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ABSTRACT

Field and laboratory studies were conducted to determine the metabolic response
to seasonal cold exposure in juvenile green sea turtles (Chelonia mydas). Field studies
were conducted with turtles at Heron Island, Australia during the summer and winter.
Field metabolic rate (FMR) of turtles was determined using the doubly labeled water
technique, and diving patterns were recorded using data loggers. Laboratory experiments
were conducted with captive-reared juvenile green turtles exposed to a thermal regime
which mirnicked seasonal temperature changes at subtropical latitudes.

Oxygen

consumption (V02), breathing frequency (/B), heart rate (/H), and blood flow distribution
were determined at 26°C and after 4 - 16 weeks exposure to 17°C. Temperature effects
on maximal activity of oxidative and glycolytic enzymes were determined in skeletal
muscle tissue obtained from turtles at Heron Island and from captive turtles. Turtles at
Heron Island showed seasonal differences in diving patterns, but FMRs during the
summer (85.0 kJ-kg'-day" ) and winter (66.5 kJ-kg'-day ) were not significantly
1

different.

1

Likewise, V02 of captive turtles was not significantly different during

exposure to 26°C (0.44 ml-min" -kg" ) and 17°C (0.34 ml-mm'-kg" ). Q10 for metabolic
1

1

1

rate of turtles at Heron Island (1.66) and in captivity (1.33) was lower than Q

f 0

observed

in acute studies of temperature effects on metabolism of green turtles (2.1-2.7). There
was no significant difference in /B during exposure to 17°C and 26°C, however / H was
significantly lower at 17°C than at 26°C. The mismatch between V02 and / H at low
temperatures may be offset by adjustments in stroke volume or blood oxygen carrying
capacity to ensure that O2 supply meets demand. Regional blood flow distribution was
not significantly different at 17°C and 26°C.

Activity of oxidative and glycolytic

enzymes showed a low thermal dependence. Compensation in oxidative enzyme activity
did not occur. However, a compensatory increase in glycolytic enzyme activity was
observed for captive turtles during exposure to 17°C. Results suggest that a combination
of low thermal dependence and thermal acclimation of metabolic and physiological
variables allow juvenile green turtles to remain active over the range of temperatures
experienced seasonally at tropical and subtropical latitudes.
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CHAPTER 1
GENERAL

INTRODUCTION

THE THERMAL BIOLOGY OF GREEN SEA TURTLES - PHYSIOLOGICAL
AND BEHAVIOURAL RESPONSES TO COLD

EXPOSURE

Temperature plays an important role in governing biological function on the
molecular, cellular, and ultimately organismal levels. A change in temperature of only a
few degrees Celsius can have a large impact on biological reaction rates and the structure
and stability of proteins and membranes (Hochachka and Somero, 2002). Because of the
pervasive effects of temperature on biological systems, regulation of body temperature or
adaptation to alterations in body temperature is crucial for maintenance of function in a
changing thermal environment.

Reptiles are poikilotherms, and as such have body

temperatures ( T B ) that fluctuate with environmental temperature. Even so, many reptiles
are capable of using behavioural and physiological adjustments to regulate T B within a
preferred range (Bartholomew, 1982).

Reptiles also have the ability to compensate

biochemical reaction rates and overall metabolic rate for changes in environmental
temperature by making adjustments in protein expression and structural components of
proteins and membranes (Bennett and Dawson, 1976). This process is referred to as
thermal acclimation when it

occurs under laboratory

conditions, and thermal

acclimatization under field conditions (Prosser, 1986; Somero, 1997; Hochachka and
Somero, 2002). The ability to acclimate to changes in temperature enables reptiles to
maintain function over a wide range of body temperatures, an ability that homeothermic
mammals and birds lack.

1

The diverse thermal strategies employed by reptiles reflect the wide variety of
thermal habitats that have been successfully exploited by this group.

Particularly

impressive is the ability of reptiles to adapt to the thermal challenges of the aquatic
environment. Rates of heat transfer are higher in water than in air due to the high heat
capacity and high thermal conductivity of water (Gates, 1980).

Heat generated by

metabolism or behavioural means such as basking is lost more rapidly in an aquatic
environment compared with a terrestrial environment, and T

B

of aquatic reptiles is

typically in equilibrium with ambient water temperature (Tw). Several species of turtles,
snakes, lizards, and crocodilians utilize marine and freshwater habitats. Of these reptiles,
sea turtles have the strongest commitment to the aquatic environment. Sea turtles spend
virtually their entire lives at sea. The last remaining link between sea turtles and the
terrestrial environment is the necessity to lay their eggs on nesting beaches.

These

reproductive ventures onto dry land and the subsequent development of eggs in the nest
chamber, along with isolated incidents of dry land basking by adult green turtles in the
Hawaiian islands, represent the only periods of the sea turtle's life cycle that are spent out
of water.
Sea turtles encounter a wide range of temperatures in their marine habitat. Shortterm alterations in environmental temperature may be experienced during individual
dives, as vertical movements in the water column expose turtles to progressively cooler
temperatures with increased depth (Sakamoto et al., 1990; Southwood et al, 1999).
Long-term shifts in environmental temperature may be experienced during migrations or
on a seasonal basis.

Sea turtles undertake long-distance oceanic migrations during

various stages of their life cycle. The thermal environment of turtles in the open ocean

2

has not been well studied, however turtles are likely to experience fluctuations in Tw
depending on migratory routes and prevailing oceanic currents and gyres. Turtles that
remain resident at tropical to subtropical latitudes year-round experience
fluctuations in T . Mean T
w

w

seasonal

in near-shore habitats may differ by 9°C or more between

summer and winter (Mendonca, 1983, Read et al, 1996).
Generalizations about the physiological and behavioural responses of sea turtles
to changes in environmental temperature are complicated by inter-specific
developmental differences

in thermoregulatory

and

abilities and the great diversity of

behavioural responses to temperature change exhibited intra-specifically.

Green sea

turtles (Chelonia mydas) in particular show enormous variation in the behavioural
response to seasonal changes in temperature.

Environmental conditions in different

regions, as well as the range of temperatures experienced, may have a large influence on
seasonal metabolism and behaviour.

Green turtles from some geographic populations

become inactive as Tw decreases during the winter months. For example, Pacific green
turtles in the Gulf of California partially bury themselves in the muddy substrate on the
seafloor during the winter and are lethargic and unresponsive when handled (Felger et al,
1976). Felger et al. (1976) suggested that turtles from this population may enter a state of
torpor or dormancy during the winter when mean Tw is 12°C, although there is no
physiological data to back up this assertion.

Conversely, turtles from populations in

Florida and Australia remain active year-round in T

w

as high as 31 °C in the summer and

as low as 15°C in the winter (Mendonca, 1983, Read et al, 1996).

Mendonca (1983)

used sonic telemetry to track the movements of juvenile green turtles in a shallow
subtropical lagoon in Florida and found that turtles actually increased activity when T

w

3

dropped below 19°C in the winter. She suggested that the increase in daily movements
by turtles during winter might represent an attempt to leave the shallow water lagoon and
seek higher and more stable temperatures offshore. She also suggested that turtles may
increase activity as temperature decreases in order to elevate T B through increased
metabolic heat production.
Studies on adult green turtles have shown that they are capable of maintaining T
1 - 3°C above ambient T

w

B

(Heath and McGinnis, 1980; Standora et al, 1982; Sato et al,

1998). Green turtles typically do not bask while at sea (Sato et al, 1998), so the ability to
maintain a thermal gradient between T B and T

w

is presumably due to retention of

metabolically produced heat via circulatory adjustments and thermal inertia (Spotila et
al, 1973; Smith et al, 1986; Paladino et al, 1990). Adult green turtles commonly weigh
over 100 kg, and the relatively low surface area-to-volume ratio associated with large size
is beneficial for heat retention. Standora et al. (1982) found that a vigorously swimming
adult green turtle (120 kg) offshore from a tropical nesting beach had a pectoral muscle
temperature 8°C higher than ambient Tw- The authors suggested that green turtles were
regional endotherms, capable of elevating T in the active tissues and distributing this
B

metabolically generated heat throughout the body via the circulatory system.

The

circulatory system is commonly used to control rates of heat gain and heat loss in reptiles
(Bartholomew and Tucker, 1963; Bartholomew and Lasiewski, 1965; Weathers and
White, 1971; Grigg and Alchin, 1976; Smith, 1976; Bartholomew, 1982). Smith et al.
(1986) showed that heart rates of juvenile green turtles during heating were seven times
higher than heart rates during cooling, and the rate of heat gain was twice as fast as the
rate of heat loss. Hochscheid et al. (2002) directly measured blood flow using external

4

Doppler flow probes and demonstrated that green turtles acutely exposed to cold Tw
decrease blood flow to the proximal regions of the flippers and neck, presumably in an
attempt to retain heat in the body core.
Most investigations of the thermal biology of sea turtles have focused on the acute
effects of cold exposure on physiological variables and the ability of turtles to maintain a
gradient between T and T . Circulatory adjustments during short-term exposure to cold
B

w

water may serve to decrease rates of heat loss, thereby creating a temporary "thermal
buffer" to dampen the depressive effects of low temperature on biochemical reaction
rates and physiological processes. However, with prolonged cold exposure T eventually
B

equilibrates near Tw (Smith et al, 1986). Read et al. (1996) captured 50 juvenile green
turtles in a shallow subtropical bay in southern Queensland, Australia during the winter
and found that there was no significant difference between T and Tw over the range of
B

15.0 - 22.7°C. Despite low T , turtles from this population rapidly fled approaching
B

research boats and food was found in the buccal cavities of captured turtles, which
suggests that turtles were foraging at the time of capture.
Sonic tracking studies and direct observations have provided evidence that
juvenile green turtles from several subtropical populations remain active year-round
(Mendonca, 1983, Read et al, 1996). The physiological adjustments that allow green
turtles to maintain activity over the range of temperatures experienced seasonally have
been largely unexplored. Green turtles acutely exposed to low temperatures ( 1 - 2 4
hours acclimation time) show a strong thermal dependence of metabolic rate, with
temperature coefficients (Qio) between 2.1 and 2.7 (Kraus and Jackson, 1980; Davenport
et al,

1982).

However, prolonged exposure to low temperatures may result in

5

compensation of biochemical reaction rates and physiological processes so that metabolic
rate is restored to previous levels. Thermal acclimation of metabolic rate would allow
green turtles to remain active during seasonal cold exposure.
The primary goal of this dissertation research was to assess the behavioural,
metabolic, and cardiovascular responses of juvenile green turtles to seasonal cold
exposure. M y main working hypothesis was that juvenile green turtles that remain active
year-round at tropical to subtropical latitudes are capable of thermal acclimation of
metabolic rate and the supporting physiological functions during seasonal exposure to
low T - Based on this hypothesis, I predicted that 1) the difference in metabolic rate of
W

juvenile green turtles during summer and winter would be less than that predicted by Qio
values calculated from acute studies of temperature effects (2.1 - 2.7), 2) compensation
of metabolic rate during seasonal exposure to cold temperatures would be matched by
compensation in components of the oxygen delivery system so that oxygen supply meets
tissue oxygen demand, and 3) thermal acclimation of metabolic rate during seasonal cold
exposure would be reflected on the molecular level by compensatory adjustments in
metabolic enzyme activity.
Field research was conducted with juvenile green turtles at Heron Island,
Queensland, Australia (23°26'S, 151°55'E) during the summer and winter to investigate
seasonal changes in behaviour and metabolism.

Heron Island has a resident population

of green turtles that remain active year-round in Tw that varies from a maximum of 29°C
during the summer to a minimum of 16°C during the winter (Limpus and Walter, 1980).
Data loggers capable of recording dive depth, dive duration, and Tw were deployed on
juvenile turtles during the summer and winter so that an assessment of seasonal diving

6

patterns could be made, and the doubly labeled water technique was used to measure
field metabolic rates of turtles during the summer and winter.
Seasonal metabolic rates may be influenced by environmental factors other than
temperature, such as food availability and alterations in daily light cycles. In order to
isolate the effects of prolonged cold exposure on metabolic rate, experiments were also
conducted with captive juvenile green turtles under controlled conditions in the
laboratory. Captive turtles were exposed to a thermal regime that mimicked seasonal
changes in temperature commonly experienced by turtles in subtropical populations, and
rates of oxygen consumption were recorded using open-circuit respirometry during
periods of warm water exposure and during periods of prolonged exposure to cold water.
In addition, breathing frequency, heart rate, and regional blood flow distribution were
measured so that the effects of temperature on respiratory and cardiovascular components
of the oxygen delivery system could be assessed.
Measurements of metabolic rate for turtles during the summer and winter provide
the "big picture" of seasonal energy expenditure. However, these measurements do not
shed any light on the specific mechanisms underlying the overall metabolic response.
There are numerous mechanisms by which ectothermic animals adapt metabolic
machinery to compensate for the effects of temperature on molecular structure and
function (Hazel and Prosser, 1974; Bennett and Dawson, 1976; Somero, 1997;
Hochachka and Somero, 2002). One of the most common mechanisms to compensate for
decreased kinetic energy of reactant molecules at low temperature is an increase in
enzyme concentration. If a compensatory increase in enzyme concentration occurs with
prolonged cold exposure, maximal enzyme activity in tissue obtained from cold-

7

acclimated animals is higher than activity in tissue obtained from warm-acclimated
animals when compared at a common temperature. Maximal activity of citrate synthase
(CS), pyruvate kinase (PK), and lactate dehydrogenase (LDH) was determined in skeletal
muscle samples obtained from juvenile green turtles from Heron Island during summer
and winter and from captive turtles during periods of warm and cold water exposure so
that the effects of temperature on enzyme concentrations could be assessed. CS activity
is a general indicator of oxidative capacity, P K activity is an indicator of rates of
glycolysis, and L D H activity in muscle tissue is a reliable indicator of the capacity for
anaerobic metabolism.
Temperature has different effects on aerobic and anaerobic pathways of energy
production. In general, aerobic enzymes of reptiles show greater thermal dependence
than anaerobic enzymes (Bennett, 1982). Sea turtles have a large aerobic scope, and
aerobic metabolism is thought to be the primary means of energy production during low
to moderate intensity exercise (Prange, 1976; Butler et ah, 1984).

Given the strong

thermal dependence of aerobic metabolism, it is likely that maintenance of routine
activity levels during the winter would require compensation in oxidative enzyme
concentrations. High intensity activity in green turtles is accompanied by an increase in
anaerobic metabolism. Sea turtles have an enormous anaerobic reserve, which may be
used for burst activity or to endure prolonged submergence (Berkson, 1966; Lutz and
Bentley, 1985). For green turtles that remain active year-round in fluctuating Tw, the
ability to support high intensity activity over a wide range of temperatures, either through
low thermal dependence or compensation of anaerobic enzyme activity, obviously may
contribute greatly to survivability.

8

CHAPTER 2
BODY TEMPERATURES AND SEASONAL DIVING PATTERNS OF
JUVENILE GREEN SEA TURTLES A T HERON ISLAND, QUEENSLAND,
AUSTRALIA

Introduction
Historically, green sea turtles were abundant in the world's tropical and
subtropical seas (Bjorndal, 1980).

This species was used as a source of meat for

indigenous populations (Felger et al, 1976) as well as a source of soup stock for the
world's finest restaurants. Early attempts to understand the behaviour of green turtles in
their natural habitat were motivated by commerce rather than conservation. Anecdotal
information about seasonal movements and behavioural patterns of green turtles was
passed on between indigenous hunters, fishermen, and eventually biologists (Carr and
Ogren, 1960; Felger et al, 1976). Much to the dismay of conservationists and soup chefs
alike, green turtles have been over-exploited to the point where they are now an
endangered species. As a result, conservation considerations have replaced commercial
interests and an understanding of green turtle behaviour is regarded as an integral aspect
in the campaign to minimize or prevent human interaction with this species. Efforts by
the scientific community to determine habitat utilization and diving patterns have
increased over the years as tracking methodology and remote monitoring technology
have become more advanced.
As with other reptiles, green turtles may alter their behaviour seasonally, although
the degree to which diving patterns and activity levels shift with the seasons has not
previously been studied. Diving patterns of sea turtles may be investigated with remote
monitoring devices, such as archival data loggers or satellite telemetry transmitters. The

9

majority of information about diving behaviour of green turtles comes from studies
conducted with reproductively active adult females. This is due to the relative ease with
which female sea turtles can be captured as they lumber along on a nesting beach.
Instruments attached to nesting female turtles have provided profiles of diving behaviour
during the internesting interval (Hochscheid et al, 1999; Hays et al, 2000) and postnesting migration (Luschi et al, 1998; Hays et al, 1999; Hays et al, 2001). Capturing
juvenile turtles in their reef and lagoon habitats is more difficult than capturing female
turtles on a nesting beach, and consequently very few studies have been conducted with
juvenile turtles. Fortunately, juvenile green turtles in certain populations show strong site
fidelity, which makes capturing (and re-capturing) turtles feasible. Heron Island, in the
southern Great Barrier Reef, has a year-round population of green sea turtles that includes
juveniles. Juvenile turtles are frequently found along the reef crest surrounding the island
and also within the dredged boating channel and harbour on the north side of the island.
Tw at Heron Island varies between a minimum of 16°C in the winter and a maximum of
29°C in the summer. The combination of all these factors makes Heron Island an ideal
site for studying seasonal diving behaviour and T B of juvenile green turtles.
The goals of this study were to investigate seasonal diving patterns of juvenile
green turtles from the Heron Island population and to determine T of juvenile turtles in
B

relation to Tw. Data loggers were deployed on turtles during the summer and winter so
that dive depth, dive duration, surface intervals, and T

w

could be monitored at sea, and

cloacal T B of turtles was measured at the time of capture.

10

Materials and methods
Field procedures
Research was conducted at Heron Island, Queensland, Australia (23°26'S,
151°55'E) in December 2000 (austral summer) and August 2001 (austral winter). A l l of
the turtles for this study were captured by hand (free-diving) in the boating channel and
harbour on the north side of the island. Turtles were taken directly to the Heron Island
Research Station (HTRS, University of Queensland) where measurements and instrument
attachment took place. If we could not begin working with the turtle immediately after
capture, the turtle was held in a pool (4.6 m length x 4.6 m width x 0.6 m depth) with
seawater pumped in from the outer edge of the reef crest.
Extensive tag-and-recapture studies have been conducted with the Heron Island
population of green turtles (Limpus and Walter, 1980) so many of the turtles we captured
had numbered titanium flipper tags that could be used for identification of individuals.
The Queensland Parks and Wildlife Service provided additional flipper tags so that our
research team could tag turtles that had not been identified from previous studies. Tags
were placed along the medial edge of the right front flipper.

