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Summary

The dynamics of bimodal respiration, diving behaviour
and blood acid—base status in the softshell turtiférachemys
scriptaand the pond sliderApalone feroxwere investigated
at rest and under conditions of stress induced by exercise
and forced submergence. During periods of forced
submergence, only A. ferox doubled its aquatic gas
exchange rate. BothA. feroxand T. scriptaincreased their
aerial gas exchange profoundly following exercise and
forced submergence, a pattern indicative of increased
anaerobic respiration. Emersion duration increased
significantly in A. ferox following forced submergence, and
mean apnoeic time decreased significantly imA. ferox
following exercise, indicating that a larger proportion of
time at the surface was spent ventilating. AlsoA. ferox
maintained a one-breath breathing bout regardless of
treatment. Submergence produced a respiratory acidosis in
the plasma of approximately 0.2 pH units in magnitude in
T. scriptaand a mixed respiratory/metabolic acidosis of
0.4pHunits in A. ferox Exercise induced an acidosis of
0.2 pHunits of primarily metabolic origin in both species.
Intra-erythrocyte pH was also reduced in both species in

response to submergence and exercise. Both intracellular
and extracellular acidoses were more severe and longer
lasting in A. ferox after each treatment. Plasma [HCQ]
decreased by 25% in both species following exercise, but
only in A. ferox following submergence. Plasma lactate
concentrations increased by equal amounts in each species
following exercise; however, they returned to resting
concentrations sooner ifT. scriptathan in A. ferox. A. ferox
had significantly higher lactate levels thanT. scripta
following forced submergence as well as a slower recovery
time. A. ferox, which is normally a good bimodal gas
exchanger at rest, utilizes aerial respiration to a greater
extent when under respiratory and/or metabolic stressT.
scripta, although almost entirely dependent on aerial
respiration, is physiologically better able to deal with the
respiratory and metabolic stresses associated with both
forced submergence and exercise.

Key words: turtle, Trachemys scripta softshell, Apalone ferox
bimodal breathing, aquatic gas exchange, exercise, forced
submergence, blood, acid—base.

Introduction

Testudines use water as a respiratory medium, exchangiegchangers to increase their reliance on aquatic gas exchange
O2 and CQ across nonpulmonary surfaces (Belkin, 1968;during periods of stress or increased metabolic rate has never
Jackson et al., 1976; Gatten, 1980, 1984; Stone et al., 1992bgen studied systematically.

As such, many turtle species are bimodal gas exchangers,One important physiological stressor is exercise, which can
exchanging respiratory gases with both air and water. Whilbe utilized as a physiological correlate of survival (Bennett and
the relative importance of aquatic gas exchange has beeétuey, 1990). Reptiles frequently undergo brief but sometimes
studied in only a handful of species, it has been documentéatense periods of burst exercise in escaping from predators
that the utilization of water as a respiratory medium variesnd/or capturing prey. During periods of increased anaerobic
widely (Jackson et al., 1976; Stone et al., 1992a). For examplactivity, an animal must cope with increased rates of CO

in members of the softshell family (Trionychidae), aquatic gagproduction and the accumulation of lactic acid. The resultant

exchange accounts for approximately 38 % of the ¥aand

respiratory and/or metabolic acidosis can be further

85% of the totaMco, (Gage and Gage, 1886; Stone et al..complicated if exercise takes place while the animal is

1992a), whereas in members of the Emydidae, aqiatic

submerged and therefore unable to utilize aerial gas exchange.

values range from 4% (Belkin, 1968) to 11 % (Jackson et alExercise has been studied in sea turtlébe{onia mydas

1976). Additionally, the ability of these bimodal

gas painted turtles Chrysemys picha pond sliders {rachemys
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scripta) and snapping turtlehelydra serpentina however, experimentation. Housing containers for both species were
these studies have focused on the metabolic costs of and factdms? in surface area and 1 m in height. Food was withheld for
affecting aerobic exercise (Gatten, 1974, 1988; Butler et alagt least 3 days prior to experimentation. Temperature remained
1984; Lowell, 1990; Jackson and Prange, 1979; Zani andetween 22 and 25 °C, and the photoperiod was approximately
Claussen, 1994). The acid—base status during the recovelgh:10h L:D. All experiments began between 06:00 and 10:00
from exhaustive exercise has been well documented in fidhand ended between 10:00 and 14:00 h.
(Wood and Perry, 1983; Boutilier et al., 1993) and in a few
terrestrial reptiles (Seymour et al., 1985; Gleeson and Dalessio, Respiratory gas exchange
1989), but acid—base status and the way in which turtles dealTurtles were placed in a Plexiglas chamber made up of a
with strenuous exercise have not yet been investigated imater-filled compartment (45 o5 cnx30cm) and a smaller
turtles, especially in those species that are aquatic and haae-filled breathing hood (13 cxi3 cnx15cm) built into the
varying abilities as bimodal gas exchangers. chamber lid. FolT. scripta the larger water compartment was
Another significant physiological stressor is any period ofeduced in size (25cx25cnx25cm) to measure changes in
submergence that is extended beyond a ‘routine’ dive duratioaquatic gas partial pressures more easily. The chamber
Turtles may extend dives beyond their aerobic capacity duringtructure was such that the turtle remained submerged in the
predator/prey interactions and certainly during hibernationvater compartment but could raise its head into the air-
(Ultsch et al., 1985). Whether members of the geékpedone  breathing hood for pulmonary ventilation. Both compartments
are able to increase aquatic respiration significantly in responseere fitted with ports from which gas and water samples were
to prolonged submersion is not known. collected (Stone et al., 1992a) and subsequently analyzed for
Species within the Trionychidae are so highly aquatic tha®, partial pressure and GOconcentration. To avoid
some have been reported to support resting metabolism solddghavioural acclimation (Stone et al., 1992b), each turtle was
via the aquatic medium (Dunson, 1960; Girgis, 1961)placed in the chamber for only one experiment.
However, it is not known whether resting aquatic gas exchange Each turtle was maintained in the chamber for at least 12h
is indicative of the maximal ability of the Trionychidae to prior to an experiment. Air-equilibrated water and fresh air
respire aquatically. It is possible that members of this familyvere suppliedvia a gas equilibrium column and air pump,
could increase aquathb,/Vco, during periods in which the respectively. This flow-through system was closed prior to the
animal is effectively cut off from aerial respiration or when anbeginning of each experiment. Water was continuously stirred
increase in metabolic rate places a higher demand ongtal during the experiment by means of magnetic stir bars to
Additionally, a comparison between Trionychidae andprevent the occurrence of;@nd CQ gradients. The small
Emydidae, a family containing characteristically poor bimodabkurface area of the air—water interface relative to the volume
gas exchangers, will aid in determining the comparativef water minimized movement of gases between phases. The
importance  of aquatic respiration under variousnegligible movement of gases was confirmed over 8 h periods.
physiologically stressful conditions. Pond slidefsachemys  Either hypercapnic (10% Cpwater or normoxic water was
scripta), Florida softshellsApalone feroxand spiny softshells tested, each with normoxic air, hypercapnic air or anoxic air.
(Apalone spiniferp were used in a comparison of restingEach air and water combination was replicated four times.
aquatic respiration to investigate inter-family differences aghere were no significant differences in either the air or water
well as intra-genus differences. scriptaand A. feroxwere  composition after the 8 h period.

