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ABSTRACT

Freshwater turtles primarily respire aerially via the lungs, however in some species aquatic
respiration can also be achieved by diffusion across the skin, or by active ventilation of the
bucco-pharynx and/or cloacal bursae. The ability to supplement aerial respiration with aquatic
oxygen allows these highly aquatic reptiles to extend their dive duration and reduce surfacing
frequency. Whilst changes in environmental conditions are known to influence the diving
physiology and behaviour of adult turtles, very little information is known about potential
impacts on hatchlings. Therefore, | examined the relationships between diving physiology and
behaviour in five species of hatchling Australian turtles: Emydura signata, Elseya latisternum,
Elseya albagula, Elusor macrurus and Rheodytes leukops. The influence of acute and long-term
changes in temperature and aquatic oxygen levels on the diving physiology and behaviour of the
Mary River turtle, Elusor macrurus, was also investigated. To determine how long-term changes
in environmental conditions may impact species survival, | examined the use of aquatic

respiration as a predator avoidance strategy.

Diving behaviour, aguatic respiration and blood respiratory properties were compared between
hatchling and juveniles from five species of Austraian freshwater turtle. Both diving behaviour
and physiology differed significantly between species as well as age classes. Dive duration in R.
leukops was 17 times longer than the other species, with two hatchlings remaining submerged for
the entire 72 h recording period. Thelong dive duration recorded for R. leukops was supported
by a high reliance on aquatic respiration (63-73%), and high blood oxygen affinity (Pso = 17.24).
A correlation between dive duration, aguatic respiration and blood respiratory properties was not

observed in the remaining turtle species where, despite the longer dive durations of E. albagula
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and E. macrurus compared to E. signata and E. latisternum, there were no differences observed

in percent aquatic respiration or blood oxygen affinity between these species.

Temperature influences the rates of biochemical reactions that underlie animal function and as
such directly impacts the physiology and behaviour of ectotherms. Organisms can compensate
for these fluctuations through the process of acclimation. The influence of thermal acclimation
on diving behaviour, aguatic respiration and locomotor performance was examined in the
endangered Mary River turtle, Elusor macrurus. After long-term exposure to 28°C, E. macrurus
hatchlings were unable to negate the acute effect of increasing temperature on metabolic rate,
aguatic respiration, dive duration or burst swimming speed. Diving behaviour was however
found to partially acclimate at 17°C. Turtles acclimated to the cold temperature (17°C) had a
significantly longer dive duration at 17°C, than the hatchlings acclimated to the warm
temperature (28°C). Thisincrease in dive duration at 17°C was not aresult of physiological
alterations in metabolic rate but was due instead to an increase in aquatic oxygen consumption.
Increasing aguatic oxygen consumption at 17°C permitted one cold acclimated hatchling to

remain submerged underwater for over 2.5 days.

The acute and long-term effects of aguatic hypoxia on dive duration, oxygen consumption and
blood respiratory properties were examined in the endangered Mary River turtle, Elusor
macrurus. Aquatic respiration in E. macrurus was substantially reduced at 30 mmHg compared
to 155 mmHg and this resulted in a 51% decrease in dive duration. Contrary to our predictions,
E. macrurus hatchlings did not acclimate and long-term exposure to hypoxic conditions caused E.

macrurus to lose significantly more oxygen to the hypoxic water than the normoxic acclimated



turtles. The exacerbation of long-term hypoxia on the respiratory physiology and diving ecology
of E. macrurus raises concerns about the impacts of long-term environmental change as a result

of habitat alteration on the survival of freshwater turtle populations.

Hatchling turtles have extremely high predation rates and their ability to increase dive duration
through the use of bimodal respiration suggests that aquatic respiration may function as a
predator avoidance strategy in this age class. The diving behaviour of two turtle species, Elusor
macrurus and Emydura signata was examined under control conditions (no predator) and in the
presence of a large piscine predator (barramundi - Lates calcarifer). Inthe presence of the
predator, the mean dive duration of E. macrurus increased by 35% while maximum dive duration
increased by 193%. The mean and maximum dive durations of E. signata were not influenced by
the presence of the predator. Diving activity levels of both turtle species decreased in the
presence of the predator indicating that the risk of predation was perceived to be greater during a
dive than at the waters surface. The behavioural response differences between the turtle species
may be aresult of differences in reliance on aquatic respiration, supporting our hypothesis that

aguatic respiration may function as a predator avoidance strategy.

Results from this thesis indicate that the diving physiology and behaviour of hatchling turtlesis
influenced by changes in environmental conditions. This raises concern about the potential

impacts of long-term environmental change as aresult of river damming on species survival.
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CHAPTER 1

GENERAL INTRODUCTION

DIVING VERTEBRATES
Vertebrates are thought to have arisen and evolved in the marine environment with the oxygen
needed to support aerobic metabolism extracted from the water. The prevalence of warm,
hypoxic waters during the Silurian and Devonian periods saw the development of the first air-
breathing organs in Paleozoic fish (Barrell, 1916; Schmalhausen, 1968; Graham et al., 1978;
Graham, 1994). Air-breathing organs not only allowed fish speciesto exploit additional aquatic
habitat but they also played a key role in the evolution of terregtriality (Westoll, 1938; Westoll,
1943; Romer, 1956; Bray, 1985; Thomson, 1993). The development of paired lungsin
amphibians allowed vertebrates to move out of the water and into the terrestrial environment
(Schmalhausen, 1968; Gans, 1971, Bray, 1985). The subsequent development of the amniotic
egg inreptiles, birds and mammals further contributed to the radiation of vertebrates on land
(Gauthier et al., 1988; Packard and Seymour, 1997). Whilst tetrapods became highly adapted to
the terrestrial environment, some species returned to the water prompting the reinvasion of the

aguatic environment by air-breathing species (Butler and Jones, 1982; Kooyman, 1989).

Aquatic air-breathing vertebrates include members of amphibians, reptiles (eg, turtles, sea snakes
and crocodiles), birds (eg, penguins, petrels, murres, auks, cormorants, loons, grebes and
waterfowl), and mammals (eg, sea cows, seaotters, seals, sealions, walrus, whales, dolphins and
porpoises) (Butler and Jones, 1982; Kooyman, 1989). These diving vertebrates display a

predominantly aguatic existence, but due to their reliance upon pulmonary respiration, they must



periodically return to the waters surface to breathe air. Diving vertebrates bear the energetic and
temporal costs of surfacing because they achieve some benefit from being submerged underwater
(Kramer, 1988). Foraging isthe most common diving activity however many animals also utilise
the aquatic environment for reproduction and predator avoidance (Butler and Jones, 1982;
Kooyman, 1989; Kramer, 1988; Houston and Carbone, 1992; Boyd, 1997; Heithaus and Frid,

2003; Frid et al., 2007; Sparling et a., 2007).

Aerobic Dive Limit

A theoretical estimate of the maximum time an individual can stay submerged underwater based
on aerobic metabolism is known as the aerobic dive limit (ADL) and is determined by dividing an
individual’ s oxygen storage capacity by their rate of oxygen utilisation/metabolic rate (Kooyman,
1989). Diving optimality models suggest that diving vertebrates adjust their diving behaviour in
order to maximise resource gain during a dive (Kramer, 1988; Thompson et al., 1991; Houston
and Carbone, 1992; Mori, 1998; Mori, 1999; Sparling et a., 2007). One strategy employed by
air-breathing vertebrates to extend ADL isthe ‘dive response’. Described by areduction in heart
rate (bradycardia) and peripheral vasoconstriction, the ‘dive response’ reduces oxygen utilisation
during a dive and therefore extends submergence time (Irving, 1939; Butler and Jones, 1982;
Seymour, 1982; Kooyman, 1989; Butler and Jones, 1997). The ADL can also be extended
through an increase in oxygen storage capacity (Butler and Jones, 1982; Seymour, 1982;
Kooyman, 1989; Butler and Jones, 1997). Myoglobin concentrations are 10-30 times greater in
aguatic birds and mammals than in terrestrial species ( Kooyman, 1989; Butler and Jones, 1997).
The oxygen stores of some diving vertebrates can also be supplemented with aquatic respiration.

Aquatic oxygen can diffuse across the semi-permeable skin of amphibians and some reptiles



thereby extending dive duration beyond that based on pulmonary oxygen stores (Butler and
Jones, 1982). Aquatic respiration in air-breathing tetrapods has reached the pinnacle of

development in freshwater turtles.

DIVING PHYSIOLOGY AND BEHAVIOUR OF
FRESHWATER TURTLES

Aquatic Respiration
Freshwater turtles primarily respire aerially via the lungs, however in some species aquatic
respiration can be achieved by diffusion across the skin or by active ventilation of the bucco-
pharynx and/or cloacal bursae (Gage and Gage, 1886; Smith and James, 1958; Girgis, 1961,
Belkin, 1968; Stone et al., 1992a; King and Heatwole, 1994a). Aquatic respiration viathe skin
occurs by diffusion and usually sustains only a small proportion of the turtle’s total oxygen
requirements (Stone et a., 1992a). The skin of some species has however been modified through
increased vascularisation and reduction/loss of epidermal scutes as exemplified in the soft-shelled
turtles. Aquatic respiration in certain soft-shelled turtle species can support up to 38% of total
oxygen consumption (Stone et al., 1992a). Aquatic respiration is highest in turtle specieswhich
possess additional respiratory epithelia (bucco-pharynx and/or cloacal bursae) (Gage and Gage,
1886; Legler, 1993; King and Heatwole, 1994a). The bucco-pharynx isa modified region of the
buccal cavity, the epithelium of which is lined with filamentous villiform processes (Root, 1949;
Girgis, 1961; King and Heatwole, 1994a). Aquatic oxygen uptake via the bucco-pharynx can be
as high as 30% in some turtle species (eg, Trionyx triunguis and Elseya latisternum) (Girgis,
1961; King and Heatwole, 1994b). The cloacal bursae are paired sac-like structures which

branch off from the cloaca and are positioned one either side of the bladder (Legler, 1993; King



and Heatwole, 1994a; Limpus et al., 2002). Extending from the wall of the bursae sacs are
numerous highly vascularised branching processes which increase the surface area available for
gas exchange (Legler, 1993; King and Heatwole, 1994a; Limpus et al., 2002). A high surface
area combined with a short diffusion distance, large blood supply and active ventilation, make the
cloacal bursae the most specialised aguatic respiratory organ supporting up to 70% of total
oxygen requirements under laboratory conditions and potentially higher in the natural

environment (Legler, 1993; Priest, 1997; Gordos et a., 2003b).

Reliance on aguatic respiration is also influenced by the respiratory properties of blood (Wood
and Johansen, 1972; Lomholt and Johansen, 1979; Soivio et al., 1980; Jensen and Weber, 1982;
Wells et al., 1989). Blood oxygen affinity determines the ability of the blood to bind and unload
oxygen. A high oxygen affinity, aswell as high levels of haematocrit and haemoglobin, facilitate
the uptake of oxygen from the environment while alow affinity is beneficial for efficient delivery
of oxygen to the body tissues (Kooyman, 1989; Gordos et al., 2004b). Due to the high solubility
of CO, inwater, the metabolic CO, produced during apnoea can be removed from the blood via
the aquatic respiratory organs (Gage and Gage, 1886; Dejours, 1994; Bagatto and Henry, 1999;
Crocker et a., 1999; Prassack et al., 2001; Gordos et a., 2006). Reducing the accumulation of
CO; in the blood during a dive minimises the acid-base disturbance in the turtle and may

therefore increasing diving capacity (Jackson, 1976; Jackson et a., 1976; Prassack et al., 2001).

Aquatic respiration in freshwater turtles has a significant effect on diving behaviour. The
acquisition of aguatic oxygen during a dive supplements aerial oxygen stores leading to an

increased ADL (Belkin, 1968; Bagatto et al., 1997; Bagatto and Henry, 1999; Stone et al., 1992b;



Prassack et al., 2001; Gordos and Franklin, 2002; Maina, 2002; Gordos &t al., 2004a; Mathie and
Franklin, 2006). Those species that have a high reliance on aguatic respiration are able to dive
for significantly longer periods than those with little or no aquatic respiratory ability. For
example, Gordos and Franklin (2002), found that Rheodytes |eukops, a species with a high
capacity for aquatic respiration could dive for 623 min compared to 37.1 min for Emydura
macquarri, aspecieswith alow capacity for aquatic respiration. The relationship between
aguatic respiration and diving behaviour in freshwater turtles is influence by arange of

environmental factors.

Environmental Factors

Turtle diving physiology and behaviour is dependent upon the interaction of the animal with its
environment (Herbert and Jackson, 1985b; Stone et al., 1992b; Prassack et al., 2001; Priest and
Franklin, 2002; Gordos et al., 2003a,b; Mathie and Franklin, 2006). The theory of optimal
breathing (Kramer, 1988) suggeststhat the proportion of oxygen extracted from each respiratory
medium (air and water) in bimodally respiring animals is dependent upon the costs associated
with each respiratory media under specific conditions. Aquatic respiration isgenerally more
energetically expensive than aerial respiration as water is 800 times denser, 60 times more
viscous and has a lower oxygen capacitance than air (Dejours, 1994). Aerial respiration does
however bear the energetic cost of travelling to the water surfaces and the reduced time available
for other activities such as foraging (Dejours, 1994). Environmental factors such as temperature
and aguatic PO, can influence the costs associated with both aerial and aquatic respiration

(Kramer, 1988).



Temperature influences the rates of biochemical reactions that underlie animal function and as
such directly impacts the physiology and behaviour of ectotherms (Huey, 1982; Haynie, 2001;
Angillettaet al., 2002). For example, a 15°C increase in temperature results in a five fold
decrease in the dive duration of the short-necked turtle E. macquarii (Priest and Franklin, 2002).
Temperature dependent changes in diving behaviour can be attributed to the physiological
processes underlying the ADL (Kooyman, 1989; Schreer and Kovacs, 1997). Astemperature
increases, metabolic rate also increases while oxygen storage capacity decreases (Kooyman,
1989; Fuster et al., 1997). Given that water contains 30 times less oxygen than air, sustaining an
elevated metabolic rate at high temperatures via aguatic respiration may be energetically taxing
(Dejours, 1994). Asaresult, the increased oxygen demand at high temperatures is generally met
by increasing aerial respiration which results in reduced dive durations (Herbert and Jackson,

1985a; Fuster et al., 1997; Prassack et al., 2001).

Aquatic respiration and diving behaviour in bimodally respiring animals is also dependent upon
aguatic oxygen levels (Stone et a., 1992b; Prassack et al., 2001; Priest and Franklin, 2002;
Gordos et a., 2003a,b; Mathie and Franklin, 2006). Decreasing aquatic PO, from normoxic (155
mmHg) to anoxic (0 mmHg) conditions results in a 60% decrease in the dive duration of R.
leukops at 15°C (Priest and Franklin, 2002). The relationship between dive duration and agquatic
PO, isadirect result of respiratory partitioning (Yu and Woo, 1985; Mattias et al., 1998; Geiger
et a., 2000; Seymour et a., 2004; Randle and Chapman, 2005; Alton et al., 2007). At high levels
of aguatic PO,, diffusion of oxygen across the aquatic respiratory organs is enhanced and reliance
on aquatic respiration increases. As aquatic PO, decreases, the ventilation rate of the aquatic

respiratory organs must increase in order to meet metabolic demands via aquatic respiration. The



energetic costs associated with aguatic respiration therefore increases as aquatic PO, decreases
and as aresult reliance on aerial respiration increases (Stone et al., 1992b; Prassack et a., 2001,
Priest and Franklin, 2002; Gordos et al., 2003b; Jackson, 2007). For example, aguatic respiration
in the bimodally respiring fish Channa maculate decreased from 21% in normoxia (130 mmHg)
to 13% in hypoxia (20 mmHg) while aerial respiration increased proportionally (Y u and Woo,
1985). The respiratory responses of bimodally respiring turtles to changes in aquatic PO, has
received little attention however an initia study on Chrysemys picta reported a 50% decrease in

aguatic respiration under hypoxic conditions (Prassack et al., 2001).

Some animals can compensate for changes in environmental condition through the process of
acclimation (laboratory based) or acclimatisation (field based), which is the reversible change in
physiological processes in response to environmental variability (Prosser, 1991; Wilson and
Franklin, 2002b; Seebacher, 2005; Angilletta et a., 2006). The beneficial acclimation hypothesis
(BAH) suggests that acclimatory responses benefit the organism by increasing individual fitness.
That is, in a particular environment, an individual that has not had the chance to acclimate will
have lower performance/fitness than an individual that has undergone an acclimatory response to
those conditions (Leroi et al., 1994; Wilson and Franklin, 2002b; Seebacher, 2005; Angilletta et
al., 2006) . For example, at 25°C the maximum swimming speed of goldfish acclimated to 25° C
was greater than fish acclimated to 35° C and vice versa when tested at 35°C (Fry and Hart,
1948). Acclimation has been reported in all major reptilian groups and may occur at al levels of
the organism from gene expression through to whole animal performance (Seebacher, 2005). No
studies to date have however investigated if the diving behaviour and physiology of bimodally

respring turtles can acclimate to long-term changes in environmental conditions.



Body Size

Past studies on the diving physiology and behaviour of bimodally respiring turtles have primarily
focused on adult turtles with little information known about the capabilities of hatchlings. A
study by Mathie and Franklin (2006), discovered that Elseya albagula hatchlings were able to
extract agreater proportion of their total oxygen requirements from the water than adults due to
the high surface-area-to-volume ratio of their cloacal bursae. The increased reliance on aguatic
respiration seen in these hatchlings allowed them to dive for periods similar to that recorded in
the larger adults (Mathie and Franklin, 2006). This study suggests that the influence of aquatic
respiration on diving ecology may be greater in hatchling turtles than in adults and consequently,
hatchling turtles may be more susceptible to changes in diving physiology and behaviour as a

result of variations in environmental conditions.

Hatchling ecology may act as an evolutionary driving force for the observed increased reliance on
aguatic respiration and extended dive duration. Hatchling turtles are subject to predation from
animals such as water rats, eels, large fish and birds and are most susceptible when at the water
surface due to reduced escape ability and decreased visibility (Kramer et al., 1983; Cann, 1998;
Helthaus et al., 2002; Heithaus and Frid, 2003). Optimal diving models predict that under the
risk of predation an air-breathing diver should either reduced surfacing duration or surfacing
frequency depending upon the level of risk over time (Heithaus and Frid, 2003). The ability of
hatchling turtles to reduce surfacing frequency through the use of bimodal respiration suggests
that aquatic respiration may be used as a predator avoidance strategy inthisage class. Predator
exposure is known to influence reliance on aquatic respiration in many bimodally respiring fish

species as well as the African clawed frog (Xenopus laevis) (Baird, 1983; Kramer, 1983; Kramer



et a., 1983; Smith and Kramer, 1986; Wolf and Kramer, 1987; Herbet and Wells, 2001;
Domenici et d., 2007). The use of aguatic respiration as a predator avoidance strategy has yet to

be investigated in hatchling turtles.

