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ABSTRACT OF THESIS

 ENERGY BUDGETS AND A CLIMATE SPACE DIAGRAM FOR THE

PURTLE, CHRYSEMYS SCRIPTA

Heat energy budgets were computed and a steady state climate
space[was'generated for a 1000 g red-eared turtle (Chrysemys. -
scripta). Evaporative water loss (EWL) was measured from C.
scripta at three wind speeds (10 - 400 cm sec™!) and at four air

temperatures (5 - 35 C) in a wind tunnel EWL increased as air

:temperature and W1nd speed 1ncreased Smaller turtles dehydrated

at a faster rate than large turtles. Heat transfer by convectlon

was measured fromdaluminum castings of g, scrlpta at three temper-
ature differences betWeen casting and air (AT 15° 10 and 5 °c)
for three w1ndspeeds (10 - 400 cm sec 1). Convectlve heat transf;},

- fer coefflclents 1ncreased as wind speed and AT. 1ncreased.'

Wind speed has a large effect on the shape of .the cllmate S

:spaCe. At high w1nd speeds, heat~loss by evaporatlon.and convec—l

tion are greatly increased. 1In still -air (10 cmlseéj;), a turtle

cannot remain exposed to full sunlight when air~témperatures'ekf
vceed.19°C.A Whenrwind speed increases to 400'¢m‘secfl, the turtle
can bask for'long.periods,of time at temperatures as‘hlgh as 32 C.,-

_Basking:patternstof C. scripta probably shift from a'unlmodal

pattern in the spring to a bimodal pattern in summer and return

to-a unimodal pattern in fall. Terrestrial activity may be ex- ':

tensive in the spring and fall but is limited during the hot

summer months to periods ofprainfall. Nesting aCtiVities'cannotp_
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occur around solar noon because increased metabolic heat loading

and high solar radiation intensity could cause death;
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" INTRODUCTION , . o

ChrysemYS scripta (changed from Pseudemys scripta, Conant

1975) is an aquatic turtle lnhabltlng slow-moving bOdleS of water
that have abundant aquatlc vegetation, basking sites and occasional
cleared areas along the banks for nesting. The species is widely
dispersed, having the greatest latitudinal distribution:(from'y |
- southern Michigah to Argentina) of any freshwaterAchelonian.(Moll~

and Legler 1971). Through the efforts of Cagle (1937, 1939, 1944,

1946, 1948, 1950) and Legler (1958, l960a, b, c, 1970), the ecology ‘

and 11fe hlstory of this spec1es are falrly complete ln the North
Temperate Zone of the New World. |
- Aquatic turtles represent a group of reptlles whlch have more

contiguous relatlons w1th water than any other famlly or. order

with the exceptlon of the Crocodlllans and the. water snakes. Turvﬁ

tles of the genus Chrxsemzs live prlmarlly in water throughout':
their llves, emerglng onto land to lay thelr eggs and to mlgrate

- to othér bodies of water. Terrestrial act1v1ty is not llmlted by
sex, maturlty or,reproductlve condition. Durlng June and'July,
most movement is restrlcted to aquatic env1ronments whlch serve.

as refuges from hlgh temperatures (Boyer 1965) . . C. scrlpta in
"Panama are considered almost completely aquatic except for llmlted,
basking and nestlng ‘excursions (Moll and Legler 1971)

Several studles havelshown that turtles can exert somehcon—

trol over body temperature by physiological and'behavioral mechan- -

‘isms. Webb and Johnson: (1972) conflrmed that con51derable phy51o—

loglcal control of head temperature is exhibited by Chelodlna ;.-“




'longicollis heated radiantly. Spray ‘and May (1972) reported |

significant dlfferences in the heatlng rates of c. scrrpta but

no differences in their coollng rates. Lucey (1974) suggested

that changes in heatlng and coollng rates of C. SCrlpta may be due .
to changes in heart rate and blood flow to the skin and carapace.:
He found  that 1n1t1ally the head heats faster than the body.

When head temperature reaches 30°C the body heatlng rate becomes
greater and could be associated with a change in heart rate.

Hutton et al (1960) and Jackson (1971) demonstrated that changes
in ventllatlon, heart rate and oxygen consumptlon of C. scripta
were proportlonal to changes 1n body temperature. Weathers ‘and

White (1971) stated that perlpheral vascular responses to heatlng

et men s g o

_ and coollng in- Chrysemys floridana appear to represent a means of ' i
hanglng functlonal 1nsu1atlon and may contrlbute to. the thermo-
regulatory capac1t1es of this turtle.

Evaporatlve water loss is an important factor in the thermo-.

S,
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regulatory capac1t1es of turtles. Turtles 1nhab1t1ng arld environ-
ments have a lower rate of evaporatlve water loss than those llv1ng
in me51c or aquatlc habltats (Bentley and Schmldt Nlelsen 1966)
Many mechanlsms have evolved that act to mlnlmlze water loss in
desert turtles (Mlnnlch 1970) However, when placed under hlgh
:temperature stress,(turtles often 1ncrease thelr rates of evapora-i

tive’ water loss. Terrapene ornata spreads sallva over - 1ts head

and- forellmbs and urlne over its tail and’ hlnd legs when subjected”"
to temperatures greater than 40°c (Rledesel et al 1971);
Basking appears to be an effective thermoregulatory'activity.

This term refers to the common behavioral activity of emergrng,




from the water‘and;lying guiescent on some object for variable
‘periods of time. By crawling out of the water during the day,
turtles may absorb‘large amounts of solar radiation and,quickly
raise thelr body temperatures (Cagle 1946) Physical factors
such as size and shape of turtle, 11ght 1nten51ty, wind ' speed and
air temperature greatly affect the rate of heat galn (Boyer 1965)
Behavior also affects the final body temperature attalned by the
ectotherms since time of day and orlentatlon towards the sun'alter
the amount of radiation absorbed (Porter et al.1973). The‘basking
habit may dry the skin and retard parasitic infestations (Cagle
1950). Further,. Cagle'(-A149'44) hypothesized that production of
'v1tam1n D is enhanced by exposure to UV rays from the sun.. ch- .
ever, scrlpta in. trop1ca1 areas rarely bask They are exposed.
to a narrow range of env1ronmental temperatures and thermoregu- |
late by vertlcal movements through ‘the water (Moll and Legler
1971). Thereforeyplt 1s.not clear whether de551catlon of paraQ{_V
sites and productlon of.vitamin D are:important,factorsAin_the‘"
basking habit.. | | ‘ . . " " o
Whlle C. scrlpta does have the ablllty to thermoregulate byﬁ?
means of phy51olog1cal and behav1oral mechanlsms, the eff1c1ency'ii
with which ;t does so depends upon the}constralnts 1mposed on 1tud
by itsdenvironment.' The physical env1ronment affects a turtle'fanz;f
through ‘the exchange of heat energy Understandlng the mechanlsmsf'
of heat energy exchange between a turtle and its env1ronment en- |
ables us to deflne the mlcrocllmate requlrements of thls anlmal'
and obtain a better understandlng of ltS thermoregulatory capac1—:x

ties. Wlth an accurate quantlflcatlon of these relatlons, we can .




