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ABSTRACT---Nadeau, M. R. 1979. Comparisons of heart rate and 

duration of submergence during voluntary diving in three species 

of turtles. 

Kansas. 

Master's Thesis. University of Kansas. Lawrence, 

Differences in heart rates during diving and the duration of sub-

mergence between turtles representing three different families were 

related to the habits of those animals. Electrocardiograms were re-

corded from 12 turtles of varying body size and of both sexes during 

periods of quiet voluntary diving at 23 C. Four individuals from 

three species with different aquatic adaptation were tested-- Chrys-

emys picta, semi-aquatic, lentic animals, Chelydra serpentina, an 

aquatic, sedentary, lentic species; Trionyx muticus, a highly aqua-

tic, active, lotic group. Univariate analyses of variance demonstrated 

significant differences between the species, and stepwise, discrimi-

nant function analysis indicated the loading of the measured variables 

on the species. A reduction in heart rate was found in all species 

upon submergence with Chelydra having the greatest initial and maximum 

bradycardia. The longest duration of submergence was that of Tri-

onyx, which was probably facilitated by a partial reliance on non-

pulmonary respiration along with a considerable anaerobic scope. 

Chrysemys had the greatest duration of aerial breathing, as was anti-

cipated, because this species undergoes moderate terrestrial activity. 

The latter species also exhibited the greatest anticipatory response, 

i 



an increase in heart rate immediately prior to surfacing. Although 

there was variation among individuals within a species, there was 

significant variation among the species for all variables except that 

concerning anticipatory response. Canonical analysis and the discri-

minant function analysis were able to distinguish Chrysemys from Che-

lydra and from Trionyx, but the latter two genera were not separ-

able. The adaptations for diving may have arisen separately in the 

families of marine and aquatic cryptodires, or may represent divergent 

evolution. 
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THE TURTLE 

The turtle lives 'twixt plated decks 

Which practically conceal its sex. 

I think it clever of the turtle 

In such a fix to be so fertile. 

--Ogden Nash 
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INTRODUCTION 

The physiological adjustments to diving have been examined in se-

veral groups of vertebrates. The major responses to diving included 

the following: bradycardia, a reduction in heart rate upon 

submergence; cardiac shunting of blood flow from pulmonary to systemic 

blood vessels; utilization of anaerobic glycolysis; an increased 

tolerance for high concentration of metabolic wastes; non-pulmonary 

respiration, either pharyngeal and/or cloacal (e.g. Goldstein, 1977; 

Schmidt-Nielsen, 1975; Scholander, 1962). 

Studies of reptiles have indicated the presence of the major re-

sponses to diving, particularly bradycardia upon submergence. Wilbur 

(1960) and Andersen (1961) found bradycardia to be a response to 

forced submergence in Alligator mississipiensis. The studies with al-

ligators have been partially discounted, because it has been found 

that a reduction in heart rate results from the presence of the exper-

imenter during testing (Gans, 1976a). Research on terrestrial snakes, 

Natrix natrix (Johansen, 1959), and with aquatic ophidians, Nerodia 

sipedon and Nerodia cyclopion (Murdaugh and Jackson, 1962), have shown 

that bradycardia develops rapidly upon forced submergence. Investiga-

tions of turtles have demonstrated that the major responses to diving 

were present in this order. A reduction in heart rate during diving 

was found in Pseudemys concinna (Belkin, 1964), Pseudemys scripta 

(White and Ross, 1966), and Chelydra serpentina (Boyer, 1963). Only 

the first experiment examined voluntary diving. The latter two em-

ployed forced submergence, so the reduction in heart rate may have 

been largely an experimental artifact of imposed diving. Other ad-
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justments to diving have been found in turtles, such as cardiac shunt-

ing (e.g. Millen et al., 1964; . White and Ross, 1965 and 1966), a de-

pendence on anaerobic glycolysis for energy during diving (e.g. Bel-

kin, 1962; Millen et al., 1964;. White and Ross, 1965 and 1966), a to-

lerence for increased concentration of metabolic wastes (e.g. Belkin, 

1962), and non-pulmonary respiration (e.g. Belkin, 1963 and 1968; 

Cahn, 1937; Girgis, 1961a; Winokur, 1973). All of the above investi-

gations on reptiles have been physiological with the primary emphasis 

on the mechanisms of the responses to diving. In those experiments 

that did not examine voluntary diving, the trauma of forced submer-

gence may have modified the results. These studies have examined only 

one or two closely related species at a time, and no comparative re-

search has been undertaken with taxa which were more distantly related 

than species. There has been a need for comparative study of the phy-

siological responses to diving in genera or families of reptiles with 

diverse habits, in order to begin to comprehend the evolutionary sig-

nificance of these adjustments. 

