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Abstract

Freshwater turtles are one of the most threatened of all vertebrate groups. There is
however, a distinct lack of scientific knowledge about the biology of many species. Ecological
information regarding the early life-stages is important for freshwater turtle management and
conservation, because creating and preserving suitable habitat for embryos, hatchlings and
juveniles will increase the number of individuals attaining reproductive age. The overall aim of
this thesis was to describe the nesting biology and juvenile ecology of an endangered species of
freshwater turtle, which is found only in a single river system in South-East Queensland,
Australia.

The Mary River turtle Elusor macrurus is one of the largest freshwater turtles on the
Australian continent. The current population is listed as endangered and although hundreds of E.
macrurus nests have been recorded since 2004, juvenile turtle are rarely sighted in the wild. This
thesis documents three aspects of the biology during the early life-stages of this endangered
species of freshwater turtle, from the nest-site selection by the females through incubation to the
habitat required by the juvenile turtles once they enter the river. The first aim of the present study
was to describe the species nesting biology, the second to reveal the effects of incubation
temperature upon hatchlings’ phenotype, and the third to characterise the habitat selected by the

juveniles once they enter the river.

To understand the nesting biology, it was important to determine if the females returned
to the same nesting grounds every year. To address the first aim of this study, a nesting bank was
monitored by time-lapse infrared cameras over three consecutive years, and a novel methodology
was developed to identify individual turtles based upon marks on their carapaces. The results
demonstrated that female E. macrurus do exhibit nest-site fidelity. It was unclear however, which
features of the river bank were important in the females’ selection. The physical aspects of sandy
banks selected by female E. macrurus for nesting were compared against sandy banks where
females had never been recorded to nest upon (non-nesting banks). There were no statistical
differences in soil characteristics or physical aspects between nesting and non-nesting banks.
There was however, a significant difference in the bearing, with the nesting banks facing between
50° (NE) and 300° (NW), whilst the non-nesting banks faced between 90° and 240°. There was no

difference in the overall mean temperature recorded between nesting and non-nesting banks, but



the mean daily temperature fluctuation was significantly higher at the nesting banks, which was

likely due to these banks facing in a northerly direction.

Incubation temperature is known to be one of the most important factors influencing the
phenotype of the hatchling turtles. The second aim was addressed through empirical studies, to
investigate how mean and daily fluctuations in incubation temperature affected the phenotype and
exercise performance of the hatchling E. macrurus. The overall mean temperature recorded from
the E. macrurus nests ranged from 26 to 31°C; and the mean daily temperature fluctuation
recorded was 5.7°C (with a variation that was as low as 2°C and as high as 22°C). The first study
incubated freshly laid E. macrurus eggs at three constant thermal regimes. The treatment groups
were similar to the mean nest temperature recorded in the wild (26, 29 and 32°C). Contrary to
what was hypothesised, embryos incubated at the warmest thermal regime had a higher rate of
mortality. Those that hatched showed a significantly reduced body size, mass, post-hatch growth
rate and poorer performance when swimming and tested for self-righting time compared to those
hatchlings incubated at lower temperatures. The second study incubated freshly laid E. macrurus
eggs at constant (28°C) and fluctuating (28 + 3°C and 28 + 6°C) thermal regimes. These results
also refuted my hypothesis and showed that a variation in daily incubation temperature between
zero and 6°C, did not alter the phenotype or performance of hatchling E. macrurus. Daily
variations of 12°C were, however, detrimental as the eggs incubated at 28 + 6°C only had a 5%

hatching success (n = 1).

Similarly to most freshwater turtle species, the habitat requirements of the juvenile E.
macrurus are unknown. The third aim was to identify the characteristics of habitat selected by
hatchling and juvenile turtles, and this required the attachment of miniaturised telemetry devices
to the turtles before they were released into the river. The turtles were located over the
subsequent nine months, and river physical characteristics were recorded and inputted into a
presence-only predictive model. The results showed that juvenile E. macrurus occupied a very
narrow range of habitat characteristics, which occurred in relatively few areas throughout the

main trunk of the river.

The overall aim of this study was to understand the biology of the early life-stages of E.
macrurus for the purposes of management and conservation. The study showed that females were
nest-site fidelic and favoured north-facing banks. The results were however, inconclusive in

identifying the physio-chemical characteristics that differentiated nesting areas from other sandy



banks. Moreover, the thermal-manipulation studies did not confirm that the nest-site selection
was temperature related. Therefore, the reason why specific banks are recurrently selected over
others by nesting female E. macrurus remains a mystery. Importantly, the results illustrated that
critical habitat for juvenile E. macrurus are limited throughout the Mary River and were not
located in the impounded sections. | argue that the preservation of nesting areas and habitat for
juveniles is vital for the long-term conservation of E. macrurus, and recommend such actions to

be included in future recovery plans.
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CHAPTER 1

General Introduction

The world is facing a significant decline in species biodiversity. The current rate of
extinction is a thousand-times greater than the historical background level and is occurring in
direct consequence of human disturbance and habitat modification (Myers and Knoll 2001;
Balmford, Green and Jenkins 2003; Baillie, Hilton-Taylor and Stuart 2004). The 2004 IUCN
global assessment listed approximately 15,600 species as threatened, and stated that species

extinctions have become alarmingly more common in recent decades (Baillie et al. 2004).

In the fight to preserve Earth’s biodiversity, conservation science is playing a pivotal role
(Chazdon 2008; Cooke et al. 2008; Seebacher and Franklin 2012). Conservation biology draws
upon a wide range of scientific disciplines, from genetics through to economics, social sciences
and population ecology (Soulé 1985). Conservation physiology has recently emerged as a
discipline of study to investigate how the abiotic environment affects an individual, and how this
may impact upon the fitness of the population (Wikelski and Cooke 2006). In contrast to the
natural world, the laboratory setting allows for the conditions that an organism experiences to be
controlled, and this enables recording of response variables not possible in free-ranging animals.
Such conditions are however, unlikely to reflect the complexity of the numerous stressors
occurring in the wild. Interdisciplinary studies combining traditional physiological theory with
field-based ecological monitoring not only validate or improve the understanding of laboratory
results, they also allow for a more realistic picture of how organisms may respond to changing
environmental conditions (Chown 2012; Cooke et al. 2012). Utilising data from numerous
studies in fish, Metcalfe et al. (2012) demonstrated that the integration of physiological and
telemetry data was a valuable strategy for providing insights for conservation and management.

Turtles are amongst the most threatened vertebrate groups, considered at higher risk of
extinction than elasmobranches, amphibians, birds and most mammals, paralleled only by the
primates (Rhodin et al. 2011). A well-publicised recent example was the death of Lonesome
George, the last Pinta Island tortoise: a sub-species of Galapagos tortoise (Chelonoidis nigra
abingdonii). Lonesome George was the most endangered Chelonian in the world, a position now

filled by the Red River Giant Softshell turtle (Rafetus swinhoei), with only four known remaining



individuals. These losses are not isolated cases within the group, because Chelonians (taxon that
includes all turtles and tortoises) are in considerable decline across the world. Six of the seven
species of marine turtles are threatened. Out of the 58 known species of tortoises (family
Testudinidae), eight are already extinct and 66 % are listed as threatened or endangered. The
statistics are not much better for the 263 species of freshwater and terrestrial turtles, with 45 % of
the species threatened or endangered (IUCN 2011). Overharvesting and habitat loss are cited as
the primary causal factors responsible for the decline in freshwater turtle populations (Rhodin et
al. 2011). However, effective management and conservation for many freshwater turtle species is
being hampered by limited scientific information regarding their ecology and habitat

requirements.

This integration between physiological and ecological studies may prove particularly
useful in understanding the reasons behind the current world-wide decline in turtle populations.
Overall, Chelonians have received much less scientific attention than birds, fish and mammals,
and freshwater turtles have been given considerably less consideration than their marine cousins
(Rhodin et al. 2010). At present, there is insufficient knowledge about the characteristics that
constitute optimum habitats for freshwater turtles and how these species respond to changes in
environmental conditions. The relative paucity of scientific information about freshwater turtle
ecology is ironic, considering that continental waters are one of the most modified environments
in the world, as a result of human activities. The construction of dams and weirs, for the
generation of electricity and water consumption, significantly alters the physical conditions of the
rivers, including: changes in stream structure and flow, water level, dissolved oxygen, turbidity,
temperature, and pH (Ward and Stanford 1989; Ligon, Dietrich and Trush 1995; Bodie 2001). It
is well known that such alterations in the freshwater environment can be detrimental to the
inhabiting fish populations, but far less attention has been given to freshwater turtle species.
Interdisciplinary studies may also be advantageous in studying the effects of changing climatic
conditions upon turtle populations. Such studies are crucial for the dwindling populations of
Australian freshwater turtles, because 1/ the majority of these species bury their eggs in relatively
shallow nests and are therefore, vulnerable to changes in ambient conditions; and 2/ climate
models predict the ambient temperature to increase in Australia at a greater rate than most of
other places on Earth (Australian Greenhouse Office 2003; CSIRO 2007). Numerous studies have
investigated the effects of temperature upon nest-site election and embryo development in marine
turtles, but fewer studies have been undertaken upon tortoises and freshwater species. Moreover,

very few of the published empirical studies considered the realised thermal conditions



experienced by the species when nesting in their natural environment. Such information is
urgently required to aid the understanding and reversing the ongoing decline in freshwater turtle
populations. It is particularly important to investigate the early life-stages’ biology, because this
period is when reptiles are most sensitive to environmental changes. Moreover, reptiles often lay
a large number of eggs and have a high rate of infant mortality (Kolbe, Janzen and Gatten Jr
2002; Paterson, Steinberg and Litzgus 2012); management strategies focused at protecting habitat
for these stages of the life cycle will increase the potential for juveniles attaining reproductive age

and therefore, ensuring population recruitment.

Biology of the early-life stages

For all egg-laying species, nest-site selection by the adult females is a vital component
influencing hatchling survivorship (Wilbur and Morin 1988). In turtles, this selection may be to
reduce the potential for predation (Congdon et al. 1983; Marchand and Litvaitis 2004). For
example, the Australian freshwater turtle Emydura macquarii favours alternate nest-sites in areas
where foxes are present (Spencer and Thompson 2003). Nest-site selection can alter incubation
conditions, and consequently, influence offspring phenotype (Wilson 1998; Deeming 2004). The
environmental conditions to which the eggs are exposed during incubation may influence
physiological traits such as developmental rate, sex ratio, body size of hatchlings, locomotor
performance, thermoregulatory behaviour, and post-hatch growth rate (Miller, Packard and
Packard 1987; Packard et al. 1987; Janzen et al. 1990; Packard 1999; Kolbe and Janzen 2001,
Booth et al. 2004). Possible reasons why different species select specific nest-site features could
be related to water availability (Ackerman 1991; Booth 2002), soil characteristics, landscape
composition (Marchand and Litvaitis 2004; Bonach et al. 2007) or temperature (Janzen 1993;
Wood and Bjomdal 2000).

Hydric conditions, landscape and soil characteristics during nesting

During incubation, turtle eggs exchange water with the environment. The eggshell
structure is important in controlling the water exchange between the eggs and the environment.
Eggshell structure can be categorised into two functional types in Chelonians: 1/ flexible-shelled
eggs, which have a lightly calcified external layer that allows the eggs to easily expand or shrink;

and, 2/ rigid-shelled eggs, which have a heavily calcified external coating that restricts egg



expansion (Packard, Packard and Boardman 1982). Eggs with flexible shells are highly
permeable and exchange water with the environment, whereas rigid-shelled eggs are less
permeable and exchange water more slowly (see Packard 1991; 1999). Nevertheless, hydric
conditions may influence embryo development in both these egg types (Booth 2002).

Moist substrates ensure the clutch remains in a positive water balance, i.e. the eggs absorb
water instead of losing it to the environment (Ackerman 1991; Packard 1999; Booth 2002). The
rate and direction of water exchange between the eggs and the soil surrounding the chamber are
influenced by the degree of contact between the eggshell and the substrate or gas spaces
(Ackerman et al. 1985; Packard 1999; Booth 2002; Booth and Yu 2009). The type of substrate in
which the eggs have been laid also influences water exchange, because the size of the pores
between the particles is related to the rate of water movement through the soil (Koorevaar,
Menelik and Dirksen 1983; Ackerman 1991). The results of the few studies that have investigated
the relation between soil and nesting biology in freshwater turtles are dissimilar, with the soil
type having no influence upon nest-site selection in some species (Vestjens 1969; Ehrenfeld
1979; Booth 2010), whilst it is important for others (Bonach et al. 2007).

The landscape of turtle nesting sites can be described by the amount and type of
vegetation, slope aspect and physical dimensions. Some species show no preference for landscape
type when nesting, whilst others clearly favour specific features, such as open non-vegetated
areas (Ehrenfeld 1979; Janzen 1994; Booth 2010). It has been suggested this may be a
behavioural strategy by the nesting females to increase the nest exposure to sunlight, resulting in

warmer temperatures during incubation.

Incubation temperature and hatchling phenotype

The temperature to which the eggs of reptiles are exposed during incubation is one of the
most important factors influencing embryo development. Nest temperature determines the rate of
embryonic growth and development and thus the duration of the incubation period (Deeming and
Ferguson 1991). Generally, the length of incubation decreases with rises in temperature, with this
pattern being consistent for many species of freshwater turtle (Yntema 1978; Choo and Chou
1987; Gutzke et al. 1987; Packard et al. 1987; Du et al. 2007; Du, Shen and Wang 2009). The
warmer the temperature the faster the rate that the yolk is absorbed by the embryo, and the shorter
the incubation period (Gutzke et al. 1987; Packard et al. 1987). If the temperature is too high



however, malformations of the embryos may occur, such as loss or anomalies of limbs and jaw,
aberrations of the central nervous system and eyes, and deformity of the vertebral column
(Burger, Zappalorti and Gochfeld 1987; Deeming and Ferguson 1991). Extremely low
temperatures extend incubation time and may lead to embryo death. For those hatchlings that do
emerge, a large amount of unabsorbed yolk is left in the eggshell, and consequently they are of

smaller body size (Burger et al. 1987; Deeming and Ferguson 1991).

The temperature experienced by embryos during incubation can determine sex ratio,
which has been one of the most studied phenotypic traits in turtles (see Valenzuela 2004). A large
number of turtle species exhibit temperature dependent sex determination (TSD; Ewert and
Nelson 1991). For most species with TSD, female turtles develop when the embryos are
incubated at higher temperatures, while the cooler thermal regimes induce the development of
males. A lesser number of species have a different pattern, with either high or low incubation
temperatures inducing the development of females and intermediate temperatures producing only
males (Ewert and Nelson 1991). Not all Chelonians exhibit TSD and a number of species (mostly
freshwater and terrestrial turtles) have their sex determined genetically (Georges and Mclnnes
1998; Ji et al. 2003; Booth et al. 2004). Such species are excellent models for examining the
influence of temperature on phenotypic variation of the hatchlings, because the differences

inherent of each sex will not affect the results (Ashmore and Janzen 2003).

The temperature experienced by eggs during incubation can influence a number of
physiological and behavioural phenotypic characteristics of the hatchling turtles. These
phonotypical alterations can be severe enough to affect the survivorship of the hatching turtles
(Deeming and Ferguson 1991; Booth 2006). Phenotypic traits influenced by temperature are:
pigmentation patterns, post-hatch growth rate (Ewert 1979; Janzen 1993; Booth et al. 2004;
Delmas et al. 2007), strength, endurance (Janzen 1993; Rhen and Lang 1999; Du and Ji 2003;
Booth et al. 2004; Burgess, Booth and Lanyon 2006; Delmas et al. 2007) and behavioural
patterns (Deeming and Ferguson 1991; Booth 2006).

Once the hatchlings leave the nests, which are generally located in underground
chambers, the turtles have to make their way to the water. Hatchlings may be easily destabilised
by obstacles on the path, such as rocks, logs and irregularities in the soil. The ability to right itself
if turned upside down is vital for the hatchling turtle, because if unable to do so quickly the

hatchling increases its chance of mortality by either predation or overheating by long sun-



exposure. A number of studies have revealed that shifts in incubation temperatures have a
significant effect upon the hatchling freshwater turtle’s ability to righting itself (Janzen 1993;
Rhen and Lang 1999; Du and Ji 2003; Delmas et al. 2007). Once in the river, the hatchling turtles
must be able to evade predators and catch prey. Abnormally small or miscoloured hatchlings, due
to suboptimal incubation temperature, may represent an increase in predation potential and may
also limit the hatchling’s foraging success in the wild (Heithaus and Frid 2003). Hatchlings must
also be able to swim effectively through the water column, and often against water flow, in order
to access the surface to breathe air, forage and successfully escape from danger. If natural
incubation conditions are altered, the locomotor and swimming performances of the hatchlings
may be impaired, with potential implications upon behavioural function (Janzen 1993; Du and Ji
2003; Booth et al. 2004; Burgess et al. 2006). The optimal incubation temperature and the extent
to which phenotype is influenced by temperature is highly species-specific.

Amongst the studies that have investigated the influence of incubation temperature upon
the phenotype of hatchling turtles, a large number were focused on species with TSD and have
utilised constant thermal treatments (Brooks et al. 1991; Spotila et al. 1994; Valenzuela and
Janzen 2001; Janzen and Morjan 2002; Valenzuela 2004). There is a gap in knowledge regarding
the influences of daily fluctuations in incubation temperature upon the embryo development in
turtles with sex determined genetically, which avoids data being biased by differences inherent of
the sexes. Furthermore, from the existing literature, it is difficult to compare the effects of
incubation temperature upon phenotypic traits between different species of turtle. This difficulty
occurs because many of the studies conduct experimental manipulations of incubation
temperature without detailed knowledge of the thermal regimes that the eggs would naturally

experience in the wild.

Habitat requirements for juvenile turtles

One of the most important factors for the effective conservation of a species is ensuring
that individuals attain reproductive age. For most organisms, mortality potential is highest during
the early life-stages due to a ‘knife-edge’ energy budget and a high vulnerability to predation
(Mogensen and Post 2012). For animals with no parental care, like turtles, the habitat
requirements for juveniles may be very different from the adult form (Kinney and Simpfendorfer



2009; Ward, Nislow and Folt 2011). A particular habitat will be selected by juvenile turtles to

provide food, shelter and protection from predators and the physical environment (Reagan 1974).

The hatchlings and juveniles of freshwater turtle species often show different dietary
requirements from the adults. In many species, the diet of the hatchling turtles is carnivorous,
whilst the adults are mainly herbivorous (Moll 1976; Plummer and Farrar 1981; Hart 1983). This
ontogenic shift in dietary requirements has been attributed to changes in the animal’s metabolic
demand throughout the life cycle (Clark and Gibbons 1969; Parmenter and Avery 1990). A
carnivorous diet is required by the young turtles because it provides nutrients, such as protein and
calcium, vital for growth and shell hardening (Clark and Gibbons 1969; Parmenter and Avery
1990).

Predation rate of hatchlings is extremely high and in order to survive and achieve
reproductive age, turtles must inhabit areas that provide effective shelter and predator avoidance
(Paterson et al. 2012). Juveniles may seek protection in areas different from the adults due to
differences in body sizes and the types of animals that may predate upon them (Haskell et al.
1996; Janzen, Tucker and Paukstis 2000). Because of their small size, juveniles will be more
susceptible to changes in the environment than the adult form. These may be changes in the level,
velocity and temperature of the water (Congdon et al. 1999; Elnitsky and Claussen 2006;
Tamplin 2006; Clark, Gordos and Franklin 2008). Consequently, the immediate environment
elected by hatchling turtles may be more particular and critical than that selected by the adults,

and will likely influence their survival potential.

