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ABSTRACT

The capacity to supercool and the effect of 
low temperatures „ particularly below freezing«, on 
respiratory metabolism was studied in a small iguanid 
lizard, Uta stansburiana Baird and Girard, The rate of 
oxygen consumption decreased linearly, rather than 
curvilinearly, over the range +5° to -5°C» There were 
no significant differences in either respiratory metabo
lism or survival after supercooling between samples 
collected in summer and winter months, Survivors did 
not appear to suffer irreversibly from this treatment, 
and there was no evidence of internal ice formation 
above -5° C, The length-weight relationship and the 
range of temperatures of normal field activity were also 
determined for the species.
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INTRODUCTION

Studies on the biological effects of low 
temperatures have been conducted on a variety of organ
isms: insects (Mellanby 9 19 39 9 19 40 ; Salt«, 1950 9 1956 9 
1966 | Scholander et al0 9 195 3), intertidal and marine 
invertebrates (Kanwisher9 1955 9 1959 9 Nair and Leives- 
tad9 195 8) 9 fishes (Scholander et 9 19 53 9 1957) and 
mammals (Andjus and Smith 9 195.4 9 1955 ; Smith 1954 9 
1956 a 9b; Andjus 9 1955), Audrey Smith’s monograph 
(1961) is an excellent review of past and present low 
temperature research. In the area of low temperature 
tolerances of amphibians and reptiles9 little seems to 
have been reported since the pioneering investigations 
of Weigmanh (192 9) 9 Kalabukhov (1934) 9 and Rodionov 
(1938),

The present investigation on respiratory me
tabolism of the lizard Uta stansburiana Baird and Girard 
in the supercooled state followed the recent discovery 
that Uta and other species of reptiles are capable of 
significant supercooling of the body fluids below the 
freezing point of blood (C, H, Lowe and P, J, Lardner9
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in the press)» Supercooling commonly precedes freezing 
in water and biological solutions (Meryman9 1956 ; 
Scholander9 1959) „

An experimental design was constructed to test 
winter versus summer differences in the respiratory 
metabolism during supercooling and in survival after 
supercooling. The work was designed around Uta 
s tahsburi an a 9 for the population investigated is, winter 
active and individuals are available over most of its 
geographic distribution, at least intermittently, during 
winter months (December-February), Uta stansburiana is 
unusual in reaching maximum recrudescence of the male 
gonads during, the mid-winter (Asplund and Lowe, 196%; 
Hahn, 196#).

Uta stahsburian a (Fig. 1) is a small iguanid 
species with a wide geographic distribution in the 
Southwest. In Arizona it occurs in all of the major 
subdivisions of the North American Desert— Great Basin, 
Mohave, S on or ay. 3 and Chihuahuan Deserts, The population 
investigated occurs in the vicinity of Tucson, Pima 
County, Arizona.

The lizards were collected from a single popu
lation at a locality approximately nine miles north of 
the center of the campus of The University of Arizona,



Fig, 1, Uta stansburiana Baird and Girard; male (above) and
female,

V)



The habitat (Fig. 2) is situated at 3000 ft. on the 
bajada of the south side of the Santa Catalina Mountains9 
in the area immediately east of the north end of 
Campbell Avenue. The area lies within the Sonoran 
Desert in a paloverde sahuaro desertscrub community in 
the Arizona Upland (Lowe 9 1964). Rainfall is bi
seas on al 9 with.characteristically high maximum tempera
tures in summer and low minimum temperatures in winter 
(Smith? 1956 ; Sellers 9 1960 ; Green 9 1962).
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Fig, 2, Habitat of Uta stansburiana along the 
bajada of the south side of the Santa Catalina Mountains 
south of Pima Peak, north of Tucson, Arizona.



METHODS AND MATERIALS

Oxygen, consumption was measured on lizards in 
the post-absorptive state in special whole-animal 
Warburg flasks (17 cc„ and 55 cc, capacity) immersed in 
a refrigerated 17% ethylene glycol-water bath (t 0.05°
C). One thermobarometer accompanied each series of 
similarly sized flasks.. A 10% solution of potassium 
hydroxide in the side arm absorbed CO2 ° The rate of 
cooling of the bath was approximately 1° C/ll minutes.

In thip systems raw data for oxygen consumption 
are collected in the form of mm. change on the open arm 
of the manometer per unit time; the original values are 
converted to volume of oxygen uptake by use of the appro
priate flask constant 9 k 9 which varies 9 under standard
ized operational conditions9 with temperature9 gas and 
fluid volumes of the system9 and the solubility of 
oxygen in the fluid phase (see Umbreit et al.9 1964). 
Solubility is expressed as an absorption coefficient9 
cX, in ml. Og/ml, fluid when the gas is at one atmos

phere pressure. Data for solubility of gases below 0° C 
are not easily acquired. Therefore 9 it was necessary to 
select an value for similar experimental conditions.