predlct the effects of . env1ronmental oerturbatlons on 1ts behav1or.we
The transfer of heat energy occurs by a varlety of phy51cal o
processes that can be described by laws of heat transfer (Krelth
1973) . In thezcase of a turtle underwater, the predominant modes'
of'energy'exchange are convection and conduction (see‘Erskine, |
1976 for application of underwater.heat tranSferAto biological -
.systems). In the‘aerial environment, a‘turtleyencounters a"morei
complex energy exchange'due to additional modes‘of heat.transfer§f
When turtles emerge Ainto the atmosphere, they are subjected to |

evaporatlve water loss, to the effects_of wind, to conduction and

to thermal loadlng from the sun, the atmosphere and its Surround-f.aa,'

ings; Detailed descriptions of animal energy budgetslhave'been"
' given by Birkebak (1966), Porter and éates”(1969)tand‘used or modi-
fied by Heller and‘Gates (1971), Spotlla et al. (1572), Hillman
(1974), Henwood:(1975) and others. The objectlve of -this study
was to analyze the heat energy exchange between the turtle |

Chrysemys scr;pta and 1ts env1ronment in order to evaluate the

relative importance of the various avenues of heat exchange ln the
ecology of the turtle. Rates of heat loss by convectlon and evap-
oration were determlned and a climate space for thls turtle was.,_‘

formulated.
Theory
The turtle-env1ronment energy 1nteractlon can be deflned by

use of an energy budget equation that accounts for each mode of

heat transfer,between the turtle andaits.env1ronment. ;As aggQOd



flrst approxxmatlon, we can assume that the turtle 1s 1n a steady )

. State energy balance w1th the environment. C. scrlgta are small

( 50 cm) and have ‘a relatlvely low capac1ty for heat storage so
that they are very close to energy equlllbrlum w1th the env1ron—,
ment. In steady state,'net energy flow between the turtle and its

env1ronment is zero so that

Energyin = Energyout

The an1ma1 recelves energy 1n the form of radlatlon from the
env1ronment and heat from metabollc act1v1ty. -Energy leaveslthef
animal in the form of'radiation to the'environment, convectioni'f
to-the atmosphere,‘evaporation and conduction to the.snhstratear

These factors arefcombined into an energy,budgetjequation:if7“

Qps * M = €ol(T, + 273)" + h (T, = T,) + Et +cC R (1)
where Q_, _ = radiation absorbed (cal cm-? min~ %) S

M = heat produced by metabollsm (cal cm~ 2 minf;)”
| € = surface em1551v1ty of anlmal (0. 95)

fo} ‘='Stefan Boltzmann constant (8 13 x 10 -11 ca11¢m’2

oy -4 min~1) |

Ta.,.? air*temperature (°c)

Tr = radiant‘surface temperature (OC)

h, = convective heat transfer coefficient7:f

-(cai cm~2 min~? oc-1
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I

total,evapOrative water loss (cal cm 2 min )

conduction (cal cm” 2 min_l)

0
1l

- Radiant surface_temperature (Tr) is a function of body temperature,
Vthe‘thickness,and quality.of the animal's insulation and the net

heat production inside the turtle. . This relationship is expressed

as:
’ . ds . .
e T T TR, WMo B (2)
';/
Where, dg = thickness of sheIl (cm)
kg = conductivity of bone (calicm-g,min—l,écflrgi
'E, = respiratory evaporative water loss

~ (cal Cmfz min~1)

Insulation is dependent upon the average thlckness and conduct1v1ty.A

of the bony shell coverlng its body. The value reported for the

'conduct1v1ty of beef bone (0 0717 cal cm -2 mi -1 °¢ ) will be

used (Chato 1969). Bentley and Schmldt—Nlelsen'(1966) reported
that C. scripta loses 22% of its evaporatlve water losses from the _

respiratory surfaces, thus E = 0 22 Et

: Substitutingjequation.(2) into equation (1) we.have:}d_ N

‘ T a
Qps + M = €OLT, - k. M- E) + 273]

[y, - s m1-E) - Tl + E, ¥#C . (3)

s




This equatlon deflnes the heat energy balance between a turtle and
;ts env1ronment.' 051ng thlS equatlon, we can predlct the micro-
climate within which a turtle must live. This mlcrecllmate can be
visualized as a-t&o dimensional climate'space (Flg: 1). TheA

boundarles of thlS cllmate space are flxed in part by the 1nter- :

actlon of the turtles physlcal propertles (size, shape, absorp—.~

tivity to solar.radlatlon) and those of its env1ronment {Flg. l,

'lines A, B, C). The other limits are defined by equation (3). . To ﬁﬁ

set these limits (Figa 1, lines D, E) equatlon (3) is solved for
two casesﬁ Flrst for a body temperature (T ) equal to the upper
lethal temperature of the turtle and then for a Tb equal to the
lower lethal temperature.‘ For a more detalled dlscu551on of the
derlvatlon of a cllmate space, see Porter and Gates (1969)

A turtle must restrict 1ts act1v1t1es to those mlcrocllmates

contalned within. 1ts climate space. It can exceed these limits f

for short perlods of time depending upon its heat.etorage-capaeity,

But it cannot exceed these llmltS for extended perlods w1thout

alterlng 1ts energy equlllbrlum and- rlsklng death

2
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Figure 1. A eonceptualized climate space showlng the
relatlonshlps between air temperature and absorbed radlatlon.
The lines boundlng the climate space on the left (A) and on the~f
rlght (C) represent the average radiation absorbed by a turtle.
A line of referenceh(B), shows radlatlon absorbed by the tur-
_tle in-a blachbody:cavity. Llnes D and E are plotted by

solv1ng the energy budget equatlon (3)-

o
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METHODS AND MATERIALS

Chrysemys scripta used for this'experiment were obtained

from Aiken, South Carolina and GainesVille,'Florida. Forty-

seven C. scripta were maintained in an aguatic animal facility e,
"with a hhotoperiod fLD 13:11) centered at 1200 EST and water
temperature of 23°C (tl.Ooc).. Areas were available for the'anl—‘.
mals to crawl out of the water and bask under-125'watt'incandes—
cent lamps. The animals were fed a diet of freshly hilled rats,
dog food supplemented with vitamins, cod liver oil, vegetables

.and freshlfish. A sample of ten turtles was selected that repre-
sented the entlre range of sizes found -in thlS populatlon (10 6 - -
25.6 cm, carapace length) These ten turtles were used throughout
evaporatlve water loss determlnatlons ‘and six of . these also’ served

as- subjects durlng ‘the preparation of alumlnum castlngs.; |

Shell thlckness (d ) was measured at a series of p01ntsAon

.plastra of fresh kllled turtles using a Helios vernler callper

(— 0.05 mm) . Average plastron thickness ‘was determlned'and related

to plastron lengthfby regression analysis. Plastron thlckness as

a functlon of plastron length can be descrlbed by regre551on equa--- '

tion: y~é 0 72 X —2 98
Evaporative Water Loss . .
Evaporatlve water loss measurements were taken in a w1nd

