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Summary

This study examines the effect of increasing water depth
and water velocity upon the surfacing behaviour of the
bimodally respiring turtle, Rheodytes leukopsSurfacing
frequency was recorded forR. leukopsat varying water
depths (50, 100, 156m) and water velocities (5, 15,
30cm s1) during independent trials to provide an indirect
cost-benefit analysis of aquatic versus pulmonary
respiration. With increasing water velocity, R. leukops
decreased its surfacing frequency twentyfold, thus
suggesting a heightened reliance upon aquatic gas
exchange. An elevated reliance upon aquatic respiration,

velocities preferentially selected low-velocity
microhabitats, presumably to avoid the metabolic
expenditure  associated with  high  water flow.

Alternatively, increasing water depth had no effect upon
the surfacing frequency ofR. leukops suggesting little to
no change in the respiratory partitioning of the species
across treatment settings. Routinely long dives (>9@in)

recorded for R. leukopsindicate a high reliance upon
aquatic Oz uptake regardless of water depth. Moreover,
metabolic and temporal costs attributed to pulmonary gas
exchange within a pool-like environment were likely

which presumably translates into a decreased air-
breathing frequency, may be metabolically more efficient
for R. leukopscompared to the expenditure (i.e. time and
energy) associated with air-breathing within fast-flowing
riffle zones. Additionally, R. leukops at higher water

minimal for R. leukops irrespective of water depth.

Key words: turtle,Rheodytes leukopsliving, bimodal respiration,
aquatic respiration.

Introduction

Principles of resource ecology predict that as the travel co&hannon and Kramer, 1988). However, the interaction of water
(e.g. time and energy) to the site of resource gain increases, tthepth, surfacing behaviour and respiratory partitioning in
relative value of the resource diminishes (Andersson, 1978xquatically respiring turtles has primarily been ignored (Hua
Although primarily applied in behavioural investigationsand Wang, 1993), despite the fact that diving respiratory
concerned with optimal foraging (see Pyke, 1984; Stephensvestigations on chelonians have generally been conducted
and Krebs, 1986; Kamil et al., 1987), resource maximisationnder unnaturally shallow conditions (i.e. <&@). An
models also pertain to the acquisition of oxygen from wateadditional factor that has been overlooked amongst bimodally
versusair in bimodally respiring vertebrates (Kramer, 1988;respiring vertebrates is water velocity. Aquatically respiring
Boutilier, 1990). The ‘theory of optimal breathing’ (Kramer, turtles inhabiting areas of high water flow would probably
1988) predicts that, as the cost of travel for pulmonary gasxperience difficulty in reaching the surface for pulmonary gas
exchange increases, the proportion of td@&l accounted for exchange, thus leaving the animal with the choice of increasing
by atmospheric @uptake decreases relative to aquatis. its dependence upon aquatig @ptake or moving into areas

Habitat selection by aquatic vertebrates affects metaboliof slower flow (i.e. pools). Therefore, the aim of this study was
and temporal cost associated with travel to and from th#® investigate the effect of increasing water depth and water
surface for pulmonary respiration (Kramer and McClure, 1981yelocity upon the surfacing behaviour of a bimodally respiring
Feder and Moran, 1985; Kramer, 1983; Bevan and Kramefreshwater turtle in order to providing an indirect cost—benefit
1987). As water depth increases, select air-breathing fish aadalysis of aquatigersuspulmonary respiration.
amphibian species offset the heightened transit cost associated’he Fitzroy turtle Rheodytes leukopss a short-neck
with aerial respiration by increasing their reliance upon aquatidustralian chelid whose preferred habitat is described as
respiration, as reflected by a decreased surfacing frequencydrallow, fast-flowing riffle zones characterised by well-
an increased aquatic ventilation rate (Kramer and McClurexygenated water (Legler and Cann, 1980; Cann, 1998; Tucker
1981; Feder and Moran, 1985; Bevan and Kramer, 1986, 198&t al., 2001). Compared to other bimodally respiring turies,
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leukopshas Seemingly achieved the greatest emancipatior Tablel. Summary of biological data f&heodytes leukops
from air-breathing of any aquatic cheloniafLegler and tested in water depth and water velocity trials
G_eorges,.1993)2. Ieukopsobtams up tq 70% of |t.s. totalo, Experiment N Mass (kg) SCL (cm)
via aquatic routes, with the turtle’s highly modified cloacal
bursae accounting for the majority of aquatiauPtake (Priest, \Water depth