In the present study, turtles with varying habits in different fa-

milies were examined with respect to the differences in the heart 

rates during diving and to the durations of submergence. The re-

sponses to voluntary diving, not the mechanisms of these reactions, 

were studied. It was believed that differences in the heart rates and 

in the durations of submergence could be used to separate the turtles 

in accordance with their habits. Critical thermal maxima have been 

employed in an analogous manner to distinguish between terrestrial and 

aquatic turtles (Hutchison, Vinegar, and Kosh, 1966; Gans, 1976b). 
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priori hypotheses were formulated based upon the ecological and 

physiological literature on aquatic and marine vertebrates. The maxi-

mum bradycardia achieved during a dive should be greatest for the spe-

cies with the most aquatic habit. The bradycardia over the first 30 s 

of submergence (a measure of the rate of assumption of diving heart 

rate) should be greatest for the most aquatic turtle. The anticipa-

tory response should have the greatest value for the most aquatic spe-

cies. (Anticipatory response was the term used by Belkin (1964) for 

the increase in heart rate immediately prior to surfacing.) The dura-

tion of submergence should be greatest for the most aquatic species, 

and, conversely, the duration of surfacing should be greatest for the 

least aquatic turtles. 

The turtles used in this experiment represented three different 

families of varying habits: the Western Painted Turtle, Chrysemys pie-

ta belli (family Testudinidae): the Common Snapping Turtle, Chelydra 

s. serpentina (family Chelydridae): the Smooth Softshell Turtle, Tri-

onyx muticus (family Trionychidae). The distribution patterns of 

these families varies f ram the Testudinidae, which is cosmopolitan 

(except for the Australian region), to the Trionychidae, which is 

mainly found in North America, Africa, and the Oriental region, to the 

Chelydridae, which is restricted to the Americas (Dowling and Duell-

man, 1974). 

Chrysemys picta (e.g. Cahn, 1937: Ernst, 1971: Ernst and Barbour, 

1972) is a diurnal, pond-inhabiting species that remains inactive at 

night on the bottom or on partially submerged objects. The basking 

habit is well developed with the periods of basking usually lasting 
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approximately two hours (Boyer, 1965). These animals are active from 

March through October and remain dormant in the colder months. Active 

feeding occurs when the water temperature approaches 20 c. These tur-

tles go through an annual cycle of movements (Sexton, 1959) , which 

are as follows: prevernal, the emergence from a state of dormancy com-

mensurate with the final melting of the ice and characterized by inac-

tivity: vernal, the migration of adults and juveniles through the in-

lets of their ponds or overland (Gibbons, 1968) to other ponds (the 

turtles may wander as far as one kilometer from water (Cahn, 1937)): 

aestival, a return to the winter quarters: autumnal, the movement to 

deeper water as the ice forms: hiemal, the period of dormancy in the 

mud at the bottom of the pond or in muskrat runways. Torpor is not 

prolonged and the turtles may become active during warm periods. 

Chelydra serpentina (e.g. Cahn, 1937: Ernst and Barbour, 1972) 

is one of the more aquatic species found in North America. It is a 

pond-dwelling species which spends most of the time lying on the bot-

tom with only the eyes and nostr_ils above the surface. Snapping tur-

tles are most active during the warmer months, but have been observed 

crawling under the ice in midwinter. These animals go through an an-

nual cycle of activity. During winter, they undergo dormancy and bur-

row in the muddy bottom, muskrat burrows, or beneath logs or vegetable 

debris. If their habitat dries in the summer, they either aestivate 

or emigrate to a suitable habitat: however, they do not undertake an-

nual migration as does Chrysemys picta (Gibbons, 1970). Chelydra are 

heavy bodied and slow moving on land. They employ their jaws in de-

fense in addition to the protection of their reduced shell. 



5 

Trionyx muticus (e.g. Cahn, 1937; Ernst and Barbour, 1972; Plum-

mer, 1975;.Webb, 1962) is a highly aquatic, river-inhabiting species, 

which is probably more aquatic than other American softshells. If 

trapped in a drying pool, it undergoes aestivation. It rarely moves 

overland. Softshells seldom leave the water to bask. Plummer (1975) 

found that males bask more frequently than do females. The latter re-

strict their activity to deeper, colder waters except for laying 

eggs. This species employs nonpulmonary respiration via cloacal and 

pharyngeal membranes as an adaptation to diving (Cahn, 1937). 

To recapitulate, Chrysemys picta is a semi-aquatic; pond-dwelling 

species with daily and annual terrestral activity; Chelydra serpen-

tina is an aquatic, pond-inhabiting species that undergoes terres-

trial activitity only under dehydration stress or for laying eggs; 

Trionyx muticus is a highly aquatic, river-dwelling species with ex-

tremely limited non-reproductive terrestrial activity. 