Values change in opposite directions in response to 
decreased temperature and increased concentration,of 
solute. Table 1 reveals the negligible effect on the 
flask constant of using different absorption coef
ficients, An value of 0,022 was used in this study 
for all primary data reduction. The range and the mean 
of the seven resulting flask constants (one for each 
temperature at which oxygen consumption was measured) 
for each animal are given in Appendix A,

- TABLE 1
Effect on the flask constant, k 

values for the absorption
, of using different 
coefficient, o< ,

Solution, Temperature cX k

KOH, 1 gm,-equiv. . 15° C 0,022 4,976
KOH, 1 gm,-equiv. 25° C 0,019 . 4,976

water O o O 0,049 4,978

From room temperature, the lizards were intro
duced into the bath at 10° C, with one exception (bath 
16° C), A thermoequilibration period of 40 minutes 
followed arrival at the initial temperature (+5° C), 
and each temperature thereafter, at which oxygen



consumption w;as measured (+5 ° 9 0° , -1° 3-2° 9 -30 3 
and -5° C)„ To determine the time of thermoequili
bration necessary to insure equality of body temperature 
and the temperature of the surrounding medium3 a large 
adult (5.2 gms.) with a YSI tissue-imbedding thermistor 
probe secured in the hindgut (via the cloaca) was placed 
in the experimental apparatus and deep-body temperatures 
were recorded as the bath temperature decreased (Fig. 3). 
The body temperature of the lizard reached that of the 
medium (+ 0.05° C) within twenty minutes following a 
change of 1° C. After the experiment the lizard was 
X-rayed to confirm deep-body position of the probe 
(Fig. 4). Forty minutes was determined to be fully 
adequate for thermoequilibration and this period was 
used throughout the experiments. Oxygen consumption was 
measured at 30 minute intervals for a minimum of two 
hours.

Regression equations and correlation coef
ficients were calculated by the least squares method of 
estimate. Frequency distributions are depicted graphi
cally by the modified Dice-Lerass method in which a 
vertical line3 horizontal line, and rectangle represent3 
respectively 3 range 3 mean3 and 95% confidence interval 

(jiggS-) for the mean (Simpson, Roe 3 and Lewontin, 1960).



Fig. 3. Thermal lag of reduction of deep-body 
temperature of Uta stansburiana, contained in a 
Warburg respiration chamber, following lowering of 
the ethylene glycol-=water bath.



Fig. 4. X-ray of Uta stansburiana with tissue- 
implantation thermister probe inserted in hindgut.
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Eighty-one individuals were used during this 

study 9 collections being made in August s September, 
January, February, and March„ The majority (77) were 
noosed while basking on rocks in the sun or on sunny 
spots amidst shrubs and low trees (bursage, hackberry, 
prickly pear, paloverde, etc., Fig. 2). Upon return to 
the laboratory, body weights, snout-vent lengths, and 
tail lengths were measured. Experimental use of the 
lizards began within five hours after field collection 
for all work reported here.



RESPIRATORY METABOLISM 
DURING SUPERCOOLING

Oxygen consumption of Ufa sfansbufiana was 
measured at temperatures over the range +5° to -5° C 
for samples collected in summer (August, September,
196 4) and in winter (January, February, March, 1965).

Data for the weight-specific oxygen consumption 
are given in Table 2. During the pilot experiment con
ducted August 17, 1964, oxygen consumption was measured 
at -3° C only. These, data are combined with the data 
for -3° C on August 21, for statistical analyses.

The regression of the frequency distributions
•F Q01 Og as a function of temperature is illustrated in 

Figure 5 where the data for five dates are treated sepa
rately. The corresponding data reductions are presented 
in Table 3. The rectilinear nature of the relationship 
between the variates is evident. At each temperature 
below 0° C, the mean QOg for a given date is included 
within the 95% confidence interval of at least one other 
distribution, and more often than not lies within these 
limits for all collection dates. The range of at

12



TABLE 2
Weight-specific oxygen, consumption of Ufa' 'st'ans'buriana

.................   Ro.g. .(.ul.,./.gm«./.h.r.«.).
Animal. Sex Weight

Noo- (gins.) . . .+.5.0. q. ■. . -q-o- -c ' ' • -1°' 'C '• • _2'0 'Q- 1 CO 6 O O61 ■ • _5 O' '1
August 17 196 4

1 9 . 4,63 —— —— 5,01 ——
2 c? 5,59 —— — 6, 89 ——

. 3 . d 5,80 w —— 5,8 3 —

4 <S 5.34 —— 6,53 ■■ —
5 <S 3.26 — — ——- — • 4.75 ■p""* ——
6 ■■ 6 3.11 — —— — 7.99 —
7 6 2.43 — — —— — 8,62

August ■2'1a 196 4 (

10 (f 5.74 16,46 9.14 10,05 7,23 7,48 4,24 3,99
11 . d* 4,61 16,88 . 5.54 7,02 4,6 9 4,12 3,15 2,08
12 6 3,66 17.36 9,01 10 . 79 7,68 8,41 6,57 3,18
13 <5 5,76 14.43 8.73 9.41 7.72 7,32 4,90 2, 82

H
00



TABLE 2 (CONTINUED)

Animal Sex Weight
N"0' » ' ' •(•gffiSv)' ' ■ • 'O'0' :C' "■ • i

14 cf 3,9 5 12, 81 10,50 10,86
15 cf 3,21 . 21,85 10,91 11,39
16 cf 3,53 15,18 6,18 3,88
17 9 1,52 18,24 . 7,80 ' 9,73

18 9. 
iptember 11*

1,51
1964

18,13 10,14 8, 35

19 $ 2,31 17,12 8, 88 9,24
20 $ 2,51 19, 75 6,91 5,21
21 cf • 2,90 22,10 10, 8 8 9, 70
22 Cf 4,99 15,22 ■ 8, 89 8,67
23 cf 4,40 19,56 9,50 8,61
24 cf 5,79 . 16,92 8,82 8,22
25 . cf 3, 81 22,34 11,04 10,07
26 9 3,60 , 16,91 11,95 7,41

• * ■ •̂■0‘2'C‘U:i« • / • ) ....................
w2‘0‘ *C j wi-p0, C w5'0, C
8.33 8,"16 OCO-d- 3, 89
6,15 4,85 -- --

3,50 3,91 — — --

9.21 11,72
y

7,21 3,84
9,42 7,62 5,70 3,18

7.80 ■ 7,51 5,5 7 3.45
4,59 4,13 2.87 2.72
8,00 6,67 3.72 . 1,87
6.91 5.91 4,38 3,11
8.02 6.82 5,29 3,44
7,19 5.73 4,48 ‘ 3,20

10,11 8,12 6,11 3,41
7. 79 7.11 5,71 4,77

H-P



.T.AB.LE. .2. .(.COH.T.IM.UE.n). .