1997; Franklin, 2000). The bursae sacsRof leukopsare ll\:/lalesl 88 1i3316i+065642 223?;961+0623
ventilatedvia two antagonistic muscle groups (Legler, 1993), emaies T B
with aquatlc gas exchange facilitated by h'lg.hly vascularlsecWater velocity (crs)

branching papillae that align the mucosal lining of the bursa

walls and effectively increase the surface area 16-fold (Legle  \ales 6 1.350.10 24.4+0.5

and Georges, 1993; Priest, 1997). The high relianc®.of Females 6 1.41+0.96 24.1+0.5
leukopsupon aquatic respiration translates into significantly 15

longer dlvkel_s compa.red to prlmarllly alr—breathlpg turtles. (Pr}es Males 6 1.97+0.70 23.7+0.4

and Franklin, 2902, Gordos et al., 2003a), with aerobic dive £ ales 6 1344073 23.840 4

of up to 12h being recorded (Gordos et al., 2004).

30

Males 6 1.29+0.82 23.7+0.3

Materials and methods Females 6 1.40+0.86 23.6+0.4

Animal capture and husbandry

Rheodytes leukoggegler and Cann) were captured within
a stretch of the Connors River (22°12.535149°01.31'1E)
in central Queensland, Australia. Upon capture, mass, straig
carapace length (SCL), sex and maturity status were record
(Tablel). All R. leukops were considered mature as (Compu-heat Pool heater;k@/; Gold Coast; Australia) and
determined by size, with sex determination being based upawooling system (air conditioner).
tail-length measurements and cloacal vent location (Legler and Time-depth recorders (TDRs; ®&mx16mm; 1g in
Cann, 1980). Turtles were transported to The University ofvater; Model LTD_10, Lotek Marine Technologies Inc.,
Queensland where they were housed within two 10@0ding  Newfoundland, Canada) were attached to two male and two
tanks (2.7mx1.2mx0.4m) for a 3-week period prior to femaleR. leukopsGordos and Franklin, 2002) prior to the
experimentation. Tanks were located in a constant temperaturgtles’ introduction into the experimental tank. For each 1-
room (25°C) with a photoperiod set atii:22h L:D. Turtles  week trial, water depth within the dive tank was randomly pre-
were fed prawns and meal worms twice weekly to satiatiorset to one of three depths: &®, 100cm and 15@m. Aquatic
with water changes occurring the following day using agedPo, levels were recorded at the beginning and end of each

SCL, straight carapace length.
Values are meansst.m.

water. depth trial (YSI Model 55 Dissolved oxygen/temperature
system, Yellow Springs, OH, USA), with dissolved oxygen
Water depth levels remaining near saturation (143.0hrhHg)

