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Abstract--1. A cannulation method was devised that allows continuous safe gastric sampling 
and recording of intragastric pressure in Caiman crocodilus. 

2. In C. crocodilus, fed 5 per cent of the body weight, complete gastric emptying takes an 
average of 99 (+_ 10) hr at 30°C, to an average of 315 (4-16) hr at 15°C. 

3. Two types of gastric contractions were recorded in C. crocodilus, by means of intra- 
gastric pressure measurements, at 20, 25 and 30°C. 

4. The two types of contractions were recorded regardless of the feeding state of the animals. 
5. Their frequency and amplitude increase with temperature or upon feeding. 

INTRODUCTION 

CROCOD|LIANS are by far the largest and heaviest 
recent reptiles (Bellairs, 1969). They gulp their food 
in large pieces, including bones, with little mechani- 
cal breakdown. The main reduction in size and 
chemical degradation occurs at the level of the 
stomach, forcing the digestive enzymes and gastric 
acid to act at the surface of the food mass unless 
gastroliths aid breakup (Prosser & Brown, 1960; 
Wilson, 1972). 

The main physiological events in the stomach of 
vertebrate carnivores have generally been stated to 
be (1) secretion of highly concentrated hydrochloric 
acid, (2)secretion and activity of proteolytic 
enzymes and (3)rhythmic contractions (Code & 
Carlson, 1968; Davenport,  1971). The hydrochloric 
acid, the concentration of  which may reach 150- 
170 mN in some carnivores (Davson, 1970; Hunt & 
Wan, 1967), provides an adequate ambient for the 
action of  enzymes, particularly pepsins (Prosser & 
Brown, 1960; Gordon et al., 1972). The acid also 
serves as a primary agent for the degradation of 
bones and other hard structures included in the diet, 
like calcareous exoskeletons and shells (Coulson & 
Hernandez, 1964). A sterilizing effect through inhi- 
bition and/or destruction of putrefying bacteria is 
also attributed to the acid secretion (Smit, 1968). 
The pepsins present in the stomach initiate the lysis 
of protein molecules. They then yield smaller units 
(polypeptides) which are more easily degraded by 
enzymes secreted further along the digestive tract 
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(trypsins and chemotrypsins) (Davson, 1970). The 
motility of the stomach assures faster contact of the 
food mass with the gastric secretions than by passive 
chemical diffusion. These contractions might en- 
hance the grinding effects of hard objects found 
in the lumen of the stomach of some reptiles and 
birds (Friant, 1941; Smit, 1968). 

Most works dealing with the gastro-intestinal 
tract of reptiles treat it on one level or another of 
morphology (gross morphology, histology and cyto- 
logy). Research on the physiology of the digestion is 
very limited; it includes fewer than 10 per cent of the 
total number of published works. Most such studies 
proceeded under laboratory conditions and the 
animals were killed and their guts examined at 
intervals after ingestion. Besides being wasteful with 
species close to being endangered this approach lacks 
continuity. The present study reports on a method 
achieving continuous samples of gastric contents and 
movements and provides data on the feeding regime 
in the vicinity of the preferred body temperatures of 
Caiman crocodilus of various sizes (Diefenbach, 
1975b). 

MATERIALS AND METHODS 

Sixteen specimens of Caiman crocodilus classified as 
small (30"5-38"5 cm total length, N = 8), medium (56.0- 
65.0 cm total length, N =  6) and large (84-0-96'0cm 
total length, N = 2) were used. 

The gastric contents were sampled by aspiration and 
by chronic carmulation. 

For chronic aspiration the fluids were pulled out 
directly through a 6ram o.d. rubber tubing (lubri- 
cated with mineral oil) that was inserted into the 
stomach through the mouth at every collection time. 
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Topographical criteria (dermal scutellation) were used to 
assure that the end of the tube was inside the fundus. 
The gastric contents were aspirated by an attached syringe 
and the tube removed after every sampling. This method 
was somewhat traumatic for some of the animals; con- 
sequently, the present experiments were proceeded by 
chronic cannulation which gave equivalent results. 