Qq  ̂ (ul. /gnu /hr.)
Animal . Sex Weight :—  ------   " --- :— 1
• No,..........(•gms',0- ■ • ■ +5.9. -0 • ■ • -O'0; -C ■ - ■ -l-°- -G - • - ~2-°- 0  ■ ■ ■ ~3°. G - ■ -4° G

2 7 3,74 19.3 2 10.76 8,20 8,22 ; GOCO 6 . 40 5,29
January 2 8 9'1965

28 5 5.13 16.46 12,0 7 9,65 9.18 7,31 5,40 2,81.
29 c? 6,29' 18.71 13,25 10,39 8,13 5.86 4,20
30 9 3,8 8 15. 32 12,04 ■ 8,82 6,56 6.80 4,23 . 3,18
31 . d 4.76 16.52 12,09' 10.0 3 8.74 ' ■ 7,9 7 4.91 3, 86.
32 d1 5.02 18.05' 13.48 10.09 8,14 5,9.5 5.77 — — r

33 cf 4. 39 25. 78 15.31 10.6 7 8,81 4.42 5.08 4.33
34 9 3.99 15.98 12.55 7.15 6.15 4.57 4.47 2.76

February 5 ,: 1965
35 d 5.92 15,49 10,0 9 10.56 7.45 5,95 4,84 3.86
36 V 5.83 18,81 11,27 11; 31 8,17 7,04 5,64 4,36
37 9 4.90 14,14 8.08 8.37 ■ 5,50 4.09 .3,33 3.09
38 d 5.58 22.75 10.37 10,6 3 6.93 4,91 5,38 3,38 Hcn



; ' •
- TABLE 2 (CONTINUED)

.......... Q,0. . (ul. /©n. /hr*)
Animal Sex Weight  _____ ? _______ _______
. No* . . .t.5-°. -C .. . JOP. c  . •• ,-13. .C . . rxD o O , . -3.9 C .. , -49 C •. . -59. ,
39 9 4.38 21.52 9.39 10,2 8 6,65 5.18 5,54 4.93
40 ‘ d7 4. 82 . 13.87 10.17. 10,78 9,33 7.71 7.45 — —
41 ? 4.35 16.27 • . 8.60 7.84 ' 5,98 4.03 4,23 -
. 4'2 ? 3.99 16.93 ■ 8,35 ■ 6.49 . 5.2 8 4. 81 . — — —
43

March
<? . 

■19's 196 5
3.21. 25.99 11.48 9,11 8.63 9.06 5,99 -

58 4.22 13.92 10.93 9. 49 8.33 6.5 7 5.10 4,51
59 c? 5.29 12.63 ' 9.29 9.09 7,44 5.78 3.63 3.88
60 9 4.1-3 12.57 8.20 7.25 8.26 7. 30 3.66 5,01
61 c? 5.71 00H 10.88 8.57 9.67 6.90 4.55 3.48
62 d3 6.12 15.45 9.83 ■ 9,48 6,9 3 5.76 3.39 2,81
63 d7 5.20 15.06 9 3 6 8, 35 6,81 4,47 3, 96 4.77
64 9 3.60 13.96 8, 81 . 8.45 6.55 5.27 3,96 2.86
65 9 3.59 14. 30 5.90 4.39 2.40 • 2.12 1,26 1,36



Fig. 5. Oxygen consumption of Uta 
stansburiana as a function of temperature-for five 
dates of collection treated separately. 
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TABLE 3
Reduced data for frequency' distributions of weight- 
specific oxygen consumption of Uta stansburiana at 

each of seven, experimental temperatures.

Date Tempera- N Range
. ture 

...... (° CO
ture x Sx

Aug. 21 +5 9 12. 81 - 21. 85 16 . 81 +_ a. 86
■ 0 9 5,54 - 10,91 8,66 0.62
-1 9 3.88 - 11.39 9.05 ^ 1,19
-2 9 3.50 - 9.42 7,10 +_ 0,66
-3 16 3.91 - 11. 72 6, 82 £.0,51
-4 7 3 . 1 5 - 7 , 2 1  5,15 + 0.9 8
-5 7 2.08 - 3,99 3,28 +0,26

Sept. 11 +5 9 15.2 2 - 22,34 18, 80 _+ 0,82
0 9 6,91 - 11.95 9, 74 +_ 0,52

-1 9 5, 20- - 10.07 8, 37 + 0.48
-2 9 4.59 - 10,11 7.62 £ 0.48
-3 9 4.13 - 8.12 5.78 £  0.82
-4 9 2.87 - 6.40 4,95 £ 0.39
-5 9 ' 1.87 - 5,29 3.47 £ 0.34

Jan. 28 +5 7 15,32 - 25,78 18/11 £ 1.35
0 7 12.0 4 - 15,31 12.97 £ 0,45

; -1 7 7,15 - 10.67 9.54 £ 0,46
-2 7 6.15 - 9,18 7,96 £ 0,44
-3 7 4.42 - 7,97 ' ■ 6.12 £  0,50
-4 7 4,20 - 5,77 4.86 £ 0,72
-5 5 2.76 - 4.3 3 3.39 £ 0,30