Curved carapace length,

curved carapace width, and body mass were determined. The range of body mass for
turtles in this study was 10.0 - 23.6 kg.
Data loggers to record at-sea diving behaviour and Tw were glued directly to the
carapace with epoxy (SuperMend, Titan Corporation, Lynnwood, W A ) (Figure 2.1).
Placement of the instrument on the shell varied between the 2

nd

and the 4 vertebral
th

scute, depending on what type of data logger was used (see Water temperature and
diving behaviour). A sonic transmitter (V16-5HR-01 pingers, Vemco Ltd., Shad Bay,
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NS; model CHP87L sonic fish tags, Sonotronics, Tucson, AZ) was attached to the right
rear marginal scutes of the carapace with epoxy (SuperMend, Titan Corporation,
Lynnwood, WA). Sonic tags were 1.5 cm in diameter and 9 - 1 1 cm in length. Sonic
signals were transmitted at a frequency of 38 - 57 kHz and could be detected within a
range of 1.5 km.

V H F radio beacons (model SI-2sp, Holohil Systems, Carp, ON)

transmitting a 149 M H z signal at a frequency of 1 Hz were attached either directly to the
data logger or to the left rear marginal scutes of the carapace with epoxy (SuperMend
Titan Corporation, Lynnwood, WA).

The radio transmissions had a range of

approximately 3 km.
Turtles were released 14 - 65 hours following capture, with a mean holding
period of 27.6 hours (mean = 33.6 hours in summer, mean = 20.6 hours in winter).
During the time when the turtles were at sea they were tracked periodically using both
radio (Telonics TR-4 radio receiver and antennae) and sonic (Vemco Ltd. VR-60 sonic
receiver and VIO directional hydrophone; Sonotronics USR-91 receiver and DH-4
hydrophone) telemetry.

Turtles were located and recaptured by hand in the boating

channel and harbour after 4.8 - 5.4 days at sea in summer and after 7.3 - 12.6 days in the
winter. Cloacal T B was measured within 5 - 1 0 minutes of recapture. The turtles were
taken back to the research station to be weighed and for instrument removal. Turtles
were released in the harbour within 2 hours of recapture.
A l l procedures were approved by the U B C Committee on Animal Care, the
Queensland Parks and Wildlife Service, and the Great Barrier Reef Marine Park
Authority (permit # GOO 568).
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Water temperature and diving behaviour
Several types of instruments were used to record diving behaviour and ambient
water temperature from green turtles freely diving at sea (Table 2.1). Custom-built timetemperature-depth recorders (TTDRs) (180 g; 12.0 x 6.0 x 1.4 cm) previously described
for use with elephant seals (Andrews et al., 1997, Andrews, 1998) and leatherback sea
turtles (Southwood et al, 1999) were used with all turtles during the summer field season
and with 4 turtles during the winter field season. TTDRs had a memory of 512 kilobytes
(kb) and could record depth and temperature every 5 seconds for 10.1 days. Depth
resolution of the TTDRs varied from 0.2 - 0.5 m depending on the pressure transducer
components (Keller PSI, Oceanside, CA), and the analog-to-digital (A-to-D) mode of
sampling.

TTDRs recorded Tw with a resolution of 0.4°C.

Before instrument

deployment, pressure transducers were calibrated with a compressed gas pressure gauge
comparator and a National Institute of Standards and Technology (NIST)-traceable
precision gauge. Thermistors (Fenwal Electronics, Milford, M A ) for recording Tw were
calibrated over the range of 15 - 35°C using a NIST-traceable thermometer with 0.05°C
gradations.
During the winter field season, commercially bought time-depth recorders (model
Mk6 TDR, Wildlife Computers, Redmond, WA) were used with two turtles. Mk6 TDRs
(70 g; 7.4 x 5.7 x 3.0 cm) were pre-calibrated by the manufacturer and had a depth
resolution of 2 m over a range of 0 - 500 m and a temperature resolution of 0.2°C over
the range of 0 - 22.7°C. The manufacturer's temperature calibrations were confirmed
over the range of 15 - 20°C using a NIST-traceable thermometer. Depth was recorded
every 10 seconds and Tw was recorded every 60 seconds.
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A small (1.5 cm dia, 0.5 cm height) temperature logger (Thermochron model
DS1921, Dallas Semiconductor Corporation, Dallas, TX) was used to record Tw from
one turtle during the winter field season. This temperature logger had a resolution of
0.5°C over a range of -55 - 100°C and recorded Tw every 60 seconds. The logger was
calibrated over the range of 15 - 35°C using a NIST-traceable thermometer with 0.05°C
gradations.
Data were downloaded from the data loggers onto an AST Ascentia J Series
laptop computer. A submergence to a depth of 1 m or greater was counted as a discrete
dive. Because turtles spent extended periods of time in shallow water, dive records were
divided into periods of "bout" diving (depths > 1 m) and "shallow water" periods (depths
< 1 m). The percent of time spent in shallow water and engaged in dive bouts was
calculated.
Dives that occurred during dive bouts were analysed for maximum depth, dive
duration, and post-dive surface interval. Because high resolution records showed that
turtles could actually be submerged at depths less than 1 m and not solely at the surface, a
set of criteria was established to distinguish post-dive surface intervals from shallow
water periods. The mean surface interval during dive bouts was calculated, and dive
cycles with surface intervals that were 3 times greater than the mean surface interval were
ehminated from the dive analysis (Southwood et al, 1999). An average of 4.6 ± 0.7% of
dive cycles for individual turtles was eliminated from analysis using this method.
Surface intervals that were 3 times greater than the mean surface interval were counted as
shallow water periods.

Different dive types displayed during bouts were distinguished based upon the
following set of criteria. U-dives were dives in which turtles made a steady descent to
maximum depth (mean speed ± S E M = 0.12 ± 0.01 m-sec" ) and remained within 75% of
1

maximum depth for an extended time ("bottom time") before making a steady ascent
(mean speed ± S E M = 0.12 ± 0.01 m-sec" ) back to the surface. At least 70% of the total
1

dive duration had to be comprised of "bottom time" for a dive to be classified as a U dive. V-dives were dives in which the animal descended to maximum depth (mean speed
± S E M = 0.08 ± 0.02 m-sec" ) and then immediately began ascent back to the surface
1

(mean speed ± S E M = 0.07 ± 0.01 m-sec" ). Dives that did not fit either of these criteria
1

were classified as "other". The percentage of U-dives, V-dives, and other dives that
occurred during dive bouts was calculated.
Diel patterns in diving behaviour and T

w

were analysed by dividing the data into

day and night periods based on seasonal sunrise and sunset times. During the summer,
day lasted from 05:00 - 18:29 and night lasted from 18:30 - 04:59. Winter days lasted
from 06:30 - 17:29 and night lasted from 17:30 - 06:29. Paired t-tests were used to
compare dive frequency, dive depth, dive duration, and time spent diving in shallow (< 1
m) water during day and night.

Body temperature
Turtle T was measured within 5 - 1 0 minutes of capture using a thermocouple
B

digital display meter (Model 8700, Mallinckrodt Inc., Glens Falls, N Y ) and a 2 mm
diameter rubber coated thermocouple probe (Mallinckrodt Inc., Glens Falls, N Y ) . The
probe was inserted to a depth of approximately 15 cm into the cloaca and readings were
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taken after an equilibration time of 1 minute (Mrosovsky, 1980). T

w

at the capture site

was obtained from data logger readings. Data logger thermistors and the thermocouple
reader were calibrated against the same thermometer. Linear regression was used to test
for a relationship between T B and T for pooled data from summer and winter.
w

Statistics

Statistical analyses described in the previous sections were performed using
SigmaStat software (Jandel Scientific). Differences were considered to be significant at
P<0.05. Values are presented as the mean ± standard error of the mean (SEM).

Results
Water temperature and diving behaviour

Six of the seven data loggers deployed during the summer season were retrieved.
Dive data from all six instruments were analysed. The thermistor in the data logger
deployed on turtle 38309 malfunctioned, so Tw data from only five turtles were analysed
for the summer season. Five of the six data loggers deployed during the winter season
were retrieved. Turtle 38306 dislodged her data logger at some point prior to re-capture.
Unfortunately, a combination of low depth resolution of the Mk6 TDRs and shallow
diving behaviour of the 2 turtles (35104 and 35133) equipped with Mk6 TDRs made dive
traces obtained from those instruments un-usable. The DS1921 data logger used with
turtle 5276 recorded T

w

only (not depth), so dive records were only obtained from 2

turtles (38309 and 38311) during the winter season. Data were collected from turtles
38309 and 38311 during both the summer and winter field seasons (Table 2.1). Tw data
from all five of the instruments retrieved during the winter field season were analysed.
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Mk6 TDRs used during the winter season only recorded Tw up to 22.7°C.
Portions of the temperature records obtained from both of the retrieved Mk6 TDRs were
flat-lined at 22.7°C (8.5% of 35104's's file and 13.4% of 35133's file), which indicates
that T

w

had exceeded the upper limit of the data logger's range during this time. For

these records, mean T

w

for the recording period was calculated two ways. The first

method used 22.7°C as the maximum T for those portions of the trace when temperature
w

readings were at the upper limit. The second method used a value for maximum Tw
obtained from TTDR records of other turtles. The value for maximum Tw was chosen to
correspond with the date and time that Tw recorded by the Mk6 T D R had exceeded the
upper limit of the range. Values for mean T

w

for the entire recording period calculated

using these two methods were within 0.2°C for both turtles. Given the small difference
between values obtained for mean T

w

using the two methods and the fact that the true

value for maximum temperature was unknown, I decided to use 22.7°C as the maximum
temperature for calculation of mean Tw during the recording period for turtles equipped
with Mk6 TDRs.
Tw experienced by the turtles during the summer was within the range of 23.3 31.6°C, with a mean temperature of 26.2 ± 0.5°C (Table 2.1). During the winter, the
range of T

w

was 17.8 - 26.1°C, with a mean T

w

of 21.4 ± 0.2°C.

Winter T

w

was

significantly lower than summer Tw (N=5, fkO.001). Mean nighttime Tw experienced
by the turtles was significantly lower than mean daytime Tw during the summer
(P=0.007) and winter (P=0.007) field seasons. Average fluctuation in T

w

between day

and night was 1.0 ± 0.2°C. Figure 2.2 shows Tw and dive data for turtle 38311 over 5

days in the summer and 5 days in the winter. Diel fluctuations in Tw are apparent in both
seasons.
Figure 2.2 also clearly demonstrates that there were marked seasonal differences
in diving patterns. During the summer, turtles spent an average of 36.4 ± 4.8% of the
recording period in shallow water (depths < 1 m). In comparison, turtles spent almost
twice as much time in the shallows (64.3 ± 3.6%) during the winter. Deeper water is
often associated with cooler temperatures, but this is not necessarily the case for turtles in
a near-shore shallow water habitat.

Figure 2.3 shows a 24-hour excerpt from turtle

38309's Tw and dive records during the winter field season. Individual dives greater than
1 m depth occasionally resulted in a decrease in T

w

experienced by the turtle. However,

turtles could also be subjected to large fluctuations in Tw during periods of shallow
diving. Turtles experienced relatively warm water while diving in the shallows during
the daytime, but decreases in T
night.

w

were noted for prolonged periods of shallow diving at

The dive trace from Figure 2.3 clearly shows that turtle 38309 was submerged

during portions of the time spent in shallow water. However, given the position of the
data logger on the carapace, it is possible that the thermistor for T

w

detection may have

been exposed to air during some of the time spent in shallow water. This could account
for some of the more extreme and rapid fluctuations in temperature.
Descriptive statistics for maximum depth, dive duration and post-dive surface
interval for bout dives made by all turtles during the summer and winter are listed in
Table 2.1. Mean dive depth was within the range of 2.1 - 4.4 m during the summer and
3.8 - 4.9 m during the winter. Mean dive duration in the summer (13.1 ± 1.2 min) was
approximately half the mean dive duration in the winter (24.3 ± 1 . 6 min). Mean surface
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interval in summer (0.6 ± 0 . 1 min) was one third that of the mean surface interval in
winter (1.8 ± 0.1). Turtles were submerged for 95.7 ± 0.3% of summer dive bouts and
for 93.1 ± 0.2 % of winter dive bouts. Since data were available for turtles 38309 and
38311 during both the summer and winter, paired t-tests were used to compare dive
variables for these two turtles between seasons.

There was no significant seasonal

difference in dive depth (P = 0.051), dive duration (P = 0.156), or surface interval (P =
0.089). However, a significantly greater amount of time was spent in shallow water
during the winter compared with summer (P=0.023).
Figure 2.4 demonstrates diel differences in dive patterns displayed by turtles in
the summer (N=6) and winter (N=2). Paired t-tests were used to compare dive variables
during daytime and nighttime for each season. Turtles made significantly more dives to
depths greater than 1 m during the day compared with night during the summer
(P<0.001) and winter (P=0.042). Daytime dive durations were significantly shorter than
nighttime dive durations during both the summer and winter (P=0.001 and P=0.031,
respectively).

Dives tended to be deeper during the daytime, but no significant diel

difference in dive depth was found during summer (P=0.164) or winter (P=0.310).
Several different dive types were displayed by turtles during dive bouts (Figure
2.5). U-dives predominated dive records during both the summer (53.4 - 73.0% of all
^ dives) and winter (51.0 - 62.1% of all dives). V-dives were less common, comprising
only 0.4 - 6.1% of dives made during summer and 0 - 0.6% of dives made during winter.
Dives with highly variable depth could not be defined as either U-dives or V-dives.
These dives comprised 26.6 - 45.9% of dives made during summer and 37.3 - 49.0% of
dives made during winter.
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Figure 2.6 shows a series of nocturnal U-dives made by turtle 38305 during the
summer field season.

Maximum dive depth progressively decreased until 01:00, and

began to increase again at approximately 02:00.

The changes in dive depth were in

synchrony with the timing and magnitude of the falling and rising tides for that evening.
This pattern was noted for 5 of the 6 turtles monitored during the summer and for 1 of the
2 turtles monitored during the winter.

Body temperature

There was a strong and significant relationship between T and Tw over the range
B

of temperatures experienced year-round (r =0.96, P<0.001, T = 1.06Tw - 0.66). Figure
2

B

2.7 shows T plotted as a function of T
B

w

during both the summer (Tw = 25.3 - 26.6°C)

and winter (Tw= 21.1 - 21.9°C). When data from summer and winter were separated, r
values were still high, but the relationship between T

B

2

and Tw was not statistically

significant (summer: r = 0.70, P = 0.185; winter: r = 0.87, P= 0.056). The slope of the
2

2

regression line for T and Tw was not significantly different from 1 (to.o5(2),7=0.662, P >
B

0.50), and the Y-intercept for the regression was not significantly different from zero
(to.o5(i),7=0-312, P > 0.25). On average, turtle T was 0.6 ± 0.2°C higher than T . The
B

w

mean thermal gradient between T and Tw was higher for turtles during the summer (0.9
B

± 0.4°C) compared with turtles during the winter (0.4 ± 0.2°C).

Discussion
While resident green turtles from some geographic populations become inactive
as Tw decreases during the winter months (Felger et al,

1976), turtles from other
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populations appear to acclimatize to seasonal changes in temperature and remain active
throughout the year (Mendonca, 1983, Read et al, 1996). Although tracking studies and
direct observations have shown that juvenile green turtles may remain active during the
winter, there is little information regarding specific diving patterns and how these
patterns are affected on a seasonal basis. Variables such as dive duration and dive depth,
as well as the shape of dives (i.e. U-dives, V-dives, etc.), provide insight into seasonal
habitat utilization. Seasonal changes in diving behaviour may also herald fundamental
shifts in metabolic and physiological function.
In the current study, one of the most striking behavioural differences observed
between winter and summer was in the utilization of the shallow water habitat (Fig 2.2).
Turtles spent nearly twice the amount of time in the shallows during the winter as they
did during the summer. Daytime Tw in the shallows during the winter was as high as
26°C, and it is possible that the preference for shallow water was based on thermal
preference. However, Tw in the shallows is subject to large fluctuations, depending on
the time of day and the tides. Nocturnal Tw in the shallows could drop as low as 17.8°C
during the winter, yet turtles typically spent the majority of nighttime in the shallows
(Fig. 2.2 and Fig 2.3). Tw in shallow water is less stable than Tw in deeper water, and the
preference for shallow water shown by turtles in winter is difficult to explain by
temperature considerations alone.
The preference for shallow water during the winter may be related to seasonal
changes in food availability or location of preferred food. Green turtles are facultative
herbivores and can thrive on a variety of plant matter. Juvenile turtles from the Heron
Island population forage primarily on algae, and show a preference for red {Rhodophyta
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spp.) and brown (Phaeophyta spp.) algae (Forbes, 1994).

However, turtles are

opportunistic in their foraging patterns and sudden dietary shifts have been observed for
turtles in this population when species of green algae (Chlorophyta spp.) become
abundant (Forbes, 1994). Necropsy of a juvenile turtle found dead during the winter field
season revealed large amounts of green algae (species not identified) in the turtle's
esophagus and stomach (personal observation).
Previous studies have shown that green turtles typically forage throughout the
day, but peak foraging times are just after dawn and in the late afternoon (Mendonca,
1983; Bjorndal, 1980). Juvenile hawksbill turtles show a similar diel pattern of foraging
behaviour, and distinct differences in dive profiles are associated with foraging and
resting dives (van Diem and Diez, 1996). In the current study, turtles typically began to
make more bout dives (depths > 1 m) with shorter dive durations at daybreak (Fig. 2.4
and Fig. 2.5). Given the patterns observed for green turtles from other populations and
for hawksbill turtles, it is likely that the shift towards increased bout diving at daybreak
represents foraging behaviour. Interestingly, although turtles spent proportionally more
time in the shallows and made fewer bout dives during the winter compared with
summer, the shift in diving behaviour at daybreak was present in both seasons.
Nicaraguan turtle hunters along the Caribbean coast believed that green turtles
returned to the same spot to sleep every night (Carr and Ogren, 1960), and it turns out
this belief is not far from the truth. Several studies have shown that juvenile green turtles
in near-shore developmental habitats have specific resting areas where they go night after
night (Mendonca, 1983; Bjorndal, 1980; Brill et al, 1995). This site specificity applies to
the Heron Island population of juvenile green turtles as well (Limpus and Walter, 1980).
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Nighttime diving by turtles from the Heron Island population was characterized by
prolonged periods in the shallows and U-dives.