Trials investigating the effect of water depth upon thethroughout experimentation. Three days after being introduced
surfacing frequency oR. leukopswere carried out within a into the dive tank, the light cycle was changed from h:12h
purpose-built dive tank (2:8x2.0mx2.0m) fitted with a dual L:D to a 24h:0h L:D regime in order to facilitate videotaping
biological/sand filter system (Model S166T High-Rate sanaf the frequently long dives (>18 observed foR. leukops
filter; Hayward Pool Products Inc.; Elizabeth, NJ, USA). Twoas well as to limit the effect of photoperiod upon the activity
large acrylic windows fitted on the front wall of the levels (and hence surfacing frequency) of the turtles (Gordos
tank facilitated videotaping of turtle behaviour duringet al., 2003b). Additionally, faeces were removed from the
experimentation (e.g. active periods and surfacing episode$jottom of the tank on the third day, whereupon access to the
Early observations indicated th&. leukopshad difficulty = room was prohibited for the remainder of the trial. Continuous
ascending to and remaining near the water’s surface due to th®R sampling and closed circuit videotaping commenced at
negatively buoyant nature of the species. Therefore, netidnight of the start of the fifth day and proceeded for the
structures composed of plastic mesh Gr&5.0cm) stretched  following 3 days, with enabled TDRs logging water pressure
over a PVC pipe frame were placed against each wall of thg4.0cm) every 4 and water temperature (£0.1°C) every
tank to provide adequate footing for the turtles to climb. Durind min. At the completion of each 1-week trial, turtles were
experimentationR. leukopsised the net structures exclusively removed from the dive tank and placed back into their original
to ascend to the surface rather than swimming. Additionallynolding troughs where a 1212h L:D cycle and normal
within the tank, four refuges (halved 8t diameter PVC feeding regime were resumed. Each group of four turtles (2
pipe) provided a darkened environment for turtles to residmale; 2 female) was tested at each of the three experimental
in. Water temperature was held constant throughoudepths, with one week’s rest occurring between successive
experimentation at 25.0+0.1°C using a counteractive heatingials.
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Videotaped trials were analysed for surfacing and diveubstrate foR. leukopgo climb to the water’s surface. Finally,
duration for individual turtles using a time-lapse videoa one-way mirrored glass wall stretching the length of the study
recorder. Assignment of surfacing episodes to specific turtlemrea facilitated videotaping of flume trials.
was facilitated through the analysis of a turtle’s TDR dive Initial observations indicated that at higher water velocities
profile. For each turtle, median dive time, maximum dive time(i.e. 3Ccms™), R. leukopshad difficulty maintaining its
median surfacing time and surfacirigs were determined at position on the flume floor due to a lack of footholds.
all three depths. Additionally within each trial, ten surfacingTherefore, a perspex floor with raised stripsrfLhigh) placed
events were randomly selected for each turtle to calculate meperpendicular to the flow of water provided a substrate that
ascent time from the floor of the dive tank to the surfaceturtles could get their claws under. Furthermore, field
Finally, vertical displacementay? was determined for observations oR. leukopsndicated that turtles in riffle zones
individual turtles from TDR records. Differences in diving often reside behind or under rocks and submerged logs (Legler
performance and surfacing behaviour between genders aadd Cann, 1980; M. A. Gordos, unpublished observation),
among water depth treatments were investigated using a twpresumably to avoid direct exposure to high water velocity
way repeated measures analysis of variance (RM-ANOVA) ofiows. Thus, in an attempt to mimic field conditions as well as
one factor P<0.05). Following a significant findingjest hoc  to provide a behavioural investigation into habitat preference,
Tukey'’s test was used to elucidate specific differences betwearramped acrylic deflector (10n high) that spanned the width
treatment groups. In cases where assumptions of equall the observation area was fixed onto the perspex floor
variance or normality failed, data were ranked prior to analysisnidway along the length of the study area (see BigwWater

Distributions of dive times and surfacing duration werevelocity profiles (Flo-mate Model 2000, Marsh-McBirney,
produced for all three depths, with histogram intervals selectddc., Frederick, MD, USA) recorded at three depths (5, 25,
based upon results from previous investigations (Gordos artbcm) at each of five lengths (5, 37.5, 75, 112.5, dsi5
Franklin, 2002; Gordos et al., 2003a) and from an initial pilofig. 1) along the study area show that water velocity directly
study. Differences among depth treatments in the frequency behind the deflector was reduced considerably ani§1and
dives or surfacings within a specific interval period (e.g. dive80cm s, indicating that the deflector effectively split the
<15min) were analysed using a two-way RM-ANOVA (water study area into two experimental velocity treatments (i.e. high
depth and gender) on one factdP<(.05). To achieve and low water velocity) for the two fastest water velocity
normality, proportions were square-root and arcsinesettings. Water velocity above the height of the deflector (i.e.
transformed (jrarcsingp) prior to statistical analysis. at 25cm depth) remained at or above the initial trial setting for
Following a significant finding, @ost hocTukey’s test was the length of the study area (see Hip.
used to elucidate specific differences between treatment Trial order regarding water velocity and sex was randomised
groups. For correlation analyses between dive duration artior to the start of the study. leukopswere placed into
subsequent surfacing intervals, results fronRaleukopsvere  the darkened flume at 18:00 on the day preceding
combined within each experimental depth, whereupomxperimentation to allow the turtle to become accustomed to

Pearson’s product moment was determined. the flume. In order to provide a directional cue to the turtles
_ (i.e. upstreanversusdownstream), water velocity was initially
Water velocity set at TmsL The following morning, timed lights switched