The anticipated results of the study were formulated by consider-

ing the~ priori hypotheses and the ecological habits of the turtles. 

It was expected that Trionyx would have the greatest bradycardia re-

sponse to diving and the longest duration of submergence, followed by 

Chelydra and then by Chrysemys. Chelydra and Trionyx may have been 

difficult to separate because both species were very aquatic. Chryse-

mys should have been distinguishable from both Trionyx and Chelydra 

using the measured variables. 

MATERIALS AND METHODS 

The turtles were captured with orthorhombic, chicken-wire traps 

(Plummer, 1975) baited with fish. All trapping was done in Douglas 
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County, Kansas during the late spring of 1978. The Chrysemys and 

Chelydra were caught in Lone Star Lake in a cove in the northeastern 

part of the lake. The Trionyx were trapped in the Kansas River along 

a sandbar approximately 7 kilometers downstream from the Vermont 

Street Bridge in Lawrence, Kansas. Four traps were set at each loca-

tion in water at a depth of ~0.5 m and were spaced approximately 15 m 

apart. The trap lines were checked and re-baited daily. The trap-

ping was very successful, and within two weeks, a sufficient number of 

individuals of each species were caught, representing both sexes and a 

range of body sizes. It is probable that the Chelydra and Chrysemys 

represented members of one population of each species, because these 

turtles have small home ranges (Cagle, 1950;.Gibbons, 1970); however, 

the same could not be said for the Trionyx, since these turtles are 

far ranging and follow the course of the river which they inhabit 

(Plummer, 1975). 

Each species was maintained in separate but identical stainless 

steel tanks with adjustable water levels. The tanks were 181.6 cm by 

82.5 cm by 25.5 cm (minimum depth) to 40.8 cm (maximum depth) 

and were partially filled, in order to provide a dry area for the ani-

mals. The water was kept at 23 .±. 1 C., and was changed once per 

week. A fourth tank of the same type was used for testing. The tur-

tles were fed fish once each week prior to cleaning the tanks. The 

fish (which were the same species used as bait) were either seined 

from the Kansas River or purchased. The species used were · Notropis 

sp., Carpiodes carpio, Hiodon alosoides, Pleuronichthys sp. It was 

likely that almost any species of fish would have been suitable for 
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food, because all of the captive turtles fed voraciously. The photo-

period of the room where the animals were kept was controlled having 

a cycle of LO 12:12. The turtles were taken outside for basking twice 

per week. The animals were allowed to adjust to the routine and to 

the tanks for a minimum of one month prior to testing. All specimens 

were healthy and fed normally throughout the duration of the study. 

Four individuals from each species representing both sexes and 

various body sizes were used in the experiments. The heart rate and 

duration of surfacing/submergence were monitored with a NARCO Bio-

systems Desk Model Physiograph (Model No. DMP-4A) connected to a 

high gain AC/DC preamplifier. This system displayed the electrical 

activity of the heart on a chart recording. Heart rate was determined 

by counting the number of QRS complexes per minute (beats per minute) 

and durations of surfacing/submergence were observed and recorded with 

event markers placed on the recording. Electrodes were made from 20-

gauge silver wires that were 2.5 cm long and were soldered to copper 

lead wires approximately 1.5 m long and attached to the preamplifier. 

The preamplifier was grounded to the tank in which the testing was 

done. The electrodes were placed in small holes which were drilled or 

punched in the plastron near to the heart and were secured with water-

proof adhesive tape. The lead wires were sutured to the skin next to 

the bridge of the shell and taped to a canvas harness, so that the 

animal could not dislodge the electrodes by swimming (Figs. 1 and 2). 

The test tank was set up with a small, single-sheave block on an over-

head line running ·the length of the tank. The lead wires passed from 

the turtle to the block, where they were secured, and then to the pre-
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Fig. 1. Anterior view of Chelydra serpentina in the harness 

Fig. 2. Ventral view of Chelydra serpentina showing placement 

electrodes. 
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amplifier. 
10 

This arrangement offered minimal resistance of the lead 

wires to the turtle, and prevented the animal from becoming entangled. 

The water level and dry area of the test tank were identical to 

those of the tanks where the turtles were maintained. Each turtle was 

fasted for two weeks prior to testing. The individual was fitted with 

electrodes and placed in the test tank for a minimum of 24 hours be-

fore testing. Only one turtle was tested at a time, and each indivi-

dual was tested once. 