Most of the variation in dive depth

during nocturnal bouts of long duration U-dives could be accounted for by the rising and
falling of the tide (Fig 2.6). This suggests that turtles remain stationary throughout the
night. Indeed, intermittent sonic tracking of juvenile green turtles at Heron Island and
direct observation of turtles during late afternoon and evening snorkeling surveys of the
harbour and boating channel verified that the turtles returned to these areas nightly and
appeared to be sleeping on the ocean floor. Turtles were reliably found resting in patches
of drifting vegetation or along submerged wave breaks and concrete pilings. Our luck in
recapturing all of the study animals from both seasons attests to the regularity of the
turtles' habits. Additionally, the fact that 4 individuals (5276, 38306, 38309, and 38311)
were captured during both the summer and winter in the same general location suggests
that juvenile turtles may inhabit a relatively narrow range year-round.
There were differences in diving behaviour between summer and winter. Both
the mean dive duration and the mean post-dive surface interval were longer during winter
compared with summer (Table 2.1), although the differences were not statistically
significant. The common view of diving in marine reptiles, birds, and mammals is that
dives are aerobic and the animal returns to the surface before oxygen stores are depleted
(Kooyman, 1984; Butler and Jones, 1997). The length of a dive depends both on oxygen
stores in the body and the rate of oxygen utilization (metabolic rate).

Longer dive

durations during the winter could be a result of alterations in either of these variables.
The lungs are the primary site of oxygen storage in green turtles, and alterations
in the lung oxygen store may be achieved by changing the volume of air inspired before
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diving. In addition to being the major site for oxygen storage, the lungs are also used to
control buoyancy (Milsom, 1975; Minamikawa et al, 1997; Minamikawa et al, 2000).
Hays et al. (2000) proposed that turtles alter the amount of air inspired at the surface in
order to achieve neutral buoyancy at a selected depth.

Neutral buoyancy would be

achieved at a deeper depth with a larger inspiration. Therefore, turtles diving to deeper
water would have a larger lung oxygen store than turtles diving to shallow water and
would be able to remain submerged for a longer duration. Indeed, the authors found a
significant relationship between dive depth and dive duration for U-dives. A comparison
of the two turtles for which we have summer and winter data (38309 and 38311) shows
that average dive depth of U-dives was deeper in the winter (5.4 ± 0.4 m) compared with
summer (2.5 ± 0.5 m) and average dive duration of U-dives was longer in winter (38.75 ±
5.85 min) compared with summer (17.15 ± 1.45 min). If making this link between depth
selection, buoyancy control, and lung oxygen stores is valid, then the longer dive
durations in winter could be explained in part by increased lung oxygen stores.
There are some problems with making inferences about the role of lung oxygen
stores in the relationship between dive depth and dive duration. One consideration this
argument fails to address is the difficulty that turtles may have overcoming positive
buoyancy at the surface if they take a large inspiration before submergence. The struggle
to reach a depth at which neutral buoyancy is attained may offset any advantage incurred
by taking in more oxygen. Another problem is that this argument assumes regardless of
depth, the turtle will surface when oxygen stores are depleted to the same level (Hays et
al,

2000).

However, Lutcavage and Lutz (1991) found that arterial PO2 upon

termination of voluntary dives in loggerhead turtles varied within the range of 23 - 50
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Ton. P50 for loggerhead turtles is 47 Torr, so turtles come to the surface when blood is
still 20 - 50% saturated (Lutcavage and Lutz, 1997). A further criticism of this argument
is that green sea turtles have highly muscularized lungs, and could potentially alter lung
volume mid-dive by contracting or relaxing these muscles (Tenney et al, 191 A; Milsom,
1975; Lutcavage et al, 1987). The claim that an alteration in inspiration volume before
submergence is the only way in which turtles may control lung volume may not be true.
Finally, it is a large leap of faith to assume that the metabolic rate and activity level of
turtles remains constant during U-dives to different depths and the only variable
determining dive duration is the lung oxygen store. Hochscheid et al. (1999) used an
activity sensor to show that green turtle activity levels during U-dives vary considerably.
Temperature has widespread effects on the physiological and metabolic processes
of reptiles. A decrease in metabolic rate with lower temperature would result in a lower
rate of oxygen utilization, which in turn would allow turtles to remain submerged for
longer periods of time during the winter. However, the increase in mean dive duration
during the winter was accompanied by an increase in mean post-dive surface interval. It
is possible that rates of oxygen consumption during dives are similar in winter and
summer, and the increased post-dive surface interval in the winter reflects the necessity to
replenish oxygen stores that have been depleted to a greater extent.
As seen with other populations of juvenile green turtles in southern Queensland
(Read et al, 1996), there was a strong relationship between T B and Tw for juvenile turtles
from the Heron Island population. This relationship was only significant when data from
both seasons were pooled together. The lack of significance for individual seasons is
likely due to the small sample size (N=5) and the small range of temperatures in winter
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(21.1 - 21.9°C) and in summer (25.6 - 27.9°C). Turtle T
higher than T

w

B

at recapture was slightly

in all but one case. T for turtle 38311 (27.0°C) was 0.8°C lower than T
B

(27.8°C) at the site of recapture during the summer field season.

w

Temperature data

recorded by this turtle's data logger show that she had previously spent 98 minutes in
26.7 - 27.0°C water and had just moved into warmer water (27.9°C) 40 minutes before
recapture. It appears that this turtle's T B had not yet equilibrated with Tw when she was
recaptured.
The average thermal difference between turtle T B and Tw was 0.6 ± 0.2°C. T of
B

adult green turtles (110 - 121 kg) is typically 1 - 3 °C above ambient temperature
(Mrosovsky, 1980; Standora et al, 1982; Sato et al,

1998).

Studies with adult

loggerheads have shown that as Tw decreases, the thermal difference between T B and Tw
gets larger (Sato et al, 1994), but this was not the case with juvenile green turtles in the
current study, as the difference between T B and Tw was actually less during the winter
(0.4 ± 0.2°C) than during the summer (0.9 + 0.4°C).

Adult turtles may be able to

maintain a greater thermal difference between T and Tw due to large thermal inertia and
B

a low surface area-to-volume ratio. These are attributes that juvenile turtles would have
to grow into.
Instantaneous measurements of turtle T at the time of capture show that T B is not
B

significantly higher than Tw- Seasonal changes in diving behaviour observed for turtles
at Heron Island suggest that the decrease in Tw, and consequently T B , during the winter
results in a decreased metabolic rate. The extent to which metabolism is affected by
seasonal changes in temperature is the focus of Chapter 3 in this thesis.
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Figure 2.1. Photographs illustrating instrument attachment sites for data loggers and
radio and sonic telemeters. All instruments were glued to the carapace with epoxy, and
removed when the turtle was re-captured. (A) Mk6 TDR data loggers were attached to
the 2 vertebral scute of the carapace. When an Mk6 TDR was deployed, a radio
transmitter was glued to rear marginal scutes on the left side of the turtle's carapace, and
a sonic transmitter was glued to rear marginal scutes on the right side of the turtle's
carapace. (B) TTDR data loggers were attached to the 3 and 4 vertebral scutes of the
carapace. A radio transmitter was glued directly to the TTDR and a sonic telemeter was
glued to the rear marginal scutes on the right side of the turtle's carapace.
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Figure 2.2. Time/depth and water temperature (Tw) data for turtle 38311 for (A) 4 days
during the summer and (B) 4 days during the winter. Turtles spent significantly more
time in shallow water and dive durations tended to be longer during the winter compared
with summer. Tw fluctuated between 19 - 24°C during the winter and 26 - 30°C during
the summer. A diel pattern in T fluctuations was noted during both seasons, with
daytime Tw significantly higher than nighttime Tww
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Figure 2.3. 24-hour segment of time/depth and T data for turtle 38309 recorded on 8
August 2001 (austral winter). The dotted line through the dive trace represents a depth of
1 m. Large fluctuations in T occurred during individual dives to depths greater than 1
m, and also during extended periods in very shallow water.
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Figure 2.4. Diel patterns in (A) dive frequency, (B) dive duration, and (C) dive depth for
dives deeper than 1 m made by turtles at Heron Island during the summer (N=6) and
winter (N=2). Filled circles depict summer data and open circles depict winter data.
Each point represents the Mean ± S E M . Turtles made significantly more dives during the
day compared with night in both summer and winter, and daytime dive durations were
significantly shorter than nighttime dive durations in both seasons. Dive depths tended to
be deeper in the daytime compared with nighttime, but there was no significant
difference.
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Figure 2.5. 10-hour segment of time/depth data for turtle 94946 recorded on 18
December 2000 (austral summer) showing the various dive types. The dotted line
represents a depth of 1 m. The majority of dives deeper than 1 m were U-dives (51.0 73.0%). Dives of variable depth were also common (26.6 - 49.0%), and V-dives were
relatively rare (0 - 6.1%). Individual turtles spent 20.4 - 67.9% of the time at sea in the
shallows.
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Figure 2.6. 24-hour segment of time/depth date for turtle 38305 recorded on 9 December
- 10 December 2000 (austral summer) showing the typical nocturnal pattern of U-dives.
Variability in dive depth throughout the night was in synchrony with the falling and
rising of the tide. The magnitude of the changes in dive depth closely mirrored the
difference between high and low tide for that evening. This pattern was observed for 5
turtles during the summer and 1 turtle during the winter.
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CHAPTER 3
METABOLIC ADJUSTMENTS OF JUVENILE GREEN SEA TURTLES
DURING SEASONAL COLD EXPOSURE A T HERON ISLAND, QUEENSLAND,
AUSTRALIA AND DURING PROLONGED COLD EXPOSURE IN CAPTIVITY

Introduction
Juvenile green turtles typically inhabit sub-tropical reefs, lagoons, and estuaries
where they experience large seasonal fluctuations in water temperature.

Laboratory

studies have shown that rapid decreases in temperature ( 1 - 4 8 hours acclimation period)
result in significant decreases in metabolic rate in green and loggerhead sea turtles (Kraus
and Jackson, 1980; Davenport et al, 1982; Lutz et al, 1989). However, the effect of
long-term shifts in environmental temperature on metabolism of sea turtles has not
previously been investigated. Sonic tracking studies and direct observations of turtles at
sea have provided evidence that juvenile green turtles from sub-tropical populations
remain active and continue to feed in T

w

of 15.0 - 22.7°C during the winter (Bjorndal,

1980; Mendonca, 1983; Read et al, 1996). The ability of juvenile turtles to maintain
activity in cold temperatures may be the result of low thermal dependence of metabolic
enzymes, thermal acclimatization of physiological processes and metabolic rate, or a
combination of both of these strategies (Hochachka and Somero, 2002).
Juvenile green turtles from the Heron Island population displayed seasonal
differences in diving patterns. The trend towards longer dive times during the winter is
suggestive of a decrease in metabolic rate (Chapter 2), however it is impossible to infer
the activity level and metabolic status of turtles based solely on diving patterns.
Alterations in diving behaviour may be due to temperature-related changes in metabolism
or seasonal shifts in habitat preference and foraging patterns. Measurements of metabolic
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and physiological variables of juvenile green turtles during the summer and winter are
needed to clarify the relationship between metabolism and seasonal changes in diving
behaviour.
The purpose of this study was to investigate the metabolic adjustments made by
juvenile green turtles during seasonal exposure to cold temperatures.

To gain an

integrative picture of the seasonal metabolic response, field and laboratory studies were
conducted and measurements on the whole animal and molecular level were made. The
doubly labeled water (DLW) technique (Lifson and McClintock, 1966; Nagy, 1980) was
used to obtain estimates of field metabolic rate (FMR) for juvenile green turtles from the
Heron Island population during the summer and winter, and a series of laboratory
experiments were conducted with captive turtles subjected to a thermal regime so that the
effects of seasonal temperature variation on metabolic rate could be studied under
controlled conditions. Activities of oxidative and glycolytic enzymes were measured in
skeletal muscle tissue obtained from turtles at Heron Island during the summer and
winter and from captive turtles during periods of warm and cold water exposure so that
the effects of temperature on aerobic and anaerobic components of cellular metabolism
could be determined. The effect of seasonal cold exposure on nutritional status of turtles
in the field and in the laboratory was assessed by measuring glucose, protein, and ion
concentrations in blood.
phosphatase

In addition, plasma levels of metabolic enzymes (alkaline

and creatine phosphokinase) and thyroid hormone (thyroxine) were

determined.
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Materials and methods
Field metabolic rate
Field metabolic rates for juvenile green turtles from the Heron Island population
were estimated using the doubly labeled water technique (Lifson and McClintock, 1966;
Nagy, 1980). A l l procedures were approved by the U B C Committee on Animal Care, the
Queensland Parks and Wildlife Service, and the Great Barrier Reef Marine Park
Authority (permit # GOO 568). Turtles were captured by hand in the boating channel and
harbour on the north side of Heron Island in December 2000 and August 2001. Turtles
were taken to the Heron Island Research Station and weighed with a digital scale accurate
to 0.05 kg over the range of 0 - 20 kg. A 4 ml blood sample was collected from the
venous cervical sinus with a 21G X 1V2 needle and Vacutainer™ tube, and then a premixed solution of high enrichment

1 8

0 (95 atom percent) and H (99 atom percent) was
2

injected intraperitoneally (IP). The injection site was anterior to the right rear flipper
where skin and shell fused, close to the interface between the carapace and plastron.
The dosage of D L W was calculated based on body mass and using equations from
Speakman (1997),

D L W dosage (ml) = [(0.64 * body mass in grams) * DIE] / IE

where 0.64 is the estimated proportion of total body water in a green turtle as determined
by H dilution space in captive turtles (Andrews et ai, unpublished data), D I E is the
2

desired initial enrichment in parts per million (ppm) (DIE = 618.923 * (body mass in kg)"
0 305

) , and IE is the injectate enrichment in ppm. The 10 ml plastic syringe and needle for
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isotope injection were weighed on a digital scale with accuracy to 4 decimal places
(Sartorius BP2105, Germany). The approximate dosage of D L W was measured out in
the syringe and then the "loaded" syringe was weighed again so that the mass of D L W in
the syringe was determined. After the D L W injection, the syringe and needle were reweighed and the mass of D L W injected into the turtle was recorded.
Andrews et al. (unpublished data) found that in 10-15 kg green sea turtles an IP
injection of H equilibrated with body water in 12 hours. Therefore, turtles injected with
2

D L W at Heron Island were kept out of water in an indoor laboratory (air temperature 20
- 25°C) for 12 hours following injection to allow time for full equilibration of isotopes.
A second blood sample was taken at the end of the equilibration period. Turtles were
equipped with sonic and radio transmitters (please see Chapter 2 for details) and then
released in the harbour. Seven turtles were injected with D L W during the summer field
season and six turtles were injected during the winter field season.
Turtles were tracked periodically while at sea and re-captured 4.8 - 12.6 days
following release. Turtles were weighed and a third blood sample was obtained from the
cervical sinus.

During the time at sea the concentration of isotopes declined in the

turtle's body water pool. H and 0 are both lost in the form of metabolically produced
2

water, but
1 8

1 8

1 8

0 is also lost in metabolic C O 2 production. The rates of decline for H and
2

0 can be calculated from the difference in isotope concentrations in the equilibration

and re-capture blood samples. The difference in the washout slopes of H and 0 gives
2

1 8

an estimate of C O 2 production, which can be used as a measure of metabolic rate (Lifson
and McClintock, 1966; Nagy, 1980).
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A l l blood samples were centrifuged in Vacutainers™ at 3000 rpm (Beckman GP,
California) for 5 minutes immediately following collection. Serum was transferred to
cryo-safe plastic tubes (Sarstedt Inc, Montreal, QC), and stored in a -70°C freezer.
Samples were analyzed for isotope content using mass-spectrometry at the University of
Aberdeen Rowett Research Institute (Aberdeen, Scotland).
Calculations of C O 2 production were made using the D L W . E X E software
developed by Speakman and Lemen (1999).

The plateau method was used for

determination of isotopic dilution spaces and the

1 8

0 dilution space was used as an

estimate of total body water (TBW). Previous studies have shown that the

1 8

0 dilution

space gives a more accurate estimate of T B W than does the H dilution space (Nagy,
2

1980).
The equation described by Speakman et al. (1993) was used to calculate C O 2
production:

rC0 = [(N + Ayi.037)/2][0.45540£ - 0.47225& ]
2

0

o

d

where N is the dilution space of 0 , A j is the dilution space of H , k is the turnover rate
1 8

2

0

of

1 8

0

0 , and k is the turnover rate of H . Assumptions associated with this equation are
2

A

discussed by Speakman (1997).
Juvenile green turtles from the Heron Island population forage almost exclusively
on algae (Forbes, 1994). Based on this herbivorous diet, an energy equivalent of 22.1
J-ml C O 2 "

1

(RQ = 0.91) was used to convert C O 2 production to energy expenditure
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(Nagy and Shoemaker, 1984).

A Student's t-test was used to test for significant

differences in F M R between summer and winter.