The loss of habitat, for both juveniles and adults, is known to be one of the main causes of
population decline for many species of freshwater turtle (Rhodin et al. 2011). Whilst habitat
selection has been moderately investigated in adult turtles, virtually nothing is known about the
habitat preferences of juvenile freshwater turtles. There are a number of logistical constraints that
limit such investigations upon juvenile freshwater turtles. These are: low density of individuals,
low-visibility and refuge-rich environments, small body size, as well as shy and cryptic
behaviour. Biological data pertaining to the critical habitat selected by juvenile turtles are
urgently required to identify protection areas. Miniaturised telemetry methodology, developed for
locating fish (Welch, Ward and Batten 2004; Barry et al. 2007; Stickler et al. 2008), combined
with spatially explicit models, which are ecologically realistic (Hirzel et al. 2002; Armstrong and

Nislow 2006; Basille et al. 2008), would be effective tools for this cause.



Study species: Mary River turtle Elusor macrurus

The present study investigated the biology of the early life-stages of the Mary River turtle,
Elusor macrurus (Figure 1.1). This species is a bimodal respiring freshwater turtle endemic to the
Mary River in Queensland, Australia (Cann and Legler 1994). Elusor macrurus is an excellent
species for the investigation of the influences of incubation temperature upon the phenotypic
traits of the hatchlings, because: 1/ the eggs are laid in shallow nests (Cann and Legler 1994) and
are, therefore, more likely to be subjected to ambient temperature variation in comparison to deep
nests (Booth 2006); 2/ the females lay rigid-shelled eggs (Cann and Legler 1994), which are only
slightly affected by the hydric conditions surrounding the eggs and therefore, the influences of
incubation temperature can be studied in isolation (Packard 1991; 1999; Booth et al. 2004; Booth
2006; Booth and Yu 2009); and, 3/ E. macrurus does not exhibit temperature dependent sex
determination (Georges and Mclnnes 1998), which allows investigations upon phenotypic traits
without data being biased by differences inherent of each sex (Congdon and Gibbons 1985;
Booth et al. 2004).

Figure 1.1: Adult male (a) and hatchling (b) Elusor macrurus (Mary River turtle).



Elusor macrurus is one of the largest Australian short-necked Chelids. The females attain
a straight carapace length of up to 40 cm and the males up to 48 cm (SCL; Figure 1.1a). The
hatchlings are however, small (~ 33 mm SCL; Figure 1.1b) in comparison to other species of
freshwater turtles of similar adult size (Cann 1998). A number of distinct morphological
characters separate this turtle from its close relatives (genus Elseya and Rheodytes), resulting in
E. macrurus being placed in its own genus (Figure 1.2; Cann and Legler 1994). The distinguishing
morphological characteristics of this species include presence of a vestigial nictitating membrane
and the abnormally large tail of the males. The tale of a male E. macrurus can attain up to 70 %
of their carapace length and is unique amongst Chelids. The function of such large tail is
however, not clear and more investigations upon the species behaviour and physiology are
required. The lateral compression of the tail has been suggested to act as a “paddle-like” structure
that may improve swimming ability, whilst the extreme large size has been proposed to have a

purpose during mating.

Elusor macrurus has a reproductive cycle similar to other Australian freshwater turtles. It
has a long reproductive cycle, and the species has been estimated to take approximately 25 - 30
years to attain sexual maturity (Flakus 2002). The maturation of the follicles in female E.
macrurus has been shown to take up to twelve months. Uncommonly for Chelonians, female E.
macrurus do not have a reproductively inactive phase immediately after the nesting season
(Flakus 2002). These conclusions were based in observations of an absence of ovary regress after
nesting (Johnson 1996). Elusor macrurus close relatives often lay two or more clutches within
their respective breading seasons (Legler and Cann 1980; Georges 1983; Legler 1985), but

evidences suggest that E. macrurus lay only one clutch per year (Flakus 2002).
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Figure 1.2: Phylogenetic tree of the relationship of short-necked Australian Chelid turtles
(modified from Iverson et al. 2007).

Currently, E. macrurus is considered to be in imminent threat of extinction, being the
second most endangered species of Australian freshwater turtle (IUCN, 2011). The E. macrurus
population has been reported to have declined by ~ 95 % in the last 30 to 40 years (Flakus 2002).
This reduction is largely attributed to the extensive collection of eggs during the 1960’s and 70’s
from the nesting banks along the Mary River. These were incubated in captivity and the
hatchlings sold into the pet trade (Cann and Legler 1994). Another contributing factor to the
decline of the E. macrurus population is its limited geographical range, as the species is only
found in the Mary River catchment. Elusor macrurus is known to inhabit the mainstream of the
river from Kenilworth, in the upper reaches, to the saltwater tidal barrage downstream of Tiaro
(Cann and Legler 1994; Cann 1998). The species may also occur in some of the major creeks
both upstream and downstream from the tidal barrage (Tinana and Gutchy Creeks). Because the
entire geographical range of the species is confined to this one river system, understanding
habitat utilisation at different life-stages is critical to make effective management decisions.
Changes in land and water use along the margins of this river may deeply impact upon the long-

term survival of the species.
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Since 2001, Tiaro & District Landcare Group has been monitoring a number of E.
macrurus nests. This community group is mostly composed of farmers and residents from small
towns situated along the margins of Mary River. The program protects the nests of E. macrurus
throughout an approximate 20 km stretch of the river. They also monitor the weather conditions
during the nesting season and the hatching success of a number of sites. The data recorded by the
group has shown that at least 400 hatchlings enter this section of the river each year. Their fate
once they enter the river is however, unknown, as the juveniles are rarely sighted in the wild, and
virtually nothing is known about their habitat requirements. Similarly, limited data is currently
available about various aspects of the biology of E. macrurus at different life-stages. Such
information is however, urgently required in order to aid the recruitment and population status
thought the improvement of current conservation projects, and also by creating effective

management acts that will protect critical habitats for the species.

The habitat of Elusor macrurus: the Mary River

The geographical range of Elusor macrurus is restricted to one catchment: the Mary River
(QLD, Australia). The river is home of six species of freshwater turtle, four short-necks: E.
macrurus, Elseya albagula, Emydura macquarii krefftii and Wollumbinia latisternum, and two
long-necks: Chelodina longicollis and Chelodina expansa. The catchment covers an area of
approximately 7,000 km? and is located in the south-east portion of Queensland, Australia (Figure
1.3a). The river rises in the Sunshine Coast hinterland at Booroobin and flows north through the
towns of Kenilworth, Gympie, Tiaro and Maryborough before emptying into the Great Sandy
Strait, which is a passage of water between the mainland and Fraser Island (17 km south of
Hervey Bay). The major tributaries of the Mary River include Tinana Creek, Munna Creek, Obi
Obi Creek, Yabba Creek, Wide Bay Creek and the Susan River (Figure 1.3b). The average annual
rainfall in the Mary River ranges from approximately 2,000 mm in the upper-catchment to around
1,200 mm near the river mouth. Flooding regularly occurs between the December and April wet

season, a period characterised by heavy rainfall in the upstream reaches.

Currently, the Mary River is mostly surrounded by small towns and farmland.
Commercial activities began in the river around 1840s, when wool and timber were transported
along its length. In 1959, the town of Maryborough was declared an official Port of Entry for

Australia, expanding the economic activities in the region to include cotton, cane and livestock.
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Today, sugar cane and livestock are the major agricultural activities along the banks of the Mary
River, with sand and gravel mining also occurring in places. The river shows signs of degradation
due to these human-derived activities. Many river banks are damaged by livestock, with high
concentrations of weeds present in-stream. Additionally, compared to pre-European conditions
water turbidity has increased significantly in line with broad losses of riparian vegetation cover.

The impacts of habitat alteration and loss upon the river and its inhabitants remain poorly
understood.

An approximate 15 km stretch of the Mary River was selected as the study area due a
known high concentration of E. macrurus nesting banks (Figure 1.3b). This section of the river,
between the towns of Tiaro and Gundiah, is characterised by of a series of large deep pools with
slow flowing water (Figure 1.3c) and shallow riffle zones with high water velocity.
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Figure 1.3: a) The geographical location of the Mary River (QLD, Australia). b) The river flows
from the south to the north. Red symbols represent the location of the four main towns along the river, and
the black bracket marks the study area for this investigation. c) Image of the Mary River.
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Aims of research

Turtles are currently at high risk of extinction, and ecological information regarding their
early life-stages is urgently required for freshwater turtle management and long-term
conservation. The preservation of suitable habitat for embryos, hatchlings and juvenile turtles will
improve recruitment and increase the number of individuals attaining reproductive age, thereby
improving population fitness. The overall aim of this thesis was to describe the nesting biology
and juvenile ecology of an endangered species of freshwater turtle, Elusor macrurus, which is
found within a single river system in South-East Queensland, Australia. This thesis documents
three aspects of the turtle’s biology during early life-history stages, from the nest-site selection by
the females, through incubation, to the habitat required by the juvenile turtles once they enter the

river.

Monitoring changes in populations and introducing effective management are challenging
for the conservation of many turtles, primarily due to a lack of information about the species’
reproductive biology. The first aim of this thesis was to describe the nesting biology of the
endangered E. macrurus (Chapter 2). Importantly, nest-site selection by adult females may
influence embryo development and the survivorship of hatchlings (Wilbur and Morin 1988), thus
the second aim of this thesis was to understand the nest-site selection by female E. macrurus
(Chapter 2).

The success of an individual in the wild is highly dependent upon its physical condition.
Incubation temperature is known to be one of the principal factors influencing the phenotype of
hatchling turtles, hence their chance of survival. The third aim of this thesis was to investigate,
through empirical studies, how mean and daily fluctuations in incubation temperature affected the

phenotype and exercise performance of hatchling E. macrurus (Chapters 3 and 4).

Ensuring that juvenile turtles reach reproductive age is vital for population longevity, yet
the habitat requirements of juvenile turtles are often unknown. Identifying juvenile turtle habitats
can be challenging due to their small size and elusive behaviour. The fourth aim of this thesis was
to identify the characteristics of the habitat selected by hatchling and juvenile E. macrurus once
they enter the river (Chapter 5). The fifth aim of this thesis was to develop a methodology that
would overcome the false-absences inherent to locating small, cryptic and shy animals within

low-visibility and refuge-rich environments (Chapter 5).
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The sixth and final aim of this thesis was to use the study findings to provide direction for

management and conservation strategies for E. macrurus (Chapter 6).

Structure of thesis

This thesis is composed of four experimental chapters that investigate physiological and
ecological aspects regarding the early-life stages of an endangered Australian freshwater turtle,
Elusor macrurus, for the purpose of management and conservation. The first experimental
chapter (Chapter 2) describes the nesting biology of E. macrurus and presents a novel approach
for investigating nest-site selection and the behaviour of nesting females. Chapters 3 and 4 assess
the temperature regimes recorded from E. macrurus nests in the wild and investigate how
changes in incubation temperature impact upon embryo development and the phenotype of the
hatchlings. Chapter 3 investigates how small rises in mean incubation temperature influence
hatchling phenotype, while Chapter 4 examines how daily fluctuations in incubation temperature
affect the performance of the hatchlings. The final experimental chapter (Chapter 5) develops and
applies a presence-only predictive model to identify habitat characteristics selected by juvenile E.
macrurus. Chapters 3 and 4 are published articles, and Chapters 2 and 5 are currently under peer-
review. Each chapter is written as a complete work, containing an abstract, introduction,
materials and methods, results and discussion sections. The final chapter of this thesis (Chapter 6)
concludes by summarising the findings of the four experimental chapters for the purpose of
providing insights for management and conservation of the study species, while also presenting

directions and considerations for future research.
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CHAPTER 2

Nest-site fidelity and location preferences of an endangered turtle.

Abstract

Here we describe the nesting biology of an endangered species of freshwater turtle
(Elusor macrurus) from Australia. Nesting data gathered between 2004 and 2011 demonstrated
that female E. macrurus lay their eggs at specific localities along the banks of the Mary River
(Queensland, Australia). These areas are characterised by sandy soil and are clear of riparian
vegetation. Time-lapse infrared photography and image-identification analysis proved a valuable
method in the identification of individual turtles and demonstrated that female E. macrurus
exhibit nest-site fidelity. We aimed to determine differences between the favoured nesting sandy
banks and other non-preferred sandy banks, within the close vicinity, by measuring five soil
characteristics and six physical attributes. The only observed significant difference between
preferred and non-preferred nesting banks was the slope aspect: the preferred nesting banks were
northerly facing whereas the non-preferred banks were not. In the southern hemisphere, northerly
facing slopes are exposed to higher levels of solar radiation, and as a consequence, these banks
exhibited significantly greater daily fluctuations in temperature at E. macrurus nest depth. This
aspect of E. macrurus nesting biology requires further investigations because of its significance

for the protection/creation of nesting areas.

Introduction

The activities of humans are drastically reducing turtle populations. The International
Union for Conservation of Nature (IUCN) documents that 45 % of the 263 identified species of
freshwater and terrestrial turtles are either threatened or endangered (IUCN 2011). Chelonians are
at higher risk of extinction than birds, amphibians, elasmobranches and mammals, and are
paralleled amongst vertebrates only by the primates (Hoffmann et al. 2010). Monitoring changes
in populations and introducing effective management are challenging for many species because
very little is known about their general biology. Information regarding the early life-stages is

crucial for the protection of freshwater turtles, because creating and preserving suitable habitat
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for embryos, hatchlings and juveniles will increase the number of individuals attaining

reproductive age.

For egg-laying reptiles, nest-site selection by the adult females influences the survivorship
of the hatchlings (Wilbur and Morin 1988). The environmental conditions, in particular
temperature and moisture, experienced by the egg during incubation has been shown to influence
embryonic developmental rate, hatching success, and hatchling sex ratio, body size, locomotor
performance, thermoregulation behaviour, and post-hatch growth rate (Miller et al. 1987; Packard
et al. 1987; Janzen et al. 1990; Ackerman 1991; Janzen 1993; Packard et al. 1999; Booth 2002;
Booth et al. 2004; Booth 2006; Micheli-Campbell et al. 2011). The temperature and moisture
content within the nest will be influenced by the landscape aspect and substrate characteristics of
the nesting site, as well as external ambient conditions (Ackerman 1991; Marchand and Litvaitis
2004; Bonach et al. 2007). In sandy soils, such as the ones present on the banks of many
Australian rivers, the pores between the particles are relatively large, which facilitates water
movement through the soil (Koorevaar et al. 1983; Ackerman 1991). Although a number of
studies have investigated the influence of substrate type and landscape features on the nesting
biology and embryo development of marine turtles (Mortimer 1990; Wilson 1998; Wood and
Bjomdal 2000; Ficetola 2007; Afonso et al. 2009), little is known about such aspects for

freshwater species.

Elusor macrurus (Mary River turtle) is the second most endangered species of freshwater
turtle in Australia (IUCN, 2011). The species was only scientifically described in 1994, and by
this date the population was estimated to be 95 % depleted (Flakus 2002). The decline of the E.
macrurus population is largely attributed to extensive collection of the eggs from the nesting
banks during the 1960’s and 70’s (Cann and Legler 1994); however, the population does not
appear to be showing recovery even though there has been no egg collection for over 30 years
(Flakus and Connell 2008). Elusor macrurus only inhabits the Mary River catchment in South-
East Queensland (Australia), and because of this limited geographical distribution, changes in
land and water use within the catchment may have ramifications for the entire population. Female
E. macrurus appear to only nest on a limited number of nesting banks that consist of sandy soil
without riparian vegetation cover along the river, despite other seemingly suitable sites being
available nearby (Flakus 2002). The aim of this study was to characterise the nesting biology of
E. macrurus, and in particular to understand the nest-site selection by the females. In order to

undertake this task we: 1/ measured a range of variables from 28 nests during the nesting season
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of 2009; 2/ correlated nest timing data from 2004 until 2011 with weather conditions; 3/
determined if female E. macrurus exhibited nest-site fidelity; and 4/compared a wide range of

physical characteristics of preferred nesting banks to other non-vegetated sandy banks where E.
macrurus has not been recorded to nest on.

Material and Methods
Study area

The present study was conducted along a 15 km stretch of the Mary River, QLD,
Australia (Figure 2.1). This area was selected because a high number of Elusor macrurus nests are
predictably laid within this section of the river. Nesting data were collected from four known E.
macrurus nesting banks (Figure 2.2) and compared with similar data collected from four other

river sandy banks within the study area that have not recorded E. macrurus nesting.
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Figure 2.1: a) The geographical location of the Mary River (QLD, Australia). b) The river flows
south-west to north-east. Black crosses represent the location of the nesting banks monitored during the
study (nesting banks A, B, C and D). Black circles represent the location of the river banks where Elusor

macrurus nests have never been recorded (non-preferred banks).
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Australia).

Nest data collection

Between October and December 2009, nesting activity by female E. macrurus was
monitored at four selected river banks located within the study area. Female E. macrurus lay their
eggs in moist sand, leaving a distinctive trace that enables easy identification of freshly laid
clutches. Nests were located on the following morning after oviposition, when bank slope angle
(using a clinometer), straight-line distance from the nest to the water and to the nearest vegetation
edge were measured. Nest elevation was calculated as the sine of slope angle times the straight-
line distance from the nest to the water (for details see Wood and Bjomdal 2000). Each nest was
carefully excavated to expose the entire egg chamber and allow measurement of nest parameters.
Clutch width was measured in two directions perpendicular to each other (W = widest, N =
narrowest). The eggs were carefully removed from the nest and counted (clutch size), clutch
depth measured (distance from the bottom of the clutch to soil surface) and soil samples collected
from inside the nest chamber (see details below). The eggs were then returned to original
position, a temperature logger (2 cm diameter, Hobos® TidBit®, Onset, Bourne, MA, USA),
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programmed to record data every 40 min, was placed as close as possible to the eggs and the

clutch was then re-buried.

This study was undertaken in collaboration with Tiaro & District Landcare Group
(TDLG), a community group that undertakes a nest protection program with the aim of aiding the
recruitment of hatchlings E. macrurus into the river. The protection program began in 2001 and
continues to present. The program collects weather and nesting activity during the nesting season

(October — January).
Identification of nesting females

To investigate nest-site fidelity, a known nesting bank (bank B, Figure 2.1b) was
monitored for three consecutive years with three surveillance cameras (PM75 RapidFire Mono
IR, Reconyx, Holmen, WI, USA) mounted in purpose built housing ~ 2 m above the ground and
positioned at the water’s edge. The cameras faced the slope of the bank and the females were
photographed as they walked through the view of the cameras when travelling from the river up
the bank’s slope. Each camera view covered approximately 2 m? of the river bank surface. The
cameras were set in time-lapse mode and took an image every 30 s. Each image displayed the
date, time, air temperature and moon phase. For each camera deployment, an image of the ground
covered with a plastic mesh composed of 5 cm? squares was taken. These pictures were used to
provide real-distance measurements and enable the calibration of the image-analysis software.