The experimentation consisted of monitoring the heart rate and 

periods of diving and surfacing for three hours continously. The ex-

perimentation was done from 2100 h to 2400 h. A 25 W, incandescent 

red light was the only illumination used during the runs. Since diur-

nal turtles have a low ratio of retinal rods:cones (Gans, 1970), the 

turtle being tested probably could not clearly perceive the experimen-

ter in low intensity, red light. It was thought that this would mini-

mize the trauma of the animal, and reduce artifacts resulting from the 

presence of the experimenter. The testing was done at night because 

this was a period of relative inactivity for the turtles. If the tur-

tle had been very active, the electrical output of muscle activity 

would have completely masked the cardiac electrical activity. The 

animal was allowed to dive voluntarily, and this activity was recorded 

by the experimenter. Following an experiment, the electrodes were re-

moved immediately and the animal was returned to the tank with other 

members of its species. 

After the testing, the turtles were released at their capture 

sites and the analyses of the data were undertaken. The variables 
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used in the analyses consisted of both heart rates and durations of 

surfacing/submergence. A systematic method of reducing the data for 

all species was developed by using "dive sheets" (Fig. 3). The data 

were then keypunched on cards for computer processing. As a prelimin-

ary analysis, univariate normal plots and cumulative histograms for 

each variable were made by BMDP5D (Dixon and Brown, 1977). Each 

variable was plotted separately and the means and standard deviations 

were calculated. Four outliers were removed by employing the methods 

of Dixon (1953); David, Hartley, and Pearson (1954); and Grubbs (1950, 

1969). Bivariate scatter plots for the heart rates were constructed 

by BMDP6D (Dixon and Brown, 1977). The following combinations of 

variables were plotted for each species: Surf (mean heart rate on the 

surface) vs. Sub+30 (mean heart rate over the first 30 s of submer-

gence); Surf vs. Sub+30+ (mean heart rate during the balance of the 

dive); Surf-30 (mean heart rate for 30 s prior to the next surfacing) 

vs. Sub+30+. Correlations between rates were calculated in order to 

determine if the pairs of heart rates covaried. A Model I, nested 

analysis of variance (anova) was then performed by using BMDP2V (Dixon 

and Brown, 1977). The individual turtles were nested in their re-

spective species, and the replicates were the dives. The original 

variables calculated from the raw data were modified by determining 

differences between the above heart rates (Harris, 1975). These dif-

ferences in heart rates were employed because the bivariate correla-

tions indicated that the rates may not have been independent. The 

following were the new variables used in the anova with their respec-

tive meanings: the mean surface heart rate minus the mean submerged 
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Fig. 3. A sample of the Dive Sheet 



DIVE SHEET 

Species--
Turtle no.--
Sex--
Weight--

DIVE I 
Rates (heartbeats per minute) 

30 sec before surfacing--
surfaced--
30 sec after submerging--

+30 sec after submerging--
Duration (seconds) 

surfaced--
submerged--

Comments 
time of test--
anticipatory response (yes or no)--

Water temperature--
Chart speed--
Date--

activity level (Q-quiescent; A-active; S-sleeping)--
additional notes--

DIVE II 
Rates (heartbeats per minute) 

30 sec before surfacing--
surfaced--
30 sec after submerging--

+30 sec after submerging--
Duration (seconds) 

surfaced--
submerged--

Comments 

DIVE II I 

time of test--
anticipatory response (yes or no)--
activi ty level (Q-quiescent; A-active; S-sleeping)--
additional notes--

Rates (heartbeats per minute) 
30 sec before surfacing--
surfaced--
30 sec after submerging--

+30 sec after submerging--
Duration (seconds) 

surfaced--
submerged--

Comments 
time of test--
anticipatory response (yes or no)--
activity level (Q-quiescent; A-active; S-sleeping)--
additional notes--

13 
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rate over the first 30 s of the dive (Surf Minus Sub+30), which served 

as a measure of the rate of assumption of the bradycardia; the mean 

surface heart rate minus the mean rate for the balance of the dive 

(Surf Minus Sub+30+), which illustrated the maximum bradycardia 

achieved; the difference in the mean heart rates for 30 s before sur-

facing and for submergence after 30 s (Surf-30 Minus Sub+30+), which 

was a measure of the anticipatory response (Belkin, 1964). The final 

analyses of the data were multivariate--stepwise, discriminant func-

tion analysis and canonical analysis--that were done by BMDP7M (Dixon 

and Brown, 1977). The reasons for using multivariate analyses were 

to determine the significance of the loading of each variable on the 

species in the discriminant function analysis ~.•as determined and to 

construct 95% confidence intervals for the centroids on the canonical 

plot were oonstr~eted according to the method of Seal (1964). 