Laboratory measurements of metabolic rate
Juvenile turtles used for laboratory experiments were transported from the
Cayman Island Turtle Farm (1983, Ltd.) (Grand Cayman, British West Indies) to the
South Campus Animal Care Facility at the University of British Columbia (Vancouver,
Canada). The turtles were kept in a 10m x 2m x 1.5m oval fibreglass tank with recirculating seawater filtered through a series of mechanical and biological filters. New
seawater was obtained from the Vancouver Aquarium on a monthly basis so that the
water in the tanks could be replaced. Tw was maintained at 26°C and salinity was 26-32
ppm. The turtles were fed a diet of vitamin D - and calcium-supplemented trout chow
(0.5 - 1.0% of body mass daily) when they were not fasting prior to experiments
(Davenport et al. 1982; Butler et al, 1984; Moon, 1992). Turtles grew steadily on this
diet, with an average growth rate of 0.7 kg per month. The range of turtle body weights
was 18.9 - 43.1 kg during the course of this study.
In order to assess the effects of temperature on metabolic and physiological
variables, turtles were exposed to a thermal regime that simulated seasonal temperature
variations commonly experienced by juvenile green turtles that remain active year-round
at subtropical latitudes. Temperatures chosen for the thermal regime were based on mean
seasonal T

w

at Moreton Bay, Queensland, Australia (27°30'S, 153°18'E). Moreton Bay

is a large, semi-enclosed bay with areas of shallow water seagrass habitat that are utilized
by juvenile green turtles year-round. Moreton Bay is further south than Heron Island,
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and turtles from the Moreton Bay population experience greater extremes in seasonal Tw
than do turtles at Heron Island. Mean Tw during the summer at Moreton Bay is 26°C and
mean Tw during the winter is 17°C. Nevertheless, juvenile turtles in Moreton Bay
remain active and forage throughout the year (Read et al, 1996).
Prior to the initiation of the thermal regime, turtles were kept at 26°C. T

w

was

decreased by 3°C every 2 weeks until the temperature in the tank was 17°C. Turtles were
maintained in 17°C water for 16 weeks and then the temperature in the tanks was
increased by 3°C every 2 weeks until it was once again 26°C. Photoperiod was modified
with the changes in T : 14 hours light/10 hours dark at 26°C, 12.75 hours light/11.25
w

hours dark at 23°C, 11 hours light/13 hours dark at 20°C, and 10.25 hours light/13.75
hours dark at 17°C. Changes in photoperiod were based on seasonal sunrise and sunset
times at Moreton Bay.
Turtle body temperature (T ) was measured periodically using temperatureB

sensitive passive induced transponder (PIT) tags (BioMedic Data Systems, Maywood,
NJ) implanted beneath left marginal scute #2, just above the left front flipper. The tags
were calibrated over the range of 20 - 35°C using a National Institute of Standards and
Technology (NIST)-traceable thermometer before implantation.
Open-flow respirometry was used to measure oxygen consumption (V02) of
turtles. Two days before a respirometry trial, the turtle was moved into a smaller circular
fibreglass tank (2 m diameter). The surface of the tank was covered except for a 30 cm
area. Turtles were trained to surface in this area and to breathe under a plexiglass funnel
placed over the water surface. A one-way respiratory valve (Hans Rudolph, Kansas City,
MO) was placed on the inflow port of the funnel and a T-junction with one arm leading
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to a latex gas collection bag (Hans Rudolph, Kansas City, MO) to receive overflow
expired gas was placed on the outflow port of the funnel. Air was pulled through the
funnel at a rate of 4.0 L-min" by an air pump (Shop-vac Canada Ltd., Burlington, ON),
1

and air flow was monitored with a mass flowmeter (Omega Engineering Inc., Stamford,
CT). Exhalant that entered the overflow bag was eventually pulled back through the Tjunction and into the main airstream. A sub-sample of funnel gas was drawn through
Drierite and soda-lime before passing through an S A E 300 oxygen analyzer at a rate of
150 mbrnin" . The percentage of oxygen ( % 0 2 ) in the sub-sample from the funnel was
1

recorded on a computer at a frequency of 1Hz using LabTech software. Downward
deflections from the baseline of 20.94% O2 (concentration of O2 in dry air) occurred
when the turtle breathed into the funnel. V02 was determined by measuring the area of
downward deflections from baseline in a data analysis program (Acqknowledge,
BIOPAC Systems, Inc.). The respirometry system was calibrated by injecting known
quantities of nitrogen into the funnel. Values for V02 were corrected for STPD.
Turtles were fasted for 5 - 7 days before respirometry trials at 26°C and for 10-12
days before trials at 17°C to ensure that the animals were in a post-absorptive state
(Davenport et al, 1982; Hadjichristophorou & Grove, 1983; Brand et al, 1999). Trials
lasted 3 - 5 hours and were conducted between 10:00 and 15:00.
A video camera was set up above the experiment tank and all respirometry trials
were videotaped so that the turtle's behaviour and breathing frequency (fB) could be
monitored continuously. The amount of time spent resting or active during the trial was
calculated. The turtle was considered to be resting if motionless on the tank bottom.
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Active periods consisted of turtles slowly paddling around the side of the tank or
shuffling along the tank bottom.
V02 was recorded at 26°C prior to initiating the thermal regime (26-A), after 8
weeks of exposure to 17°C (17-A), after 16 weeks exposure to 17°C (17-B), and at 26°C
20 weeks after completion of the thermal regime (26-B). One-way A N O V A (repeated
measures) was used to test for significant differences in V02, / B , and percent time spent
active between treatments. Linear regressions of percent time spent active vs. V02 and
fB vs. V02 at both 26°C and 17°C were calculated.

Metabolic enzyme activity
Muscle tissue samples were obtained from captive turtles and turtles from the
Heron Island population so that the effects of temperature on muscle enzyme activity
could be assessed. Muscle tissue samples were obtained from the flexor tibialis muscle
of the rear flipper of captive turtles at 26°C before exposure to the thermal regime and
after 4 weeks exposure to 17°C. The flexor tibialis flexes and retracts the rear flipper and
controls the shape of the flipper for steering (Wynekan, 2001). To access the flexor
tibialis, it was necessary to cut through approximately 0.5 - 1 cm of subcutaneous fat.
For the field studies, I chose to take biopsies from the iliotibialis muscle, a hip abductor
which is more superficial than the flexor tibialis (Wynekan, 2001). During the summer
field season at Heron Island, biopsy samples were taken from the iliotibialis muscle of
the right rear flipper. During the winter field season, four turtles that had previously been
captured in summer were re-captured (turtles 38360, 38309, 38311, and 5276). For these
turtles, biopsy samples were taken from the iliotibialis muscle of the left rear flipper in
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winter. Iliotibialis biopsy samples were taken from the right rear flipper for all other
turtles captured in winter. A second tissue sample was taken from the deltoideus muscle
of the left front flipper for all turtles captured in winter so that a comparison of enzyme
activity from front and rear flipper muscles could be made.

The deltoideus muscle

protracts and abducts the front flipper during swimming (Wynekan, 2001).
Before excising muscle tissue, the incision area was cleaned thoroughly with 95%
EtOH and Betadine topical antiseptic. A local anaesthetic (2% Lidocaine, Vetoquinol
Inc., Lavaltrie, QC) was injected into the area from which the biopsy sample was to be
taken. A 1.5 cm incision was made in the skin and approximately 100 - 200 mg of
muscle tissue was excised using surgical scissors. Dissolvable sutures were used to sew
muscle tissue together and close the incision wound. The area was treated with topical
antibiotic cream (Furacin, Vetoquinol Inc., Lavaltrie, QC) and the turtle was given an
intramuscular injection of antibiotics (5 mg/kg Amiglyde-V, Ayerst Veterinarian
Laboratories, Guelph, ON) to reduce the risk of infection.

The tissue samples were

immediately frozen on dry ice, and rapidly transferred to a -70°C freezer for storage.
Tissue samples obtained in the field were transported on dry ice to the University of
British Columbia and stored for a maximum of 5 months before assays were performed.
Tissue samples from captive turtles were stored for 20 to 22 months before assays were
performed. Activity of citrate synthase (CS), lactate dehydrogenase (LDH), and pyruvate
kinase (PK) were determined for all tissue samples.
Tissue samples were partially thawed, minced, and diluted to 1/10 volume in icecold 75 m M Tris-HCl homogenization buffer adjusted for p H 7.5 at room temperature.
The dilution was homogenized using a Polytron tissue homogenizer (model PT10,
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Brinkman Instruments, Rexdale, ON) and sonicated using a Kontes MicroUltrasonic Cell
Disrupter (model KT5). Whole homogenate was used for all assays and each assay was
run

in

duplicate.

Enzyme activities were

measured

with

a

Perkin-Elmer

Spectrophotometer (model Lambda 2, Perkin-Elmer (Canada) Ltd, Rexdale, ON).
Temperature in the spectrophotometer cells was controlled with a circulating water bath
(MGW Lauda). Enzyme activity was measured at 15, 20, 25, and 30°C. The order in
which activity was measured at different assay temperatures was randomized. Stock
solutions for assays were prepared using buffers adjusted for pH at each temperature. A l l
reactions were initiated by the addition of substrate.

The millimolar extinction

coefficient (E ) and wavelength at which the reaction was monitored (X) are indicated for
each assay below.
Enzyme protocols were L D H : X = 340 nm, e = 6.22, p H 7.5, 50 m M imidazoleH C l , 0.15 m M ^-nicotinamide adenine dinucleotide (reduced), 4 m M pyruvate, 1/1000
tissue dilution; P K : X = 340 nm, e = 6.22, pH 7.0, 50 m M imidazole-HCl, 10 m M
magnesium chloride, 100 m M potassium chloride, 0.15 m M P-nicotinamide adenine
dinucleotide (reduced), 7 m M phosphoenol pyruvate, 5 m M adenine diphosphate, excess
L D H , 1/500 tissue dilution; CS: X = 412 nm, e = 13.6, p H 8.0, 100 m M Tris-HCI, 0.3
m M acetyl-CoA, 0.5 m M oxaloacetate (omitted for control), 0.1 m M 5,5'-dithiobis-(2nitrobenzoic acid), 1/10 tissue dilution. A l l chemicals were obtained from Sigma-Aldrich
Canada Ltd. (Oakville, ON).
Thermal coefficients (Qio values) were calculated for enzyme activity over the
range of assay temperatures. Paired t-tests were used to compare enzyme activities of
tissue obtained from captive turtles at 26°C and after 4 weeks exposure to 17°C. Enzyme
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activity was compared at a common assay temperature of 20°C and at assay temperatures
that approximated acclimation water temperatures (25 °C for turtles held at 26°C and
15°C for turtles held at 17°C). Data sets for tissue samples collected from turtles from
the Heron Island population during summer and winter were not independent (repeated
measures for turtles 38360, 38309, 38311, and 5276). Therefore, Mann-Whitney rank
sum tests were used to test for significant differences in enzyme activity at a common
assay temperature of 20°C and at assay temperatures that approximated seasonal water
temperatures (25°C for summer and 20°C for winter). Ratios of P K activity to L D H
activity (PK/LDH) and glycolytic enzyme activities to CS activity (PK/CS and LDH7CS)
were calculated at assay temperatures that approximated acclimation temperature.
Enzyme activity ratios for captive turtles at 26°C and 17°C were compared with paired ttests, and ratios for turtles from Heron Island during the winter and summer were
compared using Mann-Whitney rank sum tests.

Enzyme activity in deltoideus and

iliotibialis muscle tissue samples collected from turtles during the winter field season at
Heron Island was compared at an assay temperature of 20°C using a paired t-test.

Blood chemistry
Blood samples (5 ml) were collected from captive turtles at 26°C and after 16
weeks exposure to 17°C and from turtles from the Heron Island population during the
summer and winter. A l l blood samples were drawn from the venous cervical sinus using
heparinized Vacutainer™ tubes with 21G X 1 /z needles.
l

A subsample of blood was

immediately transferred to duplicate microcapillary tubes and centrifuged so that
hematocrit could be determined. The remainder of the blood was centrifuged at 3000
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rpm for 5 minutes. Plasma was transferred to cryo-safe plastic tubes (Sarstedt Inc.,
Montreal, QC) and stored in a -70°C freezer. Plasma samples collected at Heron Island
were transported to the University of British Columbia on dry ice. Samples from both
wild and captive turtles were sent to a pathology laboratory (Central Laboratory for
Veterinarians Ltd., Langley, Canada) for analysis of glucose, proteins, ion and mineral
content, thyroxine (T4), alkaline phosphatase (ALP), and creatine phosphokinase (CPK).
Paired t-tests were used to test for significant differences in blood chemistry variables for
captive turtles at 26°C and 17°C. Data sets from turtles sampled during the summer and
winter field seasons at Heron Island were not independent (repeated measures on turtles
38360, 38309, 38311, and 5276), so Mann-Whitney rank sum tests were used to test for
significant differences between blood chemistry variables in summer and winter.

Statistics

Statistical analyses described in the previous sections were performed using
SigmaStat software (Jandel Corporation). Differences were considered to be significant
at P<0.05. Values are presented as the mean ± S E M .

Results
Field metabolic rate
Results from the isotope analysis are summarized in Table 3.1. One turtle could
not be re-captured before the end of the summer field season, and turtles with isotope
turnover ratios {kjk ) higher than 0.9 were excluded from analysis (Speakman, 1997).
0

This reduced the number of turtles for analysis to 4 for the summer and 4 for winter. Of
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these remaining turtles, one (turtle 38309) was sampled during both field seasons. This
turtle showed symptoms, such as excessive amounts of runny stool, suggestive of gastrointestinal problems. F M R values for this turtle (203.07 kJ-kg^-day" for summer and
1

105.87 kJ-kg'-day" for winter) were more than double the average value for the other
1

three turtles. Because this turtle had unusually high values for F M R and there was a
possibility that she was unhealthy, her data were excluded from analysis, leaving 3 turtles
for both summer and winter analysis. The mean kjk was 0.86 ± 0.01 for summer and
0

0.85 ± 0.02 for winter. The mean dilution space ratio (NJN ) was 1.09 ± 0.03 for
0

summer and 1.02 ± 0.04 for winter. Total body water (TBW), estimated from the

1 8

0

dilution space was 74.3 ± 1.3% in summer and 74.2 ± 1.4% in winter. T B W estimates
for turtles at Heron Island were higher than estimates of mean T B W (64%) for captive
green turtles (Andrews et al., unpublished data).

The average energy expenditure of

juvenile green turtles was higher in summer (85.0 ± 1 3 . 2 kJ-kg'-day" ) compared with
1

winter (66.5 ± 12.1 kJ-kg'-day" ), but the difference was not statistically significant (P =
1

0.359). The mean Tw experienced by turtles during the winter was 21.4 ± 0.2°C and
mean T during the summer was 25.9 ± 0.4°C. The Qio for F M R was 1.71.
w

Laboratory measurements of oxygen consumption
Table 3.2 lists values for V02, percent time spent active, and fB for turtles at the
different temperature treatments (26-A, 17-A, 17-B, and 26-B) and Figure 3.1 shows the
effects of the thermal regime on these variables. One turtle died before measurements at
26-B were made. This turtle's data were excluded from analysis so that parametric tests
could be used to compare all four temperature treatments.

The mean T

B

during
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respirometry trials at 26°C and 17°C was 0.1 °C higher than T - Mean V02 at 26°C was
w

0.44 ± 0.05 ml-min'-kg" before initiation of the thermal regime (26-A) and 0.50 ± 0.08
1

ml-min" -kg" upon completion of the thermal regime (26-B). Mean V02 was 0.34 ± 0.10
1

1

ml-min'-kg" after 8 weeks exposure to 17°C (17-A) and 0.34 ± 0.05 ml-min^-kg" after
1

1

16 weeks exposure to 17°C (17-B).

There was no significant difference in V02

(P=0.442) between temperature treatments. The calculated Q10 value for the decrease in
V02 with temperature was 1.33. Mass of turtles at the different temperature treatments
was not significantly different (P=0.153). There was no significant correlation between
mass and V02 at any of the temperature treatments (P = 0.230 - 0.540)
There was no significant decrease in fB during prolonged exposure to 17°C
(P=0.789) (Fig. 3.1). Turtles had an average fB of 10.8 ± 1.5 breaths-hour" at 26-A and
1

12.3 ± 2.3 breaths-hour" at 26-B. Average fB at 17-A was 9.6 ± 3.4 breaths-hour" and fB
1

1

at 17-B was 9.1 ± 2.0 breaths-hour" . Calculated Q
1

1 0

values for the decrease in fB with

temperature are 1.14 for 17-A and 1.21 for 17-B. There was a strong and significant
correlation between mean fB and V02 at 26°C (r=0.978, P=0.022). However, at 17°C the
correlation was not significant (r=0.406, P=0.497) (Fig. 3.2).
Turtles were active for an average of 61.0 ± 16.8% of the time during trials at 26A and 50.5 ± 12.8% of the time during trials at 26-B. Mean percent time spent active
after prolonged exposure to 17°C was not significantly lower than mean percent time
spent active at 26°C (P=0.702) (Fig. 3.1). Turtles were active an average of 38.3 ±
21.3% of the time during trials at 17-A and 47.8 ± 7.4% of the time during trials at 17-B.
There was a high correlation coefficient between mean percent time spent active and V02
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at 26°C (r=0.947), but the relationship between these two variables was not significant at
either 26°C (P=0.053) or 17°C (r=0.777, P=0.122) (Fig. 3.2).

Metabolic enzyme activity
Figure 3.3 shows the effects of assay temperature on activity of L D H and P K
from iliotibialis muscle collected from turtles at Heron Island and flexor tibialis muscle
collected from captive turtles. These glycolytic enzymes showed a relatively low thermal
dependence, with Qjo values of 1.47 - 1.60 for L D H and 1.66 - 1.68 for P K over the
range of 15 - 30°C. When compared at a common assay temperature of 20°C, there was
no significant difference in the activity of either L D H (P=0.836) or P K (P=0.731) in
muscle tissue of turtles from Heron Island during the winter and summer. However,
activity of both L D H and P K was significantly higher in muscle tissue collected from
captive turtles during prolonged exposure to 17°C compared with tissue collected at
26°C.

When enzyme activity of tissue collected from turtles during the winter and

summer field seasons was compared at assay temperatures that approximated seasonal
mean T , there was no significant difference in activity of either L D H (P=0.295) or P K
w

(P=0.101).

Likewise, a comparison of enzyme activity at assay temperatures that

approximated acclimation temperature

for captive turtles showed no significant

difference for either L D H (P=0.585) or P K (P=0.193).
Table 3.3 lists the values obtained for PK/CS, LDH/CS, and P K / L D H for muscle
tissue collected from turtles at Heron Island during the winter and summer and from
captive turtles at 17°C and 26°C.

There was a trend towards increased ratios of

glycolytic enzyme activity to CS enzyme activity during cold water exposure, however
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the data were highly variable and this trend was not statistically significant (see Table 3.3
for P values). P K / L D H ratios were within the range of 0.63 - 0.89, and there was no
significant difference between ratios during winter and summer for turtles at Heron Island
(P = 0.199) or for turtles exposed to 17°C and 26°C in the laboratory (P = 0.084).
Activity of CS showed a low thermal dependence over the range of 15 - 30°C
(Q

10

= 1.20 - 1.44) (Figure 3.4). When tested at a common assay temperature of 20°C,

there was no significant difference in CS activity between muscle tissue collected during
the winter and summer field seasons (P=0.876) or between tissue collected from captive
turtles at 17°C and 26°C (P = 0.255). A comparison of CS activity at assay temperatures
that approximated acclimation temperatures showed no significant difference for tissue
collected from turtles during the winter and summer field seasons (P=0.106) or for tissues
collected from captive turtles at 17°C and 26°C (P=0.108).
There was no significant difference in activity of CS (P=0.613), L D H (P=0.643),
or P K (P=0.608) in deltoideus and iliotibialis muscle collected from turtles during the
winter field season at Heron Island (Figure 3.5).

