on Dirk Hartog island during the 2006/07 nesting
season had plasma p,p-DDT levels just above the minimum detection level
(0.0005 mg/kg).

6.3.2.2 Heavy metals, metalloids and essential elements
The concentrations of toxic metals and trace elements were measured in whole
blood and the mean values, range and number of samples below the level is
reported in Table 6.6. Standard deviations were not reported for metals with
less than three samples >LOD (i.e. vanadium).
The elements Co, Cr, Mn, Ni and V were not included in the statistical analyses
because more than 15% of samples had values <LOD. No significant difference
was found between rookeries in all blood metals/metalloids except Pb and Cu
(Pb: Mann Whitney U=818.5, Z=-2.12, p=0.035, r=0.21; Cu: t=2.38, df=96,
p=0.19, Cohen’s d=0.49). The levels of Pb and Cu were higher on Dirk Hartog
Island (n=63, 0.019±0.01 mg/kg and 0.70±0.14 mg/kg, respectively) compared
to Bungalup Beach (n=35, 0.016±0.01 mg/kg and 0.63±0.12 mg/kg). None of
the toxic and essential elements evaluated correlated significantly with sea
turtle size (measured as SCL, all p>0.13).
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Several elements correlated significantly with each other (Pearson’s correlation
or Spearman rho test p<0.05) and the correlation coefficients of significant
associations are reported in Table 6.7.

Table

6.6

Descriptive

statistics

(mean±SD;

median,

range)

for

blood

concentrations of essential and toxic elements (mg/kg wet mass) and number of
samples below the level of detection (LOD).
Unit

n

Mean±SD

Median

Range

<LOD
(LOD)*

Essential
Co

mg/kg

98

0.002±0.007

0.001

<0.001-0.06

53 (0.001)

Cr

mg/kg

98

0.030±0.023

0.025

<0.05-0.2

93 (0.05)

Cu

mg/kg

98

0.677±0.137

0.660

0.28-0.99

0 (0.01)

Fe

mg/kg

98

290.1±48.70

290

130-400

0 (0.5)

Mn

mg/kg

98

0.048±0.031

0.045

<0.02-0.24

43 (0.05)

Ni

mg/kg

98

0.012±0.023

0.005

<0.01-0.14

77 (0.01)

Se

mg/kg

98

2.83±5.01

1.60

0.38-47

0 (0.01)

Zn

mg/kg

98

11.54±1.77

12.0

7-16

0 (0.1)

Toxic
As

mg/kg

98

2.77±3.46

1.20

0.07-16

0 (0.01)

Cd

mg/kg

98

0.307±0.307

0.200

0.021-1.7

0 (0.001)

Hg

mg/kg

98

0.021±0.014

0.019

<0.005-0.066

13 (0.005)

Pb

mg/kg

98

0.018±0.012

0.016

<0.001-0.065

5 (0.001)

V

mg/kg

98

0.026

0.025

<0.05-0.09

96 (0.05)

* Number of entries below Level of Detection (LOD). Value between the brackets is the lower limit of
detection.
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Table 6.7 Correlation coefficients of blood metal concentrations (p<0.05; Bold:
p<0.01); n=98.
Correlation coefficients*
As
As

Cd

Cu

Fe

.338

.291

.278

Hg

Se

Zn

.372

.331

.207

.281

.564

.576

.530

.548

.864

.206

.226

Cd

.338

.206

-.225

Cu

.291

.530

.234

Fe

.278

Hg

.206

Pb

.235

-.225

Pb
Se

.372

.207

.564

.548

Zn

.331

.281

.576

.864

.226

.548
.548

* For not-normally distributed variables (highlighted in grey) Spearman rho correlation coefficients are
reported otherwise, Pearson’s correlation coefficients are reported.

6.3.3 Physical examination
6.3.3.1 External lesions
In total, 42.5% (n=71) of the examined nesting turtles (n=167) had at least one
external injury on the carapace, flippers or head (plastron could not be
examined) and 12.6% (n=21) had multiple injuries. The majority of all injuries
(86%, n=61) were categorised as healed, and only nine as partially healed and
one as fresh. The most common anatomical locations for injuries were the
carapace and flippers (44.7% and 40% of all identified injuries, respectively)
followed by the head and neck (14% of all injuries). Injuries involving the front
flippers were more commonly observed (n=26; 28%) than of the rear flippers
(n=13, 13%).
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The most common type of injury was flipper amputation (n=25, Figure 6.2). In
61% of the amputation cases less than 50% of the flipper was missing. The
second most common lesion was missing tissue (mostly shell chips from the
carapace), followed by cracks of the carapace (Figure 6.2).
In 67% of the cases the cause of injury or gross lesion could not be established
(n=54), but carapace damage due to barnacles was the most commonly
identified cause (n=10), followed by injury due to impact (n=8; probably boat
collision, Figure 6.3). Boat propeller strike injury was observed only once
(Figure 6.1 C).

Figure 6.2 Frequency of lesions observed among nesting loggerhead turtles.
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Figure 6.3 Identified cause of gross lesions in nesting loggerhead turtles.

There was no significant difference for most blood health parameters between
loggerhead turtles with carapace injury (excluding animals that had carapace
lesions due to burrowing barnacles) and sea turtles without any kind of injury.
ANOSIM detected a significant difference among these two groups for the total
plasma proteins established with biochemistry analyses (p=0.038), but not with
plasma proteins established with plasma protein electrophoresis. The global R
was relatively low (0.094) and all three variables (TP, albumin, globulin) were
slightly higher in sea turtles with carapace injury (e.g. mean TP no carapace
injury=46.0g/L and mean TP carapace injury=49.0 g/L). Urea was also
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significantly higher in turtles with carapace injury (mean difference 0.49 mmol/L;
Mann Whitney U= 711.5; Z=-2.38; p=0.17, r=-0.23).
Animals with trauma on the flippers and/or head had significantly higher plasma
levels of CK (Mann Whitney U=1017.5, Z=-2.56, p=0.01, r=0.24) and urea
(Mann Whitney U=975.5, Z=-2.81, p=0.005, r=0.26) compared to sea turtles
without injuries. A progressive and significant increase of CK and urea was
observed with increased severity of injury (Kruskal Wallis test, n=118; CK: df=2,
χ2=10.54, p=0.005; Urea: df=2, χ2=8.42, p=0.015).

6.3.3.2 Epibionts
The main epibionts recorded in this study included non-burrowing (Chelonibia
spp.) and burrowing barnacles (Tubicinella cheloniae) (Epibiont Research
Cooperative 2007). In total, 82.5% (n=137) of the examined nesting loggerhead
turtles had non-burrowing barnacles on their carapace. Additionally, 11
individuals had these barnacles on their heads and two had them on their
flippers. Approximately half of the examined nesting loggerhead turtles (42%;
n=69) had burrowing barnacles on their carapace (of these all except five also
had non-burrowing barnacles).
In most observed cases, burrowing barnacles were present in low numbers
(<10; n=59), but more than 30 burrowing barnacles were counted on two
nesting turtles (Figure 6.4). The most frequent density category for nonburrowing barnacles was also <10, but, compared to burrowing barnacles, there
were more turtles classified in the higher barnacle density categories. In fact,
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when considered together there were more turtles with ≥10 non-burrowing
barnacles than <10 (Figure 6.5).
The presence of burrowing and non-burrowing barnacles was associated with
significant changes in haematological and biochemical parameters. Whilst only
the leukogram and plasma urea concentrations were significantly different in
loggerhead turtles with non-burrowing barnacles (compared to turtles without
barnacles), several significant differences among blood health parameters were
detected between sea turtles with and without burrowing barnacles (i.e.
leukogram, PCV, electrolytes, proteins measured with biochemistry analyses,
triglycerides, cholesterol and AST).

Figure 6.4 Frequency of burrowing barnacle density categories on nesting
loggerhead turtles.
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Figure 6.5 Frequency of non-burrowing barnacle density categories on nesting
loggerhead turtles.

The ANOSIM test revealed a significant difference between the leukogram of
individuals with and without non-burrowing barnacles (Global R=0.12, p=0.039),
but the mean differences between the groups were <0.1 109/L WBCs and PCA
showed a lack of separation between the two subgroups, indicating that the
significant result was due to increased variance between the groups rather than
centroid separation. Urea was significantly higher in sea turtles with barnacles
(n=130, 4.0±1.3 mmol/L) than those without (n=19, 3.3±1.5 mmol/L; Mann
Whitney U=832.5, Z=-2.29, p=0.022, r=0.19). No significant difference was
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detected in the leukocyte counts and urea for the barnacle load groups using
RELATE analysis and Kruskal-Wallis test, respectively.
Leukogram differences between turtles with and without burrowing barnacles
were significant, but also small (ANOSIM: Global R=0.022, p=0.047). However,
there was a general trend for sea turtles with burrowing barnacles to have
increased differential WBC counts (except for monocytes, Table 6.8). The PCV
in loggerhead turtles with burrowing barnacles was also slightly higher than in
turtles without burrowing barnacles (t=-3.26; df=156; p=0.001, Cohen’s d=0.52,
Table 6.8). There was also a significant difference in the PCV of loggerhead
turtles with different densities of burrowing barnacles (one-way ANOVA: df=2,
F=7.18, p=0.001), with those with the highest barnacle density having the
highest PCV (0=30.9%; <10=32.8%; ≥10=35.8%).
Plasma total protein, globulins and albumins were all increased in nesting
loggerhead turtles with burrowing barnacles (ANOSIM: Global R=0.042,
p=0.006, Table 6.8) with SIMPER analysis showing that all three variables
contributed similarly to the distance of the two groups (globulins, total protein
and albumin: 34.5%, 34% and 31%, respectively). This result was also
supported by RELATE analysis, which detected a progressive increase in
plasma total protein, globulins and albumin with increased burrowing barnacle
density (R=0.078, p=0.004). AST was also significantly higher in turtles with
burrowing barnacles (Mann Whitney U=1983, Z=-2.516; p=0.012, r=0.21, Table
6.8), but there was no difference between density groups.
The difference between electrolyte concentrations was due to a slight increase
in K and lower Na and Cl in loggerhead turtles with burrowing barnacles
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(ANOSIM: Global R=0.03, p=0.016, Table 6.8), while the significant difference
in plasma lipid concentrations (triglycerides and cholesterol; Global R=0.042,
p=0.006, Table 6.8) was due to increased triglycerides in turtles with burrowing
barnacles explaining 73.7% of the distance between the groups (SIMPER
analysis). RELATE analysis for different burrowing barnacle density groups
failed to show any significant difference in electrolytes but a difference was
evident

for

lipids

(R=0.063,

p=0.012),

with

the

highest

triglyceride

concentrations in the highest burrowing barnacle density group.

Table 6.8 Descriptive statistics of haematological and biochemical blood
parameters in loggerhead turtles with and without burrowing barnacles (only
statistically significant parameters are shown).
Burrowing barnacles
Absent

Present

Unit

n

Mean±SD

Median

n

Mean±SD

Median

WBC count

109/L

81

10.7±3.8

10

67

12.8±4

11.8

Heterophils

9

10 /L

80

5.8±2.1

5.4

66

6.7±2.4

6.2

Lymphocytes

9

10 /L

80

1.6±1.2

1.3

66

1.9±1

1.5

Monocytes

109/L

80

1.2±0.7

1

66

1.2±0.7

1.1

Eosinophils

9

10 /L

80

2.2±1.3

1.9

66

2.9±1.3

2.8

PCV

%

89

30.9±4.7±

31

69

33.3±4.5

32

TP

g/L

77

44.9±7.5

44

68

49.5±7.4

48

Albumin

g/L

77

13.2±2.4

13

68

13.6±2.4

13.5

Globulin

g/L

77

31.7±6.1

31

68

35.9±5.9

35

AST

U/L

77

144.8±36

140

68 161.6±41.6

Na

mmol/L 77

146.5±5.5

148

68

145.3±5.9

146

K

mmol/L 77

3.6±0.5

3.6

68

3.9±0.9

3.7

Cl

mmol/L 77

110.3±5.1

111

68

108.9±4.9

109

Triglycerides

mmol/L 77

4.4±2.8

4

68

5±3.1

4.7

Cholesterol

mmol/L 77

6.4±2.4

5.9

68

6.3±1.9

6.1
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152.5

6.3.3.3 Fibropapillomatosis
No lesions consistent with Fibropapillomatosis (FP) were observed in
loggerhead turtles on Bungelup Beach. However, two turtles with suspicious
lesions were biopsied on Dirk Hartog Island (prevalence 1.2 %, CI: 0.0-2.9%).
Both turtles presented only one external lesion consistent with FP, which was
located, in both turtles, close to the nostril, almost completely occluding the
opening. Grossly tumours were pigmented, un-lobulated, and smooth with a
diameter between 1-2 cm (Figure 6.6). Both turtles were assigned the tumour
score 1 (i.e. lightly tumoured) (Work & Balazs 1999).
Histological examination of both cases showed that the epidermis was
irregularly hyperplastic and moderately hyperkeratotic as a result of expansion
of the stratum spinosum and stratum corneum layers. Within the stratum
spinosum were occasional binucleate keratinocytes and keratinocytes with
nuclei with marginated chromatin surrounding a pale, flocculant basophilic
material. Nuclei of stratum spinosum keratinocytes demonstrated mild
anisocytosis. Within the stratum corneum were numerous colonies of bacterial
cocci, cocco-bacilli and yeasts of approximately 2-3 µm in size. There was
occasional exocytosis of small clusters of lymphocytes into the epidermis. In
one of the cases focal epidermal necrosis and ulceration was also observed.
Blood samples were collected from only one of the turtles with FP and this
individual had a total WBC count, heterophils and CK values below the
established RIs, and higher triglyceride values but these were within the 90%
CI. The number of eosinophils in the turtle was lower than the 90% CIs of the
lower RI limit.
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A

B

Figure 6.6 Photos of two nesting turtles with a small fibropapilloma on their nostrils.
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6.3.3.4 Reproductive abnormalities
In two of the nesting turtles particularly long cloacal contractions, which
preceded oviposition, were observed. These turtles also had longer pauses
than usual between eggs and one of these laid only 24 eggs. Five turtles laid
clutches that were defined as small (<half the average clutch size). In total, 27
of all visually inspected clutches (n=128) had one or more abnormal eggs
(deformed or thin shelled) (see Chapter 3). Of these, 16 clutches included at
least one deformed egg and 14 had at least one thin shelled egg. In four of
these latter clutches more than half of the laid eggs were softer than typical
loggerhead turtle eggs. In 41% (n=11) of all turtles with at least one
reproductive problem (n=27) multiple abnormalities were observed (e.g. soft
and deformed eggs within the same clutch).