Trials investigating the effect of increasing water velocityon at 06:0(h. At 08:00h, water temperature and aqud®s,
upon the surfacing frequency Rf leukopsvere conducted in level were recorded (YSI Model 55 Dissolved oxygen/
a custom-built fiberglass flume (4x1.6 mx0.65m). Water  temperature system) prior to setting the experimental water
depth within the flume was maintained atcs@, while water  velocity. Initial observations of turtle behaviour indicated that
temperature was held constant by a counteractive heating/ leukopsadjusted to the set water velocity withinh2
cooling system (Julabo heater; John Morris Scientific Pty, Ltdtherefore, this period of time was excluded from data analysis.
Seelbach, Germany). Two Minn Kota electric motors (RacineA closed circuit time-lapse video system recorded turtle
WI, USA) propelled the water around the oval-shaped fluméehaviour over & from 10:00-18:00. After the completion
at one of three experimental velocities: 5, 15 angrBg-L of the trial, turtles were removed from the flume and water
Experimental water velocities were selected based upon fietdmperature and aquafe, level were again recorded. Water
recordings of water flow in pools and riffle sections of thetemperature remained constant throughout experimentation
species’ type locality (Legler and Cann, 1980; Gordos an®5.3+0.02°C), while aquaticPo, level remained near
Franklin, 2002). The study area (Ir&0.60mx0.65m) was  saturation (146.4+0.shmHg) for the duration of the study. A
positioned on the opposite side of the flume with respect ttwtal of 36R. leukopsvere used during the flume trials, with
the motors, being separated by acB&® wide fibreglass six male and six female turtles being run at each of the three
partition. Horizontally laid PVC pipes @&n diameter; water velocity settings (TabB.
0.40mx0.60mx0.65m) enclosed the study area both at the Videotapes were analysed for the number of surfacing
front and back while simultaneously promoting laminar flow.episodes per trial, as well as for the percentage of bottom time
Observations at all three experimental water velocitiespent in front of the deflector. Due to the lack of surfacing
indicated that the PVC barriers also provided a suitablevents at 3@ms-1, other parameters such as dive duration and
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A two investigations, no effect was observed regarding the
0 / turtle’s gender. Additionally, no statistical difference was
10- - EERN observed irR. leukopsmass or SCL between genders for both
e T studies (Tabld). Therefore, results for male and fem&e
20+ leukopswere combined and presented as a single figure.
30. 5/'5 E However, due to the small sample size within each
Ve : experiment, the power of the performed tests with respect to
40 gender was low and is acknowledged as a possible limiting
factor. Unless specified, all results hereafter are presented as

50 i
lggeans .E.M.

0 37.5 75 1125

Results
Water depth

In general,R. leukopsspent the majority of time lying
motionless on the bottom of the tank, often within the refuges
provided. Occasionally though, individugl leukopswould
display burst periods of activity characterised by multiple
surfacing episodes lasting from several minutes to a few hours
regardless of water depth. No difference was observed in
median dive duration Fz2g71.518; P=0.237), maximum
0 37.5 75 112.5 15@ive duration Fp2,28=0.987; P=0.385) and surfacings?®
(F[2,28=0.565;P=0.574) among the water depth treatments for
R. leukops(Table2). Increasing water depth did, however,
influence the distribution of dives undertaken Ry leukops
(F[2,28=3.902; P=0.032; Fig2). Significantly fewer short
dives (<15min) were recorded for the species at tBOwater
depth (13.0+4.9%) than at %6 (25.845.7%) and 106m
(24.4+7.2%P<0.05; Fig.2). Excluding short dives (<2&in),
modal dive duration foR. leukopsranged from 3®nin to
75min for the three depth treatments, while dives &0
accounted for up to 41.9+7.0% (18@) of logged immersions

Water depth (cm)

. — —— Fig. 2).
0 37.5 . 7 1125 15(0 Ascent time increased significantly with depth
Study site length (cm) (F2,28=37.752; P<0.001; Tabl®), with turtles at 15@m

Fig. 1. Water velocity profiles throughout the study area at triaf@King seven times longer to reach the surface fhaeukops
settings of (A) ms, (B) 15cmstand (C) 3a&ms. Major (solid @t 5Ccm depth P<0.001). Water depth also influenced the
lines) and minor (dotted lines) water velocity contours ¢chhwere  surfacing interval, with the percentage of emersions <60
computer generated based upon repeated water velocity recordingd®creasing significantlyF(2,2g=9.180; P<0.001; Fig.3) for
three depths (5, 25 and 4f) at each of five positions along the flume R. leukopsat 15Ccm depth (22.6+5.4%2<0.01) compared
(5, 37.5, 75, 112.5 and 14%&). A false floor with an inclined water to turtles at 5&m (42.4+7.1%) and 106m (36.2+5.1%).
deflector (1&m high) was positioned on the bottom of the flume. Additionally, R. leukopsproportionately logged three times
the number of long surfacing episodes (>6P@Gt 150cm
depth (11.8+3.1%) than at % (3.7+1.4%) and 106m
surfacing time could not be calculated. To achieve normalitydepth (3.2£1.1%; Fig3). Such changes in surfacing
the percentage of time spent in front of the deflector wabehaviour forR. leukopsamong water depths resulted in a
square-root and arcsine transformed=gpcsingp) prior to  significantly longer median surfacing time at 150
statistical analysis. Individual values for surfacing events pecompared to the other two treatmentS[26s=13.623;
trial and proportion of time spent in front of the deflector werd?,<0.001; Table2). At all three depths, surfacing time
averaged together within each gender for each treatment grotgpresented less than 4.0% of the total trial duration (range
for analysis using a two-way ANOVAPK0.05). Following 2.7+0% to 3.6+0.9%). No correlation was observed between
a significant finding, gost hocTukey's test was used to dive times and subsequent surfacing intervals for the three
investigate specific differences among groups. Wherwvater depth treatments (ranges—0.0854-0.0374; Figl),
assumptions of normality or equal variance failed, data wereith increased surfacing times recorded Rr leukopsat
ranked prior to analysis. 150cm depth being evenly distributed across the observed
For all diving and surfacing parameters recorded during thdiving intervals when compared to surfacing times atri0
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Table2. Summary of diving and surfacing behaviour Riteodytes leukopat three water depth treatments