Blood chemistry
Results from the blood chemistry analyses are summarized in Table 3.4. There
was no significant difference in the plasma levels of glucose, sodium, potassium,
calcium, phosphorus, chloride, or globulin for captive turtles at 17°C and 26°C or for
turtles from the Heron Island population during winter and summer. Plasma levels of
albumin and total protein were significantly lower in captive turtles during prolonged
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exposure to 17°C compared with levels at 26°C, but there was no significant difference in
these variables for turtles at Heron Island during the winter and summer.
Plasma T4 levels were significantly lower for captive turtles at 17°C (3.4 ± 0.7
nmol-L" ) compared with levels at 26°C (17.8 ± 1.5 nmoi-L" ). Growth rates were slower
1

1

during prolonged exposure to 17°C (22.6 ± 4.5 g-day" ) compared with rates at 26°C
1

(32.5 ± 2.9 g-day" ), but there was no significant difference in growth rates between the
1

two temperatures (P=0.097). Plasma T4 levels were not significantly different for turtles
at Heron Island during the winter and summer (P = 0.445).
Plasma levels of A L P were significantly lower for captive turtles during
prolonged exposure to 17°C (6.2 ± 0.6 iu-L" ) compared with levels at 26°C (20.0 ± 2.5
1

iu-L" ) (P = 0.002).

However, there was no significant difference in A L P levels for

1

turtles at Heron Island during the winter and summer (P = 0.731).
There was a large and significant increase in plasma C P K levels for captive turtles
during prolonged exposure to 17°C (2091.2 ± 525.2 iu-L" ) relative to levels observed at
1

26°C (450.0 ± 146.6 iu-L" ) (P = 0.024) and for turtles from the Heron Island population
1

during the winter (4386.2 ± 249.1 iu-L" ) compared with levels during the summer
1

(1260.9 ± 403.9 iu-L" ) (P = 0.014).
1

Hematocrit (Hct) of captive turtles during prolonged exposure to 17°C (40.0%)
was significantly higher than Hct at 26°C (33.6%) (P = 0.003), but there was no
significant difference in Hct for turtles from the Heron Island population during the
winter (33.7%) and summer (31.7%) (P = 0.699).
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Discussion
Effects of seasonal cold exposure on metabolic rate
Metabolic rate of juvenile green turtles was measured in the field and laboratory
for the current study. The obvious appeal of using a field approach is that a measure of
the turtle's metabolic rate in its natural environment is obtained. Estimates of F M R for
green turtles from the Heron Island population during the winter and summer provide a
general picture of seasonal metabolism. Mean F M R during the winter was 78% of mean
F M R during the summer, and there was no statistically significant difference in at-sea
metabolic rate between seasons. The Qio for F M R during seasonal cold exposure was
1.71, whereas Qio values for metabolic rate of captive green turtles during acute exposure
to cold temperatures are 2.1 - 2.7 (Kraus and Jackson, 1980; Davenport et al, 1982).
There are numerous factors that may affect seasonal metabolic rates in reptiles, including
temperature, circadian rhythms, and nutritional status (Bennett, 1982). One drawback to
studying turtles in the field is that the effects of individual variables on metabolic rate
cannot be isolated.
The major advantage of conducting metabolic studies in a laboratory setting is
that the conditions under which metabolic rate is measured can be carefully controlled.
In the current study, captive turtles were fasted before measurements of oxygen
consumption were made and respirometry trials were conducted at the same time of day
for all turtles. Under these controlled conditions, the specific effects of temperature on
metabolic rate could be assessed. Results from respirometry trials with captive turtles
were consistent with results obtained from turtles in the field.

Mean metabolic rate

during prolonged exposure to 17°C was 72% of mean metabolic rate at 26°C, and there
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was no statistically significant difference in metabolic rate at the two temperatures. The
Qio for V02 during prolonged exposure to 17°C was 1.33. The results from both the field
and laboratory studies suggest that turtles are capable of some degree of thermal
acclimation of metabolic rate during seasonal cold exposure.
Full thermal acclimation of metabolic rate is rare in reptiles. However, partial
acclimation of 40-60% is common and has been observed in a variety of lizards and
snakes (Bennett, 1982). Thermal compensation can occur with as a little as 2 weeks
exposure to a new temperature.

In the laboratory component of the current study, V02

was not recorded during the transition period of the thermal regime or immediately after
exposure to 17°C, so the time course for the acclimatory process is not known.
Compensation in metabolic rate is likely to have occurred well in advance of the
respirometry experiments conducted at 8 weeks exposure to 17°C. No significant change
in V02 was noted between 8 weeks and 16 weeks exposure to 17°C, so there was no
further compensation of V02 with extended exposure time.
Despite the evidence for thermal acclimation of metabolic rate on the whole
animal level, an acclimatory response was not observed for the aerobic enzyme citrate
synthase (CS). However, CS activity in muscle tissue collected from turtles in the field
and from captive turtles had a surprisingly low thermal dependence over the range of 15
- 30°C (Qio = 1.20 - 1.44). Penick et al. (1996) measured tissue metabolic rates (V02) of
isolated skeletal muscle, heart, liver, intestine and kidneys from freshly slaughtered
juvenile green turtles and found that Qio values for tissue V02 were relatively low within
the temperature range of 12.5 - 27.5°C (0.79 - 1.82). Green turtle tissues generally had a
lower thermal dependence than tissues from cold-climate garter snakes and eurythermic
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lizards (Penick et al, 1996). The low thermal dependence of CS activity observed in the
current study and the low thermal dependence of tissue metabolism observed by Penick
et al (1996) conflict with results obtained from previous studies of temperature effects on
metabolic rate of sea turtles, in which V02 showed a strong thermal dependence during
acute cold exposure (Kraus and Jackson, 1980; Davenport et al, 1982; Lutz et al, 1989).
The significant decrease in metabolic rate during acute cold exposure may be a reflection
of temperature effects on the oxygen delivery system, rather than on cellular metabolism
per se. A more detailed investigation of molecular and cellular adjustments during cold
exposure may help clarify the relative importance of thermal independence and thermal
acclimation during prolonged exposure to cold temperatures.
There was no significant difference in CS activity of tissues collected from turtles
during winter and summer in the field and during exposure to 17°C and 26°C in the
laboratory. However, Figure 3.4 shows that there was a tendency for CS activity of tissue
collected during exposure to cold temperatures to be lower than activity of tissue
collected during exposure to warm temperatures. This pattern is actually the opposite of
what would be expected if a compensatory adjustment in CS activity had been made
during cold water exposure. A possible explanation for this unexpected result is that the
trend towards higher activity of CS during exposure to warm temperatures reflects an
increase in enzyme concentrations due to relatively higher activity levels, i.e. a training
effect. However, the few studies that have looked at training effects in reptiles have not
shown any significant differences in factors such as oxygen transport or performance
with exercise training (Gleeson, 1979), so this explanation lacks support in the literature.
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CS activity of skeletal muscle tissue was very low compared with activity levels
of glycolytic enzymes (Fig. 3.5). Fibre type composition of muscle tissue samples was
not analysed directly, but the results for CS activity and the PK/CS and L D H / C S ratios
suggest tissue samples were predominantly composed of white fibres. Green turtles have
a wide aerobic scope and an exceptional capacity for prolonged aerobic activity. The
ability to support a high aerobic capacity with low levels of aerobic enzyme is indicative
of the green turtle's efficiency as a swimmer (Prange, 1976). Morphological adaptations
such as a streamlined body to reduce drag (elongate shell and minimal cervical, axial, and
inguinal pouches) (Logan and Morreale, 1994), highly modified front flippers which act
as both wings and propellers, and the effective powerstroke gait contribute to efficient
swimming performance (Wynekan, 1997; Davenport et ah, 1984), so that the most work
is done for the least energy expenditure.

Field metabolic rate
Because F M R has not previously been measured for any species of marine turtle
at sea, it is worthwhile to put the data collected from this study in the context of FMRs
reported for other reptiles. The use of doubly labeled water to determine field metabolic
rates of reptiles was pioneered by Nagy in the 1970's (Nagy and Shoemaker, 1975;
Nagy, 1974; Bennett and Nagy, 1977). Since that time, the D L W technique has been
used to investigate field energetics of several small species of lizards, as well as large
tropical varanid lizards and marine iguanas. The D L W technique has recently been used
to study the energetics of olive ridley sea turtle hatchlings during dispersal from the nest
chamber to the ocean (Clusella Trullas and Paladino, 2002). Resting metabolic rate of
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hatchlings was determined using closed circuit respirometry (120 kJ-kg'-day" ), and
1

metabolic rate during the digging (540 kJ-kg'-day" ), crawling (710 kJ-kg'^day" ), and
1

1

swimming (790 kJ-kg'^day" ) stages of dispersal were estimated using D L W . Metabolic
1

rate during the various stages of dispersal was 6 - 8 times higher than resting metabolic
rates recorded using respirometry (temperature = 25 - 27°C). These results are consistent
with data obtained from laboratory studies of hatchling energetics (Prange

and

Ackerman, 1974; Lutcavage and Lutz, 1986; Wynekan, 1997) and exercise metabolism
of adult and juvenile sea turtles.

Prange and Jackson (1976) measured oxygen

consumption of female adult green turtles on a nesting beach and found that metabolic
rate during vigorous activity was 10 times higher than resting metabolic rates.
Laboratory studies with small juvenile green turtles (~ 1 kg) at rest and swimming at
sustainable speeds in a swim flume show that during periods of low to moderate activity,
metabolic rate is 3 - 4 times higher than resting rates (Prange, 1976; Butler et al., 1984).
Mass-specific FMRs of juvenile green turtles from the Heron Island population
(66.5 - 85.0 kJ-kg'-day" ) are considerably lower than values obtained for olive ridley
1

hatchlings. This is not surprising, given that hatchlings typically weigh < 20 g and the
turtles used for the Heron Island field study weighed 15 kg on average. Prange and
Jackson (1979) showed that the general scaling relationship between metabolism and
body mass applies to green sea turtles, such that mass-specific metabolic rate decreases as
body mass increases.
A comparison of green turtle FMRs with varanid lizard FMRs is informative, as
both green turtles and varanids are large reptiles with an impressive capacity for
prolonged activity and a wide aerobic scope (Bartholomew and Tucker, 1964; Prange and
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Jackson, 1976). Tropical varanid lizards (1 - 13 kg) have FMRs in the range of 36 - 149
kJ-kg'-day" during the dry season (the tropical "winter") (Dryden et al, 1992; Christian
1

et al, 1995), and during the wet season (tropical "summer") FMRs are in the range of
127 - 225 kJ-kg'-day" (Christian et al, 1995). FMRs of juvenile green turtles (10 - 17
1

kg) during the winter (66 kJ-kg^-day" ) and summer (85 kJ-kg^-day" ) are generally lower
1

1

than values observed for varanid lizards. Mean mass of juvenile green turtles from the
current study was higher than the mean mass for varanid lizards, and this size
discrepancy may contribute to the difference in FMRs. The difference in FMRs may also
be due in part to the lower cost of transport associated with swimming compared with
terrestrial locomotion (Tucker, 1970, Schmidt-Nielsen, 1972).

A study of locomotory

energetics of marine iguanas showed that the cost of swimming was 4 times less than the
cost of walking (Gleeson, 1979). Interestingly, the cost of transport for swimming in
green turtles is approximately twice that of marine iguanas (Bennett, 1982), and FMRs of
10 - 17 kg green turtles are slightly higher than FMRs of 1 - 2 kg marine iguanas (56 60 kJ-kg'-day' ) (Nagy and Shoemaker, 1984).
1

Studies with lizards have shown that field metabolic rates are generally higher
than metabolic rates recorded in the laboratory (Bennett and Nagy, 1977; Christian,
1995). Small insectivorous lizards have field metabolic rates that are 2.0 - 3.3 times
higher than resting rates recorded using respirometry, and varanid lizards have FMRs that
are 1.8 - 3.8 times higher than laboratory resting rates. A comparative analysis of FMRs
for green turtles at sea and metabolic rates recorded from green turtles in the laboratory is
complicated by several factors. However, this comparison is worthwhile as it may
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provide insight into the effects of captivity on metabolism and the relevance of laboratory
measurements to the physiology of turtles in their natural environment.
Variables such as temperature, mass, feeding status, and activity levels must be
considered for a field-laboratory comparison of metabolic rates to be meaningful. A
comparison between turtles from the Heron Island population during the summer (mean
Tw = 26.2°C) and captive turtles during exposure to 26°C is most appropriate since
temperature effects are minimized. Mean mass of turtles at Heron Island during the
summer (14.5 kg) is lower than the mean mass of captive turtles at 26°C (28.4 kg).
Scaling equations for mass-specific metabolism of green turtles (Prange and Jackson,
1976) show that this size difference would result in an 11% difference in resting
metabolic rates. Therefore, a mass-correction factor was applied to metabolic rates for
captive turtles.

Differences in feeding status could also contribute to differences in

metabolic rates measured in captive turtles and turtles in the field. Captive turtles were
fasted for 5 - 7 days before respirometry trials at 26°C to ensure that they were postabsorptive (Hadjichristophorou and Grove, 1983; Brand et al, 1999). Davenport et al.
(1982) observed that the metabolic rates of routinely fed juvenile green turtles were 38%
higher than metabolic rates for turtles that had been fasted for 10 days at 28°C.
Similarly, in the current study metabolic rate recorded during a preliminary respirometry
trial conducted with a turtle that was fed daily was 36% higher than metabolic rates for
this same turtle after a 6 day fast at 26°C. Based on the assumption that turtles in the
field are feeding regularly, a feeding correction was applied to the respirometry data for
captive turtles to account for the difference in feeding status during measurement of
metabolic rate. Another variable that must be considered is the activity level of turtles
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during metabolic measurements.

An index of activity (i.e. flipper beats or swim speed)

was not recorded during respirometry trials with captive turtles and the activity level of
turtles from the Heron Island population during the measurement period is difficult to
assess based solely on dive records (Chapter 2). Consequently, the effects of activity
cannot be controlled for in the comparison of laboratory and field metabolic rates.
After taking all these factors into consideration, oxygen consumption of turtles
during respirometry trials was converted into units of energy assuming an R Q = 0.79
based on the high protein diet that captive turtles were fed. FMRs for juvenile green
turtles from the Heron Island population during the summer (85.0 kJ-kg^day ) are
1

approximately 3.5 times higher than metabolic rates recorded at 26°C in the laboratory
after mass and feeding corrections are applied (24.1 kJ-kg'-day" ). This difference is
1

similar to the difference observed between laboratory and field measurements of
metabolic rate in varanid lizards (Christian, 1995). The relatively high FMRs observed
for turtles from the Heron Island population suggest that green turtles have high activity
levels while at sea. Hochscheid et al. (1999) used a 3-D compass activity sensor
interfaced with a data logger to study daily activity patterns of adult female green turtles
in the Mediterranean Sea and found that only 12% of the time at sea was spent
completely motionless. Dive records for green turtles at Heron Island are predominated
by U-shaped dives (Chapter 2), which are generally associated with inactivity. However,
Hochscheid et al. (1999) found that only 25% of all U-dives made by adult green turtles
from the Mediterranean population were true resting dives (i.e. the turtle was inactive for
the entire duration of bottom time).

45% of U-dives involved sporadic activity and

turtles were continuously active during the remaining 30% of U-dives (Hochscheid et al.,
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1999). Juvenile green turtles at Heron Island forage on algae, and activity during U-dives
may be associated with searching for grazing plots or moving from one plot to another.
Elevated levels of activity at sea compared with activity levels in the laboratory are likely
to contribute to the discrepancy between FMRs and metabolic rates recorded during
respirometry trials. It is also possible that resting metabolic rates for turtles at sea are
higher than resting metabolic rates recorded from turtles in the laboratory.

A turtle

resting on the seafloor is prone to currents and predators, whereas a turtle resting on the
bottom of a laboratory tank is not subject to these factors.
The mean F M R of green turtles at Heron Island during winter was not
significantly lower than mean F M R during summer. Even so, distinct shifts in seasonal
diving behaviour were observed. There was a trend towards longer dive durations and
post-dive surface intervals for bout dives made during the winter compared with summer,
which suggests that metabolic rates during winter bout dives were low compared with
metabolic rates during summer bout dives. The D L W technique gives an estimate of
overall field metabolic rate for the entire time the turtle was at sea, so metabolic rates
during periods of bout diving and periods in shallow water are averaged together. Turtles
spent a significantly greater proportion of time in shallow water (< 1 m) during the winter
compared with summer.

If turtles are active during the extensive periods of shallow

water diving, this could explain why overall F M R during the winter was not as low as
expected given the increase in bout dive duration. As mentioned in Chapter 2, the shift to
the shallow water habitat could reflect thermal preference or seasonal changes in foraging
patterns.
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Oxygen consumption, activity, and breathing frequency
A wide range of values for V02 of green turtles has been reported in the literature.
Hatchling turtles (~ 20 g) have resting metabolic rates of 1.65 - 5.0 ml 02*min" -kg" and
1

1

active metabolic rates as high as 12 ml 02-min" -kg" (24 - 25°C) (Wynekan and Salmon,
1

1

1992; Clusella Trullas and Paladino, 2002). On the other end of the spectrum, adult
female green turtles on a nesting beach have resting metabolic rates of 0.4 ml 02 min"
-

'•kg" , and maximum active metabolic rates of 4.2 ml 02 min" -kg" (23 - 27°C) (Prange
1

,

1

1

and Jackson, 1976; Jackson and Prange, 1979). Resting metabolic rates of small juvenile
turtles (1 kg) fall within the range of 1.16 - 1.98 ml 02-min" -kg" and active metabolic
1

1

rates can be as high as 5.6 ml 02-min" -kg" (25 - 30.5°C) (Kraus and Jackson, 1980;
1

1

Davenport et al, 1982; Butler et al, 1984).
Obviously, body mass has a large influence on V02 of green turtles (Prange and
Jackson, 1976). The method used to measure V02 may also have bearing on the values
that are obtained. For instance, V02 measured using a re-breathing technique on 8 - 11
kg loggerhead turtles that were resting out of water (22 - 27°C) was 1.4 ml 02-min" -kg"
1

1

(Lutcavage et al, 1987), whereas V02 recorded from 8 - 22 kg loggerhead turtles that
were trained to surface and breathe under a respirometry dome was 0.1 - 0.79 ml 02-min"
^kg' within the same temperature range (Lutz et al, 1989). V 0 2 in the current study
1

was measured using the latter technique, and the values obtained for V 0 2 (0.17 - 0.71 ml
02 min" kg" ) of juvenile green turtles were similar to the values reported by Lutz et al.
-

1,

1

(1989) for loggerheads of a similar size.
Variable results have been obtained with regards to the relationship between
activity levels and V02 in juvenile green turtles (Prange, 1976; Butler et al, 1984).
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Butler et al. (1984) found a strong correlation between swimming speed and V 0 2 ,
whereas Prange (1976) found that V 0 2 varies considerably at a given swimming speed.
The relationship between mean V 0 2 and the percent of time spent active during the
respirometry trials in the current study was stronger at 26°C (r=0.947, P=0.053)
compared with 17°C (r=0.777, P=0.122) (Fig. 3.2). One interpretation of this result is
that there was greater variability in the level of activity during active periods at 17°C. An
index of activity was not recorded during active periods, so the actual intensity of
exercise was not gauged. Turtles were considered to be active if they were in motion,
and resting if they were motionless.