6.3.4 Sea turtle health and reproductive success
The ANOSIM analysis showed a significant difference in electrolytes for sea
turtles that had at least one soft egg among the clutch and that were classified
as having “reproductive problems” at oviposition (Global R=0.15, p=0.007). The
PCA and the minimal difference in medians between groups suggest that the
difference encountered was due to a marked difference in the dispersion
between the two groups rather than a change in centroid location in the highdimensional multivariate space.
The level of total blood Hg was significantly higher in all groups categorised as
having a reproductive problem at oviposition (p<0.01, Table 6.9). There was
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only one turtle in the “small clutch” group that had been tested for total blood Hg
(0.04 mg/kg, which was double the mean value). The significance and mean
difference in blood Hg was higher when all turtles with reproductive problems
were compared with those without a reproductive problem (Table 6.9).
Selenium and Zn concentrations were not significantly different among the
groups but, considering the detoxifying role of these two elements, the Se/Hg
and the Zn/Hg ratios were also evaluated. Both ratios were significantly lower in
all loggerhead turtles with abnormal reproductive parameters, abnormal eggs
and soft eggs (Se/Hg: 70.6 vs 448.1; Zn/Hg: 500.5 vs 1290.5, the first value
being the ratio of turtles with reproductive problems) and p-values were lower
when the analysis included all turtles with reproductive problems (n=98; Se/Hg
ratio: Mann-Whitney, U=387.5, Z=-3.05, p=0.002, , r=0.31; Zn/Hg ratio: MannWhitney, U=386, Z=-3.07, p=0.002, r=0.31).
In Table 6.10 the significant results of the regressions of all blood health
parameters on hatching success and clutch size are summarised. Blood
parameters that positively correlated with hatching success were: alpha1
globulins, Fe and Zn. Increased levels of uric acid, vitamin E and monocytes
were associated with bigger clutches; whilst, there was an inverse relationship
between gamma globulins and clutch size. No significant correlations were
found between any of the blood health parameters and egg size.
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Table 6.9 Summary of descriptive and non-parametric statistics of blood mercury concentrations (mg/kg wet weight) for turtles with and
without abnormal reproductive parameters, soft eggs and abnormal eggs (1=presence; 0=absence).
Total Hg in whole blood (mg/kg)
n

Mean±SD

Median

Min

Max

0

80

0.019±0.013

0.018

0.003

0.053

1

18

0.031±0.014

0.031

0.007

0.066

0

87

0.02±0.013

0.019

0.003

0.053

1

11

0.032±0.016

0.032

0.007

0.066

0

78

0.019±0.013

0.0188

0.003

0.053

1

20

0.029±0.014

0.028

0.007

0.066

Abnormal reproductive parameters

Soft eggs

Abnormal eggs
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U

Z

p

r

390.5

-3.03

0.002

0.31

251.5

-2.56

0.01

0.26

479

-2.66

0.008

0.27

Table 6.10 Least-squares linear regression results for health parameters and
hatching success and clutch size.
Hatching success
Independent variable

R square

B

SE

β

p

EPH alpha 1 (n=30)

0.234

0.347

0.119

0.483

0.007

Fe (n=43)

0.142

0.002

0.001

0.376

0.013

Zn (n=43)

0.156

0.064

0.230

0.395

0.009

Clutch size
Independent variable

R square

B

SE

β

p

Uric Acid (n=136)

0.03

29.484

14.53

0.173

0.044

Vitamin E (n=88)

0.065

0.049

0.020

0.255

0.017

EPH gamma (n=79)

0.072

-0.140

0.058

-0.268

0.017

Monocytes (n=139)

0.057

0.622

0.217

0.238

0.005

6.4 Discussion
6.4.1 Reference intervals
This study has resulted in the establishment of the first haematological,
biochemical and plasma protein reference intervals for loggerhead turtles in the
Indian Ocean. Overall, WBC differentials and PCV fell within the ranges
established for reptiles (Campbell & Ellis 2007). Previous studies have shown
that differential WBC counts in sea turtles vary significantly depending on the
method used (Unopette method, Natt-Herrick method, estimated WBC counts)
(Arnold 1994; Deem et al. 2006; Sykes Iv & Klaphake 2008; Deem et al. 2009),
limiting the possibility of comparison between studies using different
methodologies. The haematological reference intervals in Western Australian
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loggerhead turtles overlap with the ones established by the same laboratory
and statistical methodology for foraging green turtles (Chelonia mydas) and
loggerhead turtles in Queensland (Flint et al. 2010a; Flint et al. 2010b), except
for slightly higher eosinophil counts in the Western Australian populations (Flint
et al. 2010a; Eosinophils RIs for loggerhead turtles in Queensland: 0.09-3.45
109/L). In general, the total WBC count RIs in Queensland are wider due to
higher upper limits for estimated heterophil and lymphocyte counts. In reptiles
both

lymphocyte

and

heterophil

numbers

are

influenced

by

several

environmental and physiological factors, but increases are also associated with
inflammatory disease, tissue damage, and parasitic and viral infections
(Campbell 2006). This study sampled a large, homogenous group of turtles in
terms of age, gender and reproductive status, which may account for the narrow
RIs. Additionally, nesting sea turtles are mostly biased towards healthier turtles
and although Flint et al. (2010a) only selected clinically healthy individuals, it is
possible that turtles with subclinical diseases were also sampled, which could in
part explain the higher upper limits for WBCs in turtles sampled in Queensland.
Conversely, eosinophil absolute counts and relative percentages in Western
Australian loggerhead turtles measured in this study were higher than the
values reported in previous studies (range: 0.2-3.5 10e9/L; 2.3-9%; Deem et al.
2003; Casal & Oros 2007; Casal et al. 2009; Flint et al. 2010a; Basile et al.
2011) and were the largest WBC group after heterophils. Similar to lymphocytes
and heterophils, increases in eosinophils in reptiles have been associated with
environmental factors, e.g. seasonal changes. Different methodology could also
account for part of the difference, in fact, RIs established with the same
methodology by Flint et al. (2010a) are only slightly lower than the RIs
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established here. Nevertheless, eosinophilia is also typically associated with
parasite infection (Campbell 2006). During the course of this study a novel
haemosporidian parasite was identified in some individuals (Chapter 7). The
prevalence of this haemoparasite was low (Chapter 7), however other factors,
such as regional or gender and age differences in intestinal parasite
prevalence, could also partly account for the difference in eosinophil count.
The biochemistry RIs established for Western Australian nesting loggerhead
turtles are comparable to the ones established in other nesting and foraging
loggerhead turtle populations worldwide (Bolten et al. 1994; George 1997;
Deem et al. 2009; Flint et al. 2010a; Delgado et al. 2011) and well within the
ranges established for reptiles (Thrall et al. 2004; Campbell 2006). In general,
nesting sea turtles in Western Australia and other locations (Deem et al. 2006;
Casal et al. 2009; Deem et al. 2009) have higher concentrations of total protein,
globulins, total cholesterol, triglycerides and total calcium, compared to values
observed in foraging and oceanic loggerhead turtles (e.g. Bolten et al. 1994;
Deem et al. 2009; Flint et al. 2010a). These findings have been previously
observed in reptiles as a consequence of vitellogenesis and folliculogenesis
(Christopher et al. 1999; Dickinson et al. 2002; Wilkinson 2004; Campbell
2006). Calcium may be elevated by 2-400% in reptiles prior to laying and this is
associated with an increase in protein-bound calcium during follicular
development before ovulation (Wilkinson 2004; Campbell 2006). Inorganic
phosphate in this study was also relatively high (3.2 mmol/L) in comparison with
values established from other loggerhead turtles (range 1.9-2.7 mmol/L; Bolten
et al. 1994; George 1997; Flint et al. 2010a), but was similar to values
established for nesting leatherback turtles (3.5±0.65 mmol/L; Deem et al. 2006).
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Unlike the leatherback turtles, loggerhead turtles in this study had an average
calcium/phosphate ratio >1, as reported for other reptiles (Campbell 2006).
Phosphate was most likely elevated as a result of phosphate and calcium
mobilization during egg production, as has been previously described in turtles
(Campbell 2006). Phosphate could have also been released from erythrocytes
due to a delay in processing samples under fieldwork conditions, however all
haemolysed samples were excluded from the analysis and plasma was always
promptly removed from the clot in an attempt to minimise this risk.
Blood urea nitrogen reported for Western Australian nesting loggerhead turtles
and other nesting populations (range: 1.07-3.9 mmol/L; Casal et al. 2009; Deem
et al. 2009) was substantially lower than the mean values reported for foraging
sea turtles (range: 23.5-53.7 mmol/L; George 1997; Eisenhawer et al. 2008;
Casal et al. 2009; Deem et al. 2009; Flint et al. 2010a; Fazio et al. 2012). The
low urea values found in this study further support the hypothesis proposed by
Deem et al. (2009) that nesting turtles most likely have lower urea values due to
their fasting state, as no gender differences were found by Flint et al. (Flint et al.
2010a; Flint et al. 2010b) for both foraging green and loggerhead turtles.
Plasma protein electrophoresis is an increasingly important diagnostic tool for
nondomestic species and can provide an insight into chronic or acute
inflammatory processes, response to treatment and diagnosis of diseases (Cray
& Tatum 1998; Tatum et al. 2000; Cray et al. 2009). The use of plasma protein
electrophoresis in sea turtles is limited and only a few studies have established
reference ranges (Gicking et al. 2004; Deem et al. 2006; Deem et al. 2009; Gelli
et al. 2009). Overall the reference intervals established for the Western
Australian population are comparable to values established for loggerhead
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turtles elsewhere, in particular other nesting populations generally have higher
alpha and beta globulin concentrations (Deem et al. 2006; Deem et al. 2009;
Perrault et al. 2012) compared to turtles sampled from foraging grounds and
those caught in fishing gear (Gelli et al. 2004; Gicking et al. 2004; Deem et al.
2009). This study found very low albumin/globulin (A/G) ratios, which may be a
diagnostic indicator of inflammatory processes, protein-losing nephropathy, and
liver failure (Harr 2002). In birds and reptiles, changes in plasma proteins are
not always related to disease, but may also be physiological depending on age,
season and reproductive status (Rosenthal et al. 2005; Campbell 2006). For
instance, in females of oviparous species, a decrease in the A/G ratio may be
associated with an oestrogen induced hyperproteinemia composed of proteins
(found in the globulin region) involved in egg formation and therefore, might not
necessarily reflect infection or inflammation. Yolk protein precursors and
lipoproteins band in the globulin region and have been shown to cause a clear
increase in the globulin fractions (Harr 2002; Polat et al. 2004; Campbell 2006;
Gayathri & Hegde 2006). This could explain the low A/G ratio and elevated
globulin values in clinically healthy nesting sea turtles. In Western Australian
nesting turtles, albumin was only mildly increased compared to values
established for foraging loggerhead turtle populations (Deem et al. 2009), but
not as much as previously reported for nesting leatherback turtles (Deem et al.
2006; Perrault et al. 2012). A mild increase in albumin levels has also been
previously described in female avian species during the reproductive period
(Harr 2002).
Similar to the results of Deem et al. (2009) this study found no beta-gamma
bridging in any of the turtles sampled. This is in contrast to the findings of
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Gicking et al. (2004), who reported bridging in 28% of the clinically healthy freeranging loggerhead turtles examined in Florida. Beta-gamma bridging is
commonly associated with chronic diseases (Cray & Tatum 1998) and the
absence of this finding in the Western Australian nesting loggerhead turtles
suggests that these turtles are overall in good health. This may be due to the
fact that nesting sea turtles need to be relatively healthy to sustain longdistance migration and the high energy requirements of the breeding period. On
the other hand, Deem et al. (2009) did also not observe beta-gamma bridging in
any stranded or foraging sea turtles. Further studies are necessary to unravel
the clinical significance of beta-gamma bridging as well as changes in protein
electrophoresis levels in sea turtles and reptiles in general.
There are only very limited reports on blood levels of vitamins A, E and D in sea
turtles (Frutchey 2004; Deem et al. 2006; Purgley et al. 2009) and wild reptiles
in general as most literature focuses on captive reptiles (e.g. Laing & Fraser
1999; Lance et al. 2001; Dierenfeld et al. 2002; Ramer et al. 2005). The
reference intervals established for retinol (as a measure of vitamin A activity) in
Western Australian nesting loggerhead turtles were comparable to mean values
reported for nesting loggerheads (0.43±0.02 mg/L; Frutchey 2004), but slightly
lower than the circulating vitamin A levels in green turtles in Florida (0.52±0.04
mg/L; Frutchey 2004) and nesting leatherback turtles in Gabon (0.5±0.1 mg/L;
Deem et al. 2006). Species differences could be due to dietary differences (i.e.
loggerhead turtles are carnivorous, green turtle herbivorous and leatherbacks
feed on jellyfish). Also, Frutchey (2004) reported a decline in retinol blood
concentrations in loggerhead turtles over the nesting season, whilst a similar
decline was not observed in nesting green turtles in the same study.
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Mean vitamin E concentrations reported in this study were considerably higher
than values reported for leatherback (8±3.7 mg/L; Deem et al. 2006) and green
turtles (6.08±0.40 mg/L; Frutchey 2004), and also approximately double the
concentrations reported for nesting loggerhead turtles in Florida (12.98±0.65
mg/L; Frutchey 2004). Carnivorous/omnivorous chelonian species have been
shown to have higher vitamin E concentrations (Dierenfeld et al. 1999), which
would explain the differences between loggerhead turtles and green turtles, but
not between loggerhead and leatherbacks turtles. Regional differences in
nutritional status and diet preferences may, in part, account for the higher retinol
levels in Western Australian loggerheads compared to loggerhead turtles in
Florida. Frutchey (2004) did not report a significant decline in vitamin E
concentrations over the nesting season for either Caretta caretta or Chelonia
mydas, so differences encountered shouldn’t be due to different sampling timing
over the nesting season. Both vitamin A and E have been shown to be
necessary for the development of avian embryos (Maden et al. 1996; Gore &
Qureshi 1997; Surai 2000).
Published reference values for vitamin D for wild reptile populations are scarce
and for sea turtles the only published values are from eight captive green turtles
housed indoors and outdoors (Purgley et al. 2009) and the authors of that study
urged for the establishment of reference ranges for free-ranging sea turtle
populations. The mean 25-OH vitamin D values established in the Western
Australian nesting loggerhead turtles (106.3±34.9 nmol/L) were much higher
than the levels established for both the green turtles housed indoors for a
variable amount of time (12.3-55 nmol/L) and those housed exclusively
outdoors (62.5-65nmol/L) (Purgley et al. 2009). However, the two individuals
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housed indoors for a shorter period (4.5-24 months) and the two individuals
housed outdoors had blood vitamin D concentrations that were above the lower
limit of the reference interval established in this study. The mean value reported
in this study is similar to that reported in wild iguanas (105±14nmol/L; Laing &
Fraser 1999). The metabolism and function of vitamin D has been extensively
studied in humans, mammals and avian species, but knowledge on the
physiology of vitamin D in reptiles is still limited. Several studies have shown the
importance of UV exposure in vitamin D physiology of reptiles, but there are
substantial differences between reptile families, genera and species in terms of
the requirements for exposure to the sun (Laing et al. 2001; Purgley et al.
2009). Interestingly in this study a significant difference between the two nesting
sites was found: nesting turtles in Cape Range National Park had significantly
higher levels of 25-OH vitamin D (114.2 ±31.8 nmol/L) than turtles from Dirk
Hartog Island (88.9±37.0 nmol/L). Although, the difference between rookeries
was not large enough to warrant separate RIs, this finding leads to questions
regarding the level of variation within the same species of physiological vitamin
D levels and how possible behavioural and dietary differences between
populations may lead to different mean vitamin D levels. More research into sea
turtle, and more generally wild reptile, vitamin D physiology is necessary before
any conclusions can be made.