Median dive Maximum dive Median surfacing
Water depth duration duration Ascent time duration
(cm) (min) (h) Surfacingé? (s) (s)
50 106.9+18.4 9.68+£1.20 0.52+0.08 13.0£1.1 91.8+12.6
100 95.5£23.0 9.24+1.49 0.51+0.07 58.01£5.1 102.0+12.7
150 133.2+20.4 7.82+0.80 0.43+0.06 98.4+13.1 176.8+27.5
Values are meanss£.m. (N=16).
Fig. 2. Comparison of the distribution of dive times
0.5 - 50 cm undertaken biRheodytes leukopd three water depths.
1100 cm . o . S
@ 150 cm Histograms are divided into 1Bin intervals. Values
are means *skeM. (N=16); asterisk indicates a
044 significant difference between water depths within a
3 surfacing interval <0.05).
§
g 0.3
5 Discussion
S 0.2 % Bimodal respiration offers organisms the
a flexibility to alter their respiratory partitioning to
changing environmental conditions for the
0.1 purpose of optimising ©uptake relative to the
cost associated with respiration (Boutilier, 1990).
With increasing distance to the surface, the
09 "15 30 45 60 75 90 105 120 135150-1450 Of optimal breathing (Kramer, 1988)
Dive time (min) prgdlcts .that 'blmodally respiring \{ertebrates will
shift their reliance towards aquatic routes of O
extraction in order to reduce the travel cost (i.e.
time and energy) associated with pulmonary gas
and 100cm water depth (Figl). Finally, vertical exchange. Previous investigations on bimodally respiring fish

displacementlay! increased significantly F(2,28=16.546;
P<0.001) from R. leukopsat 5Ccm (9.1+1.8m day?)
compared to turtles at 1@®n (31.2+5.8n day}) and 150cm
(35.5+5.5mday), with no difference being recorded
between the later two depthB=0.665).

Water velocity

and amphibians observed diminished air-breathing frequencies
and increased aquatic ventilation rates with increasing water
depth (Feder and Moran, 1985; Bevan and Kramer, 1986,
1987; Shannon and Kramer, 1988), indicating an elevated
reliance upon aquatic Ouptake (Graham et al., 1977,
Burggren, 1979; Johnston et al., 1983). Similar findings were
observed for the soft-shelled turtlErionyx sinensiswhere a

Qualitative differences were observed in the behaviol. of marked decrease in surfacing frequency and a concomitant
leukops among the three water velocity treatments. Atincrease in the ventilation of the aquatic respiratory organ (i.e.
5cms, R. leukopsappeared more active and moved morethe buccal-pharynx) resulted when water depth increased from
frequently between the front and the back of the study ared5cm to 45cm (Hua and Wang, 1993). However, no
With increasing water velocity, movement was reduced, withllifference was observed in the surfacing frequencyRof
R. leukopspending significantly less time in front of the waterleukopsas water depth increased, suggesting little to no change

deflector at 3@ms?t (2.1+2.1%; F[230=4.562; P<0.05;
Fig.5A) than at 1®ms?1 (25.4+11.2%) and Bms1t
(35.1+11.4%). AdditionallyR. leukopssurfaced significantly
fewer times per trial as water velocity
(F[2,30=19.926;P<0.001; Fig5B), with surfacing frequency
decreasing from 8.3x14%urfacingdrial~! at 5cms™1 (range
1-15surfacingdrial™}) to  0.4+0.3surfacingdrial~l at
30cmst (range 0-3urfacingdrial~1; P<0.001). Ten of the
twelve R. leukopgested at 3@ms did not surface during
their respective 8 trial.