FRESHWATER TURTLES OF AUSTRALIA
From the Cainozoic era (66 million years ago) up until the Pleistocene (500 000 years ago) the
population of freshwater turtles in Australia was dominated by three main families: the
Trionychidea (soft-shelled turtles), the Meiolanidae (horned turtles) and the Chelidae (side-
necked turtles) (Cann, 1998). Today the population is comprised only of side-necked turtles in
which there are six genera: Chelodina, Emydura, Elseya, Pseudemydura, Rheodytes and Elusor,
and one species of two-clawed turtle (family Carettochelyidae) (Cann, 1998). Australian turtle
species are highly aguatic and can be found in most river systems, creeks, lakes, lagoons and
swamps throughout Australia (except Tasmania) (Cann, 1998). Specialised aquatic respiratory
organs (cloacal bursae) appear however to have evolved only once in the Australian Chelidae
after the divergence of Pseudemydura from the short-necked taxa Rheodytes, Elseya, Emydura,
and Elusor (Fig. 1.1) ( Seddon et al., 1997; Georges et al., 1998; Georges and Thomson, 2006).
Whilst most bimodally respiring turtles obtain less than 20% of their O, supply viaextra-
pulmonary gas exchange (Root, 1949; Gatten, 1980; Stone et al., 1992a; Bagatto et al., 1997,
Crocker et a., 1999), aquatic respiratory ability in Australian species range from a low reliance of
10% in Emydura signata (Priest, 1997; Priest and Franklin, 2002), through to medium capacities
in Elseya latisternum (redescribed as Elseya georges) (27%) (King and Heatwole, 1994b) and
Elseya albagula (40%) (Mathie and Franklin, 2006) and greater than 70% in Rheodytes |eukops

(Priest, 1997; Gordos et al., 2003b). Consequently, Australian freshwater turtles are an ideal



model to further investigate the interactions between diving physiological ecology and the

environment.

Pseudemydura N

Elseya latisternum Y ?

Elusor macrurus Y ?

Rheodytes leukops Y

— Emydura Y

Elseya albagula Y

Chelodina N

Figure 1.1 - Phylogenetic tree of the relationship of Australian Chdid turtles combining molecular (Georges and
Adams, 1992; Georges et al., 1998) and morphological results (Megirian and Murray, 1999). Phylogenetic tree
modified from Georges and Thomson, 2006). Y = has cloacal bursae, Y ? = thought to have cloacal bursae, N = no

cloacal bursae, * = evolution of cloacal bursae.
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Conservation Considerations

The river habitats of Australian bimodally respiring turtles have been artificially altered over the
years as aresult of agriculture, mining and water development (Cogger et al., 1993; Department
of Natural Resources, 1993). Changes in environmental conditions such as loss of pool-riffle
sequences, reduced water flow, decreased temperature, increased water depth and decreased
aguatic oxygen levels, have occurred over alarge scale (Ligon et al., 1995; Tucker, 1999; Bodie,
2001; Tucker et al., 2001; Arthington, 2003). Initial reports suggest that generalist turtle species
such as E. signata, are thriving in these new environments while specialist species like R. leukops
are declining (Tucker, 1999; Limpus et al., 2002; Arthington, 2003). The differences observed in
the sensitivity of these speciesto environmental change may be attributed to variations in diving
physiologies. The study of animal physiology is becoming increasing popular in the field of
conservation science due to its ability to provide a detailed mechanistic understanding of the
cause of conservation issues as opposite to simple descriptions of the problems (Wikelski and
Cooke, 2006). By obtaining knowledge of the relationships between turtle physiological ecology
and the environment, we hope to further understand the impacts of environmental change and the

consequences of habitat alteration on species survival.
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Study Species

Emydura signata

The Brisbane River turtle (Emydura signata) is medium size turtle (~25 cm in length) that
inhabits the Brisbane River and the lakes, swamps and lagoons in the Brisbane area (Cann, 1998).
The cloacal bursae of E. signata are relatively undeveloped and as a result adults of this species
have a low reliance on aguatic respiration (11%). The maximum dive duration recorded for this

speciesis~67 min ( Priest, 1997; Gordos and Franklin, 2002).

Figure 1.2 - Hatchling Brisbane River turtle, Emydura signata.
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Elseya latisternum

The saw shelled turtle (Elseya latisternum) has awide distribution down the east coast of
Australia from the Cape Y ork Peninsula to the Richmond drainage in New South Wales. A
population also occursin the Northern Territory. This turtle species (20 — 30 cm in length)
prefers lagoons, billabongs and creeks with numbers often reduced in large rivers (Cann, 1998).
Mean dive duration of this speciesis ~ 33 min while reliance on aquatic respiration is unknown

(Kayes et al., 2005).

Figure 1.3 - Hatchling saw shelled turtle, Elseya latisternum.
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Elseya albagula

The southern snapping turtle (Elseya albagula) is one of Australia’s largest turtle species with
adult females weighing up to 9 kg. A sexual dimorphism occurs in this species with females
being much larger than males (Thomson et al., 2006). Elseya albagula has a limited distribution
restricted to the Mary, Burnett and Fitzroy Rivers (Thomson et al., 2006). This speciesis
generally found in deep pools (>6 m) either up or down stream from ariffle zone (Hamann et al.,
2007). The cloacal bursae of adult E. albagula is completely covered in branched but flattened
papillae (Legler, 1993) and aquatic respiration in hatchlings supports up to 60% of total oxygen
requirements (Mathie and Franklin, 2006). The maximum dive duration of hatchling E. albagula
is~110 min (Mathie and Franklin, 2006). This speciesis listed as a conservation concern by the

Queendland Environmental Protection Agency.

Figure 1.4 — Hatchling southern snapping turtle, Elseya albagula.
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Elusor macrurus

The Mary River turtle (Elusor macrurus) is an endangered species that is endemic to the Mary
River in Queensland (Cann and Legler, 1994). The Mary River turtle can grow up to 40 cmin
length and is generally found in well-oxygenated pools associated with riffle zones (Flakus,

2002). Elusor macrurus is known to respire aquatically via cloacal bursae (Legler, 1993)

however their reliance on aquatic respiration and diving behaviour has never been investigated.

Figure 1.5 —Hatchling Mary River turtle, Elusor macrurus.
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Rheodytes |eukops

The Fitzroy River turtle (Rheodytes leukops) is endemic to the Fitzroy River catchment where it
inhabits fast-flowing riffle zones (Legler and Cann, 1980; Cann, 1998). The cloacal bursae of
this vulnerable species are extremely specialised with the papillae being highly vascularised and
multi-branching (Legler & Cann, 1980; Legler, 1993; Priest, 1997). Aquatic respiration in R.
leukops can support up to 70% of total oxygen requirements under laboratory conditions and
potentially higher in the natural environment (Legler, 1993; Priest, 1997; Gordos et al., 2003Db).
This species is thought to remain submerged underwater for weeks at time during the winter

period (16.5 = 2°C) (Gordos & al., 2003b).

Figure 1.6 — Hatchling Fitzroy River turtle, Rheodytes leukops.
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AIMSOF THESIS
The aim of this thesis was to examine the diving physiological ecology of bimodally respiring
freshwater turtle hatchlings. Specifically, the first aim was to determine how diving physiology
and behaviour differed between five species of turtle — Emydura signata, Elseya latisternum,
Elseya albagula, Elusor macrurus and Rheodytes | eukops (Chapter Two). Aquatic respiration,
diving behaviour and blood respiratory properties were measured for both hatchling (1 month
old) and yearling (12 months old) turtles. Thisresearch provided an insight into the relationships
between diving physiology and behaviour and the variation that occurs across species and age

classes.

The second aim of this thesis was to examine the influence of changes in environmental
conditions on turtle diving physiology and behaviour. Acute and long-term effects of water
temperature (Chapter Three) and aguatic oxygen levels (Chapter Four) were investigated in Mary
River turtle hatchlings, E. macrurus. To determine the ability of the hatchlings to adapt to long-
term changes in temperature, hatchling turtles were acclimated to 17°C and 28°C for 8 weeks
after which aquatic respiration, diving behaviour and locomotor performance were measured and
compared to the results from the acute study. Additionally, the effects of aquatic hypoxic on
aguatic respiration, diving behaviour and blood respiratory properties were determined and the

results used to identify the potential impacts of long-term exposure on species survival.

The third aim was to investigate the consequence of changes in turtle diving behaviour and

physiology. Specifically, the use of aguatic respiration as a predator avoidance strategy was

examined in E. macrurus and E. signata hatchlings (Chapter Five). The diving behaviour of the
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two turtle species was examined in the presence of a predator and without. As E. macrurus and
E. signata hatchlings differ in their abilities to respire aquatically, their behaviour provided an

indirect measure of the use of aguatic respiration as a predator avoidance strategy.

The final aim of this thesis was to combine the results of the four experimental chapters and using

this enhanced understanding of hatchling diving physiological ecology, discuss the potential

impacts of river damming on Australian freshwater turtles (Chapter Six).
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STRUCTURE OF THESIS
Thisthesisis composed of four experimental chapters that investigate the diving physiological
ecology of Australian freshwater turtles. The first experimental chapter (Chapter Two: Journal of
Zoology 275: 399-406) is a five species comparison of aquatic respiration, diving behaviour and
blood respiratory properties. The second experimental chapter (Chapter Three: Physiological and
Biochemical Zoology 81: 301-309) examines the thermal plasticity of aquatic respiration, diving
behaviour and locomotor performance in E. macrurus. Chapter Four (Animal Conservation,
accepted) investigates the effects of acute and long-term exposure to aguatic hypoxiaon the
diving physiology and behaviour of E. macrurus hatchlings. The use of aquatic respiration as a
predator avoidance strategy is described in the final research chapter (Chapter Five, Behavioral
Ecology, inreview). Thisthesis concludes by discussing the findings of the research chaptersin

relation to the impacts of river damming on Australian freshwater turtle hatchlings (Chapter Six).
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CHAPTER TWO
DIVING BEHAVIOUR, AQUATIC RESPIRATION AND BLOOD
RESPIRATORY PROPERTIES: A COMPARISON OF HATCHLING AND

JUVENILE AUSTRALIAN TURTLES

ABSTRACT
Australia has a number of bimodally respiring freshwater turtle species that use aguatic
respiration to extend their aerobic dive limit. Whilst species variations in reliance on aquatic
respiration are reflected in the diving behaviour and ecology of adults, it is unknown if these
relationships also occur in hatchling and juvenile turtles. This study compared the diving
behaviour, aguatic respiration and blood respiratory properties of hatchling and juveniles from
five species of Australian freshwater turtles. Rheodytes |eukops, Elusor macrurus, Elseya
albagula, Elseya latisternum and Emydura signata. Both diving behaviour and physiology
differed significantly between species as well as age classes. Dive duration in R. leukops was 17
times longer than the other species, with two hatchlings remaining submerged for the entire 72 h
recording period. Thelong dive duration recorded for R. leukops was supported by a high
reliance on aquatic respiration (63-73%), and high blood oxygen affinity (Pso = 17.24 mmHg). A
correlation between dive duration, aguatic respiration and blood respiratory properties was not
observed in the remaining turtle species where, despite the longer dive duration of E. albagula
and E. macrurus compared to E. signata and E. latisternum, there was no difference observed in
percent aquatic respiration or blood oxygen affinity between these species. When compared to

adult individuals (data from previous studies), dive duration was positively correlated with body
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size in E. signata, E. albagula, and R. leukops, but a negative relationship occurred in E.

latisternum and E. macrurus.

INTRODUCTION

While most animals are limited to one mode of respiration either from air (aerial respiration) or
water (aguatic respiration), some species have evolved the ability to exchange respiratory gasesin
both media (Maina, 2002). Bimodal breathing in vertebrates first evolved in fish during the early
Paleozoic and today can also be found in species of amphibians and reptiles including several
freshwater turtle species (Boutilier, 1990; Graham, 1994). Aquatic respiration in freshwater
turtles occurs by diffusion across the skin, or by active ventilation of the bucco-pharynx and/or
cloacal bursae (Gage and Gage, 1886; Smith and James, 1958; Girgis, 1961; Belkin, 1968; Stone
et a., 1992a; King and Heatwole, 1994a). In Australia, bimodally respiration occurs within
several genera of freshwater turtles, with adult capabilities at temperatures above 20°C ranging
from alow reliance of 10% in Emydura signata (Priest, 1997; Priest and Franklin, 2002), through
to medium capacities in Elseya albagula (40%) (Mathie and Franklin, 2006) and greater than

70% in the Fitzroy River turtle, Rneodytes leukops (Priest, 1997; Gordos et d., 2003Db).

The ability to supplement aerial respiration with aquatic oxygen allows these highly aquatic
reptiles to extend their dive duration and reduce surfacing frequency (Bagatto and Henry, 1999;
Gordos and Franklin, 2002). For example, aquatic respiration supports approximately 10% of the
total oxygen requirements in E. signata, with a maximum dive duration of 166 min being
recorded. In contrast, the high reliance of R. leukops on aquatic respiration allows this species to
remain submerged for days or even weeks at atime (Priest, 1997; Gordos and Franklin, 2002;

Priest and Franklin, 2002; Gordos et al., 2003b). Whilst species variations in reliance on aquatic
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respiration are reflected in the diving behaviour and ecology of adults, it is unknown if these

relationships also occur in hatchling and juvenile turtles.

Aquatic respiration and diving behaviour in hatchling and juvenile turtles may be influenced by
species morphology, physiology and behaviour. Dueto their small size, the mass-specific surface
area of hatchling and juvenile turtles is high allowing them to extract arelatively larger amount of
oxygen from the water compared to adult turtles (Mathie and Franklin, 2006). Reliance on
aquatic respiration is therefore expected to be high in hatchling and juvenile turtles and this is
likely to affect dive duration. Species variation in blood respiratory properties may also influence
aguatic respiration and dive duration in hatchling and juvenile turtles. A high blood oxygen
affinity (low Psp) along with high haematocrit and haemoglobin levels would facilitate the uptake
of oxygen from the aquatic environment and hence increase dive duration (Gordos et al., 2004b).
Pso values range from 20.2 to 34.5 mmHg in adult bimodally respiring turtles (Chrysemys picta,
Trachemys scripta, R. leukops and E. latisternum) (Burggren et al., 1977; Maginniss et a., 1983;
Gordos et al., 2004b) however, blood respiratory properties have not been investigated in

hatchling or juvenile turtles.

The aim of this study was to compare aquatic respiration and diving behaviour of hatchling and
juveniles from five species of Australian freshwater turtles. Rheodytes |eukops, Elusor macrurus,
Elseya albagula, Elseya latisternum and Emydura signata. Additionally, blood respiratory
properties were analysed for juveniles of each speciesto determine the relationships among blood

properties, aquatic respiration and diving behaviour. We hypothesised that the diving behaviour
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of the hatchling and juvenile turtles would vary between species and this would be reflected in

their reliance on aguatic respiration and blood respiratory properties.

MATERIALSAND METHODS
Turtle Collection and Husbandry
Diving behaviour and physiology were investigated in five Australian turtle species Rheodytes
leukops, Elusor macrurus, Elseya albagula, Elseya latisternum and Emydura signata. Eggs of
the five species were collected from nests on the banks of the Mary (E. macrurus) and Fitzroy (R.
leukops) Rivers, or from gravid females caught from the Brisbane (E. signata), Burnett (E.
latisternum) and Mary (E. albagula) Rivers. A minimum of four clutches were collected for each
species to ensure genetic variation. The eggs were transported to The University of Queensland
where they were incubated. Upon hatchling the turtles were housed in 1000 L tanks which
contained basking platforms and shelters. Tanksthat had limited exposureto natural light were
provided with Reptiglow UV lights set on a 12:12 light:dark photoperiod. Experiments began at
4 + 2 weeks of age for the hatchlings and 12 + 1 month of age for the juveniles. These age
classes were chosen to ascertain whether diving behaviour and physiology varied over a small
body size scale. The hatchling and juvenile turtles were composed of different egg clutches so
that no individual turtle appeared in both age classes. The number of individual turtles within
each age class and species group varied according to success of egg collection. This research was
approved by Queensland Parks and Wildlife Service (SPP -WISP01477903) and supported by
The University of Queensland Animal Ethics Committee (AEC —ZOO/ENT/595/04/URG and

ZOO/ENT/731/05/URG).
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Diving Behaviour

The diving behaviour of the five turtle species (refer to Table 2.1 for sample sizes and body
masses) was examined in alarge glass aquarium 150 x 60 x 65 cm (I x wx d). The aguarium
contained a pebble substrate and benthic shelters with the water being constantly filtered and
maintained at 23°C (a representative temperature from the Brisbane, Mary, Burnett and Fitzroy
Rivers). The photoperiod was set at 121 :12D, with red lights used during the dark period to
allow recording. Four individual turtles of a single species were placed into the aquarium and
given 24 h to become accustomed to the new environment. Diving behaviour was then recorded
for 24 or 72 h (R. leukops required a longer recording period due to their long dive durations)
using a closed circuit video camera and time lapse VCR. Videotapes were analysed for resting
dive durations which were defined as a dive where the turtle sat ill on the bottom of the tank for
aperiod of greater than one minute. Mean and maximum resting dive durations were calculated
for each turtle along with the frequency of such dives using a custom-written program (M.
Gordos). Dive durations were analysed using a generalised linear model with a gamma
distribution and inverse link function. After fitting the model, a Tukeys post hoc test was used to
determine between and within species comparisons (P < 0.05). The dive duration frequency data

was analysed using a two-way ANOV A with a Tukeys post hoc test (P < 0.05).
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Table 2.1 - Body masses (mean + SEM, grams) and samples sizes (N) of hatchling and juvenile turtles for studies on

their diving behaviour, oxygen consumption and blood respiratory properties.