6.4.2 Toxicology
In all but one sample organic pollutants of concern were below the level of
detection. Other studies, using different laboratory techniques with a lower LOD
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(Keller et al. 2004b; Van De Merwe et al. 2010a; 0.00001 ppm and 0.00004
ppm, respectively) reported mean concentrations for most pollutants below the
LOD of this study. Although the levels reported in these studies were very low
compared to those found in other species, associations between some organic
pollutants and several health indices have been reported (Keller et al. 2004b;
Keller et al. 2006), indicating that further investigations into OC and PCB levels
in Western Australian loggerhead turtle blood using more sensitive methods is
warranted.
This is the first time that blood concentrations of some essential elements have
been reported for sea turtles (Fe; Cr; V) and loggerhead turtles (Co). No
correlation between sea turtle size and metal concentrations was detected in
this study, similarly to the findings reported by others (Ley-Quiñónez et al. 2011;
Perrault et al. 2011). In contrast with what was found in this study, a negative
correlation between several metals and SCL has been found in foraging green
turtles (Komoroske et al. 2011), possibly due to different physiological
processes in adult and juvenile turtles.
Significantly different Pb and Cu blood levels between nesting sites were most
likely due to different metal levels at different foraging sites. Although there is no
genetic differentiation between turtles sampled at the two sites (Pacioni et al.
2012) and they, in part, share the same foraging sites (tracked nesting
loggerhead turtles from Bungelup Beach have migrated to the Shark Bay
foraging area and some of the nesting turtles tagged on Dirk Hartog Island have
been observed in the same foraging site; Baldwin et al. 2003; Mau et al. 2012),
composition of the two rookeries in terms of foraging sites is most likely
different, consequently influencing metal consumption through their diet.
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Several elements were positively correlated with each other, probably either
due to similar physiological pathways or a concurrent increase in prey items.
From this it can be concluded that, in general, sea turtles with higher
concentrations of one metal tended to have an overall higher contaminant load.
Very little is known about physiological pathways and toxico-kinetics of essential
elements and toxic metals in sea turtles, and reptiles in general. It has only
been in the past five years that there has been an increased interest in nonlethal methods of metal screening (i.e. blood, carapace), but studies are widely
dispersed in terms of elements analysed and, species studied and most focus
on sea turtle populations of the Atlantic Ocean (Kenyon et al. 2001; Day et al.
2005; Deem et al. 2006; Day et al. 2007; Guirlet et al. 2008; Innis et al. 2008;
Deem et al. 2009; Innis et al. 2010; Perrault et al. 2011). Only three studies
have established blood metal concentrations in sea turtles of the Pacific Ocean
(Van De Merwe et al. 2010a; Harris et al. 2011; Ley-Quiñónez et al. 2011) and
this is the first study to report blood metal and metalloid levels in the Indian
Ocean (Table 6.11).
A recent study (subsequent to the laboratory work of this study) showed how
several metals (Mn, Fe, Co, Cu, As, Se Cd) and metalloids preferentially
associated with red blood cells relative to whole blood, and therefore, whole
blood measures could introduce an error due to variable haematocrit values
(Komoroske et al. 2011). However, all studies, except for those of Komoroske et
al. (2011) and Day et al. (2007), reported exclusively whole blood
concentrations and therefore, for comparative reasons, it is important to
continue reporting whole blood concentrations in addition to red blood cell
concentrations (Komoroske et al. 2011). In this study ranges established for
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PCV were relatively narrow compared to other studies and should not have
excessively biased the reported values. Comparison between studies is also
limited due to small sample sizes and differences in analytical techniques and
statistical methodology. For example, samples with values <LOD are treated
differently in different studies and in some cases it is unclear whether samples
<LOD were even included in the descriptive statistics.
The elements Zn and Se had the highest concentrations followed by As. The
concentrations of Co, Cu, Mn and Ni from nesting turtles in Western Australia
were lower than the ranges established previously, whilst Zn and Se were within
the previously established ranges (Table 6.11).
Toxic metals were all within previously established ranges. Whereas, the levels
of Cd in blood (0.31 ppm) was higher in this study than that reported in most
populations (range: 0.013-0.077 ppm; Guirlet et al. 2008; Van De Merwe et al.
2010a; Harris et al. 2011; Komoroske et al. 2011), except for the range reported
for foraging loggerhead turtles in Baja California (1.8 ppm; Ley-Quiñónez et al.
2011). The primary pathway of Cd is through the food chain (Maffucci et al.
2005; Storelli et al. 2005) and differences in the diet between species and life
stage of turtles may account for some of the difference in blood Cd. In general,
concentrations of As and other toxic metals are high in crustaceans, making
loggerhead turtles particularly susceptible to accumulation (Ley-Quiñónez et al.
2011). Further studies are necessary to explain and interpret levels of toxic
metals in sea turtle blood.
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Table 6.11 Synopsis of concentrations of essential elements and toxic metals (mean ± SD or median, range) from nesting (N), foraging
(F), stranded (S) sea turtles or sea turtles entangled in fishing gear (E). Values are expressed as ppm (mg/kg) wet weight.
Location

n

Co

Cu

Mn

Ni

Se

Zn

Source

Reference

Western Australia

98

0.002±0.007

0.68±0.14

0.048±0.031

0.012±0.023

2.83±5.01

11.54±1.77

N

This study

Baja California

22

2.83±0.62

0.61±0.55

1.59±2.42

6.14±3.58

44.81±17.53

F

Ley-Quinonez et al. 2011

N

Perrault et al. 2011

N

Guirlet et al. 2008

Loggerhead turtle

Leatherback turtle
Florida

71

French Guiana

78

Georgia/Massachusetts

16

7.64 0.39-21.27
1.34±0.28

9.98 ± 0.05

11.10±0.28

7.55 ± 2.83

F/E

Innis et al. 2010

Green turtle
Queensland

16

0.036±0.027

California

30

0.749±0.25

106

0.524

1.02±0.4

2.45±2.53
0.463±0.488

7.93±2.67

0.776±1.386

S

Van de Merwe et al. 2010

F

Komoroske et al. 2011

F

Kenyon et al. 2001

Kemp's Ridley
Texas, Lousiana

7.5; 3.28–18.9
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Table 6.11 cont’d
Location

n

As

Cd

Hg

Pb

Source

Reference

Western Australia

98

2.769±3.462

0.307±0.307

0.021±0.014

0.0176±0.0118

N

This study

Baja California

22

4.090±2.56

1.8±0.63

F

Les Quinonez et al. 2011

South Carolina,Florida

66

0.029 ± 0.002

F

Day et al. 2007

South Carolina,Florida

34

0.029 ± 0.008

F

Day et al. 2005

Florida

52

0.026

N

Perrault et al. 2011

French Guiana

78

N

Guirlet et al. 2008

Georgia/Massachusetts

16

Gabon

6

California

3

0.077

California

9

California

11

Loggerhead turtle

Leatherback turtle

0.08±0.03

0.011 ± 0.003

0.18±0.05

0.01±0.00

F/E

Innis et al. 2010

N

Deem et al. 2006

0.019, 0.014–0.035

F male

Harris et al. 2011

0.078

0.022, 0.007–0.048

F female

Harris et al. 2011

0.042

<DL ,<DL–0.013

N

Harris et al. 2011

≤0.1

0.20 ± 0.20

0.087±0.0309

Green turtle
Queensland

16

4.362±5.66

0.035±0.038

0.003±0.002

0.022±0.023

S

Van de Merwe et al. 2010

California

30

0.157±0.142

0.013±0.023

0.001±0.001

1.26±1.216

F

Komoroske et al. 2011

0.011; 0–0.034

F

Kenyon et al. 2001

E

Innis et al. 2008

N

Paez-Osuna et al. 2010 and 2011

Kemp's Ridley
Texas, Lousiana

106

0.018; 0.001–0.067

Massachusetts

29

0.024±0.009

25

0.001±0.001

Olive Ridley
Mexico
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0.95±0.18

6.4.3 Physical examination
6.4.3.1 External lesions
The distribution of anatomical injuries found in this study was not surprising as
the overall surface of the carapace and flippers is larger and major injuries to
the head and neck are more likely to be fatal. Data on the causes of injury
needs to be interpreted with caution as most injuries could not be clearly
attributed to any specific cause, while other types of injury were much easier to
classify (e.g. carapace damage from barnacles). Also, the nesting population is
biased towards sea turtles with healed wounds which can be more difficult to
categorise (e.g. tooth marks can be seen in a fresh shark attack injury). A boat
propeller wound was observed only once but the general injury category
“impact” may have also included sea turtles hit by boats. Only amputation of the
hind flipper evidently affected reproductive success as these turtles were not
able to dig a nest chamber of proper size and depth and deposited eggs would
always overflow the chamber.
Urea was increased in turtles with both carapace and flipper and head injuries.
Increased urea can arise due to increased protein metabolism and this could be
related to the elevated protein levels found in sea turtles with carapace injury.
Elevated urea levels is reported not to have a diagnostic significance for turtles
(Wilkinson 2004). Also, the increase of plasma urea and protein was probably
not clinically relevant, as the values were within the established ranges.
Creatine Kinase activity in plasma was elevated in sea turtles with flipper/head
injuries. Creatine Kinase can be found in high concentrations in skeletal
muscles and increases in CK can result from muscle exertion or injury
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(Wilkinson 2004). Most of the flipper injuries were amputations and although the
injuries were healed it may be expected that swimming and movement
dynamics were altered (loss of propulsion/streamlining), which may cause
muscle exertion or recurring muscle lesions. The level of CK increased
significantly with increasing severity of injury.

6.4.3.2 Epibionts
Epibiotic load can vary immensely between species but also individuals within a
species (Flint et al. 2009). Several factors are thought to contribute to this
difference, including growth, behaviour, life history stage and environmental
differences (prevalence of epibionts, temperature, currents or salinity) (Stamper
et al. 2005). Loggerhead turtles are among the species that are commonly
observed having high numbers of epibionts (Flint et al. 2009). Most epibionts,
including barnacles, cannot be considered harmful a priori, but high epibiotic
load is often used as an indicator of poor health (Deem et al. 2009). A study of
loggerhead turtles caught in fishing gear in North Carolina (USA) could not find
any correlation between the density of Chelonibia testudinaria (non-burrowing
barnacles) on the carapace and any of the examined clinical pathology analytes
(Stamper et al. 2005). However, Flint et al. (2010b) found that immature green
turtles with a higher plastron barnacle load (Chelonibia testudinaria) were three
times more likely to be unhealthy than those without barnacles. In Flint et al.
(2010b) study only 10 of 175 green turtles had burrowing barnacles (Tubicinella
cheloniae) whilst Stamper et al. (2005) did not consider or account for
Tubicinella cheloniae load.
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Results from this study show that, although changes in haematological and
biochemistry parameters were minimal and the mean values in turtles with
barnacles were always within the established ranges, burrowing barnacles, in
particular, may elicit changes in haematological and biochemical parameters.
The biological significance of these differences is unknown and some of the
changes could also be explained by different foraging sites (with different
epibiota prevalence) or migration distance which, in turn, could explain the
significant differences of some of the parameters evaluated e.g. plasma
proteins, electrolytes and lipids. Such parameters could vary with dietary
differences or fasting time, especially if the significant result between groups of
barnacle presence/absence was not mirrored by significant results among
groups of barnacle load. On the other hand, burrowing barnacles can cause
quite significant lesions to the carapace and it is not unreasonable to believe
that these may cause an increase in leukocytes (e.g. eosinophils, heterophils)
and an immunological response characterised by an increase in globulins, as
was observed in this study. More studies are necessary to clearly establish the
role of epibiota density as an indicator of sea turtle health, in particular on
foraging grounds were turtles of different ages and life stages can be sampled.
Results of this study, nevertheless, emphasise that more attention should be
given to investigating the role of burrowing barnacles in relation to sea turtle
health, rather than only looking at the load of non-burrowing barnacle.
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6.4.3.3 Fibropapillomatosis
Marine turtle fibropapillomatosis (FP) is described as a neoplastic disease
characterised by external and/or internal benign tumours that can cause
variable morbidity and mortality in sea turtles in all major oceans. The
prevalence of fibropapillomatosis varies widely among locations ranging from as
high as 92% in Kaneohe Bay, Oahu, Hawaii to as low as 1.5% in La Escobilla
Beach, Oaxaca, Mexico (reviewed in Aguirre & Lutz 2004). In Western Australia
there has been only one histologically confirmed report of FP in a juvenile green
turtle that stranded in Shark Bay (Raidal & Prince 1996). An investigation at
Moreton Bay, Queensland, demonstrated a prevalence of 16% in green and 6%
in loggerhead turtles (Aguirre et al. 2000). This is therefore, the first report of FP
in loggerhead turtles in Western Australia.
The loggerhead turtle nesting population on Dirk Hartog Island has been
monitored and tagged since 1994, but no cases of suspected FP had previously
been reported. Surveys on nesting females may underestimate the prevalence
of disease as the diseased turtles may be too debilitated to come on shore for
nesting. However, to date, no lesions consistent with Fibropapilloma have been
observed in the loggerhead turtles foraging in Shark Bay (Heithaus et al. 2005).
No other loggerhead turtle foraging site in Western Australia has been
surveyed.
Despite intensive research the ultimate causative agent or agents and risk
factors of FP remain unknown (Aguirre & Lutz 2004), but the condition has been
associated with chelonid fibropapilloma-associated herpesvirus (CFPHV)
(Herbst & Klein 1995; Quackenbush et al. 1998; Lackovich et al. 1999; Lu et al.
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2000; Quackenbush et al. 2001; Greenblatt et al. 2005). Biopsies of the lesions
observed in this study were sent to James Cook University (Townsville,
Queensland) for virological investigation. Nainu (2011) was able to successfully
isolate CFPHV from the Western Australian samples. This is the first confirmed
case of CFPHV in Western Australia. The two isolates amplified using
molecular techniques from the fibropapilloma biopsies collected in this study
were two unique sequences that grouped with the Pacific-like variants and were
closely related to sequences obtained from isolates identified in Queensland
from green turtles (Nainu 2011).
The fibropapillomas observed in this study were very small and did not appear
to have any significant clinical impact. Real time PCR demonstrated that both
Western Australian biopsies had low virus concentration (Nainu 2011). The
prevalence is also very low but future surveys at other foraging sites in Australia
and the Indian Ocean should be undertaken to enable comparisons.