used to compare resting aquatic respirattensusmaximal Resting gas exchange for the control treatment was
aquatic respiration to elucidate the degree of reliance on aeriaonitored for a period of 4 h. Air samples were taken at 0.5h
versusaquatic gas exchange in freshwater turtles. intervals, while water samples were taken at 2.0 h intervals.

The breathing hood was flushed with atmospheric air for 30s
after each air sample to minimize the build-up of hypoxic or
hypercapnic air. Before the treatments of forced submergence
Collection and maintenance of animals or exercise, the resting rate of gas exchange was measured in
Specimens oApalone spinifergLe Sueur) N=7; 3 male, 4 an identical manner. Turtles were submerged by filling the
female; mean mass 21961616 g; range 237-4225aglone  breathing hood with aerated water and then sealing this
ferox (Schneider) N=18; 17 male, 1 female; mean masschamber. For T. scripta experimental subjects were
1024+352Qg; range 409-59009g) anbBrachemys scripta maintained in the sealed, flooded chamber for 1.0h before
(Schoepff) N=28; 15 male, 13 female; mean mass 987+53 gsamples were collected. Fa&k. ferox aerated water was
range 545-1785g) (meanssi.M.) were trapped from the pumped into the breathing hood to forcibly submerge the
Tallapoosa drainage in Alabama, USA, using baited hoop netsimal; however, it was not immediately sealed. To prevent
or purchased through a commercial supplier. All animals weraquatic hypoxia or hypercapnia, water was continuously
housed in laboratory aquaria and were fed a combination gumped through the breathing hood for 30 min, after which this
trout pellets and ReptoMid libitum A. feroxandA. spinifera  chamber was sealed. Samples were collected 30 min after the
were housed individually, arid scriptawere housed in groups breathing hood had been sealed (a total of 1h of forced
of a maximum of five for at least 2 weeks prior tosubmergence). During recovery, the air compartment was

Materials and methods
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refilled with air, and samples were withdrawn more frequentlfapproximately 2 %). Surgical anaesthesia was characterized
to prevent excessive @epletion and C®build-up in the air by the loss of a withdrawal reflex in response to pedal
chamber. stimulation. A 2.5cm diameter section of plastron was
The exercise treatments utilized a similar protocol. In thisemoved from the ventral side ©f scripta exposing the right
case, the turtle was removed from the chamber following theubclavian artery (Jackson et al., 1974). PE 90 tubing was used
rest period and exercised in a large plastic pg@lcaudal to catheterize this artery and was secured using silk ligatures.
stimulation with tongs. A plastic screen was held over thédeparinized reptilian Ringer’s solution (Lippe et al., 1966) was
anterior portion of the turtle to ensure that no air was inspireftequently flushed through the cannula to prevent clotting. The
during the exercise period. Exercise proceeded to exhaustiazgnnula was then routed posterior to the right limb and secured
which was defined as the point at which a turtle no longeto the shell using rubber strips and superglue. The circular
responded vigorously to caudal stimulation (i.e. a turtle ngiece of plastron was replaced and sealed using plastic epoxy
longer attempted to escape the grasp). Because exercise usugllye and covered with a thin acrylic sheet to prevent exchange
lasted 5-8 min and was performed in a large volume of wateof fluids in either direction.
aquatic gas exchange was not measured during this period.In A. ferox surgical anaesthesia was obtained using 3-
Immediately following exercise, the turtle was returned to theminobenzoic acid ethyl ester (MS-222, Sigma Chemical Co.,
chamber in a closed, water-filled container to prevent it fronst Louis, USA). A dosage of 500 mgkgwas injected
breathing during the transfer. The metabolic chamber was thémtracoelomically, after which the turtle was immersed in an
sealed, and samples were taken during a 2.0 h recovery periadrated solution of 1 g MS-222 buffered to a pH of 7.0
in the same manner as during the recovery period in the forcéBagatto et al., 1997a). After surgical anaesthesia had been
submergence protocol. achieved, a semicircular flap of skin was cut and folded back,
Oxygen partial pressures were measured using a Radiometxposing the left subclavian artery (Ultsch et al., 1984; Bagatto
PHM72 blood/gas monitor equipped with an E50R6, et al., 1997b). Cannulation proceeded in the same manner as
electrode. Aquatic oxygen partial pressures were convertddr T. scripta after which the flap of skin was sutured and
into molar concentrations using solubility coefficients fromsealed with superglue. Animals were allowed at least 24 h to
Dejours (1975). Carbon dioxide concentrations were measuredcover from surgery.
using a Capni-con 5 total G@nalyzer (Cameron Instrument).
Mean aerial, aquatic and toi, andVco, were calculated for Blood analyses
each individual, and percentage aeN@, and Vco, were After a resting blood sample had been withdrawn, a turtle
calculated from these means. Individual means were used Wwas given one of two treatments. Forced submergence of 1h
determine the means£.m. of each variable for each species.involved placing a turtle in aerated water and fitting the
Data analyses were performed on the means of individuabntainer with a plastic grate so that the turtle could not

animals, not on individual observations. emerge. The exercise treatment was as described above. After
o o _ a resting blood sample had been withdrawn, additional samples
Ventilation and diving behaviour (800pI each) were withdrawn at 0, 30, 60, 120, 240 and