RESULTS AND DISCUSSION 

Observations during testing. The activities of the turtles dur-

ing the testing were recorded, in order to supplement the statistical 

analyses and to ascertain whether or not the diving in the test tank 

was similar to diving in the natural habitat. The Chrysemys spent 

considerable time floating quietly on the surface of the water, and 

diving was intermittent and of short duration. There were brief per-

iods of rapid swimming underwater, and the animals never crawled out 

onto the dry area of the tank. This was normal nocturnal behavior for 

this species (Ernst and Barbour, 1972). The Chelydra sat quietly on 

the bottom of the tank most of the time. There was occasional walking 

on the bottom. The eyes and.the nostrils were raised above the sur-
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face during breathing, and the periods of emergence were brief. This 

behavior was characteristic of snapping turtles in their environment 

(Cahn, 1937). The Trionyx were almost always quiescent on the bottom 

of the tank. The breathing periods were very brief with the eyes and 

nostrils above the water level. The laboratory habitat was not natur-

al for this river dwelling species, whose habitat is usually charac-

terized by strong currents (Plummer, 1975). Individuals with differ-

ent body sizes and representing both sexes were used in this experi-

ment (Table 1). There was no effect of size on heart rate during 

diving or on the duration of submergence, as was expected from the re-

sults of Hutton and his co-workers (1960), who found that heart rate 

was not correlated with body size in the two species of turtles which 

they examined. 

Univariate analyses and interpretation. The preliminary analyses 

using bivariate scatter plots indicated that there was a covariance 

between the pairs of variables for heart rate, measured during diving 

and during aerial breathing, in Chrysemys and in Chelydra, but not in 

Trionyx. In these analyses the significance level was a= 0.05. The 

variables used in determining the initial bradycardia (Surf and 

sub+30) showed significant correlation for Chrysemys (P < 0.01) and 

Chelydra (P < 0.01) but not for Trionyx (P > 0.05) (Fig. 4). The cor-

relations for the variables used to determine the maximum bradycardia 

(Surf and Sub+30+) were also significant for Chrysemys (P < 0.01) and 

Chelydra (P < 0.01), but not for Trionyx (P > 0.05) (Fig. 5). This 

same trend in the rates for determining anticipatory response (Surf-30 

and Sub+30+) was demonstrated--significant correlation for Chrysemys 



Table 1. The vital statistics of the turtles 

and heart rates and durations (mean+ S. E.) 

SPECIES INDIVIDUAL SEX WEICHT HACNITUDE OF BRADYCARDIA ANTICIPATORY RESPONSE DURATION· 
(g) (bpn) (bpn) (s) 

Initial Maximum Submergence Surfaced 

Chr:r:sem:r:s l p 517.0 3.32 ±, 0.567 4.03 ±. 0.541 l.57 + 0.511 831.5 ±, 310.57 142.l ±. 25.88 
pie ta 

2 M 297 .o 2.27+0.772 l.86 ±. 0.622 1.11 ±. 0.756 757.l ±. 171.91 124.3 + 32.43 

3 M 328.0 5.23 + 0.824 6.30 ±. 0.816 1.28 ±, 0.686 86.4 + 13.51 104.8 + 9.29 

4 M 276 .5 2.58 ±, 0.899 2. 71 ±, 0.939 0.06 ±, 0.860 108.7 + 18.68 167.4 + 40.63 

Chel:r:dra l M 2948.4 2.15 + 0.493 3.65 ±. 0.634 l.40 ±, 0.305 520.2 ±. 117.32 78.0 ±. 12.76 
seq~entina 

2 F 2721.6 3.44 + 0.457 4.89 + 0.326 1.12 ±, 0.233 287 .8 + 41.14 60. 8 ±. 3.99 

3 M 680.4 7.09 ±, 0.542 9.25 .!_ 0.505 0.88 ±, 0.218 624.6 + 32.37 86.1 + 7.43 

4 F 680.4 11.21 + 1.270 11.97 + 1.016 2.83 ±, 0.612 1172.1 ±. 174.94 80.6 ±. 10.02 

Trion:r:x 1 M 298.0 5.70 ±. 1.400 6.22 ±, 1.397 1.15 ±. 0.059 1185.8 ±. 208.98 51.6 ±. 10.52 

m~ 
2 M 470.0 7 .ss ±. 1.140 8.89 ±, 1.177 1.40 ±. 0.064 1046.1 + 241.84 19.7 ±. 3.14 

3 M 608.0 5.55 + 0.479 6.31 !. 0.425 1.07 !. 0.212 572.7 .±_ 101.72 116.9 + 30.18 

4 F 179.0 3.12 i:_ 0.364 3. 74 ±. 0.266 0.94 ±. 0.218 579.6 !. 96.65 37.3 ±, 6.63 .... 
(j\ 
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Fig. 4. Heart rate during aerial breathing vs. heart rate during 

the first 30 s of submergence. Chrysemys -- o; 