Feb, 5 + 5  9 13.86 - 25.99 18,41 £ 1.40
0 9 8.08 - 11,48 9.76 £0 . 4 1

-1 9 6.49 - 11,31 9.48 £ 0.54
-2 9 . 5,28 - 9,3 3 7,10 £ 0.47
-3 9 4.03 - 9.06 5.86 £ 0,58
-4 8 3.33 - 7,45 5.30 £ 0.43
-5 5 3.09 - 4.93 3,92 £ 0.33

Mar,19 +5 8 12,57 - 15,45 14.10 £ 0,38
0 ' 8 5.90 - 10,93 9.15 £ 0.57

-1 8 4,39 - . 9,49 8,13 £ 0,59
-2 8 2.40 - 9.67 7.05 £ 0,75
-3 8 2,12 - 7.30 5.52 £ 0,58
-4 8 1,26 - 5,10 3.68 £ 0,40
-5 8 1,36 - 5,01 3.58 + 0.43
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+5° C appears slightly more variable than at tempera
tures below zero. This pattern for Uta stahsburiana 
resembles the scatter pattern presented by Kalabukhov 
(1960 9 Fig, 11) for the lacertid lizard Eremias arguta 
Pallas,

On close inspection (e_,£. Figure 3) it appears 
that the change in.the rate function of oxygen con
sumption on temperature (i,e» , the slope) may be 
slightly different at temperatures above 0° C (e,g,°
+5° to 0° C) and below 0° C (0° to.-5° C), A rapid 
drop in oxygen consumption below freezing has been 
reported for chironomid (midge) larvae (Scholander et al, ■> 
195 3) and for the snail Littorina littorea (Kanwisher9 
1959), These animals undergo progressive formation of 
internal ice below 0° C and respiration falls off 
sharply with the initiation of ice formation. The re
gression line presented by Kalabukhov (19609 Fig, 11) 
for the lizard Eremias arguta shows a much shallower 
slope below 0° C than at temperatures, above ( + 5° to 
-5° C), The data for Uta stansburiana are similarly 
suggestive of a shallower slope above 0° C 5 although 
the difference is evidently not of such large magnitude $ 
and additional data would be necessary to confirm the 
difference as significant. It is clear that Uta



20
stansburiana, Lacerta muralis (Weigmanng 1929) and 
Eremias arguta (Rodionov9 193#) have, very little3 if 
any tolerance for internal ice formation.

Regression analysis of the frequency distri- ■ 
butions in Fig. 5 yields the regression equations and 
lines presented in Table 4 and Figure .6. Since it is 
not clear whether the data at +5° 0 represent a change 
in slope, calculations of regression equations are based 
on oxygen consumption values from 0° C to -5° C, and 
extensions of the regression lines to temperatures 
above .0° C are therefore illustrated as dotted lines.
The regression lines and equations all have associated 
correlation coefficients which are significant (P.<0 = 001) 
and which lie between. +0.67 and +0.94 (Table 4). At 0°
C the data for oxygen-consumption collected January 28, 
1965, lie conspicuously above the other distributions 
(see. Fig. 5). This single departure markedly affects 
the. regression line for this date in Figure 6. The re
maining four lines lie. very close together and their 
vertical order suggests that oxygen consumption at low 
temperatures was not altered by season during the present 
study.
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, 21 
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. II 
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TEMPERATURE (*C)
*5

Fig. 6. Regressions of Qog °n temperature for 
five dates of collection treated separately. Dashed 
lines are extensions of the regression lines calculated 
from data for temperatures from -5° to 0° C.
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TABLE 4
Regression equations and correlation coefficients 
for weight-'specific oxygen consumption (Qq ) on 

temperature in Uta stansburiana. 2

Date N
Regression
Equation r P

Aug,21
i '

5 7 % = 9,46. + 1,0 7 T 0,668 <0,001

Sept.11 54 s 11 CO "<1 CD + 1,24 T 0,815 <0,001

Jan, 28 40 % = 12,07 + 1,84 T 0,935 <0,001

Feb, 5 49 9°2
= ; 9,99 + 1,24 T 0,824 . <0,001

Mar, 19 48 S = . 9,24 + 1,22 T 0,804 <0,001

Climatological data for each day and month of 
collection are given in Table 5„ The lowest air temper
ature recorded at The University of Arizona Experimental 
Station (approximately 4 miles from the collection area) 
by the U, S . Weather Bureau for the six dates of 
collection was -3,9° C on January 289 1965, The daily 
minima for the two days preceding January 2 8th were -5,0° 
(January 27) and -6,7° C, On none of the other col
lection dates were temperatures below freezing recorded



TABLE 5
Climatological data for day and month of collection 

of Uta s't'ahsb'u'r'i'ana 3 vicinity Tucson 9 Arizona

Last
Date. Daily Daily Daily Me asur- Ayg „ Avg,

Max, Min, PPT, able PPT Max,. Min, Extreme Low Monthly Total
C° C) (° C) (in,) (in,) For For (°C) Day Avg, PPT,

. . :    Amt,. .. Day.-. Month . Month . . . . .   (0. .C). . . .(.in.,.).