Activity during respirometry trials generally

consisted of slow paddling around the sides of the tank or shuffling along the bottom of
the tank.
Another possible explanation for the weak relationship between the percent of
time spent active during trials and mean V02 at 17°C is that the anaerobic contribution to
activity is greater in cold temperatures. For reptiles in general, aerobic metabolism has a
stronger thermal dependence (Qjo = 2 - 3 ) than anaerobic metabolism (Qjo = 1 - 1 . 5 )
(Bennett, 1982), and therefore the anaerobic contribution to energy production is greater
at low temperatures than at high temperatures. In the current study, both oxidative and
glycolytic enzymes had a relatively low thermal dependence, although glycolytic
enzymes also showed a pattern of thermal compensation with prolonged exposure to cold
temperature whereas the oxidative enzyme CS did not.

Ratios of glycolytic enzyme

activity to CS activity were higher at 17°C compared with 26°C, which lends credence to
the speculation that turtles have an increased reliance on anaerobic metabolism during
activity at cold temperatures.
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The relationship between V02 and fB was weaker during prolonged exposure to
17°C (r=0.406, P=0.497) compared with 26°C (r=0.978, P=0.022) (Fig. 3.2), which
suggests that alterations in respiratory mechanisms occur with changes in temperature.
Previous studies with green turtles have produced conflicting results in regard to
ventilatory patterns and the relative importance of fB and tidal volume ( V ) in altering
T

ventilation ( V ) . For adult green turtles, exercise- and temperature-induced increases in
E

V

E

are brought about solely by increases in fB (Prange and Jackson, 1976; Jackson and

Prange, 1979). However, Jackson et al. (1979) found that increases in both fB and V
contributed to higher V

E

with increased temperature in juvenile green turtles.

T

To

complicate matters further, Kraus and Jackson (1980) found that in juvenile green turtles,
increases in V between 15 - 25°C were due exclusively to changes in Vy, whereas
E

increases in V between 25 - 35°C were due to changes in jB\ Suffice to say that there
E

seems to be a great deal of flexibility in the control of V , especially for juvenile turtles.
E

Whether or not reliance on changes in both V j and fB to increase V is a developmental
E

characteristic that turtles grow out of is not clear.

For the current study, a weak

relationship between fB and V02 at lower temperatures may reflect a shift towards using
alterations in V , rather than fB, to match oxygen delivery to oxygen demand.
T

Oxygen delivery may be enhanced during cold exposure by increased blood
oxygen carrying capacity. Hct of captive green turtles during prolonged exposure to
17°C was significantly higher than Hct at 26°C. A n increased number of red blood cells
and the consequent increase in hemoglobin would allow for more O 2 to be carried in the
blood.
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Previous studies of acute temperature effects have shown that V for sea turtles
E

has a low thermal dependence (Kraus and Jackson, 1980; Lutz et al., 1989) while V02
has a relatively high thermal dependence.

This results in a decreased air convection

requirement ( V / V o 2 ) , CO2 retention, increased blood PCO2, and decreased blood p H at
E

high temperatures. For many reptiles, the pH of blood decreases as body temperature
increases (-0.016 p H units-C" ) so that a constant relative alkalinity with respect to
1

neutral water pH is maintained (Howell and Rahn; 1976). Changes in blood pH ensure
that the net charge state of proteins remains constant and proteins remain functional over
a wide range of temperatures (Reeves, 1972). Although Lutz et al. (1989) found that
loggerhead turtles maintained constant relative alkalinity over the range of 15 - 30°C,
Kraus and Jackson (1980) found no significant difference in blood p H of juvenile green
turtles over the range of 15 - 25°C. Wood et al. (1977) suggested that the ventilatory
adjustments necessary to regulate temperature-related pH changes (i.e. a decreased air
convection requirement at high temperatures) are not compatible with the high rates of
gas exchange necessary to support activity in highly aerobic reptiles, such as varanid
lizards and sea turtles. In the current study both V02 and fB showed a low thermal
dependence with prolonged exposure to 17°C. If changes in V are primarily controlled
E

by changes in fB then the air convection requirement would remain stable over the range
of 17 - 26°C, which lends support to the proposal of Wood et al. (1977) that species of
high aerobic scope do not regulate blood pH to maintain constant relative alkalinity.
However, given the weak relationship between V02 and fB at 17°C, assuming a constant
value for V r is a bit risky. Without direct measurements for V and blood pH, it is
E

difficult to assess the role of acid-base adjustments during prolonged cold exposure.
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Blood chemistry
Elevated levels of plasma thyroid hormones have been associated with heightened
metabolic states in numerous species of reptiles, including sea turtles (Bennett, 1982;
Rostal et al, 1988; Rostal, 1991; Moon, 1992). Changes in blood T4 levels may occur in
response to specific behavioural or physiological events, rather than just general activity
levels or temperature. In mature female sea turtles, large seasonal changes in blood T4
levels are associated with reproductive state (Rostal et al,

1988; Rostal, 1991).

Nutritional status may also play an important role in determining circulating T4 levels.
Laboratory studies have shown that at a constant temperature, increases in food quantity
and quality result in significantly higher levels of plasma T4 in juvenile green turtles
(Moon, 1992).
There was no significant difference in plasma T4 levels of juvenile green turtles at
Heron Island during the winter and summer. This finding corresponds well with results
from an earlier study of thyroid hormones in juvenile and adult green turtles from the
Heron Island population (Moon, 1992), in which monthly blood samples collected
between July and November showed no significant change in T4 levels. In contrast to the
results obtained in the field, plasma T4 levels of captive turtles were significantly lower
during prolonged exposure to 17°C compared with levels at 26°C. This difference may
be due to temperature effects, nutrition, or a combination of both. Turtles continued to
feed throughout the entire thermal regime. However, growth rates (22.6 ± 4.5 g-day' ) and
1

total plasma protein levels for turtles at 17°C were lower than growth rates (32.5 ± 2.9
g-day" ) and protein levels at 26°C.
1

These results suggest that nutrition plays an
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important role in determining blood T4 levels during prolonged cold exposure. Plasma
T4 levels for captive turtles were considerably higher than levels in wild turtles, and this
also is likely a reflection of differences in nutritional status.
A L P catalyses a reaction that removes 5' phosphate groups from D N A and R N A
and is generally associated with tissue generation, growth and metabolism. While blood
A L P levels remained stable during winter and summer for turtles at Heron Island, blood
A L P levels were significantly lower during prolonged exposure to 17°C for captive
turtles. As with T4, it is difficult to tease out temperature effects from nutritional effects
on A L P levels with the current data. Experiments in which diet is varied under constant
temperature conditions would provide some clarification for this issue.

Anaerobic metabolism

Juvenile green turtles at Heron Island are capable of quick bursts of activity which
enable them to effectively evade pursuing researchers during both the winter and
summer. This annoying temperature-independent trait suggests that anaerobic capacity is
maintained year-round.

The reversible reaction catalysed by C P K (PCr + A D P + H

+

<—> A T P + Cr) provides a large anaerobic energy buffer in muscle cells during burst
activity. Large and significant increases in the level of plasma C P K were observed in the
Heron Island population of green turtles during the winter and in captive turtles during
prolonged exposure to 17°C (Table 3.4). The reaction catalyzed by C P K takes place in
the cytosol of cells, and the presence of C P K in the bloodstream is a result of cellular
injury or death. As cell turnover is an ongoing process, C P K is always present to some
degree in the blood. The elevated levels of C P K in the blood during cold exposure for

67

turtles in the field and in captivity could represent an increased occurrence of cellular
injury and death at cold temperatures. Alternatively, the occurrence of cell death may be
the same in winter and summer and the increase in plasma C P K may be due to increased
amounts of C P K being released from individual cells. If elevated plasma C P K levels
during cold exposure reflect elevated concentrations of intracellular CPK, compensation
of C P K activity could be inferred. However, the relationship between plasma C P K levels
and intracellular concentrations has not been investigated in reptiles. C P K activity in
muscle tissues should be measured to confirm whether or not a compensatory adjustment
in intracellular C P K concentration occurs with cold exposure.
Activity of the glycolytic enzymes L D H and P K showed a low thermal
dependence in muscle tissue collected from turtles in the field and in the laboratory (Qio
= 1.47 - 1.68). Turtles from the Heron Island population experienced a mean temperature
difference of 4.8°C between winter and summer, and a seasonal compensatory response
in enzyme activity was not observed for either L D H or P K (Fig. 3.3). However, the mean
temperature difference experienced by captive turtles exposed to the thermal regime in
the laboratory was 9°C, and activity of both L D H and P K showed a strong and significant
pattern of thermal acclimation after 4 weeks exposure to 17°C (Fig. 3.3). These results
suggest that the low thermal dependence of glycolytic enzymes is sufficient for
maintenance of anaerobic function with relatively small shifts in temperature, but larger
shifts in temperature induce a compensatory response to ensure that enzyme function is
preserved.
Changes in ratios of enzyme activity indicate shifts in metabolic pathway
preference or alterations in the composition of fibre types in muscle (Hochachka and
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Hayes, 1962; Dean, 1969; Jones and Sidell, 1982; Cordiner and Egginton, 1996). There
was a consistent trend towards increased PK/CS and LDH/CS ratios during periods of
cold water exposure for turtles at Heron Island and for captive turtles. This trend was
apparent when ratios were calculated at assay temperatures that approximated
acclimation temperature, and also when ratios for activities during warm and cold
exposure were calculated at the same assay temperature.

A higher concentration of

glycolytic enzymes relative to CS indicates that more white fibres are present in muscle
tissue during prolonged cold exposure. The shift in fibre type composition of skeletal
muscle suggests that the contribution of anaerobic metabolism to energy production
during activity may be greater during periods of cold exposure than during periods of
warm exposure.
The ratio of P K activity to L D H activity (PK/LDH) provides insight into the
relative importance of anaerobic glycolysis during exercise. If the catalytic capacity for
pyruvate production is greater than the capacity for reduction of pyruvate to lactate
(manifest by a high P K / L D H ratio), pyruvate may preferentially be shunted to oxidative
pathways.

Conversely, a low P K / L D H ratio indicates a high capacity for anaerobic

glycolysis (Hochachka et al, 1992).

P K / L D H activity ratios for iliotibialis muscle

obtained from turtles at Heron Island (0.63 - 0.68) and flexor tibialis muscle obtained
from captive turtles (0.66 - 0.89) fall within the range for mammalian mixed fibre type
muscle (0.3 - 0.9) but are well below values for mammals and birds adapted for
endurance aerobic performance (1.4 - 3.3) (Emmett and Hochachka, 1981; Hochachka et
al, 1992). Taken in conjunction with the low CS activity observed in swimrning muscle,
these results suggest that green turtles are capable of high efficiency aerobic performance
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for routine activity, but rely heavily on their large anaerobic capacity for high intensity
activity.

This assertion is supported by studies which show that anaerobic energy

production, as indicated by increased levels of plasma lactate, plays an important role in
the beach crawl and initial open ocean dispersal for hatchlings (Dial, 1987; Baldwin et
al, 1989; Wynekan, 1997), as well as for adult females during nesting activities on the
beach (Prange and Jackson, 1976; Jackson and Prange, 1979).
The activities of PK, L D H , and CS were higher in muscle tissue obtained from
captive turtles compared with tissue obtained from turtles at Heron Island. The most
obvious factor that could contribute to the discrepancy between enzyme activities is the
fact that biopsy samples were obtained from the iliotibialis muscle of turtles from Heron
Island and the flexor tibialis muscle of the captive turtles. Ideally, comparisons between
enzyme activities should be made using tissue obtained from the same muscle type. The
higher enzyme activities observed for captive turtles may also be due to a combination of
mass effects and nutritional effects. Captive turtles weighed 20.4 - 33.0 kg when biopsy
samples were taken, whereas turtles from Heron Island weighed 10.0 - 17.1 kg. Studies
with fish have shown that there is a direct relationship between activity of glycolytic
enzymes and body mass (Somero and Childress, 1980; Somero and Childress, 1985).
This is presumably due to the fact that larger animals are capable of higher absolute burst
swimming speeds than smaller animals, and a larger energetic expenditure is required to
overcome drag with increased speed. Burst swimming is primarily fueled by anaerobic
metabolism, so a greater concentration of glycolytic enzymes would be necessary for
larger animals to support higher peak burst velocities. Mass effects cannot, however,
explain the difference observed in CS activity between turtles in the field and in the lab.
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Aerobic enzymes scale inversely with body mass in a manner similar to the relationship
observed between body mass and mass-specific metabolic rate, so CS activity is
generally higher in small animals compared with large animals (Emmett and Hochachka,
1981; Somero and Childress, 1985). Another possible explanation for the higher enzyme
concentrations found in tissue from captive turtles compared with turtles from Heron
Island is a difference in nutritional status. Captive turtles were fed a high protein diet and
gained mass at a much higher rate than has been observed for juvenile turtles in the wild
(Limpus and Walter, 1980). A positive correlation between growth rates and enzyme
concentrations has been observed in fish (Couture et al, 1998; Dutil et al, 1998).
The ultimate fate of anaerobically produced lactate and the effects of temperature
on lactate metabolism have not been studied in sea turtles. Green turtles force-dived in
laboratory experiments showed increased levels of blood lactate after 30 - 60 minutes of
submergence and lactate levels peaked at 9 - 16 times resting levels post-submergence
(Berkson, 1966). Full recovery to baseline levels of blood lactate took up to 15 hours.
Lactate accumulation in unrestrained adult green turtles crawling along on a beach was 4
- 1 1 times greater than resting levels (Jackson and Prange, 1979). Recovery time for
lactate clearance was not measured in this study.

Although nesting female sea turtles

accumulate lactate while on the beach, they begin diving immediately upon entering the
surf (Hochscheid, personal communication; Eckert et al, 1989; Southwood et al, 1999).
Turtles do not spend extended periods of time at the surface once they return the ocean,
so it seems unlikely that they are reducing the blood lactate load solely via oxidative
pathways. Studies with lizards show that the pattern for lactate removal in reptiles may
be fundamentally different from the mammalian pattern. Whereas mammals rely heavily
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on oxidative pathways to metabolize lactate, lizards primarily use lactate as a substrate
for glycogen re-synthesis within the skeletal muscle cells (Wickler and Gleeson, 1993;
Gleeson, 1996). While this process is beneficial in terms of reconstituting glycogen
stores for future activity, it can also take several hours for reptiles to fully recovery from
lactate accumulation. It is possible that sea turtles can tolerate low-level accumulation of
lactate and are capable of sustaining routine diving patterns even with moderate blood
lactate loads.

However, severe metabolic acidosis may require extended ventilatory

periods at the surface so that both oxidative pathways and glyconeogenesis may be used
to clear lactate from the blood and tissues (Lutz and Dunbar-Cooper, 1987).
Lactate clearance pathways and the effects of temperature on clearance rates have
not been studied in sea turtles. This may be a worthwhile research path to pursue, as it
has implications for conservation strategies for this endangered species. A large source
of mortality in adult green turtles is drowning due to incidental capture in fishing gear.
Although turtles are capable of remaining submerged for long intervals under natural
conditions, the stress and struggling associated with enforced submergence results in
metabolic acidosis, greatly decreased submergence capacity, and prolonged recovery
surface intervals (Berkson, 1966; Lutz and Dunbar-Cooper, 1987; Lutcavage and Lutz,
1991). A n understanding of the metabolic physiology of sea turtles is necessary in order
to make sound management decisions regarding sea turtle-fisheries interactions.
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Table 3.1. Mass, total body water, and field metabolic rates for juvenile green sea turtles during
December 2000 (austral summer) and August 2001 (austral winter).
Turtle

Mass
(kg)

Recapture
interval (days)

Body water
(% of total mass)

FMR
(ml C Q kg' min" )

FMR
(kJ kg' day' )

SUMMER
38306
35982
94946

15.6
11.4
16.6

5.7
5.6
4.8

73.2
72.8
76.8

2.99
1.85
3.18

94.63
58.62
100.69

Mean±SEM

14.511.6

5.4 + 0.3

74.3 ± 1.3

2.67 ±0.41

85.03 ±13.19

15.9
10.0
17.1

7.5
8.2
9.4

72.5
73.2
77.0

1.64
1.79
2.84

51.84
56.72
90.14

16.6 ±2.8

8.4 ±0.6

74.2 ± 1.4

2.09 ±0.38

66.54 ± 12.09

WINTER
5276
35133
38311
Mean±SEM

1

2

1

1

1
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Table 3.2. V02 , / B , and percent time spent active of captive juvenile green turtles at 26°C
and during prolonged exposure to 17°C
Temperature
treatment
26-A (pre-regime)
17-A (8 weeks)
17-B (16 weeks)
26-B (post-regime)

Mass (kg)

V02 (ml-min'-kg"')

JB (breaths-h )

% time spent active

24.1 ± 1.9
28.3 ±4.9
27.9 ± 1.8
32.5 ±2.8

0.44 ± 0.05
0.34 ±0.10
0.34 ± 0.05
0.50 ± 0.09

10.8 ± 1.5
9.6 ±3.4
9.1 ±2.0
12.3 ±2.3

61.0 ±8.4
38.3 ±21.3
47.8 ±7.4
50.5 ± 12.8

N =4
Values presented as the Mean ± S E M
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Figure 3.1. The effects of prolonged cold exposure on (A) oxygen consumption (V02),
(B) breathing frequency (fB), and (C) percent time spent active of captive juvenile green
turtles. Solid lines represent data and dashed lines represent calculated values for Qio=2
(A) and Qio=3 (V). There was no significant difference in V02 ,fB, or percent time spent
active at 26°C and at 17°C after 8 or 16 weeks.
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Figure 3.2. (A) Percent time spent active and (B) fB plotted against V02 at 26°C. Data
points represent the Mean ± S E M for individual turtles at 26-A and 26-B. Turtle CM1
died before measurements were taken at 26-B, so only 4 turtles are plotted on these two
graphs. The correlation between percent time spent active and V02 at 17°C (C) (r=0.777)
was much weaker than the correlation at 26°C (r=0.947). Likewise, the correlation
between fB and V02 at 17°C (D) (r=0.406) was weaker than at 26°C (r=0.978). Data
points on the graphs for 17°C represent the Mean ± S E M for individual turtles at 17-A
and 17-B.
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Figure 3.3. Activity (IU • g wet weight" ) of (A) lactate dehydrogenase (LDH) and (B)
pyruvate kinase (PK) in iliotibialis muscle of juvenile green turtles at Heron Island
(circles and solid lines) and flexor tibialis muscle of captive juvenile green turtles
(squares and dotted lines). Closed symbols depict data from tissue collected during warm
water exposure and open symbols depict data from tissue collected during prolonged cold
exposure. When compared at the same assay temperature (20°C), both L D H and P K
activity were significantly higher in tissues collected from captive turtles during cold
water exposure compared with warm water exposure, however a pattern of thermal
compensation in L D H and P K activity was not observed in tissue collected from turtles at
Heron Island. L D H and P K showed a low thermal dependence ( Q i = 1.47-1.68) over
the range of 15 - 30°C.
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Figure 3.4. Activity (IU • g wet weight" ) of citrate synthase (CS) in iliotibialis muscle of
juvenile green turtles at Heron Island (circles and solid lines) and flexor tibialis muscle of
captive juvenile green turtles (squares and dotted lines). Closed symbols depict data from
tissue collected during warm water exposure and open symbols depict data from tissue
collected during prolonged cold exposure. CS showed a low thermal dependence ( Q =
1.20-1.44) over the range of 15 — 30°C. There was no significant difference in CS
activity in tissue collected during warm water and cold water exposure when compared at
a common assay temperature (20°C).
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Figure 3.5. Comparison of activity (IU • g wet weight" ) of oxidative (CS) and glycolytic
(LDH and PK) enzymes in deltoideus (front flipper) and iliotibialis (rear flipper) muscle
tissue obtained from juvenile turtles during the winter field season at Heron Island.
Activity was compared at an assay temperature of 20°C. There was no significant
difference in CS (P=0.613), L D H (P=0.643), or P K (P=0.608) activity between muscle
types.
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CHAPTER 4
HEART RATES AND REGIONAL BLOOD FLOW DISTRIBUTION OF
JUVENILE GREEN SEA TURTLES DURING PROLONGED COLD EXPOSURE
IN CAPTIVITY
Introduction
Previous studies of the effects of temperature on cardiovascular variables in sea
turtles have focused on the adjustments made during acute cold exposure (Heath and
McGinnis, 1980; Smith et al, 1986; Hochscheid et al, 2002). Acute decreases in water
temperature (Tw) result in decreased peripheral blood flow, accompanied by a decrease in
heart rate (/H). These adjustments allow turtles to defend core body temperature (TB) in
the face of rapidly fluctuating environmental temperatures.