Species Diving Behaviour Oxygen Consumption Blood Properties
Hatchlings Juveniles Hatchlings Juveniles Juveniles

Rheodytes leukops  6.28 + 0.14 (10) 18.41+2.12 (6) 761+£0.13(11) 12.83x0.61(7) 40.19 +2.10 (5)

Elusor macrurus 7.99+0.42 (15) 24.88+1.24(13) 11.08+0.36(17) 29.41+0.68 (13) 52.38 £ 2.96 (8)

Elseya albagula 23.89+0.85(11) 106.19+12.79(4) 25.60%0.72(15) 125.67+6.42(4) 38.03+1.07 (8)

Elseya latisternum  6.78 £ 0.07 (12) 290.73+2.70 (14) 6.92+£0.09(14) 41.40x1.46 (14 52.40 £ 4.25 (8)

Emydura signata 5.89+ 0.17 (16) 27.29+397(9) 8.03+0.30(16) 3501 +5.23(7) 53.44 + 6.48 (8)

Oxygen Consumption

The aerial and aquatic oxygen consumption rates (VO,) of the five turtle species were measured
using closed-box respirometry (refer to Table 2.1 for sample sizes and body masses).
Experiments were conducted at 23°C and red lights used to simulate darkness which aids in
reducing turtle activity within the chamber. The respirometers consisted of a 900 ml circular
container with an air-tight lid that was filled with 500 ml of water to create an aquatic base
chamber. The remaining 400 ml of the respirometer functioned as an aerial chamber into which
the turtles could surface to breathe. Two-way taps fitted to the aquatic and aerial chambers
permitted water and air sampling. Prior to the beginning of experiments the turtles were weighed
and wiped down with a 70% ethanol solution to remove oxygen-consuming bacteria. Turtles
were then placed into the respirometers and given 18 h to adjust to the chamber and recover from
handling stress before measurements began. During this period, the water in the respirometer
was aerated continuously to maintain normoxia. At the beginning of the experimental trial, the
aerators were switched off and mineral oil was added to the surface of the water to slow diffusion

of gas across phases. The respirometers were then sealed and initial samples of water (5 ml) and
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air (20 ml) were taken from the sampling ports via a syringe to establish baseline levels of O..
After an experimental period of either 3 h (hatchlings) or 2 h (juveniles), the final aquatic and
aerial gas samples were taken and analysed for oxygen content. Aquatic samples were injected
into awater jacket that housed a Cameron oxygen electrode. The oxygen electrode was
connected to a Cameron oxygen meter (Cameron Instrument Company model OM200) that
measured the aquatic PO,. The aerial sample passed though H,O-absorbing Drierite before
entering a gas analyser (ADInstruments model M L205) which measured percent O, and percent
CO,. The Cameron oxygen meter and gas analyser were connected to a PowerLalb/4s, with data
recorded on Chart software (v 4.2). Controls were conducted without aturtle in the chamber to
account for consumption of oxygen by the electrode and to confirm the effectiveness of the
mineral oil asa barrier to gas diffusion. The rate of aerial oxygen consumption (VO, ml O, h™)

was determined using the standard equations of Vleck (1987):

VO, = [((V - ViH,0) (Fi - Fe) — Fe (VCO,))/(1-Fe)]

t
where,
Vv = volume of air in chamber (ml)

ViH,O = initial volume of water vapor in chamber (ml)

VCO; = volume of CO, produced during experiment (ml)
Fi = fractional concentration of O, at the gart of the experiment (%)
Fe = fractional concentration of O, at the end of the experiment (%)

—
I

length of trial (h)
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The rate of aguatic oxygen consumption (VO, ml O, h') was determined using the following

equation modified from King and Heatwole (1994b):

VOz = ADOZ X B X VHzo

t

where,
t = length of trial (h)
ADQO, = changeindissolved O, over trial (mmHg)
VH,O = volume of water inrespirometer (L)
B = oxygen co-efficient of capacitance (ml O, L™ mmHg)

Each turtle underwent atotal of 4 trials (replicates) with a minimum 2 h period allowed between
each trial. The experimental trial that produced the minimum metabolic rate was then used in
analysis in order to reduce the variations in oxygen consumption as a result of turtle movement.
To account for the allometric scaling of metabolic rate, both aerial VO, and aguatic VO, were
scaled to 0.75 and standardised to an average size turtle (12 g). Percent respiration was estimated
by expressing aguatic VO, as a proportion of total VO, The influence of turtle species and age
class on aguatic VO, and percent aquatic respiration was determined using a two-way ANOV A
(species and age as factors) with a Tukeys post hoc comparison (P < 0.05). Percentage datawere

transformed before analysis.
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Blood Respiratory Properties

Blood respiratory properties of the five turtle species was determined using the juvenile turtles
only asthe small size of the hatchlings prevented blood sampling (refer to Table 2.1 for sample
sizes and body masses). A 70-90 ul blood sample was collected from the cervical sinus of the
turtles using a 25 gauge needle and 1 ml syringe (Rogers and Booth, 2004). The needletip and
plunger of the syringe were dusted with sodium heparin to prevent coagulation. The blood
sample was then transferred into a 0.5 ml Eppendorf tube where sub-samples were collected for
analysis of haemoglobin concentration (Hb), haematocrit (Hct) and Psp, which was defined as the

PO, at which 50% of the haemoglobin was saturated.

Concentration of Hb was determining using a spectrophotometer (Pharmacia LKB ultrospec II1).
Five micro-litres of blood was mixed with 1 ml of Drabkins solution and the absorbance at 540
nm recorded. Hb concentration was then determined from an average absorbance reading (Lewis
et a., 2001). A sub-sample of blood collected in a capillary tube was centrifuged at 1000 rpm for
3 min, with Hct determined as a the percent of red blood cells per sample volume. A Hemox
analyser Model B (TCS Scientific corp. New Hope, PA) was used to determine the Pspvalues. A
50 pl sample of blood was added to 5 ml of buffered saline (Hemox™ Solution), 20 pl of bovine
serum albumin (Additive-A) and 10 pl of antifoaming agent. The blood sample was then added
to the Hemox machine where the deoxygenation and oxygenation curves were run at 23°C, and
the Pso values recorded at 5% CO,. Significant differencesin Hb, Hct and Psp were determined

using aone-way ANOV A with a Tukeys post hoc comparison (P < 0.05).
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RESULTS
Diving Behaviour
There were significant differences in the diving behaviour of the five turtle species and between

the hatchling and juvenile turtles (Figs. 2.1 & 2.2).
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Figure 2.1 - Mean dive duration (min) for five species of hatchling and juvenileturtles. Values represent means +
SEM. Lowercase |etter differencesindicate significant differences between hatchling species. Uppercase |etter
differences indicate significant difference between juvenile species. Asterisksindicate significant differences

between hatchling and juvenile turtles within a species.
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Mean and maximum dive durations of R. leukops were significantly greater (P < 0.001) than the
other four turtle speciesin both the hatchlings (1147 + 407 min and 2288 + 341 min,

respectively) and juveniles (839 + 697 min and 1565 + 554 min, respectively) (Figs. 2.1 & 2.2).
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Figure 2.2. - Maximum dive duration (min) for five species of hatchling and juvenileturtles. Valuesrepresent
means + SEM. Lowercase |etter differences indicate significant differences between hatchling species. Uppercase
letter differences indicate significant difference between juvenile species. Asterisksindicate significant differences

between hatchling and juvenile turtles within a species.

Two hatchling R. leukops remained submerged throughout the entire experimental period (72 h),
resulting in a maximum dive duration that was seventeen fold longer than values recorded for the

other turtle species. Within the hatchlings, the mean and maximum dive durations of E. albagula
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were 47 £ 6 min and 173 = 38 min, respectively which were significantly greater than that of E.
macrurus (23 £ 2 min and 98 £ 20 min, P < 0.05), E. latisternum (15 + 0.5 min and 26 + 2 min, P
<0.001) and E. signata (11 + 0.5min and 19 + 1 min, P < 0.001) (Figs. 2.1 & 2.2). However,
when comparing the mean and maximum dive durations of juvenile turtles (excluding R. leukops)
there were no significant differences between species except for the maximum dive duration of E.
macrurus (103 £ 26 min) which was significantly longer than E. latisternum (33 £ 2 min, P <
0.001) and E. signata (32 £ 4 min, P < 0.001) (Figs. 2.1 & 2.2). No Satistically significant
differences were observed when the dive duration frequency data was compared across the five
species for both hatchlings and juveniles, however dives >150 min made up 59% and 37% of the

total dive time for hatchling and juvenile R. leukops respectively (Figs. 2.3 & 2.4).
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Figure 2.3 - Thefrequency of dives that occurred within each 15 min dive period from 0 to >150 min for hatchlings

of five species of freshwater turtle.
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Figure 2.4 - The frequency of dives that occurred within each 15 min dive period from 0 to >150 min for juveniles of

five species of freshwater turtle.

The relationships between hatchling and juvenile dive durations varied considerable between
species. Juvenile mean and maximum dive durations were significantly greater than that of the
hatchlings in E. macrurus (P < 0.01, mean dive duration only), E. latisternum (P < 0.01) and E.
signata (P < 0.001). Hatchling dive durations were however greater than for juvenilesin E.
albagula (P < 0.001) while no differences in age class was recorded for R. leukops (Figs. 2.1 &
2.2). Seventy percent of dives undertaken by both hatchling and juvenile turtles were short in
duration (< 30 min) for all species (Figs. 2.3 & 2.4). A significantly higher number of dives
occurred within the 0-15 min dive period than in the longer dive periods for both the hatchlings

and juveniles (P < 0.01, except when compared to the 15-30 min dive period) (Fig. 2.3). Juvenile
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turtles also had significantly more dives occurring within 15-30 min dive period than for the

longer dive periods (P < 0.01) (Fig. 2.4).

Oxygen Consumption

Percent aguatic respiration and aquatic oxygen consumption were significantly greater in R.
leukops than in all other species (P < 0.001) (Table 2.2 & Fig. 2.5). Aquatic respirationinR.
leukops supported 63 + 3% and 73 + 10% of the total oxygen requirement in hatchling and
juveniles respectively. Percent aguatic respiration did not differ between the remaining speciesin

either the hatchling or juvenile age class (Fig. 2.5).
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Figure 2.5 - Aquatic respiration in five species of hatchling and juvenile turtles. Valuesrepresent means+ SEM.
Lowercase letter differences indicate sgnificant differences between hatchling species. Uppercase |etter differences

indicate significant difference between juvenile species.
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The aquatic oxygen consumption of E. macrurus (0.109 + 0.008 mlO,h™) was greater than E.
|atisternum (0.088 + 0.011 mlO.h™, P < 0.05) and E. albagula (0.068 + 0.007 mlO,h™, P < 0.05)
while that of E. signata (0.122 + 0.017 mlO;h™) was also higher than E. latisternum (P < 0.05)
(Table 2.2). Overall, aguatic oxygen consumption and percent aguatic respiration did not
significantly differ between age classes; however the aguatic oxygen consumption of hatchling R.
leukops (0.447 + 0.014 mlO.h™) was greater than that of the juveniles (0.259 + 0.037 mlO;h™) (P

<0.001) (Table2.2 & Fig. 2.5).

Aeria oxygen consumption differed between species within the juvenile age class only where R.
leukops (0.110 + 0.039 ml O, h™) had a significantly lower oxygen consumption than E.
|atisternum (0.512 + 0.033 ml O, h™, P < 0.01), E. albagula (0.789 + 0.054 ml O, h, P < 0.001)
and E. macrurus (0.926 + 0.188 ml O, h™, P < 0.001) (Table 2.2). Aerial oxygen consumption in
hatchling turtles was generally less than that of the juveniles however this was only significant in

E. albagula (P < 0.01) and E. macrurus (P < 0.05) (Table 2.2).

Table 2.2 - Aeria and aguatic oxygen consumption (mlO,h™) in hatchlings and juveniles of five species of
freshwater turtle. VO, aerial and VO, aguatic were scaled to 0.75 then standardised to a 12 g turtle. Values

represent means + SEM.

Species Aquatic Oxygen Aerial Oxygen
Consumption (ml O,h™) Consumption (ml O,h™)
Hatchlings Juveniles Hatchlings Juveniles

Rheodytes |eukops 0.45+0.01 0.26 £ 0.04 0.27 £0.03 0.11+0.04
Elusor macrurus 0.11+£0.01 0.14 £0.02 0.47 £0.08 0.93+£0.19
Elseya albagula 0.07 £0.01 0.13+0.041 024004 0.79£0.05
Elseya latisternum 0.09 £0.01 0.08 £ 0.01 031+ 005 051+0.03
Emydura signata 0.12 £0.02 0.10+£0.01 0.35+0.06 0.49+0.12




Blood Respiratory Properties

Blood respiratory properties differed significantly among the five turtle species (Hct, P <0.001;
Hb, P < 0.001; Psp, P< 0.001). Hct and Hb levels were significantly greater in R. leukops than in
the other turtle species (P < 0.001) (Figs. 2.6a& b). The Hb levels of E. macrurus (1.6 £ 0.1
mmolL™) were also significantly higher than E. signata (1.0 + 0.1 mmolIL™, P < 0.05) and E.
albagula (1.0 + 0.1 mmolL™, P < 0.05) (Fig. 2.6b). The Py, values of the turtles varied
significantly among species (P < 0.001) (Fig. 2.6¢). Rheodytes |eukops recorded the lowest Psg of
17.24 + 0.45 mmHg which was significantly different to all of the other species (P < 0.05) except
E. albagula which recorded avalue of 21.81 + 1.56 mmHg. The Ps, of E. albagula was lower
than that of E. signata (29.03 + 2.44 mmHg, P < 0.01) and E. macrurus (29.71 £ 1.30 mmHg, P <
0.01) inwhich Ps values did not differ (P > 0.05), and E. latisternum which had the highest Ps

value of 33.79 + 1.42 mmHg (P < 0.001).
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DISCUSSION
The diving behaviour of the hatchling and juvenile turtles differed markedly among the five turtle
species however the relationships between diving behaviour and physiology were not as apparent
aspredicted. The long dive duration recorded for R. leukops was supported by a high reliance on
aguatic respiration (63-73%) and high blood oxygen affinity (Psp = 17.24 mmHg). A correlation
between dive duration, aquatic respiration and blood respiratory properties was not however
observed in the remaining turtle species where, despite the longer dive duration of E. albagula
and E. macrurus compared to E. signata and E. latisternum, there was no difference observed in

percent aquatic respiration or blood oxygen affinity between these species.

Dive duration in air-breathing vertebrates is influenced by the magnitude of the species aerobic
dive limit (ADL). The ADL provides atheoretical estimate of the maximum aerobic dive
possible and is calculated by divided an individual’ s oxygen storage capacity by their rate of
oxygen utilization/metabolic rate (Kooyman, 1989). However, the ability to acquire oxygen from
the aguatic environment during a dive allows bimodally respiring turtles to extend their ADL
thereby influencing a species’ diving behaviour (Belkin, 1968; Stone et al., 1992a; King and
Heatwole, 1994a,b; Bagatto et al., 1997; Bagatto and Henry, 1999; Prassack et al., 2001; Maina,
2002; Gordos et a., 2004b). Percent aguatic respiration in R. leukops reached a mean value of
67% which was approximately three times greater than that of the other turtle species. The high
reliance of R. leukops on aquatic respiration supportsthe long dive durations observed in this
species. A correlation between dive duration and reliance upon aquatic respiration was not

however observed in the remaining turtle species.
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Obtaining accurate measures of a species maximum ability to respire aquatically is generally
difficult due to the turtle’ s ability to voluntarily change their reliance on aerial and aquatic
oxygen consumption (Mathie and Franklin, 2006). Due to the difficulty in measuring aquatic
respiration, the morphology, perfusion and ventilation of the cloacal bursae may provide a better
indication of a species capacity to respire aquatically. The turtle species used in this study all
possess cloacal bursae which are dorso-lateral diverticula of the cloaca. The degree of
morphological development in thisrespiratory organ differs dramatically between species
(Legler, 1993; Legler and Georges, 1993). The cloacal bursae of adult E. signata, E. latisternum
and E. macrurus are the least developed with the bursal lining only partly covered by papillae
(Legler and Georges, 1993; Cann and Legler, 1994; King and Heatwole, 1994a). The cloacal
bursae of adult E. albagula is completely covered in branched but flattened papillae, while that of
adult R. leukops is the most specialised with the papillae being highly vascularised and multi-
branching (Legler and Cann, 1980; Legler, 1993; Priest, 1997). However, further investigations
are required into the morphology of cloacal bursae and how bursae structure varies with

development and across size classes.

Dive duration can be influenced by blood respiratory properties (Kooyman, 1989). Blood oxygen
affinity determines the ability of the blood to bind and unload oxygen. A high oxygen affinity
facilitates oxygen loading at the respiratory organs while alow affinity is beneficial for efficient
delivery of oxygen to the body tissues (Kooyman, 1989). Blood oxygen affinity was predicted to
be high in bimodally respiring turtles as this would facilitate the uptake of oxygen from the
aguatic environment (Gordos et al., 2004b). A study by Gordos et al. (2004b) however found that

the Pso, Hb and Hct levels of adult R. leukops were no different to values reported for other
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freshwater turtles that display alow reliance on aguatic respiration. The results of this study
however showed that blood oxygen affinity, Hb and Hct levels of juvenile R. leukops were all
significantly higher than that of the other turtle species and this supports the high levels of aquatic
respiration and long dive durations recorded for this species. These results suggest that an
increase in blood oxygen affinity and oxygen carrying capacity may confer an adaptive advantage
regarding the uptake of oxygen from the aquatic environment. The differences in blood oxygen
affinity seen between this study and that of Gordos et a. (2004b) may be due to differencesin
turtle body size and species developmental rates. Haemoglobin composition in sea turtlesis
known to differ between hatchlings and adults with the development of the adult component
occurring between 14 and 90 days old in green sea turtle (Chelonia mydas mydas) hatchlings
(Isaacks et al., 1978) but between 4 and 7 months old in the Kemp’ s Ridley turtle (Lepidochelys

kempi) (Davis, 1991).

Species ecology may also act as an evolutionary driving force for reliance on aquatic respiration
and diving behaviour. The remarkable ability of R. leukopsto extend dive duration through the
use of aquatic respiration is thought be akey factor in the ability of this species to inhabit fast-
flowing riffle zones (Gordos, 2004). A high reliance on aquatic respiration decreases the
frequency and therefore the costs associated with surfacing in a high velocity environment.
Withinriffle zones, R. leukops has reduced competition from other turtle species for food
resources as Well as reduced predator exposure (Gordos, 2004). The maximum dive durations of
E. macrurus and E. albagula (4 h) are eight times longer than that of E. signata and E.
latisternum (30 min) suggesting they too may use an increased reliance on aguatic respiration to

further exploit the aguatic environment.
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Table 2. 3 - Mean aquatic respiration and mean dive duration for hatchlings, juveniles and adults in five species of

freshwater turtle.

Species Mean Aquatic Respiration (%) Mean Dive Duration (min) Citation
Hatchlings  Juveniles Adults Hatchlings  Juveniles Adults
Emydurasignata  29.0 + 4.0 207+48 130+30 109+04 182+24 67+12 Thisstudy; Priest,
1997; Priest &
Franklin, 2002
Elseya latisternum 29.2+6.1 136+1.4 150+05 19.0+11 329+115 Thisstudy; Kayes,
2005

Elseya albagula 29.2+4.2 13.8+45 17.0+3.0 471+65 243+18 350+3.0 Thisstudy; Mathie
& Franklin, 2006

Elusor macrurus 234+24 18.2+3.7 23.3+20 305+25 706+88  Thisstudy;
Sandjian, 2007

Rheodytesleukops 63.4+2.9 728+97 380+35 1147+407 839+697 380x50  Thisstudy; Priest,
1997; Priest &
Franklin, 2002

The relationships between diving behaviour and physiology have primarily been studied in adult
turtles with very little information known about the capabilities of hatchlings and juveniles. Dive
duration in air-breathing vertebrates generally increases with body mass as larger animals have a
higher oxygen storage capacity and a lower mass-specific metabolic rate (Kleiber, 1961; Butler
and Jones, 1982; Kooyman, 1989; Schmidt-Nielsen, 1984; Schreer and Kovacs, 1997; Kooyman
and Ponganis, 1998). Dive duration is however predicted to correlate negatively with body mass
in bimodally respiring turtles as smaller turtles have arelatively higher reliance on aquatic
respiration and higher predation pressures (Stone et a., 1992a; Bagatto et d., 1997; Mathie and
Franklin, 2006). The completion of this study on hatchling and juvenile turtles allows for the
relationship between body size and diving behaviour in bimodally respiring turtlesto be
investigated further. Table 2.3 reports mean aquatic respiration and mean dive duration for
hatchlings, juveniles and adults recorded in captivity between 23°C and 25°C. Aquatic
respiration was higher in hatchlings than adults for E. signata, E albagula, and R. leukops.

Consequently, the dive duration of these three species were longer in the hatchlings. This trend
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was nhot supported for all species however with the dive durations of hatchlings E. latisternum

and E. macrurus being shorter than the adults.