The ventilation and diving behaviour of each turtle was480 min following the forced submergence or exercise; these
monitored during all experiments (4 h duration) using a Daskvere replaced by equal volumes of heparinized reptile Ringer’'s
IV oscillographic chart recorder (Astro-Med). Fine-gaugesolution.
wires were fitted at opposite sides of the air—water interface Each blood sample was withdrawn into a gas-tight Hamilton
and connected to a Colborne 2991 impedance converteyringe and transferred into 0.5ml polyethylene tubes, which
(Morrow Bay, California, USA). Emersion, expiration, were quickly sealed and were always full when sealed. Care
inspiration and immersion were monitored as a function ofvas taken to minimize the exposure of the blood sample to
time by following the characteristic changes in impedance anvironmental air. Plasma was then separated from the
the air—water interface. During preliminary experiments, aorpuscular component using a Fisher model 235B micro-
video camera was used to confirm behavioural measurememtsntrifuge (3 min at 10 000 revs mi#), and the true plasma pH
observed on the chart recorder. Variables measured includgaHe) and plasm&co, were immediately measured using a
the duration of each immersion and emersion period, thBadiometer PHM 72 blood/gas monitor with associated G297
duration of each period of emersion apnoea, the number aficro-pH unit/K497 reference electrode (Radiometer,
breaths per breathing bout and the number of breathing bout®penhagen) and associated E201,> @@ctrode (Cameron
per emersion period (Stone et al., 1992b). Incompleténstrument), respectively. Simultaneously, a Corning model
immersion or emersion bouts in progress at the beginning &5 CQ analyzer was then used to measure the total carbon

end of an experiment were excluded from the data. dioxide contentTco,) of the blood plasma. The red cell pellet
was subsequently frozen in liquid nitrogen and thawed,
Blood acid—base status destroying the cellular structure and allowing determination of

Surgery intracellular erythrocyte pH (pHi) (Zeidler and Kim, 1977).

Trachemys scriptawere anaesthetized using a pre-Plasma lactate concentrations were measured on perchloric
anaesthetic of N@gas (10% in air) followed by Halothane acid extracts following the method of Lowry and Passonneau
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(1972). Measured values of true plasig, and Pco, were
used to calculate true plasma bicarbonate concentratic
([HCOz7]tp) using the following rearrangement of the
Henderson—-Hasselbach equation:

[HCO37]tpi = Tco, — (aco, X Pco,),

using values fooco, determined according to Boutilier et al.
(1984).

Statistical analyses

The means of the respiration and behavioural data for bor
species at rest were compared using an analysis of varian
(ANOVA) when assumptions of equal variance and normality
were met. A Kruskal-Wallis ANOVA on ranks was used wher
either assumption failed. For percentage data, arcsine-squa
root transformations were performed (Zar, 1984). The factor
of mass and sex did not significantly affect the variable:
measured and were not therefore included as covariate
Comparisons among rest and recovery, species and treatm
were calculated using a three-way ANOVA with repeatec
measures. For the blood characteristics, a two-way ANOV/
with repeated measures was used to determine the differenc
among species, treatments and time intervals. All data we
analyzed for significance at ti#=0.05 level using SigmaStat
for all procedures, except the three-way repeated-measur
ANOVA, which was analyzed using SPSS. All values
presented are means &E.m.

Results
Respiratory gas exchange

All three species relied primarily on air for, Qiptake;
however, bothA. spiniferaand A. feroxwere able to acquire
aquatic Q at a significantly greater rate thah scripta
(Fig. 1A). The totaMo, of T. scriptawas 62.7+7.8 mlkgth™1;
twice the value reported by Belkin (1968). The ta#al of A.
feroxwas similar to that of. scriptaat 52.0+3.4mlkglth1,
and A. spiniferahad a significantly lower totalo, than the
other two species of 21.6+2.0 miég1 (H=23.6;P<0.0001).
The totalVo, of A. spiniferawas similar to but slightly lower
than the value of 28.6 mlk§h~1 measured by Stone et al.
(1992a). The ratio of aquatido, to total Vo,, a standard
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Fig. 1. Resting mean aquatic and aela} (A) and Vco, (B) in
Trachemys scripta(N=23), Apalone ferox(N=15) and Apalone
spinifera (N=7). Letter groups indicate those species that are not
significantly different from each other within each variable
measured. Values are meansetm.

measure of an animal’'s degree of reliance on water for ge..
exchange, was significantly different among the three speciessulted in the highest totalco, of 64.1+6.0mlkgth-1

(H=35.1;P<0.0001).T. scriptarelied the least on aquatit,,
exchanging 5.1 % of the totab@ia water, whileA. feroxwas
intermediate (11.7 %) andl. spiniferawasthe most reliant on
aquatic gas exchange (21.7 %).

