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Abstract- -1 .  During enforced submergences of 30-50min, the animals 
remained quiet. Bradycardia developed slowly following submergence and con- 
spicuous arrhythmia appeared. Bradycardia ended almost immediately following 
the termination of submergence. 

2. In both air and water the lizards heated approximately twice as rapidly 
as they cooled. 

3. Heart rate at any given body temperature was much slower during cooling 
than during heating, suggesting that circulatory adjustments are important in 
controlling rate of temperature change. 

4. Minimum heart rates in air increased with increasing temperature, and at 
all temperatures the smaller animal had a more rapid heart beat than the larger 
one.  

5. Ecological and comparative aspects of the responses of the marine iguana 
are discussed. 

INTRODUCTION 
FROM the standpoint of behaviour, the Galapagos marine iguana, Arnblyrhynchus 
cristatus, is among the most remarkable of living lizards, but anatomically it does 
not differ in any major way from the general pattern shown by other members of 
the family Iguanidae. Field studies of its daily temperature regimen (Dowling, 
1962; Mackay, 1964), and its behavioral thermoregulation and rates of change in 
temperature (Bartholomew, 1965) have been made, but almost nothing is known 
about other aspects of its physiology. 

Marine iguanas undergo prolonged dives and face unusual thermal problems. 
When on land, their preferred body temperature is near 37°C, but they feed in 
the sea which has a temperature of 22-27°C. However, despite the obvious 
ecological relevance of such information, no adequate controlled data on heating 
and cooling rates and adjustments to diving have previously been available for this 
species. 

MATERIALS AND METHODS 
Four marine iguanas were captured on Jensen Island in Academy Bay, Santa 

Cruz Island, in February 1964, and returned by ship to the Department of Zoology 
at the University of California, Los Angeles. Two of the lizards remained in good 
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condition on a diet of sea-weed for about 5 months and were used for the obser- 
vations reported in this paper. 

To  simulate diving we used a modification of the techniques first developed by 
Scholander (1940). The  lizard was secured to a wooden jig and E K G  electrodes 
were attached intramuscularly in the right and left shoulders and at the base of the 
tail. Hear t  rate was recorded on a Cambridge Versascribe Electrocardiograph. 
A water bath and the lizard to be measured were allowed to come to room 
temperature (25-26°C). T h e  heart rate of the lizard in air was determined. Th e  
lizard was then submerged for various periods and E K G s  were recorded con- 
tinuously during and after the simulated dives. 

Heating and cooling rates in water were measured in water baths at 20°C and 
40°C. A 30 gauge copper-constantan thermocouple enclosed in a vinyl sheath 
was inserted into the large intestine of the lizard. T h e  lizard was secured to the 
jig and submerged, except for the nostrils and tip of the snout, in an Aminco 
16 gal water bath set at 20°C. After the temperature of the lizard had reached 
20°C, the animal and jig were quickly transferred to a second Aminco 16 gal water 
bath which was set at 40°C. Heart  rate, body temperature (TB) and ambient 
temperature (Ta)  were recorded continuously on a Grass polygraph and a Brown 
multichannel recording potentiometer  until the difference (AT) between T B and 
Ta  was I°C. Thereupon,  the lizard now with a T B of approximately 40°C was 
returned to the 20°C water bath and while it cooled, heart rate, T B and T i 
were recorded continuously until AT  was again I°C. Th e  water baths were 
stirred for a few seconds at irregular intervals during both heating and cooling 
to prevent thermal stratification. 

Heating and cooling rates in air were measured with the method described by 
Bartholomew & Tucker  (1963), except that the jig and the lizard were placed in a 
simple air tunnel, square in cross-section and 75 cm long. An electric fan equipped 
with a variable control held the air flow constant at 113 cm/sec. T w o  incubators 
were used, one set at 20°C and the other at 40°C. Th e  air tunnel and accessories 
were allowed to equilibrate at the test temperature before the lizard was introduced 
into the system. Heating rate was measured first and cooling rate was measured 
last in both the water and air experiments. In all experiments the animals were 
kept in the dark. 

To  determine minimum heart rates in air over a range of temperatures from 
20°C to 40°C, E K G  electrodes were attached intramuscularly as described above. 
T h e  animals were placed in cages in a constant temperature room and their heart 
rate was monitored periodically on a Grass Polygraph until a stable rate was 
obtained. T h e  periods required to reach a stable minimum rate varied from 
6 to 18 hr. 

RESULTS 

Diving 

During the simulated dives the animals remained quiet and appeared 
undisturbed. Most of the di-Ces lasted approximately 30 min, which is within the 
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normal period of submergence of these lizards under natural conditions (Hobson, 
1965). In one of our experiments an untethered animal voluntarily remained 
under water holding to a rock for 50 min; when it surfaced, it did not breathe for 
several minutes. In most cases, however, when the period of submergence was 
ended, the animals at once breathed strongly both by means of thoracic movements 
and by gular pumping. 