For chronic cannulation a tube of polyethelene (No. 280 
for the large animals, No. 180 for the small and medium) 
was implanted into the lumen of the stomach, and per- 
manently connected to the outside through an incision in 
the floor of the pharynx, lateral to the basihyal cartila- 
ginous plate. The pylorus of the crocodilians opens into 
the duodenum laterally and anteriorly from the fundus. 
The material of the catheter was sufficiently rigid to keep 
it in the blind sac of the fundus. Information about the 
location of the stomach in relation to the outside topo- 
graphy was obtained by dissection of animals of several 
size classes. With this information at hand, the polyethy- 
lene catheters were cut and bent into a suitable shape and 
length. The dissection of two animals which died acci- 
dentally from causes unrelated to the experiments con- 
firmed that the tip of the catheter was inside the fundus 
of the stomach, specifically in the 'blind sac" (Fig. 1). 
The animals cannulated in this manner ate readily, with- 
out apparent signs of being disturbed by the catheter. The 
outside end of the catheter was stoppered and strapped to 
the animal's neck with surgical adhesive tape which 
resists immersion in water. (Fig. 2). 

Before collecting secretions 2 cm 3 of air were first 
injected into the catheter. The gastric contents flowed 
spontaneously thereafter, and a gentle squeezing of the 
abdomen of the animals induced the flow of more fluids. 
The dead space of every cannula was measured prior to 
to insertion in the animal. At the beginning and at the 
end of each sampling procedure the dead space volume 
of fluids was blown back into the stomach and the tube 
capped. Hence the lumen of the catheter remained 
relatively clear of fluids between experiments. 

Samples were collected from animals kept and fed at 
the following temperatures: 15°C (+l .5°C)--smal l  
animals only; 20°C (+l-0°C)--a l l  size classes; 25°C 
(+l-0°C)--a l l  size classes; 30°C (+l .0°C)- -a l l  size 
classes. All animals were sampled for 2 4  hr prior to 
being fed, in what was considered a fasting condition 
(10-15 days without food). 

The caimans were fed neonate (hairless, weight around 
4 g) and adult mice to an amount equal to 5 per cent of 
the body weight at each feeding. In one series of experi- 
ments the medium animals were fed ad lib. The adult 
mice, skinned in order to avoid any abnormal accumu- 
lation of hair in the stomach, were fed only to the large 
caimans. 

The pH of the gastric samples was measured within 2 
min after collection and immediately afterwards the 
samples were cooled to - I ° C  and centrifuged at 4000 
rev/min for determination of solid residues. The results 
of the measurements of pH are reported in another 
publication (Diefenbach, 1975a). 

Six animal, two small and four of medium size, were 
tested for gastric motility. The fundus of these animals 
was cannulated as previously described and a balloon of 
soft rubber from surgical gloves was formed over the end 
of the cannula. When inflated with air the balloons had a 
distended, but no stretched volume of 2 cm a for the 
small animals and 4 cm~ for the medium ones. The 

cannulas were attached to a Statham pressure gauge, 
through a standard length of 1 cm dia. rubber tubing. The 
output of the pressure gauge was recorded on a Beckman 
Model R Dynograph in parallel with temperature. The 
animals were tested by two methods: (1) placed into a 
tube with water up to the level of the neck as described in 
Diefenbach (1973), and (2) unrestrained, placed in an 
aquarium, with enough water to cover their backs. The 
first method determines the effect of ventilation on the 
recordings of pressure. This was achieved by observing 
the animals through closed circuit television, and 
correlating the changes in the recordings of pressure with 
changes in the water line around the animal. Oscillations 
of a very light piece of aluminium foil or cotton, hanging 
in front of the nasal openings, helped to confirm when 
ventilation occurred. Each animal was tested once in the 
first arrangement, to determine the effects of its ventilation 
upon the intragastric recordings of pressure. 

The unrestrained animals were fed while moving freely 
in the aquarium. For  each animal the gastric motility 
was recorded during a sequence starting after a 3-week 
fast followed by feeding and continuing 5-10 days into 
the next fast. Records of motility were taken from animals 
kept at 20, 25 and 30°C. Several animals yielded more 
than one such record. 

RESULTS 

2. Rate of  gastric digestion and temperature 

The results of  these exper iments  are summar ized  
in Table  1. The  length of  t ime tha t  the  food  remains  
in the  s tomach  ( f rom here  on  referred to as gastr ic  
residence time) ranges  f rom 4 to 5 days, at  a tem- 
pera ture  of  30°C, to  more  t h a n  14 days at  a tempera-  
ture of  15°C. The  results  a t  15°C were l imited to 
small  animals .  Med ium and  large an imals  could  no t  
be  induced to eat  spon taneous ly  at  this  tempera ture .  
All an imals  ate at  20°C. However ,  somet imes  more  
t h a n  2 weeks elapsed af ter  thei r  s tomach  was con-  
sidered empty,  before the  large ones would again  eat  
spontaneously .  Thus ,  only a few exper iments  were 
c a r d e d  out  on  large an imals  kept  at  20°C. 