tunnel deSLgned to closely approximate blackbody condltlons., Air R

was drawn thru the test section (122 x 122 x 180 cm) by a’fan 1941:.‘




10

cm in diameter powered by an electric'motOrf Afvariable rheostat‘
allowed accurate5control of wind velocity. ‘hamlnar air»flow"
(turbulence less than R 3%) of any desired velocxty between 0 and
' 400 cCm sec -1 could be selected. Room air temperature was con-i
trolled ( 1.0 C) by an air conditioner and a thermostatlcally con-
" trolled heat source. Ambient temperature in a wind tunnel was
measured with 24 gauge copper-constantan thermocouples. (* 0.5°C)
and a Kaye Multipoint recorder (model éOOO). Relative humidity
was determined (t 1.5%) with an electronic hygrometer (Hygro-
'.dynamics Inc. model 15-3050) using narrow range sensing elements.
A'Hastings Air Meter (modelvRMlR4S) with four hot:wire‘omnidirec—
tional ‘sensors was employed to monltor wind. speeds.‘ |
Evaporatlve water loss tests were performed on ten turtles.
at three wind speeds (10, 100 and 400 cm sec ) and three temper—
atures (15 - 25°:and 35 C) in the wind tunnel and at 160 cm sec'l' |
at s°¢ in a modlfled env1ronmental chamber . Anlmals were held for
Aa m1n1mum of 12 hours at test temperature before belng tested
. Turtles were allowed to rehydrate for at least twenty-four’ hours
before being tested agaln._ Before each ‘test c0nd1t10n, a turtle
was blotted dry w1th paper towels and allowed to alr dry for 5 -:;
lO minutes to ellmlnate surface water rema1n1ng on the skln._ b
' After the turtle s bladder was evacuated u51ng a cotton swab, the |
‘Aanlmal was welghed to -0 005 g. u51ng a Mettler top—loadlng | .
‘balance (model P 120) It was then placed into a-w1de mesh reibf~:
stralnlng cage pos1t10ned on the center of the test sectlon.:‘Theu
‘effects of the an1ma1 s orlentatlon to air flow were mlnlmlzedvbyv

pla01ng all turtles fac1ng 1nto the dlrectlon of air flow.- The
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anlmal was dehydrated for perlods of up to two hours and’ rewelghed.
Evaporative water loss was measured as the change in body welght. |
Data were not used 1f an anlmal urinated or defecated durlng the
Aexperlment. Partltlonlng of welght loss due to resplratlon of

002 was not performed
Convection

Six turtles:(12.2 - 25.6 cm in length) served as‘subjectsufor'A
thefconstructionjof aluminum castings. A negative cast of each |
turtle was prepared usingAdeltrate alginate impressionrmaterial,

a fast-settlng dental moldlng compound . The llve anlmal was re-‘
moved unharmed and hot wax was poured 1nto the mold to produce al
.repllca of the turtle. The wax turtle was placed 1n a cyllndrl-'
‘cal metal collet‘and’imbedded in grey:lnvestmentgplaster,';Thegwax
mold was melted from within the plaster-filled collet which'uas
then dried and cured at 482°% -for 15 - 20 hours. Molten alumlnum
was poured 1nto the plaster mold before it cooled to produce a
solid alumlnum repllca of the orlglnal turtle.. Thls technlque
'prov1ded alumlnum castlngs whlch were accurate representatlons of
the size, shape and surface characterlstlcs of each turtle..

Each alumlnum turtle was prov1ded w1th three, 38 gauge copper-.
constantan thermocouples, secured w1th epoxy cement. One was’ ." |
implanted at the center of mass through.a_0.838-mm drllled'hole;;ﬁ'
one was attached at the surface of the anterior edge offthevcara-
pace and the third was attached at,theAposterior edge»of_the

carapace. - Casting temperatures were‘monitored'thrOughout'the
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course of experlmentatlon by a Kaye mult1p01nt recorder.'.The‘
castlng was heated in an oven above 65 C .and placed perpendlculari;'b
to'w1nd flow 1n‘therw1nd tunnel on a~polystyrene ‘pad. (61 x 56 x
f}275 c@), The time-temperature responses of the casting'Were ‘
measured'betWeen 656C and equilibrium. Temperatures of the poly-}
A styrene.were'monitored_at‘six points by 38 ga. copperfconstantan"
 thermocouples. ifhree'thermocouples'meaSuredhinternal'polystyrene i
temperatures 5 mm below the surface directly beneath‘the casting...
TWO thermocouples were placed on the surface beneath the turtle
and<the‘remaining thermocouple was positioned at the.polysthene:
“surface, 1 cm from the lateral edge of the casting. In this wa§.
the temperature reglme of the test substrate could be mOnltored ‘f
throughout coollng ‘curve experlments. Temperatures of the poly—
styrene, air stream,lwalls and ceiling of the wind" tunnel were.u
continuously'monitored throughout each'coollng-period‘ Castlngs_f'“‘
-were. cooled to equlllbrlum w1th air temperature.h ThlS procedure
 was repeated for the six castings at three. different wind speeds -

(10, 100 and 400.cm sec ).
Determination of the Convection Coefficient - A} : o 'fﬂ;Aﬂ:"

The data“ from coollng curve experlments were used to calcu-"'
late heat transfer coeff1c1ents accordlng to Wathen et al. (1971)
An equatlon descrlblng energy flow between a heated castlng and
" 1ts env1ronment can be wrltten as a 81mple energy balance. - ’,I
_Heat, = Heat_ . + Heat_, .. A‘;(4y




~a. Total Heat Tranéfer Coefficient

‘ Sinée a meﬁél caéting does not broduce héat metébdlicélly'and
. pecaﬁse of the high absorptivity of the<blackbody test conditions
vin the wind tunnel, heat input to the casting becoﬁes negligible.

Also, the high thermal conductivity of aluminum (33.9 cal cm-l

min_1 oC-l) allows rapid exchange of heat between the center and
the surface of the casting. Thus the change in internal heat
energy of the casting must equal the net heat flow from the. cast- f

ing to the environment and can be described as:

h, A (T - T,) == mc g¢ : ‘ 'A.__ - (5)
where; h, =:totaliheat'tfansfer coefficient (ca}'ém;z minal:OCf})
A = total.éurfaéé area (cm?)
' f = casting surface témperaturé (OC)
'Te = énviﬁgnmental temperature'(oK)
m = mass of casting (gm) ‘ :
¢ = specific heat of aluminum (cal g ! oc_;)
t = time (min) ‘

‘Rearranging eqtation (5) to solve forAht,givés:'

mc 1 C S
h, = - =  (1n - ) —= (6)-.
t A T, =T, t -t e )
where, T, = casting temperature at -an initial time(ti)

T 1 F RSt e ._;f
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However, total heat flow to the environment must be pafti;A
' tioned into convection and radiative heat flow before the con-
veétion coefficient can be determined. The total heat tranSfer;'

'éan’be expressed as:
h (8) = h(A) + h (2) e )

I assumed that available surface area of each que of heat exchange
is the same, so that total heat transfer coefficient can be simpli-’.

fied to:
h, =h_+h | o e

b. " Radiative Heat Tfansfer Coefficient~ T : Co
The radiative heat transfer coefficient (hr) éan bé”defined“*;
according to the net radiative heat loss as:
r ‘A (T -T).) o e R

h

. The equation for net thermal radiation (Rad__,) is

"

,aRédl . = .A.(T4 _ o4 A‘.: ,,f' V@.;?;;kibiAf‘?:A

net r

Substituting equatibn (10)'into equation’(S)‘resuitg ini" :

raferh ey 0 an

f=2
]
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By substracting h, from h, we may determine ‘the convection e

coefficient (hc)Q"
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RESULTS
Evaporative Water Loss

Evaporatlve water loss of r‘hrysemys scrlpta was determlned

| at 5° 15 25 and 35°. The effect of srze, alr temperature'
;and w1nd speed On ‘rates of evaporatlve water loss was clarlfled
nby regression analysis using the method of least squares(all
‘statlstlcal procedures used in this study are descrlbed by Sokal"
and Rohlf 1969). At '5° C, size had no statlstrcally_slgnlflcant
:effectlon the rate of water.loss. The'coefficient of determin4

ation»(rz) was 0.1. WeightAIOSSes-at this temperature ranged*‘~‘
-1 , -1

from 0.10 to 0.24 mg g hr . Evaporatlve water loss 1ncreased S

with 1ncrea51ng temperature and w1nd speed (Table I). Varlatlon-

1n rates of evaporatlve water loss (EWL) at 15-A 25 and 35 (O was

prlmarlly due to dlfferences in the sizes of turtles tested At.'fp'

these temperatures, large turtles lost water at a slower rate

~than small turtles. There was an exponentlal relatlonshlp be—

tween evaporative water loss and body welght for these condltlons. s

'A representative case is seen in Figure 2. Relatlvely hlgh co-i"
efficients of determlnatlon were found 1n all but one- experlmental
condltlon. At 15 C, 400 cm sec l, water loss from two test anlf'

" mals was much less than the water loss of the remalnlng elght

anlmals. However, no discernable dlfferences 1n the env1ronment

of the test apparatus between turtles was noted durlng these tests.';

Interactlon between body size and air temperature affected

EWL at wind speeds of 10, 100 and 400 cm sec,l. The‘effect of<1* L
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,1ncreases in alr temperature on EWL 1s showh for one w1nd speed
"(400 cm sec ) ln Flg 3. Temperature increases EWL in a slmllar4,A
manner.fcr<all body sizes.. Confidence limits for the regressiohp

| lihes“c£~waterlloss‘at 15° and 35° indicated that these were
sichiflcantly diff“erent' (P< 0.05).