Aug. T7V 1964 
37.2 23,3 Ooo 0.01 14 36.0 20.3 16.1 23 CMCOCM 2.58

Aug, ■21 s T96 4 
36.1 20.6 0.00 ■ 0.05 20 ii it it n n ii

Sept. ' 11/ 19 6 4 
32,2 20,6 0,00 ■ 0.78 10 32, 8 16.5 11,1 22 24,7 2.50

Jan. ■2 8,' 19 65
20.6 -3,9 0.00 0.01 23 20,5 1,4 -6.7 26 . 11,0 1,18

Feb, •5 V 1965
24.4 ■ 3,3 0.00 0,02 2 20.2 0.2 -6.1 14 10,2 1.05

Mar, 191 1965 
21.7 2,8 0.00 0,02 16 22.2 2.1 — 8.3 4 12.2 0.49
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' for the morning of collection or for at least six days 
preceding collection, . To what extent lizards of this 
species are subjected in their natural nocturnal habitat 
here (below the surface of the soil and/or beneath large 
rocks) to temperatures as low as the air temperatures 
recorded above 9 is a question to be further investigated. 
However,' three consecutive mornings with air tempera
tures between -4° and -7° C evidently offered stress 
enough to the body systems to be revealed in the labora
tory experiment of January 2 8th, nine hours later.

It is of interest that only at 0° C are these 
data for January 2 8th considerably different from the 
distributions of oxygen consumption for the other dates 
(refer to Fig, 5), One of the most critical tempera
tures in the supercooling of an organism must be the 
temperature of freezing equilibrium (the freezing or 
melting point) of the body tissues when supercooling does 
not take place or when the supercooling limit (= crystal
lization point) is reached and the evolution of the heat 
of fusion raises the temperature tq the freezing point. 
For Uta st ah's b u f i an a this temperature , that is , the 
freezing point of the body, is between -0,5° and -1,0°
C (C, H, Lowe, personal - communication; confirmed E, A, 
Halpernunpublished), To the already cold-stressed
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individuals collected January 2 8th ? crossing the 0° C 
barrier may have been unusually difficult as evidenced 
by the relatively high respiration at that temperature„ 
Once these individuals successfully supercooled, the 
rate of oxygen consumption again resembled the normal 
pattern, . .

The : free zing. point of: Ufa stansburiana lying 
in the ha If-degree, range of -0,5° to -1° C , is close 
to that for other terrestrial cold-blooded vertebrates, 
Weigmann (19 29) reported that the freezing points of two 
Old World lizards, Lacerta muralis and Lacerta agflis, 
are, respectively, -0,68° _+ 0,04° C and -0,79° C ; and 
for the frog Rana fusca it is -0,54° C,

For further regression and frequency distri- • 
bution analysis, the winter data for the months of 
January, February, and March, and ,the summer data for 
August and September were in each case combined (Fig, 7, 
Table 6), The resulting regression.equations describing 
the weight-specific rate of oxygen consumption (ul./gm,/ 
hr,), decreasing linearly with temperature, for the 
summer and winter samples are:

Summer ^Og = 9,61 + 1,61 T

Winter ^0 = 10,36 + 1,42 T,
2.
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Fig. ?. Frequency distributions and regression lines 
of weight-specific oxygen consumption on temperature for 
combined summer (August, September) and winter (January, 
February, M a r c h ) collections of Uta stansburlana. Dashed 
lines are extensions of the regression lines calculated 
from data for temperatures from -5° to 0° C.
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TABLE 6
Reduced data for frequency distributions of 
weight-specific oxygen consumption of Uta 

stan'sb'urian.a during summer and winter.

Tempera
ture

Season. (° C) N Range x +_.s-

Summer 
(Aug.-Sept.) +5 18

0 18
-1 18

. -2 18
-3 25
-4 16
-5 16

Winter 
(Jan.-March) +5 2 4

0 24
-1 24
-2 24
-3 24
-4 23
-5 18

Summer- 
Winter 

(Combined) +5 42
0 42

-1 42
-2 42
-3 49
-4 39
-5 34

12. 81 22.34 17.81 + 0.6 2
5.54 — 11.95 9.2 0 T 0.41
3. 88 — il. 39 8.71 T 0.45
3.50 — - 10.11 7.36 T 0.40
3.91 - 11.72 6.45 + 0.44
2. 87 — 7.21 5.04 + 0, 31
1.8 7 - 5.29 3.39 + 0,2 2

12.57 25.99 16.89 + 0.76
5.90 — 15.31 10.49 t 0.42
4.39 — 11. 30 9.05 + 0,33
2.40 — 9.6 7 7.33 T 0. 33
2.12 — 9.06 5.82 T 0.32
1.26 5.99 4.61 T 0.25
1. 36 - 4.93 3.62 T 0,2 2

12.57 - 25.99 17.28 + 0.51
5,54 - 15.31 9.94 T 0, 31
3.8 8 - 11.39 8.90 7 0.27
2.40 - 10.11 7.35 7 0.25

. 2.12 - 11.72 6.14 7 0.27
1.26 - 7.21 4.78 7 0.20
1.36 - 5.29 3,51 7 0.16
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The regression coefficients are each significant 

(summer: N = 1119 r = 0.88, P < 0.001; winter: N = 137 9 
r = .0. 84 9 P < 0.001) d There is no significant differ
ence between the regression coefficients as determined 
by Student’s t-test (t - 0.210, P > 0.8)9 or between the 
correlation coefficients as determined by Fisher’s _z 
(t = 0.95 4, P> 0.3) for the summer and winter regressions. 
Combining the data for all dates of collection is there
fore justified and yields the frequency distributions 
(Table 6) and regression line in Figure 8. The. regres
sion equation based on the combined data is:

S  = 10.05 + l.si T 9 
and the regression coefficient is significant (N = 248, 
r - 0.801, P X  0.001). The dashed lines paralleling the 
regression line represent the 95% confidence interval 
for individual predicted values of the ordinate (ul. 
Og/gm./hr.). At temperatures below 0° C the regression 
lines determined separately for each date of collection 
fall within the 95% confidence limits of the regression 
line based on the combined data.