6.4.4 Nesting turtle health and reproductive success
Twenty-one percent of all sea turtles examined in this study were categorised
as having (mostly minor) reproductive abnormalities. The overall size of
clutches with abnormal eggs was also significantly smaller (Chapter 3) possibly
hinting to a common problem. These sea turtles all had significantly higher
blood Hg concentrations than their counterparts (i.e. those with no reproductive
problems) and the significance and effect size increased when all turtles with
any of the reproductive problems were considered as one group. Mercury is a
well-known environmental contaminant and significant adverse effects have
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been described not only at high concentrations but also with low and chronic
exposure. In wildlife, reproduction is one of the most sensitive biological
processes to Hg toxicity, with very low dietary concentrations causing effect.
The documented effects of Hg on reproduction include: reduced hatching
success due to embryonic death, thinning of eggshells and reduced clutch size
and abnormal behaviour of juveniles (reviewed in Wolfe et al. 1998; Chan et al.
2003). Dose-dependent maternal transfer to avian eggs has been reported
(Walsh 1990) and it has been speculated that egg laying may be a means of
toxin elimination in reptiles (Burger 1994).
Mercury is one trace metal for which there is evidence of not only
bioaccumulation (increase in concentration of a pollutant from the environment
to the first organism in a food chain) but also biomagnification (increase in
concentration of a pollutant from one link in a food chain to another) (Clarkson
1993; Goodyear & McNeill 1999). It is expected that levels of this metal are
higher in loggerhead turtles, which occupy a high trophic level, than in
herbivorous green turtles (Gordon et al. 1998; Table 6.11).
The toxicity of Hg to reptiles is largely undocumented, but in sea turtles an
association between the concentrations of Hg and the immune function was
detected in wild animals and tested in in vitro experiments (Day et al. 2007).
One recent study attempted to unravel the role of Hg and Se on reproductive
success and found a positive correlation between the Se and Hg ratio in
leatherback hatchling livers and hatching success (Perrault et al. 2011). The
essential elements, Se and Zn, have a detoxifying role for several toxic metals
and deficiencies enhance the toxicity of Hg, Cd, Pb and As (e.g. Webb 1972;
Sell & Horani 1974; Rastogi et al. 1976; Afonne et al. 2000; Styblo & Thomas
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2001). Maternal transfer of Se to eggs is well documented in reptiles and strong
correlations were also found in leatherbacks between Se concentrations in the
nesting turtle’s blood and its eggs (Guirlet et al. 2008). In this study there was
no difference between the Se and Zn concentration between turtles with and
those without reproductive abnormalities, but both Se/Hg and Zn/Hg ratios were
significantly lower in sea turtles with reproductive problems. Zinc was also
positively correlated with hatching success, further supporting the hypothesis
that Zn has a detoxifying role and counteracts the negative effects of Hg (and
other toxic metals).
As for most toxicological studies in wildlife it is very difficult to clearly isolate the
cause-effect mechanisms and prove causal relationships, as field-studies are
highly complex, labour intensive, often have limited capacity to measure subtle
changes and it is extremely difficult, if not impossible, to account for all
additional confounding factors (Chan et al. 2003). This is especially true when
evaluating effects of toxins on sea turtle hatching success which is affected by
several environmental factors (Chapter 4). When nests are left in situ it is
impossible to clearly establish causal relationship (even when nests with clear
external disturbance were not included in the analysis). This is most likely the
reason why in this and the study of Perrault et al. (Perrault et al. 2011) no direct
association could be found between maternal blood Hg values and hatching
success. Blood Hg also better represents recent exposure rather than chronic
Hg accumulation. Nevertheless the results described in this study provide an
indication that in sea turtles, low Hg concentrations may be associated with
reproductive problems, such as shell thinning, as previously described in birds
(Stoewsand et al. 1971).
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Apart from Zn, hatching success was positively correlated with blood levels of
Fe and alpha1-globulins. In reproductively active female alligators both Zn and
Fe increased during the follicular growth phase (Lance et al. 1983). In this study
Zn and Fe were strongly correlated to each other (r=0.9, Table 6.7), which may
indicate that both elements are elevated due to mobilisation during reproduction
or that these elements share a common metabolic pathway in reptiles.
Significant results with hatching success could therefore be biased by the
strong correlation of the two compounds. However, both Zn and Fe increase
hatchability of eggs in poultry. Zinc deficiency has also been associated with
lower rates of egg laying and embryonic deformities (Roudybush 1996). As
discussed previously, Zn has a critical role in the detoxification of heavy metals.
Only very little data are available on the electrophoretic patterns in reptiles, but
in avian species alteration of EPH proteins during the reproductive cycles has
been more intensely investigated. Studies have shown an increase of
specifically alpha1 proteins during egg deposition in several avian species (Harr
2002; Polat et al. 2004; Gayathri & Hegde 2006). In fact, several proteins
involved in egg formation have electrophoretic properties of alpha proteins. For
instance, vitamin D metabolites are mostly associated with a specific carrier, the
vitamin D-binding protein, which has been shown to have the electrophoretic
activity of an alpha protein in reptiles and some birds (Hay & Watson 1976). The
binding protein is also responsible for the transportation of vitamin D to the egg,
which is essential for embryogenesis and hatching success of avian (e.g.
Elaroussi et al. 1988; Donoghue 2006) and reptilian eggs (Laing & Fraser
1999). Consequently, increased levels of these proteins may be beneficial for
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overall reproductive success, by facilitating transportation of essential nutrients
to the egg.
Several blood health indices (uric acid, vitamin E, EPH gamma-globulins,
monocytes) were also found to be correlated with clutch size in loggerhead
turtles, although it has to be acknowledged that coefficients of determination (r 2)
were relatively low, suggesting that other factors also influence reproductive
output. For instance, clutch sizes decrease during the nesting season (Frazer &
Richardson 1985; Honarvar et al. 2011) and in this study the number of clutches
previously laid by the nesting turtles was not known.
Protein requirements are known to be increased during egg formation (Brue
1994), and, in fact, in this and other studies total blood protein concentration in
nesting sea turtles were higher than the average established for foraging or
juvenile turtles (Deem et al. 2009). Uric acid is the primary end product of
protein metabolism in reptiles (Thrall et al. 2004) and therefore may indirectly
indicate an increased protein availability and catabolism which may be
responsible for larger clutches.
The important role of vitamin E in male and female reproduction has been
extensively studied (Scott 1969; Dolensek et al. 1979; Maynard & Loosli 1979).
Vitamin E deficiency is linked to embryonic developmental problems and low
hatching success in poultry (Maynard & Loosli 1979). Increased levels of
vitamin E are required for successful reproduction and to maximise hatching
success (Brue 1994). Very few studies have explored the relationship of vitamin
E with reproduction in reptiles (Lance et al. 1983; Lance et al. 2001; Frutchey
2004). Vitamin E has not been shown to decrease when the nesting season
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progressed (Frutchey 2004), so the observed decrease in clutch size with lower
vitamin E concentrations should not be biased by the reproductive stage of the
sampled turtles (i.e. vitamin E and clutch size do not concurrently decrease over
the nesting stage of individuals). Frutchey (2004) did not find a similar
relationship but the mean vitamin E concentration in the nesting loggerhead
population in Florida was also much lower than the concentration reported here,
possibly accounting for the different result obtained in the two studies.
The positive correlation between monocyte counts and clutch size is rather
puzzling and could be spurious (r 2 is low). Monocytes occur in low numbers and
there is minimal seasonal change in levels in reptiles. Monocytosis in reptiles is
suggestive

of

chronic

infectious

processes,

especially

granulomatous

inflammation (Campbell 2006; Strik et al. 2007). Increases have been observed
in dystocic chameleons (Strik et al. 2007). However, the ranges reported in this
study are within what is considered normal for sea turtles and reptiles
(Campbell 2006; Strik et al. 2007).
A negative correlation was found between gamma globulins and clutch size.
Similarly, a negative correlation was found between gamma globulins and
hatching success in leatherback turtles (Perrault et al. 2012) and collared
flycatchers (Ficedula albicollis) (Ilmonen et al. 2000). Gamma globulins are
immunoglobulins and their increase is associated with inflammatory, infectious,
and immune-mediated diseases (Zaias & Cray 2002). Therefore, sea turtles
with increased globulins may invest resources to fight pathogens rather than
direct them towards reproduction. However, the concentrations reported in the
current study are within the established ranges for healthy reptiles and sea
turtles. Gamma-globulins are known to be transported into the oocyte for uptake
262

by developing chicken embryos (Lösch et al. 1986). Reduced concentration in
turtles with larger clutches could therefore be related to increased transportation
of this globulin fraction to the eggs.
The fact that many of the significant correlations between blood health values
and reproductive success and output identified in the current study have been
previously observed in mammals, avian or even reptile species, reinforces the
idea that most of the significant results represent real processes. Nevertheless,
more research is needed to resolve the relationship of maternal health status
and reproduction and to determine whether the observed trends are common.

6.5 Conclusions
The comprehensive blood reference intervals obtained here from a large
sample size will provide important data for comparison with other loggerhead
turtles nesting populations and sea turtles in general. This study also provided
reference intervals for blood levels of several metals and metalloids in
loggerhead turtles, some of these being reported in sea turtles for the first time.
The sample size used in this study is, to date, among the largest with the widest
selection of elements measured, providing critical data to build on with further
eco-toxicological studies. In particular more research is needed to determine
the role of essential and toxic metals on the physiology and health at the
individual and population level.
The results obtained in this study showed intriguing relationships between
maternal blood health indices and reproductive parameters at deposition (clutch
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size, abnormal eggs) and hatching (hatching success). The negative role of Hg
at very low concentrations is particularly worrying and certainly warrants further
investigations at different sites and in different species of sea turtles.
To conclude, the results obtained in this study will facilitate monitoring of health
parameters of sea turtle populations, assist veterinarians to better understand
blood health parameters of sick and captive individuals and assess success of
treatment protocols. Finally these results are also critical for the management of
wild sea turtle populations by contributing to the understanding of the complex
association between individual/population health and reproduction, as well as
expanding our knowledge on the risks associated with environmental
contaminants.
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Chapter 7 First detection of an
intraerythrocytic haemosporidian
parasite in loggerhead turtles
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7.1 Introduction
Haemosporidian parasites are intraerythrocytic protozoa that are distributed
worldwide and infect a wide range of hosts including mammals, birds and reptiles.
Reptiles most commonly affected by Haemosporidia include lizards, snakes, and
freshwater and terrestrial chelonians (Telford Jr 1984). Haemogregarines and
Haemoproteus spp. have been reported in terrestrial and freshwater turtles but, to
date, haemosporidian parasites had not been identified in any sea turtle species
(Campbell 2005; Jacobson 2007).
Parasites belonging to the family Plasmodiidae and Haemoprotidae are commonly
referred to as “malaria parasites” because of their phylogeny (Perkins & Schall
2002; Pérez-Tris et al. 2005; Martinsen et al. 2008). In the past, parasitologists
have suggested that Haemoproteus spp. in turtles should be classified into the
separate genus Simondia (Garnham 1966). Whilst this suggestion was later
rejected

(Levine

1988),

a

recent

phylogenetic

evaluation

of

chelonian

Haemosporidia recommends the re-classification of chelonian malaria parasites
(Pineda Catalan 2011).
Malaria parasites can be responsible for serious clinical conditions in birds, but are
relatively benign in reptiles and generally, only cause mild or moderate anaemia
(Telford Jr 2000). However, it has been suggested that chronic infection may
persist throughout the lifetime of a host (Frye 1991) and may have serious fitness
consequences despite the mild symptoms (Schall 1982). Juvenile lizards have died
from natural infection by some Plasmodium spp. while adults can die of fulminating
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parasitaemia (Telford Jr 2000). Dehaemoglobinisation of erythrocytes has been
reported in association with Haemoproteus spp. infection in reptiles (Telford Jr
1984).
Marine turtles, such as the endangered loggerhead turtle, live most of their life in
the ocean coming ashore only to form breeding aggregations at high-fidelity
nesting sites (Chapter 1). Due to the inherent difficulties in studying sea turtles in
their natural environment knowledge on disease prevalence in wild sea turtle
populations is still very fragmented. However, disease has been identified as one
of the factors threatening populations of sea turtles and other marine species
(George 1997; Herbst & Jacobson 2003; Ward & Lafferty 2004). Therefore it is
critical to obtain baseline wild population health data, including the prevalence of
potential pathogens in the marine ecosystem. Furthermore, chelonians are a very
ancient group that date back to the mid Triassic Period (200 million years ago) and
their parasites are consequently of great phylogenetic interest due to their potential
ancient origin (Lainson & Naiff 1998).
During the health assessment of loggerhead turtles nesting on two Western
Australian rookeries (Chapter 1, Figure 1.1), a novel intraerythrocytic protozoal
parasite, similar to a malaria parasite, was identified during light microscopy
examination of the thin-film blood smears. Previously chelonian haemoproteids
have been typically defined only by their morphological characteristics, however
recent studies recommended the evaluation of the genetic relationship with related
species when assessing their taxonomy (Pineda Catalan 2011; Orkun & Güven in
press). In this chapter a loggerhead turtle parasite is described for the first time
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using a combination of light microscopy and molecular techniques. Additionally,
morphological, health and reproductive parameters of affected nesting loggerhead
turtles were assessed to determine if this haemoparasite decreased the fitness and
health of affected animals.