Regre551on equatlons of rates of evaporatlve water loss on
body size at 15 °c show the effect of 1ncrea31ng wind speed on water
loss (Fig. 4). There was,an increase in evaporatlvevwaterploss
when wind'sPeed.iucreased from 10 to 100 cm sec T. Another,
'sﬁaller increase iﬂ the rate of EWL was produced when'wind speed
was increased tc 400Acm sec;l. Also, there was a difference'in'*ﬁl
'the 1ncrease in EWL as wind speed 1ncreased between small and |
large turtles. Thls 1nteract1ve effect of body 51ze and w1nd

- speed on EWL was greatest in large turtles ( > 1000 g)
COnvectioh

CcnvectionAcoefficients (h,) were calculated fcr six solid
alumlnum castlngs of turtles at three w1nd speeds (10l 100 and

400 cm sec -1

). The effects of 81ze, wind speed and temperature
dlfferentlal between castlng and air (' AT) were assessed w1th |
llnear regression analy51s. A summary of all equatlons prcduced

by this. regres51on ana1y51s is prov1ded in Table III.f The 51gn1-"fi
ficance of these effects on h were tested by an . analy51s of ) |
variance of the partitioned sum .of squares.t ThlS procedure 1s:

discussed by Sokal and Rohlf (1969, pg 419 423). A model ANOVA

table for linear regress;cn is seen in TablefIV.
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.'In"still air}udifferences in h_ cannot be-attrlhutedhto change:t

in size of turtle (Table V a, P >0.05). At\wind.Speedsjof 100 and

400 cm sec-l, size has a significant effect on h (Table V. b, c,

"P<'O 05).' However, the slopes of the regression llnes for these

test condltlons ‘are opposite.insign (Fig. 4) 1nd1cat1ng that the

relatlonshlp between size and convective heat loss at lOO cm SEC'l

is inverse of the relatlonshlp at 400 cm sec l.' |
Temperature dlfferentlal between castlngs and a1r (A&T) had

a statlsticallyrsignificant effect"on h in still air Table VI a,

(P<0.05). AT had no effect on h, at w(i:;ndspeeds of 100 and 400

cm sec-l. Wind speed also had a hlghly 51gn1f1cant effect on’ “the

',convectlon coeff1c1ent Table VII, (r<o0. 01) At all test condltlons,

'changlng wind. speed produced a 51gn1f1cant change in the amount of

heat - loss from the castings. The llnes produced by regre551on of'

h 0n w1nd speed for each castlng were. 1n close agreement Wlth

each other at 10 and 100 cm’ sec -1 (Flgw 6) The confldence 1nterf pﬁi

vals of regre551on lines for all sizes of casts at these w1nd

speeds overlap (P >0 05). However, at 400 cm sec l, confldence

intervals for castlngs a, ¢, d and e do not overlap each other

(p< 0.05). Castlng b is 31gn1f1cantly dlfferent from castlngs a

and c and castlng f is 51gn1f1cantly dlfferent from all other cast-~'t

J.ngs except b (P<0 05).
.The Climate_Space'

The cllmate space represents the 1nteractlon between the

phy31cal and phy81ological propertles of the turtle and the phy51-
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cal factors of the environment including,radiation,'ambient
'temperature, w1nd speed and humidity (Porter and Gates'l969).
Several climate spaces were constructed for dlfferent sizes of

Chrysemys scrlpta.' This group of cllmate spaces were almost iden-

Atical in size andlshape. Therefore, a typicalgciimate space 1is
presented for_a turtle weighing 1000 g (Fig..7). Standard”metarp
bolic rates were taken from Gatten (1974), heat loss due to respi-
ratory evaporative water'loss (Er)‘was calculated according to
Bentley and Schmidt-Nielsen (1966) using my'total evaporative water
loss measurements;- A caloric conversion factor.of:580acal gm -1
was used to convert water loss 1nto energy loss. vconvection co-
eff1c1ents (h ) and shell thickness (d ) were determlned in this
study. Only 4'-'8% of the total surface area of a turtle (un-
publlshed data): 1s in contact with the substrate when the turtle.
>lS out of the water and 1ts llmbs'are retracted. Slnce rates of_;
heat energy exchange by.conductlon would be mlnlmal they have
not been included in thls flrst order approx1mat;on.‘

The line marked‘sun (Fig. 7) represents the<radiation ab= -+
sorbed by a turtle‘at different air temperatures on adcloudless
day.when body orientation provides maximum exposure tofdirect sun?
light. This sets the right side of the climate space. Absorp-
tivity to solar radiation (a) was assumed to be 0'9'because-of"
the dark coloration of this species' skin and carapace (Porter: i
and Gates 1969). The line labeled clear sky + ground represents -
radlatlon absorbed by the turtle at nlght from outer space, the y?
atmosphere and ground V,Thls sets the- boundary for-the;left'side'

of the cllmatelSpace.,_The biackbody line is a reference line -indi-
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‘ catlnq the amount of energy received by a turtle in a blackbody
'cav1ty where energy flux is equal from all 51des ‘€.g. an under—
ground burrow. The upper boundary was determined by solv1ng
eQuation.(3) for“Qabs'u51ng a body temperature.of 40° C, a corres—t
bpohding metabolic rate and evaporative water loss and the conf'
vection ooeffioient for a given wind speed. Substrate tempera—-
ture was assumed'to be equal to air temperature. This procedure
was repeated for:several air temperatures and the upper lines

. Lower lines were computed

plotted as air temperature vs. Qabs

for a body temperature'of loc (Musacchia and Sievers 1956)‘f0110&f

ihg the abovefprooeduresr Upper and‘lower boundaries were deter-.”

mined for wind'speeds‘of'lo, 100 and 400‘cm sec—;, o ‘
From the climate space}(Fig. 7);'we can determine<Various

1imitations which‘are imposed on the turtle.by the'enylronment.

In full sunlight,ra.turtle could withstand higher air'temperaturesy

(32°C) when it‘is;Subjected to wind speeds of 400 cm sec_;

_th,er_i. .
while it is in still air (léoc). A turtle could'withstand ambieht
temperatures equal to its upper lethal temperature when sheltered
in a blackbody cav1ty. At nlght, air’ temperatures as hlgh as . 48 %c
could be'tolerated»in still alr, however, these'are condltlonst.
which never occur'in this turtle's habitat. | |

Three wind speeds were used to determlne the lower 11m1t of
' the climate space.. When exposed to a clear nlght sky, a turtleAh‘
could not surv1ve an air temperature less than’ 9 C in Stlll alr
or less than 3 C at wind speeds of 400 cm sec l. Durlng cold

weather, a blackbody cav1ty could prov1de a tolerable habltat to

temperatures as low as l C. In full sunllght, a turtle would‘w1th- g
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stand air temperatures as low as -17°C when‘windiépeed~is,10 cm
- sec_l. An air tempe:ature‘of -SOC can be endured:ét 400 cm sec-l

T ]
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. DISCUSSION .