The relationship between weight-specific oxygen 
consumption and body weight is inverse and logarithmic 
(Fig. 9). At -3° C, the negative exponential function
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Fig. 8. Frequency distributions and regression of 
weight-specific oxygen consumption on temperature for all 
dates of collection (c o m b i n e d ) of Uta stans b u r i a n a .
Dotted line is extension of regression line calculated 
from data for temperatures from -$° to 0° C. Dashed lines 
represent the 95% confidence interval for individual 
predicted values of the dependent variable.
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based on six weight classes is described by the following 
equation:

log Qp2 = 1.00 - 0,34 log W 

(r -• -0. 837, P < 0.05).

The regression coefficient (-0.34) for these data at 
-3° C compares very well with the b of -0.33 determined 
at 159 C by Vance (1053) for field Urosaurus orhatus 9 a 
closely related lizard which is approximately the same 
size as Uta s tansburian a and which is sympatric with it 
over much of its distribution.



SURVIVAL AFTER SUPERCOOLING

During the measurement of oxygen consumption, 
lizards were exposed to each experimental temperature 
for a minimum of 2„6 hours. All individuals were exposed 
to -3° C; most, however, experienced no less than 14 
hours at temperatures in the range -1° C to -5° C„

After the determination of oxygen consumption, 
the flasks containing lizards were transferred to room 
temperature for observation. At this time individuals 
were torpid and showed no evidence of breathing. 
Occasionally the entire body, or the head alone, was 
darkened. After one-half hour the lizards were removed 
from the flasks, placed on their backs, and the recovery 
times (indicated by righting response) were noted.

Survivors always righted within two hours, and 
at no time did an individual revive only to die a few 
hours or days later. Revival after subjection to low 
temperatures meant an observed survival for a minimum of 
25 days' for those experimental lizards left unattended, 
except for being supplied with mealworm larvae (Tenebrio) 
and water, A few.animals were preserved after 19 days to 
prevent overcrowding, Animals were cared for for longer

32
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periods 9 up to 2 76 days (see below) 9 and gravid females' 
experimentally supercooled during spring months 9 
regularly laid their eggs.

Table 7 gives the survival of Uta stansburiana 
following oxygen consumption and supercooling experiments. 
The critical minimal temperature (and LD^q ) for this 
species is clearly between -5° and -6° C. All indi
viduals were able to supercool successfully to -3° C. 
Although 17 hours from 0° to -5° C was tolerable to 85% 
of 48 individuals so treated* 100% mortality occurred in 
nine individuals further subjected to 2.6 hours at -6° C. 
Additional evidence (Lowe and Halpern* unpublished) 
indicates that it is the intensity of the temperature 
rather than the length of exposure which is fatal.

The literature reveals few low-temperature studies 
on lizards for comparison with Uta stansburiana here, 
Rodionov (19 38) was able to measure oxygen consumption in 
a lacertid lizard Eremias arguta Pallas cooled at -4.0° 
to -7.8° C. Readings at -6° C for Uta s tansbu ri an a were 
erratic and not reliable. In Rodionov’s work* Eremias 
did not revive from temperatures below -5.5° C even 
though "respiration" (manometer readings) was destable 
two degrees lower. Ice formation* which proved to be 
fatal* began at -5.5° C. The importance of including
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TABLE 7
Survival of Uta stansburiana in the supercooled state

Tempera- No. of No. of Percent
ture • Sur- Non-Sur- P recent 'Non-
(°. C) . . vivors . . vivors...... . S u r v i v a l ... Survival

-3 68 0 100 0
-4 50 1 98 2

■ -5 41 7 85 15
-6 , o 9 0 100

information on survival with data on oxygen consumption 
at low temperatures is obvious.

Although relatively little studied in vertebrates, 
the phenomenon of supercooling per se is of interest to 
biologists.. The ability to supercool and to revive fully 
after exposure to temperatures below the freezing point 
of the body fluids would be of little, value to the indi
vidual or to the species if normal functioning were 
impaired as a result of such, exposure. To determine the 
long-range effect of low temperature stress on the 
capacity of Uta stansburiana successfully to maintain life 
processes9 weight records were kept on thirteen repre- , 
sentative individuals (eight experimental«, five



nonexperimental controls) for four months (12 7 days).
The change in body weight on time is illustrated in 
. Figure 10 where experimental and control animals are 
represented by solid and dashed lines respectively.
Three controls died before the .end of 12 7 days; open 
circles indicate the day of death. Student’s t-test for 
the difference between paired samples reveals no signi
ficant difference between the weights of the eight 
experimental individuals on September 269 1965 and 
January 29 , 19 6 6 9 12 7 days later. The remaining 
lizards were preserved 19 to 276 (x =..86) days following 
lengthy exposure to either -4° or -5° C.

It is concluded that by supercooling Uta 
stahsburiana is physiologically able to tolerate temper
atures as low as -5° C without suffering irreversible 
damage.