The  two criteria used to define the  t e rmina t ion  of  
the  gastric residence t ime were:  (1) changes  in color  
o f  the  sample,  and  (2) decrease of  residue left af ter  
cent r i fugat ion  of  the sample  to less t han  10 per  cent  
of  the collected volume. In an imals  k n o w n  to be 
fast ing the  samples  were clear ( t ranslucent)  and  of  
yellowish, somet imes  green color. The  samples  t aken  
dur ing  the gastr ic  residence t ime were m u d d y  a n d  
brown.  W h e n  the samples t aken  af ter  the  an imals  
had  eaten were again  t ranslucent ,  of  s imilar  color  
a n d  residue con ten t  as those  of  fast ing animals ,  the  
gastr ic  residence t ime was cons idered  ended.  

The  gastric residence t imes were similar  for  all 
three sizes of  animals  when  fed the s t anda rd  diet  and  
kept  at  similar temperatures .  Four  m e d i u m  an imals  
at  25°C fed ad lib, had  higher  m e a n  residence t imes 
(177 + 18 hr) than  did the  same animals ,  a t  the  same 
temperature ,  when  fed the s t andard  diet (139 + 17 hr)  

The  a m o u n t  o f  samples wi thd rawn  f rom the  
an imals  dur ing  the  measurements  of  gastric residence 



Fig. 1. Photograph of one of the "small" animals used in the experiments on gastric digestion, 
to show the location of the cannula inside the fundus. The cannula, in the close-up picture, is 

indicated by the arrow. 



Fig. 2. Photograph of a "large" animal with a cannula chronically implanted in the stomach. 
Notice the cannula exiting at the floor of the pharynx. The bands of surgical tape around the 

neck keep the cannula in place. 



Fig. 4. Gastric motility in C. crocodilus. Contractions in a fasting animal, at 20°C. A t  the 
right side is a complex wave; the three smaller waves at the left are simple. At the extreme left 
left is an expanded simple wave, with the time scale sixty times higher than that indicated (see 
second markings at the left of vertical dividing line). Read from left to right. 

Fig. 5. Gastric motility in C. crocodilus. Contractions in an animal during fasting (12 days 
without food) and immediately after feeding, at 20°C. The vertical arrow indicates the time 

when the animal ate five neonate mice. Read from left to right. 
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Table I. Gastric residence times of C. crocodilus fed 5 per cent of body weight* 

Temperature Small (N = 4) Medium (N = 4) Large (N = 2) 
(°c) 

15°c r: 290-340 hr 
R: 315 hr 
SD: 16hr 
n: 8 

20 r: 160-230 hr r: 160-240hr r: 170-230 hr 
.g: 198 hr ~i': 197 hr .~: 196 hr 
SD: 23 hr SD: 26 hr SD: 24 hr 
n: 12 n: 10 n: 8 

25 r: 115-170 hr r: 115-170 hr r: 115-155 hr 
X: 139hr .t': 136 hr ,t': 134 hr 
SD: 17 hr SD: 15 hr SD: 13 hr 
n: 12 n: 12 n: 8 

30 r: 90-126 hr r: 85-126 hr r: 85-120 hr 
.g: 106hr R: 103 hr X: 99 hr 
SD: 11 hr SD: 12hr SD: 10 hr 
n: 12 n: 12 n: 10 

* N, Number of animals used in the calculations. 
n, Number of experiments with every group of animals used for calculations; r, range; 

X, Mean; SD, Standard deviation. 

times never exceeded 1.0ml. When, by either 
sampling method, more than 1.0 ml was obtained, 
the excess was immediately injected back into the 
stomach. This avoided the removal of excessive ions 
from the animal, and the induction of an excessive 
alkalotic state. 