Because of the greater solubility of €@an Q in water,
rates of aquatic C£excretion Yco,) were approximately five
times greater than those for aquaifs,. A. spiniferaand A.
ferox had a significantly higher aquatito, than T. scripta
(H=30.6; P<0.0001), wherea3. scriptaand A. feroxhad a
significantly higher aeriaMco, than A. spinifera (H=23.3;
P<0.0001) (Fig. 1B). Thereforeéd. ferox maintained a high

compared with 45.0+4.6 mlkgh=! for T. scripta (half the

value measured by Jackson et al, 1976) and

29.0+3.0mlkglh-1 for A. spinifera(almost identical to the

value measured by Stone et al., 1992a). With aquatic and aerial

CO, excretion partitioned almost equally An ferox the ratio

of aquatic to totaVico, was 55.0%T. scriptarelied the least

on water for CQ excretion (27.7 %), whilé\. spiniferawas

the most reliant on water (81.8 %)5245.1;P<0.0001).
AquaticVo, andVco, in T. scriptadid not change significantly

in response to either exercise or forced submergence. Exercise

did not have a significant effect on aquatic gas exchange in

CO; excretion rate both aquatically and aerially, whichferox however, this was not true during forced submergehce.
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ferox demonstrated the ability to increase aquetic(F=10.4;  CO; excretion increased in both species in response to exercise
P<0.0036) and/co, significantly £=19.8;P<0.0003), each by and forced submergence (exerci$e=47.09; P<0.0001;
twofold, during the submergence period. submergencd==111.3; P<0.0001) (Fig. 2B). InT. scripta
Exercise and forced submergence both produced aaerialVco, increased by fivefold following both exercise and
increased aerial demand for, @ T. scriptaand A. ferox  forced submersion and returned to resting values by 60 min
(Fig. 2A). In T. scripta aerial Vo, increased by fourfold in after each treatment. Aeridkco, in A. feroxincreased by
response to exercise and forced submergence, and these vakegenfold immediately after both exercise and forced
remained significantly higher than resting values until 30 mirsubmergence and returned to values for resting turtles by
after each treatment (exercisd==76.82; P<0.0001; 60min following each treatment. The increase following
submergenceF=188.9; P<0.0001). InA. ferox aerial Vo,  forced submergence . feroxwas significantly greater than
increased by fourfold following exercise and by fivefoldthat exhibited byT. scripta following the same treatment
following forced submergence. The increase following forcedF=4.53;P<0.0036).
submergence if\. feroxwas significantly greater than that
exhibited byT. scriptafollowing the same treatmerf£4.86; Ventilation and diving behaviour
P<0.042). AerialVo, in A. feroxreturned to resting values by At rest, each of the three species had a distinct ventilatory
60 min post-submergence, but ae¥kal remained significantly and diving pattern. Individual dives i scriptawere short,
higher than resting values even at 120 min post-exercise. with a mean duration of 5.3+0.6 min (Fig. 3A). & ferox
In addition to increased aeriab@emand, the rate of aerial
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Fig. 2. Mean aerialio, (A) andVco, (B) in Trachemys scriptéN=8 bouts per per per
exercise; N=8 forced submergence) andpalone ferox (N=6 emersion bout emersion

exerciseN=6 forced submergence) at rest (R) and after exercise ar...

forced submergence. The dotted vertical line represents the time Fig. 3. (A) Mean durations of immersion and emersion behaviour
application of the treatment. Asterisks indicate significant differenceand (B) mean number of ventilation behaviour3iachemys scripta
from corresponding resting values. The dotted brackets represeni(N=23), Apalone feroXN=15) andApalone spinifergdN=7) at rest.
grouping of data for the purpose of expressing significance. A doubLetter groups indicate those species that are not significantly
dagger (f) denotes a significant difference between species at tldifferent from each other within each variable measured. Values are
corresponding time interval and treatment. Values are mesasit means 4S.E.M.
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mean dive duration was significantly longer (12.0£3.1 minwere subjected to exercise and forced submergence, the
(H=26.7;P<0.0001), and mean dive duration was longer stillresultant increase in breathing frequency significantly reduced
in A. spinifera(22.9+2.5min, a value twice that measured bythe ratio of apnoeic time to total emersion time.
Stone et al., 1992b). Dive duration was not significantly altered The longer emersion durationsTinscriptaallowed them to
in T. scriptaor in A. feroxby either exercise or submersion undergo a significantly greater number of breathing bouts per
(Table 1). emersion period (13.9+1versus5.1+0.5 forA. feroy, and
While dive duration increased significantly from the leastooth performed significantly more breathing bouts per
aquatically dependent specieg. (scriptd to the most emersion period thanA. spinifera (1.6+0.3) H=32.0;
aquatically dependent specids §piniferd, the reverse trend P<0.0001) (Fig. 3B). The number of breathing bouts per
was true for emersion duration. The mean emersion durati@mersion period did not changeTin scriptafollowing either
of T. scriptawas significantly longer than that far ferox and  exercise or forced submersion (Table 1). Howeyerferox
both these species had significantly longer emersion times thaignificantly increased the number of breathing bouts per
A. spinifera (H=32.3; P<0.0001). Emersion duration i.  emersion in response to exercise and forced submergence by
scripta was unaffected by exercise and, although an 83%actors of 5.5 and 5.8, respectivel=17.4;P<0.0006).
increase was noted after forced submergence, it was notAt rest, A. spiniferaand A. ferox were more similar in
significant (Table 1). Emersion durationAn feroxincreased ventilatory characteristics compared To scripta (Fig. 3B).
fourfold after forced submergendd<11.5;P<0.009), but did Both species retained a one-breath-per-bout behaviour that was
not increase significantly after exercise. unaltered by either submergence or exerdisscriptautilized
Emersion in all species was characterized by intermittersa multi-breath bout, demonstrating a significantly greater
bouts of breathing separated by periods of apnbespinifera  number of breaths per bout than béthspiniferaandA. ferox
displayed significantly shorter apnoeic bouts than bbth (H=36.1; P<0.0001). In response to exercis€, scripta
scripta and A. ferox (F=5.76; P<0.006) (Fig. 3A). Emersion significantly increased the number of breaths per bout by
apnoea was not significantly altered by the treatments exceptofold (F=4.0; P<0.0172) (Table 1).
in A. ferox after exercise, in which the mean apnoeic bout In T. scripta at rest, the number of breaths taken per
length decreased by 58% compared with the correspondirggnersion period was significantly greater thaA.ifierox and
resting value §=10.8;P<0.02) (Table 1). values for both these species were significantly greater than for
Another diving behaviour measured was the ratio of totaR. spinifera(H=38.5;P<0.0001) (Fig. 3B). Following exercise
apnoeic time during a given period of emersion to totabnd forced submersiof,. scriptaincreased the total number
emersion time. This conveyed the proportion of breathing timef breaths per emersion each by twofdtd-2.58; P<0.042)
versusapnoeic time when the turtle was at the surface. (Table 1).A. ferox however, responded to exercise and forced
spiniferaspent a greater proportion of emersion time breathingubmergence by increasing the number of breaths per emersion
compared with the other two species, with 73.0+7.8% of théy factors of 5.5 and 5.8, respectiveli={.58;P<0.0014).T.
emersion time allotted to apnod&a#.01;P<0.025).T. scripta  scripta exhibited significantly more breaths per emersion
andA. feroxboth spent less time at the surface breathing, witiperiod tharA. feroxfor any given treatment.
86.4+1.6% and 88.3+2.6% of the emersion time spent in The mean breath length (measured from the beginning of
apnoea, respectively. However, wheénscriptaandA. ferox  exhalation to the end of inhalation) Bfscripta(2.1+0.1 s) was