The capacity of lizards to supercool is un
doubtedly related to the presence of a dry, cornified 
skin, relatively impermeable to water. In 'intact animals 
the avenues by which ”seeding" by ice crystals,' atmos
pheric dust, etc. can occur are restricted to moist 
surfaces such as the linings of the nostrils and ears, 
the eyes, .and the cloaca, which represent only a very 
small portion of the total surface area.
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Lizards with open wounds should have an in

creased susceptability to nucleation by external sources 
when in the supercooled State. For this reason9 on only 
one occasion (in 6 8) was a lizard with a detectable 
injury used experimentally for the work on oxygen con
sumption and supercooling. This was animal No. 329 which 
suffered a broken tail when collected January 289 1965. 
Upon removal of this, individual from the Warburg flask, 
and water bath after twenty hours and fifteen minutes at 
temperatures 0° C or below (3.6 hours at -5° C)9 ice 
crystals were observed on the inside of the flask where 
the lizard’s recently broken tail was in contact with 
the glass. There was a small amount of blood (bright 
red in color) on the side and bottom of the flask indi
cating that at some time during this experiment fresh 
blood was directly exposed to temperatures probably 
below zero. Regressions of total mm. change in mano- 
,meter fluid on time for this animal were normal at all 
temperatures except -5° C. At -5° C the manometer 
readings for each 30 minute interval were quite irregu
lars ranging from a lowering of 8,5 mm./30 min. to an 
increase of 0.5 mm,/30 min. Because of this irregu
larity 9 the readings at -5° C were not included in any 
calculations or statistical analyses. . This individual
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showed no signs of life after lengthy exposure to room 
temperature. It is assumed that it was frozen and died 
at -5° C,

There seems to be a correlation between severe 
cold stress and darkening of the skin. All the Uta that 
were exposured to -6° C «, and most of the individuals 
that died at higher temperatures5 were greatly darker 
than when collected. However9 some lizards in which 
some darkening was. restricted to the head or snout 
recovered and appeared normal for several weeks. Field 
evidence further substantiating this observation was 
obtained from an individual collected February 20 s 1966 5 
following a cold period during which nocturnal tempera
tures reached -4? c (Tucson Experimental Farm* February 
17), It was noticeably darkened about the head and neck 
(Fig, 11) and therefore was not used experimentally, 
Although kept in a feeding cage with lizards success
fully maintained for three months 9 this animal continued 
to be darkened and died five days later suggesting that 
it hads in fact s been seriously damaged by cold while 
in its natural habitat.



Fig, 11. A normally colored right) and naturally darkened 
(cold-stressed) Uta stansburiana.

COto



BEHAVIORAL THERMOREGULATION

Body (hind^ut), air, and substratum temperatures 
were recorded in that order in the field, using a rapid- 
adjusting Schultheis thermometer after the noosing of 
twenty-one lizards„ The remaining sixty animals (81 
minus 21) were transferred immediately to muslin bags for 
transport back to the laboratory.

On each collection date the measurement of body 
temperatures was restricted to two to four lizards only 
so as not to risk injury of any kind to the animal which 
might affect its capacity to supercool during the 
ensuing laboratory experimental work (see page 36 for a 
discussion of the one case when an injured animal was 
used).

The range, of deep-body temperatures of normal 
field activity for twenty-four Uta collected during the 
summer and the winter was 31.0° - 38.2° C, with a mean 
body (hind-gut) temperature of 35 .3° _+ 0.4° C. The 
difference between the means for summer (35.5° C) and . 
winter (35.2° C) individuals is not statistically signi
ficant (t = 0,374, P > 0.7). Although the seasonal 
average maximum and minimum temperatures may differ by
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'approximately 15° to 20°, these lizards are able to 
maintain throughout the year a mean body temperature 
which closely approaches the average maximum during the 
summer. Their small body size, enabling them to warm 
quickly, is unquestionably advantageous on winter days , 
when optimal.temperatures for activity are not long 
lasting. These data for field body temperatures of 
active individuals of Uta stansbUri an a compare very well 
with that determined for Urosaurus ornatus, a lizard of 
similar size and distribution. The eccritic mean temper
ature as measured by Vance (195 3) for Urosaurus is 35,5° 

0,2° C with the range of temperatures of normal field 
activity between 26,8° and 39,5° C,

That summer-active and winter-active Uta do not 
differ significantly in oxygen consumption at low 
temperatures is in part the result of the behavioral 
regulation of body temperature to the same preferred 
level in summer and winter. This population is surface- 
active on most days throughout the winter. If field 
acclimation is centered about the diurnal high body 
temperature, then one would not expect a difference in 
oxygen consumption between summer and winter acclimated 
individuals unless the maximum body temperatures
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obtainable were reduced long enough, for example9 by a 
cold period, so that acclimation to a new lower 
temperature could occur.



LENGTH-WEIGHT RELATIONSHIP

The relationship between snout-vent length and 
body weight was determined for 72 Uta stansburfana 
collected during the period of study (Table 8), Both 
variables were measured immediately upon return to the 
laboratory following field collection0 The range of 
body weights and lengths obtained were 1,51 - 6,29 gm, 
and 35 - 56 mm. The logarithmic regression of body 
weight on snout-vent length (Fig, 12) is positively 
rectilinear and yields the regression equation 

log W = 7,888-10 + 2,6 80 log L.
The correlation is highly significant with r = 0,940 
and P < 0,001,
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TABLE 8
Snout-vent length and body weight of 

field Uta stansburiana„

Animal 
. . N.o.„.

S-V .
• .'.(mm,,.). .

Weight 
• ( gm „.). ■

Animal
-No..

S-V 
(mm,) ■

Weight 
■ (gm.)