60 

50 

z 40 
=E 

~- 30 
Ul 
II1 
~ 20 

,4MSLYRHYNCHUS 
CRISTA TU$ 

SUBMERGED 

6 , b  2 ;  3'0 
MIN 

!~°"~ o o..... ° 

4'o ' 5b '6 '0  

FIG. 1. H e a r t  rate du r ing  s imula ted  dive of a m a r i n e  iguana  weigh ing  652 g. 
W a t e r  t empera ture ,  26°C. 
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FIG. 2. H e a r t  rate d u r i n g  s imula ted  dive of a m a r i n e  iguana  weigh ing  1360 g. 
W a t e r  t empera tu re ,  26°C. 

Bradycardia developed gradually during submergence (Fig. 1 and 2). The 
minimum heart rates were reached between 10 and 30 rain after the beginning of 
submergence. When the animal was returned to air, its heart rate increased 
immediately. Characteristically there was a marked overshoot and then the heart 
beat gradually decreased to a stable rate. 

During bradycardia a conspicuous arrhythmia was apparent and beats were 
skipped erratically. When the animal was returned to air, its heart beats resumed a 
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more regular rhythm. The degree of arrhythmia during submergence was signi- 
cantly greater (P<  0.05) than that before submergence (Table 1). The latter did 
not differ significantly (P<  0-05) from that during the minimal resting heart rates 
at a comparable temperature. The minimal heart rates measured in air were 
extremely regular. 

TABLE 1--CARDIAC ARRHYTHMIA IN A 652 g Amblyrhynchus 

TB °C 

Mean 
heart Seconds between beats Coefficient 
beats/ of variation 
rain J~ S.D. Range N (S.D./X') 

Before submergence 26 43 1 '41 0'04 1-32-1 '56 30 0"0284 
During last 5 min of 

submergence 26 7 8.21 3-29 2'32-15'36 30 0"400 
During minimum heart 

rate in air 25 26 2"33 0"10 2.04-2"52 30 0-0429 
During minimum heart 

rate in air 18 14 4'36 0"04 4'04-4-64 32 0'0094 

Intervals determined from distance between consecutive heart beats on E K G  records. 
Chart speed, 2-5 mm/sec. 

Heating and cooling 
The lizards were quiet and docile during both heating and cooling. In most 

cases no electrical manifestations of skeletal muscle activity appeared on the 
EKG records. In both water and air the animals cooled much more slowly than 
they heated (Figs. 3 and 4). The rates of heating and cooling can be compared by 
examining the rates of change at AT = 10°C, the point at which the difference 
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FI(;. 3. Heat ing and cooling rates in water and in air. A T is the difference between 
TA and TB. Rate of air flow, 113 cm/sec. During heating, T~ = 40°C; during 
cooling, TA -~ 20°C. 
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FIG. 4. Heat ing and cooling rates of a marine iguana in water.  AT  is the difference 
between Ta  and TB. Ambien t  temperatures  as in Fig. 3. 

TABLE 2--RATES o F  TEMPERATURE CHANGE IN Amblyrhynchus IN AIR AND WATER 
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Air Water  
Weigh t  Cooling/ 

(g) Heat ing  Cooling Heat ing Cooling Heating 

652 - -  - -  1"81 0-87 0"48 
1360 - -  - -  1.20 0-66 0"55 

652 0.63 0-33 - -  - -  0"52 

Rates of  change given in °C/rain at A T  = 10°C. Dur ing  heating, TA = 40°C;  during 
cooling, Ta  = 20°C. Air  flow, 113 cm/sec.  
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FIG. 5. Relat ion of heart  rate to body temperature  during heat ing and cooling in 
water.  
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between Ta and T B was 10°C during both heating and cooling. The heating 
rates whether in air or water were approximately twice the cooling rates (Table 2). 
The rate of temperature change of the 652 g lizard in water was approximately 
three times higher than in air, reflecting the higher specific heat of water. 
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FIG. 6. Relation of heart rate to body temperature during heating and cooling in 
air, 
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F i c .  7. Relation of minimal heart rates to air temperature. Animals kept 
undisturbed in the dark for 6-18 hr. 

Heart rate at any given T B was higher during heating than during cooling in 
both air and water (Figs. 5 and 6). At a T~ of 30 ° ( A T =  10 ° ) the heart rate 
during heating was as much as twice that during cooling. In all cases the shape of 
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the curve of heart rate versus body temperature during heating differed from 
that during cooling. 

Minimum heart rates 
Minimum heart rates in air increased with increasing temperatures (Fig. 7). 

The heart rates at 20°C were unexpectedly high, but despite many hours of 
continuous recording we were unable to obtain heart rates lower than those 
shown. At all temperatures the heart rate of the smaller animal exceeded that of 
the larger. 

DISCUSSION 
Diving 

A general summary of the current status of information on diving in reptiles 
is presented by Belkin (1964) and it need not be repeated here. However, it should 
be noted that all reptiles which have been studied show bradycardia during diving 
and that the rate of development of this bradycardia depends on the experimental 
methods used; voluntary dives tend to produce more rapid onset of bradycardia 
than do forced dives. 