7.2 Materials and Methods
7.2.1 Sample Collection
Blood samples were collected from 164 nesting loggerhead turtles (Chapter 6) and
DNA was successfully extracted from 161 samples: 68 blood samples from the
2006/07 nesting season (53 from Dirk Hartog Island; 15 from Cape Range NP) and
93 from the 2007/08 nesting season (60 from Dirk Hartog Island, 33 from Cape
Range NP). Additionally, for the same turtles, reproductive parameters including
clutch size, egg size and weight, and hatching success were collected (Chapters
2).
Blood from 20 males and 52 unclassified loggerhead turtles (i.e. females and
juvenile males; see below) was also provided by the Shark Bay Research Project
(Dr. Mike Heithaus, Dr. Jordy Thomson and Dr. Derek Burkholder from Florida
International University). These extra turtles were caught at sea in the Eastern Gulf
of Shark Bay (25°45’S, 113°44’E). At the foraging site the animals were captured
by hand (Heithaus et al. 2002). Turtles with a tail longer than 25cm were classified
as males (Heithaus et al. 2002). The unclassified group (tail ≤ 25 cm) may have
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included adult females and juveniles of either gender. Of the 52 unclassified turtles,
five were sighted laying on either Dirk Hartog Island or Muiron Island (Prince B.
pers. comm.) and were subsequently classified as females.

7.2.2 Health assessment and blood collection
All nesting turtles were subjected to a complete health assessment, including a
visual physical examination and the collection of blood to obtain haematological
health

parameters

(plasma

biochemistry,

plasma

protein

electrophoresis,

haematology and vitamins, Chapter 6). Blood samples for molecular diagnostics
were collected from the dorsal cervical sinus (Owens & Ruiz 1980) using
Vacutainer® tubes without anticoagulant (Chapter 6).
Two to five thin film blood smears using non-heparinised blood were prepared in
the field immediately after collection from each animal. The blood samples were
kept on techni-ice ice packs during the night and centrifuged within 8 hours of
collection (Chapter 6). The blood clot and plasma were separated and stored at 20°C for a maximum of two weeks prior to analysis.
Plasma

biochemical

measures

(total

protein,

albumin,

globulin

alanine

aminotransferase, aspartate aminotransferase, creatine kinase, total calcium,
phosphate, chloride, potassium, sodium, triglyceride, cholesterol, blood urea
nitrogen, and uric acid) were assessed using a calibrated autoanalyser at VetPath
Laboratory. The PCV was determined in the field and haematologic measures
were estimated from the blood smear as described previously. Plasma
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electrophoresis was performed by Western Diagnostic Pathology, vitamin A and E
levels determined at the Department of Food and Agriculture, Western Australia in
Perth and the concentrations of plasma vitamin D assessed at the Pathwest
Laboratory (refer to Chapter 6 for detailed methodology).
Blood collected from the foraging population was stored at -20ºC or at room
temperature after dehydration (EziDri Ultra FD1000 food dehydrator, Moorabbin,
Victoria, Australia). No blood health parameters were available for any of the turtles
sampled at the foraging site.

7.2.3 Morphological and Molecular identification
The slides were stained with Wright-Giemsa stain and were screened by light
microscopy under oil immersion (x1,000; Olympus BX41, Olympus Corporation,
Tokyo, Japan) for haemoparasites. The haemoparasites were photographed and a
stage micrometer at the same magnification used to insert scale bars in all
micrographs. The percentage of parasitaemia was calculated by counting the
number of parasites in 1000 red blood cells. Length, width and area of 62 parasites
and parasitised erythrocytes, and 43 nearby non-parasitised erythrocytes were
measured with ImageJ v 1.43 software (National Institutes of Health, Bethesda,
Maryland, USA).
After detection of the intra-erythrocytic parasites on blood smears from three
individuals, three genes (cytochrome b, cytochrome c oxidase I (CoI) and the
elongation factor 2 (EF2)) were partially amplified and sequenced for molecular
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identification and phylogenetic analysis. Additionally, a population screening (i.e.
limited to the detection of presence or absence of the parasite) using a smaller
fragment of cytochrome b was conducted on all frozen blood clots (nesting
populations) and dehydrated blood samples (foraging population).
Genomic DNA was obtained from blood clots (nesting population), frozen whole
blood or dehydrated blood (foraging population) using QIAgen DNA extraction kits
(QIAgen, Doncaster, Victoria, Australia) following the procedures recommended by
the manufacturer. Two Plasmodium-specific primer pairs (primers DW2 and 3932
R; 3932F and DW4, Perkins & Schall 2002; Perkins & Austin 2009) were used to
amplify ~1200 base-pairs of the cytochrome b gene.
PCRs were carried out in a volume of 25 µl: ~5-10 ng DNA, 1X PCR buffer, 2 mM
MgCl2, 0.1 mM Bovine Serum Albumin, 300µM dNTPs, 0.2µM of each primer and 1
U Tth DNA polymerase (Tth, Biotech, Subiaco, Western Australia, Australia).
Reactions were performed in a CG1-96 thermal cycler (Corbett Research,
Doncaster, Victoria, Australia). After an initial 10 min at 95°C to ensure complete
denaturation, the reaction tubes were exposed to 50 cycles using the following
protocol: 30 sec at 95°C; 45 sec at 58°C; 90 sec at 72°C. The last cycle was
followed by an extension cycle for 10 min at 72°C.
CoI (1,000bp) and EF2 (~500bp) were amplified as described by Perkins et al.
(2007) and Falk et al. (2011) respectively, while population screening was carried
out using only one cytochrome b primer pair (3932F and DW4, Perkins & Schall
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2002; Perkins & Austin 2009), which generated a product of approximately 700
base-pairs.
PCR products were sequenced using dye terminator cycle sequencing chemistry
(Applied Biosystems, Perkin-Elmer, Scoresby, Victoria, Australia) on an automated
DNA sequencer (model 3730; ABI systems, Bethesda, Maryland, USA) and
aligned in Geneious Pro 6.0.4 (Biomatters, Auckland, New Zealand). Additional
sequences were obtained from GenBank (Table 7.1) and were provided by Dr.
Oscar Pineda Catalan (Columbia University, New York, NY, USA) and Dr. Susan
Perkins (Sackler Institute for Comparative Genomics, American Museum of Natural
History, New York, NY,USA) (unpublished data).
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Table 7.1 List of parasite species, hosts, geographical locations and GenBank accession numbers for cytochrome b and
cytochrome x oxidase 1 sequences.
cytochrome
b*

cytochrome c
oxidase 1*

Venezuela

FJ462683

N/A

Dumetella carolinensis

Vermont, USA

EU254559

EU254605

Haemoproteus sp. 1774

Mergus merganser

Vermont, USA

EU254560

EU254606

Haemoproteus sp. 2104

Bucephala clangula

Vermont, USA

EU254561

EU254607

Haemoproteus sp. 2176

Falco sparverius

Vermont, USA

EU254556

EU254601

Haemoproteus sp. 2223

Bonasa umbellus

Vermont, USA

EU254555

EU254600

Haemoproteus sp. 384

Dendroica caerulescens

Vermont, USA

EU254562

EU254608

Haemoproteus sp. 579

Vireo olivaceus

Vermont, USA

EU254551

EU254596

Haemoproteus sp. B60

Chamaea fasciata

California, USA

EU254557

EU254602

Haemoproteus sp. JA27

Meliphaga lewinii

Australia

NC_012423

NC_012423

Haemoproteus sp. SEW5141

Lichenostomus frenatus

Australia

NC_012425

NC_012425

H. anatolicum

Testudo graeca

Turkey

JQ039742

N/A

H. belopolskyi

Sylvia curruca

Israel

DQ451408

EU254603

H. coatneyi

Dendroica coronata

Vermont, USA

EU254550

EU254595

H. columbae 2111

Columba livia

Massachusetts, USA

EU254548

N/A

H. columbae 2146

Columba livia

Massachusetts, USA

EU254553

N/A

H. elani

Buteo jamaicensis

USA

FJ966926

N/A

H. fringillae

Zonotrichia albicollis

Vermont, USA

EU254558

EU254604

H. kopki

Teratoscincus scincus

Pakistan

AY099062

N/A

H. magnus

Fringilla coelebs

Israel

DQ451426

EU254594

H. mesnili

Naja nigricollis nigricollis

N/A

Unpublished

Unpublished

H. multipigmentatus

Zenaida macroura

Mexico: Socorro Island

JN788932

N/A

Parasite

Host

Geographical location

Plasmodium sp. LVCP01Ven

Leptotila verreauxi

Haemoproteus sp. 1000
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cytochrome
b*

cytochrome c
oxidase 1*

Israel

EU254554

EU254599

Picoides pubescens

Vermont, USA

EU254552

EU254597

H. ptyodactyli

Ptyodactylus hasselquistii

Israel

AY099057

N/A

H. sanguinis

Pycnonotus xanthopygos

Israel

DQ451410

EU254598

H. syrnii

Strix selupto

Israel

DQ451424

EU254591

H. turtur

Streptopelia senegalensis

Israel

DQ451425

EU254592

Haemoproteus vireonis

Vireo gilvus

N/A

FJ168561

FJ168561

Haemoproteus sp. GDE13

Zenaida galapagoensis

Ecuador: Galapagos,Espanola

FJ462674

N/A

Hepatocystis sp. LDFB

Cynopterus brachyoti

Singapore

EU254526

EU254569

Hepatocystis sp. MB3

Nanonycteris veldkampii

Guinea

EU254528

EU254571

Hepatocystis sp. MB6

Nanonycteris veldkampii

Guinea

EU254527

EU254570

Hepatocystis sp. ex Pteropus
hypomelanus

Pteropus hypomelanus

N/A

FJ168565

FJ168565

Leucocytozoon sp. 2109

Buteo jamaicensis

Massachusetts, USA

EU254518

EU254563

Leucocytozoon sp. 2208

Buteo lineatus

California, USA

EU254520

EU254565

Leucocytozoon sp. P157

Accipiter brevipes

Israel

EU254519

EU254564

Leucocytozoon caulleryi

N/A

Japan

NC_015304

NC_015304

Leucocytozoon fringillinarum

Pipilo chlorurus

N/A

NC_012451

NC_012451

Plasmodium sp. 1271

Hylocichla mustelina

Vermont, USA

EU254544

EU254587

Plasmodium sp. 1393

Accipiter striatus

Vermont, USA

EU254539

EU254582

Plasmodium sp. 182

Melospiza melodia

Vermont, USA

EF011168

EF011201

Plasmodium sp. 1937

Turdus migratorius

Vermont, USA

EU254545

EU254588

Plasmodium sp. 2375

Aegolius acadicus

Vermont, USA

EU254543

EU254586

Plasmodium sp. 318

Agelaius phoeniceus

Vermont, USA

EF011171

EF011204

Plasmodium sp. 513

Seiurus aurocapilla

Vermont, USA

EF011173

EF011206

Parasite

Host

Geographical location

H. passeris

Passer moabiticus

H. picae
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Vermont, USA

cytochrome
b*
EF011176

cytochrome c
oxidase 1*
EF011209

Ameiva ameiva

Manaus, Brazil

EU254537

EU254580

Plasmodium sp. Inca

Larosterna inca

Washington, D.C.