1 46 4,63 37 5 0. 4.90
2 52 5,59 38 52 5.58
3 51 5, 80 39 50 4,38
4 50 5,34 40 52 4.82
5 43 3,26 41 47 4,35
6 43 3,11 42 51 3.99
7 41 . 2,43 43 44 3.21
8 39 2,67 44 50 4.28
9 41 2,49 . 45 53 5.62

10 52 5, 74 46 50 4, 82
• 11 49 4,61 47 53 - 5.81
12 46 3,66 48 51 4.70
13 50 5,76 49 53 5,13
14 49: 3,95 50 55 5,91
15 44 3.21 51 55 5 ,45
16 43 3,5 3 52 50 4. 85
17 35 1,5 2 53 53 5.08
18 35 ; 1,51 54 47 3.72
19 38 2, 31 55 50 4,37
20 39 2.51 58 50 4.22
21 42 2,90 59 54 5.29
22 49 4.99 60 49 4113
23 98 4,40 61 5 3 5.71
24 51 5,79 62 56 6,12
25 44 3. 81 63 53 5.20
26 45 3,60 64 48 3.60
27 46 3,74 65 46 . 3.59
28 52 .5,13 H 51 4.9 9
29 55 6,29 I 54 5,44
30 47 3,88 J 50 4.62
31 51 4.76 K 50 4.60
32 55 5,02 L 47 4.32
33 51 4.39 M 55 . 5.73
34 49 3.99 N 51 5,42
35 5 4. 5,92 0 51 3, 32
36 55 5. 83 P 5 0 4,47
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SUMMARY AMD CONCLUSIONS

The effect of low temperatures on. respiratory 
metabolism, and on the ability to enter the supercooled 
state— that is9 the ability to maintain the fluid 
integrity of the body systems at temperatures below the 
in vitro freezing point of blood— were examined in the 
lizard Uta stansburiana Baird and Girard„

An experimental design using this small iguanid 
lizard was directed toward testing seasonal differences, 
winter versus summer, in the respiratory metabolism.of 
a small reptile during supercooling, The design also 
provided for additional information on immediate and 
long-term survival following warming from the super
cooled state =,

The regressions for oxygen consumption on temper
ature in the body temperature range of -5° to 5° C reveal 
n o significant CP > 0.5) differences between the winter 
(Januarys February, March) and summer (August, September) 
animals.

Under the experimental conditions imposed, there 
was 100% survival of individuals exposed to -3° C for 

• 2.6 hours, 9 8% survival of individuals exposed to -4° C
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for a minimum of 2„6 hours9 85% survival in the sample 
of animals subjected similarly to -5° C, and 100% 
mortality followed exposure to -6° C,

Uta stahsburiana is surface active on the 
majority of the winter days where it is found in the 
vicinity of Tucson9 Arizona, in the Sonoran Desert,
Data are given on (1) the temperatures of normal field 
activity selected by behavioral thermoregulation and 
(2.) the statistically significant correlation between 
body weight and snout-vent length.

Individuals with the capacity to withstand 
temperatures several degrees below freezing 9 as indicated 
by 1) measurable respiration to at least -5° C in the 
laboratory 9 2) no noticeable damaging effect of lengthy 
exposure to temperatures below -1° C 9. and 3) their 
recorded appearance in the.field following morning lows 
of -4° C 9 would be at a selective advantage during the 
winter in environments where winter temperatures may 
abruptly fall below freezing.

Daily minima below freezing9 especially if 
accompanied by precipitation which dould act to seed a 
system in the supercooled state9 may represent a criti
cal factor significantly related to the local habitat 
distribution of Uta stansburi an a throughout its wide 
geographic range in southwestern North America,



a p p e n d i x a
(FLASK CONSTANTS)

Animal
No,

Range < 
(5° C to ■

of k 
-5° C)

Mean
k

1 ' 5.16
2 ™=* *•» 5,31
3 «*• 5.41
4 •m  W 5.36
5 e * 5.17
6 —  P— 5.23
7 ■* «=» 5.23

10 4,91 - 5.0 9 5.02
11 5.2 8 - 5.48 5.40
12 4.98 - 5.17 5.10
13 4.82 - 5.00 4.93
14 •4,94 - 5.12 5.05
15 5.50 - 5.71 5,63
16 5,36 - 5.56 5.49
17 1.61 - 1.67 1.64
18 1.54 - 1.60 1.58

. 19 1.46 — 1.52 1.50
20 1,55 - 1.61 1,59
21 1.39 - 1.44 1.43
22 4.98 - 5.17 5.10

. 23 5. 30 - 5.50 5.42
24 4,78 - 4.95 4,89

. 25 5.01 - 5.20 5.13
26 4.97 - 5.16 5.09
2.7 5.45 - 5.66 5.58
2 8 .4,97 - 5.15 5.08
29 5.12 - 5.31 5.24
30 4.96 - 5.15 5.08
31 4.92 - 5.10 5.03
32 4.83 - 5.02 4.95
33 5.39 - 5.59 5.52
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Animal
No.

Range of k 
(+5° C to -5° C)

Mean • 
k

34 5. 32 5.52 5.44
35 4.89 5.0 7 5.01
36 5.16 - 5 . 35 5.28

' 37 4. 86 — 5.05 4.98
3 8 4. 84 - 5.02 4,95
39 4.90 — 5.08 5.01
40 5.35 — 5.5 3 5,46
41 1.34 **” 1. 38 1. 36
42 1.41 — 1.48 1.44
43 1. 38 - 1,42 1.41
58 4.90 — 5,08 5.01
5 9 4.95 — 5.14 5,07
60 5.32 — 5.52 5.45
61 • 4.78 — 4.96 4.90
62 4.73 — 4.90 4. 84
63 5.31 — 5.51 5.44 .
64 1.42 - 1.47 1.45
6 5 1. 34 — 1, 39 1. 37
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