in the respiratory partitioning of the species.
The relationship between water depth and surfacing
frequency in bimodally respiring vertebrates is dependent upon

increasedthe assumption that increased travel costs associated with

pulmonary respiration are biologically significant. Results
from this investigation, however, suggest that the costs
attributed to pulmonary gas exchange Rn leukopswere
probably minimal irrespective of water depth due to the
infrequent surfacing bouts recorded for the species. At the
deepest depthR. leukopdraveled only 35n in the vertical
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0.5+ Fig. 3. Distributions of surfacing time foRheodytes
leukops during water depth trials. Histograms are
divided into 60s intervals. Values are meanss£.M.

0.4 I ngoc?m (N=16); asterisk indicates a significant difference
150 cm among water depths within a dive duration interval

(P<0.05).

o
w
1
*

duration of 30—7%nin. As water depth increased,
T R. leukopdogged significantly fewer short dives,
suggesting a behaviour change to less active
dives. However, given that no qualitative
difference was observed in the activity leveRof
leukopsamong depth treatments, an alternative
consideration is that turtles in shallower water
were more likely to inadvertently breach the
o LMLIN A surface during active periods due to their
0 60 120 180 240 300 360 420 480 540 >600-Batively close proximity to the surface.
Surfacing interval (s) Irrespective of the reason, overall surfacing
frequency forR. leukopswas unaffected across
the treatment depths.
direction per day, thus raising doubts about the metabolic The theory of optimal breathing also predicts that with
expenditure associated with transit for atmospheric respiratiomcreasing water depth, bout times at the surface will increase
Additional support comes from the temporal cost of pulmonargue to an increased loading of oxygen into the lungs (Kramer
respiration, where surfacing accounted for less than 4% of trend McClure, 1981; Kramer, 1988). Although longer surfacing
total time budget oR. leukopsat all three water depths. times were observed fdR. leukopswith increasing water
A further consideration as to why water depth failed todepth, increased loading of oxygen into the lungs would
influence the surfacing frequency d&®. leukopsis the presumably translate into longer dives. Given that no
biomechanical cost of aquati@rsuspulmonary respiration. difference was observed in the diving performanceRof
The energetic expenditure of respiring water is considerabligukopsamong depth treatments, longer emersions are instead
greater than for pulmonary ventilation, given the high densityttributed to an increased depletion of oxygen stores at the end
and viscosity of watewersusair and the relatively low of the dive during the turtle’s ascent to the surface. Previous
concentration and diffusional coefficient of oxygen in waterTDR diving investigations on marine chelonians have also
(Boutilier, 1990; Dejours, 1994; Schmidt-Nielsen, 1997). Gillsuggested that extended surfacing bouts may be indicative of
ventilation in fish accounts for more than 10% of the animal’$actate oxidation resulting from anaerobic glycolysis (van Dam
metabolic cost (Jones and Schwarzfeld, 1974; Holeton, 198(nd Diez, 1996; Southwood et al., 1999; Hays et al., 2000);
while the oxidative expenditure of pulmonary respiration in the
freshwater turtleChrysemys picta belliamounts to only 1%
of the total energy budget (Jackson et al., 1991). Moreove

o
N
|

Proportion of total surfacings

(=
=
I

- > 500+ e50cm
compared to gill ventilation or cutaneous gas exchange 0100 cm
ventilation of the bursae sacsRnleukopss presumably more 4504 v150 cm
expensive due to the continual change in the kinetic energy 400+
water associated with tidal ventilation (Schmidt-Nielsen, & 350
1997). Therefore, the metabolic expenditure associated wi g 300 ;
increasing the aquatic 2Cextraction rate oR. leukopsmay 3
outweigh the cost saved by reducing the turtles’ air-breathin-5 250+ } } } } %
frequency with increasing water depth. However, in spite of & 200
presumably high cost associated with cloacal ventilatidR. in @ 1501 é % % % §
leukops the routinely long dives recorded for the species 100 é é % %
suggest a high reliance upon aquatic gas exchange regardl ¢
of water depth. 501

Although water depth did not affect the diving performance 0
of R. leukops(i.e. median and maximum dive time), water
depth did influence the distribution of dives undertaken by th
speciesR. leukopgyenerally displayed two dive types, short Fig. 4. Comparison of mean surfacing time per dive duration interval
submergences (<I&in) that were characterised by active for Rheodytes leukog the three water depth treatments. Values are
‘exploratory’ behaviour and longer resting dives with a modameans #s.e.m. (N=16).