The images containing females were identified and catalogued. These images were then
analysed with image-analysis software (SigmaScan®, Systat Software Inc., San Jose, CA USA).
Identification of individual females was only possible for the turtles which had indentations,
naturally or man-made, on the marginal scutes (notches). Measurements taken from each turtle
image were: carapace length (CL), notch length (NL; for each notch present), perpendicular
distance between the lower edge of the notch (closer to tail) to the CL line, perpendicular distance
between the upper edge of the notch (further away from tail) to the CL line, and distance between
the upper edge of the notch and the beginning of the CL line (by head; see Figure 2.3a). A set of

these measurements was taken for each notch present on the females’ carapaces.
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Figure 2.3: a) Set of measurements used to identify different females. They were obtained by the

image-analysis software and were taken for each mark/notch present on the carapace. b) Female Elusor
macrurus laying a clutch in the view of the camera (white arrow indicates freshly laid egg). c) and d) One
of the individually identified female E. macrurus photographed when accessing nesting bank B in two
different years (c — 2009; d — 2011).

River bank characterisation

Physical characteristics were recorded for both preferred and non-preferred nesting banks
(Figure 2.1b). The river banks not used by E. macrurus for nesting had the soil samples collected
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and temperature loggers (n = 18; Hobos® TidBit®, Onset®) placed into three random locations (~

20 cm depth — the mean E. macrurus nest depth) across the bank.

Measurements taken for each bank were: width of the bank (straight distance between the
water’s edge and the top of the bank), bank slope angle, bank elevation (to the highest point of
the bank), length at the top and at the bottom of the bank (by the water’s edge), and bank slope

aspect (i.e. the compass bearing perpendicular to the water’s edge).
Soil analysis

Soil samples were collected from both preferred (egg chambers) and non-preferred
nesting banks. First, a small sampling tube (10 cm®) was filled with sand collected from the
bottom of the chamber for quantifying soil organic matter (Wt %) by dry-combustion (CNS-2000
analyser, LECO Corporation, St Joseph, MI, USA). These samples were kept refrigerated until

laboratory analysis.

Second, a metal cylinder (95 cm®) was carefully inserted into the soil surrounding the
clutch, and a spatula was then used to help remove the cylinder filled with soil from the ground,
aiming to minimise soil structure disturbance. Petri dishes were placed on both sides of the
cylinder secured by adhesive tape and then the cylinder was placed into a zipper-storage bag. In
the laboratory, these soil samples were analysed to determine: soil moisture content (MC %),
bulk density (g cm™), hydraulic conductivity (cm s™) and soil water retention curve. MC was
determined by weighting the fresh soil sample and then placing it in the oven at 105°C for 24 h
and then re-weighed. The difference in mass between the wet and dry soil sample was then
divided by the wet sample mass and multiplied by 100. The bulk density was calculated as the

mass of the oven dried soil sample divided by the total soil sample volume (95 cm®).

A laboratory permeameter was used to measure the permeability of the soil samples by
creating a difference in water pressure on both ends of a saturated soil sample and measuring the
resulting flow of water. The permeameter is a closed system where water is pumped up from a
storage cistern to an adjustable level regulator through a filter. A complete saturated cylinder
filled with soil sample was placed in a cylinder-holder and a sieve disc placed on the top of it.
The cylinder was then turned upside down (so the sieve was under the sample) and then placed

inside the container. A plastic siphon channelled the water oozing from the sample to a burette,
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which released the water into a leak basin connected to the storage cistern. The siphon created a
difference in water level inside and outside the cylinder-holder, inducing a continuous flow of
water through the sample. The permeability coefficient (K-factor) of the samples was established
by applying the following formula (derivate from Darcy’s Law) using the volume of drained

water through the burette during a fixed period of time:

Where: K = permeability coefficient or “K-factor” (cm d™); V = volume measured in the
burette (cm®); L = length of the soil sample (cm); A = cross-section surface of the sample (cm?); t
= time used for flow through of water volume V (d); d = time dimension day; h = water level

difference inside and outside sample cylinder (cm).

The pressure plate technique was used to obtain a soil water retention curve (for details
see Otto and Alcaide 2001; Lucas et al. 2011; Moret-Fernandez et al. 2012). Undisturbed water-
saturated soil samples were exposed to 1, 2, 3, 10, 50 and 1000 kPa and the pressure versus
moisture points were adjusted by the van Genuchten model analysed by RETC software (PC-

Progress, Prague, Czech Republic).
Statistical analysis

Multiple analyses of variance (ANOVAs) were used to analyse the physical
characteristics of the river banks: slope width, slope angle, elevation, length at the top and at the
bottom of the bank, and temperature data. A t-test was performed to analyse data obtained from
the soil samples: organic matter, bulk density, moisture content and hydraulic conductivity. The
F-test was used to denote a significant difference between the means. All data are presented as
mean £ S.E., and a difference between groups was deemed significant if P < 0.05 (Statistical0,
StatSoft Inc., Tulsa, OK, USA). Circular analysis of Variance (high concentration F-test) was
performed to analyse the slope aspect data in the R programming language (R Development Core

Team 2011) using the ‘circular’ library of functions (Jammalamadaka and SenGupta 2001).
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Results

Nesting and archival data

Data from twenty-eight freshly laid Elusor macrurus nests were collected throughout the
2009 nesting season from four nesting banks (Table 2.1). There was a large variation in the
distance from the water chosen by the females to lay their eggs; some nests were as close as 1.3
m and others as far as 43.6 m from the water. Similarly, nests were laid both close (~ 1 m) and far
away (~ 15 m) from vegetation, but they were not under the shade of any plants between 8:00 and
16:00 h. The elevation and distance to the water that a nest was laid above the river level was
influenced by the river bank height and size and water level at the time of laying. The highest

nest was found ~ 7 m above the water level, while the lowest was 0.5 m.

Table 2.1: Biological data collected from Elusor macrurus clutches laid in four different nesting
banks located along al5 km stretch of the Mary River.

Nests (n = 28) Mean + S.E. Min — Max
Distance to vegetation (m) 6.1 +0.9 05-151
Distance to water (m) 13.1+1.9 1.3-43.6
Elevation (m) 3.6+05 05-6.9
Clutch size 14.9+0.9 2-22

Nest depth (cm) 21.0+0.6 15.5-27.0
Nest width N (cm) 7.6+0.3 41-96
Nest with W (cm) 9.1+0.3 5.5-10.9
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The E. macrurus nest protection program undertaken by TDLG provided long-term data

(2004 — 2011) for one of the nesting banks investigated in the present study (nesting bank B).

Females commenced nesting mid-October and the last clutch was laid towards the end of
December. The number of clutches laid per season on nesting bank B was fairly consistent across
the eight years, except for a dramatic decline in 2009 and 2010 (Table 2.2). Nest construction was
clustered around a few nights over the nesting season, and these events were correlated with
rainfall (Figure 2.4). On a few occasions however, nests were constructed independent of rainfall.

Table 2.2: Elusor macrurus nesting data, collected by TDLG between 2004 and 2011during the

nesting seasons (October to December) at the nesting bank B.

Year Date of 1" nest  Date of last nest ~ Total number of nests
2004 - 2005 19/10/2004 29/11/2004 23
2005 - 2006 14/10/2005 17/11/2005 21
2006 - 2007 06/11/2006 02/01/2007 26
2007 - 2008 12/10/2007 12/12/2007 22
2008 - 2009 13/10/2008 31/12/2008 18
2009 - 2010 14/10/2009 22/12/2009 9
2010 - 2011 09/10/2010 27/10/2010 5
2011 - 2012 17/10/2011 29/12/2011 20
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Figure 2.4: Number of Elusor macrurus nests constructed at the nesting bank B (bars) and local

rainfall (mm; line) recorded between October and December from 2004 to 2011.
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Nesting females

Nesting bank B was monitored by infrared cameras during the nesting season of 2009,

2010 and 2011. Female E. macrurus accessed the bank from sunset until sunrise, with an increase
in the number of recorded females between 23:00 - 03:00 h (Figure 2.5). Moon phase and

ambient temperature had no significant effect upon the frequency of activity on the bank or

number of nests constructed, and females were photographed nesting in air temperatures between

12°C and 28°C (18.9 + 0.1°C, mean + S.E.). Analysis of sequential images showed that females

inspected the bank before finally completing nest construction, walking throughout the slope in

all directions and digging sample holes in the sand multiple times. Six females were recorded

laying their clutches within camera view (example Figure 2.3b), so it was possible to calculate

nesting time (the time from when digging the nest started until the female left the nest site),

which varied between 34 and 57.5 min (36.9 + 6.3 min, mean + S.E.).
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Figure 2.5: Frequency distribution of the number of images taken of female Elusor macrurus that

accessed the river bank B throughout the night over three subsequent nesting seasons (2009 — 2011).
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Image analysis of the infrared photographs revealed that female E. macrurus exhibit nest-
site fidelity. A total of 22 females were individually identified and nine of those were recorded
accessing the bank over three years, with two individuals photographed over three consecutive
years (example Figure 2.3c - d). The second year of the study was hampered by an unusually
early and large flood event, and therefore, the data collection time was reduced as the cameras

had to be removed from the river bank after only a few weeks of recording.

Nesting banks characterisation

We aimed to record temperature data from all four nesting banks. Due to an unexpected
flood event, however, five loggers were lost and temperature was only recorded from three banks.
Mean daily temperature fluctuations between these three nesting banks were not statistically
different (F(2,13 = 2.96, P > 0.05; Figure 2.6a). Nesting bank C showed the largest variation and
the highest mean temperature, but these were not significantly different from the other two banks
(Fea3 = 3.25, P > 0.05; Figure 2.6b). There was no statistical difference between the mean
temperature recorded for preferred and non-preferred nesting banks (F124) = 2.34, P > 0.05;
Table 2.3), but the mean daily temperature fluctuation was significantly higher at the banks
selected by female E. macrurus for nesting (Fq24) = 1.19, P < 0.05; Table 2.3).
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Figure 2.6: a) Daily temperature fluctuation recorded from 16 Elusor macrurus nests laid in three
different nesting areas (dashed line = nesting bank A; solid line = nesting bank B; dotted line = nesting
bank C). b) Box-and-Whisker plot showing the temperature range recorded throughout the 2009 nesting

season from nests laid in three distinct nesting areas (A-n=6;B-n=4; C-n=6; P >0.05).
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Table 2.3: Physical features and soil characteristics recorded for eight river banks distributed

along a 15 km stretch of the Mary River used (nesting banks, n = 4) and not used (non-preferred banks, n

= 4) by female Elusor macrurus for nesting. Data are mean = S.E. and symbol (*) indicates statistical

differences (P < 0.05).

Physical Nesting banks Non-preferred banks
Mean temperature (°C) 28.5 +0.02 28.0 £ 0.04
Mean daily temperature fluctuation (°C) 57+0.1* 53+0.2*
Bank width (m) 6.9+14 9.7+20
Bank angle (degrees) 25.1+33 13.6£4.0
Bank Elevation (m) 2.3%+0.6 19+0.7
Bank length at top (m) 222+7.1 75+22
Bank length at water’s edge (m) 19.3+5.38 10.6 £3.2
Bank slope aspect (degrees from N) 50 — 300* 90 — 240*
300° R0 o0*
s
Soil
Organic matter (Wt %) 0.16 £0.03 0.16 £0.03
Bulk density (g.cm™) 1.2+0.02 1.2 +0.04
Moisture content (%) 6.3£0.3 10.3+0.9
Hydraulic conductivity (cm.s™) 0.07 +0.01 0.10 +0.02
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Most of the physical characteristics recorded from the nesting banks (Figure 2.2) were
similar to the ones measured at the river banks that were not used by female E. macrurus for
nesting (Table 2.3). The slope aspect of the banks was however, significantly different between
preferred and non-preferred nesting banks. The four nesting banks preferred by female E.
macrurus for nesting were northerly facing, whilst the aspect of the non-preferred banks varied
between East and South-West (F(115y = 53.47, P < 0.01; Table 2.3). There was no statistical
difference in organic matter, bulk density, water content and hydraulic conductivity between soil
collected from river banks selected by female E. macrurus for nesting and that collected from the
non-preferred banks (P < 0.05; Table 2.3). A water retention curve was generated from the soil
samples collected from E. macrurus nests (Figure 2.7), and indicates that at the time of nest

construction nest water potential ranged between -1 and -40 kPa.

Water content (g/g)
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Figure 2.7: Soil water retention curve (solid line) generated from soil samples collected from 28
Elusor macrurus nests laid in 2009. Dashed lines represent minimum and maximum values of water
content present in the sand samples collected from the E. macrurus nests. Symbols represent the actual

measured values used to generate the curve.
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Discussion

The site selected by female turtles in which to lay their eggs is vital for the survivorship of
the resultant hatchlings (Wilbur and Morin 1988). Female Elusor macrurus selected particular
banks along the Mary River in which to lay their eggs, with a large number of nests occurring
within the same discrete area every year. Here we demonstrate for the first time that female E.
macrurus exhibit nest-site fidelity to these particular sandy banks. Visually, the banks selected
each year by the nesting E. macrurus are characterised by sandy soils, an absence of riparian
vegetation and are of a sloping aspect, which makes them significantly higher than the river level
within a short-distance. There are however, numerous other areas along the river that show these
same general characteristics, but E. macrurus nests have not been recorded at these localities
(Connell, pers. comm.). In an attempt to identify which features of the nesting areas were relevant
for E. macrurus, we assessed eleven physio-chemical parameters from river banks that were
preferred for nesting by E. macrurus and compared them against river banks where nests of this
species have never been recorded, but shared similar general features, to the human visual
observer. The study found that banks selected by female E. macrurus for nesting were all
northerly facing, and exhibited a higher daily temperature fluctuation that the non-preferred
nesting banks. The study demonstrates that E. macrurus are selective in the locality in which to

lay their eggs and provides a reasonable rational for the nest-site selection.
General nesting biology

Typically, E. macrurus laid their eggs away from the edge of the river and generally
several meters above water level. These features are shared by other freshwater turtles, and are
likely to occur in order to reduce the chances of the nests being flooded (Booth 2010). The
females nested after periods of rainfall during the night. Other Australian freshwater turtles also
nest during darkness, which reduces the risk of predation by visual predators and exposure to
high daytime temperatures (Booth 2010). Nesting after periods of rainfall is a common strategy
of freshwater turtles and probably makes nest construction easier because moist sand gives better
purchase for the female and reduces the chance of egg chamber collapse during the construction.
Moreover, moist sand ensures the eggs will be in a positive water balance when first laid, which
means gaining water from the environment. This signifies that they are able to take up water from
the environment and form a water reserve that the embryos can call upon if the nest dries out later
during the incubation period (Vestjens 1969; Booth 2010).
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The nesting bank that was monitored in this study exhibited an approximate 60 %
reduction in the number of nests laid in 2009 and 2010, compared to the previous 5 years. In 2009
very little rainfall occurred during the nesting season. Although only nine nests were constructed
in this season, the infrared surveillance cameras photographed numerous females throughout the
season searching for suitable places to nest (including the digging of “test-holes”). The females
that did nest, laid their eggs within a positive water balance environment, as shown by the water
retention curve. We cannot be certain that these females did not lay their eggs in another bank,
but female freshwater turtles are known to have the capacity to store mature eggs inside their
uterus for up to three months (Goode and Russell 1968), and the high number of searching
females recorded during this time highlights their site-fidelity to these particular areas. This
evidence suggests that female E. macrurus are site-selective when deciding upon a nesting
location and the low number of nests recorded on this bank in 2009 was likely due to the females
not finding suitable places to lay their eggs because of a low moisture content in the soil.

In 2010, the Mary River was exposed to a “once in 30-year” extreme flood event that
extremely disrupted E. macrurus nesting season. The low number of nests in both 2009 and 2010
indicate that E. macrurus reproductive success is highly dependent on rainfall, with low hatching
success due to low nesting activity in drought years, and drowned nests in flood years. In 2011,
the rainfall during the nesting season was average for this time of the year and the number of E.

macrurus nests was comparable to the archival data from 2004 to 2008.
Nest-site fidelity

Inter-year nesting site fidelity was observed in several individuals. We never captured or
marked any of the turtles in this study, but we were able to confidently identify 22 females from
visual markings on their carapaces. Less than half of the females identified were recorded to
return to the same bank to nest on subsequent years, which suggested that not all females were
photographed when they came to nest. This seems reasonable because the cameras only
monitored a small section of the nesting area (~ 5 %). Other possibilities are that not all females
are nest-site fidelic, or that not all females nest every year. Nest-site fidelity may be a behavioural
strategy for maximising reproductive success and has been observed in other species of
freshwater turtle (Loncke and Obbarde 1977; Congdon et al. 1983; Jackson and Walker 1997,
Valenzuela and Janzen 2001). We are uncertain if E. macrurus has natal homing fidelity, i.e. they

return to nest at the nesting bank from where they were hatched. This phenomenon has been
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previously shown for both marine and freshwater turtle species (Freedberg et al. 2005; Lohmann
et al. 2006; Bowen and Karl 2007; Sheridan et al. 2010), and would be an incredibly important
observation for the long-term management of E. macrurus. Further investigations involving
marking hatchlings and genetics tests are required to discover if natal homing fidelity occurs in

this species.

The challenge for this study was to record the nesting activities of a freshwater turtle that
is extremely shy and easily disturbed by human presence. The females only nest during the hours
of darkness and therefore required infrared photography for monitoring their behaviour. Standard
motion-detection cameras are developed primarily for photographing warm-blooded creatures
and were not appropriate for this study because turtles do not generate sufficient external heat to
trigger the infra-red sensor within off-the-shelf motion detection cameras. Instead, we utilised
time-lapse photography and mounted the cameras above the nesting banks, at an orientation to
take overhead images of the turtles as they passed underneath. To identify different individuals,
we relied upon measurements that were taken in relation to carapace length and naturally
occurring marks or notches on the carapace. This methodology was non-invasive and did not
require capture or handling of the turtles. Unlike sea turtles, a number of freshwater species will
stop laying their eggs and flee back to the river if approached when egg laying (Cann 1998).
Therefore, we argue that the methodology developed in this study is a reliable and valuable
strategy for observing nesting behaviour in fresh-water turtles, and necessary in order that the
nesting activities of endangered species are not disrupted. The limitation of this technique
however, was that we could only recognise females that had obvious marks or notches on their

carapaces, and therefore some females could not be individually identified.
Nesting and river banks landscape characteristics

In this study, we monitored four nesting banks that consistently have a high number of E.
macrurus nests each nesting season. We measured a number of soil characteristics and physical
features of these banks, and compared them against four river banks that have shown similar
general characteristics to the nesting areas. These were composed of sandy soil and were free of
overhanging or riparian vegetation. The only physical and micro-environment differences found
between preferred and non-preferred river banks for nesting E. macrurus were that favoured
nesting banks faced north and experienced greater daily temperature fluctuation at nest depth.