Table 1.Mean durations and numbers of ventilation behaviourerathemys scriptand Apalone feroxat rest, during and after
forced submergence and after exercise

T. scripta A. ferox
Exercise Submergence Exercise Submergence
Before After Before After Before After Before After
Dive duration (min) 4.61+0.97 4.55+2.86 4,73+1.17 4.56+1.39 8.25+1.00 6.03+1.90 9.31+1.80 6.76%1.36
Emersion duration (min) 19.0+£3.3 19.5+3.9 24.4%5.4 43.8+16.8 6.8+1.8f 20.0+8.4 5.2+1.0% 19.4+£3.0*
Emersion apnea (min) 1.10+0.13 0.87+0.15 1.50+0.18 1.13+0.19 1.29+0.22 0.54+0.09* 1.17+0.33  0.65+0.09
Number of bouts per 15.1+2.1 16.2+3.3 16.8+3.9 29.4+10.3 5.0#0.8f 27.6+6.9* 5.4+0.8f 31.6x7.7*
emersion
Number of breaths per 5.2+0.7 10.7+1.8* 5.8+1.4 6.3+0.8 1.1+0.1% 1.1+£0.1% 1.2+0.2% 1.3+0.3%
bout
Number of breaths per 75.3+12.3 167.3+36.4* 76.4+16.3 163.3+40.7* 5.8+1.5% 32.0+9.8M4+1.2F  37.3x7.4%
emersion

Values are meansst.M., N=8 for T. scriptg N=6 for A. ferox
Asterisks indicate significant differences from corresponding resting values; double daggers (1) denote significant diffénemes b
species at corresponding treatment values.
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significantly shorter than that fok. feroxand A. spinifera 809 A
(4.7£0.6s and 5.1+0.3s, respectivelyy=@9.1; P<0.0001). ,
Mean breath length was not significantly altered by either ¢ 797 , + ¥
the treatments iA. feroxor T. scripta L 78 '
o
Blood acid-base status % 7.7 -
In A. feroxandT. scriptg plasma pH (pHe) and intracellular T 56
pH (pHi) decreased significantly in response to exercise ar '
forced submergence (Figs 4, 5). The acidosis produced t 75 -
exercise was primarily metabolic in origin for both species @ Control
. . N : O Exercise
whereas the acidosis produced by forced submergence w 74 * m Submergence
almost completely of respiratory origin scriptaand mixed
in A. ferox(see below).
Plasma pH inT. scripta decreased by 0.18pHunits in 37 B
response to exercise, returning to resting values by 30m
(F=45.33;P<0.0001) (Fig. 4A). IMA. ferox pHe decreased by T 727
the same amount; however, resting values were not restor g 214
until 60 min post-exercise (Fig. 5A). Plasma pHTinscripta =
andA. feroxdecreased by 0.20 and 0.31 pH units, respectively '§ 70 -
E
6.9
6.8

Time (h)

Plasma pH

Fig. 5. Mean blood plasma pH (A) and intra-erythrocyte pH (B) in

Apalone feroXN=5 control;N=7 exerciseN=6 forced submergence)

at rest (R) and after exercise and forced submergence. The dotted

7.5+ : vertical line represents the time of application of either treatment.

: b Contrpl Asterisks denote a significant difference from both the resting value

7.4 O Exercise and the corresponding control value. Double daggers (%) indicate a

m Submergence N . . ; -

significant difference from the resting value only. § signs indicate a

significant difference from the value férachemys scriptésee Fig. 4)

at the corresponding treatment and time. Values are mesns +

in response to forced submergence, and resting values returned
by 30 min in each specieB£45.52;P<0.0001).