15 30 45 60 75 90 105 120 135 150 >150
Dive time (min)
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50 Unfortunately, this study does not provide a direct

A assessment of respiratory partitioning between varying water
40 1 velocity treatments. Given that surfacing frequency is only a
rough estimate of a turtle’s dependence upon pulmonary
respiration, decreased air-breathing frequencies recorded at
301 . " . .
higher water velocities cannot conclusively be attributed to an

increased reliance upon aquatic respiration. Alternative

20 strategies including an increased depletion of lung oxygen
stores and a depressed metabolic rate while diving must be
considered. However, such alternative strategies alone cannot

account for the observed 20-fold decrease in surfacing

* frequency observed fdR. leukopsat higher water velocities.
> 15 30 In addition, although turtles possess a high potential for

anaerobic metabolism (Burggren and Shelton, 1979; Ultsch

10

Time in front of deflector (%)

10!/ B and Jackson, 1982), blood chemistry analysis indicatefRthat
leukopsavoids the development of a metabolic and respiratory
< 8l acidosis during voluntary dives of up to H4Gordos et al.,
8 2004).
g 6 Compared to the slow flowing pools, areas of fast-flowing
£ water exert a considerable physical force against animals
& 41 attempting to maintain their position within riffle zones (Facey
a and Grossman, 1992). For stream-dwelling fish, the metabolic
2 cost associated with maintaining a fixed position increased
with water velocity, regardless of whether the fish was a
0 — column dwelling or benthic species (Brett, 1964; Webb, 1971;
5 15 30 Facey and Grossman, 1990). Assuming a similar relationship

Water velocity (cm-sh) for freshwater turtles, results from this study suggestRhat

. i - i icrohabi
Fig. 5. The effect of water velocity on (A) the percent of bottom tlmeleukopspreferentlalIy selected low-velocity microhabitats to

whereRheodytes leukopssided in front of the deflector, and (B) the minimise the metabolic cost required to hold a position with

mean number of surfacings per trial RrleukopsValues are means !”Crea_s'”g water flow. Support fgr this asser.tlon comes from
+ seEM. (N=12). investigations on stream-dwelling salmonids, where the

distribution and abundance of fish in fast-flowing reaches is

determined by the presence of low-velocity cover (Fausch,
however, no correlation was observed between dive times ai®84; Cunjak and Power, 1987; Moore and Gregory, 1988;
subsequent surfacing durations at either of the three watBacey and Grossman, 1992; Meyer and Griffith, 1997;
depths, thus suggesting that turtles remained aerobic wh&fehanen et al.,, 2000). Moreover, McLaughlin and Noakes
submerged. (1998) calculated that utilisation of current—velocity refuges by

Unlike water depth, increasing water velocity significantlybrook trout EGalvelinus fontinalls decreased the fishes

impeded the surfacing frequencyRifleukopsthus supporting metabolic expenditure by 10%.
the argument that travel to and from the surface represents aThe results of the present study suggest that aquatic
significant cost forR. leukopsresiding within fast-flowing respiration allowsR. leukopgo inhabit and exploit fast-flowing
riffle zones. An elevated reliance upon aquatic respiratiorijffle zones, a niche from which primarily air-breathing turtles
which presumably translates into a decreased surfacirgye generally excluded (Ernst and Barbour, 1982; Cann, 1998).
frequency, may be metabolically more efficient Rarleukops  Benefits associated with riffle zones include an abundant food
compared to the expenditure (i.e. time and energy) associatedpply of aquatic macroinvertebrates, which are foraged upon
with air-breathing at higher water velocities. Additionally, almost exclusively byR. leukopsaptured within fast-flowing
surfacing within riffle zones may pose a threaRtdeukops  waterways (Legler and Cann, 1980; Cann, 1998), and possible
safety, with risk including injury from suspended debris andeduced predation risk (e.g. yrocodylus porosys Turtle
current displacement. Support for these assumptions comspecies attempting to exploit such an environment, however,
from field-based observations of diving behaviour fr have to contend with problems associated with high water
leukopsfollowing pulses of high water flow. During a flood velocity, including current displacement during surfacing
event in Marlborough Creek, a tributary of the Fitzroy River,and maintenance of position on the river bed. Aquatic
consecutive dives of 3.8, 2.2 and 2.8 days were recordedspiration allowsR. leukopsto exploit the high levels of
for R. leukops with subsequently short surfacing intervalsdissolved oxygen characteristic of riffle zones, which translates
(<5min) suggesting that the turtle remained aerobic (M. Ainto a reduced surfacing frequency and increased time available
Gordos, unpublished observations). for foraging, mating and resting. Furthermore, negative
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buoyancy presumably reduces the metabolic effort required faann, J. (1998). Australian Freshwater TurtlesSingapore: Beaumont