2. Gastric motility 

(a) Types o f  gastric contractions. Two clearly dis- 
tinguishable types of contractions were recorded 
from the stomach of  C. crocodilus. The first is a 
simple wave and consists of  a contraction of rather 
smooth shape (in the recording trace), lasting 10--25 
sec. The average duration of ten randomly selected 
simple waves gives a mean duration of approximately 
15 sec. The amplitude of these waves is quite vari- 
able, ranging from 2 to 3 cm (minimum resolution of  
the apparatus used) to to 25 cm of water. One 
example of these simple waves is shown in Fig. 3, 
redrawn from the records on a 1 : 1 scale. 

The second, or complex wave, has a longer dur- 
ation, lasting 35-170 see (Fig. 3). The amplitude of  
these waves is generally 15-30 cm of water, at all 
those temperatures tested, and Jess variable than of  
the simple waves. At 25 and 30°C the intervals 
between simple waves tend to be rather regular (Figs. 
8 and 9) but they occur more irregularly at 20°C 
(Figs. 4--6). At 30°C the intervals are shorter than at 
25°C. 

The complex waves seem to occur randomly at all 
temperatures tested and they do not seem to have 
constant (or integral multiple of  a constant) interval. 
Only their frequency increases with temperature. 

I 0 sec 
I 1 

I lO cm 
HzO 

IO sec 
i i 

lO crn 

H20 

Fig. 3. Graphic illustration of a "simple wave" (top) 
and of a "complex wave" of gastric motility (bottom) 
in C. crocodilus. The arrow in the bottom of the complex 
wave indicates a recording of breathing, superimposed on 
the gastric motility's record. Both waves redrawn in 1 : I 
scale from the curvilinear chaxt records of the Beckman 

Model R Dynograph. Read from left to right. 
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Also, it seems that at 30°C the complex waves, in 
spite of  still being irregular, tend to occur at the 
beginning of trains of simple waves, as will be later 
described. 

(b) Fasting at 20°C. Fasting animals showed only 
an occasional simple wave, at very irregular inter- 
vals, sometimes lasting more than 40 min. The 
amplitude of simple waves never exceeded 15 cm 
of water, and was generally below 10 cm. At  irregular 
intervals a complex wave could be noted. The 
amplitude of the complex waves was less variable, 
being as a rule between 15 and 25 cm of water (Fig. 4). 

(c) Feeding at 20°C. Feeding is immediately fol- 
lowed by a burst of activity, with simple and complex 
waves occuring at very short intervals (Fig. 5). After 
3-5 hr more regular cycles start. The simple waves 
have long intervals, on the order of 150-300sec 
(Fig. 6) and they tend to occur in trains at intervals 
on the order of 60 or more minutes. The frequency 
of the simple waves at the middle of a train is 
approximately 3 waves/10 rain (Fig. 6). Occasionally 
a complex wave occurs between trains. The simple 
waves tend to have shorter intervals at the onset of 
each train (Fig. 6). This pattern of activity persists 
for 4-6 days, whereupon the activity gradually be- 
comes more irregular; by the tenth day the activity 
again resembles that described for fasting animals. 
One should recall that by this time (approximately 
240 hr after feeding) the stomach is already quite 
empty of food. 

(d)Fastingat25°C. The motility in fasting animals 
at 25°C is more regular than at 20°C. The simple 
waves clearly occur in trains, with an interval between 
waves of 40 and 50 sec. Complex waves occur at 
random intervals. The complex waves sometimes 
occur between the simple waves in a train, otherwise 
between a train of simple waves. The trains of 
simple waves last between 50 and 90 min and are 
15-40 rain apart. The amplitude of the simple waves 
generally starts at 3 cm of water; toward the middle 
of  each train this increases to approximately 15- 
20 cm of water. As each train approaches its end, the 
amplitude shows a fall to 10--15 cm of water (Fig. 7). 

(e) After feeding at 25°C. The rate of simple waves 
increases, and their amplitude is less variable, on the 
order of 1 0-15 cm of water (Fig. 8). Their frequency 
is approximately 1/min (Fig. 8). The complex waves 
still occur randomly and their amplitude sometimes 
reaches 30 cm of water. This pattern proceeds for 
4--5 days, when the waves assume the characteristics 
described for fasting animals. 

(f) At 30°C. At  this temperature the motility 
pattern seems to be the same for fasting and for 
recently fed animals. The simple waves occur in 
sharply defined trains. Each train has a duration of 
20-35 rain and the interval between trains is on the 
order of  8-15 min. The amplitude of  the simple 
waves is on the order of 8-12 cm of  water, and they 
occur at intervals on the order of 15-25 sec. This 
gives a frequency of 2-4 simple waves per min (Fig. 