Evaporative -Water Loss

Evaporative<water loss determinations indiCate that Chrxsemzs
scripta loses water at an increasing rate as wind speed -and air
'temperature increaSe. In addition, smaller indiuiduais lose water.
at a faster rate than larger individuals except at 1ow air temp-
'eratures. Several authors have dlscussed the phy51ca1 processes -
whlch partlally account for these changes. in evaporatlve water
loss in anlmals (see Lelghley 1937 Martln 1943, Machin 1964
Spotila 1972 and Spotlla and Berman 1976 for. appllcatlon of evapor—
ation theory to biological systems). These physical processes -
include changes in the amount.of water vapor per unit Volumerf'
air, changes in w1nd speed, boundary layer thlckness, air turbulenceA‘
and orientation’ to air flow. |

The amountvof water vapor per unlt volume of air rs in- part
a functlon of alr temperature. “As air temperature 1ncreases, the
capa01ty of air to hold water increases. Vapor pressure def1c1t
(VPD) 1s the dlfference between the amount of water vapor in the B
air at saturatlon and that actually present at a glven relatlve
Ahumldlty Spotlla (1972) . and Spotila and Berman (1976) have
‘demonstrated that the difference in m01sture content between the
skin and the air is the dr1v1ng force of EWL from the surface of
animals. The larger the VPD, the larger this dlfference In theseli
‘experlments, VPD increased as temperature increased (Table I)
Therefore, a large.part of the temperature effect on EWL was re-

‘lated to increase in the steepness of the moisture gradient from

% |
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the turtle to the‘air as VPD increased.

Changes in'mind speed and size of turtleAalso affected evap-
,orative water 1oss"(Fig. 4);' Leighley (1937) hypothesmzed that
changés in boundary layer thickness were 1nversely related to w1nd
speed and'81ze of an evaporator up to a maximum size approx1mately'
four meters in diameter. Martin (1943) successfully applied
- Leighley's theory to evaporators as small as 1 mm in length.
Therefore, the relationship between boundary layer thickness,'wind‘
speed and size'applies over the range of dimensions of most moiste
skinned animals. 'Figures 2, 3, and 4 illustrate the effect of
size and wind speed on evaporative water 1oss in turtles An ln-'
crease in w1nd speed changes boundary layer thlckness by decreas-
ing the dlstance through whlch water must dlffuse before belng :
swept away by mass transport in the free air stream. There is a

i

great lncrease in the rate of EWL when w1nd speed is 1ncreased
from 10 to 100 cm sec -1 (Fig. 4). Thls ‘can be attrlbuted to a
decrease in ‘the thlckness of the boundary layer. The.effect of.
increasing wind‘speed further, to 400 cm sec"-l is less marked'be¥ '
cause a large part of the boundary layer ‘has already. been strlpped
away at 100 cm seC'l. | -

Although the phy51cal environment has a domlnant effect on
4evaporat1ve coollng in thls anlmal phy51ologlcal factors can con-'
tribute to evaporatlve water losses in C scrlpta.- Bentley and o
Schmidt-Nielsen (1566) demonstrated hat about 22% of total evap-
orative water losses‘occur thru the resplratory surfaces ofig.
,scripta. Changespin an ectotherm's body temperature affect the .

| “
metabolic and oxygen consumption rates and 1nd1rectly.alter the ..
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rate of EWL (Prosser 1973). Jackson (1971) and.Jackscn‘ét al. :

(1974) noted that frequency of respiratory ventilation in-turtles .

~was proportionate to hody temperature as a result,of increasedg'f'
metabolic oxygen consumption. Since aerobic passages in the lungs
- are free water surfaces, any increase in the rate of exchange of -

air between the lungs and atmosphere will cause an increase in -

water loss. Therefore, some part of the increase in EWL at higher

body temperatures may have béen due to increases in respiratory

rate.
Convection

Wind speed, 51ze and zyr have sxgnlflcant effects on convec-~

tlve heat transfer between a turtle shaped object and 1ts env1ron—-'

ment. Wlnd speed causes the greatest varlatlon in the conyect;cn

”coeffic1ent.regardleSS<of~1nteractlon.w1th Aﬂ‘and size. In still:

air, when the effects of”wind speed are miniﬂized, h, .varies as.a -

function of AT.’ Also, at hlgher wind speeds (100‘ and 400 ‘cm

sec’l), the s12e of the turtle causes dlfferences in h

Convective heat transfer is dependent upon the thlckness of

the boundary layer of air, air veloc;ty and the temperature differ—h»

ential between the animal's surface and ambient airﬂl Boundary
layer thickness is proportlonate to fluld veloc1ty, size of the
animal, surface characterlstlcs such as a shape and texture, |
orientation to flow and fluid den51t1es (Krelth 1973) W1th1n the
boundary layer heat is conducted away from the heated castlng to

the free air stream where it is carried away by'mass transport. -
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The driving force for cOnyection‘in still air is'the temperature'
difference between an object and the air;' AT affects the rate
‘of conduction through the boundary layer by changing the steep-
ness of the‘gradient of heat loss from the castings.as ZLT in-t
'creases. The effect of AT on conlvective heat transfer is greatest
at 10 cm sec'-l when boundary layer thickness is greatest. At this
wind speed, heat loss is more dependent upon density differences
within the boundary layer than mass transport outside the boundary
layer. As wind speed increases, heatftransfer by conduction dimin-
ishes and mass transport becomes the major avenue of heat exchange.
More heat transfer occurs dlrectly to air in motlon rather than
. through the motionless boundary_layer. -Thus(heat transfer is
"greatest'at 400 cm sec ! because much of the'boundary layer has
been removed enhancing convection by mass transfer.‘ |

The effect of an object's size on its convection. coeft1c1ent
" has been reviewed in Krelth (1973) and can be deflned using dlmen-yi
51onless analy51s. These relatlonshlps were'51mp11f1ed by Gates
(1968) when he applled heat transfer. theory to blologlcal systems.
He calculated h as a ratlo of w1nd speed d1v1ded by the character-
istic dimension of an anlmal.‘ Convectlon coeff1c1ents for turtles
compared accordlng ‘to their characterlstlc dlmens1ons do not agree ‘f
w1th Gate's calculatlons at lO or 100 cm sec (Flg. 5) - At these
wind speeds, there are no 51gn1f1cant dlfferences between dlffer-":
ent size turtles.. At the hlgher wind speed, 400 cm secA1 h for
some sizes of turtle are 51gn1f1cantly dlfferent but cannot be
correlated with: Gate s assumptlon. The reasons for thls are un—--~:.‘

known but may be due to changes in the shape of the boundary layer -
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around turtle shaped objects or to differences in the internal

structure of the solid aluminum casts.
The Climate Space
Energy budgetianalysis clearly demonstrates the combined_

effects of wind speed and absorbed radiation on the-physiological '

limits of Chrysemys scriptal Limits of the climate. space are

shifted by wind speed because heat exchange by cohvection and evap-?;
- oration is directly affected by changes in wind veloc1ty (Fig;ll):'
At high temperatures, in full'sunlight; the turtle wouldlbe re-
strlcted to a lower air temperature when exposed to Stlll air than
at wind speeds o£4100 or 400 cm sec l., Stlll air reduces the rate ;
of convective andlevaporativevheat loss so that thesetfactors-canj;,-
not compensate for the highiradiationpload absorbed. ConvectiveiJh
heat loss is,reducedjat'lo cm sec—1 because a thick boundaryflayer

' of air surrounds and insulates the turtle} IncreaSing wind Speed:
decreased the boundary 1ayer thickness and allowed more hcat by
convectlon and evaporation. Thus the animal can w1thstand hlgher
air temperatures in full Sunllght. Therefore, an 1ncrease in w1nd
speed increases . heat transfer between the turtle and the air whichl
couples the animalzmore closely t0‘env1ronmental temperatures.