Intracellular erythrocyte pH also exhibited a significant
decline after exercise in each species24.08; P<0.0001)
(Figs 4B, 5B). InT. scripta pHi decreased by 0.15 pH units in
: response to exercise, with resting values returning by 30 min.
6.9 In A. ferox a similar decrease was noted which recovered by

: T. scripta 60 min. A. feroxpHi values remained significantly lower than
6.8 - i the corresponding. scriptavalues at each sampling interval
— : until 120 min post-exercisd=€13.3; P<0.0026). Intracellular
R 0o 1 2 4 3 pH in T. scriptadecreased by 0.13pHunits in response to
Time (h) forced submergence, returning to resting pHi values by 30 min
(F=24.26;P<0.0001). InA. ferox pHi decreased by 0.26 units

Fig. 4. Mean blood plasma pH (A) and intra-erythrocyte pH (B) in. .
Trachemys scripta(N=7 control: N=9 exercise: N=10 forced immediately after forced submergence and had recovered by

submergence) at rest (R) and after exercise and forced submergen&1 _mln.A. feropol valges remained significantly onver thaf‘
The dotted vertical line represents the time of application of eithe'€ corresponding. scriptavalues at each sample time until
treatment. Asterisks denote a significant difference from both thé20 min post-submergence.

resting value and the corresponding control value. Double daggers As pH declined following exercise, a concurrent decrease in
(1) indicate a significant difference from the resting value onlyplasma bicarbonate concentration was also noted in each
Values are meansse.m. species K=16.63; P<0.0001) (Figs 6A, 7A). Plasma

Intracellular pH
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bicarbonate concentrations decreased by 25% immediatelgrox and [HCQ™] did not return to resting levels until
following exercise inT. scriptg with resting values being 240min post-submergenceE=5.08;P<0.0002).

achieved by 60min post-exercise. . ferox plasma The partial pressure of GQPco,) in the plasma did not
bicarbonate concentration did not reach its maximal decreasbange in either species after exercise (Figs 6B, 7B). Plasma
of 25% until 30 min post-exercise, but this also recovered b¥co, did not change ifT. scriptaafter forced submergence;
60min. Forced submergence had no effect on kCO however, there was a transient increase of 30 &) in A.
concentrations iff. scripta Thirty minutes post-submergence, feroximmediately after forced submergence.

a maximal decrease of 30% in [HePwas exhibited inA.

40 —
404 A A
a
T = 351
g E
~ 30 ]
£ 20- =
"o o
O
§ - £ 251
frul ©
©
§ 20 - g 207 ¥* % [ ) Contrpl
[an O Exercise
15 - 15- ' B Submergence
@ Control
25 - B O Exercise 25
; B Submergence
5 20 S 20~
5 20 2
E E
E 15 <7
S &
= c 10
z 5
o o g

T. scripta

Plasma [lactate] (mmol I%)
Plasma [lactate] (mmol |1)

Time () Time (h)

Fig. 7. Mean plasma bicarbonate concentration (A), plasma CO
Fig. 6. Mean plasma bicarbonate concentration (A), plasma CCpartial pressure (B) and plasma lactate concentration (&patone
partial pressure (B) and plasma lactate concentration (C) iferox (N=5 control;N=7 exerciseN=6 forced submergence) at rest
Trachemys scripta(N=7 control; N=9 exercise; N=10 forced (R) and after exercise and forced submergence. The dotted vertical
submergence) at rest (R) and after exercise and forced submergerline represents the time of application of either treatment. Asterisks
The dotted vertical line represents the time of application of eithedenote a significant difference from both the resting value and the
treatment. Asterisks denote a significant difference from both thcorresponding control value. § signs indicate a significant difference
resting value and the corresponding control value. Double daggefrom the value for Trachemys scripta(see Fig.6) at the

(¥) indicate a significant difference from the resting value only. Acorresponding treatment and time value. A star indicates a significant
star indicates a significant difference between treatments at a givdifference between treatments at a given time interval. Values are
time interval. Values are means#.m. 1 mmHg=0.133 kPa. means 1s.e.m. 1mmHg=0.133kPa.
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With the significant decrease in blood pH, there was also @xchanger, may be more indicative of the minimal ability of
concurrent increase in plasma lactate concentration immediatedgjuatic turtles in general because this is consistent with aquatic
following exercise F=53.36;P<0.0001) (Figs 6C, 7C). IT. = Vco, values from another poor aquatic gas exchanger,
scripta plasma lactate concentration increased by 6.21 minoll Chelydra serpentina30%; B. Bagatto and R. P. Henry,
Recovery in this species was variable after exercise; howevempublished observations). Jackson et al. (1976) reported an
resting lactate concentrations returned by 240 min. An increasguaticVco, of 10.5% forT. scripta however, their totalico,
in lactate concentration of 6.61 mmdilwas observed iA.  was more than twice that of the present study and was probably
feroxfollowing exercise, with recovery apparent by 480 min. Innot a true resting value, which may have led to an
T. scripta forced submergence increased plasma lactatenderestimation of the importance of aquitio,.
concentration by 5.05mmofl Significantly raised lactate
levels were maintained following the forced submergencé&ffects of submergence and exercise
treatment inT. scriptauntil 240min post-treatmenf. ferox In response to forced submersion, the first sign of respiratory
exhibited a remarkable trend in that forced submergenagglasticity was noted ii\. feroxbecause this species increased
produced an increase in lactate concentration of 7.72 mioll both aquatidvo, andVco, by twofold. Increasing aquatic gas
the largest increase of the studi=90.83;P<0.0001). During exchange may involve more frequent buccal pumping (Belkin,
forced submergence, lactate levelgirferoxwere significantly  1968) and/or increased capillary perfusion to the skin and
higher than the corresponding values Torscriptaat each  buccal cavity, especially during exerciga increased cardiac
sampling time until 480 min post-treatmeRt(7.73;P<0.001).  output. The present study confirms that highly aquatic turtle
Lactate levels irA. feroxremained six times higher than at restspecies can alter their aquatic gas exchange and that this can
at 480 min post-submergence. be achieved more rapidly that previously reported (Belkin,

1968). Aguatic gas exchange remained minimal.iscripta
and did not change in response to either of the treatments. This

_ Discussion confirms the aerial dependenceTofscriptaand suggests that
Respiratory gas exchange aquatic gas exchange is not plastic for every species; certainly
Rest not in species that are highly dependent on air.