9). The complex waves almost always occur at the 
beginning of the trains of simple waves (Fig. 9) and 
is of the order of 15-25 cm of water. 

(g) Effects of breathing. The amplitude of waves 
due to ventilation was on the order of 3 cm or less, 
as a rule. Occasionally, when the animals were dis- 
turbed, the ventilatory movements became very deep 
and long lasting; they thus mimic gastric contrac- 
tions. Nevertheless. such records caused by hyper- 
ventilation could be distinguished from gastric 
motility by noting hyperventilatory changes in the 
diameter of the animals. The animals hyperventilated 
when exceptionally excited. Care was taken to avoid 
disturbance, and cases of hyperventilation were not 
common. It must be said that by the time these 
experiments were carried out, the majority of the 
animals were used to the presence of the investigator. 
If  handled carefully and gently, they did not show 
obvious signs of stress, of which the most conspicu- 
ous one would be hyperventilation ("hissing"). 

DISCUSSION 

C. erocodilus will eat and digest its food through a 
range of more than 15°C (from 15 to 35°C). There 
is a suggestion that small (and young) animals will 
still eat spontaneously at temperatures below 20°C, 
when larger (and older) animals will no longer do so. 
Small animals apparently have a wider range of  
body temperature inside which they feed. 

The gastric residence times of these caimans are 
much longer than those reported or inferred from 
reports for some other carnivorous reptiles. The 
lizards Uta stansburiana and Sceloporus graciosus had 
gastric residence times of less than 24 hr, when fed on 
insects (Knowlton, 1936); however, the thermal 
regime in which the animals were maintained is not 
stated. The snake Natrix natrix under more con- 
trolled temperature conditions had gastric residence 
times similar to those reported here. A frog eaten by 
N. natrix was observed with X-ray for a period of 
approximately 2-3 days (Skokzylas, 1970), though its 
liquified remnants may still have been present there- 
after. Similar techniques used on other species of 
snakes (Blain & Campbell, 1942) showed a gastric 
residence time of at least 5 days for a rat eaten by a 
boa constrictor. 

Unfortunately, many authors did not specify the 
thermal regime in which the animals are maintained, 
which renders a roKtningful comparison impossible. 
Similarly, the info~nation for Chelydra serpentina 
and Emydoidea blandingii (Riddle, 1909) does not 
lend itself to useful comparisons with the present 
work since the method involved the use of  MeWs 
tubes, the accuracy of which is doubtful (Hirscho- 
witz, 1967) and which gives no indication of the real 
gastric residence time for a meal. The herbivore 
Ctenosaura pectinata had a complete passage time of 
3-5 days, when fed a meal of sweet potatoes and 
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maintained between 27 ° and 37°C (Throckmorton, 
1973). 

The pH changes of  gastric contents as well as the 
color and proportion of  sediments in gastric samples 
after centrifugation suggest that the food stays in 
the stomach of C. crocodilus at least twice as long 
as earlier reported for Alligator mississippiensis 
(Coulson et aL, 1950; Conlson & Hernandez, 1964). 
These authors defined the end of gastric digestion by 
changes in the pH of blood, which is related to 
gastric secretion of  hydrochloric acid ("alkaline 
tide"). When C. crocodilus were kept at tempera- 
tures lower than 20°C, the gastric residence times 
extended for as long as 2 weeks. The results reported 
here are in good agreement with data on Caiman 
latirostris maintained near 30°C after a meal of  fish 
(Coulson & Hernandez, 1970), and killed at different 
intervals thereafter. However, these studies were 
directed mainly to changes in free amino acids of  
the whole carcass, and do not deal directly with the 
issue of gastric residence times. Other information 
regarding gastric residence time is not always clear 
or involves further problems. Some bony fishes 
(Cottus, Gadus) may take 5-6 days to completely 
digest a fish meal, while the same animals take only 
3 days to digest a meal of small crustaceans (Gam- 
marus) (Barrington, 1957). The gastric residence 
times for birds is generally less than 12 hr (Sturkie, 
1965). 

Caution must be excercised before making con- 
clusions about the emptying pattern of the stomach 
from data on the gastric residence time. The bulk 
of a liquid meal may have left the stomach long 
before the last remnants do so (Davenport, 1971). 
This applies for man (Hunt & Spurrell, 1951) where 
the rate of emptying is apparently a function of the 
square root of the volume of the stomach (Hopkins, 
1966). 