Under clear sky and ground conditions, the turtle ‘is los1ng
‘large amounts of heat via radlation, therefore, surv1val at cold
night temperatures (in the lower left portion of the cllmate space)t
1s dependent upon air temperature and w1ndspeed. In still air;‘a»ﬁ

‘turtle receives less heat via convection which reduces 1ts ability
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to tolerate cold conditions; As wind speed increases, convectlve
heat transfer to the turtle increases ‘and the anlmal would be able
to survive colder air temperatures.

Durlng cold sunny days, the turtle can surv1ve at lower air
temperatures because 1t is rece1v1ng large amounts of solar radl—
ation. 1In Stlll air, the turtle loses less heat by convectlon and
can Surv1ve lower air temperatures (-17 C) Higher w1nd speeds
remove heat and shift the lower survival temperature upward (-3 C)

From this type of energy budget analysis, we can predict 1nter- )
action between thls species of turtle and its env1ronment. A tur- |
tle's act1v1ty would be llmlted to mlcrocllmate condltlons which
are bounded by the cllmate space. We can predict that‘perlods
;whlch.would be energetlcally stressful to C.-scripta.in a terres-
trial environment include the hot summer months, cold w1nter
months and portlons of the spring and fall when changeable weather:
condltlons produce large and potentlally lethal temperature fluc—l
tuatlons. From late fall to early spring throughout most of its:”$
range in the U.S., the turtle would be forced- to llve along the
blackbody line of 1ts cllmate space because of stressful env1ron; _y(
.mental condltlons.. Durlng this portlon of the year,_g; scrlpta
must live in protectlve cav1t1es or in water (a blackbody sub—
stltute) where mlcrocllmate variations are minimal. In.water,hthls
turtle could be actlve throughout the year.__Seasons which favor
terrestrial act1v1ty include spring, summer‘and'fall’mhen enuiron}§t~
mental factors are within the limits of the cllmate space.; These'i
periods of the year vary accordlng to max1mum and mlnlmum alr

temperature and solar radiation which is a functlon of the day of |
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the year, time of’day and. latitude.

Some ev1dence 1s available 1n the literature to support these
predictions Terrestrial activity of C. scripta 1s not llmlted”bY 
‘sex or maturity and can be related to seasons and prec1pitation in
" South Carolina (Gibbons 1969) He noted that terrestrial movement'
occurred in March,-April and May but from June to October, turtles
left the water‘only aftervperiods of precipitation; During these
periods, decreased VPD may be a stimulus for turtles to emerge |
from water to feed,-lay eggs or move to adjacent bodiesiof water.
After October, no level of precipitation provided suffiCient
stimulus for overland activity. Energy budget analy51s 1nd1cates
sthat terrestrial movement after rainfall is probably in response'
'to periods of lower evaporative stress during or immediately
after rainfall in hot weather. However, after.diurnalftemperatures
begin to decrease,in Octoberf decreased evaporative stress mas not
a.significantly'strong'stimulus for initiating overiand movement.

Predictions can be made concerning the’ nesting act1v1t1es of
C. scripta from. the climate space.- When females‘are reproductf4.
ively ripe, the immediate stimuli for females to:nest'are air'temp—
erature, Q bs; mind-speed and humidityl Seasons such as - lateA
spring thru early fall are best because females would not encounter
adverse terrestrial conditions while nesting. Combinations:ofxg_
these parameters1varyAdaily during these seasons butlit islevident‘t
from the climate space that C scrigta would not nest during mid-‘
- day in full sunlight._ During the afternoon and evening,'nesting |
could occur w1thout tne possibility of the turtle exceeding ltS

climate space. If temperatures are moderate,,nesting could con-~ .
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tinue at night when metabolic heat produced by“the.eXertionpof
dlgglng a nest would be ellmlnated most eff1c1ently Temperatures
during early mornlng mlght be too low for nestlng to occur and
there is the chance that turtles remaining out of water after sun-
rise could be adversely affected by.solar radiation and increas- :
~ing air temperatures. Nesting activity by C. scripta in Panama
occurs during the dry season ffrom January to April). This-appears
to be contradictory because of increased evaporative stress during'
the dry seasons, however; this is the only period when available
nesting areas are not covered by water. Nesting begins in the
afternoon and contlnues untll approx1mately 12:30 a.m. but most of
1t (78%) occurs after dark, from 6:00 p. m. to 12: 30 a.m. (Moll and
Legler 1971). Nestlng activity was not observed when alr tempera-,.
ture fell below 22°C which usually occurs in the early mornlng
durlng the dry season in Panama. Heat loss by rad1atron~to the
night sky and decreaSLng air temperatures probablwhstimulated the
turtles to return to water. Energy budget analySis‘indicates that’
leveis'of Q bs around’solar noon would place an aninal at or bé;‘.
yond the upper 11m1t of the climate space durlng perlods of nestlng.
The addition of metabollc heat produced by these act1v1t1es could

‘be sufficient to cause death from exce581ve heatlng Moll and

Legler (1971) noted that nestlng requlres approxlmately l 1/2 hours~'1

'of strenuous act1v1ty which if 1t occurred in dlrect sunllght or at .

midday could result in body temperature exceedlnr‘the.turtle S'CTM N
Basking is another activity Wthh lends 1tse1f to predlctlons
based upon energy budget ana1y51s. Turtles may bask under con— :

ditions that are found out51de of ‘the cllmate space, however, they
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must return to a less adverse environment w1th1n the cllmate space

to prevent overheatlng. Duratlon of excursions beyond the cllmate'f

space are - llmlted by the heat storage capac1ty of these turtles.?

‘Durlng the sprlng and fall, turtles could bask for long perlods of

time because they would have a lower body temperature at 1n1t1at10n '

of basking and solar radlatlon would be at relatlvely low 1nten31-1

tles. When temperatures and radlatiOn levels are hlgher in Summer,

the time spent basklng by turtles would be reduced Cold condlt;ons

during the w1nter would greatly restrict basklng. A daily basking
pattern for C. scrlpta should be as follows. Cool env1ronmental |
condltlons durlng early sprlng influence the turtle to bask in a
unimodal act1v1ty pattern or during the middle of the day ' Water
| and body temperatures are ‘low but air temperatures and’ solar radl—
.atlon during the mlddle of the day should stlmulate basklng If
weather condltlons are favorable, basklng may contlnue for long
perlods of time because Q bé during this tlme of year would’ not“
increase the turtle s body temperature to lethal levels. As'the
seasons progress, air temperature and solar radlatlon 1nten51ty
1ncrease and 1nfluence the turtle to bask predomlnantly 1n a blt*b“
. modal act1v1ty pattern. Morning and late afternoon or evenlng be—?
come the most favorable portions of the day for the turtle to. |
emerge from the water. Basking around solar noon durlng the
summer would cause the turtle to exceed the 11m1ts of . the cllmate “
space, therefore 1t should not occur. When fall condltlons pre-
vail, turtles would return to a unlmodal pattern of basklng.'
Limited 1nformat10n is avallable in the llterature on the_*

dally basklng act1v1ty of C. scrlpta through an annual cycle. AOn‘

DA SNt e s L .