North-facing banks are probably preferred because they receive more direct solar radiation in the
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southern hemisphere and therefore, are generally warmer than south-facing ones (Geiger 1965).
A similar preference for north-facing banks has also been observed for nesting estuarine
crocodiles (Crocodylus porosus) in Australia (Magnusson 1980). In the northern hemisphere, the
midland painted turtle (Chysemys picta marginata) lays its eggs in south-westerly facing slopes
(Hughes and Brooks 2006). Although there is scarce documentation of this reproductive tactic, it
may be a common reproductive strategy in oviparous reptiles, and it requires further
investigations because of its significance for the protection/creation of protection areas. The
preference of E. macrurus for northerly facing banks with no vegetation cover indicates that the
females may attempt to provide warmer conditions for the developing embryos through nest-site
selection. We failed however, to find a significant difference in mean temperature at nest depth
between preferred and non-preferred banks. We expected to find a significantly greater mean
temperate in north-facing banks compared to those facing other directions, and although there
was a trend towards this, we suspect the lack of significance was due to a complex interaction
between the soil characteristics and changes in ambient thermal conditions. We argue that a
greater number of intra and inter-banks samples may be required to generate statistical

significance.

The hatchlings of E. macrurus have their sex determined genetically (Georges and
Mclnnes 1998), and not by incubation temperature, so sex determination is not a driving force for
nest site selection in this species. However, nest temperature is known to influence incubation
time in oviparous reptiles (Deeming and Ferguson 1991). Thus, selecting river banks with higher
temperature to nest in would reduce incubation time (Micheli-Campbell et al. 2011; Micheli-
Campbell et al. 2012), and therefore, limit the time the eggs would be in the nest and vulnerable
to predation (infrared cameras photographed lace monitors, plovers and European red foxes
predating upon E. macrurus nests throughout the study). It may also be a conditioned strategy to
improve the phenotype of the hatchlings (Janzen 1993; Janzen and Morjan 2002; Ji et al. 2003;
Booth et al. 2004; Micheli-Campbell et al. 2011; Micheli-Campbell et al. 2012).

Implications for management and conservation
The results of the present study showed that female E. macrurus exhibit nest-site fidelity
to specific areas along the Mary River to nest. These areas were of a northerly facing aspect, and

although we found no significant difference in the other measurements undertaken, we accept that

there may be important features that were not recorded in this study. Nevertheless, the study
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demonstrates critical nesting areas for E. macrurus which should be considered for protection in
future management strategies. Furthermore, the non-vegetated banks are a consequence of river
flow patterns and deposition during natural flood events. Reduction in the intensity or frequency
of these floods could result in the loss of these areas, and therefore, we recommend that flow

regimes should also be considered when developing management strategies for E .macrurus.
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CHAPTER 3

Staying cool, keeping strong: Incubation temperature affects performance in a

freshwater turtle

Abstract

It is unclear how predicted rises in ambient temperature associated with climate change
will impact upon the survivorship of oviparous reptiles. Given that incubation temperature can
influence hatchling phenotype, understanding how elevated temperatures during development can
affect the ability of hatchlings to undertake routine behaviours is important, especially for
threatened species. Here we tested if raising mean incubation temperature above natural levels
altered the physiology of hatchlings to an extent that behavioural function was impaired. Firstly,
incubation temperatures were recorded from nests of the freshwater turtle (Elusor macrurus) in
the wild, and the observed thermal range (26°C to 31°C) used to define the experimental protocol.
Then, freshly laid E. macrurus eggs were collected and incubated at three constant temperatures
(26°C, 29°C and 32°C). Embryos incubated at 32°C had the lowest hatching success. Those that
did hatch were smaller than the other groups and had a reduced post-hatch growth rate. On land,
the ability of hatchling turtles to right themselves is critical, and the turtles incubated at 32°C took
30-times longer to do this than those incubated at 26°C. Once in the water, hatchling turtles must
be able to swim effectively to evade predation and obtain food items. During swimming trials the
32°C group exhibited a lower mean stroke force (10.5 + 0.3 mN) and spent less time swimming
(133.7 = 17.7 s) compared to hatchlings incubated at 29°C (13.4 + 0.4 mN, 281.3 £ 25.7 s) and
26°C (15.7 £ 0.5 mN, 270.8 = 28.5 s). The results of the present study illustrate that even slight
rises in the mean incubation temperature, over that observed in the wild, can impact upon a

hatchling’s performance.

Introduction

Incubation temperature affects embryonic growth and development of oviparous animals

(Deeming and Ferguson 1991). If the incubation temperature falls outside the embryo’s optimum
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thermal range for significant periods of time (low or high) embryonic malformation may occur,
such as bone deformity, organ failure, and dysfunction of the central nervous system (see
Deeming and Ferguson 1991; Burgess, Booth and Lanyon 2006). Thermal conditions during
incubation are therefore an important determinant of the embryos fitness, and birds generally
incubate their eggs at relative constant temperatures with little variation among species (Deeming
and Ferguson 1991). Most reptiles do not provide parental care and their eggs are exposed to far
more variation in incubation temperature than birds (Deeming and Ferguson 1991). Many species
of turtle do however, bury their eggs in an underground chamber, which not only provides
protection from predation but also buffers the eggs from diel variations in temperature and

prevents desiccation (Miller and Dinkelacker 2008).

The thermal buffering effect of chamber depth on egg incubation temperature is
substantial, with one study reporting diel variations of 40°C at the surface are nullified at 50 cm
depth (Booth 2006). Generally, there is a linear relationship between the body size of the nesting
female and the depth of the egg chamber (Booth and Astill 2001), and because of this freshwater
turtles generally lay shallower nests compared to marine turtles. Shallower nests will be more
susceptible to variations in the environmental conditions, and therefore the effects of localised

shifts in ambient temperature may first become apparent within freshwater turtle species.

Varying the temperature of incubation by only a few degrees centigrade has been shown
to alter both the morphological and physiological traits of hatchling turtles, such as body size,
amount of residual yolk upon hatching, growth rate, diving ability, and locomotor performance
(Janzen 1993; Bobyn and Brooks 1994; Roosenburg 1996; Booth 2000; Steyermark and Spotila
2001; Du and Ji 2003; Booth et al. 2004; Burgess et al. 2006; Du, Zheng and Shu 2006; Delmas
et al. 2007; Du et al. 2007; Mickelson and Downie 2010). However, it is difficult to draw solid
conclusions from the literature due to large inter-study variation to the response of varying
incubation temperature. This may be due for two main reasons: 1. the sex of many of the species
examined is determined by incubation temperature with the threshold temperature varying
between species; and 2. the range of experimental temperatures are disparate in their relationship
to the incubation temperature experienced in the wild nests. We argue that experimental trials
need to be undertaken on freshwater turtle species where the influence of temperature sex
determination can be removed, and secondly, that experimental results need to be relevant to

what may be expected in the natural conditions.
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If environmental conditions are unfavourable for a species local extinctions may occur,
and species with a limited geographic distribution will be more susceptible. Freshwater turtles are
often confined by suitable habitats and many have small geographical ranges (Cann 1998). Elusor
macrurus (Mary River turtle) is a freshwater turtle, which is only found within a single river
system in Queensland, Australia. The population has dramatically decreased over the past
decades and the species is currently listed as endangered (IUCN 2011). Females lay rigid-shelled
eggs in shallow nests (< 20 cm depth) on open sandy banks with no vegetation cover (Cann and
Legler 1994). Climate records for the local area have shown a gradual increase in ambient
temperature over the past three decades, which are particularly prevalent during the spring and
summer months (~ 1°C, QLD Government, 2009). This time correlates with the egg incubation
period for E. macrurus and we hypothesised that alterations in hatchling physiology due to
changes in the incubation temperature would be deleterious to the survival of the hatchling
turtles.

The aims of the present study were to assess the range of mean incubation temperatures
experienced by the eggs in the wild, and then to determine how different incubation temperatures
may influence hatchling phenotype. We also wanted to assess how predicted rises in ambient
temperature for the local area may impact upon the physiology and performance of the

hatchlings.

Materials and Methods
Study site and nest temperatures

Between October and December, the Mary River turtle Elusor macrurus nests on non-
vegetated sandy banks along the Mary River, QLD, Australia. Nesting occurs at night after a
period of heavy rain (Cann and Legler 1994), and for this study the nests were located the
following morning during spring 2009. Upon locating nests, the egg chamber was exposed by
hand, and a temperature data logger (2 cm diameter, Hobos® TidBit®, USA) that logged
temperature every 40 min was placed adjacent to the clutch at a depth which corresponded to the
middle of the nest chamber. The sand was then replaced and the clutch covered to the original
depth. The nests were monitored once a week for signs of hatching, and the temperature data
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logger was then removed once the hatchlings had exited the nest. Data were obtained for 16 nests

that were laid on four river banks along a 30 km stretch of river.

Egg incubation and hatchling morphology

Fifty-six Elusor macrurus eggs (from three different clutches) were collected 48 h after
being laid in nests along the Mary River, QLD, Australia. The eggs were weighed and randomly
distributed into three containers (one per experimental treatment) filled with wet sandy soil
collected from the nesting site. Each container was placed into a controlled temperature incubator
(1-36VLC9 Intellus Ultra, Percival Scientific Inc., USA) set at 26°C, 29°C or 32°C. The sand
surrounding the eggs were sprinkled with water every 48 h throughout the entire incubation
period, in order to maintain near constant water potential. The eggs were weighed every 14 days.
Twenty-four hours after hatching, the turtles were removed from the incubators and each group
placed into a separate tank containing gravel, shelters, basking platforms and water at 20 cm
depth. The holding tanks were kept in an outdoor facility with a climate similar to the turtle’s
geographic location. Water and air temperatures varied with ambient conditions (between 20°C
and 28°C) and were similar for all holding tanks. The hatchlings were fed three times a week on

commercial turtle pellets and pre-frozen bloodworms.

Straight carapace length was measured with electronic callipers and body mass recorded
with electronic scales upon hatching, 10 days after hatching (once they have completely absorbed
the yolk sacs) and then every 14 d, and the growth rate (GR, g/d), which is linear and it was

calculated using the following equation:

. [mass, ] |mass, |
- t—t,

where t is time difference between measurements (t = 10 days old; t, = 105 days old).
Righting Response
The “time to right” of the hatchlings is defined as the time from when the turtle started to

move, after being placed upside down, to the moment it righted itself (Delmas et al. 2007). A

paper lined 5 | plastic container was partitioned into quarters and a 10 d old hatchling was placed
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into each quarter (4 hatchlings per trial). Hatchlings (26°C and 29°C groups, n = 17; 32°C group,
n = 10) were placed inside the cells 45 min prior to the trial to allow them to acclimate to the
experimental environment. The ambient temperature was maintained at 26 + 0.5°C for the
duration of the experimental period. Hatchlings were fasted for 24 h prior to experimentation.
Each hatchling performed three righting events per replicate. The trials were recorded by a digital
video camera (Sony DCR-HC52) and the time to right data were collected and analysed from the
images. In some instances the turtle did not right itself after 30 min and due to ethical concerns
the trial was aborted and the data were not used in the study. The study was repeated two weeks

later, resulting in each turtle being tested six times.
Swimming performance

Swimming performance was assessed by examination of stroke frequency and force, and
the proportion of time spent swimming. At four weeks of age ten hatchlings were randomly
selected from each treatment group and swum individually in a glass aquarium (41 x 26 x 35 cm)
filled with 30 cm of freshwater at constant temperature (26 + 0.5°C). A Velcro patch (1 cm?) was
glued to the carapace and a monofilament nylon line attached to the Velcro (Burgess et al. 2006).
The nylon tether was attached to a force transducer (MLTO010, ADInstruments) in the
perpendicular plane, resulting in the measured force on the vertical plane regardless of the
direction the turtle swam (for details see Burgess et al. 2006). The force transducer was calibrated
before each trial by suspending a known mass in the vertical plane. The force transducer was
connected to a data acquisition system (Power Lab 2/20 connected to a ML110 Bridge amplifier)
and the force sampled at a frequency of 100 Hz. Each hatchling swimming trial was replicated 14
days apart, and hatchlings were not fed for 18 h prior to swimming. Force recordings (Figure 3.1)
were analysed for the following variables: (i) mean stroke force: mean force recorded for each
consecutive 30 s period over an 8 min recording period; (ii) total time spent swimming during the
8 min recording period; (iii) stroke frequency: determined by averaging the number of force

peaks per second within each swimming event.
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Figure 3.1: Force trace generated by a hatchling E. macrurus during a trial of the swimming

performance experiment.

Statistical analysis

Straight carapace length, body mass and growth rate data from the three experimental
groups were tested using multiple sample analyses of variance (MANOVA). The F-test was used
to denote a significant difference between the means. If significant differences existed, Multiple
Range Tests were used to show which means were significantly different from each other.
Kruskal-Wallis tests were used if the presence of outliers was detected. All data are presented as
mean £ S.E, and a difference between groups was deemed significant if P < 0.05 (StatGraphics
Plus 5.1).

The data for the righting response and mean stroke force were investigated using General
Linear Mixed Models (GLMMs; Zuur et al. 2008). These data were log-transformed to
standardise and homogenise residuals. Body mass was incorporated as a covariate and because
measurements were taken repeatedly from the same individuals, turtle ID was included as a
random effect. For the swimming performance data the interaction between incubation
temperature and time was included in the model. All mixed models were performed in the R
programming language (R Development Core Team 2010) using the nlme library of functions
(Pinheiro et al. 2010).
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The effects of incubation temperature upon time swimming and mean stroke frequency
were tested using a Multifactor ANOVA, accounting for body mass as a covariate (StatGraphics
Plus 5.1).

Results

Thermal profiles of nests

The average incubation temperature of Elusor macrurus eggs in the wild ranged from
26°C to 31°C (Figure 3.2). Out of the 16 nests measured, 25% had a mean temperature of 29°C,
with one nest having a mean temperature of 26°C and two nests a mean of 31°C. Collectively the
mean temperature for all nests measured over the entire incubation period was 28.5 + 3.2°C

(mean £ S.D.).
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Figure 3.2: The distribution of mean nest temperature for 16 E. macrurus nests during the 2009

nesting season. Data were collected from four nesting banks along a 30 Km stretch of the river.
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Egg incubation and hatchling morphology

There was no difference in the initial egg mass between the temperature treatments prior
to incubation (F( 3 = 0.29, P = 0.75). The incubation period was significantly different for each
treatment group with eggs incubated at higher temperatures hatching earlier (Table 3.1, F(z41) =
73.68, P < 0.001). Eggs incubated at 32°C had a lower hatching success compared to 26°C and
29°C (Table 3.1). Furthermore, 10 d after hatching, hatchlings incubated at 32°C were smaller than
those from 26°C and 29°C (F41) = 7.24 and 6.81, respectively, P < 0.05; Table 3.1). Hatchlings
from the 32°C group remained smaller than their siblings incubated at lower temperatures for the
remaining experimental period (~ 100 days), because of a slower post-hatch growth rate (F 1) =
6.54, P = 0.003; Table 3.1).

Table 3.1: Summary data from eggs and hatchling E. macrurus incubated in captivity at three
constant temperatures: 26°C, 29 °C and 32°C. Symbols (*) indicate statistical differences (P < 0.05) and

numbers indicate the mean + S.E.

Incubation temperature 26°C (n=17) 29°C (n=17) 32°C (n=10)
Incubation length (days) 70+ 0.7 (68 — 72)* 52+ 0.7 (50 -54)* 42 +0.5 (41 -43)*
Hatching success 89% 89% 56%

SCL (mm) upon hatching 349+05 349+0.3 32.7 £ 0.4*
Body mass (g) — upon hatching 7.38+0.2 7.31+£0.1 6.91+0.1*
Growth rate (g)/day - 105 days old 0.047 £ 0.003 0.041 £ 0.003 0.029 £ 0.004*

Righting Response

Righting time for 10 d old hatchlings was influenced by incubation temperature (Figure

3.3). Hatchlings incubated at 26°C group righted themselves 10-times faster than hatchlings
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incubated at 29°C, and 34-times faster than the 32°C group (L = 30.57, df = 2, P < 0.01; Figure
3.3). A repeat of the same experiment with the same individuals 14 d later showed the same
response between groups (P < 0.05). Body mass (g) was not significantly correlated with the time
toright (L =1.24,df =1, P = 0.26).
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Figure 3.3: Time for E. macrurus hatchlings (10 d old) to right themselves since they started to
move after being place upside down (time to right). Hatchlings were incubated at three constant
temperatures (26°C and 29°C groups: n = 17; 32°C group: n = 10). Bars height and error bars indicate the

mean + S.E. Different letters indicate significant differences (P < 0.001).

Swimming performance

In general, the behaviour of the hatchlings during the swimming trials was similar with
the highest stroke force exerted during the first few seconds after entrance into the water after
which the mean stroke force declined over approximately 2 min, and then remained relatively

constant throughout the remainder of the trial (Figure 3.4). The interaction between time and
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incubation temperature was significant for the model (L = 10.17, df = 2, P < 0.01). The mean
stroke force during the first 30 s of the trial was significantly different between all three
treatments (L = 6.43, df = 2, P < 0.05). Hatchlings incubated at 32°C had a significantly lower
mean stroke force than those incubated at 26°C and 29°C (ANCOVA LS adjusted means: 26°C
group = 29.0 £ 1.2 mN, 29°C group = 29.7 £ 1.0 mN, 32°C group = 25.4 + 1.3 mN; Fp.7) =
71.43, P < 0.01; Figure 3.4). This pattern was continued with the 32°C group maintaining a
significantly lower mean stroke force for the 8 min duration of the trial (L =7.37,df =1, P <
0.01; Figure 3.4). Hatchlings incubated at 26°C maintained a greater mean stroke force for the
remaining trial period when compared to the other two groups (L = 4.27, df = 1, P < 0.05; Figure
3.4). Body mass (g) was significantly correlated with mean stroke force during swimming
performance trials (L = 14.41, df = 1, P < 0.001), but even when adjusted for differences in body
mass, the hatchlings incubated at 32°C still had a significantly reduced mean stroke force during
the first 30 s of the swimming trial (Figure 3.4) relative to the other two groups.

Mean stroke force (mN)
-2
=
1

30 60 90 120 150 180 210 240 270 300 330 360 390 420 450 480
Time (s)

Figure 3.4: Mean stroke force (mN) generated every 30 s over an 8 min trial period by E.
macrurus hatchlings (n = 10) incubated at 26°C, 29°C and 32°C. Symbols indicate the mean + S.E.
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Hatchlings incubated at 32°C spent significantly less time swimming during the 8 min
trial (26°C group = 270.8 + 28.5 s, 29°C group = 281.3 £ 25.7 s, 32°C group = 133.7 = 17.7 s;
Fe27n = 11.38, P < 0.01; Figure 3.5a), but had a significantly greater stroke frequency per
swimming event when compared to the other two groups (26°C group = 4.7 + 0.1 Hz, 29°C group
=4.4+0.1 Hz, 32°C group = 6.1 £ 0.2 Hz; F227) = 43.78, P < 0.01; Figure 3.5h).
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Figure 3.5: Total time spent swimming (a) and stroke frequency per power stroking output (b), of
E. macrurus hatchlings (n = 10) incubated at 26°C, 29°C and 32°C. Bars height and error bars indicate the
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Discussion

The present study showed conclusively that differences in incubation temperature of only
a few degrees altered the phenotype and performance of hatchling Mary River turtles (Elusor
macrurus). The eggs were incubated at three experimental temperatures, two were within the
range of natural nest temperatures, and one treatment was 1°C warmer than the highest mean nest
temperature recorded in the wild. Those hatchlings incubated at this higher than average nest
temperature had a significantly poorer performance throughout experimental trails, and this
physiological limitation upon behavioural function may have detrimental ecological implications

for this species.
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The E. macrurus embryos hatched earlier when incubated at warmer temperatures. This is
a typical response in oviparous reptiles, resulting from an increased embryonic rate of
development (Deeming and Ferguson 1991). A consequence of a shorter period for incubation
can be less yolk material being converted into tissue (Booth 2000), and accordingly, E. macrurus
hatchlings incubated at 32°C had a significantly smaller body size upon hatching than those from
the 29°C group. Body size was similar between the 26°C and 29°C groups, suggesting that the
thermal effects upon yolk conversion were only significant at the higher thermal range of the
study. This result is opposite to that observed for the smooth softshell turtle Apalone mutica
which hatched with a larger body size when incubated at 30°C, compared to 28°C and 26°C
(Janzen 1993). Similar discrepancies can be observed throughout the freshwater turtle literature
(Brooks et al. 1991; Rhen and Lang 1995; Roosenburg and Kelley 1996; Janzen and Morjan
2002; Ji et al. 2003; Booth et al. 2004) and may have arisen due to disparity in the relationship
between the experimental thermal range and the optimum ambient temperature for the embryos.
For example, the average thermal range of Apalone mutica nests in the wild is between 28°C and
36°C (Ewert 1979), and therefore the experimental study undertaken by Janzen (1993) was within
the lower portion of the nest thermal range.