The present work shows that at least 4 days at 30°C 
are necessary to complete gastric digestion of  a meal 
comprising 5 per cent of  the body weight in C. croco- 
dilus. In their natural habitat, with circadian rhythms 
of light (and heat), the animals may not be able to 
maintain their preferred thermal levels for more than 
half a day. Therefore, wild animals should take 
longer to digest similar quantities of  food. Other 
factors which can affect the gastric residence times 
are the amount of food ingested at one meal and the 
nature of the food itself. Larger sized food should 
take longer to digest, since the action of  gastric 
secretions (acid and enzymes) is exerted only at the 
exposed surfaces. 

Motion picture analysis during the present study 
documents that C. crocodilus swallows its prey by 
inertial feeding (Gans, 1969). Mechanical disrup- 
tion caused during the process of arranging the prey 
for swallowing facilitates digestion, by increasing the 
exposed surface. The prey always undergo at least 
puncturing of the integumentary envelope; some- 
times the body wall is torn and the viscera exposed, 

particularly in larger prey, which undergoes longer 
mastication prior to deglutition. The rate of diges- 
tion may also be affected by the water content and 
protective coatings such as hair, scales or chitin. 
Hair may retard the initial stages of  gastric digestion 
by snakes; it slows down diffusion of  the secretions 
(Root, 1961). The diet of  small and young croco- 
dilians in the wild includes such items as insects, 
small crustaceans, mollusks, small amphibians and 
fishes (Kellog, 1929; Welman & Worthington, 1943; 
Corbet, 1959 a, b; Medem, 1960; Cott, 1961 ; Pooley, 
1962; Neill, 1971). The proportion of  fishes in- 
creases as the animals attain a larger size; occasional 
mammals and birds are also included (Corbett, 
1959b; Cott, 1961). The present study suggests that 
crocodilians readily eat while still digesting an earlier 
meal, particularly if the amount of the previous 
meal was not ad lib. 

The present study shows that gastric motility is 
drastically reduced at 20°C; by extrapolation one 
can assume even less motility at 15°C. Simulta- 
neously, the hydrochloric acid is less concentrated 
(pH not below 2.0) and proteolytic activity reduced 
(Diefenbach, 1975). The bolus will be less "stirred", 
since the motility of the stomach certainly causes it 
to be thoroughly washed by secretion (Code & 
Carlson, 1968). Motility may also abrade the bolus 
against various types of  gastroliths in the stomach 
(Bakker, 1971). There is still doubt whether croco- 
dilians ingest hard objects purposely or accidentally. 
The feeding habit of crocodilians may lead to acci- 
dental ingestion of gravel or other objects from the 
bottom of the water (Brazaitis, 1969; personal 
observation). There is also the possibility that 
gravel or rocks may have been in the stomach of  the 
prey (Neill, 1971). Whether ingested accidentally or 
not, gastroliths probably enhance mechanical break- 
down in the stomach. 

The pressure transducers unavoidably picked up 
ventilatory pressure changes. The mechanics of 
breathing in crocodilians apparantly involves the 
musculus diaphragmaticus, which pulls the liver 
toward the pelvis to induce inspiration (Gans, 1970; 
Naifeh et al., 1970). Ventilation thus involves visceral 
shifts and compaction, including the stomach. 
However, the records due to breathing could be 
clearly distinguished from gastric contractions. 

Fasting C. crocodilus has a constant level of gastric 
motility at 30 and 25°C. The motility at 20°C is 
markedly lowered and irregular. The little activity 
at 20°C with an empty stomach consists mostly of 
complex waves. C. serpentina shows a similar pattern 
of gastric motility when fasting (Patterson, 1916, 
1933); the waves have long duration (120-150 see), 
but a smoother shape than the complex wave of 
Caiman. Patterson described them as "tetanic-like" 
contractions. The contractions in Chelydra when 
in short fast (less than 1 week) are similar to the 
simple waves of  Caiman. Gastric motility deter- 
mined by telemetry capsules during the feeding 
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process has been described in the lizards Varanus 
flavescens and C. pectinata (Mackay, 1968). The 
recorded contractions are similar to the simple waves 
of Caiman, varying in frequency and amplitude 
depending on body temperature and state of feeding. 
There was also a suggestion of circadian rhythm of 
of activity in these species. 