e
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clear'sunny days;:basking is limited by.high.body'temperatures
(cagle. 1944 'ana' Moll and Legler 1971). Cagle (1950) noted that
turtles cannot bask for long periods in direct sunlight because L
.of rapid increases in body temperature, however, when-the sun_is
obscured, basking is prolonged Moll and Legler (1971) in aldes-".
cription of the seasonal basking activities of c. scripta in

Panama concluded that basking frequency is greatest during the
coolest portion of the year especially after several days of rain
or cloudiness. During this type of weather, on clear sunny days,
all available basking sites were occupied. Basking was most in-
tense on sunny dayS'during the latteripart of the rainy season 3
When fewest sunny.days occurred. 'They.also indicated that the
greatest numbers of turtles engaged in atmospheric basking occurred
at 9: 00 a.m. and at 2 00 p.m. Reliable data demonstrating basking
activities during the middle of the day is unavailable. : S

Porter etvgl, (1973) have demonstrated that the desert lizard

Dipsosaurus dorsalis has a daily activity patternbyery;similar to?l
that preaicted for C. scripta: In spring, it was predicted that
bthe'liiardashould'be active outside of its'burrowwin the'middleiof
-the day.. As the seasons progress, the summer actiVity pattern shifts
to morning and afternoon. In the fall, noon day actiVity resumes.;ffi
The Similarities in the actiVity patterns of the desert lizard
and aqguatic turtle indicate the importance of microclimate c0ndi-”h

tions on the behaVior of small reptiles. Similar responses by QVVU

these two organisms to baSlC cyclic changes which are common to
all enVironments tie together thermal relations between these dis-

“tinctly different reptiles. Phy51ological and structuralladapta: -




ﬁﬁioﬁé énd'thetmalntoleranqes may differ betweeﬁ turtles and liiards
becéﬁse.of evqlﬁtionéfy‘fesﬁonses to différént éﬁvirdnments but
the similarity 6f'th§ir:behaviora1 reéponées to comparabie environ-
menﬁal Situatiohs i§ Striking. The:prédictibgs fbf the turtle ‘
cannot be éuccészﬁlly validated'witﬁ existihg data in the literﬁ};
ature. There i§1a need for extensive field studies,éombined with 
microclimatologieal measurements to provide supportive data for

this model.




Table I. A summary of results of evaporative water- loss determlnatlons for Chrxsemzs
scripta. Surface temperature (Tr) was continuously monitored and body temperature
(Tp) was measured at the end of each condition. Vapor pressure deficit was calcu-
lated from measurements of relative humidity and air temperature.

‘ Evaporative

Air :‘“'VWind T Turtle Témperéturé' ’ .Vapor : Water Loss Rate
. Temperature : Speegl ' Ty, - Ty Sample . Pressure (mg g~1 hr-1)
(°c) (cm sec ) (cloacal) (surface) Size - Deficit ~ Mean Range
5 160 . - 7.6 6.2 . 9 4.74 0.161 0.102 - 0.245
. 10 _12.1 13.8 10 10.37 0.142 ‘0.080 - 0.355
- 15 100 13.4 14.5 .10 9.64 0.197 0.120 - 0.379
o 400 ~12.5 " 14.3 -j‘9~ - 11.39 0.200 0.112 - 0.348
o o 10 24.0 - 24.4 100 - 20.86 - 0.126 0.063 - 0.207
25 .- 100 o 23.9 24.8 10 21.48 0.212 0.121 -.0.381
400 23,2 25.3 10 22,77 0.232 0.166 - 0.374
LT 10 . 29.6 30.8 10 ' 34.17 - 0.207 - 0.098 - 0.369
_35.[J;; o100 .. 31,0 31.2 10 - .35.97 0.363 0.228 - 0.596

400 ©.31.4 - 3201 10 . 41.10 0.392  0.274 - 0.599 -
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Table II. Regression iquations‘for calculating evaporative -
water loss.(mg g~! hr~l) from body weight (g) for Chrysemys
scripta. A coefficient of determination is included for
each equation. - ' - :

EquatiOn of , ' : o
Regression Line . Coefficient .

. Air  Wind y = EWL, . - of

Tempgrature Speegl X = Body Weight ' Determination.
(c) (cm sec ™) (g) ' ‘ - (r4)
15 10 .y = s5.60x 57 0.87
15 . 100 y =273 - o.86
15 © 400 y = 0.82x "2 . 0.46.
25 100 y=aa10x%3 0 o0.76
‘25 100 .y =6.71x%0 0.95
25 .00 y = 2.24x 31 0.62
35 10 y = 4.57x 47 0.60
35 100 y = 10.0x" 49 0.84

35 400 .y = 2.95x7°30
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"Table III.

1Regfessioh’of,hc on size at three wind speeds

100 cm sec’ ¥ -y

400 cm secfl'

35

the convection coefficient (hg) and size of turtle (in . IIIa),’
AT (in ITIb) and wind speed (in IIIc). Equations in IIIa

describe h¢ = y according to body weight = x at three differ-

ent wind speeds. Equations in IIIb describe h¢ according to
AT = % at three wind speeds. Equations in IIIc describe

h, according to wind speed = x for turtles of different size. o

Size was determined by measuring the significant dimension
of the turtle in the direction of the wind flow. ‘

' Test Variable - Regression Equation
10 ¢ém sec—lij' yo= (7.3 x 107%)x + 0.0075 .. 0.23.

(-2.9 x 10 % x + 0.0180 = ' -0.80 .

e
i

Regressioneqf h, on AT at three wind speeds

Testhafiéble. - A:' Regression Equatiep' - ‘: f“fr2:Qv_
10 cm sec™t . y = (1.4 x 107 ")x # 0.0065 - 0:67 .
100 cm sec™l y = (1.7 x 107°)x + 0.0160 . . 0.07

400 cm sec™t © y = (-5.1 x 107%)x + 0.0484 - -0.20

Continued on,nekt'pége_

Regre551on equatlons descrlblng the relatlonshlp between

(7.1 x 107 x + 00414 . 0.49




S C..

Regression of h, on v at six body sizes

Test VariéB;e Regression Equatioh: r?
(cm)
9.8 (8.98 x 10 °)x + 0.0075
'10.6 (1.04 x 10" %)x + 0.0061 0.99
12.7 (8.64 x 107 °)x +jo.ob78 0.99
14.0 (9.53 x 107 °)x + 0.0068 0.99
17.1 (9.27 x 10 2)x + 0.6568 0.59'
18. 10;4)x + 0.0053

(1.

18

0.99

0.99 -
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Table IV. A model ANOVA table used to test significance by linear.
regression. The source of variation of the dependent vari-
able, Y, can be assessed in terms of the variation of the
independent variable, X. This variation can be partltloned
to show the amount of variation in Y accounted for by vari-'
ation of X (explained error) and the residual variation A
(unexplalned error), a quantity that is part of all standard
error in regression (Sokal and Rohlf, 1969 p. 421).

Source o df Ss : Ms F
Explained due = ' o 2' S 2
to linear . 1 ‘ ' )2 s
regression = - . ‘ _ ‘ o Y
Unexplained due - , 5 : "2 : ;
to error around - .n - 2 d Y.x ' S y.x

regression line

f'Total S .j n-1 | y _ '“. - -8

i
;
i
{
i
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. Table V. Results of ANOVA of regression analysis of h ‘on size
Variation of predicted,

-. - (body weight) ‘at three wind speeds.
" hg is assessed according to variation in body weight. A

significant F value indicates that body weight is a suitable-
parameter for .predicting h, at a particular wind speed.