R. leukopsto remain on the river bed, while simultaneously _Publishing. . :
limiti h bl iated with disol (f‘unjak, R. A. and Power, G.(1987). Cover use by stream-resident trout in
imiting the problems associated with current displacemen winter: a field experimentN. Am. J. Fish. Manag, 539-544.

experienced by positively buoyant species when surfacin@ejours, P. (1994). Environmental factors as determinants in bimodal

Finally, R. leukopsat higher water velocities select sheltered _ Preathing: an introductory overviewm. Zool.34, 178-183. _
habitats behind d bstructi K d Ernst, C. H. and Barbour, R. W. (1989).Turtles of the WorldWashington,
abitats behind or under obstructions (e.g. rocks and organiCpc: smithsonian Institution Press. 313 pp.

debris; Legler and Cann, 1980; Cann, 1998), presumably ®acey, D. E. and Grossman, G. ¥1990). The metabolic cost of maintaining

avoid the increased metabolic cost associated with maintaininglf"’lsm_On lg; fqulr 'Z\“”Itgg"\;“;;rig‘;‘g stream fishes: effects of season and
; - . . velocity. Physiol. Zool 63, 757-776.
their position on the river bed when eXposed to the direct fIC)‘ﬁl’.':lcey, D. E. and Grossman, G. (1992). The relationship between water

of water. velocity, energetic cost, and microhabitat use in four North American stream

The findings of the present study further demonstrate the fishes.Hydrobiol. 239, 1-6. " o
. . h . . tal diti Eausch_,_ K. D.(1984). Profitable stream positions for salmonids: relating
interaction between changing environmental conditions and gpecific growth rate to net energy gadan. J. Zool62, 441-451.

the respiratory physiology of bimodally respiring vertebrateskeder, M. E. and Moran, C. M. (1985). Effect of water depth on costs of
For aquatically respiring turtles, water temperature and aquaticaerlal respiration and its alternatives in tadpoleRafa pipiensCan. J.

. . , . L. Z00l.63, 643-648.
Po, directly affect the animal's respiratory partitioning granin, c. E. (2000). Aquatic respiration and diving in the freshwater turtle,
strategy due to fluctuations in the demand and efficiency of O Rheodytes leukop3. Physiol.523P, 87S.
uptake (Gatten, 1980: Herbert and Jackson, 1985; U|tscﬁ,’atten, R. E., Jr(1980). Aerial and aquatic oxygen uptake by freely-diving

. L o snapping turtlesGhelydra serpentina Oecologia46, 266-271.
1985; Stone et al., 1992; King and Heatwole, 1994; Priest anhrdos, M. A. and Frankiin, C. E. (2002). Diving behaviour of two

Franklin, 2002). In addition, ecological processes such asAustralian bimodally respiring turtlesheodytes leukopand Emydura

predation risk and food availability are also known to influenc%gggguﬁfiu_” If‘r;‘rf‘lzﬁ;a'geg_ig%]a f?nﬁkﬁggcéféggéa)_ Seasonal changes

the surfacing patterns of air-breathing fish (Kramer and Braun, i, the diving performance of the bimodally respiring freshwater turtle,
1983; Kramer et al., 1983). Here we demonstrate that waterRheodytes leukops a natural settingCan. J. Zool81, 617-625.

; iNifi ; ; ita@ordos, M. A., Franklin, C. E. and Limpus, C. J.(2003b). Seasonal changes
velocity significantly alters the surfacing behaviour and habita® in the diel surfacing behaviour of the bimodally respiring tuRlegodytes

preference oR. leukopssuggesting an increased reliance Upon |eykops Can. J. Zool81, 1614-1622.

aquatic Q uptake due to elevated costs associated witl®ordos, M. A., Franklin, C. E., Limpus, C. J. and Wilson, G(2004). Blood
respiratory and acid-base changes during extended diving in the bimodally

pulmonary gas exchange. respiring freshwater turtleRheodytes leukops. Comp. Physiol. B 74
347-354
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