However, T B eventually

equilibrates with Tw during periods of prolonged cold exposure.

Studies with captive

turtles exposed to 17°C for 16 weeks show that despite low T B , metabolic rates at 17°C
are not significantly different from metabolic rates at 26°C (Chapter 3). Under these
circumstances, adjustments
demands

in circulation should depend less on thermoregulatory

than on meeting metabolic demands

for oxygen delivery.

Thermal

compensation of aerobic metabolic rate should be matched by compensation of the
oxygen delivery system.
Alterations to any of a number of factors in the cardiovascular system may affect
oxygen delivery to metabolizing tissues. Cardiac output depends on stroke volume and
/ H , both of which are subject to change with varying physiological states in reptiles.
Other factors, such as the oxygen carrying capacity of the blood and oxygen extraction
from the blood at the tissue level, may change as well. The purpose of this study was to
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determine the effects of prolonged cold exposure on frl and relative blood flow
distribution in juvenile green turtles. Captive green turtles were exposed to a thermal
regime designed to mimic seasonal temperature changes experienced by subtropical
populations of green turtles. Data were collected from turtles during exposure to 26°C
and after prolonged exposure to 17°C. Data loggers were used to record heart rate from
unrestrained turtles in their holding tanks and a radiological imaging technique (

99m

Tc-

M A A ) was used to determine relative blood flow distribution during voluntary dives.

Materials and Methods
Five juvenile green sea turtles (18.9 - 43.1 kg) obtained from the Cayman Island
Turtle Farm (1983, Ltd.) (Grand Cayman, British West Indies) were used for these
experiments. Please see Chapter 3 for details on holding facilities and animal care. The
turtles were subjected to a thermal regime, which is also described in detail in Chapter 3.
Briefly, turtles were held at 26°C prior to the initiation of the thermal regime. T

w

was

gradually decreased over the course of 6 weeks until it was 17°C. Turtles were held at
17°C for 16 weeks before Tw was gradually raised back to 26°C. Experiments were
conducted for turtles at 26°C and after prolonged exposure to 17°C.
A l l surgical procedures and experiments were approved by the University of
British Columbia Committee on Animal Care.

Heart Rate

Electrocardiograms (ECG) were recorded from turtles using custom-built data
loggers (Andrews, 1998). Electrode assemblies were constructed of 34G polyethylene-
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coated medical stainless steel wire (5 cm length, Cooner Wire, Chatsworth, CA.) soldered
to waterproof connectors (model MS1F-1, Underwater Systems Inc, Stanton, CA). The
distal tip of the medical wire was stripped of 0.5 cm of the polyethylene coat.

The

medical wire portion of the assembly served as the internal electrode and the waterproof
connectors were externalized so that electrodes could be interfaced with the data logger.
Medical wire was inserted into the body cavity of the turtle through 2 mm holes drilled
through left marginal scute #9 (LM9) and right marginal scute #5 (RM5) of the carapace
1-2 days before E C G trials. A blunted stainless steel shaft inserted through the drill hole
in scute L M 9 was used to guide the positive electrode to a depth of 5 cm into the body
cavity. The same procedure was used to insert the negative electrode to a depth of 5 cm
through scute RM5. The arrangement of electrodes corresponded with E C G Lead II of
Einthoven's triangle. The holes in the carapace were filled with local anaesthetic (2%
Lidocaine, Vetoquinol, Joliette, QC) as soon as they were drilled and further treated with
topical antibacterial gel (Furacin, Vetoquinol, Joliette, QC). Electrodes were secured in
the holes with tissue glue (Vet-Bond, 3 M , St. Paul, M N ) and the hole was sealed with
fast-curing epoxy (5-Cure, Industrial Formulators, Burnaby, B C ) . The externalized
waterproof connector was glued flat to the surface of the carapace at the site of electrode
insertion. Electrodes remained implanted for a maximum of 5 days, during which time
the turtle was isolated in a 2 m diameter tank (1 m depth) so that other turtles would not
disturb the externalized portion of the electrode assembly.
E C G was recorded at 26°C and after 16 weeks exposure to 17°C. E C G trials
were conducted between 10:00 and 17:00 in the 2 m diameter isolation tank, and trials
were videotaped so that activity could be monitored.

Behaviour was categorized as

84

"active" or "resting" in the same manner as for turtles during respirometry trials (see
Chapter 3). When the E C G recordings were completed, the electrodes were removed and
the drill holes were treated with topical antibiotics and re-sealed with epoxy. Antibiotics
(2.5 mg/kg Amiglyde-V,

Ayerst Veterinarian Laboratories, Guelph, ON) were

administered to the turtle intramuscularly every 3 days for 2 weeks following electrode
removal to lower the risk of infection. Drill holes healed completely within 2 - 4 weeks
following electrode removal.
Heart rate was determined from the E C G trace using the Acknowledge data
analysis program (BIOPAC Systems, Inc). Sections of the E C G trace in which the QRS
complex could not be distinguished were excluded from data analysis. Cardiac intervals
(CI) were derived from the E C G trace by measuring the time lapse between QRS peaks.
Values for CIs were converted to instantaneous heart rate in beats-min" . Mean resting fH
1

was determined for all five turtles, but because of increased background noise due to
electrical signals from muscle contraction during swirnming, active heart rates could only
be distinguished on E C G traces from three turtles (CM4, CM7, and CM8). Mean active
fH was calculated for these three turtles. Increased E M G activity was associated with
breathing episodes for all turtles, so breathing fH could not be determined.
Paired t-tests were used to test for significant effects of temperature on resting and
active fH. A Mann-Whitney rank sum test was used to test for differences between active
(N=3) and resting (N=5) fH.
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Blood flow
Experiments to determine relative blood flow distribution during diving were
conducted with 5 turtles at 26 °C before initiation of the thermal regime and after 4 weeks
exposure to 17°C. A delivery system was designed so that a tracer could be injected into
the turtle's circulatory system during voluntary submergence.

A n indwelling catheter

(Encapsulon 21G, Rusch, Duluth, G A ) was inserted in the turtle's left cervical sinus
using an 18G X 3 inch needle. The catheter was advanced to a depth of approximately 15
cm so that it was close to the right atrium but not inside the heart. The catheter port was
secured to the skin at the base of the turtle's skull using nylon sutures (Ethilon size 3.0,
Johnson & Johnson, Peterborough, ON) and the catheter was kept patent by flushing with
heparinized saline (100 USP/ml) twice daily.

Antibiotics (2.5 mg/kg Amiglyde-V,

Ayerst Veterinarian Laboratories, Guelph, ON) were administered to the turtle
intramuscularly following catheter insertion to lower the risk of infection. The turtle was
moved to a 2 m diameter circular fiberglass tank to recover and blood flow experiments
were conducted 4 - 5 hours after catheter insertion.
Before injecting the tracer, the turtle was removed from the tank and a 200 cm
long lead (18G medical vinyl tubing, Bolab, Lake Havasu, A Z ) was attached to the
catheter port. The turtle was then put back in the tank and given a minimum of 30
minutes to calm down. A 0.20 ml suspension of macro-aggregated albumin particles (30
- 50um) labeled with the radioactive isotope technetium-99m (
into the turtle during a dive.

9 9 m

99m

T c - M A A ) was injected

T c - M A A was prepared at the Vancouver Hospital

Nuclear Medicine Radiopharmacy 3 hours before injection.
approximately 100,000 particles of M A A and 95 M B q of

9 9 m

The mixture contained

T c . The isotope compound
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was slowly advanced into the catheter lead after approximately 1 minute of submergence.
9 9 m

T c - M A A particles are close to neutrally buoyant in physiological saline, so they do

not settle rapidly. After 2 - 4 minutes of submergence, the tracer was injected into the
cervical sinus and the lead and catheter were slowly flushed with 5 ml of sterile saline
(the dead space of the lead and catheter combined was approximately 2.3 ml). Turtles
typically alternated between periods of inactivity and slow swirrrrning while submerged.
The tracer was injected during periods of slow swirrrrning.
Turtles have a single ventricle, so the tracer was distributed to both the pulmonary
and systemic circuits. The degree of distribution in the two circuits depended on the
degree of the pulmonary-to-systemic shunt at the time of injection.

9 9 n

T c - M A A was

distributed throughout the body in proportion to blood flow and became lodged in
capillary beds of perfused tissues. M A A particles eventually became fragmented and
were cleared from the capillaries. Half-life for capillary clearance of M A A particles is 3
hours, and

9 9 m

T c has a half-life of 6.02 hours.

The turtle was taken to the Vancouver Hospital Nuclear Medicine Division at the
University of British Columbia immediately following injection to be imaged. A gamma
camera (Orbiter 3700 Digitrac) was used to detected the presence of

9 9 m

T c in the various

tissues and images were stored and analyzed using MedView software (Siemens,
Toronto, ON). Due to the large body size of the turtles relative to the camera lens, it was
necessary to shoot two or three images for each turtle. Scan time for each image was 6 8 minutes. The sum of radioactivity in all images was calculated, and activity in areas of
overlap between images was calculated and subtracted from the total activity. This
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ensured that total activity for all the images combined was not inflated by counting
activity in the same area twice.
The MedView software program allowed the activity in specified areas to be
assessed. A n area of interest could be outlined and the activity in that area was calculated
by the program. Because the catheter tip was placed in the systemic venous circulation
and not directly in the heart, the majority of tracer was sent to the lungs. The amount of
activity in the lungs was determined and then subtracted from the total activity. The
remainder of activity represented blood that had by-passed the pulmonary circulation and
gone into the systemic circulation via the pulmonary-to-systemic shunt. The amount of
tracer activity in the heart, brain, and proximal region of the front flippers was calculated
as a percentage of the systemic activity.
Mann-Whitney rank sum tests were used to test for significant differences in sitespecific relative blood flow distribution during dives at 26 °C and 17°C.

Statistics
Statistical analyses described in the previous sections were performed using
SigmaStat software (Jandel Corporation). Differences were considered to be significant
at P<0.05. Values are presented as the mean ± S E M .
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Results
Heart rate
Active fH at 26°C (24.0 ± 2.4 beats min" ) was significantly higher than active fH
1

at 17°C (12.9 ± 0.6 beats min" ), and resting fH at 26°C (19.6 ± 1.5 beats min" ) was
1

1

significantly higher than resting JH at 17°C (10.2 ± 0.9 beats min" ). The Qio value for
1

active fH is 2.00 and the Q
than resting fH.

] 0

for resting JH is 2.14. At 26°C, active fH was 22% higher

Active fH was 27% higher than resting fH at 17°C. There was no

statistically significant difference between active and resting fH at either temperature
(P=0.143).

Bloodflow
Turtles were injected with a relatively low dose of
times were required to produce good images.

9 9 m

T c - M A A , so long scanning

Unfortunately, turtles were not easily

persuaded to remain still for the 6 - 8 minutes necessary to produce a high quality blood
flow image with the gamma camera.

Due to the uncooperative nature of the turtles,

images were successfully obtained for only 2 turtles at 17°C (CM4 and CM8) and 3
turtles at 26°C (CM2, CM4, and CM8).
The

9 9 m

T c - M A A technique gives a general picture of blood flow distribution at

the time of injection. One major limitation of this technique is that blood flow cannot be
quantified in absolute units. Another is that images cannot be resolved in the vertical
plane, as they are 2-dimensional. Working within these limitations, the amount of tracer
that was located in the lungs was calculated and subtracted from the total activity. The
amount of tracer in the heart, brain, and proximal areas of the front flippers was then
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calculated and expressed as a percentage of the tracer that was distributed to the systemic
circuit via the pulmonary-to-systemic shunt at the time of injection. Table 4.1 lists values
for regional blood flow distribution for individual turtles.
Figure 4.1 shows gamma camera images shot for CM2 during a dive at 26°C (Fig.
4.1 A) and for CM4 during a dive at 17°C (Fig. 4.1 B). The percentage of injected tracer
that went into the pulmonary circulation was not significantly different during dives at
26°C (59.8 ± 5.3%) compared with dives at 17°C after 10 weeks exposure (66.9 ± 2.1%).
Figure 4.2 shows the relative distribution of the blood that by-passed the lungs and went
into the systemic circulation for all turtles successfully imaged at 26°C and 17°C. The
heart received 17.7 ± 5.0% of the systemic flow during dives at 26°C and 34.2 ± 5.1%
during dives at 17°C. If blood flow to the brain is an indicator of cognitive function, then
it can be assumed that turtles are relatively thought-free while diving as only 2.1 ± 0.3%
of the systemic flow went to the brain during dives at 26°C, and 1.3 ± 0.9% during dives
at 17°C. There was no significant difference in relative blood flow to the heart (P=0.149)
and brain (P=0.773) during dives at 26°C and 17°C. Relative blood flow to the proximal
area of the front flippers at 26°C (15.7 ± 3.9%) was not significantly different from
relative flow at 17°C (17.8 ± 5.9%) (P=0.773).
A concentration of tracer in a loop pattern was observed in the lower portion of
the body cavity for C M 2 (Figure 4.1 A) and C M 8 at 26°C.
observed for turtle C M 4 during a preliminary test of the

9 9 m

This pattern was also

T c - M A A technique at 17°C

after 9 weeks exposure (Fig. 4.1 C). This preliminary experiment was conducted with
CM4 resting (breath-holding) on a laboratory bench (T ir = 17°C) so that the effectiveness
a

of the technique could be assessed before attempting trials with diving turtles. 12.6% of
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the tracer distributed to the systemic circuit was concentrated in a loop pattern for turtle
CM2 at 26°C, 42.0% for CM8 at 26°C, and 35.8% for CM4 during the preliminary trial
at 17°C. The loop shape and location of tracer activity suggest that this pattern represents
perfusion of the digestive tract. Figure 4.3 shows the relative distribution of the systemic
flow during the preliminary trial for C M 4 out of water and during her diving trial at
17°C.

Blood flow to the heart and front flippers was greatly reduced during the

preliminary trial when the turtle was possibly sending blood to the digestive system.

Discussion
Heart rate
Oxygen supply and demand must be matched for aerobic metabolism to proceed
unhindered. Increased demand for oxygen during heightened metabolic states is met by
concurrent increases in cardiac output and enhanced delivery of oxygen. In mammals,
stroke volume is stable under normal physiological conditions, and alterations in cardiac
output are primarily achieved by changes in fH.

In accordance with the principle of

supply and demand, a correlation between fH and metabolic rate has been found for
several species of mammals (Butler, 1993; Boyd et ai, 1995). The relationship between
fH and metabolic rate is less clear for reptiles, as stroke volume is highly variable and
may contribute to changes in cardiac output during periods of activity or with changes in
body temperature (White, 1982).
Insight into the relative contributions of fH and stroke volume to cardiac output in
reptiles at different body temperatures may be gained by analysis of the effects of
temperature on fH and V02. Studies with lizards and turtles have shown that/H and V02
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do not change in proportion to each other with changes in temperature (Hutton et al,
1960; Hudson and Bertram, 1966, Davenport et al, 1982). For juvenile green turtles in
the current study, fH (Qio = 2.00 - 2.14) had a stronger thermal dependence than V02
(Q10 = 1.33), and fH at 17°C was significantly lower than fH at 26°C. Therefore, the
demand for oxygen at lower temperatures must be met by adjustments to cardiovascular
variables other than fH. Hudson and Bertram (1966) suggested that discrepancies in Qjo
values between fH and V02 might be explained by alterations in stroke volume.
Increased filling time between systolic contractions at lower temperatures may result in
larger stroke volumes.
Compensation of blood O 2 carrying capacity may also help offset
disproportionate decrease in fH at lower temperatures.

the

Hct of juvenile green turtles

during prolonged exposure to 17°C was significantly higher than Hct at 26°C (Chapter
3). A n increased amount of red blood cells and the consequent increase in hemoglobin
would allow for more O 2 to be carried in the blood.
Previous studies of the heart rate response in green turtles have focused on the
changes that occur during periods of heating or cooling. A decrease in fH during acute
exposure to low temperatures coincides with a large increase in peripheral resistance,
resulting in retention of heat in the core and a slower rate of cooling. Low fH persists
with prolonged cold exposure, even though T

B

eventually equilibrates near Tw- This

suggests that compensation of mechanical function of the heart (contractility or signal
transduction) may not be possible. Alternatively, reduced heart rate and compensation
for O 2 delivery via stroke volume may result in an energy savings at cold temperatures
(Sarnoffera/., 1958).
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Active fH was not significantly higher than resting fH for green turtles at either
26°C or 17°C. Gatten (1988) found that increased activity levels and V02 of snapping
turtles were not accompanied by proportional increases in fH, and concluded that turtles
rely on changes in stroke volume and oxygen extraction at the tissue level to augment
oxygen delivery to tissues during periods of increased metabolic demand. However,
Butler et al. (1984) observed that at a constant temperature of 28°C,/H of juvenile green
turtles increased linearly with V02 during swimming trials at various speeds. An index
of activity level (i.e. flipper beats or swim speed) was not measured in the current study,
so it is difficult to interpret the relationship between heart rate and activity level based on
the limited data. Generally, periods of activity during heart rate trials were characterized
by slow swimming around the perimeter of the tank or shuffling along the tank bottom.
Increased V02 during low to moderate levels of activity may be fully supported by
modest increases in/H, although alterations in stroke volume or oxygen extraction during
exercise cannot be ruled out with the current evidence.
Heart rates for 1 kg juvenile green turtles at 25 - 28°C have been recorded in
previous laboratory studies (Davenport et al, 1982; Butler et al, 1984; West et al,
1992). Turtles resting underwater had heart rates of 25 - 30 beats-min", and active fH
1

varied over the range of 46 - 68 beats-min". In the current study, resting fH while diving
1

at 26°C was 19.6 beats-min" and the average active fH for turtles that were slowly
1

swimming while submerged was 24.0 beats-min". The difference in resting fH between
1

studies is likely due to the fact that turtles from different size classes were used. Turtles
in the current study weighed 21.5 - 39.3 kg at the time of ECG trials, whereas turtles
used in previous studies of/H in green turtles weighed 1 kg. Heart rate scales with body

93

mass with an exponent of -0.25, so larger animals have lower heart rates compared with
smaller animals (Schmidt-Nielsen, 1984). Differences in activity levels could contribute
to the differences observed in active fH between studies.