10 cm sec—1

af

Source SS Ms - = ‘F
‘Variation accounted 7 ST
for by size: E 1 7.26 x 10 - 7.26 x 10
Variation un- -5 - _§ ."
~.accounted for 16 1.24 x 10 ~7.76 x 10 - .
Total. 17
: -1
100 cm sec ™
Source _ af S8 MS F_
'Variation accounted ;5 ' S - L
for by size. 1 1.16 x 10 .. 1.16 ' x 10 - 128.6*%
Variation un- - -6 - . 'JAlaj
~accounted for. 16 6.52 x 10 4.07 x 10
Total - 17
400 cm sec-1~? 
Source dE 58 MS ¥
Variation accounted -5 E f';s' S
for by size 1 6.88 x 10 ° 6.88.x 10.7  5.07*%
Variation un- —q e ““5 . -
accounted for 16 2.17 x 10 ~° 1.36 x 10. 7
Total _17
* p 0.05
** p 0.01

© 0,935

———y—— s

R Rert]

B e

AT T .5




Table VI. Results of ANOVA from regre531on analysis of hc on z;TQ

at three wind speeds. Varlatlon of predicted h. is assessed:
according to variation of AT. A significant F value indi-

_cates that AT is a sultable parameter for predlctlng hc at

a partlcular w1nd speed.

" 10 cm sec

Source —_af S5 MS —F

Variation accounted : e -é S
- for by AT .. - 'l 5.82 x°10 5:82 x 10 F12.7% o
Variation un- ' -6 ‘ 7
accounted for © 16 7.32 x 10 4.85 x 10
Total o 17  1.31 x 107>

100 cm sec:_'l

Source — daf : SSs - o ',MS'” SRR F
Variation accounted - ' --8‘F: B 'A f,'_8.:'f. S )
for by AT 1 8.33 x 10 ° 8.33'x 10~ } 0.068
‘Variation un- @ = : a _5‘ , 16'3 )
accounted: for .. 16  1.81 x 10 1.13 x 10
Total . - . - 17 1.82 x 10°°

400 cm sec

Source B df SS WS F-
Variation accounted . -5 L e
for by AT - £ .1 7.61 x 10 7.61 x 10> . 0.694
Variation uﬁi : o , 3 .   {;4{;mm
accounted for : 16 ~1.75 x710 © 1.10.x 10
Total . . 17 1.83 x 1073

* P 0.05

** P 0.01



Table VII.
- wind speed for six sizes of turtle.
"h, is assessed according to variation in size, - A signifi-
cant F value indicates that wind speed is a suitable para-
meter for predlctlng he at a partlcular size.

' Results of ANOVA from regression analysis.of hc on
Variation of predicted.

9.8 cm
Source af S5 NS v
Variation accounted -3 R roog o ‘
for by wind speed 1 2.02 x 10 - 2.02 x 107 -~286.3f*. ;
Variation un- . -6 ) "f.;74'A | ’ !
" accounted for 7 4.94 x 10 © 7.05x'10 ° o
Total 8 2.03 x 1073 !
. !
10.6 cm L
o : : . f
Source -t S5 NS T F é'
Variation accounted -3 o 4;3:" e ?
for by wind speed 1 2.69 x 10 . .2.69 x 10 7 & 165.1%**
Variation un- -5 g “5F6-‘~'. 5,Q5 ,' ~"{
accounted for - 7 1.14 x 10~  1.63 x 10" . . ' '!
Total 8 2.70 x 1073 |
12.7 cm
Source . af . SS IMS;.'~n '  F
Variation adcduntéd‘” A T T S IR
for by wind speed 1° 1.87 x 10 ° - 1.87 x°10°7 - 167.47**
Variation un=- o . —g o -6 .
accounted for - 7 7.81 x 10 ° .1.11'x 10 -
Total 8 . 1.87 x 103

Lagont;huea 6nﬂnex£ page”
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d. 14.0 cm
Source df 5§ M§___ F
Vafiation accounted ' -3 ' ' ;3 _ S
for by wind speed 1 2.27 x 10 7 2.27 x 10.7 ' 404.5%*%
Variation un- S ' -6 . g s
accounted for - 7. 3.93 x 10 .5.62 x 10 -
 Total . o 8 2.28 x 1073 -
3

“e. 17.1 cm

Source df SS ::'MS“ - F

Variation accounted - -3 SR ;3'
for by wind<speed S 2.15 x 10 - 2.15 lepﬂ_g

Variation un- : : ’ ‘_5._
accounted for . 7 1.21 x 10
3

1.72 x 1078

Total . 8 2.16 x 107

£. - 18.6 cm

Source ‘ ‘ df SS T MS E .'4A F

Variation accéunted S T S ‘,';3’ ‘ L
for by wind speed 1 3.48 x 10 3.48 x 10 393.5*%*
Variation un-. . 5 o f7_é ' :
accounted for 7 6.19 x 10 © 8.84 x 10

Total . - 8§ 3.54x10°3"
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Figure 2. The effect of body size on ‘the rate of evaporatlve

water loss of the turtle Chrysemys scrlpta tested under blackbody i

.condltlons at 25 °c with a w1nd speed of 100 cm sec lQ' The llne

was drawn from a regre551on equation computed u51ng the method

of least squares.. The coeff1c1ent of determlnatlon was- 0 95. o

[P DRI
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Figure 3. The effect of body size and temperature on the
rate of evaporative water_lpss of C. scripta tested with'a~wind,

speed of 400 cm se.c-'l

. Lines are drawn from regfessioﬁfeqﬁatiqﬁS'l
computed using"the method of least squafes. The iinés.aﬁ-lso
and 35°C.are signifiéantly'different (P<:0.05). Equations of

these lines can be found in Table II.
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Figure 4. The effect of wind speed and body welght on - x
, the rate of evaporatlve water 1oss of C. scrlgta tested at 15 C .
‘Llnes were plotted using regre551on equations computed by the
method of least»squares., Equations of these lineslcan.be‘found .

i

in Table II.

o g g !
' B
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Figure 5. A least squares.fit of h_ (n=18) as a function
of size for threeAwiﬁd_speéds. Eqﬁations"bf.thesé lines can.

be‘found in Tablé IIla.

i '
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Figure 6."Leést square plots of h_ . as a function of wind
 speed for each size of turtle. Size of each turtle was deter-

mined as the significant dimension of carapace'in the.direction.

of wind flow. TAil h, determinations were performed with turtles ;5;

perpendicular to wind flow. Equations of these lines can be

found ‘in Tabie IIIc.
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'Figure.7.l A.elimate.space diagram for ah_aﬁerageisize c.
scripta (1000 g) showing the effects of radiation, air temper-
| ature and wind'speed under steady state conditions. The'solldi
daShed and dot-dashed lines in each set were calculated for
w1nd speeds oflO, 100 and.400 cm sec-.l respectively -Upper'
limits were calculated from equatlon (3) ‘at a body temperature
of 40°%C u51ng correspondlng values of metabollsm = 0. 0899 ml 021
d-l hr_l and evaporatlve water loss = 0.028 cal cm, -2 miafl;[l
_Lower llmlts were drawn accordlng to the same procedures: at.a‘”"

'-body temperature of 1 C, metabollsm = 0.0012 ml 02 g ;'hf-laahdd-:'

evaporatlve water - loss = 0 021 cal cm -2 min-l.
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