Chelydr a -- n ; Tr ionyx -- A • 



Fig. 4. Heart rate during aerial breathing vs. heart rate during 

the first 30 s of submergence. Chrysemys -- o: 

Chelydra -- n : Trionyx -- A • 
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Fig. 5. Heart rate during aerial breathing vs. maximum extent 

of bradycardia. Chrysemys -- • : Chelydra -- : 

Tr ionyx -- .& • 
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(P < 0.01) and Chelydra (P < 0.01), but not for Trionyx (P > 0.05) 

(Fig. 6). The covariance between the pairs of measures of heart rate 

in Chrysemys and Chelydra indicated that these variables were not in-

dependent of each other~ For this reason, differences between the 

scores were used in the analyses of variance and in the multivariate 

analyses. The graphs for Chrysemys had gaps in the middle of scatter 

plots (Figs. 4-6). This was apparently due to the differences between 

individuals within that species. Tr ionyx showed no interdependence 

between the heart rates, and this may have meant that diving and aer-

ial breathing were very different events with respect to the metabo-

lism of the animal. The bivariate correlations served as initial sup-

port for the~ priori hypotheses, because the same trend with respect 

to the species was found for each pair of measures of heart rate, i.e. 

r > r >r . • However, since interdependence of 
Chrysemys Chelydra Tr1onyx 

the variables was demonstrated in two species, further analyses were 

undertaken. 

The nested analyses of variance were one-tailed, Model I analyses. 

An a value of 0.05 was used as the criterion for statistical signi-

ficance. The data were examined in order to determine if the assump-

tions of the analysis of variance were met. The new variables were in-

dependent. The data were normally distributed according to the normal 

univariate plots. The turtles represented unbiased samples from their 

habitats, due to the method of trapping. The variances were hetero-

geneous, however, as indicated by the results of the F -test (Sokal max 

and Rohlf, 1969). This heteroscedasticity probably resulted from the 

small number of individuals used in the experimentation, and was due 
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Fig. 6. Maximu.~ extent of bradycardia vs. heart rate during the 

30 s prior to surfacing. Chrysemys -- o; 

Chelydra -- CJ ; Trionyx -- A . 
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to the voluntary, not forced, submergence of the turtles. Box (1954) 

and Lindman (1974) demonstrated that the anova was sufficiently ro-

bust, that the true a value was only slightly altered by moderate 

heteroscedasticity. The.first anova showed significant variation be-

tween individuals within species (F = 14.44018, df = 9, 116, 

P < 0.001) and significant variation between species (F = 27.02021, 

df = 2, 9, P < 0.001) for the maximum bradycardia during diving (Surf 

Minus Sub+30+) • Although there was a considerable variance ·between 

individual turtles, the semi-aquatic and aquatic species differed 

significantly in the decrease in the heart rate. There was no differ-

ence in the anticipatory response (Surf-30 Minus Sub+30+) among the 

three species. Statistical significance was found neither for the va-

riance between individuals within species (F = 1.41995, df = 9, 109, 

P = 0.188) nor for the variation among species (F = 1.35883, df = 
2, 9, P = 0. 261). A measurable anticipatory response, i.e. any in-

crease in heart rate immediately prior to surfacing, was demonstrated 

in 73.7% of the dives of Chrysemys, 99.9% of the dives of Chelydra, 

and 97 .1% of the dives of Trionyx. The tachycardia may have been 

a reflex response due to increased peripheral circulation commensurate 

with a decrease in ambient water pressure upon surfacing, and/or a 

means of purging the muscles of accumulated lactic acid resulting from 

anaerobic glycolysis (Scholander, 1962). Significant variation be-

tween individuals within species (F = 11.05960, df = 9, 113, 

P < 0.001) and between species (F = 12.41369, df = 2, 9, P < 0.001) 

was present with respect to the initial bradycardia during 
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diving (Surf Minus Sub+30). This did not mean that bradycardia was 