EU254547

EU254590

Plasmodium sp. Myna

Acridotheres tristis

Singapore

EU254542

EU254585

Plasmodium sp. P121

Emberiza hortulana

Israel

EF011194

EF011227

Plasmodium sp. P134

Corvus corone

Israel

DQ451404

EU254593

Plasmodium sp. P159

Ixobrychus minutus

Israel

EU254541

EU254584

Plasmodium sp. P164

Anthus trivialis

Israel

EU254546

EU254589

Plasmodium sp. P166

Luscinia svecica

Israel

EU254540

EU254583

P. azurophilum R

A. oculatus

Dominica

EU254532

EU254575

P. berghei

Grammomys surdaster

Democratic Republic of the Congo

EF011166,

EF011199

P. chiricahuae

Sceloporus jarrovi

Arizona, SA:

AY099061

Unpublished

N/A

DQ642845

M76611

Parasite

Host

Geographical location

Plasmodium sp. 594

Spizella passerina

Plasmodium sp. Br67

P. falciparum
P. floridense

Anolis sagrei

Florida

EF079654

EF079654

P. gallinaceum

Gallus gallus

Vietnam

AY099029

AB564275

P. gemini

Hypsilurus modestus

Papua New Guinea

EU834707

EU834718

P. giganteum

Agama agama

Ghana

EU254534

EU254577

P. juxtanucleare

N/A

N/A

NC_008279

NC_008279

P. knowlesi

N/A

N/A

AF069621,

AY598141,

P. koreafense

Sphenomorphus jobiensis

Papua New Guinea

EU834704

EU834713

P. lacertiliae

Emoia longicauda

Papua New Guinea

EU834709

EU834714

P. azurophilum W

A. oculatus

Dominica

EU254533

EU254576

P. malariae

N/A

Uganda

AF069624

AB489193

P. megalotrypa

Sphenomorphus simus

Papua New Guinea

EU834705

EU834715

P. mexicanum

Sceloporus occidentalis

N/A

EF079653

EF079653
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cytochrome
b*

cytochrome c
oxidase 1*

Papua New Guinea

EU834703

EU834711

N/A

N/A

AF069625

JF894415

P. reichenowi

N/A

N/A

AJ251941

AJ251941

P. relictum

N/A

N/A

AY733090

AY733090

P. vivax

Homo sapiens

Brazil

AF069619

AAY26841

P. yoelii

N/A

N/A

AY099051

DQ414602

P. hispaniola

Anolis distichus ignigularis

Caribbean island

JN187905

JN187870

Parasite

Host

Geographical location

P. minuoviride

Prasinohaema prehensicauda

P. ovale

*Numbers after the parasite species refers to a specific isolate (when available). N/A: not available. Unpublished: unpublished data provided by Dr. Oscar
Pineda Catalan (Columbia University, New York, NY, USA) and Dr. Susan Perkins (Sackler Institute for Comparative Genomics, American Museum of
Natural History, New York, NY,USA).
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7.2.4 Data analysis
Descriptive statistics (given as mean±SD) and statistical analyses were performed
using either Microsoft Excel 2007 (Microsoft Corp, Redmond, Washington, USA) or
SPSS 19.0 for Windows (SPSS Inc., Chicago, Illinois, USA). The 95% confidence
intervals (CIs) for the prevalence were calculated using the exact binomial method
(Clopper & Pearson 1934). Odds Ratio (OR) were calculated to determine the
significance of the relationship between infection and nesting location. The
confidence level and the probability of detection was calculated with WinEpiscope
2.0 (Thrusfield et al. 2001).
Variable distributions were evaluated separately for normality using the ShapiroWilk statistic, and analysed for kurtosis and skewness. Statistical significance of
the differences between parasitised and non-parasitised cells and individuals was
assessed with t-tests or Mann-Whitney tests for normally and non-normally
distributed parameters, respectively. Differences were considered statistically
significant at α<0.05. However, biologically correlated health variables (i.e.
leucocytes; sodium, chloride and potassium; calcium and phosphorus; protein
electrophoresis; vitamin A and E; triglycerides and cholesterol) were analysed with
a multivariate approach in PRIMER (Clarke & Gorley 2006). If required, these
variables were transformed to obtain distribution symmetry and normalised if
values were of different magnitude or unit (Clarke & Warwick 2001) (Chapter 6).
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7.2.5 Phylogenetic analysis
Phylogenetic analysis was carried out in BEAST (Drummond et al. 2012)
implementing the Yule speciation process as tree prior and conducting 10 million
MCMC iterations. The three genes were analysed separately with a GTR+I+G
substitution model for cytochrome b and CoI and TrN93 for EF2. The cytochrome b
and CoI sequences were also analysed together with a linked substitution model
and a phylogenetic tree but unlinked (i.e. partitioned) mutation rates. All analyses
were carried out with an uncorrelated lognormal relaxed molecular clock. EF2 was
not included in the latter analysis because of the paucity of sequences available in
Genbank. TRACER (Rambaut & Drummond 2007) was used to confirm adequate
length of MCMC, effective sampling size (ESS) and mixing and to verify that 10%
'burn-in' was sufficient. A 50% consensus tree was then obtained with
TreeAnnotator (Drummond et al. 2012) and visualized with MrEnt v 2.2. (Zuccon &
Zuccon 2008).

7.3 Results
Using light microscopy, an intraerythrocytic parasite was first identified in blood
smears from three individuals (two from Dirk Hartog Island and one from Cape
Range National Park). The molecular screening of the samples from both the
nesting and the foraging population detected two additional positive individuals
(two nesting turtles from Cape Range National Park). Slides from these individuals
were screened again and parasites were detected but at very low parasitaemia (1278

2 parasites on the whole slide). The parasitaemia was very low in all loggerhead
turtles sampled at the mainland rookery (<0.1%), however a 1.4% and 0.7%
parasitaemia was found in the two positive samples from Dirk Hartog Island.

7.3.1 Morphological description
The organism was morphologically similar to gametocytes of the Haemoproteus
species reported from chelonians and other reptiles (Lainson & Naiff 1998). The
gametocytes were characterised by typical refractile pigment granules that, in
malaria parasites, have been shown to be a waste product of the digestion of
haemoglobin. These black pigment granules are scattered throughout the
cytoplasm or grouped at the centre or the periphery of the organism.
The size of the gametocytes was variable and ranged between 6.5-19 µm. The
gametocytes, typically, did not cause deformity in the red blood cells or displace
the nucleus. However, the area and width of parasitised erythrocytes were
significantly larger than non-parasitised cells (area: t=-5.39, df=103, p=0.000,
Cohen’s d=-1.1; width: t=-5.97, df=103, p=0.000, Cohen’s d=-1.2; Table 7.2).
Gamonts were circular, oval or crescent shaped, with pale or dark blue cytoplasm
(Figure 7.1), depending on whether they were micro- or macro-gametocytes,
respectively. Crescent shaped gametocytes frequently occupied more than 50% of
the cell volume. A statistically significant difference was found between the area
and width of micro and macrogametocytes (area: t=-5.09, df=61, p=0.000, Cohen’s
d=-1.3; width: t=-5.52, df=61, p=0.000, Cohen’s d=-1.41; Table 7.2). In general,
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infected red blood cells contained only one large and elongated gametocyte, but
infection with two gametocytes was observed in the turtles with higher
parasitaemia (Figure 7.1H). At least one vacuole was present in most of the
gametocytes. No asexual stage parasites (schizonts) were observed in any of the
blood smears.

Table 7.2 Mean, standard deviation (SD) and sample size of morphological
measurements (µm) of the haemosporidian parasite and parasitised and nonparasitised erythrocytes.
Mean

SD

n

73

22.1

63

Length

12.4

2.4

63

Width

7.5

1.5

63

61.6

16.8

33

Length

12

2.5

33

Width

6.7

1.1

33

Area

85.6

20.6

30

Length

12.9

2.2

30

Width

8.4

1.3

30

Parasite
Area

Microgametocytes
Area

Macrogametocytes

Parasitised erythrocytes
Area

222.1

21.5

62

Length

18.7

1.7

62

Width

14.7

1

62

Non-Parasitised erythrocytes
Area

199

21.9

43

Length

18.6

2

43

Width

13.5

1

43
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Figure 7.1 Photomicrographs of gametocytes in thin blood smears from nesting
loggerhead turtles. A-F: microgametocytes; G-L: macrogametocytes with vacuoles;
H: double infection, oval gametocytes at the poles of the erythrocytes. Scale bar:
10µm.
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7.3.2 Epidemiology
An overall prevalence of 3.1% (n=5, 95% CI: 1.02-7.1%) was detected from turtles
at the nesting sites (n=161) using molecular techniques. However, no PCR-positive
results were detected in samples from the foraging population (n=72; 95% CI 05%).
The prevalence of the parasite on the mainland rookery in Cape Range National
Park was higher (n=3, 6.3%, 95% CI: 1.3-17.2%) than at Dirk Hartog Island (n=2,
1.8%, 95% CI: 0.2-6.3%), although, the difference was not statistically significant
(Odds Ratio=3.7, 95% CI: 0.60-22.89) (Table 7.3).

Table 7.3 Prevalence of infection in turtles from Cape Range National Park (CR) and
Dirk Hartog Island (DHI) based on molecular screening.
Location

Sampling time

n

Positive

Prevalence

95% CI

DHI

06/07

53

1

1.89%

0.05%-10.07%

DHI

07/08

60

1

1.67%

1.14%-8.94%

Total DHI

06-08

113

2

1.77%

0.22%-6.25%

CR

06/07

15

0

0.00%

0%-21.8%

CR

07/08

33

3

9.09%

1.92%-24.33%

Total CR

06-08

48

3

6.25%

1.31%-17.2%

Total (CR + DHI)

06-08

161

5

3.11%

1.02%-7.1%
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There were no significant differences in any of the evaluated blood health
parameters (all p≥0.07) and carapace size (p≥0.45) between PCR-positive and
PCR-negative nesting loggerhead turtles. No statistical differences were also found
between clutch size, egg size and weight or hatching success of infected and noninfected turtles (all p ≥0.18; Table 7.4).

Table 7.4 A comparison of the morphological measurements and reproductive
parameters for PCR-positive and PCR-negative nesting loggerhead turtles.
PCR-negative
mean±SD

median

n

mean± SD

median

n

p

87.59±4.57

87.85

156

85.88±6.45

84.7

5

0.45

68.33±4.45

68.15

154

67.22±3.99

67.6

5

0.59

123.08±31.14

124

147

113±9.7

118

5

0.18

39.82±1.48

39.93

93

40.89±3.54

39.85

5

0.55

SCL (cm)a
SCW (cm)

b

c

#Eggs

d

Egg_d (mm)
Egg_w (g

e

36.69±4

36.62

85

36.27±2.32

36.3

5

0.81

f

65±27

75

122

69±17

72

5

0.8

g

54±29

64

120

65±18

64

5

HS (%)
ES (%)

PCR-positive

a

b

c

SCL= Straight carapace length; SCW=Straight carapace width; #Eggs=Number of eggs/turtle;
Egg diameter; eEgg_w= Egg weight; f HS= Hatching success; g ES= Emergence success.

0.35
d

Egg_d=

7.3.3 Phylogeny
Molecular data confirmed that the parasite found in loggerhead turtles was closely
related to other chelonian Haemosporidia. Phylogenetic analysis was based on
sequences obtained from three samples only as it was not possible to obtain
sequences for all genes in the two samples from Cape Range National Park that
had very low levels of parasitaemia.
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The three isolates identified in this study (GenBank accession number: pending)
were very similar (mean pairwise identity of concatenate cytochrome b and CoI
was 97%) and grouped together with a very high posterior probability. Tree
topologies, with respect to the parasites isolated from chelonians, were highly
consistent between the separate analyses of cytochrome b, CoI and the
concatenate alignment, therefore, for brevity, only one phylogenetic tree (i.e.
cytochrome b, as a larger number of taxa were available for this gene) is presented
(Figure 7.2). The three sequences obtained from loggerhead turtles fell into a clade
that contained parasites exclusively isolated from reptiles (either chelonians,
lizards or snakes) and which were distinct from other avian and reptilian
Haemosporidia (posterior probability=1). All chelonian haemoparasites were
monophyletic and sister taxa to the parasites isolated from lizards in Pakistan and
Israel (H. kopki and H. ptyodactyli), and the haemoparasite isolated from snakes
(H. mesnili).
Two different haplotypes were obtained from sample 106027 for EF2 likely
indicating mixed infection. Both haplotypes were retained in the phylogenetic
analysis. Lack of available sequences in GenBank for EF2 prevented accurate
exploration of the relationship of the sea turtle parasite with other chelonian and
reptilian parasites, as Plasmodium floridense (isolated from a lizard, Anolis Sagrei)
was the only reptilian parasite that could be included in this analysis. However the
preliminary results obtained with this gene are supportive of the distinctiveness of
the loggerhead parasite (Figure 7.3).
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Figure

7.2

Consensus phylogram

obtained with Bayesian analysis

using

cytochrome b sequences. More than 0.5 Bayesian posterior probabilities are
reported internally to the nodes. Sequences obtained in this study (ex C. caretta) are
in bold and underlined.
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Plasmodium azurophilum (JN187878)
1

Plasmodium azurophilum (JN187876)

Plasmodium berghei (XM_673005)
1

Plasmodium yoelii (XM_720710)
0.39

0.97

Plasmodium falciparum (AB023579)
1

Plasmodium falciparum (XM_001348624)

Ex C. caretta 106027_A
0.44
0.97

Ex C. caretta 107035
1

Ex C. caretta 106027_B
0.99

Ex C. caretta 207007

0.48

Plasmodium floridense (JN187879)
1

Plasmodium floridense (JN187874)

Plasmodium vivax (XM_001615828)
1

Plasmodium knowlesi (XM_002260326)
0.96

Plasmodium knowlesi (AM910994)
0.02

Figure 7.3 Consensus phylogram obtained with Bayesian analysis using elongation
factor 2 sequences. Bayesian posterior probabilities are reported internally to the
nodes. GenBank accession numbers are included in parentheses after the species
name.
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7.3.4 Taxonomic summary
Type Host: Caretta caretta (Testudines: Cheloniidae).
Other host: Unknown.
Type locality: Cape Range National Park (22°17’S, 113°49’E), Dirk Hartog
Island (25°28’S, 112°58’E).
Site of infection: Erythrocytes.
Prevalence: 3.1% (95% CI: 1.02-7.1%).
Material deposited: Currently deposited at Murdoch University, School of
Veterinary and Life Sciences; further samples will be sent to the Australian
Registry of Wildlife Health and Western Australian Museum.