The partitioning of oxygen uptake between air and water was Although A. ferox has the ability to increase cutaneous
unique for each species. These data, which were consistent witfspiration during continued forced submergence, this probably
previous studies of. scriptaandA. spinifera support the idea did not occur during intense anaerobic exercise. Additionally,
that among bimodal gas exchangers there is a spectrum of abilégA. feroxrecovered from each of the treatments, direct access
with regard to aquatic gas exchange that is related to overadl air reduced the degree of utilization of aquatic gas exchange.
reliance on water (Stone et al., 1992a). Absolute values for tot@ihis was especially apparentAn feroxduring recovery from
and aquatid/o, in the present study were different from thoseforced submergence. During submergerceferoxincreased
reported previously for the same species (Belkin, 1968; Stone lebth aquatic @uptake and aquatic G@xcretion by twofold,;
al.,, 1992a), but these differences did not change the genetawever, these rates decreased to resting levels once access was
pattern of how gas exchange was partitioned between air agilen to air during recovery.
water. AlthoughA. spiniferaandA. feroxhad a similar aquatic Forced submergence had a greater impagt deroxthan on
Vo,, it accounted for a significantly larger proportion of aquaticT. scripta an unexpected result (Fig. 2). Because ferox
gas exchange iA\. spinifera A. feroxis generally found in ventilate their lungs far less frequently th&n scripta we
sluggish streams, lakes and ponds and may not, therefore, lpgothesized thatA. ferox could easily withstand forced
able to rely on aquatic£s much a#. spiniferaMount, 1975).  immersion for 1h. Apparently the 22breathslare vital to
Slow-moving or stagnant water has a variable partial pressure ksting metabolism; denying aerial respiratiof\tderox even
Oz and is often hypoxic. It would not, therefore, be advantageousr 1 h, resulted in a large shift towards anaerobiosis as shown
for A. feroxto have a high aquatié, if this source of @Qwere by the blood acidosis and increase in circulating lactic acid
not constantly available. Furthermore, animals that have higlevels. Preliminary data usiny spiniferashow the same trend
aquaticVo, values could potentially lose2Grom the blood if  even though this species only breathes approximately twice per
the animal were exposed to a hypoxic environment (Belkinhour.Apalonespecies appears to operate at the aerobic/anaerobic
1968). Randall et al. (1981) documented such a transfer ¢reshold, taking in enough2@ remain aerobic under resting
oxygen from blood to wateria the gills whenAmia calvaa  conditions. Thus, a disturbance in the natural rhythm of
bimodally breathing fish, was exposed to hypoxic water. ventilatory and diving behaviour in these highly aquatic species

Aguatic Vco, has always been found to exce¥d, in seems to force them into anaerobic respiration.
bimodal gas exchangers, primarily because of the greater
solubility of CQ in water (Wood and Lenfant, 1976). Again, Ventilation and diving behaviour
even though the absolute values of total and aqivatic in Rest
the present study differ from those reported previously, the The more dependent a turtle species was on aerial respiration,
partitioning pattern remains the same. Furthermore, the valdke longer it stayed at the surface and the shorter were its dives
of 27.7% aquaticVco, for T. scripta a poor aquatic gas (Fig. 3).A. spiniferasupport a large percentage of their resting
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metabolismvia non-pulmonary avenues and have adopted ¢he number of ventilation bouts per emersion (Table 1).
diving pattern similar to that of lungfish (Graham and Baird However,A. feroxdisplayed a significant decrease in emersion
1982; Kramer, 1988), which come to the surface only for a singlapnoea duration after exercise, which may be the reason that the
breath, then submerge aga#. spiniferahave also evolved a increase in emersion duration after exercise was not significant.
one-breath bout, characteristic of highly aquatic species such Agkhough there were no significant differences in diving
sea turtleChelonia mydag¢Butler et al., 1984) and sea snakesbehaviour after either treatmeft,scriptaspent almost twice as
(Graham, 1974). This one-breath breathing pattern was alsouch time at the surface after forced submergence, most likely
present inA. ferox however, their increased reliance on aerialto accommodate the increased number of bouts per emersion.
respiration was associated with increased numbers of breathingA. feroxretained a one-breath-per-bout pattern at all times;
bouts per emersion and, thus, more breaths per emersioh. tharthus, the response of increasing breath frequency was simply a
spinifera T. scriptawas highly dependent on aerial respirationreflection of increased bout frequency (Table 1). This indicates
and, thus, displayed characteristics typical of terrestrighat the characteristic of a one-breath bout is not plastic or
breathing patterns (a multi-breath bout). reserved only for resting metabolism. These aquatic turtles have
Most reptiles undergo variable periods of apnoea (Wood anelolved a trait that is seemingly unalterable, even under extreme
Lenfant, 1976). Mean lengths of apnoeic period§.iscripta  physiological conditions. This species-specific number of
andA. feroxwere 90 and 60 s, respectively. The mean emersiobreaths per breathing bout was also documentdgiriosternon
apnoea duration fok. spiniferawas 36 s and was very similar leucostomumand Staurotypus triporcatusfollowing forced
to the value of 29s measured by Stone et al. (1992b). As tlsabmergence (B. Bagatto, B. Hange and R. P. Henry,
capacity of a species for aquatic gas exchange increasedpublished results). It was therefore interesting to note that
emersion times decreased (Stone et al., 1992b) and so did #heercise resulted in a significant increase in the number of
duration of apnoea. It appears that the more efficient a specibeeaths per bout ili. scripta It is not known whether exercise
becomes at aquatic gas exchange, the more it approaches wwild have a similar effect on breathing bouts in other species
condition observed in primitive lungfish; a one-breath bout antlighly dependent on air. Perhaps exercise is so stressful that the
virtually no apnoeic period at the surface (Kramer et al., 1983ncrease in breathing frequency required for recovery causes
Kramer, 1988). breathing bouts to fuse, creating one long bout. This was
Agassiz (1857) noted that the more aquatic turtle species hadrtainly the trend iff. scriptaimmediately following exercise.
significantly reduced lung volumes. In contrast, athpinifera
and A. feroxhad significantly longer breath durations than Blood acid—base status
scripta, even after correction for differences in mass. LungExercise
surface area and diffusion distance aspects aside, it seems thathe magnitudes of the decreases in pH and [kiC®ere
A. spiniferaandA. feroxare able to ventilate more deeply as asimilar in bothT. scriptaand A. ferox indicating that brief
result of having a less rigid outer shell structure and a reducédtense anaerobic exercise had a similar physiological effect.
plastron. This would allow the visceral volume to vary to at was apparent that the high aquatic to aerial gas exchange
greater extent, creating large intrapulmonary subatmospherniatio in A. feroxneither delayed the onset of anaerobiosis nor
pressures, as found @helydra serpentinby Gaunt and Gans aided the recovery from exhaustive exercise. In response to
(1969). AlthoughT. scripta have a larger lung volume per exercise,T. scriptawas better able to cope with the metabolic
kilogram, their shell morphology allows them to produce onlyacid load. Because of the compartmentalization of lactate
shallow breaths, requiring them to ventilate more quickly, as iwithin the body and long lag periods associated with
the case for other strictly terrestrial species (Gans and Hughéstercompartmental transfers (especially from muscle to
1967). Thus, a one-breath bout is probably related to more thatood), blood lactate concentrations cannot be used to quantify
just a high level of aquatic gas exchange. Anatomical as well &ise total amount of anaerobic metabolism (Bennett, 1994).
other physiological variables may also relate to the existence bfowever, relative levels of anaerobiosis can be compared
this seemingly unalterable phenomenon. between species and treatments using blood lactate level as an
Another explanation of the utilization of the one-breath bouindicator, assuming equal perfusion and equal exchange rates
may involve the higher blood levels of €@n terrestrial between compartments. As with pH and [HCIO exercise
reptiles. BecausA. spiniferaandA. feroxare able to transfer produced similar lactate levels i scriptaand A. ferox T.
a significant proportion of C£nto water, they may not need scriptametabolized lactate to within resting levels by 4 h post-
to increase ventilation frequency in order to void.@@rially.  exercise, wheread. feroxdid not reduce plasma lactate to
T. scripta as well as other terrestrial reptiles, may use manyesting levels until 8h post- exercise. There are no published
short breaths to reduce blood £@vels, while concurrently data describing the total blood volume of species in the genus
obtaining the required amount o (Rahn and Howell, 1976). Apalone however, anecdotal evidence suggests that it is not
significantly different from that ofT. scripta Therefore,
Effects of submergence and exercise assuming that exercise produced a similar amount of lactate in
BecauseA. feroxdid not alter their apnoeic period durations both species (even though relative levels in the blood plasma
following forced submergence, compared with at rest, thevere slightly higher inl. scriptd, A. feroxdid not have the
emersion durations had to increase to allow for the increase ability to remove plasma lactate as effectivelyrascripta
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Forced submergence (Ultsch et al., 1985), massive amounts of lactic acid are
Both A. feroxandT. scriptautilized anaerobic metabolism nonetheless produced (Ultsch and Jackson, 1982, 1895).
during the forced submergence period. It was surprising thétrox in contrast, has been documented to increase its aquatic
A. ferox could not withstand the short duration of forcedoxygen uptake in response to decreasing water temperature and