This study demonstratesthat the diving behaviour and physiology of Australian freshwater turtles
does differ between species. Rheodytes |leukops is the obvious standout species recording the
maximum reliance of aquatic respiration, highest blood oxygen affinity and longest dive duration.
The relationships among the other four species however remain unclear. The current
phylogenetics of Australian freshwater turtles does suggest that developed aquatic respiratory
organs (eg, cloacal bursae with papillae) have evolved only once in the short-necked taxa, which
indicates that acommon factor has contributed to the evolution of aquatic respiration and
extended dive duration. To date Emydura, Elseya, Elusor and Rheodytes remain as an unresolved
polytomy and further phylogenetic, morphological and ecological data is required to understand

the among species differences that occur (Georges et al., 1998).
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CHAPTER THREE
THERMAL PLASTICITY OF DIVING BEHAVIOUR, AQUATIC
RESPIRATION AND LOCOMOTOR PERFORMANCE IN THE MARY

RIVER TURTLE, ELUSOR MACRURUS

ABSTRACT
Locomotion is a common measure of performance used in studies of thermal acclimation due to
its correlation with predator escape and prey capture. However, for sedentary animals like
freshwater turtles, we propose that diving behaviour may be a more ecologically relevant measure
of performance. Increasing dive duration in hatchling turtles reduces predator exposure and
therefore functions as an ecological benefit. Diving behaviour is thermally dependent and in
some species of freshwater turtles, is also reliant upon aquatic respiration. This study examined
the influence of thermal acclimation on diving behaviour, aguatic respiration, and locomotor
performance in the endangered, bimodally respiring Mary River turtle, Elusor macrurus. Diving
behaviour was found to partially acclimate at 17°C, with turtles acclimated to a cold temperature
(17°C) having a significantly longer dive duration than hatchlings acclimated to awarm
temperature (28°C). Thisincrease in dive duration at 17°C was not aresult of physiological
alterations in metabolic rate but was due instead to an increase in aguatic oxygen consumption.
Increasing aguatic oxygen consumption permitted cold acclimated hatchlingsto remain
submerged for significantly longer periods, with one turtle undertaking a dive of over 2.5 days.
When burst swimming speed was used as the measure of performance, thermal acclimation was
not detected. Overall, E. macrurus demonstrated a partial ability to acclimate to changesin

environmental temperature.
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INTRODUCTION
Temperature influences the rates of biochemical reactions that underlie animal function and as
such, directly impacts the physiology and behaviour of ectotherms (Huey, 1982; Haynie, 2001,
Angillettaet al., 2002). Organisms can compensate for these fluctuations through the process of
acclimation (laboratory based) or acclimatisation (field based), which is the reversible change in
physiological processes in response to environmental variability (Prosser, 1991; Wilson and
Franklin, 2002b; Seebacher, 2005; Angilletta et a., 2006). The beneficial acclimation hypothesis
(BAH) suggests that these acclimatory responses benefit the organism by increasing individual

fitness (Leroi et a., 1994; Wilson and Franklin, 2002b; Seebacher, 2005; Angilletta et a., 2006).

Locomotion is one of the primary performance measures used in studies of thermal acclimation
dueto its correlation with predator escape and prey capture (Bennett, 1990; Bennett and Huey,
1990; Johnson and Bennett, 1995; Domenici and Blake, 1997; Johnston and Temple, 2002;
O'Steen and Bennett, 2003; Wilson, 2005). Whilst locomotion is an ideal performance measure
for active species like fish, an alternative measure may be required for sedentary animals like
freshwater turtles. Hatchling turtles spend the majority of their time sheltering on the river
bottom, with surfacing events for aerial respiration increasing the hatchlings exposure to
predation in both the water column and at the waters surface (Kramer, 1988; Kramer et a., 1983;
Heithaus and Frid, 2003). Rather than maximising burst swimming speed, hatchling turtles are
thought to reduce predator exposure by maximising their dive duration and hence reducing
surfacing frequency. Therefore, we propose that diving behaviour is a more ecologically relevant

measure of performance for hatchling chelonians compared to locomotion.
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Diving behaviour in freshwater turtles is known to be thermally dependent (Herbert and Jackson,
1985b; Prassack et al., 2001; Priest and Franklin, 2002; Gordos &t al., 2003a,b). For example, a
15°C increase in temperature resulted in a five fold decrease in the dive duration of the short-
necked turtle (Emydura macquarii) (Priest and Franklin, 2002). Temperature dependent changes
in diving behaviour can be attributed to the physiological processes underlying the aerobic dive
limit (ADL) (Kooyman, 1989; Schreer and Kovacs, 1997). Astemperature increases, metabolic
rate also increases while oxygen storage capacity decreases, thereby resulting in shorter dive
durations for chelonians (Kooyman, 1989; Fuster et al., 1997). Diving behaviour in freshwater
turtles may also be dependent upon aguatic respiration (Gordos and Franklin, 2002; Mathie and
Franklin, 2006). Certain freshwater turtle species display the ability to respire aquatically, which
allows them to undertake extended dives compared to primarily air-breathing species (Belkin,
1968; Stone et al., 1992a; King and Heatwole 1994a,b; Bagatto et al., 1997; Bagatto and Henry,
1999; Maina, 2002; Prassack et al., 2001). For the Fitzroy River turtle, Rheodytes leukops,
aguatic respiration supports up to 70% of total VO,, which translates into extended dives of
several days (Gordos and Franklin, 2002). However, aquatic respiration in freshwater turtlesis
also thermally dependent. Astemperature increases, aguatic respiration cannot fulfil the
increased metabolic demands of the turtle, thus resulting in an elevated reliance upon aerial

respiration (Herbert and Jackson, 1985b; Y u and Woo, 1985; Prassack et al., 2001).

Despite the high dependence of dive duration on temperature, there have been no studiesto date
that have investigated if the diving behaviour of turtles can thermally acclimate. We hypothesise
that it is beneficial for hatchling turtles to maximise dive duration in order to reduce predator

exposure. Acclimation to a high temperature will therefore result in the turtles increasing their



dive duration at that temperature through a reduction in metabolic rate and increase in aquatic
respiration. Acclimation to a cold temperature however may actually result in a decrease in dive
duration as a trade off occurs between performance and metabolic rate. Acute exposure to cold
temperatures has a depressive effect on metabolism and as a result the animals may increase their
energy expenditure in order to maintain metabolic capacity (Wood et a., 1978; Evans, 1990;
Seebacher et al., 2003; Seebacher et a., 2004; Glanville and Seebacher, 2006). For examplein
winter, the metabolic enzymes of the Australian freshwater turtle (Chelodina longicallis)
acclimatised so that activity levels could be maintained despite the drop in body temperature
(Seebacher et a., 2004). We hypothesised that the metabolic rate of cold acclimated Elusor
macrurus turtles may also increase at cold temperatures and as a result dive duration will
decrease. The aim of this study was to examine the influence of thermal acclimation on diving
behaviour, aguatic respiration and swimming performance in the Mary River turtle, Elusor

macrurus.

MATERIAL AND METHODS
Turtle Collection and Husbandry
Elusor macrurus eggs were collected from nesting sites along the Mary River near the town of
Tiaro (25.72606°S, 152.58265°E) and transported to The University of Queensland where they
were incubated. Once hatched, the turtles were housed in a large holding tank (1000 L) which
contained basking platforms and shelters. The holding tanks were maintained at a constant
temperature of 23°C with a photoperiod of 12L.:12D. At 10 months of age, the hatchling turtles
were randomly divided into two groups and place into either a cold (17°C, N = 6, 29.88 + 1.70 g)

or warm (28°C, N =7, 30.04 £ 2.32 g) acclimation treatment. These temperatures were selected

45



as representatives of winter and summer water temperatures in the Mary River (Pusey et al.,
1993). The acclimation tank setup (140 L) was identical between treatments, consisting of
basking platforms, shelters, aerators and a 12L.:12D photoperiod. The hatchlings were acclimated
for aminimum of 8 weeks at which time diving behaviour, aguatic respiration and swimming
performance of both acclimation groups were examined at the two test temperatures, 17°C and
28°C. Thisresearch was approved by Queensland Parks and Wildlife Service (SPP-WISP-
01477903) and supported by the University of Queensland Ethics Committee (AEC —

ZOO/ENT/595/04/URG and ZOO/ENT/731/05/URG.

Diving_Behaviour

The diving behaviour of the cold and warm acclimated turtles was examined at both 17°C and
28°C test temperatures. The behavioural experiments were conducted in a large glass aquarium
150x 60 x 65 cm (I x wx d). A Perspex sheet was placed down the middle of the aquarium to
divide the tank into two halves, allowing for two groups of turtles to be recorded simultaneously.
The aquarium contained a pebble substrate and benthic shelters, with the water being constantly
filtered (Aqua One hang-on filter). The photoperiod was set at 12L.:12D, with red lights used
during the dark period to facilitate recording. Turtles were placed into each side of the tank in
groups of three and given 24 h to become accustomed to the new environment. Diving behaviour
was then recorded using a closed circuit video camera and time lapse VCR. Recording of diving
behaviour ranged between 12 h and 86 h depending on the activity levels of turtles within a
group. At 17°C, alonger recording period was required so that an adequate number of dives
were recorded, while lesstime was required at the 28°C due to the short dive lengths. Turtles

were given a minimum of one week to rest before being tested at the remaining experimental
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temperature. Video tapeswere analysed for resting dive durations. A resting dive was defined as
adive in which the turtle sat relatively still on the bottom of the tank for a period of greater than

one minute.

Respiration

Resting metabolic rate, mean aerial and aquatic respiration and percent aquatic respiration of
acclimated animals were measured using closed-box respirometry. Respiration experiments were
conducted in controlled temperature rooms set at 17°C or 28°C, with red lights used to smulate
darkness to ensure that measures were of resting metabolic rate. The respirometers consisted of a
900 ml circular container with an air-tight lid that was filled with 500 ml of water to create an
aguatic base chamber. The remaining 400 ml of the respirometer functioned as an aerial
chamber into which the turtles could surface to breathe. Two-way taps fitted to the aquatic and
aerial chambers permitted water and air sampling, respectively. Prior to the beginning of
experiments the turtles were weighed and wiped down with a 70% ethanol solution to remove
oxygen-consuming bacteria. Turtles were given 18 h to adjust to the respirometers and recover
from handling stress before measurements began. The water in the respirometer was aerated
continuously to maintain normoxia prior to respiratory measurements. At the beginning of the
experimental trial, the aerators were switched off and mineral oil was added to the surface of the
water to prevent diffusion of gas across phases. The respirometers were then sealed and initial
samples of water (5 ml) and air (20 ml) were taken from the sampling ports via a syringe to
establish baseline levels of O,. Turtles were then left for either 1 h (28°C) or 2 h (17°C) before

the final aquatic and aerial gas samples were taken. Each turtle underwent atotal of 4 trials with
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aminimum 1 h period allowed between each trial. The hatchlings were given a minimum of
three days rest before being tested at the other experimental temperature.

For gas analysis, water samples were injected into awater jacket that housed a Cameron oxygen
electrode. The oxygen electrode was connected to a Cameron oxygen meter (Cameron
Instrument Company model OM200) that measured the aquatic PO,. The aerial sample was
passed through H,O-absorbing Drierite before entering a gas analyser (ADInstruments model

ML 205), which measured percent oxygen. The Cameron oxygen meter and gas analyser were
connected to a PowerL al/4s and data recorded on Chart software (v 4.2). Controls were
conducted to account for consumption of oxygen by the electrode and to confirm the

effectiveness of the mineral oil as abarrier to gas diffusion.

The rate of aerial oxygen consumption (VO, ml O,h™) was determined using the standard

equations of Vleck (1987):

VO, = [((V - ViH0) (Fi - Fe) — Fe (VCOy,))/(1-Fe)]

t
where,
Vv = volume of air in chamber (ml)

ViH,O = initial volume of water vapor in chamber (ml)

VCO, = volume of CO, produced during experiment (ml)

Fi = fractional concentration of O, at the gart of the experiment
Fe = fractional concentration of O, at the end of the experiment
t = length of trial (h)
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The rate of aguatic oxygen consumption (VO, ml O, h') was determined using the following

equation modified from King and Heatwole (1994b):

VOz = ADOZ X B X VHzo

t

where,
t = length of trial (h)
ADQO, = changeindissolved O, over trial (mmHg)
VH,O = volume of water inrespirometer (L)
B = oxygen co-efficient of capacitance (ml O, L™ mmHg)

For analysis, mean VO, aerial and VO, aquatic were standardised to a 35g turtle then presented
on aper gram basis (ie VO, in ml O, h™g™). Total VO, (metabolic rate) (ml O, h™ g™) equaled
the sum of minimum aerial and minimum aquatic VO, while percent aquatic respiration was

estimated by expressing maximum aguatic VO, as a proportion of total VO,

Swimming Performance

Swimming performance was examined in a30 cm x 31cm x 14.5 cm (I x w x h) temperature-
controlled tank. Pilot studies revealed that the burst swimming response of the turtles was to
push off with their hind legs and swim along the bottom of the tank rather than to swim within
the water column. To provide the gripping surface that is needed for this type of locomotion, a

layer of plastic mesh was glued to the bottom of the tank.
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The burst swimming performance of the cold and warm acclimated turtles was examined at 17°C
and 28°C. Turtles were allowed to adjust to the test temperature overnight and were then placed
individually into the experimental tank and allowed to settle on the bottom. A burst swimming
response was generated by tapping the bottom of the tank behind the turtle. This action startled
the turtle, resulting in 2-3 burst swimming strokes. A mirror positioned above the tank at a 90°
angle reflected the movement of the turtle which was captured by a high speed camera at 100
frames s* (Red Lake Imaging Corporation USA). The camera was connected to a computer
which recorded the video on Motion Scope software. Maximum speed was calculated by
documenting the (x,y) position of the turtle for each frame of movement beginning from the first
sign of locomotion. The distance between the frames was divided by time to produce speed (cm
s1). Four burst swimming sequences were analysed for each individual and the maximum speed
recorded. To account for body size difference between acclimation groups the maximum speed
for each individual was divided by carapace length and then multiplied by 7 to standardise

velocity to a7 cmturtle.

Statistical Analysis

The effects of test temperature and acclimation temperature on diving behaviour, respiration and
swimming performance were analysed using two-way repeated measures analysis of variance
(ANOVA). Where normality failed, data was log-transformed before analysis. Significant
differences were further analysed using the Student-Newman-Keuls post hoc test. All results are
presented as mean + standard error unless otherwise stated, with statistical significant differences

considered at the level P < 0.05.
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RESULTS
Diving Behaviour
There was a significant effect of thermal acclimation on mean and maximum dive durations of E.
macrurus (mean dice duration - F; 25 = 14.30, P = 0.003; maximum dive duration - F; o5 = 41.26,
P <0.001) (Fig. 3.1). However, the effect of thermal acclimation on dive durations was highly
dependent upon test temperature (mean dive duration - F; 25 = 21.19, P < 0.001; maximum dive
duration - F; 25 = 19.34, P< 0.001). Mean dive duration at 17°C equaed 765 £ 213 min in the
cold acclimated turtles compared to 125 + 21 min in the warm acclimated group (P < 0.001) (Fig.
3.1). At 17 °C, maximum dive duration of the cold acclimated turtles was 2667 + 420 min which
was significantly greater than the maximum value of 366 £ 71 min recorded for the warm

acclimated turtles (Fig. 3.1).
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Figure 3.1 - Effect of temperature on mean and maximum dive duration in cold (CA) and warm (WA) acclimated

turtles.
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There was no effect of thermal acclimation on mean or maximum dive duration at the 28°C test
temperature where mean dive durations were 8.36 + 0.58 min and 6.78 + 0.96 min for the cold
and warm acclimated groups respectively (P > 0.05). Mean and maximum dive durations were
greater at 17°C than at 28°C for both the cold and warm acclimated turtles (mean dive duration -

F1.25 = 655.45, P < 0.001, maximum dive duration - F; 25 = 486.51, P < 0.001) (Fig. 3.1).

Respiration

The resting metabolic rate of Elusor macrurus hatchlings did not thermally acclimate (F1 25 =
0.24, P> 0.05) (Fig. 3.2). The metabolic rate of both acclimation groups was however influenced
by test temperature (F125 = 50.84, P < 0.001) (Fig. 3.2). Metabolic rate increased from 0.08 +
0.008 ml O,h™ g t0 0.16 + 0.012 ml O, h™* g™ in the cold acclimated turtles and 0.06 + 0.009 ml
0:h*g* t00.17 + 0.017 ml O, h™* g in the warm acclimated turtles at 17°C and 28°C
respectively. The Qo value for the cold and warm acclimated animals was 1.80 and 2.46,

respectively.

The observed increase in metabolic rate at 28°C was a direct result of an increase in both aerial
and aguatic oxygen consumption (aeria - F1 5= 54.15, P < 0.001; aquatic - F1 5= 27.95, P<
0.001) (Fig. 3.3). Aeria oxygen consumption increased from 0.08 £ 0.006 and 0.065 = 0.008 ml
O,htgta 17°Cto 0.158 + 0.012 and 0.178 + 0.021 ml O, h™ g at 28°C in the cold and warm
acclimated turtles respectively. Astest temperature increased from 17°C to 28°C, aquatic oxygen
consumption of the cold acclimated turtles increased from 0.018 + 0.0008 ml O, h™* g t0 0.023 +
0.002 ml O, h™ g, while that of the warm acclimated turtles increased from 0.014 + 0.0008 m

O.h' g™ t0 0.018 + 0.001 ml O,h*g™*. Therewas no effect of acclimation temperature on aerial
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oxygen consumption at either 17°C or 28°C (F1 5= 0.013, P> 0.05). Aquatic oxygen
consumption was however significantly influenced by acclimation temperature with consumption
higher in the cold acclimated turtles than in the warm acclimated turtles at both test temperatures

(17°C - P = 0.036, 28°C — P < 0.05) (Fig. 3.3).
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Figure 3.2 - The effect of temperature on metabolic ratein cold and warm acclimated turtles. Values represent mean

+ SEM.

Unlike aquatic oxygen consumption, percent aquatic respiration ((maximum agquatic oxygen
consumption / total MR) x 100) did not thermally acclimate at either test temperatures (Fy 25 =
0.007, P> 0.05). There was however asignificant effect of temperature on percent aquatic
respiration in the warm acclimated E. macrurus but no effect in the cold acclimated turtles (P >

0.05). At 17°C aguatic respiration was 21.54% in cold acclimated turtles and 24.20% in warm
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acclimated turtles. When tested at 28°C, aquatic respiration in the cold and warm acclimated

turtles was 16.07% and 13.73% respectively.

0.2 - bC
B Aquatic Respiration
0.18 - ) T E
B Aerial Respiration o o
o4 ey

0.14

Consumption (mlO2h™g™)
o o
o © Bk
® N

Cold Acclimated

Warm A cclimated Cold Acclimated WarmA cclimated

Temperature (°C)

Figure 3.3 - Theinfluence of temperature on mean aerial and aguatic oxygen consumption in cold and warm

acclimated Mary River turtles. Valuesrepresent mean + SEM.

Swimming Performance

Burst swimming speed of E. macrurus did not thermally acclimate (F1 25 = 0.03, P > 0.05) (Fig.
3.4). Burst swimming speed was however significantly faster at 28°C than 17°C in both cold and
warm acclimated turtles (F1 25 = 33.52, P < 0.001) (Fig. 3.4). Maximum velocity of the cold
acclimated turtlesincreased from 68.0 + 2.5cms'at 17°Cto 79.1 + 2.9 cms™ at 28°C.
Maximum velocity of the warm acclimated turtles increased from 67.3 + 1.5cms™ to 78.8+ 1.6

cm s’ as temperatureincreased. The Qi for this relationship was 1.15 for both acclimation

groups.
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Figure 3.4 - The effect of temperature on the swimming performance of cold and warm acclimated turtles. Values

represent mean + SEM.