After hatching, the growth rate of E. macrurus incubated at 32°C remained significantly
lower than those incubated at 26°C and 29°C. Turtles with high post-hatch growth rates would
attain a larger size quicker, which may decrease predation risk, increase digestive breadth (i.e.
handle and consume a greater range of prey items) and reach sexual maturity earlier (Perez,
Collado and Ramo 1979). Post-hatch growth rates have been used as an indicator of post-hatch
fitness in Chelonians, but again the influence of incubation temperature shows contrasting inter-
study results; with increased post-hatch growth occurring at the highest (Bobyn and Brooks 1994;
Booth et al. 2004), the intermediate (Spotila et al. 1994), and the lowest experimental incubation
temperatures (Roosenburg and Kelley 1996), and some studies finding that incubation

temperature had no effect on post-hatch growth rate (Ji et al. 2003).

As in most turtles, female E. macrurus lay their eggs in a nest buried on land, and the
hatchlings must make their own way to water. On land, hatchling turtles are destabilized easily
and frequently find themselves tipped upside down (Burger 1976). This may increase mortality
through predation or dehydration (Finkler 1999; Steyermark and Spotila 2001; Kolbe and Janzen
2002). Experimental manipulation of E. macrurus hatchlings in the laboratory showed that the

ability of a hatchling to right itself was substantially reduced when incubated at 32°C. This effect
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was maintained over three weeks post-hatching, thus covering the period when they would be
leaving the nest and moving by their own accord to the river. Despite the importance of righting
behaviour to the survival of hatchling turtles, only a few studies have examined how it is
influenced by incubation temperature. Hatchlings of the freshwater turtle Graptemys ouachitensis
and Trachemys scripta elegans took a longer time to right themselves when incubated at 25°C
compared to 30°C (Freedberg et al. 2004). The sex of these species of freshwater turtle is
however, determined by incubation temperature with incubation at 25°C producing all males and
at 30°C producing all females. Therefore, the extent by which temperature influences the
hatchlings ability to right itself was potentially confounded by differences in sex. E. macrurus do
not show temperature-dependent sex determination (Georges and Mclnnes 1998), and therefore
the effects of incubation temperature could be examined without the complicating influence of

Sex.

Once they have entered water, hatchling turtles need to move through the aquatic
environment, acquire food and evade predators. These behaviours are likely to be influenced by
the strength and stamina of swimming, and performance may influence survival. Hatchlings
incubated at 26°C maintained mean stroke force at a significantly higher level than hatchlings
from 29°C, and 29°C were significantly higher than 32°C throughout the 8 minute swimming
trial. The lower absolute force of the 32°C group was in part caused by their smaller body size,
but the reduction in mean stroke force remained significant even when differences in body mass
were accounted for by using body mass as a covariate. Although the 32°C group had a
significantly higher stroke frequency per swimming bout than the other groups, this did not
compensate for their lower mean stroke force and shorter length of the swimming bout.
Comparing all previous studies that have examined the effects of incubation temperature upon
swimming performance in turtles, there is general disagreement about its effect, with warmer
incubation temperature increasing performance in some species but decreasing in others (Janzen,
1993; Du and Ji, 2003; Booth et al., 2004; Burgess et al., 2006).

The underlying physiological processes responsible for the significantly reduced
performance in hatchling E. macrurus incubated at 32°C are presently unclear. It has been
proposed in alligators that one of the organs largely affected by incubation temperature is the
hypothalamus, directly affecting the levels of different hormones released by this organ during
embryogenesis (Deeming and Ferguson 1988; Deeming and Ferguson 1989). This may lead to a

number of physiological impairments to muscle physiology, tissue aerobic capacity, bone
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morphology, mitochondrial oxidation, metabolic efficiency or cardio-respiratory regulation
(Kinney, Matsuura and White 1977; Burggren and Shelton 1979; White, Hicks and Ishimatsu
1989; Wang and Hicks 1996; Hicks and Wang 2004; Guderley and Seebacher 2011; Reed et al.
2011). Further studies are required to identify which of these are the most significant in

disrupting hatchling performance.

Experimental studies can never exactly replicate the wild situation and it should be noted
that the thermal regimes of the eggs in the laboratory were kept constant whereas the temperature
of nests in the wild fluctuated both daily and over longer time periods. It was not possible
however, to standardize the level of variability that the wild nests were exposed to because they
varied widely between nests. This occurred due to nest depth, the soil composition, slope angle
and nesting bank slope bearing and orientation. Here we simplified the protocol by incubating the
eggs at constant thermal regimes and further comparative studies are required to explore the

significance of fluctuating and constant incubation temperatures upon hatchling performance.

In the case of E. macrurus, the outlook does not appear good. Our study findings show
that a mean incubation temperature of 1°C above the warmest nest recorded during the 2009
nesting season reduced hatching success, hatchling growth rate, and compromised righting and
swimming abilities. The mean air temperature throughout the 2009 nesting season was not
significantly different from that recorded over the past decade for the area, but these years had a
mean ambient temperature between 0.5 and 1.2°C warmer when averaged over previous decades
(CSIRO and BoM 2007). Although we do not illustrate a direct connection between warming of
the environment and the decline in the E. macrurus population, our findings suggest that
predicted increases in ambient temperate for the Mary River catchment (1.6°C to 3.0°C by 2070,
QLD Government, 2009) may be detrimental to this species.
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CHAPTER 4

The influence of daily temperature fluctuations during incubation upon the

phenotype of a freshwater turtle.

Abstract

Incubation temperature influences the phenotype of the hatchling turtles. The aim of the
present study was to investigate the daily fluctuations in temperature to which eggs of the
freshwater turtle Elusor macrurus are exposed to in the wild, and examine how these fluctuations
may affect the phenotype and performance of the hatchlings. Eggs in the wild experienced an
overall mean daily fluctuation of 5.7°C throughout incubation period, but on particular days the
variation was as low as 2°C and as high as 22°C. Fifty-four eggs were collected from the wild and
incubated in the laboratory at one constant (28°C) and two fluctuating (28 + 3°C and 28 + 6°C)
thermal regimes. Egg mass, incubation length and hatching success (89%) were similar for the
28°C and 28 + 3°C groups, whereas the 28 + 6°C group only had a 5% hatching success, and the
incubation length was 10 d longer. Upon hatching, there was no significant difference in body
mass or straight carapace length between the 28°C and 28 + 3°C groups, and within the first eight
weeks of hatching there was no significant difference in growth rate, self-righting time, crawling
speed and swimming performance. A single survivor from the 28 + 6°C had a body mass that was
27% less compared to the other two groups and it did considerably poorer in all the performance
tests. The study findings illustrated that daily fluctuations in incubation temperature up to 6°C
had no effect upon hatchling E. macrurus phenotype, but there was a limit (12°C) by which the
extent and recurrence of these fluctuations became detrimental. These thermal regimes are not yet
apparent in the wild, but will occur within the geographical range of this species according to

climate change predictions.

Introduction

Most oviparous reptiles bury their eggs in underground chambers for incubation (Booth

2006; Deeming 2004; Deeming and Ferguson 1991). This is an evolved behavioural strategy,
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which not only protects the eggs from predation but also buffers the temperatures and hydric
regime that the clutch experiences during incubation (Miller and Dinkelacker 2008). In
freshwater turtles, research has demonstrated that shifts in mean constant incubation temperature
of only a few degrees can significantly affect the phenotype of the hatchlings, by altering
morphology, physiology and locomotor performance (Bobyn and Brooks 1994a; Bobyn and
Brooks 1994b; Booth 2000; Booth et al. 2004; Delmas et al. 2007; Du and Ji 2003; Janzen 1993,;
Micheli-Campbell et al. 2011; Roosenburg and Kelley 1996; Steyermark and Spotila 2001). In
the wild however, the eggs are rarely exposed to constant temperatures, as the females of most
freshwater species lay shallow nests where the variation in daily temperature is increased by the
proximity of the clutch to the substrate surface (Booth 2006). To date, little is known about the

effects of such thermal regimes upon the phenotype of hatchling turtles.

The majority of empirical thermal incubation studies in freshwater turtles have focused
upon species with temperature dependent sex determination (Demuth 2001; Du, Shen and Wang
2009; Les, Paitz and Bowden 2007; Schwarzkopf and Brooks 1985). These studies have shown
that daily fluctuations in incubation temperature produced a larger proportion of females when
compared to the constant treatments. Alterations in other morphological and physiological traits
were also observed and the extent of these responses varied widely between species. For
example, fluctuating incubation temperatures resulted in a smaller body mass of hatchling
Chinemys reevesii compared to those incubated at a constant temperature (Du et al. 2009).
Swimming ability and immune response were improved in Chrysemys picta and Trachemys
scripta when eggs were incubated under the fluctuating thermal regimes (Ashmore and Janzen
2003; Les et al. 2007; Les, Paitz and Bowden 2009), whereas other species showed no significant
alterations in hatchling performance between constant and fluctuating incubation temperatures
(Du et al. 2009). Consequently, in species with temperature dependent sex determination it is
inconclusive to determine whether the differences in hatching phenotype occur as a direct
consequence of the thermal fluctuation, or whether these differences result from inherent

variation between the sexes.

The aim of the present study was to compare the effects of constant and fluctuating
incubation temperatures upon the morphology, locomotor performance and growth rate of a
species of freshwater turtle (Elusor macrurus) whose sex is not determined by temperature
(Georges and Mclnnes 1998). Elusor macrurus (Mary River turtle) lays rigid-shelled eggs in

shallow nests (~ 20 cm depth) on steep sandy banks with no vegetation cover, and nesting events
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typically occur between late-spring (October) and early-summer (December; Cann and Legler
1994). Because of these characteristics we predicted that the E. macrurus eggs would experience
large daily temperature fluctuations in the wild. We assessed the extent of these daily temperature
fluctuations, and then through controlled laboratory manipulations, determined the influence of
fluctuating incubation temperatures upon the hatchling phenotype. We hypothesised that
hatchlings incubated under thermal regimes most similar to conditions experienced by the eggs in

the wild would show improved performance over hatchlings that were not.

Material and Methods
Nest temperatures in the wild

Elusor macrurus nests were located the morning following a night of heavy rainfall. The
newly formed eggs were exposed by hand and a temperature data-logger (2 cm diameter, Hobos®
TidBit®, USA) was placed adjacent to the clutch at a depth corresponding to the middle of the
nest chamber. Each data-logger was programmed to record the temperature every 40 min. The
sand was then replaced and the clutch covered to the original depth. The temperature logger was
recovered once the hatchlings had exited the nest. Data were obtained for 16 nests laid in four
separate river banks within an approximately 30 km stretch of river during the 2009/2010 nesting

season.
Egg incubation and hatchling morphology

Fifty-four Elusor macrurus eggs, collected from four different clutches, were transported
to The University of Queensland. In the laboratory they were randomly distributed into three
containers (one per experimental treatment, each containing 4-5 eggs from each clutch), which
were filled with wet sandy soil collected from the nesting site. Each container was placed into a
controlled temperature incubator (I-36VVLC9 Intellus Ultra, Percival Scientific Inc., USA), these
were programmed to a constant (28°C) and two fluctuating temperature treatments (28 + 3°C and
28 + 6°C; 24 h cycles). A temperature logger (Hobos® TidBit®, USA) was placed inside each
incubator (beside the eggs) to record and monitor incubation temperature regime (Figure 4.1). In

order to maintain near constant water potential, the sand surrounding the eggs were sprinkled
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with 3 ml of water every 48 h throughout the entire incubation period. The eggs were checked in

a weekly basis (for the presence of blood vessels) and weighed every 14 days.
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Figure 4.1: Programmed temperature profile (recorded by data loggers) experienced by E.
macrurus eggs (n = 18) in the laboratory after being collected from the wild (solid lines = 28°C; dotted
lines = 28 £ 3°C; dashed lines = 28 + 6°C).

Twenty-four hours after hatching the turtles were removed from the incubators and each

group placed into a separate tank containing gravel, shelters, basking platforms and water at 20

cm depth. The holding tanks were kept in an outdoor facility under ambient conditions similar to

that experienced in the wild. Temperature loggers placed inside each holding tank (Hobos®

TidBit®, USA) showed that water and air temperatures varied between 20°C and 28°C but were

similar across all holding tanks. The hatchlings were fed three times a week a commercial turtle

pellet diet and pre-frozen bloodworms. The same amount of food was delivered to each tank and

it was ensured that all the food was consumed.
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Straight carapace length (SCL) was measured with electronic callipers and body mass
recorded with electronic scales upon hatching (tp) and every 14 d thereafter until day 56 (t).
Growth rate (GR, g/d) was the same between measurement periods, so a single growth rate was
calculated for the 56 d growth period using the equation:

. [mass, |- |mass, |
B t—t,

Crawling speed

After hatching, turtles were kept in the incubators for 24 h and after this period they had
small spots painted on different areas of their carapaces with non-toxic whiteout for
identification. Prior to being placed into their respective holding tanks, hatchlings were placed
onto the centre of a hard surface, 50 cm diameter arena covered with sand. Hatchlings (28°C; 28
+ 3°C; 28 * 6°C) were placed in the arena in groups of two and covered with a dark box for 5
min. The box was then removed, and locomotion time was assessed as the time that the
hatchlings started to move to the moment that they reached the edge of the arena. Each hatchling
was tested twice, with an hour interval between trials, ambient temperature was constant (26 +

0.5°C). Crawling speed was determined by the distance covered by the hatchling divided by time.
Righting Response

The “self-righting time” is defined as the time from when the hatchling first moved until
the moment it righted itself after being placed upside down on its carapace (Delmas et al. 2007).
A 10 | plastic container was fabric lined (covering asymmetries on the surface), partitioned into
eight cells of equal size (L 11 x W 11 x H 10.3 cm) and at seven days of age a single hatchling
was placed into each cell (eight hatchlings per trial). Hatchlings were positioned in the centre of
the cells, which were ~ 13-times larger than the hatchlings in order to avoid their contact with the
walls. The ambient temperature was maintained constant (26 £ 0.5°C) for the entire duration of
the experiment. Hatchlings (28°C; 28 + 3°C; 28 £ 6°C) were fasted for 24 h prior to
experimentation and placed inside the cells 45 min prior to each trial. Each hatchling performed
three self-righting events per trial. The righting events were recorded by a digital video camera
(Sony DCR-HC52, North Ryde, NSW, Australia) and the self-righting time determined by
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analysis of recorded images. When turtles did not attempt to self-right within 30 min of being

placed on their carapaces, the trail was abandoned and accounted as not-attempted.
Swimming performance

Swimming performance was assessed when the hatchlings were four weeks old (28°C; 28
+ 3°C; 28 + 6°C). Hatchlings were swum individually in a glass aquarium (41 x 26 x 35 cm) at
constant temperature (26 + 0.5°C). Swimming force was measured using a force transducer
(MLTO10, ADInstruments) attached to the turtle with a monofilament nylon line and Velcro
patch (see details Burgess, Booth and Lanyon 2006). Before each trial the force transducer was
calibrated by suspending a known mass in the vertical plane and force was sampled at a
frequency of 100 Hz (Power Lab 2/20 connected to a ML110 Bridge amplifier; see Micheli-
Campbell et al. 2011). To ensure that the post-feeding duration was equal for all turtles,
swimming trials were always undertaken 18 - 21 h after a feeding event. Swimming trials were
performed between 9:00 am and 12:00 pm. The following variables were measured: (i) mean
stroke force: mean force recorded for each consecutive 30 s period over a 10 min recording
period; (ii) total time spent swimming during the 10 min recording period; (iii) stroke frequency:

determined by averaging the number of force peaks per second within each swimming event.
Statistical analysis

Multiple analyses of variance (MANOVA) were used to analyse egg mass, while a t-test
was performed to analyse straight carapace length, body mass and growth rate data. The F-test
was used to denote a significant difference between the means. Data obtained from the one
individual incubated at 28 + 6°C were not included into the analysis. All data are presented as

mean * SE, and a difference between groups was deemed significant if P < 0.05 (Statistical0).

Mixed model ANOVA was used for the analyses of the self-righting time, crawling speed,
and swimming stroke frequency and force. Body mass was accounted as covariate for the tests,
and time was incorporated as covariate for the stroke force data. Turtle ID was included as a
random factor because the measurements were taken repeatedly from the same individuals. The
effects of incubation temperature upon time swimming were tested using general linear model

(ANCOVA) incorporating body mass as covariate.
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Results
Thermal profiles of Elusor macrurus nests in the wild

The temperature data collected from sixteen Elusor macrurus nests showed considerable
temperature variation within nests throughout the three month nesting season (October to
December, Figure 4.2a). Throughout the incubation period the daily nest temperature showed a
gradual increase from ~ 26°C to ~ 30°C (Figure 4.2a), with an overall average temperature for all
the nests during this period of 28.5°C. The fluctuation in daily temperature experienced by the
eggs in the wild ranged from 2°C to 22°C (Figure 4.2b); 40% of the measurement days exhibited a
daily fluctuation between 4°C and 6°C, 30% between 7°C and 11°C, and 4% between 12°C and
22°C. Over a 24 h daily cycle the temperature profile was similar for all nests — with the coolest
time of the day occurring around 08:00 and the warmest around 16:00. The 90" percentile
showed that for each hour over the 24 h period temperature varied by ~ 6°C throughout
incubation (Figure 4.2c). The inter-nest median temperature throughout the incubation period
ranged between 26°C and 30°C, and the overall incubation temperature range also varied between
nests (Figure 4.2d).
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Figure 4.2: Thermal profile of E. macrurus nests in the wild (n = 16). (a) Overall data collected

from October to December during nesting season showing the temperatures experienced by 16 E.

macrurus nests in the wild (16 data points for each 40 minute interval throughout the incubation period;

solid line represents the trend line); (b) Frequency distribution of the daily variation experienced by the

nests (bars height and error bars indicate the mean + SE); (c) Box-and-whisker plot of the daily

temperature profile data experienced by the nests; (d) Box-and-whisker plot of temperature data recorded

from each nest during the incubation period.
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Egg incubation and hatchling morphology

Elusor macrurus eggs initially placed into the different incubation regimes were of similar
mass (n = 54; 8.82 + 0.09 g, F251) = 1.05, P = 0.36), with egg mass remaining similar throughout
the entire incubation period for eggs incubated at 28°C and 28 + 3°C. The eggs incubated at 28 +
6°C however, had a significantly reduced mass from the second week of development (Figure 4.3,
Fe, 51 > 6.24, P < 0.01). In this group, the embryos died at different developmental stages
throughout the incubation period, with only 4 hatchlings breaking the egg shell and only one
hatchling (5%) survived beyond 24 h (Table 4.1). Both constant (28°C) and lower fluctuating (28
+ 3°C) thermal regimes had the same hatching success (89 %), and the hatchlings had a similar
mean body mass (F, s0) = 2.25, P = 0.12), straight carapace length (F, 30 = 2.60, P = 0.07) and
post-hatch growth rate (F, 30 = 2.24, P = 0.12, Table 4.1). Because only one individual hatched
from the 28 + 6°C treatment group, it was not possible to perform statistical analyses with these
data, however this hatchling had a smaller body mass, straight carapace length and post-hatch
growth rate in relation to the other hatchlings incubated at the other two thermal regimes (Table
4.1).
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Figure 4.3: Mass during development of E. macrurus eggs (n = 18) during incubation in the
laboratory. Symbols and error bars indicate the mean + SE (solid lines = 28°C; dotted lines = 28 + 3°C;
dashed lines = 28 + 6°C), and (*) indicates statistical differences (P < 0.05).
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Table 4.1: Summary data from eggs (n = 18) and hatchling Elusor macrurus incubated in
captivity at three thermal regimes: 28°C constant, 28 + 3°C and 28 + 6°C. The straight carapace length
(SCL) and body mass data are upon hatching.