7.4 Discussion
This is the first report of a protozoal haemoparasite identified in sea turtles with the
only other parasites of the vascular system previously reported being spirorchiid
trematodes (Wolke et al. 1982). It is also the first report of a malaria parasite in sea
turtles or any other marine species that spends most of its life in the marine
environment.
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7.4.1 Morphological description
The morphology and lack of asexual stages in the blood smears suggests that this
parasite is similar to Haemoproteus spp. described from chelonian species.
Haemoproteus chelodinae (Johnston & Cleland 1909) has been isolated from
Australian freshwater snake-neck turtles (Chelodina longicollis and Chelodina
oblonga). Haemoproteus chelodinae has similar morphological characteristics, in
terms of gametocyte size, shape, abundance, distribution of pigment, and
presence of vacuoles, to the parasites observed in this study. However, published
genetic data for H. chelodinae nor samples that can be used for generating genetic
data were available for comparison.
Other haemosporidian parasites reported in chelonian species are comparable to
the parasites identified in this study. For example, Haemoproteus anatolicum,
although slightly larger, was morphologically remarkably similar to the parasites
detected in loggerhead turtles (Orkun & Güven in press). One of the two species
isolated from the South American fresh water turtles (Podocnemis expansa and P.
unifilis) was of similar shape (elongated) and size (11.5x7.7 µm), while the other
was typically of spherical shape (10.7x8.9 µm) (Pineda Catalan 2011). Related
Haemosporidia found in other reptiles, i.e. H. ptyodactylii (19.5x4.8 µm), H. kopki
(16x10.6 µm) (Telford Jr 2008), and H. mesnili (17.7x7.3 µm) (Telford Jr 2007),
were more elongated than the parasite detected in the current study.
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7.4.2 Epidemiology
All malaria parasites are vector-borne and are generally transmitted by biting flies
of the order Diptera. The vectors of chelonian Haemoproteus are unknown
(Lainson & Naiff 1998), except for tabanid flies identified as vectors of H.
metchnikovi in Chrysemys picta (DeGiusti et al. 1973). Leeches have been
suggested as a vector of H. chelodinae (Jakes et al. 2003). Leeches were not
detected on any of the nesting turtles, but the marine leech (Ozobranchus margoi)
is a common epibiont in sea turtles (Flint et al. 2009) and could be a potential
vector of this novel malaria parasite.
In this study an average prevalence of 3.1% in the nesting population was found, in
contrast to the loggerhead turtles at the Shark Bay foraging area, which all were
PCR negative. The animals from the foraging population included adult females
and males, as well as juveniles. Foraging sea turtles are typically a mixed stock
with sea turtles migrating to different nesting sites (Bass et al. 2004). If all gender
and age classes were equally likely to be infected, the probability of detecting at
least one positive animal in the foraging area, with an estimated population size in
the eastern gulf of 1000-5000 (Preen et al. 1997, M. Heithaus, unpublished data),
is around 90% (89.9-90.5%). This suggests that the prevalence in the foraging site
is probably lower than 3.1%.
The most plausible explanation for a lower prevalence at the foraging site is that
the risk of infection is different between gender and age classes. With a terrestrial
vector, reproductively active females that come ashore to breed at night would be
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the only animals at risk of infection. On the other hand, with a marine vector other
epidemiological characteristics of the parasite may be responsible for the lower
prevalence in the foraging population. For instance, juveniles may not be exposed
to the disease due to the fact that new recruits have spent only a short time at the
foraging site where a potential vector may be present.

7.4.3 Clinical significance
In reptilian hosts, most malarial infections typically do not produce overt disease
and are viewed as a relatively benign endemic parasite, probably due to a very old
parasite-host relationship that reached a stable co-evolutionary equilibrium (e.g.
Schall 1983). However, it has been suggested that infection of reptiles with malaria
parasites may be chronic and the parasites persist throughout the lifetime of the
host (Frye 1991). Additionally, it is important to note that in wild populations
aetiological agents causing only mild or no overt clinical signs can still influence
overall fitness and ecological parameters and regulate a host population by, for
instance, affecting growth, reproductive output or susceptibility to predation
(Gulland 1995; Madsen et al. 2005).
In lizards infected with Plasmodium mexicanum the only significantly altered blood
parameter reported has been a reduced level of haemoglobin, which in turn
affected their running stamina and individuals with higher parasitaemia had lower
body mass and reproductive success (Schall 1982). Similarly, pythons with higher
Hepatozoon sp. infection levels exhibited slower growth and lower condition scores
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than did non-parasitised pythons (Madsen et al. 2005). It has also been suggested
that parasite load in pythons could affect reproduction and overall survival rate
(Madsen et al. 2005). Yet, contrasting results have been obtained on different host
and parasite species and the role of haematozoan infections on reptile health and
fitness is controversial and remains poorly understood (e.g. Telford Jr 2000;
Madsen et al. 2005; Brown et al. 2006).
In this study no significant difference could be detected for the haematology or
reproductive parameters between

parasitised and non-parasitised nesting

loggerhead turtles. However the important parameter of blood haemoglobin could
not be evaluated due to logistical limitations (sampling in remote areas) and the
parasitaemia was very low in all samples.
Reptiles typically exhibit high variance in biochemical and haematological values
that vary with multiple environmental and physiological factors (Campbell 2006).
This, combined with a relatively low sample size of infected individuals, decreases
the probability of detecting potential differences in parameters between groups and
resolving the health implications of infection. Additionally, only relatively fit sea
turtles are able to sustain the energetic costs of migration to the nesting sites and,
therefore, in this study the sample of the nesting population is biased towards
healthier turtles with presumably lower levels of parasitaemia. Indeed, all but two
turtles had extremely low levels of parasitaemia as confirmed on the blood smear.
The precise clinical significance of this parasite is hard to quantify. Based on the
initial investigations, it appears that this parasite is largely benign, possibly due to
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long co-evolutionary history with chelonians. However it is possible that a higher
parasitaemia, in association with other synergetic factors (e.g. immunosuppression
due to pollution), could possibly induce detrimental effects on life history traits in
this endangered species.

7.4.4 Phylogenetics
Phylogenetic analysis confirmed that the sea turtle parasite is a novel
haemosporidian species related to Haemoproteus spp. as suggested by
morphological identification. The new parasite is closely related to H. anatolicum,
isolated from a desert tortoise (Testudo graeca) in Turkey (Orkun & Güven in
press). This is in line with the similar morphological characteristics of these two
parasites.
A recent study emphasised the need for a revision of the taxonomic status of
chelonian Haemosporidia and suggested that these parasites, being distinct from
Haemoproteus spp. infecting other hosts, should be assigned to a separate genus
(Pineda Catalan 2011). The findings reported here are supportive of this
conclusion. The new parasite identified in the loggerhead turtles grouped together
with H. anatolicum and haemosporidian parasites isolated from the South
American fresh water turtles (Podocnemis spp.). This clade is both well supported
and distinct from other Haemosporidia, especially from H. columbae, the type
species of the genus Haemoproteus. This is not surprising considering that
chelonians have undergone limited evolutionary changes and represent an ancient
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reptile group. It has been suggested that the evolutionary history of both the host
and vector shape the evolutionary changes in malaria-like parasites (Martinsen et
al. 2008).

7.5 Conclusions
The discovery of this parasite in the endangered loggerhead turtle not only
contributes to the understanding of the diversity and taxonomy of these intriguing
parasites, but also raises important epidemiological questions about infection and,
in particular, its vector. This result also expands the limited understanding of
pathogens affecting the health of wild sea turtle populations.
The impact of this haemoparasite on sea turtle populations remains unquantified
and more epidemiological investigations in other populations are necessary to gain
a better understanding of the epidemiology and pathogenesis of this and other
cryptic diseases.
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Chapter 8

General Discussion
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There has been little information available about loggerhead turtles in the
Eastern Indian Ocean (Baldwin et al. 2003; Wallace et al. 2011), however the
data gathered during this study fills some of the gaps, specifically those relating
to the reproduction of this species. The time spent on a nesting beach
comprises only a very small fraction of the life cycle of sea turtles, but both
empirical and theoretical evidence has shown that the protection of eggs and
hatchlings are a critical part of the recovery of declining sea turtle populations
(Dutton et al. 2005; Mazaris et al. 2005). Information on hatchling production is
also an important component of population models and provides critical
baseline data for the development of projections of future population trends and
to model, for instance, the effects of climate change or anthropogenic threats on
sea turtle populations (Hamann et al. 2010).

8.1 Thesis summary
This thesis has demonstrated that it is important to concurrently evaluate
several aspects when trying to unravel factors affecting reproductive success in
sea turtles. Beach environments vary significantly from one rookery to another
in terms of beach characteristics and predator presence. It is therefore, critical
to evaluate more than one rookery when assessing factors affecting hatching
success on a regional level. Additionally, only limited attention has been given
to the nesting turtles’ health and how it can affect reproductive success. This
study consequently evaluated biotic and abiotic factors at the nesting beach, as
well as the health status of nesting turtles, including blood contaminant
concentrations, in the context of reproductive success. By doing so, this study
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addressed some of the priority research questions for sea turtle conservation
and management recently formulated by Hamann et al. (2010):


establishment of factors affecting hatching success at a regional level;



evaluation of the effects of pollutants on reproduction;



establishment of blood health baseline data for a never investigated
geographical location;



development of a better understanding of parasite presence in sea turtles
and their effect on sea turtle health.

Objective 1: Establish reproductive parameters and identify current and future
threats at the high density Dirk Hartog Island rookery and at the smaller
mainland nesting beach, Bungelup Beach (Chapter 3).
To evaluate reproductive success and output on the two Western Australian
loggerhead turtle nesting beaches, reproductive and nest parameters were
established and compared to values reported for other loggerhead nesting
grounds in the world. The two nesting sites did not differ in terms of nesting
turtle, nest, clutch or egg size, or nesting duration. These parameters were also
within the ranges established worldwide. Nesting turtle size correlated with both
clutch size and egg weight, indicating that large turtles may have a selective
advantage due to increased reproductive output and by potentially producing
larger hatchlings.
In this study the frequency of abnormally shaped and thin shelled eggs was
systematically evaluated for the first time at a sea turtle nesting ground. The
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percentage of nests with abnormal eggs was relatively high (21%), but
considering the large number of eggs laid per clutch and in the whole nesting
season (Miller et al. 2003), a small number of deformed eggs per clutch may be
within physiological normal limits. However, it is noteworthy that clutches with
abnormal or yolkless eggs were significantly smaller and that some clutches
included a high number of deformed or thin shelled eggs. The potential
connection between abnormal eggs and the nesting turtles’ health parameters
was, therefore, further explored in Chapter 6 (Objective 4).
Nest temperatures were significantly higher at the more northerly mainland
rookery, Bungelup Beach, and mean temperatures during the middle third of
incubation, the thermo-sensitive period for sex determination, indicated that Dirk
Hartog Island was predominantly male biased, whilst the mainland rookery
produced mostly females during the study period. However, in both locations
some nests reached potentially lethal temperatures (>33 ºC) during the last third
of incubation and the pre-emergent period.
By evaluating two very different nesting sites used by the same genetic stock,
this study was able to gain a better understanding of the factors causing nest
loss and disturbance on both the smaller mainland nesting site and Dirk Hartog
Island, the largest loggerhead rookery in Australia. The main identified threat on
the mainland was predation of eggs and emerging hatchlings by native and
introduced predators, in particular ghost crabs, while on the island the higher
density nesting beaches (i.e. Beaches 1 to 4) were only minimally affected by
predation. On Dirk Hartog Island nest loss mostly occurred during the second
season due to inundation and beach erosion associated with two cyclones. Both
rookeries will be affected by sea level rise and increased temperatures due to
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climate change and there is the need to investigate how different climate
change scenarios will affect the mainland and island rookeries.

Objective 2: Identify primary environmental determinants of sea turtle hatching
and emerging success, as well as hatchling emergence patterns at the Dirk
Hartog Island rookery (Chapter 4).
Dirk Hartog Island, with its remote and pristine habitat, represents an ideal site
to evaluate factors limiting hatching success on a rookery with little
anthropogenic impact. Turtle Bay is of worldwide importance as it hosts the
largest loggerhead nesting colony in Australia. It is, therefore, critical to assess
biotic and abiotic factors which may limit hatching success on this rookery.
Although sand temperatures (as opposed to nest temperatures) did not reach
the established lethal temperature thresholds, several nests recorded
temperatures above 33ºC during the last third of incubation and the preemergent period, and when prolonged it was associated with mortality of
pipping and emerging hatchlings. This increase in nest temperature during the
later stages of incubation is due to the metabolic heat generated within the nest
(Godfrey et al. 1997; Broderick et al. 2001).
Hatching success was significantly reduced with increasing pre-emergent
temperatures, but also when roots were present in nests and possibly also due
to bacterial contamination of the sand at the higher density nesting beaches.
Additionally, emergence success and emergence duration were, respectively,
negatively and positively correlated to mean pre-emergent temperatures and
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the number of hours above 33ºC. The increased emergence duration, in terms
of number of nights hatchlings were observed emerging from the same nest,
which was associated with increased pre-emergent temperatures, may put the
hatchlings at a greater risk of being predated, due to smaller emergence
groups. Additionally, hatchlings emerging from the nest and during the “swim
frenzy stage” are solely dependent on the remains of their yolk to support their
energy requirements (Bolten 2003a). Longer emergence periods may,
therefore, result in depleted energy reserves during the critical swim frenzy
stage, during which hatchlings do not feed. Consequently, this study highlighted
the more subtle effects of minor temperature increases which may be more
difficult to detect and quantify.
Currently, the reproductive success at the island is within the lower range
established for the species and overall, it is encouraging that, except for the
nests lost due to the cyclones, no other major causes of nest destruction were
identified. Although the intensity of cyclones may increase in the future, most
models predict no change, or even a reduction, in cyclonic frequency (e.g.
Leslie et al. 2007; Knutson et al. 2010). However, even minor temperature
increases could substantially raise embryonic and hatchling mortality as the
mean temperatures of nests in the last third of incubation and during the preemergent stage approach or reach the lethal threshold. Reduced nesting area
due to sea level rise may force turtles to nest closer to vegetation, increasing
the risk of roots penetrating into the nest. Additionally, higher nesting density
may increase levels of bacterial and fungal contamination of the beach, further
reducing hatching success.
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Objective 3: Identify predators of loggerhead turtle eggs, quantify predation
levels and determine predation timing at Bungelup Beach (Chapter 5).
In Cape Range National Park ghost crabs, foxes and perenties partially or
completely predated on the majority of the study nests (82.4%) and this figure
does not account for predation of emerged hatchlings. Ghost crabs were the
main predator that had the biggest impact on this nesting beach (60% of all
study nests were predated by ghost crabs) and possibly also facilitated nest
detection by the other two predators. This is the first report of such high levels
of ghost crab predation, both in terms of nests predated as well as number of
eggs taken. Interestingly, at Gnarloo Bay, the other recently identified important
mainland loggerhead turtle rookery the majority of nests (73%) was also
recorded as disturbed or possibly predated by ghost crabs during the 2010/11
nesting season (Hattingh et al. 2011).
Perenties (mostly one individual) were observed predating on eggs and
hatchlings in the morning on Bungelup Beach and always dug into nests
previously predated by ghost crabs. Foxes dug into more nests (15-23%) than
the established management target (0%, Environment Australia 2003), but, as
opposed to ghost crabs, targeted mostly nests toward the end of the incubation
period and probably predated on emerging hatchlings. It was not possible to
estimate the number of hatchlings predated by foxes and therefore, the exact
extent of hatchling loss per nest predated could not be established. Being an
introduced predator and controlled with the use of 1080 baits in other sections
of the National Park, it was recommended to start baiting on Bungelup Beach,
on which the majority of nesting loggerhead turtles in Cape Range NP lay their
eggs.
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This study identified and quantified a previously unknown important cause of
egg loss of this and potentially other Western Australian rookeries. Predation by
ghost crabs, although a native predator, has shown to have a considerable
impact on an endangered loggerhead turtle population, especially when
associated with other predators.