achieved as soon as the turtles submerged, as was found by Belkin 

(1964). It did indicate that heart rate changed soon after diving and 

that the magnitude of the change varied between the species in the 

study. The duration of time on the surface and the duration of sub-

mergence had statistically significant variation between species and 

within species. The F statistics were as follows: Surftime--within 

species (F = 2. 63605, df = 9, 113, P = 0.008), between species 

(F = 16. 71842, df = 2, 9, P < 0.001); Subtime--within species 

(F = 10.18039, df = 9, 113, P < 0.001), between species (F = 11.16968, 

df = 2, 9, P < 0.005). Diving was voluntary and consequently subject 

to large individual variation. The analyses of variance provided sup-

port for all of the priori hypotheses, except that concerning the 

anticipatory response. The magnitude of the bradycardia response over 

the first 30 s of submergence and the maximum bradycardia differed be-

tween species. The duration of time on the surface and the duration 

of submergence also differed significantly between species. Since the 

differences between species were highly significant, the heterogeneity 

of variances would not have affected the rejection of the null hypo-

theses, even if the true a values were slightly changed. Although the 

univariate analyses indicated statistically significant differences 

between species for all but one variable, the relationships between 

the species were more clearly defined by the multivariate analyses. 

Multivariate analyses and interpretation. The first multivari-

ate test was the stepwise, discriminant function analysis. All of the 

new variables were to be entered into the model, hence, the initial 
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F-to-Enter value was set at 0.01. The approximate F-statistic (Rao, 

1972) after the last step of the analysis equalled 5.475 with 10 and 

224 degrees of freedom. This statistic was highly significant 

(P < 0.001) and agreed with the results of the univariate analyses, by 

indicating differences in the species with respect to the measured 

variables. This measure of between-species variability was more reli-

able than the univariate analyses, because at the first step, the F-

statistic was the one-way anova between the group means for the vari-

able entered (Dixon and Brown, 1977). Hence, after the last step, all 

variables entered into the calculation of the F-statistic. The F ma-

trix contained F values computed from the Mahalanobis D-square statis-

tics that tested the equality of group means for each pair of species, 

using only the variables in the discriminant function (op. cit.). 

According to this measure, Chrysemys could be distinguished from Che-

lydra and from Trionyx, but Chelydra could not be discriminated from 

Trionyx (Table 2). As was anticipated as a possible result, the two 

aquatic species were not separable by the measures of heart rate and 

duration of submergence/surfacing. The classification functions were 

used to arrange the dives into the species (Table 3). The dive was 

assigned to the species with the largest value of the classification 

function. The loading of the variables on the species in the classi-

fication functions was interpreted. Chrysemys has the greatest antic-

ipatory response and the longest duration of aerial breathing. Chely-

dra had the greatest bradycardia over the first 30 s of submergence 

and the greatest maximum bradycardia. Trionyx had the longest dura-

tion of submergence. The only species other than Chrysemys picta in 
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Table 2. 

F - MATRIX 

Degrees of freedom= 5 112 

CHRYSEMYS 

7.23 (P<0.001) 

8.77 (P< 0.001) 

CHELYDRA 

1. 76 (P = 0.140) 

N 

""" 



Table 3. 

CIASSIPICATION .FUNCTIONS 

CIIRYSEMYS CIIELYDRA TRIONYX 

Variable 

SURFTIME 0.03520 0.01916 0.01464 

SUBTIME 0.00008 0.00130 0.00245 

SURI,' MINUS SU8+30+ 0.29948 0.73608 0,50975 

SURF-30 MINUS SUD+30+ 0.45417 0.16551 0.14601 

SURF MINUS SUD+30 0.00273 -0.16483 -0.02639 

DISCRIMINANT FtnlCTION FOR THE DIFFERENCE DE'IWEEN SPECIES 

CIIRYSEMYS-CHELYDRA CIIRYSEMYS-TRIONYX CHELYDRA-TRIONYX 

0.01604 0.02056 0.00452 

-0.00122 -0.00237 -0.00115 

-0.43660 -0.21027 0.22633 

0.28866 0.30816 0.01950 

0.24756 0.10912 -0.13844 

N 
co 
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which the anticipatory response was described was Chrysemys (Pseude-

mys) concinna (Belkin, 1964) and it was not found in every individual 

that was examined. This may be a physiological adjustment to diving 

that is exhibited by some individuals in the semi-aquatic emydines. 

The duration of time on the surface for Chrysemys was commensurate 

with the observations of the individuals used in the experiment and 

with the well developed daily and annual terrestrial activity of the 

species (Ernst and Barbour, 1972). The magnitude of bradycardia· found 

in Chelydra reflected the habit of the turtle. This was a sedentary, 

lentic species, which apparently relied on a reduced metabolism for 

extensive periods of submergence along with a reliance on anaerobic 

glycolysis during apnea (Boyer, 1963). Trionyx, which was a highly 

aquatic, active, lotic animal, apparently utilized non-pulmonary res-

piration for part of its energy requirements during submergence (Cahn, 

1937; Plummer, 1975; Winokur, 1973). To see if the pattern of the 

F matrix held for the classification functions, the discriminant func-

tions for the differences between species (Jennrich, 1977) were cal-

culated (Table 3). Differences between the coefficients of the group 

classification functions were formed for all possible combinations, 

i.e. Chrysemys - Chelydra, Chrysemys - Trionyx, and Chelydra - Tri-

onyx. The differences between Chrysemys and Chelydra and between 

Chrysemys and Trionyx were greater than the disparities between Chely-

dra and Trionyx for the durations of surfacing and submergence and for 

the anticipatory response. For the other two variables--the initial 

and maximum bradycardia, the dissimilarities between Chrysemys and 

Chelydra and between Chelydra and Trionyx exceeded the differences 
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between Chrysemys and Trionyx. The reason for these results may have 