DISCUSSION
Elusor macrurus hatchlings displayed partial thermal acclimation with respect to their diving
behaviour however, the turtles did not acclimate according to our hypothesis. At 28°C, dive
duration was expected to increase after warm acclimation due to a decrease in metabolic rate and
increase in agquatic respiration. However, thermal acclimation was not observed for E. macrurus
hatchlings maintained at a warm temperature with regardsto either of these two parameters. Asa
result, no difference in dive duration was observed between cold and warm acclimated turtles at
28°C. Alternatively, hatchlings acclimated to a cold temperature were expected to display a
decreased dive duration at 17°C as a result of an increased metabolic rate. Y et acclimationto a

cold temperature resulted in asix fold increase in dive duration.
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High costs associated with aquatic respiration at 28°C may explain why warm acclimated turtles
did not thermally acclimate dive duration. Aquatic respiration in Elusor macrurus can occur via
diffusion acrossthe skin or by active ventilation of the cloacal bursae. Tidal ventilation
associated with the cloacal bursae requires a continual change in the kinetic energy of water,
which compared to air is 60 times as viscous and contains 30 times less oxygen per volume
(Degjours, 1994). In accordance with the theory of optimal breathing, as metabolic rate increases
with increasing temperature, turtles are likely to become more reliant upon aerial respiration
eguating to shorter dive durations (Kramer, 1988). For the softshell turtle, Apalone ferox,
reliance upon aguatic respiration decreased from 44.1% to 17.4% as temperature increased from
15°C to 25°C (Prassack et al., 2001). Additionally, surfacing frequency for the softshell turtle
increased over three fold with the associated temperature increase (Prassack et al., 2001).
Aquatic respiration in the warm acclimated E. macrurus hatchlings accounted for only 14-16% of
total oxygen consumption suggesting that at 28°C hatchlings were primarily relying upon

pulmonary oxygen supplies.

At 17°C, the reduction in metabolic rate of both the cold and warm acclimated turtles resulted in
an increased reliance upon aquatic respiration. Thisincrease in aguatic respiration permitted an
increase in dive duration of both acclimation groups however, the dive duration of the cold
acclimated turtles was six times longer than that of the warm acclimated hatchlings. Some
species of freshwater turtles are known to show an inverse compensatory response at low
temperatures by entering a state of dormancy (Guppy and Withers, 1999). For example, snapping
turtles, Chelydra serpentina, acclimated at 10°C showed a 13% reduction in metabolic rate at

25°C compared to turtles acclimated at 25°C (Gatten, 1978). However, our results suggest that at

56



17°C, E. macrurus hatchlings do not enter a state of metabolic depression (ie, metabolic rate did
not differ between cold and warm acclimated animals at 17°C). Instead, the increase in dive
duration observed in cold acclimated turtles tested at 17°C may be due to an increased reliance on

aguatic respiration which was opposite to our origina hypothesis.

Aquatic oxygen consumption of the cold acclimated turtles was significantly greater than that of
the warm acclimated turtles at both test temperatures. This result suggests that the cold
acclimated turtles underwent a physiological and or morphological adaptation that increased their
efficiency to extract aquatic oxygen. Obtaining accurate measures of percent aquatic respiration
is generally difficult dueto the turtle’ s ability to voluntarily change their reliance on both aerial
and aguatic oxygen consumption. In a shallow respirometry chamber, hatchlings are likely to
increase their reliance on aerial oxygen consumption due to the costs associated with aquatic
respiration under these conditions (Mathie and Franklin, 2006). Measures of percent aquatic
respiration are therefore likey to be underestimated. Percent aguatic respiration in E. macrurus
did not differ between acclimation groups, however the diving behaviour data supportsthe

increase in aguatic oxygen consumption seen in the cold acclimated turtles.

The dramatic increase in dives at 17°C indicates a greater reliance on aguatic oxygen
consumption, as exemplified by one cold acclimated hatchling that recorded a dive of over 2.5
days. This extended dive duration marks one of the longest submergences recorded for any
freshwater turtle in captivity and was five times longer than the maximum dive duration of any
warm acclimated E. macrurus hatchling. Similarly, in astudy on the natural diving behaviour of

Rheodytes leukops, dive durations of over three weeks where recorded during winter (16.5°C)
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compared to a maximum duration of only 2.39 days in summer (27.3°C) (Gordos et al., 2003b).
Based upon these results, Gordos et al. (2003b) suggested that freshwater turtles can use aguatic

respiration as an effective overwintering strategy at cooler temperatures.

Traditionally, studies of the beneficial acclimation hypothesis have used locomotion asthe
performance measure (Bennett, 1990; Johnson and Bennett, 1995; Wilson and Franklin, 1999;
O'Steen and Bennett, 2003; Wilson, 2005). In this study, the burst swimming speed of E.
macrurus hatchlings did not thermally acclimate. This result supports the hypothesis that thermal
acclimation of locomotor performance inreptilesis minimal in its extent (Bennett, 1990;
Angillettaet a., 2002). However, research into thisarea is limited and generally restricted to
terrestrial species. Instead, thermal acclimation is believed to apply more to aquatic species that
are protected from large daily variations in temperature due to the thermal stability of water, but
are exposed to marked changes in seasonal temperature (Seebacher, 2005). This hypothesisis
supported by a study on amphibians where the highly aquatic larval form of the stripped marsh
frog, Limnodynastes peronii, was found to thermally acclimate locomotor performance, while no
difference was observed in swimming or jumping performance of adults (Wilson and Franklin,
2000). Although E. macrurusfits into the category that is most likely to benefit from thermal
acclimation (highly aquatic, no thermoregulation), no differences were observed in burst
locomotor performance. Burst locomotor performance is however a measure of anaerobic
capacity which is known to be lessthermally dependent than aerobic metabolism (Bennett, 1990;
O'Steen and Bennett, 2003). The effect of thermal acclimation on sustained swimming
performance may differ to that of burst swimming performance and therefore further research is

required to support the lack of acclimation in E. macrurus.
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This study has demonstrated that the respiratory physiology of the Mary River turtle is influenced
by water temperature and this has a significant effect on hatchling behaviour. This dependence
upon aguatic respiration in this species raises concerns about the potential impact of river
regulation on the species’ survival. Water storage impoundments are known to significantly
change the ecological properties of rivers by converting narrow flowing systems into large
stagnant reservoirs (Ligon et al., 1995; Reese and Welsh, 1998; Bodie, 2001; Arthington, 2003).
Environmental costs of impoundments include loss of pool-riffle sequences, reduced water
velocity, decreased aguatic oxygen levels, increased water depth and increased temperature
stratification (Ligon et al., 1995; Reese and Welsh, 1998; Bodie, 2001; Turner and Erskine,
2005). Temperature stratification in impoundments results in the formation of a warmer than
usual surface layer (Turner and Erskine, 2005). Hatchling turtles are likely to occur near the
surface margins of reservoirs and hence will more likely inhabit thiswarmer stagnant water. This
study has shown that at higher temperatures the turtle’ s reliance on aerial respiration will increase
leading to areduction in dive duration and increase in surfacing frequency. Hatchlings that
inhabit the warm surface layers of impoundments may therefore potentially increase their

exposure to predators due to this change in respiratory physiology and diving behaviour.
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CHAPTER FOUR
IMPLICATIONS OF RIVER DAMMING:
THE INFLUENCE OF AQUATIC HYPOXIA ON THE DIVING
PHYSIOLOGY AND BEHAVIOUR OF THE ENDANGERED MARY

RIVER TURTLE, ELUSOR MACRURUS

ABSTRACT
River impoundments are characterised by low oxygen levels as aresult of reduced water velocity
and increased water depth. Bimodally respiring turtle species are likely to be highly sensitive to
changes in aquatic PO, with decreases in oxygen levels impacting upon their diving ability. The
acute and long-term effects of aquatic hypoxiaon dive duration, oxygen consumption and blood
respiratory properties were examined in hatchlings of the endangered Mary River turtle, Elusor
macrurus. It was hypothesised that acute exposure to aguatic hypoxiawould cause a decrease in
dive duration as a consequence of a decrease in reliance on aquatic respiration. With long-term
exposure to hypoxia, we predicted that E. macrurus would have the capacity to compensate for
the acute effect of hypoxiaand that dive duration would increase due to an increase in aguatic
respiration, haemoglobin concentration and oxygen affinity (Psg). When exposed to hypoxic
conditions, aquatic respiration in E. macrurus was substantially reduced resulting in a 51%
decrease in dive duration. Contrary to our predictions, E. macrurus hatchlings did not acclimate
and long-term exposure to hypoxic conditions caused E. macrurus to lose significantly more
oxygen to the hypoxic water than the normoxic acclimated turtles. The exacerbated effect of

long-term hypoxia on the respiratory physiology and diving ecology of E. macrurus raises
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concerns about the impacts of long-term environmental change as a result of habitat alteration, on

the survival of freshwater turtle populations.

INTRODUCTION
River damming is known to significantly change the ecological properties of rivers by converting
narrow flowing systems into large stagnant reservoirs (Ward and Stanford, 1989; Tucker, 1999;
Bodie, 2001; Arthington, 2003). Environmental impacts associated with river damming include
loss of pool-riffle sequences, reduced water flow, increased water depth and decreased aquatic
oxygen levels (Ward and Stanford, 1989; Ligon et al., 1995; Reese and Welsh, 1998; Bodie,
2001). Theimpacts of these physio-chemical changes have largely been investigated in fish
populations (Park et al., 2003; Antonio et a., 2007; Clarke et al., 2007; Fukushima et a., 2007,
Xie et al., 2007) with very few studies considering the effects on freshwater turtles. In Australia,
population monitoring results suggest the impacts of river damming on freshwater turtles are
variable, with some species declining in numbers and others flourishing (Tucker, 1999; Limpus et
al., 2002; Arthington, 2003). Identifying the cause of these declines has been identified asan
important aspect of species conservation (Tucker, 1999). Conservation physiology isarelatively
new field of scientific research which through the use of physiological tools, aimsto provide a
detailed mechanistic understanding of the causes of conservation problems (Wikelski and Cooke,
2006). Knowledge of the physiological relationships between an animal and their environment
provides an understanding of the consequences of habitat alteration and can be used to predict the
effects of future environmental change (Wikelski and Cooke, 2006). With increasingly more
water infrastructure proposed for the future, understanding how freshwater turtles interact with a

changing environment is essential for species conservation.
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Freshwater turtles spend the majority of their time underwater surfacing occasionally to respire
aerialy viatheir lungs. Some species of turtle also possess the ability to respire aquatically
acquiring oxygen from the water viatheir skin, buccopharynx and/or cloacal bursae (Gage and
Gage, 1886; Smith and James, 1958; Girgis, 1961; Belkin, 1968; Stone et al., 1992a; King and
Heatwole, 1994a). By supplementing their punctuated aerial oxygen supply with aguatic
respiration, the turtles are able to extend their dive duration and reduce surfacing frequency
(Belkin, 1968; Stone et al., 1992b; Bagatto et al., 1997; Bagatto and Henry, 1999; Prassack et al.,
2001; Gordos and Franklin, 2002; Gordos et al., 2004a; Mathie and Franklin, 2006). Ecological
benefits associated with an extended dive duration include increased time available for foraging

and decreased predator exposure (Kramer, 1988).

Aquatic respiration and diving behaviour in bimodally respiring animals is however dependent
upon environmental conditions such as aquatic oxygen levels (Stone et al., 1992b; Prassack et al.,
2001, Priest and Franklin, 2002; Gordos €t al., 2003a,b; Mathie and Franklin, 2006). Decreasing
aguatic PO, from normoxic (155 mmHg) to anoxic (0 mmHg) conditions results in a 60%
decrease in the dive duration of R. leukops at 15°C (Priest and Franklin, 2002). The relationship
between dive duration and aquatic PO is a direct result of respiratory partitioning (Y u and Woo,
1985; Mattias et al., 1998; Geiger et al., 2000; Seymour et al., 2004; Randle and Chapman, 2005;
Alton et d., 2007; Clark et al., 2007). At high levels of aguatic PO,, diffusion of oxygen across
the aguatic respiratory organs is enhanced and reliance on aguatic respiration increases. As
ambient PO, decreases, the PO, diffusion gradient (water : blood) is reduced and energetic costs
associated with agquatic respiration increase, decreasing the effectiveness of aquatic respiration

(Stone et al., 1992b; Prassack et al., 2001; Priest and Franklin, 2002; Gordos &t al., 2003b;
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Jackson, 2007). For example, aquatic respiration in the bimodally respiring fish, Channa
maculate, decreased from 21% in normoxia (130 mmHg) to 13% in hypoxia (20 mmHg) while
aerial respiration increased proportionally (Yu and Woo, 1985). The respiratory responses of
bimodally respiring turtles to changes in aguatic PO- has received little attention however an
initial study on Chrysemys picta reported a 50% decrease in aquatic respiration under hypoxic

conditions (Prassack et al., 2001).

The relationship between aguatic PO, and the diving physiology and behaviour of bimodal
breathers suggests that river damming may have a serious impact on turtle physiological ecology
asareault of the low oxygen levelsin this environment. However, with long-term exposure to
hypoxia, a number of animals have been reported to initiate a range of physiological responses
that can compensate for the acute effects of aquatic hypoxia (Prosser, 1991; Wilson and Franklin,
2002b; Seebacher, 2005; Angillettaet al., 2006). For example, after long-term exposure to
aguatic hypoxia, some fish species are able to increase their aguatic oxygen uptake efficiency by
increasing the haemoglobin concentration and oxygen affinity of their blood (Manwell, 1960;
Grigg, 1969; Wood and Johansen, 1972; Lomholt and Johansen, 1979; Soivio et a., 1980; Jensen
and Weber, 1982; Wells et al., 1989; Val et al., 1998; Wu, 2002). The beneficial acclimation
hypothesis suggests that in a particular environment, an individual that has had the chance to
acclimate to those conditions will have a higher performance/fitness than an individual that has
not undergone an acclimatory response to those conditions (Prosser, 1991; Leroi et al., 1994;
Wilson and Franklin, 2002b; Seebacher, 2005; Angillettaet al., 2006). The benefits of hypoxic
acclimation have been demonstrated in male mosquito fish (Gambusia holbrooki). Fish

acclimated to hypoxic conditions exhibited an increase in sustained swimming performance and
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decrease in reliance on aquatic surface respiration in hypoxic conditions which resulted in an
increase in reproductive performance compared to non-acclimated males (Carter and Wilson,

2006).

The aim of this study was to examine the influence of acute and long-term exposure to aquatic
hypoxia on the diving physiology and behaviour of the bimodally respiring turtle Elusor
macrurus. Elusor macrurus is an endangered turtle speciesthat is endemic to the Mary River,
Australia. It was hypothesised that compared to normoxic conditions, acute exposure to aguatic
hypoxiawould cause a decrease in dive duration as a consegquence of a decrease in reliance on
aguatic respiration. After long-term exposure to aguatic hypoxia, the dive duration of the turtles
was expected to increase under hypoxic conditions due to an increased reliance on aquatic
respiration and increase in blood respiratory properties. The effects of aquatic hypoxiaon turtle
diving physiology and behaviour were examined in hatchling turtles. Hatchling turtles have a
higher reliance on aquatic respiration than adults and hence may be more susceptible to changes

in environmental oxygen levels.

MATERIALSAND METHODS
Turtle Collection and Husbandry
Elusor macrurus eggs were collected from nesting sites along the Mary River near the town of
Tiaro (25.72606°S, 152.58265°E) and transported to The University of Queensland. The eggs
were incubated in river bank sand in a Styrofoam box and temperature was allowed to fluctuate
naturally. Oneweek after hatching the turtles were placed into normoxic (N=10) or hypoxic

(N=10) acclimation treatments. Acclimation tanks (140 L) were identical, consisting of basking



platforms, shelters and aerators. Turtles were exposed to a photoperiod of 12L:12D and water
temperature of 23°C. The normoxic acclimation treatment was bubbled with air (PO, = 150 - 155
mmHg) while the hypoxic acclimation treatment was bubbled with nitrogen to achieve aquatic
hypoxia (PO, < 30 mmHg). Fifty percent of the water surface in the tanks was covered by
polystyrene to minimise gas exchange across the air-water interface. The hatchlings were
acclimated for aminimum of five months at which time diving behaviour, aguatic respiration and
blood oxygen affinity of both acclimation treatment groups were examined at the two aquatic
oxygen levels, 30 mmHg and 155 mmHg. This research was approved by Queensland Parks and
Wildlife Service (SPP-WISP-01477903) and supported by the University of Queensland Ethics

Committee (AEC — ZOO/ENT/731/05/URG and ZOO/ENT/133/07/URG).

Oxygen Consumption

The aerial and aguatic oxygen consumption of the turtles was measured using closed-box
respirometry. Experiments were conducted at both 155 mmHg (normoxic) and 30 mmHg
(hypoxic) for each of the acclimation groups. The measurements were recorded at 23°C and ared
light was used to simulate darkness for the purpose of reducing turtle activity within the chamber.
The respirometers consisted of a 1000 ml circular container with an air-tight lid that was filled
with 500 ml of water to create an aquatic base chamber. The remaining 500 ml of the
respirometer functioned as an aerial chamber into which the turtles could surface to breathe.

Two-way taps fitted to the aquatic and aerial chambers permitted water and air sampling.

Prior to the beginning of experiments the turtles were weighed and wiped down with a 70%

ethanol solution to remove oxygen-consuming bacteria. Turtles were then placed into the
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respirometers and given 18 h to adjust to the chamber and recover from handling stress before
measurements began. During this period, the water in the respirometer was bubbled with either
air or nitrogen to achieve an aquatic PO, of 155 + 10 mmHg or 30 £ 10 mmHg, respectively.
Mineral oil was added to the surface of the water during this period to prevent diffusion of gas
across phases. At the beginning of the experimental trial, the gas was switched off and the
respirometers were then sealed and initial samples of water (5 ml) and air (20 ml) were taken
from the sampling ports via a syringe to establish baseline levels of O,. After an experimental
period of 2 h, the final agquatic and aerial gas samples were taken and analysed for oxygen
content. Aquatic samples were injected into awater jacket that housed a Cameron oxygen
electrode. The oxygen electrode was connected to a Cameron oxygen meter (Cameron
Instrument Company model OM200) that measured aquatic PO,. The aerial sample passed
though H,O-absorbing Drierite before entering a gas analyser (ADI nstruments model M L205)
which measured percent oxygen. The Cameron oxygen meter and gas analyser were connected to
a PowerL ab/4s, with data recorded on Chart software (v 4.2). Controls were conducted to
account for consumption of oxygen by the electrode and to adjust for gas diffusion between the
aerial and aguatic chambers. Each turtle underwent atotal of 4 trials with a minimum 2 h period

allowed between each trial.