Incubation temperature 28°C (n = 16) 28 £ 3°C (n=16) 28+6°C (=1)
Incubation length (days) 56 + 0.2 (55 - 58) 57 £ 0.2 (55 - 59) 66
Hatching success 89% 89% 5%

SCL (mm) 324+0.2(31.1-33.3) 32.1+0.3(30.1-33.8) 276
Body mass (g) 7.2+0.1(6.7-8.1) 7.3+0.1(6.4-8.1) 5.3

Growth rate (g/day; over
56 days)

0.15+0.01 0.15+0.1 0.19

Crawling speed

After removal of the darkened box the turtles typically stayed stationary for ~ 3-4 s and
then started to crawl. Fortunately for measurement, all turtle movements occurred in a straight
line towards the edges of the experimental arena. There was no difference (F,30) = 1.18, P =
0.84) in the crawling speed exhibited by 1-day-old hatchlings from constant (28°C) and
fluctuating (28 + 3°C) temperature treatment groups (Table 4.2). The one hatchling that survived
from the group incubated at 28 + 6°C failed to crawl when tested.

Righting Response
There was no statistical difference in self-righting time between the constant (28°C) and
fluctuating (28 + 3°C) experimental groups (Table 4.2, F(1 30 = 2.51, P = 0.12). The only survivor

from the 28 + 6°C group was the only individual that did not attempt to right itself within the

maximum trial time (30 min).
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Swimming performance

During the first few seconds after being placed in the water, the hatchlings exerted their
highest stroke force, which declined sharply over the first 120 s, followed by a gradual decline
throughout the rest of the trial period (Figure 4.4). Both time (F 633 = 713.2, P < 0.01) and body
mass (Fa30 = 11.24, P < 0.01) had significant effects upon the stroke force exerted by the
hatchlings, which was not however, influenced by incubation thermal regime (Figure 4.4, F130) =
0.08, P = 0.77). Both groups achieved similar maximum stroke force during the first 30 s (28°C
group = 121.0 mN; 28 £ 3°C group = 123.4 mN), and both groups had a similar decline in
swimming force, with stroke force decreasing to approximately 50 mN after 4.5 min (Figure 4.4).
Stroke frequency during swimming was not affected by incubation thermal regime (Table 4.2,
F,30 = 0.44, P = 0.51), but was significantly affected by body mass (F 30 = 11.10, P < 0.01).
The length of time that the hatchlings spent swimming during trials was not affected by body
mass (Table 4.2, F1,30 = 1.94, P = 0.17) or incubation thermal regime (Table 4.2, F(1 30 = 0.95, P
=0.34).

The one survivor from the 28 + 6°C group had a similar swimming pattern; exerting its
maximum stroke force during the first 30 s of the trial, followed by a period when such stroke
force decreases substantially, until the last phase when the stroke force was maintained at a
constant level (Figure 4.4). However, the hatchling maximum stroke force was only 69.9 mN, and
its constant stroke force was approximately 30 mN (Figure 4.4). This hatchling spent 268.3 s
swimming, which was about half the time spent swimming in comparison to the hatchlings from
the other incubation regimes, but its stroke frequency of 31.1 Hz was greater than that exhibited

by the hatchlings from the other two experimental groups (Table 4.2).
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Figure 4.4: Mean stroke force (mN) generated every 30 s over a 10 min trial period by hatchling

E. macrurus incubated at three thermal regimes: one constant (28°C, n = 16) and two fluctuating (28 +
3°C, n=16; 28 £ 6°C, n = 1). Symbols and error bars indicate the mean + SE (P > 0.05).

Table 4.2: Summary data from performance experiments upon hatchlings E. macrurus. Data are
mean + SE (P > 0.05).

Incubation temperature 28°C(n=16) 28+3°C(n=16) 28+6°C(n=1)
Crawling speed (cm/s) 23+0.2 22%0.2 --
Righting response (self-righting time; s) 27.8+6.5 38.0+9.1 --
Swimming performance (time swimming; s) 448.1+32.8 470.7 £ 155 268.3
Swimming performance (stroke frequency; Hz) 23.9+05 265+£05 311



Discussion

The present study examined the temperature profiles of Elusor macrurus nests in the wild,
and experimentally incubated eggs in thermal regimes that mimicked those experienced in natural
nests. The extent of the daily temperature fluctuations varied across the entire nesting season and
between nests, with mean temperature for all the nests varying by approximately 4°C throughout
the nesting season. Approximately 66% of measured days showed a daily fluctuation in
temperature of between 2°C and 6°C with higher daily temperature fluctuations only being
experienced occasionally. Under controlled laboratory conditions, E. macrurus eggs incubated at
a constant mean temperature of 28°C showed no significant difference in hatchling phenotype
from those incubated at the same mean temperature but under a daily fluctuation of 6°C. A
previous study showed that an increase in the mean constant incubation temperature from 29°C to
32°C was detrimental to hatchlings of this species of turtle (Micheli-Campbell et al. 2011). A
limitation of this study was however, that the eggs were incubated at constant thermal regimes
that did not reflect the natural thermal variability experienced by eggs incubating in natural nests.
The present study addresses this limitation by demonstrating that environmentally realistic
fluctuations in daily nest temperatures are not as significant in influencing hatchling phenotype as

absolute differences in the mean temperature (Micheli-Campbell et al. 2011).

A constant thermal regime of 32°C during incubation significantly reduced the growth
rate, self-righting time and swimming performance of hatchling E. macrurus, as well as
detrimentally affecting their morphology (smaller individuals; Micheli-Campbell et al. 2011).
The results of the present study have shown that a fluctuating incubation thermal regime, which
attained temperatures of up to 31°C for a short-period each day throughout the entire incubation
period, did not influence the phenotype of hatchling E. macrurus. However, this absence of effect
only occurred within a certain temperature range and the incubation of hatchling E. macrurus
under a 12°C daily fluctuation thermal regime, with temperatures reaching 34°C for a short period
each day, was lethal for 95% of the embryos, and phenotypically detrimental for those that
hatched.

The eggs that were exposed to a 12°C daily temperature fluctuation did not gain weight to
the same magnitude as the eggs from the other experimental groups. This pattern occurred from
early stages of the developmental period and illustrated that the embryos exposed to a 12°C daily

fluctuating temperature were converting the yolk material into tissue at a lower rate in
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comparison to the other experimental groups. Yolk consumption was not directly measured, but
the eggs were checked on a weekly basis for the presence of blood vessels and weighed
fortnightly. These measurements confirmed that the eggs were not dead, although they were not
gaining weight at the same rate as the groups exposed to a reduced fluctuation in daily
temperatures. Only four hatchlings from this group broke through the egg shell under their own
volition, but only one was sufficiently strong to complete the process and survive. The timeline of
embryo development has not been described for E. macrurus. However for the freshwater turtle
Chelydra serpentina, after two weeks of development the embryos have a notochord and at least
fourteen pairs of somites, and the tails is beginning to take shape. The neural folds, forming the
cranial structure, are completely fused by the 12™ day of the development, and the embryo has a
partially developed heart (Yntema 1968). This phase in the development of the nervous and
circulatory systems is likely to result in the embryos being highly sensitive to external thermal
conditions (see Deeming and Ferguson 1991). Studies of oviparous reptile embryogenesis have
shown that excessively elevated or reduced incubation temperatures during embryo development
cause abnormalities of the central nervous system and vertebral column, disrupt development of
the hypothalamus, and alter yolk absorption. In most cases, high embryo mortality results
(Birchard and Reiber 1996; Burger, Zappalorti and Gochfeld 1987; Deeming and Ferguson 1988;
Deeming and Ferguson 1989; Ferguson 1985; Vinegar 1973; Vinegar 1974; Webb et al. 1983;
Yntema 1960). Therefore, a large number of developmental variables may be detrimentally
affected by temperature during the egg incubation period in reptiles. In the present study, defining
which embryogenesis stage and/or morphological structures were responsible for the high
mortality in the 28 + 6°C group was inconclusive. The embryos died across a range of
developmental stages and it was not possible to define which mechanisms were responsible for
the malformations and developmental abnormalities observed for E. macrurus embryos exposed

to 12°C daily temperature fluctuation.

Data collected from nests in the wild showed that E. macrurus eggs were exposed to daily
fluctuations in temperature of 12°C and above for ~ 4% of the time. However, such variations
were not experienced by the embryos on a regular basis during the developmental period. The
median nest temperatures recorded here combined with findings from a previous study (Micheli-
Campbell et al. 2011) strongly suggest that E. macrurus eggs in the wild are being exposed to
median temperatures approaching the upper thermal threshold for the species. Occasionally, E.
macrurus nests have been found where the whole clutch has not developed, and more regularly

where a few eggs from the clutch do not develop (Micheli-Campbell, personal observation).

m ”



Although this study suggests that elevated temperatures during incubation may be responsible for
some of the mortality of embryos, monitoring of nests temperature and hatching success over
multiple years is required to confirm this hypothesis. The urgency for this data is highlighted by
the 23 Global Climate Models (IPCC 2007), which predicted a twelve-fold increase in the
number of days reaching temperatures above 35°C over the next 60 years in the Mary River
catchment (Queensland Government, 2009). This scenario may result in increases of both mean
and daily fluctuations in ambient temperature. The E. macrurus population has crashed from that
of only a few decades ago (Flakus 2002) and the species is currently listed as endangered (IUCN
2011). As a consequence of the low population the gene pool of the species has a limited capacity
to respond to environmental shifts. Moreover, the population is geographically restricted to the
Mary River catchment and therefore unable to relocate to a more optimal environment if
conditions become unfavourable. Based on the findings of the present study, we argue that the
recruitment of hatchling E. macrurus into the wild may be compromised due to greater
fluctuations in the daily thermal regime during incubation, as well as increases in the average
temperature (as shown by Micheli-Campbell et al. 2011). These effects may be especially
pronounced if the embryos experience these conditions at the beginning of the developmental

period.
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CHAPTER 5

Characterising and locating critical habitat for riverine animals: A case study

on juvenile freshwater turtles.

Abstract

Tropical rivers are complex and dynamic ecosystems. The identification and
characterisation of critical habitat for animals inhabiting these ecosystems is challenging, and this
is augmented for threatened species existing at low population densities. Here we used
miniaturised telemetry devices and a presence-only predictive model to identify the
characteristics of habitat selected by juveniles of the endangered Mary River turtle (Elusor
macrurus). Due to the difficulties in capturing juvenile turtles from the wild, it was necessary to
collect the eggs, incubate and head-start the young turtles. Juveniles were fitted with either a
miniaturised VHF-radio (5 months of age, n = 6) or an acoustic transmitter (16 months of age, n
= 10), and each was located weekly for a 21 day period. Each turtle was located to within less
than one meter and depth, surface water flow measurements taken. The data populated a
presence-only predictive model (Ecological Niche Factor Analysis with Mahalanobis distances)
to compare the localities selected by the turtles over the mean background environment. The
model revealed that the juvenile E. macrurus selected a very narrow range of habitat
characteristics, significantly different from the mean background environment. These were
discrete areas of shallow lotic water immediately upstream or downstream from riffle zones. In
order to assess that the model identified critical habitat locality over extended periods of time we
released a further twelve juveniles with acoustic transmitters programmed on a duty cycle to
extend transmitter longevity to nine months. These transmitters were detected by eleven
underwater static receivers placed at intervals throughout the study area. Turtle detection time by
each receiver demonstrated that there was a significant positive relationship (X°, = 7961.2; P <
0.01) between the model generated habitat-suitability score for a locality and turtle occupancy.
Extrapolation of the model habitat suitability scores throughout the main trunk of the Mary River
revealed the location of 49 discrete areas with habitat suitable for juvenile E. macrurus; none

existed in impounded sections of the river. The study demonstrates the value of integrating
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acoustic telemetry data with a presence-only predictive model to identify and characterise critical

habitat for riverine animals.

Introduction

River systems are among the most seriously threatened and modified environments on the
planet. One of the primary reasons attributed to declining stocks of riverine animals has been the
loss/alteration of critical habitat (Allan & Flecker 1993; March et al. 2003; Stickler et al. 2008;
Welch et al. 2008). In conserving habitat, resource managers often rely upon spatial explicit
models to qualify the link between a species and its environment (Huck et al., 2010; Donovan et
al., 2011). These models, such as generalised linear models (GLM), generalised additive models
(GAM), classification and regression tree analysis and artificial neural networks (ANN), use
locational records to assess the importance of particular environmental variables to a species and
can be further used to allow predictions of potentially suitable habitat throughout a species’ range
(see review Guisan & Zimmerman, 2000). Many of these models require good quality
presence/absence data in order to generate statistical functions that allow habitat suitability to be
assessed (Guisan & Zimmerman, 2000). However in situations where individuals of a species are
difficult to locate, collecting presence data of sufficiently high resolution, accuracy and
abundance is logistically challenging, and accounting for true absences is often inadequate or
unavailable (Hirzel et al., 2002).This is a common issue in freshwater systems due to water
turbidity, underwater refuges and because habitat type can change over a relatively fine-spatial

scale.

Ecological Niche Factor Analysis (ENFA) is a multivariate approach that uses presence
only data to examine habitat preferences without the requirement of absence data (Hirzel et al.,
2002). The model searches for directions in ecological space to: 1) extract the difference between
the habitat characteristics used by the species and those available throughout the study area, and
2) determine the ratio between the variance of available habitats within the study area and those
occupied by the species. ENFA is frequently employed to identify critical habitat for a range of
terrestrial and marine animals (insects: e.g., Gallego et al., 2004; corals: e.g., Tittensor et al.,
2009; crustacean: e.g., Galparsoro et al., 2009; birds: e.g., Hirzel et al., 2004; fish: e.g., Monk et
al., 2011; mammals: e.g., Dettki, Lofstrand & Edenius, 2003), but, as far as we are aware, has

never been used to identify critical habitat for riverine species. This seems incongruous because
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of the urgent need for such information, but is likely due to the challenges associated with
surveying riverine species at a sufficiently fine spatial scale to populate the ENFA model

adequately.

Recent advancements in underwater acoustic telemetry have enabled continual monitoring
of the presence of aquatic animals (Heupel et al., 2008, Greene et al., 2009). This technology
consists of implantable sonic transmitters that can be detected by either mobile boat-mounted
hydrophones (active acoustic telemetry) or static underwater listening stations (passive acoustic
telemetry). The method of active tracking enables animal location within a meter of resolution,
whilst fixed underwater receivers can locate the tagged animals continuously over long periods of
time but a broader spatial scale. The miniaturisation of the transmitters, to only a few grams, now
offers the opportunity to record site occupancy of small-bodied animals over extended periods
(Welch, Ward & Batten, 2004; Barry et al., 2007; Stickler et al., 2008). While acoustic telemetry
has been routinely used to measure patterns in animal movement (Campbell et al., 2010; 2012),
far less attention has been given to the incorporation of these data into studies of habitat
assessment and habitat prediction. We argue that active acoustic telemetry offers the opportunity
to collect animal presence data at a sufficiently fine-sale to populate predictive distribution
models for riverine species. Moreover, by integrating the model findings with passive acoustic
telemetry data, the location of critical habitat within the river can be identified over the annual

scale.

There are over 200 species of freshwater turtle in the world and 45% of these are
considered threatened (Hoffmann et al., 2010). Juvenile mortality is very high for most species of
turtle, with very few of the hatchlings attaining reproductive age (Cann, 1998). Current declines
in turtle populations have been attributed to habitat loss (Rhodin et al., 2011), and therefore,
protection or generation of areas with suitable habitat characteristics for juvenile turtles
represents an effective conservation strategy for many species of turtle. The problem however, is
that virtually nothing is known about the habitat requirements of juvenile freshwater turtles, and
we argue that biological data pertaining to the critical habitat selected by juvenile turtles is

urgently required to identify protection areas.
The aims of the present study were to develop a methodology that would enable the

identification of critical habitat at a sufficiently fine-scale and over an adequate duration to be

ecologically relevant for riverine animals. We used five steps to identify, quantify, and locate the
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habitat characteristics utilised by juveniles of the endangered freshwater turtle (Elusor macrurus):
1/ collection of eggs and head-starting in order to obtain a sufficiently large sample size; 2/
accurate assessment of selected habitat through active tracking; 3/ statistically compare the
physical characteristics of the selected localities against the background environment; 4/ assess
the relationship between the model generated habitat-suitability score and turtle occupancy over
an extended period; 5/ prediction of important localities at a sufficiently high resolution (10 m?)

to guide management practise.

Material and Methods
Study area

The study was undertaken within a 4.7 km stretch of the Mary River, QLD, Australia
(Figure 5.1). The locality was selected because a high number of Elusor macrurus nests are
predictably laid within this short-section of the river. The section was composed of a sequence of
large pools (deep areas with slow water flow) and riffle zones (shallow areas of high water

velocity).
Animals

Eggs of the freshwater turtle E. macrurus were collected from four clutches within the
study area in 2009 and 2010. The eggs were returned to The University of Queensland (Brisbane,
Australia) and incubated at simulated natural conditions. After hatching, the turtles were placed
into holding tanks containing gravel, shelters, basking platforms and water at 40 cm depth. The
tanks were kept in an outdoor facility, and because the laboratory was close to the Mary River,
climatic conditions were similar to the turtle’s geographic distribution. Water and air
temperatures were monitored hourly and were similar for all holding tanks (Hobos TidBit, Onset,
Massachusetts, U.S.A.). The juvenile turtles were fed a commercial diet (Nutrafin Max, Hagen,

Montreal, Canada), blood worms and spinach.