been that the F-statistic for Chelydra and Trionyx, in the F matrix, 

approached significance at a= 0.05 (P = 0.140). It may have also in-

dicated that Trionyx may have a standard metabolic rate comparable to 

that of Chrysemys, due to the use of nonpulmonary respiration during 

diving. Chelydra had the lowest standard metabolic rate of the three 

species based on oxygen consumption (Boyer, 1963; Hutton, et al., 

1960; Steggerda and Essex, 1957; .Girgis, 1961b). Trionyx probably 

could not have sustained active swimming with a metabolism as low as 

that of Chelydra. These conclusions paralleled those from the classi-

fication functions. 

The canonical analysis gave the same results as the F matrix. 

Trionyx and Chelydra were not separable from each other, but both spe-

cies were distinguishable from Chrysemys. The centroids in the cano-

nical scatter plot were evaluated for 95% confidence intervals (Fig. 

7). The confidence interval for Chrysemys had a small overlap with 

the confidence intervals for Chelydra and Trionyx, but the confidence 

intervals of the latter two species overlapped considerably. 

Conclusions. The univariate and multivariate statistical analy-

ses provided support for the~ priori hypotheses and indicated trends 

in the responses of the three species; however, the results were not 

entirely conclusive due to the complexity of the physiological ad-

justments to diving. The basic conclusions were that the aquatic 

species underwent the greatest initial and maximum magnitudes of bra-

dycardia in response to diving and the longest durations of submer-

gence. The semi-aquatic species, Chrysemys picta, exhibited the 
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Fig. 7. The canonical scatter plot. 95% confidence intervals 

are illustrated for each species. Chrysemys (A)-- • 

Chelydra (B)-- Trionyx (C)--A. 
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longest duration of aerial breathing and a measurable anticipatory 

response. The aquatic species, Trionyx muticus and Chelydra serpen-

tina, were not separable with discriminant functions or by canonical 

analysis. Although both of these turtles had aquatic habits, the na-

tural habitats differed-- Trionyx was lotic and Chelydra was lentic. 

The sensitivity of the measures of heart rate and duration of sub-

mergence/surfacing was primarily affected by two factors--sample size 

and voluntary diving. If very large sample sizes were used (> 100 in-

dividuals/species), the relationships between the species should have 

been much clearer. The variance in submergence/emergence times was 

greatly increased by allowing voluntary diving. This problem could 

have been lessened by increasing the length of the tests, and thereby 

increasing the number of replicates (= dives) per individual. The 

best way to define more clearly the relationships between species, 

would be to examine other adjustments to diving in addition to heart 

rate and the duration of the dives. 

In assessing the scope of the experiment, the responses to diving 

could only be correlated with a substantial change in habit. Further-

more, these criteria for distinguishing between taxa of turtles would 

be limited to turtles with at least a partially aquatic habit, since 

terrestrial Testudinates do not dive voluntarily, except when exposed 

to heat stress. unfortunately, physiological responses frequently 

operate over a small range of measurement such as is demonstrated by 

the range of temperatures in the study of critical thermal maxima in 

turtles (Hutchison, Vinegar, and Kosh, 1966). The smallest taxonomic 

unit over which variation could be detected in responses to diving in 
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turtles would probably be the genus. 

Utility of physiological parameters in evolutionary problems. 

The evolutionary significance of the physiological adjustment to di-

ving in turtles with an aquatic adaptation can be appraised. In this 

study, three species with three different life history strategies 

were differentiated by employing two measures of response to diving--

change in heart rate and the duration of diving/surfacing. Since the 

species in the study belonged to three different families, these 

responses may have arisen independently or may have represented diver-

gent evolution. If other measures of physiological adjustments to di-

ving are examined, in addition to those used in this project, in 

several cryptodiran families, possibly the phylogeny of the Testudines 

may be resolved. Physiological parameters alone wi 11 not be suffi-

cient, but when combined with morphological and electrophoretic mea-

sures of variation, the result should be complementary. These same 

techniques should apply to other diving vertebrate groups as well. 
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