During the forced dives which we imposed on Amblyrhynchus, bradycardia 
developed gradually, but it terminated almost instantaneously upon emergence 
from the water. This suggests that at least the release from bradycardia is under 
nervous control. Chemical mediation could account for the gradual diminution 
of heart rate following submergence but nervous control cannot be ruled out. 
We were unsuccessful in recording heart beats during voluntary dives and we 
cannot choose between the two most obvious probable causes for the onset of 
bradycardia. 

The heart rates during the bradycardia shown by Amblyrhynchus during 
30 min of submergence ranged from 16 to 45 per cent of the pre-dive heart rates. 
This is a smaller percentage reduction than reported by Wilber (1960) and 
Andersen (1961) for Alligator mississippiensis, by Belkin (1963) for Iguana iguana, 
and about the same as that reported for a snake, Tropidonotus (= Natrix) by 
Johansen (1959), for Natrix by Murdaugh & Jackson (1962) and for a turtle, 
Pseudemys concinna, by Belkin (1964). 

The heart rates during the simulated dives were only slightly lower than the 
minimum rates obtained from resting animals in air at the same temperature. 
The minimum resting heart rates in air, however, usually took several hours to 
develop while the low rates observed during submergence developed in 10-20 rain. 

The minimum heart rates of the marine iguanas in air are essentially the same 
as those of varanids of the same size at similar temperatures (Bartholomew & 
Tucker, 1964). 

Other investigators who have measured heart rates in reptiles during simulated 
dives have commented on the arrhythmia associated with bradycardia (see Belkin, 
1964, p. 329), but no data similar to those which we have presented in Table 1 
are available for quantitative comparisons. However, the conspicuousness of the 
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arrhythmia in Amblyrhynchus and the generality of its occurrence in other species 
suggest that it represents a significant aspect of the cardiac adjustments of reptiles 
to diving. 

Rates of change in T B 

Information on heating and cooling rates is of particular ecological relevance 
in the case of the Galapagos marine iguana because of the unique thermal en- 
vironment which it encounters. It spends most of its time on barren, rocky 
shores where it is exposed to high ambient temperatures and intense solar radiation. 
However, since it feeds in the cool sea (22°-27°C), its period of greatest activity 
and exposure to predation occur when its body temperature is low. When ashore 
and basking, its body temperature is characteristically maintained near 37°C 
(Dowling, 1962; Bartholomew, 1965). When it enters the sea to feed, its body 
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FZG. 8. Relation of body weight to cooling rates measured at a AT of 10~C. 
Data for varanids from Bartholomew and Tucker, 1964. Data for Arnblyrhynchus 
from present study (shaded circles) and Bartholomew, 1965 (unshaded circles). 

temperature gradually falls to that of the water (22°-27°C) which is much lower 
than the eccritic temperature of most iguanids. Because of the temperature 
sensitivity of most physiological processes, it would be advantageous to the marine 
iguana if it could reduce its rate of cooling while in the water and thus extend the 
period during which body temperature was maintained near the preferred level. 
Conversely, it should be advantageous for this lizard to heat up as rapidly as pos- 
sible after leaving the sea. 

Lizards of the families Agamidae, Varanidae and Scincidae have some 
physiological capacity for thermoregulation in that they can modify their rates of 
heating and cooling (Bartholomew & Tucker, 1963, 1964; Bartholomew et al. 
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1965). In both air and water the cooling rates of Amblyrhynchus are about half the 
beating rates (Table 2), while in the other reptiles which have been studied the 
ratio of cooling rate to heating rate is considerably higher (Amphibolurus barbatus, 
0-64-0.84; Varanus gouldii, 0.72-0.95; Tiliqua scincoides, 0.85-0.90). Thus, 
Amblyrhynchus which experiences an unusually large range of body temperatures 
during its periods of activity has the greatest capacity to modify its rate of tem- 
perature change that has so far been observed among lizards. 

In Amblyrhynchus, as in Tiliqua and Amphibolurus (but not Varanus), heart 
rate at any given T B was much slower during cooling than during heating, which 
implicates the circulatory system as an important factor in the modulation of 
rates of temperature change in members of at least three families of lizards. 

In the marine iguana the differences in the effect of T B on heart rate during 
heating and cooling were greater in water than in air, perhaps because of the more 
rapid rate of change of T R in water. Moreover, during heating in water heart rate 
reached a peak at 35-36°C which is close to the preferred T 8 under natural con- 
ditions (Bartholomew, 1965). This diminution in heart rate at high body tem- 
peratures can be interpreted as a mechanism for decreasing the rate of temperature 
change after the animal has exceeded its eccritic temperature. Licht (1961, 1965) 
reported a similar decrease in heart rate at ambient temperatures above the eccritic 
level in several iguanids. 

The cooling rate of marine iguanas in water is inversely related to body weight. 
A line fitted by the method of least squares to the cooling rates where AT = 10°C 
(Fig. 8) has the equation: 

log °C/rain = -0.627 log W+ 1.78, 

where W is weight in g. The value of the slope of the line described by this 
equation is much greater than that which would be expected (--0.33) if the cooling 
rate at this temperature were determined only by surface-volume relations and 
all the lizards had similar proportional dimensions. 
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