The rate of aerial oxygen consumption (VO, ml O, h™) was determined using the standard

equation of Vleck (1987):

VO, = [((V - ViH,0) (Fi - Fe) — Fe (VCOy))/(1-Fo)]

t
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where,
Vv = volume of air in chamber (ml)

ViHO = initial volume of water vapor in chamber (ml)

VCO; = volume of CO, produced during experiment (ml)

Fi = fractional concentration of O, at the gart of the experiment (%)
Fe = fractional concentration of O, at the end of the experiment (%)
t = length of trial (h)

The rate of aguatic oxygen consumption (VO, ml O, h™') was determined using the following

equation modified from King and Heatwole (1994b):

VOZ = ADOZ X B X VHzo

t

where,
t = length of trial (h)
ADQO, = changeindissolved O, over trial (mmHgQ)
VH,O = volume of water inrespirometer (L)
B = oxygen co-efficient of capacitance (ml O, L™ mmHg)

To account for the allometric scaling of metabolic rate both aerial VO, and aquaticV O, were
scaled to 0.75 and standardised to an average sized turtle (12 g). Percent respiration was

estimated by expressing aquatic VO, as a proportion of total VO,.
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Diving Behaviour

The diving behaviour of the normoxic and hypoxic acclimated turtles was examined at two test
PO, levels (155 £ 10 mmHg and 30 £ 10 mmHg) in alarge glass aguarium 150 x 60 x 65 cm

(I xwx d). The aguarium was divided in half by a sheet of clear Perspex. The Perspex
physically divided the aquarium however water was able to diffuse across the tank via holes that
were drilled into the sheet. The front section of the tank functioned as the turtle observational
area, while the back section contained the air stones and was covered by a sheet of polystyrene
that limited diffusion of gas across the air-water interface. Air was bubbled into the tank via the
air-stones for the 155 mmHg treatment while nitrogen was bubbled into the tanks for the 30
mmHg treatment. The aquarium contained a pebble substrate and benthic shelters with water
temperature maintained at 23°C. The photoperiod was set at 12L.:12D, with red lights used
during the dark period to alow recording. Four individual turtles from one acclimation treatment
were placed into the aguarium and given 24 h to become accustomed to the new environment.
Diving behaviour was then recorded for 24 h using a networked video camera connected to a
remote PC with Milestone Surveillance software. Turtles were allowed a minimum of one weeks
rest before being tested at the second PO, level. The exposure of both acclimation groupsto the
test oxygen levels was randomised. Video files were analysed for resting dive durations which
were defined as dives where the turtle sat still on the bottom of the tank for a period of greater
than one minute. Mean and maximum dive durations were calculated for each turtle using a

custom-written program (M. Gordos).
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Blood Respiratory Properties

To determine the blood respiratory properties of the normoxic and hypoxic acclimated turtles a
70-90 pl blood sample was collected from the cervical sinus of the turtles using a 25 gauge
needle and 1 ml syringe (Rogers and Booth, 2004). The needle tip and plunger of the syringe
were dusted with sodium heparin to prevent coagulation. The blood sample was then transferred
into a 0.5 ml Eppendorf tube where sub-samples were collected for analysis of haemoglobin
concentration (Hb), haematocrit (Hct), and the determination of Psp, which was defined as the

PO, at which 50% of the haemoglobin was saturated.

Hb concentration was determined using a spectrophotometer (Pharmacia LKB ultrospec I11).
Five micro-litres of blood were mixed with 1 ml of Drabkins solution, with the absorbance being
recorded at 540 nm. Hb concentration was then determined from an average absorbance reading
(Lewiset a., 2001). A sub-sample of blood collected in a capillary tube was centrifuged at 1000
rpm for 3 min, with Hct determined as the percent of red blood cells per sasmple volume. A
Hemox analyser Model B (TCS Scientific corp. New Hope, PA) was used to determine the Ps
values. A 50 pl sample of blood was added to 5 ml of buffered saline (Hemox™ Solution), 20 pl
of bovine serum albumin (Additive-A) and 10 pl of antifoaming agent. The blood sample was
then added to the Hemox machine where the deoxygenation and oxygenation curves were run at

23°C and the Psy values recorded at 5% CO..

Statistical Analysis
The effects of acute and long-term exposure to aquatic hypoxia on diving behaviour and oxygen

consumption were analysed using a two-way repeated measures analysis of variance (ANOVA).
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Where normality or equal variance failed, data was transformed before analysis. Percentage
aguatic respiration was transformed using an inverse hyperbolic tangent transformation dueto the
negative percentages in thisvariable. Significant differences were further analysed using the
Student-Newman-Keuls post hoc test. The influence of oxygen acclimation on Hb, Hct and Ps
were analysed using aone-way ANOVA. All results are presented as mean + standard error

unless otherwise stated, with statistical significant differences considered at the level P < 0.05.

RESULTS
Oxygen Consumption
Acute and long-term exposure to aquatic hypoxia had a significant effect on the respiratory

physiology of the E. macrurus hatchlings.
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Figure 4.1 - Theinfluence of aquatic PO, on metabolic rate (mlO,h™) in normoxic and hypoxic acclimated

hatchlings. Valuesrepresent mean £ SEM.
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Overall, the metabolic rate of the hatchlings was not influenced by either aquatic oxygen level
(Fro361 = 3.1, P> 0.05) or acclimation group (Fj13¢; = 3.5, P> 0.05) (Fig. 4.1), however a
difference was recorded when the total oxygen consumption was partitioned according to
respiratory medium. When the normoxic acclimated E. macrurus hatchlings were exposed to an
aguatic PO, of 155 mmHg, aquatic respiration supported 9.5 + 1.81% of the total metabolic rate
(Fig. 4.2). Aquatic respiration was significantly reduced when the turtles were exposed to an
aguatic PO, of 30 mmHg with the normoxic acclimated turtles losing -9.8 + 4.99% of their total
oxygen consumption to the water (P < 0.001). Long-term exposure to aquatic hypoxiadid not
influence aquatic respiration at 155 mmHg (11 + 1.86%, P > 0.05) however there was a
significant acclimation effect at 30 mmHg with the hypoxic acclimated turtles losing a higher

percentage of aquatic oxygen (-28.4 + 3.89%) than the normoxic acclimated turtles (P < 0.001)

(Fig. 4.2).
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Figure 4.2 - The influence of aquatic PO, on aquatic respiration (%) in normoxic and hypoxic acclimated hatchlings.

Valuesrepresent mean + SEM. Letter differences indicate significant differences.
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Diving Behaviour

Acute exposure to aguatic hypoxia had a significant effect on the diving behaviour of E.

macr urus hatchlings (mean dive duration — F1 37 = 10.21, P < 0.01; maximum dive duration -
Fri36 = 10.65, P< 0.01). At an aquatic PO, of 30 mmHg, the mean dive duration of the
normoxic acclimated turtles (7.54 + 1.4 min) was 51% shorter than the dive durations recorded at
155 mmHg (15.43 + 4.7 min, P < 0.01) (Fig. 4.3). Maximum dive duration was also significantly
reduced at 30 mmHg with the normoxic (P < 0.05) acclimated turtles recording a dive duration of
only 12.8 + 2.7 min compared to 50.7 + 20.5 min at 155 mmHg (Fig. 4.4). Long-term exposure
to aquatic hypoxiadid not significantly affect the diving behaviour of the E. macrurus hatchlings

(mean dive duration - Fj1 37 = 0.681, P > 0.05; maximum dive duration - Fj13¢) = 0.471, P> 0.05).
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Figure 4.3 - The influence of aquatic PO, on mean dive duration in normoxic and hypoxic acclimated hatchlings.

Valuesrepresent mean + SEM. Letter differences indicate significant differences.
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Mean and maximum dive durations of the hypoxic acclimated turtles did not differ fromthe
normoxic acclimated turtles at either 155 mmHg (mean dive duration - 12.20 + 2.2 min;
maximum dive duration - 36.6 + 9.5 min) or 30 mmHg (mean dive duration - 4.30 £ 1.3 min;

maximum dive duration - 9.0 £ 2.7 min) (Figs. 4.3 & 4.4).
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Figure 4.4 - The influence of aquatic PO, on maximum dive duration in normoxic and hypoxic acclimated

hatchlings. Valuesrepresent mean £+ SEM. Letter differences indicate significant differences.

Blood Respiratory Properties

Hypoxic acclimated turtles had significantly lower Hb concentrations (1.51 + 0.04 mmolL™) than
the normoxic acclimated hatchlings (1.65 + 0.05 mmolL ™) (Fr1291 = 5.07, P< 0.05) (Fig. 4.54).
Hct levels were not influenced by aquatic hypoxiawith no difference between the normoxic (33.4
* 1.5%) and hypoxic (34.3 + 0.99%) acclimated turtles (Fj1,1g = 0.281, P > 0.05) (Fig. 4.5b). Pso
values of the normoxic and hypoxic acclimated turtles were 41.9 + 1.08 mmHg and 41.0 = 0.63

mmHg respectively and were not significantly different (F1,19) = 0.530, P> 0.05) (Fig. 4.5c).
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DISCUSSION
Knowledge of the relationships between animals and their environment is essential for
understanding the conservational implications of long-term environmental change (Wikelski and
Cooke, 2006). This study has demonstrated that the diving physiology and behaviour of Elusor
macrurus hatchlings is significantly affected by acute exposure to aguatic hypoxia and that these
affects are exacerbated after long-term exposure. Diving physiology and behaviour in bimodally
respiring turtles isdirectly related to ecological activities such as foraging, reproduction and
predator exposure (Kramer, 1988). Variationsin diving ecology as aresult of changes in
environmental conditions therefore have the potential to seriously influence species survival. In
the natural environment, aquatic oxygen levels can vary acutely on atemporal and spatial scale or
long-term as aresult of human influence such as river damming (Walker, 1985; Wu, 2002 Gordos

et al., 2003h).

Acute Effects of Aquatic Hypoxia

The aguatic habitats of freshwater turtles are highly diverse. Factors such as water depth, water
velocity and aquatic vegetation can all influence how aguatic oxygen levels vary on a spatial and
temporal scale. For bimodally respiring turtles, variations in aguatic PO, can directly influence
species ecology as aresult of respiratory partitioning. The theory of optimal breathing (Kramer,
1988) statesthat reliance on aerial and aquatic respiration in bimodally respiring animalsis
dependent upon the costs associated with each form of respiration under specific conditions.
Aquatic respiration is generally more energetically expensive than aerial respiration as water is
800 times denser, 60 times more viscous and has alower oxygen capacitance than air (Dejours,

1994). Aerial respiration does however bear the energetic cost of travelling to the water surface
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and the reduced time available for other activities such as foraging (Dejours, 1994). Aquatic
oxygen levels can influence the costs associated with both aerial and aquatic respiration and can
therefore influence respiratory partitioning (Kramer, 1988). Our results support Kramer’s theory
of optimal breathing with the respiratory partitioning of the turtles significantly influenced by
aguatic PO,. At 155 mmHg, aguatic respiration supported 9.5% of the turtle’ s total oxygen
consumption. This percentage is much lower than that reported in previous studies of E.
macrurus where aguatic respiration supported ~25% of the total oxygen consumption (Chapter
Two). At 30 mmHg, the respiratory partitioning of the turtles shifted and aquatic respiration
decreased significantly to the point where the turtles were actually losing oxygen to the
surrounding water. To compensate for this loss of oxygen, percent aerial respiration increased to
above 100% so that overall metabolic rate remained constant. A similar result was found for the
bimodally respiring fish, Megalops cyprinoides, where at 45 mmHg the fish were 100% reliant

upon aeria respiration (Seymour et al., 2007).

The change in respiratory partitioning of E. macrurus hatchlings in response to acute exposure to
aguatic hypoxia had a direct effect on the turtle’s dive duration. Dive duration in bimodally
respiring turtles is positively correlated with reliance on aquatic respiration (Belkin, 1968; Stone
et a., 1992b; Bagatto et al., 1997; Bagatto and Henry, 1999; Prassack et al., 2001; Maina, 2002;
Gordos et a., 2004b). For example, hatchling Rheodytes |eukops have a significantly higher
reliance on aquatic respiration (63%) than Elseya albagula (29%) and as a result, mean dive
duration in this speciesis over twenty four times longer than that of E. albagula (Chapter Two).
The change in respiratory partitioning that occurred during acute exposure to aquatic hypoxia

meant that the turtle’s dives were supported entirely by aerial respiration and this decreased mean
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dive duration in aguatic hypoxiaby 51%. The effect of acute exposure to aguatic hypoxiaon
dive duration is known to be dependent upon reliance on aquatic respiration in soft-shelled
(Trionyx spiniferus), sinkpot (Sternotherus odoratus) and mud turtles (Kinosternon subrubrum)
(Stone et d., 1992b). Dive duration is independent of aquatic PO, in stinkpot and mud turtles,
which have arelative low reliance on aquatic respiration (26% and 14% respectively), but
positively correlated with aguatic oxygen level in the soft-shelled turtle, in which reliance on
aguatic respiration is higher (38%) (Stone et al., 1992a,b). The large decrease in dive duration
that occurred in the E. macrurus hatchlings during acute exposure to aquatic hypoxia suggests
that despite the low values recorded for aquatic respiration in normoxia, the turtles were actually
highly reliant upon this form of respiration during the normoxic diving behaviour trials. The cost
of aerial respiration is likely to have been higher in the diving behaviour tank compared to the
respirometry chamber due to a nearly seven fold increase in water depth. The increased depth
may have resulted in an increased reliance on aquatic respiration for the turtle, as has been

demonstrated in the honey gourami (Colisa chuna) (Bevan and Kramer, 1986).

Long-Term Effects of Aquatic Hypoxia

Long-term exposure to aquatic hypoxiais known to elicit a range of physiological responses in
fish species that allow them to compensate for the acute effect of hypoxia and establish a more
efficient uptake of aquatic oxygen under hypoxic conditions (Prosser, 1991; Wilson and Franklin,
2002b; Seebacher, 2005; Angilletta et a., 2006). This can be demonstrated in the Antarctic fish,
Pagothenia borchgrevinki, that after long-term exposure to hypoxic conditions, increased oxygen
carrying capacity by 40% as aresult of a 66% increases in Hb and a 34% decrease in Psy (Wells

et al., 1989). Psy and Hct in the E. macrurus hatchlings did not differ between the two
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acclimation groups indicating that this species does not possess the capacity to acclimate these
parameters to aquatic hypoxia. Hb concentrations were dlightly lower in the hypoxic acclimated
turtles and although this was a statistically significant difference, it is likely that thisis not

functionally significant.

The high Ps values recorded in this study demonstrate that at 30 mmHg the ability of the blood
to bind aguatic oxygen was severely reduced and the respirometry results show that the
hatchlings were actually losing oxygen to the aquatic environment at this level of PO,. Long-
term exposure to aquatic hypoxia exacerbated this effect with the hypoxic acclimated turtles
losing significantly more oxygen to the environment in hypoxic conditions than the normoxic
acclimated hatchlings. Thisresult may indicate that a beneficial acclimatory response had been
initiated in the hatchlings in response to the low oxygen levels but at the level of hypoxiatested it
may have been too severe for the changes to function beneficially (Huey et a., 1999; Loeschcke
and Hoffmann, 2002; Wilson and Franklin, 2002a,b; Woods and Harrison, 2002). For example,
an increase in reliance on aguatic respiration in the hypoxic acclimated turtles as aresult of
changes in cloacal bursae morphology or ventilation rate would benefit the hatchlings at mild
levels of hypoxia but at severe levels would result in higher losses of oxygen from the turtle to
the environment. Increases in gill surface areaas aresult of increases in gill filament length, the
number of gill filaments and the size of secondary lamellae, is a common response of fish species
to long-term exposure to aquatic hypoxia (Chapman et al., 2000; Chapman and Hulen, 2001,
Schaack and Chapman, 2003; Sollid et al., 2003). It is not known whether the cloacal bursae of

bimodally respiring turtles can display this kind of morphological plasticity.
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Despite the increased loss of oxygen in the hypoxic acclimated turtles, dive duration did not
differ between the two acclimation groups. The higher loss of oxygen in the hypoxic acclimated
hatchlings should have resulted in an increase in surfacing for aerial respiration and hence
decrease in dive duration in hypoxic conditions. Diving vertebrates do not however always dive
to their aerobic limit and it is possible that in the hypoxic conditions the normoxic acclimated
turtles did not dive to their full aerobic capacity resulting in a reduced dive duration (Thompson
et a., 1991; Chappell et al., 1993; Thompson and Fedak, 2001; Heithaus and Frid, 2003).
Alternatively, after long-term exposure to aquatic hypoxiathe metabolic rate of the hatchlings
may have decreased in order to reduce oxygen demand and hence increase dive duration.
Metabolic depression is a known acclimatory response to aquatic hypoxiain fish (Brauner et al.,
1995; Wu, 2002) and has also been reported in some species of freshwater turtle (Jackson, 1968;
Ultsch, 1985; Storey, 1996; Jackson, 2000; Costanzo et al., 2001; Hicks and Wang, 2004; Bickler
and Buck, 2007; Storey, 2007). Whilst most turtle species enter a metabolic depression at low
temperatures only (overwintering strategy), Trachemys and Chrysemys species are able to survive
12-24 h of anoxic forced submergence at high temperatures (20°C-25°C) by achieving a 90%
reduction in metabolic rate (Jackson, 1968; Herbert and Jackson, 1985a,b; Milton and Prentice,
2007; Stecyk and Farrell, 2007). The results of this study show that E. macrurus hatchlings do
not undergo a metabolic depression in response to aquatic hypoxia but rather increase their

reliance on aerial respiration in order to support and maintain metabolic rate.

Conservation Implications

Installation of large water impoundments are often associated with marked decreases in aquatic

oxygen levels within the reservoir and in some cases throughout the immediate downstream
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reaches (Walker, 1985; Ligon et al., 1995; Reese and Welsh, 1998; Bodie, 2001; Arthington,
2003; Snoussi et al., 2007). Such physio-chemical changes are likely to impact negatively upon
bimodally respiring turtle species due to their respiratory physiology and diving ecology. Past
studies on the impacts of river damming on freshwater turtle populations have revealed a
decrease in the abundance of specieswith a high reliance on aguatic respiration (R. leukops and
E. albagula) while species with alower reliance on aquatic respiration are flourishing (Emydura
signata) (Tucker et al., 2001; Limpus et al., 2002; Arthington, 2003). These results suggest that
species with a high reliance on aguatic respiration maybe more susceptible to changesin
environmental conditions than species with alow reliance. This study has demonstrated that the
diving behaviour and physiology of E. macrurus hatchlings is significantly affected by acute
exposure to aguatic hypoxia and that these affects are exacerbated after long-term exposure.
Diving behaviour in vertebrates is known to be closely linked with activities such as foraging and
predator avoidance (Kramer et al., 1983; Dolphin, 1987; Kramer, 1988; Boyd, 1997; Mori, 1998;
Thompson and Fedak, 2001; Acevedo-Gutierrez et al., 2002; Heithaus and Frid, 2003; Frid et al.,
2007; Sparling et al., 2007). Any changes in diving behaviour that occurs in response to aquatic
hypoxia may therefore influence these factors and potentially impact species survival. For
example, adecrease in dive duration in aguatic hypoxia may cause a decrease in hatchling growth
rate as a result of reduced time available for foraging. An increase in surfacing frequency also
has the potential to influence survival by increasing the time that the hatchlings are exposed to
predators within the water column and at the water surface. Thisis supported by a study on
bimodally respiring fish species (Kramer et al., 1982) which showed that the fish experienced
higher levels of predation when air-breathing at the water’s surface. Findings from this study

demonstrate the interaction between changes in environmental conditions (PO,) and the
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physiological ecology of bimodally respiring turtles. The long-term consequences of these
interactions need to be considered when addressing the impacts of river damming on freshwater

turtle populations.
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CHAPTER FIVE
THE USE OF AQUATIC RESPIRATION ASA PREDATOR AVOIDANCE

STRATEGY IN BIMODALLY RESPIRING TURTLES

ABSTRACT
Risk of predation is known to influence the diving behaviour of aquatic, air-breathing vertebrates
however very little is known about the impacts on bimodally respiring turtle species. The theory
of optimal breathing predictsthat in the presence of a predator, an individual will increase their
reliance on aquatic respiration thereby reducing their surfacing frequency and hence their risk of
predation. Hatchling turtles have extremely high predation rates and their ability to increase dive
duration through the use of bimodal respiration suggests that aquatic respiration may be used asa
predator avoidance strategy in this age class. The diving behaviour of two turtle species, Elusor
macrurus and Emydura signata was examined under control conditions (no predator) and in the
presence of a large piscine predator (barramundi - Lates calcarifer). We hypothesised that in the
predator treatment, hatchling dive duration would increase while activity levels would decrease.
In the presence of the predator, the mean dive duration of E. macrurus increased by 35% from 18
min to 25 min while maximum dive duration increased by 193% from 47 min to 139 min. The
mean (11 min) and maximum (21 min) dive durations of E. signata were not influenced by the
presence of the predator. Diving activity levels of both turtle species decreased in the presence of
the predator indicating that the risk of predation was perceived to be greater during a dive than at
the waters surface. The behavioural response differences between the turtle species may be a
result of differences in reliance on aquatic respiration supporting our hypothesis that aquatic

respiration may function as a predator avoidance strategy.
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INTRODUCTION
Air-breathing aguatic vertebrates spend much of their time submerged underwater but must
frequently return to the surface to exchange pulmonary gases. A theoretical estimate of the
maximum time an individual can stay submerged underwater based on aerobic metabolism is
known as the aerobic dive limit (ADL) (Kooyman, 1989). Diving studies have shown that
animals regularly dive for periods both less and greater than their ADL and thisis a result of the
tradeoffs that occur between replenishing oxygen stores and diving activities such as foraging
(Kramer, 1988; Houston and Carbone, 1992; Boyd, 1997; Mori, 1999; Williams et a., 2000;
Costaet al., 2001; Croll et al., 2001; Sparling et a., 2007). Optimality models predict that divers
will adjust diving behaviour in order to maximise resource gain during a dive. Factors such as
prey abundance, likelihood of relocating prey and prey depth can all influence optimal allocation
of time during adive (Kooyman et a., 1980; Kramer, 1988; Thompson et al., 1991; Houston and
Carbone, 1992; Chappell et al., 1993; Boyd, 1997; Mori, 1998; Mori, 1999; Costa et a., 2001,

Croll et al., 2001; Sparling et al., 2007).