In April 2010, miniaturised telemetry devices were attached to the juvenile E. macrurus.
These formed three cohorts; two hatched from eggs collected in 2009 (sixteen-month old, n = 22)
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and the other from 2010 (five-month old, n = 6), the formers were affixed with acoustic

transmitters, and the latter with VHF-radio transmitters.
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Figure 5.1: a) The geographical location of the study undertaken on the Mary River (QLD,
Australia). b) The river flows from the south-west to the north-east. Black circles represent the location of
the underwater listening stations (VR2WSs), and the black cross marks the release site of the juvenile
Elusor macrurus. There are four riffle zones within the study area and they are situated between the
following receivers: R1 - R2; R4 — R5; R8 — R9; and downstream from R11.

Radio telemetry

The VHF-radio transmitters (LT5, Titley Scientific, Queensland, Australia; 0.6 g in air,
0.4 g in water, with the dimensions 16 x 7 x 4 mm and a 100 x 0.4 mm antenna) and were
required to enable tracking of turtles of only five-month of age. In water, the mass of these
transmitters represented less than 2 % of the turtles’ body mass (23.9 + 0.3 g; mean + S.E.; n =
6). Each transmitter emitted VHF waves at a frequency unique to each individual and had a
projected battery life of 21 days. The transmitters were attached on the posterior left side of the
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turtles’ carapace, using a quick drying contact epoxy (UltraFix Plus, Ramset, Victoria, Australia).
The overall tagging procedure time was less than 5 min. To ensure they were swimming, feeding,
and able to right themselves, the juveniles were returned to the holding tanks and observed for
two weeks prior to release. The turtles were released within close proximity of the nest location
(Figure 5.1). Once in the river, each turtle was located three times at weekly intervals using a
directional Yagi antenna and VHF receiver (Regal 2000, Titley Scientific). Once the signal was
located, the boat was manoeuvred to be directly on top of the VHF signal and the geographic
position (Oregon 550, Garmin, Kansas, U.S.A.), surface water velocity (Marsh-McBirney) and
water depth (Eagle Marine Electronics) were recorded.

Acoustic telemetry

Twenty-two acoustic transmitters (V7, VEMCO, Halifax, Nova Scotia, Canada) were
attached to the marginal scutes of sixteen-month old E. macrurus. In water, these transmitters (L
20 x D 7 mm; 1.6 g in air; 0.7 g in water) weighed less than 1 % of the turtle’s body mass at this
age (86.8 £ 5.1 g; mean + S.E.; n = 22). To attach the transmitters, a 2.5 mm diameter hole was
drilled vertically through one of the posterior marginal scutes of the carapace. The transmitter
was secured onto the carapace with a sterilised plastic nut and bolt (1.5 mm). The turtles were
returned to the holding tank for at least 14 days observation prior to release into the river, in close

proximity to the nesting banks.

The transmitters emitted a sonic pulse every 60 s encoded with a unique ID number and
had a projected battery life of up to 9 months. These animals were divided in two cohorts: 1/ ten
turtles were attached with transmitters programmed to emit the acoustic pulses continuously, and
the location of each of these was determined three times at weekly intervals. Their location was
pinpointed to less than one meter resolution using a directional hydrophone and receiver (VR
100, VEMCO), and the river physical characteristics recorded. 2/ The second cohort of twelve
turtles were attached with transmitters duty-cycled to transmit for only 20 min every 6 h. This
extended the battery life of the transmitters to nine months. The acoustic transmissions from these
animals were detected by an array of static underwater receivers (n = 11, VR2W, VEMCO). This
later cohort was released into the river posteriorly to the 21 days of active radio and acoustic
tracking. Receivers were deployed throughout 2.5 km both upstream and downstream from the
release site, which provided long-term and continuous monitoring of these turtles over 9 months

from their release (Figure 5.1b). The receivers were deployed in a formation so that the middle

m i



section of each pool, plus the areas upstream and downstream from riffle zones, were within
detection fields. Each receiver was secured to a concrete anchor (15 kg) and moored to a tree on
the river bank by a 6 mm multi-strand stainless steel cable. The detection range of each receiver
was determined before the release of the animals, by towing an activated transmitter in a pre-
determined pattern away from each receiver, and then comparing the received and missing
detections with the boat’s location. The detection radius of each receiver was approximately 50
(100) m. The passive acoustic telemetry lacked the precision of active tracking in determining
turtle location, but provided the advantage of continuous monitoring over long-periods of time.
The outer most receivers of the array effectively gated the river, and demonstrated that none of

the tagged turtles past up or downstream of the study area during the nine months.
Data analysis

To characterise the study area, water depth (Eagle Marine Electronics) and surface water
velocity (Hach) were recorded from a 100 randomised locations on the river. The selection of
these geographical locations were randomly generated using the ‘splancs’ library in R
(Rowlingson & Diggle, 1993; R Development Core Team 2011). These data were combined with
the water depth and velocity data for each turtle selected location. The Kriging function in
ArcGIS 10 (ESRI) was then used to create smoothed surface maps for these variables throughout
the study area (raster resolution: 10 m?). The centre point of each riffle zone was recorded at its
narrowest width and smoothed surface maps were also created for distance to riffle zones and

river margins.

The smooth surface maps were used to calculate the ecogeographical variables (EGVs),
which quantitatively described the water depth, surface water velocity, distance to riffle zones
and distance to river margins for each 10 m? raster cell of the study area. These environmental
raster datasets and the environmental data from the localities selected by the turtles were
uploaded into an Ecological Niche Factor Analysis (ENFA), by utilising the “adehabitatHS”
library of functions (Calenge, 2006) in the R programming language. ENFA described the
environmental niche of a species by utilising the marginality (the absolute difference between the
mean EGVs of the study area and that of the turtles’ selected locations) and the specialisation
indices (the variability of turtles selected EGVs relative to the overall range of EGVs within the
study area; Hirzel et al. 2002). Marginality and specialisation values close to zero indicated little

or no preference, whilst values close to -1 or 1 indicated a high preference for particular habitats
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within the study area. Essentially, ENFA compares the distribution of the animal’s presence data
(i.e. preference) with the distribution of values in the whole study area. The Monte-Carlo test was
used to assess the significance of the marginality and specialisation results from the ENFA
(Basille et al., 2008). This analysis minimises multicollinearity and redundancy by extracting the
relevant ecological information from a set of environmental variables (Hirzel et al., 2002). The
variable ‘depth’ was not normally distributed, as showed by the standard kurtosis test. The
variable data were therefore normalized through the ‘box-cox’ algorithm (Sokal & Rohlf 1981).
The habitat suitability map was computed by utilising the squared Mahalanobis distances (i.e. the
multivariate distances between the mean niche of the study species and the habitat components at

each mapped location; Calenge et al., 2008).

Acoustic detection data collected by static receivers were used to determine model
accuracy over an extended period of time (9 months). A total of 1,670 detections were logged
from twelve juvenile E. macrurus. The data downloaded from the eleven static underwater
receivers were arranged into a single data matrix. This matrix was then subjected to a procedural
event log analysis, in order to extract and summarize turtle residence time within the detection
range of each receiver, executed in the V-Track R package (Dwyer et al., 2012). A turtle was
considered to reside at a single receiver if detected was detected on consecutive transmitter 6 h

duty-cycles.

The habitat suitability model performance generated using the short-term active tracking
data was tested for an extended period of time using the data obtained by the static underwater
receivers. Performance was assessed using a Poisson generalised mixed model (GzLMM), with
habitat suitability score implemented as a fixed effect, residence time as the response variable,
and turtle ID as a random effect. In addition, turtle occupancy time within the detection range of
each receiver was compared against a randomised distribution within these detection areas using
the Area Under the Curve (AUC) metric, in the ‘ROC’ library of functions in R (Sing et al.,
2009). The AUC score ranges from 0.5 to 1.0. Values close to 0.5 indicate an assignment no
better than random, whilst the closer the values to the theoretical maximum of 1.0 the better the

predictive model.

The models habitat suitability score was then applied to the entire main trunk of the Mary

River based upon the variables ‘water depth’ and ‘surface water velocity’(data collected by
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kayaking the river and taking depth and water flow measurements) to reveal areas that contain

suitable environmental variables to possess critical habitat for the juvenile E. macrurus.

Results

The study area was composed of three pools of varying size (400 - 1800 m length) and
four riffle zones (Figure 5.2). The pools were characterised by deep (3 - 6 m) slow flowing (~ 0.2
m.s') water, whilst the water within the riffle zones was shallow (0.5 - 1 m depth), and attained
up to 1.5 m.s™. In the immediate upstream and downstream areas of the riffle zones there were
patches of “slack” or “back” water (0 to -0.5 m.s™). These areas were shallower (0.5 - 2 m depth)
than the rest of the pool, but were characterised by very slow moving water (< 0.2 m.s™). The
river width was never greater than 120 m throughout the study area, with the narrowest points
located within the riffle zones (15 - 20 m length).
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Figure 5.2: Study area profile and environmental data obtained from the tracking of juvenile
Elusor macrurus. The four maps display the ecogeographical variables (EVGSs) throughout study area (a -
depth; b - surface water velocity; ¢ - distance to riffle zones; d - distance to river margin). Inset graphs
show the frequency distribution of the respective EVG recorded by radio (dark bars; n = 6; mean = S.E.)
and acoustic tracking (white bars; n = 10; mean + S.E.) of juvenile E. macrurus. The black lines in the
graphs represent the respective mean EVG for the entire study area.
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The six hatchling and ten juvenile Elusor macrurus attached with VHF-radio and acoustic
transmitters, respectively, were released into the Mary River, each was located three times at
weekly intervals. After this time, all turtles were present and moving, and therefore presumed to
alive. Out of the twelve individuals released with acoustic transmitters programmed to duty cycle
to prolong tag longevity, only five individuals were still located within the study area after 9
months. No transmitters were detected by active tracking beyond the limits of the study area.
Additionally, there were no detections recorded by the listening station R1, which was deployed
at the upstream end of the study area. Within a few days of release, most turtles moved to the
vicinities of the two riffle zones closest to the release site. Six turtles were consistently detected
at these localities throughout the 9-month passive acoustic monitoring period. The further six
juveniles crossed the riffle zones immediately upstream and downstream from the release site two
to four months post-release. One of those turtles travelled 2.5 km to the upstream area of the
subsequent downstream riffle zone, remaining there for the duration of the study. One juvenile
was detected 1.8 km upstream from the release site six months post-release, and remained within

close proximity of the furthest upstream riffle zone.
Ecological Niche Factor Analysis

A total of 18 location fixes were identified by radio tracking and 30 fixes were obtained
by active acoustic telemetry. ENFA was performed utilising the four measured variables
collected randomly throughout the study area and the environmental data gathered every time a
turtle was located (water depth, surface water flow, distance to the riffle zones, distance to river
margins; Table 5.1). The analysis produced a global marginality score of 3.2, demonstrating that
the EGVs at the locations selected by the juvenile E. macrurus were significantly different from
those that would be selected by random; and a specialisation eigenvalue of 10.3, illustrating that
the EGV variance within the available habitat was 10-times higher than the variance within the
EGVs selected by the turtles. Additional Monte-Carlo test confirmed that the EGV’s selected by
the turtles were significantly different from computer generated random distributions (P = 0.014).
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Table 5.1: Contribution of the four ecogeographical variables (EGVs) to the Marginality and
Specialisation factors calculated used Environmental Niche Factor Analysis (ENFA) for the actively
tracked juvenile Elusor macrurus. Marginality ranges from -1 to 1; negative values indicate lower values
of EGVs to those found throughout the study area. Specialisation ranges from 0 to 1; the higher the
specialisation coefficient the narrower the EGV range in which the juvenile turtles were located.

EGVs Marginality factor (3.2) Specialisation factor (10.3)
Depth -0.790 0.135
Surface water velocity -0.212 0.801
Distance to riffle zone -0.427 0.577
Distance to river margin -0.383 0.078

The five-month old E. macrurus were primarily located in water less than 1 m depth, and
the sixteen-month old E. macrurus were primarily located in water between 1 and 2 m depth
(Figure 5.2a). The ENFA marginality factor for depth (Table 5.1) confirmed that juvenile E.
macrurus selected shallower locations than the mean depth found throughout the river channel.
The specialisation score for water depth was close to zero, showing the level of variability within
the depths selected by the turtles was high compared to the variability within the environment.
The tagged turtles selected locations with a narrow range for surface water velocity (between 0 -
0.6 m.s™) and this was similar to the mean surface water flow throughout the study area (Figure
5.2b). This resulted in a marginality factor close to zero and a high specialisation factor for
surface water velocity (Table 5.1). The maximum distance that could be attained from a riffle zone
within the study area was 900 m, but turtles were not ever located further than 400 m from a riffle
zone (Figure 5.2¢). ENFA results confirmed that juvenile E. macrurus significantly selected areas
close to riffle zones (Table 5.1). The river within the vicinity of riffle zones is narrow in breadth,
and as a consequence, turtles were rarely further than 20 m from the river bank (Figure 5.2d).
ENFA results confirmed that the distance to river margin had a significant effect upon the niche

selection of juvenile E. macrurus (Table 5.1).
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Habitat modelling

A habitat suitability map was created to illustrate the locations throughout the study area
where juvenile E. macrurus are likely to inhabit (Figure 5.3a). These predictions are based upon
the occurrence of the four EVGs (water depth, surface water velocity, distance to riffle zones and
to river margins) at each location throughout the study area. The map illustrated that the most
suitable habitat for juvenile E. macrurus were marginal areas within the immediate upstream or
downstream vicinities from the riffle zones. These areas were shallow and had a low surface
water velocity. The riffle zones themselves, which are characterised by fast flowing water, were
not selected as suitable habitat for juvenile E. macrurus by the model. The mid-regions of the
river trunk and localities far from riffle zones were not deemed suitable habitat, presumably
because the water depth was greater than 3 m in these areas. The model significantly predict
turtle location, based upon the acoustic telemetry data (AUC = 0.66).

An array of static underwater acoustic receivers continually listened for the signal from
twelve tagged turtles throughout the study area for nine months post-release. This cohort of
acoustic-tagged turtles spent a disproportionate amount of time between the detection ranges of
individual receivers (Figure 5.3b). A habitat suitability score was calculated for the detection area
of each receiver, and there was a significant relationship between suitable habitat and turtle
residence time (X% = 7961.2; P < 0.01). The passive acoustic telemetry data also showed that
juvenile E. macrurus exhibited a high site-fidelity to the areas where they were located by active
tracking and they did not travel beyond the limits of the study area (Figure 5.4).
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Figure 5.3: a) Habitat suitability (HS) map based upon the squared Mahalanobis distances
between the habitat selected by actively tracked hatchling and juvenile Elusor macrurus (n = 6 with radio
transmitters; n = 10 with acoustic transmitters) and the available habitats within the study area. The map is
a spatial representation of habitat suitability values (0 — 1) for every 10 m? cell in the study area. The
darker shading areas in the map represent the most suitable habitat for juvenile E. macrurus. Riffle zone
locations are indicated by black arrows; b) Frequency distribution of the residence time spent by juvenile
E. macrurus (n = 12) within the reception range of each passive acoustic listening station. Inset table

shows the mean habitat suitability score within the detection range of each acoustic receiver.
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Figure 5.4: The residence time of juvenile Elusor macrurus (n = 12) within the detection range of

each passive acoustic listening station (VR2W, n = 11). The four riffle zones are situated between R1 —
R2; R4 — R5; R8 — R9; and downstream from R11.

Extrapolation of suitable habitat for juvenile E. macrurus throughout the main trunk of the
Mary River, based upon surface water velocity and water depth, revealed 49 discrete locations
(Figure 5.5). These areas were distributed throughout the length of the river, but two stretches
lacked suitable habitat: a ~ 15 km section near the town of Gympie, and a ~ 24 km area upstream

from the river barrage. These areas were not selected because there was not shallow slow flowing
water in the immediate proximity of riffle zones.
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Figure 5.5: Mary River catchment (QLD, Australia). Black squares indicate proposed suitable
habitat for juvenile Elusor macrurus, based upon ‘water depth’ and ‘surface water velocity’. The black

cross indicates the location of the tidal barrage.
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Discussion

A common issue when identifying critical habitat for hard to detect species is obtaining
sufficient data to populate the model and account for false-absences (McArdle, 1990). This is all
too apparent for animals inhabiting river systems, particularly in the tropics, where waters are
typically very turbid and flow rates vary dramatically with season. Here we were obtained
accurate recordings of habitat selected juveniles of an extremely shy and cryptic species of
freshwater turtle, which exists at a very low population density. The data were used develop a
predictive distribution model and map to illustrate the locations of critical habitat for the juvenile
turtles. Static underwater acoustic receivers demonstrated that the model’s habitat suitability
scores matched with turtle occupancy over an extended period of time. The models habitat
suitability scores were then extrapolated throughout the geographical range of the species to
demonstrate discrete areas that contain critical habitat for the juvenile Elusor macrurus.

Virtually nothing is known about the habitat requirements of juvenile E. macrurus and
they are rarely sighted in the wild. Collection of data upon the type of habitat selected by the
juvenile turtles was only possible by collecting eggs and head-starting the turtles, and then
tagging them with miniaturised telemetry devices. This generated sufficient data for the
predictive model which showed that juvenile E. macrurus selected a very narrow range of habitat
characteristics relative to the background environment. Furthermore, these habitat characteristics
were not present in human modified and impounded sections of the river. These findings
demonstrate the E. macrurus juveniles are highly specialised in their habitat requirements, and
identifies which riverine characteristics need to be conserved for the long-term viability of the

population.

We selected four ecogeographical variables (EGVs) to characterise the differences in
habitat conditions between pools and riffle zones. The nesting banks of E. macrurus are located
along the pools within the study area, and once they entered the river, hatchlings would be faced
with a choice of remaining in the pools or migrating to the riffle zones. Once released into the
pools, the turtles migrated towards the riffle zones. They did not however, inhabit the fast flowing
water, which comprised the majority of the riffle zones, but instead favoured discrete areas of
shallow slow flowing water. These areas comprised only a fraction of the riverine habitat and

were generally located along the river margins or immediately upstream or downstream from the
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riffle zones. Some juveniles selected the first suitable habitat they encountered, whilst others

travelled greater distances.

The preference shown for these localities by the juvenile E. macrurus may be explained
biologically. Turtles are not streamlined animals and have a low tolerance to sustained exercise
(Marvin & Lutterschmidt, 1997; Du, Zheng & Shu, 2006; Clark, Gordos & Franklin, 2008;
Micheli-Campbell et al., 2011; 2012), and it is therefore, likely that juvenile E. macrurus selected
slow flowing water to reduce energy expenditure whilst swimming and surfacing, avoiding
displacement from the area by the water current. Inhabiting shallow waters will have two
advantages for juvenile E. macrurus over deep water. Firstly, it would decrease energy
expenditure when surfacing to breathe, and secondly, it would reduce the time that the young
turtles would be exposed to predators. Shallow water locations have a higher partial pressure of
oxygen at the river substratum than in deep water and because E. macrurus satisfy part of their
metabolic demands through aquatic respiration, dive duration is increased at higher partial
pressures of oxygen (Clark, Gordos & Franklin, 2009). These depth and water flow extents
characterise the upstream and downstream vicinities of riffle zones and river margins, and is
likely to be the reason for the turtles’ preference for these areas. We recognise that other factors
such as substratum type and food availability may have also biased turtle preference for these
areas, and we recommend these variables be assessed in future studies and incorporated within

the habitat suitability characterisation.