Objective 4: Establish reference intervals for health parameters and
concentration of pollutants in the blood and assess their effect on reproductive
success and output (Chapter 6).
Blood health reference intervals for the Western Australian nesting population
were determined and compared to ranges established for other loggerhead
turtle populations worldwide. Overall, the intervals established for loggerheads
from Western Australia overlapped with other ranges and, as expected, in
particular with those of other nesting populations. Only limited information is
available on plasma protein electrophoresis and vitamin reference intervals in
sea turtles. The established reference intervals, therefore, provide valuable
information that contributes to the species conservation and is also extremely
helpful for wildlife rehabilitators and veterinarians treating sea turtles.
Additionally ranges for several essential and toxic elements were established
for this population and some of these were established for the first time in
loggerhead turtles.
Epibiotic load was associated with minor changes in blood health parameters,
but specifically burrowing barnacles were associated with increased counts of
eosinophils and heterophils and the concentration of gamma-globulins. This is
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the first time this association has been explored. Although, high barnacle load is
generally considered an indicator of poor health, to date no studies have
specifically focused on burrowing barnacles, which clearly cause more
carapace damage than non-burrowing barnacles. In the future it would be
interesting to assess differences in the load of burrowing barnacles in oceanic
and neritic foraging turtles and further investigate their role on the health status
of sea turtles.
Hatching success and clutch size were correlated with a variety of maternal
health parameters (e.g. alpha globulins, zinc, iron, vitamin E). Most of these
associations have previously been observed in mammals, birds and/or reptiles,
further supporting the identified trends and emphasising the importance of the
health of sea turtles for reproductive success. Of particular importance is the
association between blood Hg concentrations, as well as Se/Hg and Zn/Hg
ratios, and the presence of abnormal eggs or other reproductive abnormalities.
This result indicates that Hg, even at low blood concentrations, may affect the
reproduction of sea turtles by, for example, altering egg formation. However Se
and Zn, as identified by others (Sell & Horani 1974; Afonne et al. 2000), may
counteract the toxic effects of Hg.
This study obtained important baseline data on reference intervals for freeranging loggerhead turtles and further supported the knowledge that individual
and population health of sea turtles, including the level of contaminants, needs
to be taken into consideration when evaluating factors affecting hatching
success.
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Objective 5: Characterise and describe potential pathogens identified during
the health assessment of nesting loggerhead turtles in Western Australia and
assess their impact on loggerhead turtle health (Chapters 6 and 7).
Two individuals with small tumours on the nostrils, macroscopically and
histologically consistent with fibropapillomatosis, were identified during the
health assessment of Western Australian nesting loggerhead turtles. This is the
first report of fibropapillomatosis for Western Australian loggerhead turtles.
Chelonid fibropapilloma-associated herpes virus was isolated from these
lesions (Nainu 2011). This disease does not appear to pose any significant
threat to the rookery, but continued monitoring, particularly at foraging sites, is
necessary to help identify causes for regional differences in the condition’s
prevalence.
Additionally, a novel haemosporidian parasite was identified during the
screening of blood smears of nesting loggerhead turtles and this parasite was
morphologically and genetically described. The discovery of this parasite is
fascinating from both phylogenetic (i.e. it is most likely of very ancient origin)
and epidemiological (e.g. unknown vectors of malarial parasites in marine
animals) points of view. The parasitaemia and prevalence was low in turtles
from both nesting sites, and no changes in blood health or reproductive
parameters were found.
Although both identified disease processes did not appear to cause any
apparent changes in health or reproduction, data obtained in this study are
critical as environmental changes may trigger sudden increases in the
prevalence. Indeed, the global increase of emerging infectious diseases has
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been acknowledged as a key threatening factor for endangered wildlife
populations (Daszak et al. 2000, 2001). Sea turtles have also been suggested
as possible sentinels of ecosystem health (Aguirre & Lutz 2004). To be able to
recognise and fully understand sudden declines due to diseases, baseline data,
such as that collected in this study, are fundamental for comparative purposes.

8.2 Knowledge

gaps

and

recommendations

for

further

research
Compared to other populations in the world, knowledge on Western Australian
loggerhead turtles is still limited and fragmented. Specific areas for further
research were discussed in detail in each chapter; however, during the course
of this study four main areas of knowledge gap were identified:

1. The effect of climate change on the mainland and island nesting
beaches
This study identified that both nesting sites reached the lethal temperature
threshold during the very last stages of incubation and following hatching. High
temperatures were associated with both hatchling mortality and more subtle
changes in the emergence patterns, which nevertheless, may influence the
overall hatchling survival. The more dramatic effects of storms and cyclones
witnessed on the Dirk Hartog Island rookery have also been described. These
observations prompt questions on how the mainland and island loggerhead
turtle nesting sites will be affected by predicted climatic changes, including
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temperature and sea level rises and changes in cyclonic activity in the next
decades.
It is particularly important to assess the cumulative impact of these climatic
processes on the Western Australian nesting grounds. Although, Dirk Hartog
Island hosts the majority of Western Australian nesting loggerhead turtles,
studies should not only focus on this nesting site as it is unknown how and if
turtles will adapt to the expected climatic changes and shifts in nesting densities
may occur.
Data obtained during the course of this study provided some of the critical data
necessary for the development of models designed to assess the vulnerability
of rookeries to climate change. When assessing the impact of changes in
temperature on nesting sites, it is important to take into consideration
differences between sand and nest temperature, as metabolic heating within the
nest is already pushing nest temperatures above the lethal limit. Additionally,
increased mortality rates in nests with higher temperatures will have to be taken
into consideration when attempting to predict changes in sex ratios of turtles
hatching on these beaches.

2. Causes of differences in ghost crab predation and density
The unusually high level of ghost crab predation identified on the mainland
rookery was unexpected and ghost crab distribution patterns during the course
of the nesting season and across different nesting sites should be investigated
further. Future studies should compare nest characteristics of rookeries with
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both low and high ghost crab predation levels and densities. Additionally, it is
particularly important from a management point of view to determine whether
tourism activities may influence ghost crab density. Potential nest protection
strategies or predator deterrents should also be tested, as current levels of
predation, alone or in conjunction with other threats (e.g. climate change), may
intensify or result in unsustainable population declines. It is important to note
that current fox control strategies at the mainland rookeries may potentially
increase ghost crab densities due to mesopredator release (Barton & Roth
2008) .
Due to the similarly high nest disturbance by ghost crabs observed at Gnarloo
Bay (Hattingh et al. 2011), it is important to assess whether at this nesting site
ghost crabs also predate on a high number of eggs, as was observed at the
Cape Range National Park. Similarly, on Dirk Hartog Island nest predation
levels on Beach 5 were much higher and, as this area is affected by only limited
tourism, could serve as a control site to unravel how and if low-impact tourism
activities (present at both Cape Range National Park and Gnarloo Beach) are
responsible for seasonal increases in the density of ghost crabs.

3. Migratory routes and foraging areas
The limited knowledge about the foraging sites of loggerhead turtles nesting
along the Western Australian coast is a challenge when attempting to interpret
variations in health parameters and contaminant levels between individuals and
rookeries. Currently, Shark Bay is the only foraging site that has been
extensively studied in Western Australia (Heithaus et al. 2002; Heithaus et al.
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2005; Heithaus et al. 2008; Thomson et al. 2012), although blood health
reference intervals and contaminant levels are not known for this feeding site.
Little is known about other foraging grounds, as well as the migratory routes, of
the loggerhead turtles nesting in Western Australia (Baldwin et al. 2003).
Satellite tracking of Dirk Hartog Island sea turtles, similar to the one carried out
with loggerhead turtles nesting at Bungelup Beach (Mau et al. 2012), might give
an insight into the turtles’ movement during the nesting season and more
importantly help identify migratory routes and foraging sites. Concurrent
population genetic studies, which have been initiated during the course of this
study (Pacioni et al. 2012), will also help unravel the genetic structure and gene
flow between populations.

4. Reproduction and contaminants
In this study an important association between Hg and reproductive alteration
was found and more studies are necessary to understand the impact of this and
other metals on reproductive output and success of sea turtles, and to obtain
further evidence of causal relationships. Other potential effects of pollutants on
reproduction, such as developmental deformities in embryos and hatchlings,
should also be investigated. Eggs have been shown to be a valid method to
monitor heavy metal burden in adult nesting females (Sakai et al. 1995; Godley
et al. 1999) and it would be interesting to establish how the concentration of Hg
in eggs relates to their abnormalities.
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As a comparison, it is also deemed important to establish blood contaminant
levels in turtles of different ages and genders at Western Australian foraging
sites. Additionally, establishing contaminant levels in different organ tissues, as
part of post-mortem examinations of stranded loggerhead turtles, could give
important insight into chronic pollutant exposure in turtles foraging or nesting in
Western Australia.

8.3 Management outcomes and recommendations
Changes associated with climate change are likely to threaten both the island
and the mainland rookery. It is unknown how quickly or whether loggerhead
turtles will be able to adapt to these changes through behavioural changes or
shifting of nesting sites. Periodical monitoring of hatching success on both the
island and mainland nesting sites is therefore, considered critical, so that
management strategies can be developed in case hatchling mortality increases
to unsustainable levels and nesting loggerhead turtles fail to adapt to predicted
fast changes in atmospheric temperature and sea level.
The results obtained in this study have directly impacted upon the management
decisions made at Cape Range National Park, as Bungelup Beach was
included in the baited sites for fox control since 2009 (Gourlay et al. 2010). If the
high levels of egg predation by native ghost crabs observed in this study are
confirmed in other mainland nesting sites, then predator management (e.g. nest
protection,

predator

deterrents/control)

might

need

to

be

taken

into

consideration to mitigate egg loss and hatchling mortality in this endangered
species.
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Results from the health assessment in relation to reproduction will allow
managers to understand the challenges of reproductive success in sea turtles,
which not only depend on the conditions at the nesting beach, but also at the
foraging sites, because the nesting turtles’ health is influenced by contaminant
levels and nutritional status. Therefore more emphasis should be placed on
identifying and monitoring foraging sites and establishing international
collaborations when migration routes or feeding areas are within international
waters.

8.4 Conclusions
This thesis investigated several aspects of sea turtles nesting in Western
Australia, obtaining critical data on loggerhead turtle reproduction and health
and also identifying gaps in the knowledge of this species at a regional and
international level. Several studies and collaborations have been initiated from
samples or data collected during this study (Appendix 7). Lastly, the results
reported in this thesis represents critical information that provides a foundation
to build on through further research and, upon which informed management
decisions and conservation policy can be based.
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Appendix 1: Study Nest distribution at Bungelup Beach in
Cape Range NP
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Appendix 2: Study Nest distribution at Turtle Bay on Dirk Hartog Island
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Appendix 3: Datasheets used to record sea turtle nesting
activities
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Appendix 4: Datasheets used to record data on
nest excavations
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Appendix 5: Datasheets used to record predation events on Bungelup Beach
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Appendix 6: Track and intensity of cyclones in February-March
2008
A. Tropical Cyclone Nicholas (Bureau of Meteorology 2008).
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B. Tropical Cyclone Ophelia (Bureau of Meteorology 2008).

C. Tropical Cyclone Pancho (Bureau of Meteorology 2008).
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Appendix 7: Studies and collaborations arising from this
project
A.

Population genetics of Western Australian loggerhead turtles

(collaborative project)
 Regional assessment of population structure and gene flow in Western
Australian loggerhead turtles. In collaboration with Carlo Pacioni (Murdoch
University), Michael Krützen (University of Zurich), Michael Heithaus, Derek
Burkholder and Jordan Thomson (Florida International University, Shark Bay
Ecosystem Project).
Pacioni C, Trocini S, Heithaus MR, Burkholder D, Thomson J, Warren K, Krützen M
Preliminary assessment of the genetic profile of the Western Australian loggerhead
turtle population using mitochondrial DNA. In 'Western Australian sea turtle symposium',
28-29th August 2012, Perth, Western Australia.

 Phylogeography and demographic changes of loggerhead turtles in the
Indian Ocean, in collaboration with Nancy Fitzsimmons (Griffith University),
Peter Dutton (NOAA), Carlo Pacioni (Murdoch University), Derek Burkholder
and Jordan Thomson (Florida International University, Shark Bay Ecosystem
Project).

B.

Hatchling and embryonic deformities in loggerhead turtles (co-

supervision)
The characterisation of structural abnormalities in loggerhead sea turtle (Caretta
caretta) hatchlings from West Australian nesting sites. Adsett S., Masters of
Philosophy (Veterinary Pathology), Murdoch University (supervisors: M. O’Hara,
P. Nicholls, N.Stephens, S.Trocini)
Adsett, S., S. Trocini, M. O'Hara, and P. Nicholls. 2007. The prevalence and
histological characterisation of structural abnormalities in loggerhead sea turtle
hatchlings (Caretta caretta) from west Australian nesting sites in A. F. Rees, M. Frick, A.
Panagopoulou, and K. Williams, editors. Twenty-seventh annual symposium on sea
turtle biology and conservation, Myrtle Beach, USA. (Poster).
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C.

Pivotal temperature for Western Australian Loggerhead turtles

(collaborative project)
Woolgar L., Trocini S. and Mitchell N (submitted) Key parameters describing
temperature-dependent

sex

determination

in

the southernmost

population

of

Loggerhead sea turtles. Journal of Experimental Biology and Ecology.
Woolgar L, Mitchell N, Trocini S Delineation of the temperature-dependant sexdetermination (TSD) parameters of loggerheads in WA. In 'Western Australian sea turtle
symposium', 28-29th August 2012 2012, Perth, Western Australia.

D.

Fibropapilloma associated herpesvirus (provided samples)
Molecular epidemiology of chelonid fibropapilloma associated herpesvirus in Australia.
Firzan Nainu. 2011. Masters of Biomedical Sciences (Clinical Microbiology). James
Cook University (supervisors: Dr. E. Ariel and. Dr. G. Burgess).
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