Predator avoidance has been suggested as an additional factor that is likely to influence diving
behaviour (Heithaus and Frid, 2003; Frid et al., 2007). Diving vertebrates are at risk of predation
from both aerial and aquatic predators and are most susceptible when at the water surface due to
reduced escape ability and decreased visibility (Kramer et al., 1983; Heithaus et al., 2002;
Heithaus and Frid, 2003). Optimal diving models predict that under the risk of predation, an air-
breathing diver should either reduced surfacing duration or surfacing frequency depending upon

the level of risk over time (Heithaus and Frid, 2003). For example, loggerhead turtles (Caretta
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caretta) are known to reduce surface duration in response to a high abundance of tiger shakes

(Heithaus and Frid, 2003).

For bimodally respiring animals (those that can exchange respiratory gases in both air and water),
the influence of predation risk on diving behaviour is dictated by respiratory partitioning. The
theory of optimal breathing (Kramer, 1988) states that reliance on aerial and aquatic respiration is
dependent upon the costs associated with each form of respiration under specific conditions. That
is, inthe presence of a predator, an individual will increase their reliance on aguatic respiration
thereby reducing their surfacing frequency and hence predation risk. Thisis demonstrated inthe
Florida gar, Lepisosteus platyrhincus, in which air-breathing frequency decreased from 18.4
breaths/h in control conditions to 8.4 breaths/h in the presence of a predator (Smith and Kramer,
1986). Predator exposure is known to decrease reliance upon aerial respiration in many
bimodally respiring fish species as well asthe African clawed frog, Xenopus laevis (Baird, 1983;
Kramer, 1983; Kramer et a., 1983; Smith and Kramer, 1986; Wolf and Kramer, 1987; Herbet

and Wells, 2001; Domenici et al., 2007).

Aquatic respiration is highly developed in some species of freshwater turtle (Gage and Gage,
1886; Smith and James, 1958; Girgis, 1961; Belkin, 1968; Stone et al., 1992a; King and
Heatwole, 1994a) however its use as a predator avoidance strategy has yet to be investigated.
Freshwater turtle hatchlings have high predation rates and only 1% of most turtle species are
expected to survive to adulthood (Gibbons and Semlitsch, 1982; Cann, 1998). Freshwater turtles
can use aquatic respiration to increase their ADL and reduce surfacing frequency (Belkin, 1968;

Stone et al., 1992b; Bagatto et al., 1997; Bagatto and Henry, 1999; Prassack et al., 2001; Maina,



2002; Gordos € al., 2004b). A high reliance on aquatic respiration (63%) alows Rheodytes
leukops hatchlings to dive for an average of 19 h, compared to only 11 min in Emydura signata
which isonly 29% reliant on aquatic respiration (Chapter Two). The ability of bimodally
respiring turtles to increase dive duration by such lengths suggests that aquatic respiration may be

used as a predator avoidance strategy.

The aim of this study was to determine if aquatic respiration could function as a predator
avoidance strategy in bimodally respiring hatchling turtles. The diving behaviour of two turtle
species, Elusor macrurus and Emydura signata, was examined under control conditions and in
the presence of the piscine predator, Lates calcarifer (barramundi). We hypothesised that in the
presence of an aquatic predator, hatchling dive duration would increase while activity levels
would decrease. Previous diving behaviour studies (Chapter Two) suggest that E. macrurus has a
higher reliance on aquatic respiration than E. signata and as a result diving behaviour may be
used as an indirect measure of the use of aquatic respiration as a predator avoidance strategy. It
was hypothesised that bimodally respiring turtles could use aguatic respiration as a predator
avoidance strategy and as a result the observed increase in dive duration in response to a predator

would be greater in species with a higher reliance on aquatic respiration.

MATERIALSAND METHODS
Turtle Collection and Husbandry
Eggs of E. macrurus and E. signata were collected from nesting sites along the Mary and
Brisbane Rivers respectively. A minimum of four clutches were gathered for each species to

ensure genetic variation. The eggs were incubated in river bank sand in a Styrofoam box that was
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kept at environmental temperature. Prior to experiments, the hatchlings were kept in sheltered
outside holding tanks (1000 L) that contained basking platforms, habitat sheltersand UV lights
set ona 12:12 light:dark photoperiod. This research was approved by Queensland Parks and
Wildlife Service (SPP-WISP-01477903) and supported by the University of Queensland Ethics

Committee (AEC —ZOO/ENT/133/07/URG).

Diving Behaviour

The diving behaviour of hatchling E. macrurus (N= 16, 7.75g-15.239) and E. signata (N=16,
5.860-11.80g) was examined in the presence of a piscine predator (barramundi — Lates calcarifer)
and under control conditions (no predator). Experiments were conducted in a large glass
aguarium (150 x 60 x 65 cm (I x w x h)) that was divided length wise by a sheet of clear Perspex.
Holeswere drilled into the Perspex sheet to allow the exchange of water between the two sides of
thetank. The purpose of dividing the tank was to give the turtles visual and chemical cues of the
predator whilst ensuring no actual predation could occur. The front side of the tank was used as
the turtle observation area and contained a pebble substrate and habitat shelters (PV C pipes,
plants, rocks). The back side of the tank aso contained a pebble substrate and housed the
barramundi in the predator experiments. A light was positioned above the tank and was set at
12L:12D, with red lights used during the dark period to allow recording. Experiments were

conducted in a controlled temperature room set at 25°C.

Four individual turtles of a single species were placed into the aguarium observation area and

given 24 h to become accustomed to the new environment. After this period, either the

barramundi (predator experiment) or arock (control experiment) was added to the treatment area
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of the aquarium. In the control experiments, the addition of the rock to the aquarium accounted
for the additive effect in the predator experiments allowing the two treatment groupsto be
compared. Diving behaviour was then recorded for 24 h using a networked video camera
connected to aremote PC with Milestone Surveillance software. Turtleswere allowed a

minimum of one week rest before being tested at the second treatment.

Video files were analysed for resting dive durations which were defined as a dive in which the
turtles sat still on the bottom of the tank for a period of greater than one minute. Mean and
maximum dive durations for each turtle were then calculated over the 24 h period using a custom-
written program (M.Gordos). Diel variations were investigated by partitioning dive durations
into day (0600 h — 1800 h) and night (1800 h— 0600 h). Dive durations were also classified
according to activity with an active dive being defined as a dive in which the turtles were
stationary on the bottom of the tank for greater than a minute but the majority (> 50%) of the
submergence time was spent being active. Inactive dives were therefore classified as a resting
dive in which < 50% of the submergence time was spent being active. A surfacing period was
defined as the time from which the turtle’ s nose broke the waters surface after adive, to the time
when the nose submerged at the beginning of the next dive. A custom-written program (M.
Gordos) was used to determine the percent of active and inactive dives, and percent time spent
diving and surfacing. Turtle diving behaviour was analysed using a two-way repeated measures
analysis of variance (ANOV A) with turtle species and predator treatment as the two factors.
Where normality or equal variance failed, data was transformed before analysis. An arcsin
square root transformation was applied to percentage data before analysis. Significant differences

were further analysed using a Tukeys post hoc test. All results are presented as mean + standard
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error unless otherwise stated, with statistical significant differences considered at the level P <

0.05.

RESULTS
Turtle diving behaviour was affected by both turtle species (mean dive duration — Fy1,7qy = 11.35,
P < 0.01; maximum dive duration — Fy1,79) = 11.36, P < 0.01) and predator treatment (mean dive
duration — F1,7g) = 3.65, P> 0.05; maximum dive duration — Fj1,7qy = 6.26, P < 0.02) (Figs. 5.1a
& b). Within the control treatment, the mean dive durations of E. macrurus and E. signata were
18.3 £ 1.44 min and 11.1 + 0.66 min while maximum dive durations reached 47.3 + 6.78 min and
20.8 £ 1.43 min respectively. Inthe presence of the predator, E. macrurus significantly increased
mean dive duration to 24.8 + 3.65 min (P < 0.05) while maximum dive duration increased by
193% to 138.5 + 40.6 min (P < 0.001) (Figs. 5.1a& b). The mean (11.7 £ 0.45 min) and
maximum (24.2 = 2.1 min) dive durations of E. signata were not however affected by the
presence of the predator (P> 0.05). The dive durations of the two turtle species did not differ in
the control treatment (P > 0.05) however, in the presence of the predator E. macrurus dived for

significantly longer than E. signata (P < 0.001) (Figs. 5.1a & b).

Both turtle species exhibited a diel trend in mean dive duration within the control treatment
(Fro79p = 20.87, P<0.001) (Fig. 5.28). During the daytime, the mean dive duration of E.
macrurus was 15.3 £ 1.95 min whilst that of E. signata equaled 8.45 + 0.53 min. These dive
durations increased significantly at night to 21.7 + 2.78 min (P < 0.001) and 12.53 + 0.80 min (P
< 0.05) in E. macrurus and E. signata, respectively. A diel trend was also observed in the

maximum dive duration of E. macrurus with the night time dive duration (44.1 + 8.18 min) being
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37% longer than that of the day (32.2 £ 5.81 min) (P < 0.01) (Fig. 5.2b). No diel trends were

observed in the maximum dive duration of E. signata under control conditions (P > 0.05) (Fig.

5.2b).
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The presence of the predator had a significant effect on the mean diel trends of both turtle species
(F1,791 = 10.25, P< 0.01) (Fig. 5.28). Mean daytime dive duration did not differ between the
control and predator treatments in either E. macrurus or E. signata (P > 0.05) however a night a
predator affect was evident. In the presence of the predator, the mean dive duration of E.
macrurus increased from 15.7 = 2.29 min during the day to 40.6 £ 9.10 min at night (P < 0.001)
which isa 87% longer night-time dive duration than that of the control treatment (see above) (P <
0.01). Night-time mean dive duration of E. signata did not differ between the control and
predator treatments (P > 0.05) however the presence of the predator did remove the diel trends

that were observed in the control treatment (Fig. 5.2a).

Predation risk also influenced the diel trends of maximum dive duration (Fj1,79) = 6.05, P < 0.05)
(Fig. 5.2b). Inthe presence of the predator, maximum daytime dive duration increased to 45.5 £
7.31 minin E. macrurus (P < 0.05), but no difference was recorded for E. signata (P > 0.05).
During the night, the risk of predation caused E. macrurusto further increase dive duration to 134
min = 41 min (P < 0.01), which is afive fold greater increase compared to that which occurred
during day (P < 0.01). The presence of the predator did not effect the night-time maximum dive

duration of E. signata (P > 0.05) and no dial trends were observed (P > 0.05) (Fig. 5.2b).
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In the control treatment, E. macrurus hatchlings spent 39% of the time diving and 61% surfacing
while E. signata hatchlings spent 48% of the time diving and 52% surfacing (Fig. 5.3). These
percentages did not differ between the species and were not affected by the presence of the
predator (P> 0.05). The predator treatment did have a significant effect on the diving activity of
the hatchlings (Fig. 5.4). Active dives of E. macrurus decreased from 14% in the control
treatment to 5% in the presence of the predator (P < 0.001) while that of E. signata decreased
from 10% to 3% in the respective treatments (P < 0.001). The percentage of inactive and active

dives did not differ between turtle species (P > 0.05).
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DISCUSSION
The results of this study demonstrate that risk of predation is an important factor influencing the
diving behaviour of the bimodally respiring hatchling turtles, Elusor macrurus and Emydura
signata. The results of E. macrurus supported our hypothesis with mean and maximum dive
duration increasing and diving activity decreasing in the presence of the predator. Diving activity
also decreased in E. signata in the presence of the predator but no difference was observed for
dive duration as expected. The behavioural response difference between the turtle species may be
aresult of differences in reliance on aguatic respiration which would support our hypothesis that

aguatic respiration may function as a predator avoidance strategy.

For diving animals, time during a dive cycle must be shared between replenishing oxygen stores,

travelling, other diving activities such as foraging and anti-predator behaviour (Kramer, 1988).
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Divers must weigh up the costs and benefits of each of these activities under specific conditions
to achieve the optimal allocation of time during adive. Hatchling turtles are at risk of predation
from a number of predators including fish, birds, crocodiles, water rats and snakes and are most at
risk within the water column and at the waters surface ( Worrell, 1966; Cann, 1998). Under these
conditions it istherefore beneficial for hatchling turtlesto increase dive duration thereby reducing
the frequency and duration of high risk surfacing events. In this study, the mean and maximum
dive duration of E. macrurus increased by 35% and 193% respectively in the presences of the
predator. This finding suggests that the hatchlings were able to detect and respond to the predator
by decreasing the probability of encountering or being captured by the barramundi. Green sea
turtles (Chelonia mydas) are known to reduce the probability of shark predation at the waters

surface by increasing dive duration and depth during migrations (Hays et al., 2001).

Analysis of the diel variation in diving behaviour of the hatchling turtles reveaed that E.
macrurus allocated more time to predator avoidance (increased dive duration) at night than
during the day. The risk allocation hypothesis predicts that animals should allocate more effort to
predator avoidance during high-risk situations and more effort to other activities such as foraging
during low-risk situations (Lima and Bednekoff, 1999). This suggeststhat risk of predation in
the hatchlings may be greater during the night-time period. As predator presence was kept
constant during experiments, the observed diel response maybe associated with a reduced ability
of the hatchlings to visually detect predators at night rather than a change in predator abundance
or behaviour. Similar patterns of diving behaviour have been recorded in field experiments
where turtles displayed an increase in activity and decrease in dive duration during the day

(Chessman, 1988; Gordos and Franklin, 2002; Gordos et al., 2007). These periods of increased
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activity are specifically associated with dawn and dusk periods and are thought to indicate
episodes of foraging (Chessman, 1986; Gordos and Franklin, 2002; Gordos & al., 2007). During
the night-time periods, turtles have been recorded moving into shallower habitats which may also
function as a predator avoidance strategy by reducing exposure to predators when travelling to

the water’s surface (Gordos et a., 2007).

Reducing activity levels is another anti-predator behaviour that animals can employ to reduce
predator exposure (Limaand Dill, 1990; Lima, 1998). For example, in response to computer-
generated visual stimuli, the blue gourami, Trichogaster trichopterus, reduced spontaneous
activity by 50% (Herbet and Wells, 2001). In this study, both E. macrurusand E. signata
reduced diving activity levels in the presence of the predator. Activity levels have been found to
be directly related to predation risk in larval anurans where the higher the risk of predation the
greater the decrease in activity was observed (Relyea, 2001). The reduction in diving activity of
E. macrurus and E. signata therefore suggests that both species of turtle viewed the barramundi
as a predation risk during this experiment. The behavioural responses of the turtles can also be
used to gain insight into the spatial variation of predation risk. A reduction in diving activity as
opposed to surfacing time suggests that the hatchlings determined the risk of predation to be
greater during a dive than while surfacing or whilst at the waters surface. This response may be
due to the behaviour of the barramundi which spent the majority of its time swimming in the
bottom to middle section of the water column rather than at the waters surface. The spatial
variation in predation risk is likely to change according to factors such as the predator species and
habitat complexity (Brown and Kotler, 2004). Optimality models predict that when the risk of

predation increases with time at the waters surface, divers should decrease surfacing duration
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rather than increase dive duration (Heithaus and Frid, 2003). It is predicted that an aerial predator

would initiate a surfacing decrease response in hatchling turtles.

The diving behaviour responses to the presence of the predator differed between turtle species.
Elusor macrurus exhibited a significant increase in dive duration in the predator treatment while
no response occurred in E. signata. This dissimilarity may be attributed to differences in aguatic
respiratory ability. Predator response differences have been attributed to variations in respiratory
modes for bimodally respiring fish species where a higher reliance on aquatic respiration resulted
in aincreased dive duration and a lower rate of surface predation (Kramer, 1983; Kramer et al.,
1983; Smith and Kramer, 1986; Wolf and Kramer, 1987; Herbet and Wells, 2001; Domenici et
al., 2007). Theresults of Chapter Two suggest reliance on aquatic respiration does not differ
between E. macrurus (24%) and E. signata (29%) however the accuracy of these resultsis
guestionable. Obtaining measures of maximum reliance on aguatic respiration is difficult due to
the turtle’ s ability to voluntarily change their respiratory partitioning (Mathie and Franklin,
2006). It has been suggested in Chapter Two that reliance on aquatic respiration was reduced in
this study due to the shallow water depth of the respiromety chambers. Reliance on aquatic
respiration has been found to be positively correlated with dive duration in adult turtles (Belkin,
1968; Bagatto and Henry, 1999; Gordos and Franklin, 2002), suggesting dive duration may
provide a more accurate indicator of a species reliance on aguatic respiration. During the diving
behaviour trials of Chapter Two, the dive duration of E. macrurus was over five times longer than
that of E. signata suggesting E. macrurus does have a higher reliance on aguatic respiration than

E. signata. These findings are supported by the results of this study were in the control treatment,
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the mean and maximum dive durations of E. macrurus were 65% and 127% longer respectively

than that of E. signata.

The theory of optimal breathing predicts that under the risk of predation bimodally respiring
species should increase reliance on aguatic respiration and decrease aerial respiration (Kramer,
1988). Aquatic respiration is generally more energetically expensive than aerial respiration as
water is 800 times denser, 60 times more viscous and has a lower oxygen capacitance than air
(Dejours, 1994). Risk of predation however increases the costs associated with surfacing for
aerial respiration thereby altering the cost-benefit analysis in favour of aguatic respiration
(Kramer, 1988). Inthe presence of the predator E. macrurus increased maximum dive duration
by almost 200% while the dive duration of E. signata remained the same. This result suggests
that E. macrurus did increase reliance on aquatic respiration in the presence of the predator which

supports our hypothesis that aquatic respiration can be used as a predator avoidance strategy.