Active fH for the previous

studies were recorded from turtles swimming at a constant speed in a swim flume,
whereas active fH for the current study was recorded from turtles freely swimming in
holding tanks.

Blood flow
During dives of low to moderate activity, 33.1 - 40.2% of the

9 9 m

T c - M A A tracer

injected into the cervical venous sinus by-passed the lungs and went into the systemic
circulation. Turtles have a single ventricle, and despite the presence of an intraventricular
muscular ridge oxygenated blood returning from the lungs and de-oxygenated blood
returning from the systemic circuit may become mixed. There is typically some degree
of intracardiac bi-directional shunting which occurs at all times (Hicks and Wang, 1996).
Turtles can further alter the direction and magnitude of the shunt by adjusting pulmonary
vascular resistance (Shelton and Burggren, 1976). Cholinergically-mediated increases in
pulmonary resistance may result in large reductions in pulmonary blood flow and
shunting of de-oxygenated blood into the systemic circuit.

The development of a

substantial pulmonary-to-systemic shunt is common in diving turtles (White and Ross,
1966; Burggren and Shelton, 1979), and adjustments in flow can often be extreme.

For

example, the pulmonary-to-systemic shunt during apnea in Pseudemys scripta can
comprise up to 90% of systemic flow (Burggren and Shelton, 1979).

A study of

pulmonary blood flow in juvenile green turtles (~1 kg) demonstrated that during the first
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minute of submergence pulmonary blood flow approached zero (West et al, 1992).
Pulmonary flow progressively increased throughout submergence and rhythmic changes
in pulmonary flow were observed for green turtles, suggesting that occasional reperfusion of lungs to "top o f f blood oxygen stores occurred (Butler et al,

1984;

Burggren et al, 1988; West et al, 1992). The degree of the pulmonary-to-systemic shunt
demonstrated by green turtles in the current study is within the range observed for other
turtles during diving.
Some qualifiers regarding the
analyzing the blood flow results.

99m

T c - M A A technique should be considered when

The macro-aggregated albumin particles (30-50um)

were large enough so that they would initially lodge in capillary beds (typical reptile
capillary diameter = 10-12 um). Erosion and fragmentation of the M A A occurs with
time, and as particle size decreases the M A A and bound
capillaries and re-enter circulation. The half-life for

9 9 m

9 9 m

T c are pushed through the

T c - M A A clearance in the lungs is

approximately 3 hours. M A A particles that have passed through the capillaries and reentered circulation are taken up by the reticuloendothelial system and ultimately excreted
by the kidneys (Stephenson and Jones, 1992).
It is possible that M A A particles had fragmented to the point where some could
pass through the capillaries and re-enter circulation during the interval between injection
and imaging. Imaging of turtles took place within 1.5 hours of injection for all turtles
except CM4 at 26°C. This turtle was imaged 2.5 hours after the injection, but activity of
tracer in the lungs for this turtle (66.9% of total activity) was similar to that seen for the
other two turtles at 26°C (49.5 - 63.1% of total activity) (Table 4.1). Re-circulation of
M A A particles could introduce error into the final estimates of relative blood flow
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distribution during diving, however values for relative blood flow to the heart, brain, and
proximal regions of the flippers for turtle C M 4 were not exaggerated compared with
values for other animals (Table 4.1).
The

9 9 m

T c - M A A technique provides only a qualitative estimate of relative blood

flow distribution during diving. The technique has its drawbacks, mainly that activity in
the vertical plane cannot be distinguished with the two-dimensional images and a
quantitative analysis of blood flow in absolute units is not possible. There are other
techniques to assess regional blood flow for diving animals. Labeled glass microspheres
have been used extensively to quantify blood flow to various tissues, however the animal
must be killed and tissues excised in order to count the microspheres. One of the main
advantages of the

9 9 m

T c - M A A technique is that the tracer is cleared from the animal's

system within 2 - 3 days and repeated measurements can be made on the same animal.
For the current study, the

9 9 m

T c - M A A technique was sufficient to provide a general view

of the distribution of blood within the pulmonary and systemic circuits under varying
thermal conditions.
There was no significant difference in relative blood flow to the heart, brain, or
proximal region of the front flippers during dives of low to moderate activity at 26°C and
17°C. However, a trend towards increased perfusion of the heart and flippers was noted at
17°C. A perfusion pattern suggestive of digestive activity (Fig. 4.1 A) was observed for
2 of the 3 turtles diving at 26°C, but this pattern was absent for the 2 turtles diving at
17°C.

A study of the nutrition of green turtles in an enclosed tropical lagoon revealed

that during the cooler winter months ( T = 20 - 26°C) there was a larger variation in
w

digestive efficiency compared with summer months (Tw = 26 - 34°C) (Bjorndal, 1980).
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Data from this field study indicated a trend towards increased digestive efficiency with
increased temperature. Low blood flow to the digestive tract at 17°C may be a reflection
of decreased absorption of nutrients from the gut. Turtles gained weight more slowly and
total protein levels in the blood were lower at 17°C compared with 26°C.
Although images obtained from the two turtles diving at 17°C did not show
evidence of digestive tract perfusion, a large percentage of the systemic flow (35.8%)
was concentrated in a loop pattern during a preliminary trial with turtle C M 4 out of water
at 17°C (Fig. 4.1 C and Fig. 4.3). Relative blood flow to the heart was 44% lower and
flow to the front flippers was 52% lower during the preliminary trial compared with
blood flow during CM4's diving trial when the loop pattern was not observed. If the loop
pattern of isotope activity represents perfusion of the digestive tract, then these images
suggest that a substantial re-distribution of blood flow occurs with changes in digestive
state.
Previous studies have shown that green and loggerhead sea turtles greatly
decrease blood flow to areas of high heat exchange during acute cold exposure
(Hochscheid et al, 2002). These acute experiments were conducted with turtles that
were resting partially submerged in shallow water. Under these conditions, blood flow to
the proximal region of the front flippers was greatly diminished with initial exposure to
water temperatures below the turtle's acclimation temperature. The current experiments
were conducted with green turtles that were slowly swimming while submerged, and the
relative blood flow distribution to the proximal area of the front flippers was similar at
26°C (15.7 ± 3.9%) and at 17°C after 10 weeks exposure (17.8 ± 5.9%) (Table 5.2).
Musculature for moving the front flippers lies within this region, and perfusion to the
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swimrning muscles does not seem to be compromised at cooler temperatures. Penick et
al. (1996) demonstrated that tissue metabolism of pectoralis muscle has a low thermal
dependence (Qio = 1.31 - 1.56) over the range of 12.5 to 27.5°C, and data presented in
Chapter 3 of this dissertation show that the aerobic enzyme citrate synthase has relatively
low thermal dependence over the range of 17 to 26°C (Qio = 1.43 - 1.44). Additionally,
activity levels and oxygen consumption of turtles during prolonged exposure to 17°C
were not significantly lower than levels observed at 26°C. Oxygen demands of muscle
tissue during activity at 26°C and 17°C are likely to be similar, and similar rates of
perfusion at the two temperatures ensure that the supply of oxygen meets demand.
During periods of prolonged cold exposure, the necessity to supply oxygen to
metabolizing tissues takes precedence and cardiovascular adjustments are not dictated by
thermoregulatory demands. The ability to use cardiovascular adjustments as a means of
heat gain or heat loss may be more important in situations where environmental
temperatures change quickly. Acute decreases in temperature strongly affect metabolic
rate and activity levels in juvenile green turtles (Kraus and Jackson, 1980; Davenport et
al, 1982). Turtles may encounter large thermal gradients while diving, and the ability to
use circulatory adjustments for TB regulation may provide some degree of thermal and
metabolic constancy under fluctuating conditions.
The cardiovascular adjustments described for thermoregulation under conditions
of acute temperature change (decreased fH and restricted peripheral blood flow) coincide
with adjustments typically made during diving. The cardiovascular response to diving
has not been investigated for green turtles in the field, but laboratory studies have shown
that diving fH of juvenile green turtles is 30 - 50% lower than surface fH and blood flow
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to both the pulmonary and systemic circuits is reduced during submergence (Butler et al,
1984; West et al, 1992). D i v i n g / H of leatherback turtles at sea is approximately 30%
lower than surface fH (Southwood et al, 1999). Surface fH could not be analysed in the
current study because of the large amount of background noise that accompanied the
active inspiratory and expiratory movements associated with breathing.

Decreased fH

and the concurrent reduction of blood flow to the periphery during diving may serve the
dual purpose of conserving oxygen stores for 02-sensitive tissues (Butler and Jones,
1997) and maintaining thermal stability in the face of changing environmental
temperatures.
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Figure 4.1. Images shot with a gamma camera showing the distribution of intravenously
injected T c - M A A in the pulmonary and systemic circulation of (A) turtle CM2 during
a dive at 26°C and (B) turtle C M 4 during a dive at 17°C after 10 weeks exposure. A
concentration of isotope distributed in a loop pattern, suggestive of perfusion of the
digestive tract, was observed for 2 of the 3 turtles imaged at 26°C (A), but this pattern
was not apparent in turtles injected with isotope while diving at 17°C. The loop pattern
was also present in a preliminary trial conducted at 17°C with turtle C M 4 injected with
T c - M A A while resting in air (C).
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Figure 4.2. Relative distribution of blood flow to the heart, brain, and proximal area of
the front flippers expressed as a percentage of the blood flow that by-passed the lungs
and entered systemic circulation via the pulmonary-to-systemic shunt. There was no
significant difference in relative blood flow distribution to the heart, brain, or proximal
regions of the front flippers at 26°C and 17°C.
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Figure 4.3. Relative blood flow distribution for turtle C M 4 during a preliminary T c M A A trial conducted out of water at 17°C (black bars) and during diving at 17°C (gray
bars). During the preliminary trial, a large proportion of the tracer that entered the
systemic circulation was concentrated in a loop pattern in the lower portion of the body
cavity. This pattern is suggestive of perfusion to the digestive tract. Blood flow to the
heart and proximal region of the front flippers was reduced when perfusion of the
digestive tract occurred.
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CHAPTER 5
S U M M A R Y AND CONCLUSIONS

The central hypothesis of this research was that juvenile green turtles are capable
of thermal acclimation of metabolic rate during seasonal exposure to cold temperatures.
Based on this hypothesis, I predicted that the difference in metabolic rate of juvenile
green turtles during periods of warm water exposure and prolonged cold water exposure
would be less than that predicted by Qio values calculated from acute studies of
temperature effects on metabolism.

I also predicted that thermal compensation of

metabolic rate would be matched by compensation in components of the oxygen delivery
system so that oxygen supply meets tissue oxygen demand under varied thermal
conditions, and that compensation of metabolic rate would be reflected on the molecular
level by compensatory adjustments in metabolic enzyme activity. These physiological
and metabolic adjustments would allow turtles to maintain activity over the range of
temperatures experienced seasonally at subtropical latitudes.
The percent of time that captive turtles spent active at 26°C and after 8 to 16
weeks exposure to 17°C was not significantly different.

Activity levels of turtles at

Heron Island could not be determined based on dive records alone.

Turtles spent

significantly more time in the shallow water habitat and showed a tendency towards
increased dive durations during the winter. However, there was no significant difference
in field metabolic rate during the winter and summer so the shift in diving behaviour may
reflect seasonal changes in food availability or habitat preference rather than purely
physiological factors.
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Results from laboratory studies of metabolic rate in captive juvenile green turtles
agreed with results for field metabolic rate obtained from turtles at Heron Island. There
was no significant difference between oxygen consumption at 26°C and during prolonged
exposure to 17°C. Metabolic rates for turtles at Heron Island and captive turtles during
cold water exposure were 72 - 78% of metabolic rates during warm water exposure. As
predicted, Qio values for metabolic rates during prolonged cold exposure (1.3-1.7) were
lower than values observed for green turtles during acute exposure to cold temperatures
within the same range (2.1 - 2.7).
Oxygen delivery to tissues should be sufficient to meet metabolic demands during
periods of warm and cold water exposure. The breathing frequency response to prolonged
cold exposure was similar to that of oxygen consumption. There was no significant
difference in breathing frequency for turtles at 26°C and after 8 to 16 weeks exposure to
17°C, and Qio values for breathing frequency during prolonged cold exposure were low
(1.14 - 1.21). However, diving heart rates showed a strong thermal dependence (Qio =
2.00 - 2.14) and were significantly lower after 16 weeks exposure to 17°C than at 26°C.
Alterations in stroke volume and oxygen extraction at the tissue level may occur to
ensure that oxygen delivery matches oxygen supply at low temperatures.

Higher

hematocrit was observed for turtles during exposure to 17°C compared with turtles at
26°C, so an increased oxygen carrying capacity of the blood may also help to offset the
mismatch between metabolic rate and heart rate at low temperatures. Relative blood flow
distribution to peripheral tissues during diving was not significantly altered during
exposure to 17°C compared with 26°C, which indicates that metabolic demands take
priority over thermoregulatory demands during periods of prolonged cold exposure.
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Activity of the oxidative enzyme citrate synthase in skeletal muscle tissue
collected from turtles in the field and in the laboratory did not show a compensatory
adjustment during periods of cold water exposure. However, the thermal dependence of
citrate synthase activity was low ( Q i = 1.20 - 1.44). This finding raises the issue of
0

whether the green turtle's ability to function over the range of temperatures experienced
seasonally is a result of thermal acclimation or low thermal dependence.
thermal dependence

The strong

of metabolic rate observed during acute exposure to cold

temperatures may be a reflection of immediate circulatory adjustments (Smith et al,
1986; Hochscheid et al., 2002) rather than a reflection of direct temperature effects on
cellular metabolism. Increased peripheral resistance in response to rapid decreases in
environmental temperature may result in a downregulation of metabolism in ischemic
tissues and an overall decrease in the rate of oxygen consumption. Further studies of
temperature effects on cellular components of aerobic metabolism (enzyme activities,
mitochondrial volume density, membrane adaptation) are necessary to clarify this issue.
Additionally, the physiological effects of rapid versus gradual decreases in temperature
should be studied in more detail.
Thermal dependence of the glycolytic enzymes pyruvate kinase and lactate
dehydrogenase was also low (1.47 - 1.68). The seasonal difference in mean Tw at Heron
Island was 4.8°C, and glycolytic enzyme activity in muscle tissue collected from turtles
during the winter was not significantly different from activity in tissues collected during
the summer when compared at a common temperature.

However, captive turtles were

exposed to a difference in mean Tw of 9°C during the course of the thermal regime, and a
significant compensatory increase in glycolytic enzyme activity did occur in muscle
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tissue collected during prolonged cold exposure. The compensation in glycolytic enzyme
activity emphasizes the importance of preserving the capacity for anaerobic energy
production during exposure to cold temperatures.

Sea turtles are capable of explosive

bursts of high intensity exercise, which enable them to escape predators (most of the
time). Compensation in components of anaerobic pathways of energy production ensures
that this ability is maintained over a wide range of temperatures.
Results from this study show that juvenile green turtles maintain activity and have
similar rates of aerobic metabolism during seasonal exposure to temperatures over the
range of 17 to 26°C. However, given the results of the citrate synthase analysis, I cannot
say conclusively whether this ability is due to a low thermal dependence of metabolism
or thermal acclimation of metabolic rate with prolonged cold exposure, as was originally
hypothesized. In any case, previous field studies and laboratory studies show that 17°C
is close to the lower limit for maintenance of activity in this species (Mendonca, 1983;
Moon, 1992). A comparison of the current study with an earlier study of green turtle
behaviour during prolonged cold exposure illustrates this point. Moon (1992) subjected
10 captive juvenile green turtles ( 7 - 1 4 kg) to a thermal regime in which temperature
was decreased from 26°C to 15°C over the course of 5 weeks. Turtles were kept at 15°C
for 4 weeks before temperature was gradually increased to 26°C, and behavioural and
physiological variables were measured during exposure to 15°C and 26°C. Turtles in this
study stopped feeding after 2 weeks at 15°C and did not gain weight during the 4 weeks
exposure to 15°C. Although metabolic rate was not measured, breathing frequency of
turtles was significantly lower at 15°C than at 26°C, and turtles showed greatly depressed
activity levels, resting on the tank bottom for 2 - 4 hours at a time before surfacing for
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air. This is in stark contrast to the current study, in which turtles remained active and
continued to feed and grow during the entire 16-week exposure to 17°C. Turtles in both
studies were fed the same diet of vitamin-supplemented trout chow, but photoperiod in
the Moon study was not altered as it was in the current study. The difference of 2°C in
minimum temperature for these two studies resulted in drastically different behaviour,
suggesting that very minor shifts in temperature at the low end of the turtle's thermal
range may have a significant impact on metabolism and physiological processes.
Numerous factors may affect seasonal metabolic rate, and different combinations of
thermal conditions, food availability, and photoperiod may result in the wide variety of
seasonal behaviours exhibited by green turtles from different geographical populations.
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