submergence, which produced the largest pH decrease of atgncurrent increasing oxygen solubility (S. Prassack, B.
treatment. Even though aquatic gas exchange was significanBagatto and R. Henry, unpublished results). It is not known
increased during forced submergence, this was apparently nghetherA. feroxundergoes anaerobic metabolism during the
sufficient to sustain aerobic metabolism. winter, but it is possible that gas exchange to support resting
Plasma bicarbonate level decreased profoundW.iferox  metabolism may be almost exclusivelia the water. Given
following forced submergence; however,scriptamaintained  this, the severe anaerobic bouts thatcriptaexperience during
resting levels of bicarbonate throughout recovery, furthehibernation are likely to give them a physiological advantage
supporting the suggestion that this treatment did not createwehen dealing with anaerobic respiration at any other time.
long-lasting physiological disturbance. This indicates that The findings of this study aid in defining more clearly the
scriptamay have a larger reservoir of HgQwith which to  extent to which turtles rely on the aquatic environment for gas
buffer the by-products of anaerobic metabolism. Smith (192%xchange. Even though the ability to increase aquatic gas
noted that freshwater turtles, suchlascriptg possess a large exchange in response to forced submergence may be universal
volume of coelomic fluid with a pH more alkaline than plasman species highly dependent on aquatic respiration, the resultant
and having a HC® concentration three times that of plasma.metabolic demands created by exercise and submergence force
BecauseT. scriptahave a higher volume to surface area ratiothese species to revert to aerial gas exchange. Members of the
this coelomic fluid may be present in greater quantity and makamily Trionychidae have evolved a remarkable ability to
be utilized to a greater extent in buffering acidoses producesktract @ from and void CQ into the aquatic medium;
by anaerobic respiratio. ferox having a large surface to however, this appears to be an integral part of respiration only
volume ratio, is equipped for increases in aquatic gasnder resting conditions.
exchange, indicating that the role of coelomic fluid as a buffer
may have been reduced or lost. We would like to thank C. Guyer for his help with the
The hypothesized advantage thateroxhad ovelT. scripta  statistical analyses and with editing the manuscript. We also
in avoiding anaerobic respiration via non-pulmonarythank M. Mendonca for her helpful comments on the
respiration during forced submergence was not confirmegnanuscript. This research was supported by an Auburn
Even thoughA. feroxdoubled its rate of aquatic G@xcretion  University Graduate Student Research Award to B.B. and by
during forced submergence, an increase in plaBpm was  NSF IBN 93-04844 to R.P.H.
nonetheless observed (Fig. 7). Furthermore, since the resting
aerial CQ excretion rate irA. feroxwas as high as that ih
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