The habitat suitability model demonstrated that juvenile E. macrurus selected a very
narrow range of coinciding environmental variables throughout the first two years of life. These
restricted niches are undoubtedly important for juvenile E. macrurus, but we are uncertain how
significant they are for juveniles of the other five species of turtle inhabiting the Mary River
(Chelodina expansa, Chelodina longicollis, Elseya albagula, Wollumbinia latisternum, Emydura
macquarii krefftii). Evolutionary theory (Gause’s Law) predicts that no two species have the
same ecological niche at the same time and place (Savage, 1958), and therefore, it would be
valuable to clarify to what extent the critical habitat of these other turtle species overlap with E.
macrurus. These other species have not suffered population declines to the same extent as E.
macrurus, and such information would reveal if inter-species resource competition occurs at the

early life-stages.
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Introduction of non-native predators or an increase in native predator populations may
have also played a role in the decline of E. macrurus. We expected a high level of predation
during the study, and indeed 42 % of the twelve tagged turtles monitored by passive telemetry
disappeared over the nine months. Although transmitter failure cannot be discounted, we argue
that predation was a more likely cause. The lack of any acoustic signal after repeated searches
suggested that six turtles and their attached transmitters had been removed from the water. We
suggest that the water-rat (Hydromys chrysogaster) and white-bellied sea-eagle (Haliaeetus
leucogaster) were likely predators, because freshwater turtles are known to be part of their diet
(Woollard, Vestjens & MacLean, 1978; Woodall, 1982; Olsen, Fuentes & Rose, 2006) and these
animals were regularly sighted foraging within the study area (Micheli-Campbell, personal
observation). In addition, between seven and eight months post-release the movements of two
turtles were observed to suddenly increase, shifting from daily movements of less than 50 m to
over 8 km. This rate of movement is improbable for a juvenile freshwater turtle and is more
typical of a predatory fish. This data was therefore, not used in the AUC analysis. There are a
number of native and introduced predatory fish species inhabiting the Mary River that possess the
anatomical features to predate juvenile E. macrurus, such as the Australian bass (Maquaria
novemaculatea), freshwater eel (Anguilla reinhardtii), Mary River cod (Maccullochella peelii
mariensis), fork-tailed catfish (Arius graeffei), saratoga (Scleropages leichardti) and sooty
grunter (Hephaestus fuliginosus). The current study presents limited data pertaining to the
predation of juvenile E. macrurus, and further investigation is required to elucidate the
significance of predators upon the declining population.

The findings of the present study contribute to turtle conservation by revealing that
juvenile turtles may require a narrow range of habitat types. These may comprise only a limited
number of discrete areas throughout the geographical range of the adults and vary greatly from
the background environment. The study methodology would be applicable to a wide range of
riverine animals, and is particularly useful for identifying critical habitat for species that are
difficult to find.
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CHAPTER 6

General Discussion

Populations of turtles and tortoises have suffered considerable decline in recent decades
and this has been repeated on every continent, and Australia is no exception. Two species
endemic to Australia are listed in the top 40 most threatened species of tortoises and freshwater
turtles in the world (IUCN 2011). The Mary River turtle (Elusor macrurus) is one of those. For
the last decade, a local community group has undertaken an extensive nest protection program,
and although hundreds of hatchlings enter the river each year, juvenile E. macrurus are rarely
seen in the wild. The aim of the present study was to investigate the nesting biology and ecology
of the early life-history stages of E. macrurus, in order to understand the connection between
habitat requirements and population recruitment. To achieve this aim, it was necessary to
combine field investigations and empirical studies of early-life history stages. The results
revealed E. macrurus to exhibit nest-site fidelity and to be highly selective of their nesting
grounds, laying the eggs in non-vegetated northerly facing sandy banks (Chapter 2; Micheli-
Campbell et al. under review a). This site-selection indicated a preference by the females for
warmer localities to nest. Due to the significant role played by temperature upon embryo
development (Deeming and Ferguson 1991; Booth 2006), this was an important avenue for
investigation. Empirical studies were carried out to investigate the influences of incubation
temperature upon the phenotype of the hatchling E. macrurus. In contrast to the hypothesis — that
warmer incubation temperatures would improve the performance of the hatchlings — a slight rise
in the incubation thermal regime above the mean temperature experienced by the eggs in the wild
actually had a detrimental effect upon the morphology and performance of the hatchlings
(Chapter 3; Micheli-Campbell et al. 2011). Similarly, large temperature fluctuations during
incubation caused high embryo mortality and physical impairments (Chapter 4; Micheli-
Campbell et al. 2012). If the turtles successfully hatch, their next challenge is to find a suitable
niche within the river to survive, grow, and attain reproductive age. Using miniaturised telemetry
devices, juvenile E. macrurus were monitored once they entered the river. Through the use of a
predictive distribution model, they were shown to inhabit a very narrow range of habitat
characteristics in comparison to those available in the river (Chapter 5; Micheli-Campbell et al.
under review b). Essentially, the findings presented in this thesis demonstrate the vulnerability of

E. macrurus to environmental conditions and the importance in protecting specific habitats along
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the river bank and in the water, to enable females to nest, embryos to successfully hatch,

hatchlings to survive, and juveniles to attain reproductive age.

Visual inspection of the nesting sites preferred by female E. macrurus suggested that they
select a particular combination of nesting characteristics, and these may result in the warmest
available conditions for the incubation of the eggs. First, they prefer sandy soils, which have a
high thermal conductivity, i.e. an increased capacity to conduct heat through the soil particles (De
Vries 1963; Farouki 1981). Second, the females’ preference for non-vegetated nesting sites
resulted in the nests to be highly exposed to sunlight. Third, they prefer to nest upon northerly
facing slopes, which are generally warmer than slopes facing westerly and southerly in the
southern hemisphere. This is because the slope aspect designates both the duration and the angle
that the sun rays come into contact with the ground. The greater the amount of radiation in a
given surface area, the greater will be the temperature (Radcliffe and Lefever 1981; Rorison,
Sutton and Hunt 1986). The same principle applies for regions in the northern hemispheres,
where slopes with southern aspects are more exposed to solar radiation than those facing any

other direction.

Site-selection based upon thermal conditions has been reported for other freshwater turtle
species (Ehrenfeld 1979; Janzen 1994; Booth 2010). However, a large number of turtle species
exhibit temperature dependent sex determination (TSD) and therefore, the site selection by the
females may have a primary correlation to the offspring sex-ratio (Janzen 1994; Booth 2006).
The sex of the E. macrurus offspring is determined genetically (Georges and Mclnnes 1998), and
therefore, | hypothesised that the females selected warmer incubation conditions as a strategy to

improve the phenotype of the hatchlings.

Prior to the empirical studies, it was firstly important to understand the thermal conditions
that E. macrurus eggs experience in the wild. The laboratory thermal treatments in which the
eggs of E. macrurus were incubated were based upon the overall mean and daily fluctuations in
temperature recorded from the nests constructed by the females. The study showed that a constant
thermal regime of only 1°C greater than the mean incubation temperature recorded in the wild
was detrimental for the offspring. This incubation temperature caused high embryo mortality, and
smaller and weaker hatchlings (Chapter 3; Micheli-Campbell et al. 2011). Furthermore, large
fluctuations in daily temperature fluctuation, which were experienced by E. macrurus eggs in the

wild at ~ 5 % of the time, induced in the laboratory a 95 % mortality of the embryos (Chapter 4;
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Micheli-Campbell et al. 2012). The results from these experiments were contradictory to the
study hypothesis, and demonstrated the complexity between nest-site selection, natural incubation
conditions, and hatchling phenotype. The findings suggest however, that E. macrurus eggs may
be reaching their upper thermal limit in the wild.

Global climatic conditions are changing more rapidly than ever before (Buentgen et al.
2011). Australia as a continent is getting dryer and warmer (CSIRO 2007). The mean annual
temperature for the Mary River catchment area has risen by 0.4°C over the past ten years
(Queensland Government 2009). This rise in ambient temperature may be the reason why E.
macrurus nests are approaching the upper thermal limits for the eggs. It seems paradoxical that
females would actively select warmer nest-sites under these conditions. A possible explanation
may be that the nesting preferences exhibited by E. macrurus (Chapter 2) were an evolutionary
strategy to improve offspring phenotype (Janzen and Morjan 2002; Booth et al. 2004; Hughes
and Brooks 2006) and the female E. macrurus exhibit natal homing fidelity. Thus, returning to
the same location to lay their offspring where they hatched themselves. This phenomenon has
been previously reported for both marine and freshwater turtles (Freedberg et al. 2005; Lohmann
et al. 2006; Bowen and Karl 2007; Sheridan et al. 2010), and further investigations may explain
if the particular nest-site preferences shown by female E. macrurus are driven by natal-site
fidelity. The preference for warm nesting areas may also be an innate behaviour and E. macrurus
has a low capacity for behavioural plasticity. Climate models for the Mary River catchment area
predict a substantial rise in mean ambient temperature over the next 60 years (CSIRO 2007
Queensland Government 2009). Under such scenarios, the thermal conditions to which the eggs
of E. macrurus are incubated in their natural environment may also significantly increase. Elusor
macrurus, as most freshwater turtles, lay shallow nests, which are largely exposed to changes in
ambient conditions. Therefore, warmer ambient temperatures due to climate change may
seriously compromise the survival of the hatchling and juvenile E. macrurus in the wild, and is

likely to impact upon the population recruitment.

Investigating the habitat requirements of aquatic animals is often challenging. When the
study animal is small, cryptic and shy this can be even more difficult. Juvenile freshwater turtles
show all these characteristics, plus inhabit a low-visibility and refuge rich-environment, which
are likely to be the reason behind the lack of scientific information regarding their habitat
requirements. Such information is however, undoubtedly important for protecting the habitat and

ensuring juvenile survival. Identification of critical habitat for hatchling and juvenile E. macrurus
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was achieved in this study, by populating a presence-only predictive model with location data
collected by miniaturised telemetry technology (Chapter 5). The models showed the turtles to
inhabit a very narrow range of physical characteristics compared to those available in the river.
They preferred areas either upstream or downstream from riffle zones and at the vicinities of the
river margins where the water was slow flowing and not very deep. The niche selected by
juveniles is often very different from the adults, and it must provide protection from the predators

and changes in the physical environment, as well as provide food.

Juvenile freshwater turtles are small and have no parental care, and therefore spend most
of their time seeking the protection of the bottom of the river, often under logs and rocks. They
do however; need to leave their shelters and travel to the water surface to breathe. Each surfacing
event increases their exposure to a host of water and avian predators (Kramer 1988; Heithaus and
Frid 2003). The selection of juvenile E. macrurus for shallow areas reduces the distance, and
therefore the time they would be exposed to predators whilst surfacing to breath. The preference
of juvenile E. macrurus for areas with slow flowing water would make surfacing easier and less
energetically costly, and may therefore also reduce the risk of predation. The proximity to riffle
zones and river margins provided a combination of shelter and food source, because these areas
have a high concentration of large rocks and submerged logs, and therefore good habitat for
aquatic invertebrates, a prey type juvenile E. macrurus are known to favour (Flakus 2002). The
very narrow range of habitat characteristics, compared to those available in the environment,

selected by juvenile E. macrurus is likely to be a survival strategy.

Alteration of stream velocity, water depth, temperature, and dissolved oxygen often occur
in riverine environments and may result in a loss of the restricted preferred habitats for the
juveniles (Allan and Flecker 1993; March et al. 2003; Stickler et al. 2008; Welch et al. 2008;
Clark, Gordos and Franklin 2009). In order to aid the maintenance of E. macrurus population, the
protection of these distinct areas must be incorporated into future conservation acts and

management plans.

Implications for turtle management and conservation

The present study demonstrated certain aspects of Elusor macrurus ecology that has

implications for management and conservation. First, because they exhibit nest-site fidelity to a
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few choice river banks (Chapter 2), the protection of these localities is important. Impacts upon
these river banks are: sand mining, trampling by livestock, invasive weeds, and because these
banks are created by sand deposition during flood events, alteration in the river flood cycle due to
damming is likely to be detrimental to these areas. Second, increasing ambient temperatures due
to climate change is likely to be detrimental to hatchling phenotype (Chapters 3 and 4), but the
management actions for a changing climate are complex with no effective internationally
coordinated solution yet in place. Third, juveniles were extremely specific in their habitat
selection (Chapter 5). These habitats were formed by a combination of physical characteristics
and their occurrence would be severely impacted by river impoundments. Thus, the presence of
non-vegetated sandy banks and riffle zones is vital in supporting E. macrurus population
recruitment. The preservation of these areas needs to be considered in any future management

plans for the Mary River.

During this three-year Ph.D. study, a number of methodologies were developed that could
be utilised for the study of other freshwater turtle species. The combination of infra-red
surveillance cameras deployed on the nesting banks and digitalised image-analysis of the
photographs proved a non-invasive and successful technique to identify individuals and monitor
their behaviour. | did not capture and mark any of the turtles in this study, but suggest that
estimates for nesting females could be determined through mark and recapture statistics, such as
the Jolly-Seber method (Jolly 1965). Acoustic telemetry also proved a valuable technique for
monitoring the behaviour and habitat selection of hatchling E. macrurus. Acoustic telemetry has
previously been utilised to investigate the movement patterns of marine turtles (Taquet et al.
2006; Scales et al. 2011), but for the first time this technology was successfully used to study the
habitat requirements of a species of freshwater turtle. The attachment of miniaturised transmitters
did not disrupt the normal activities of the young turtles. The data was used to populate a
presence-only predictive model, in order to compensate for the false-absences, which are inherent
of telemetry studies. This model compared the characteristics of the locality selected by the
juveniles against those available in the background environment. This model was efficient for
identifying habitat selection at the fine-scale, so was particularly relevant to freshwater turtles
that have limited ability for locomotion and inhabit very dynamic environments over temporal

and spatial scales.

The population of E. macrurus is depleted. In the past, captive breeding programs were

considered a viable strategy to increase the recruitment of the populations of threatened species
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(Williams and Osentoski 2007; Robert 2009). In few cases, this approach has been successful, but
it should be considered only as a last resort. This is because common problems are caused by
deleterious genetic changes originated from the captive environment, such as heritable epigenetic
effects, inbreeding among relatives and introduction of diseases (see Frankham, Ballou and
Briscoe 2002). In the case of E. macrurus, the release of captive-bred hatchings into the river
should be avoided. There are still a consistent number of nesting females in the wild; hundreds, if
not thousands, of eggs are laid, and hundreds of hatchling E. macrurus have been recorded
entering the river every year. Resources available for conservation would be better invested upon
the protection of the clutches and of the nesting areas to ensure that hatchlings from the wild
population enter the river each year. The protection of the river itself and, more specifically, the
critical habitat for the juveniles is equally important and must be protected to ensure that the

juveniles achieve reproductive age.

Directions for future research

There are a number of specific areas within this thesis where further investigation would
lead to improved study conclusions. Specific criteria have been discussed in the appropriate
chapters, and here | wish to highlight broad-scale approaches for future research. These are: 1/
collaboration and the sharing of data between researchers specialising in different disciplines; 2/
greater integration between controlled empirical studies and field observations; and 3/ monitoring

of turtle ecology and associated environmental variables over multiple years.
1. Cross-discipline collaboration

In modern day science, it is becoming impossible for a research group to be able to
accurately measure and synthesise data from all aspects of an ecosystem. A productive alternative
that is gaining momentum is to combine the knowledge-base and skills from experts in their
relative disciplines, to create a more complete picture of the relationship between an animal and
its environment. In Chapter 2, some of the research was undertaken in collaboration with
geologists, whom directed me in the characterisation of the soil collected from river banks. In
Chapter 5, four physical river parameters were measured to identify the critical habitat of juvenile
E. macrurus. Although I have measured environmental characteristics of the river to the best of

my abilities, improved spatial and temporal resolution of the data could have been achieved

m ;



relatively easily with the correct, yet expensive, equipment. These were not available to me
during my Ph.D. and therefore, | recommend that investigators, whom wish to model the critical
habitat of riverine animals, to collaborate with hydrologists or limnologists in order to provide
better environmental data to populate the relative models. Furthermore, genetic studies could also
provide a more complete picture of population processes when combined with animal movement

information.
2. Integration between laboratory and field studies

In order to predict how changes in environmental conditions could influence freshwater
turtle populations it is crucial to understand what happens in the field. However, observed
correlations in field data do not necessarily mean a direct cause and effect relationship, and
empirical studies can reveal the mechanisms involved. For example, there are numerous studies
that have investigated the influences of incubation temperature upon turtle embryo development
and offspring phenotype. The findings from many of these studies however, have little
conservation significance as they have not been compared to the conditions that the animals
would be subjected to in the wild (as discussed in Chapter 4). In the present study, E. macrurus
embryos were exposed to thermal conditions that were based upon actual nest temperatures
recorded in the field. I was therefore able to conclude that if predicted rises in ambient
temperature do occur in the Mary River catchment area, as a result of global warming, the
phenotype of the hatchling E. macrurus will be compromised in way that may impact upon the
population recruitment. | therefore recommend the ambient conditions to which the turtle
embryos are likely to be exposed to in the wild to be monitored before manipulative laboratory
studies are conducted. Using this methodology, relevant and realistic laboratory treatments can be
trialled and the data generated have significance for the management and conservation.

3. Multiple years studies

Riverine environments are highly dynamic and complex ecosystems. Temporal changes in
ambient conditions occur daily, seasonally and extra-annually in most riverine systems, but can
be particularly extreme in Australia. The continental weather is influenced by the El Nifio and La
Nifia quasiperiodic climate patterns, resulting in years of drought followed by years of seasonal
heavy rain and flooding. Monitoring river characteristics and the ecology of freshwater turtles

over a single year may reveal an incomplete description and lead to inaccurate conclusions.
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Monitoring of the environment and turtle ecology over multiple years will compensate for inter-
year variability and result in a more complete picture of how the turtle population is responding

to changes in environmental conditions.

In Chapters 3 and 4, E. macrurus eggs were subjected to experimental manipulation of
temperature during the incubation period. The experimental thermal regimes were based upon
nest data collected from only a single nesting season (2009). Ambient air temperature data
collected by the Australian Bureau of Meteorology (2012) showed that the mean maximum
temperature in 2009 was 1.5°C warmer than for the same period in 2010 and 2011. If nest
temperatures had been measured in these years, then the daily variation in temperature may have
been slightly different, and resulted in the selection of different thermal regimes for the
experimental studies. The limited time of a Ph.D. study restricted however, the collection of
nesting temperature over multiple years, but | certainly recommend that this be undertaken in

future investigations into the effects of nesting temperature upon freshwater turtles.

Conclusions

This thesis combined laboratory and field-based studies to investigate the nesting biology
and habitat requirements of an endangered species of freshwater turtle. This integration of
physiological and ecological approaches was undertaken with the primary goal of generating
scientifically sound information that would aid in on-going management and conservation of the
dwindling Elusor macrurus population. | believe that this thesis makes a significant contribution
to the biology of E. macrurus, and all study findings have been submitted for publication in peer-
reviewed scientific journals. Whilst undertaking this work, | developed a number of novel
techniques and methodologies, and | anticipate that these will be valuable in the investigation of
turtle habitat requirements, particularly for hatchlings and juveniles. Such information is urgently

required for the conservation and recovery of declining turtle populations worldwide.
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