This study used species differences in aquatic respiration combined with diving behaviour to
determine the use of aguatic respiration as a predator avoidance strategy. Further researchis
required into the direct effects of a predator on the respiratory partitioning of bimodally respiring
turtles. The observed increase in dive duration of E. macrurus may not have been aresult of an
increased reliance on aguatic respiration but rather aresult of metabolic depression or anaerobic
metabolism. Dive durations are thought to be predominately supported by aerobic metabolism
however diving vertebrates can also use anaerobic metabolism to extend the duration of a dive
(Kooyman, 1989; Carbone and Houston, 1996; Carbone et al., 1996; Boyd, 1997; Mori, 1999).

Anaerobic metabolism is less energy efficient than aerobic metabolism and produces lactate as an

97



end-product (Hochachka and Mommesen, 1983). Some species of freshwater turtles are highly
tolerant to metabolic acidosis especially at cold temperatures (Belkin, 1968; Jackson and
Silverblatt, 1974; Ultsch et al., 1984, Ultsch and Jackson, 1982; Herbert and Jackson, 1985b;
Jackson, 2000; Jackson, 2004), however it isunlikely that the prolonged dive duration seen in E.
macrurus was support by anaerobic metabolism as bimodally respiring turtles are known to use
aguatic respiration to specifically avoid metabolic acidosis (Gordos et al., 2004b; Jackson, 2004).
If anaerobic metabolism was used as a predator avoidance strategy then an extended dive
duration should have also been seen in E. signata as the capacity for anaerobic metabolism
should be the same for both species of turtle. Additionally, dives supported by anaerobic
metabolism are generally followed by a long surfacing period during which the animal oxidises
the lactate that has built up during the dive (Kooyman et al., 1980; Kooyman et a., 1983;
Kramer, 1988). Whilst the surfacing periods of E. macrurus were long they were not affected by
the presence of the predator suggesting that the turtles did not require long surfacing periods to

recover from anaerobic metabolism.

This study suggests that E. macrurus utilises aquatic respiration to increase dive duration asa
predator avoidance strategy. Variations in aguatic respiration and diving behaviour therefore
have the potential to directly impact hatchling predation rates. For example, aquatic respiration
and diving behaviour in bimodally respiring turtles are known to be influenced by environmental
conditions such as aguatic temperature and oxygen levels (Herbert and Jackson, 1985b; Stone et
al., 1992b; Prassack et al., 2001; Priest and Franklin, 2002; Gordos et al., 2003a,b; Mathie and
Franklin, 2006). Changes in environmental conditions therefore may influence hatchling

predation rates and ultimately may effect species survival.

98



CHAPTER SIX

GENERAL DISCUSSION

Bimodally respiring turtles utilise aquatic respiration as a mechanism to extend dive duration
(Belkin, 1968; Stone et al., 1992b; Prassack et al., 2001; Gordos and Franklin, 2002; Mathie and
Franklin, 2006). Turtle diving physiology and behaviour are closely related to ecological
activities such as foraging, reproduction and predator avoidance (Kramer, 1988). Variationsin
diving physiology and behaviour therefore have the potential to influence individual fitness and
survival. The physiological ecology of bimodally respiring turtles has primarily been
investigated in adults, yet Mathie and Franklin (2006) demonstrated that there are significant
differences in reliance on aquatic respiration between hatchling and adult turtles. Due to the high
reliance of hatchling turtles on aguatic respiration, hatchling diving ecology is expected to be

highly influenced by variations in respiratory physiology.

Turtle habitat throughout the world is being fragmented and transformed as aresult of river
damming (Ward and Stanford, 1989; Reese and Welsh, 1998; Tucker, 1999; Arthington, 2003).
The environmental impacts of river damming include reduced water flow, decreased temperature,
increased water depth and decreased aquatic oxygen levels (Ward and Stanford, 1989; Ligon et
al., 1995; Reese and Welsh, 1998; Bodie, 2001). Many of these environmental factors are known
to influence the diving physiology and behaviour of adult turtles (Prassack et al., 2001; Priest and
Franklin, 2002; Gordos et al., 20044) and the high reliance of hatchlings on aquatic respiration
suggests that this life history stage is likely to be exceedingly sensitive to these changes.
Understanding the relationships between hatchling turtles and their environment is therefore

critical to the future conservation and management of turtle species (Wikelski and Cooke, 2006).
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In the present study, | examined the relationships between hatchling diving physiology and
behaviour and the influence of variations in environmental conditions. Here | discuss our
advanced understanding of hatchling diving physiological ecology and through the use of
physiological techniques, examine the potential impacts of long-term environmental change on

Species conservation.

PHYSIOLOGICAL ECOLOGY OF HATCHLING TURTLES
Diveduration in air-breathing vertebratesis positively correlated with body size due to the
allometric scaling of metabolic rate and oxygen stores (Schreer and Kovacs, 1997). Larger
animals have a lower mass-specific metabolic rate and proportionally higher oxygen storage
capacity allowing them to dive deeper and for longer than smaller animals (Kleiber, 1961;
Bartels, 1982; Butler and Jones, 1982; Schmidt-Nielsen, 1984; Kooyman, 1989; Schreer and
Kovacs, 1997; Kooyman and Ponganis, 1998). This relationship between dive duration and body
size in bimodally respiring turtles is further complicated by variations in reliance on aquatic
respiration (Mathie and Franklin, 2006). Hatchling turtles have a higher surface-area-to-volume
ratio than adults which allows them to extract arelatively larger amount of oxygen from the
aguatic environment. A higher reliance on aquatic respiration allows hatchlings to dive for
durations equal to or greater than the larger adults (Mathie and Franklin, 2006). In this study, the
relationship between dive duration and body size did not conform to the positive correlation seen
in air-breathing divers. The dive durations of hatchling Emydura signata, Elseya albagula and
Rheodytes |eukops, were longer than those previously recorded for adults leading to a negative
relationship (Chapter Two). Reliance on aguatic respiration in these species was higher in the

hatchlings than the adults (Chapter Two), supporting the hypothesis that the higher mass specific

100



surface area of hatchlings allows them to extract arelatively larger amount of oxygen from the
water than adults (Mathie and Franklin, 2006). The negative relationship between dive duration
and body size was not however evident in all species. The dives of hatchling Elseya latisternum
and Elusor macrurus were shorter in duration than those previously recorded for adults (Chapter
Two). Reliance on aquatic respiration is not only influence by surface area but other factors such
asthe perfusion and ventilation of the aquatic respiratory organs may also affect respiratory
ability. Futureinvestigations into how these factors scale allometrically may explain why the
dive durations of these bimodally respiring turtle species did not also correlate negatively with

body size.

The relationships between diving physiology and behaviour in hatchling turtles may not simply
be a by-product of turtle morphology but may also have an ecological influence. Bimodally
respiring fish species are known to use aguatic respiration as a predator avoidance strategy. In
the presence of a predator, these fish species increase their reliance on aguatic respiration thereby
reducing predator exposure at the water surface (Kramer, 1983; Kramer et al., 1983; Smith and
Kramer, 1986; Wolf and Kramer, 1987; Herbet and Wells, 2001; Domenici et al., 2007).
Hatchling turtles have extremely high predation rates and typically less than 1% are expected to
survive to adulthood (Gibbons and Semlitsch, 1982; Cann, 1998). The ability to reduce surface
frequency and hence risk of predation through the use of aquatic respiration may benefit
hatchling survival. The diving behaviour of E. macrurus and E. signata in the presence of a
predator suggests that aquatic respiration in bimodally respiring turtles may function as a predator
avoidance strategy. In the presence of a large piscine predator (barramundi - Lates calcarifer),

the maximum dive duration of E. macrurus increased by ~200% while no difference in dive
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duration was recorded for E. signata (Chapter Five). Diving behaviour studies suggest that E.
macrurus has a higher reliance on aguatic respiration than E. signata (Chapter Two; Chapter
Five). The predator response differences between the turtle species may therefore be aresult of
differences in reliance on aguatic respiration suggesting aguatic respiration may function as a

predator avoidance strategy in hatchling turtles.

Diving physiology and behaviour in hatchling turtles may also be influenced by species ecology.
Aquatic respiration in R. leukops was approximately four times greater than that of the other
Australian hatchlings and allowed this species to remain underwater for > 72 h without surfacing
(Chapter Two). The remarkable ability of R. leukops to extend dive duration through the use of
aguatic respiration is thought be a key factor in the ability of this species to inhabit fast-flowing
riffle zones (Gordos, 2004; Gordos et a., 2004a). A high reliance on aquatic respiration
decreases the frequency and therefore the costs associated with surfacing in a high velocity
environment (Gordos, 2004). Within riffle zones, R. leukops has reduced competition from other
turtle species for food resources as well as reduced predator exposure (Gordos, 2004). The
maximum dive durations of E. macrurus and E. albagula (4 h) were eight times longer than that
of E. signata and E. latisternum (30 min) suggesting they too may use an increased reliance on
aguatic respiration to further exploit the aguatic environment (Chapter Two). Future
investigations into hatchling physiological ecology in the natural environment is however
required to confirm these suspicions as reliance on aguatic respiration and blood oxygen affinity

did not differ between these four species within the laboratory environment (Chapter Two).
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Within the natural environment, habitat selection is an important aspect of hatchling ecology.
Environmental conditions such as temperature and oxygen levels are known to vary on temporal
and spatial scales and factors such as water depth, water velocity, vegetation density and turbidity
can influence the conditions experienced by hatchling turtles (Gordos and Franklin, 2002; Wu,
2002; Gordos et a., 2003b). Inthe laboratory, astemperature increased from 17°C to 28°C, the
metabolic rate of E. macrurus hatchlings increased by two fold (Chapter Three). Thisincreasein
metabolic rate could not be sustained via aguatic respiration alone and as a result aeria
respiration increased and dive duration decreased (Chapter Three). Hatchling turtles inhabiting
the warm surface layers of ariver will therefore have a reduced reliance on aguatic respiration
and shorter dive duration. Under these conditions, hatchling turtles may select microhabitats with
a high degree of shelter such as reed beds, to protect them from the increased predator exposure
experienced as a result of the increased reliance on aerial respiration at these high temperatures.
Hatchling turtles that choose to inhabit the cool deep sections of the river benefit from a reduced
metabolic rate (Chapter Four) and increase in the oxygen capacitance of water (Dejours, 1994).
Aquatic PO, levels can also vary diurnally, asaresult of plant photosynthesis and respiration and
gpatially with factors such as water flow and water depth. High levels of aguatic PO, enhance
diffusion of respiratory gases across the aquatic respiratory organs thereby increasing reliance on
aguatic respiration and dive duration. In hypoxic conditions, E. macrurus hatchlings lost oxygen
from their respiratory organs to the aquatic environment leading to a significant reduction in dive
duration (Chapter Four). The susceptibility of bimodally respiring hatchling turtles to acute
changes in environmental conditions raises concerns about the impacts of long-term

environmental change on species survival.
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CONSERVATION CONSIDERATIONS
Changes in environmental conditions as a result of anthropogenic influences are becoming
increasing common in today’ s society. Understanding how animals interact with their
environment is therefore critical to the management and conservation of species (Wikelski and
Cooke, 2006). Conservation physiology is arelatively new field of scientific research which
through the use of physiological disciplines such as endocrinology, biochemistry, immunology
and toxicology, aims to provided a mechanistic understanding of the underlying causes of
conservation problems (Wikelski and Cooke, 2006). For example, analysis of nutritional
physiology in the Sonoran Desert tortoise, Gopherus agassizii, revealed population declines were
adirect result of high potassium levels in food plants. This physiological information was then
use to design a conservation management plan that focussed on increasing the presence of low
potassium plant species within the environment (Devender, 2002). In the present study, the use
of physiological techniques has proved a vital tool for understanding how bimodally respiring

turtles respond to long-term changes in environmental conditions as a result of river damming.

Almost half of the world' sriver systems have been dammed to meet the energy and water
requirements of the human population (World Commission on Dams, 2000). River dams
fragment and transform natural river systems and therefore disrupt important ecosystem processes
in both the terrestrial and aquatic environments. Specifically, within the aquatic environment
river damming convertslotic to lentic water, eliminates pool-riffle sequences, decreases water
temperature and velocity, increases water depth and decreases aquatic oxygen levels (Walker,
1985; Ligon et a., 1995; Reese and Welsh, 1998; Bodie, 2001; Arthington, 2003; Snoussi €t al.,

2007). Theimpacts of river damming have largely been investigated in fish populations (Antonio
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et a., 2007; Clarke et a., 2007; Fukushimaet al., 2007; Xieet a., 2007) with very few studies

considering the effects on freshwater turtles.

Population monitoring results reveal within impoundments the abundance of turtle species with a
high reliance on aquatic respiration (R. leukops and E. albagula) is decreasing while species with
alower reliance on agquatic respiration are increasing (E. signata) (Tucker et a., 2001; Limpus et
al., 2002; Arthington, 2003). The differences observed in the sensitivity of these speciesto
environmental change maybe attributed to their variations in respiratory physiologies. Specialist
species with a higher reliance on aquatic respiration are likely to be impacted by river damming
to a greater extent than generalists (Moll, 1997; Tucker et a., 2001). For example, the high
reliance of R. leukops on aguatic respiration allows this species to inhabit fast-flowing riffle zones
from which air-breathing species are excluded (Cann, 1998; Gordos et a., 2004a). The loss of
riffle zones due to the construction of dams and weirs may influence the distribution and
abundance of predator and prey species thereby manipulating the growth and survival rates of this
specialist species (Gordos, 2004; Gordos et al., 2004a). A decrease in water velocity also reduces
aguatic oxygen levels thereby increasing turtle surfacing frequency and reducing the time

available for activities such as foraging (Gordos et al., 20043).

The environmental change that occurs as aresult of river damming is a long-term change which
raises question about the ability of bimodally respiring turtles to acclimatise to the new
conditions. Many animals can compensate for long-term environmental fluctuations through the
process of acclimation (laboratory based) or acclimatisation (field based), which isthe reversible

change in physiological processes in response to environmental variability (Prosser, 1991; Wilson
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and Franklin, 2002b; Seebacher, 2005; Angilletta et a., 2006). The beneficial acclimation
hypothesis suggests that these acclimatory responses benefit the organism by increasing
individual fitness (Leroi et al., 1994; Wilson and Franklin, 2002b; Seebacher, 2005; Angilletta et
al., 2006). For example, the long-necked turtle, Chelodina longicollis, increases metabolic
enzyme activity during winter in order to maintain metabolic potential in cold conditions
(Seebacher et al., 2004). Acclimation has been reported in all major reptilian groups and may
occur & al levels of the organisms from gene expression through to whole animal performance
(Seebacher, 2005). Investigations into the diving physiological ecology of E. macrurus
hatchlings revealed that bimodally respiring turtle species have very little ability to thermally
acclimate. After long-term exposure to 28°C, E. macrurus hatchlings were unable to negate the
acute effect of increasing temperature on metabolic rate, aquatic respiration, dive duration or
burst swimming speed (Chapter Three). Hatchlings acclimated to the cold temperature (17°C)
were able to increase dive duration at 17°C however thisresponse was only possible in waters
with sufficient levels of dissolved oxygen. River dams are however characterised by benthic
hypoxic and anoxic conditions which after long-term exposure, have proven to be detrimental to

E. macrurus hatchlings (Chapter Four).

Knowledge of the relationships between animals and their environment is essential for
understanding the conservational implications of long-term environmental change (Wikelski and
Cooke, 2006). This study has demonstrated that the diving physiological ecology of hatchling
turtles is directly influenced by long-term changes in environmental temperature and oxygen
levels. Diving physiology and behaviour in bimodally respiring turtles is directly related to

ecological activities such as foraging, reproduction and predator exposure (Kramer, 1988).
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Variations in diving ecology as a result of changes in these environmental conditions therefore
has the potential to seriously influence species survival. Asturtle habitat within our natural river
systems continues to be degraded as a result of human influence, understanding how bimodally
respiring turtles interact with their environment is essential for predicting the consequences of
long-term environmental change and for the successful conservation and management of these

unique and wonderful reptiles.

FUTURE DIRECTIONS
The influence of body size on diving physiology and behaviour has in the past been overlooked in
bimodally respiring turtle species. Studies have primarily focused on adults and conclusions
generalised based solely on these results. This study has demonstrated that body size is an
important aspect of turtle diving physiology and behaviour however this research was limited to a
small selection of diving parameters and body sizes. Comprehensive studies that focus on the
influence of body size on arange of diving physiological and behavioural parameters (eg, diving
heart rate, acid-base balance, foraging behaviour) would substantially enhance our knowledge of

the fundamental diving processes and their relationships.

Research into the diving physiology and behaviour of bimodally respiring turtles is generally
centred around reliance on aquatic respiration. Measures of aquatic respiration however vary
substantially both between and within studies and this has been attributed to the difficultly in
obtaining accurate measures of a species maximum ability to respire aquatically. Closed-box
respirometry experiments potentially underestimate reliance on aguatic respiration due to shallow

water depth (Mathie and Franklin, 2006). New technology that employs the use to fiber-optic
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microsensors may provide a more accurate measure of aquatic respiration by recording the
amount of oxygen extracted from the water for each ventilation of the cloacal bursae (Gatti et d.,
2002; Glazer et d., 2004; Kocinocova et a., 2007). Research into the differences in cloacal
bursae morphology, perfusion and ventilation between turtle species and age classes would also

provide further insight into agquatic respiration variations.

In the present study, the use of aguatic respiration as a predator avoidance strategy was examined
as an initial investigation into the ecological consequences of environmental change. This study
used measures of diving behaviour as an indicator of reliance on aquatic respiration and
concluded that hatchling turtles were able to use aguatic respiration as a predator avoidance
strategy. Thisresult suggests that long-term changes in environmental conditions are likely to
influence the survival of hatchling turtles however, further research is required into the direct

effects of a predator on turtle respiratory partitioning in order to confirm this conclusion.

In this thesis, the use of physiological techniques has proved a vital tool for understanding how
bimodally respiring turtles respond to long-term changes in environmental conditions as a result
of river damming. The study of animal physiology is becoming increasing popular in the field of
conservation science due to its ability to provide a detailed mechanistic understanding of the
cause of conservation issues (Wikelski and Cooke, 2006). Intoday’s society where changesin
environmental conditions as a result of anthropogenic influences are becoming increasingly more
common, understanding how animals interact with their environment is an essential aspect of
species conservation and management (Wikelski and Cooke, 2006). This investigation

discovered that unlike many other ectotherms (Seebacher, 2005), bimodally respiring turtles

108



display low acclimation ability. Turtle diving physiology and behaviour are therefore highly
susceptible to changes in environmental conditions. Research in this study was however limited
to asmall number of physiological and behavioural parameters and as a result the long-term
ecological or fitness consequences of these changes remain unknown. Through the use of remote
dataloggers and transmitters, research into the ecophysiology of populations in natural and
dammed environments could provide further information on species’ natural response to acute
and long-term changes in environmental conditions. Additionally, investigations into how long-
term changes in environmental conditions influence turtle reproduction (eg. endocrinology,
physiological genomics) and survival (eg. evolutionary physiology, toxicology) would enhance
our understanding of the ecological consequences of environmental change and will contribute to

conservation and management of species with a dammed environment.
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