The simple wave of Caiman described in the pre- 
sent work can be compared to the Type I contraction 
of the stomach of mammals (see Code & Carlson, 
1968). These are also of a rather smooth shape and 
similar duration (on the order of 15 sec). The com- 
plex wave of Caiman resembles the Type II contrac- 
tion of mammals which also forms a smooth curve. 
The complex wave of Caiman does not seem to be 
rhythmic, which the Type II contractions occur at 
22 sec, or multiple therefore, in man (Code & 
Carlson, 1968). The complex wave of Caiman is not 
restricted to the periods of gastric digestion. As 
fasting proceeds, the Type I contraction of mammals 
gradually assumes the shape and duration of Type 
II, while the simple and complex waves always 
could be distinguished in Caiman. The frequency of 
the simple waves is clearly a direct function of 
temperature. At 30°C the simple waves reach fre- 
quencies of 2-3 per rain. similar to the Type I waves 
of mammals. In mammals there occurs a more 
sublte contraction, the Type III, which escapes 
ordinary balloon recordings, because of the limited 
area of the stomach involved at any moment (Code 
& Carlson, 1968). The Type I and II waves 
superimpose on this contraction, which is of a low 
amplitude increase in tonus. Presently there is 
no information of these contractions in C. croeodilus. 

The fundic contractions here reported confirm 
anatomical considerations of the role during diges- 
tion of this part of the crocodilian stomach. The 
physiological role of the two types of contractions 
awaits further research, perhaps electrical recordings 
of the active stomach. The complex wave may be 
the result of fusion of two or more simple waves 
(H. W. Davenport, personal communication). The 
fundus has a thicker and more complex smooth 
muscle coats than do the cardiac and pyloric portions 
(Reese, 1913; Staley, 1925). The fundus has been 
compared to the gizzard of birds (Oppel, 1896; 
Biedermann, 1911; Pernkopf & Lehner, 1937; von 
Wettstein, 1954), which is the section of the avian 
stomach responsible for mechanical disruption of 
the food. The fundus of crocodilians differs from the 
gizzard of birds in that it is also a storage vat (func- 
tion of the crop in grain and fruit eating birds), and 
the site of secretions and chemical degradation. It 
should be remarked also that the avian gizzard is 
generally less thick in muscle in carnivorous species 
(Farner, 1960); thick muscle gizzards, with grit and 
gastroliths, are characteristic of granivorous species. 

Acknowledgements--This investigation was part of the 
requirements of the State University of New York at 

Buffalo, for the degree of Doctor of Philosophy. I thank 
Dr. Carl Gans, major advisor of this project, for his sup- 
port and for providing the material facilities for carrying 
out the research and Dr. H. W. Davenport for valuable 
suggestions and criticisms. Mrs Sharon Ireland and Mr 
Alex Tompa for technical help and criticisms. Mr. L. 
Martonyi helped with the illustrations. This project was 
supported by the National Science Foundation (GB- 
31088X to C. Gans) and by the Society of the Sigma Xi 
(Grant-in-aid of research). 

REFERENCES 

BAKKER R. T. (1971) Ecology of the brontosaurs. Nature, 
Lond. 229, 172-174. 

BARRINGTON E. J. W. (1957) The alimentary canal and 
digestion. In The Physiology of Fishes (Edited by 
BROWN M. E.) Vol. 1, Chapter 3. Academic Press, 
New York. 

BEt.LAIRS A. (1969) The Life of Reptiles, Vol. 1. Weiden- 
feld & Nicolson, London. 

BIEDERMANN W. (1911) Der Magensaft der V~Sgel, Reptilien 
und Amphibien--XII. Die Erniihrung der h~Sheren 
Wirbeltiere. In Handbuch der Vergleichenden Physiolo- 
gie (Edited by WINTERSTEIN H.) Vol. 1, sec. 2. Fischer, 
Jena. 

BLAIN A. W. & CAMPBELL K, N. (1942) A study of 
digestive phenomena in snakes, with the aid of the 
Roentgen ray. Am J. Roentgen 48, 229-239. 

BRAzArrls P. J. (1969) The occurrence and ingestion of 
gastrolyths in two captive crocodilians. Herpetologica 
25, 63-64. 

CODE C. F. & CARLSON H. C. (1968) Motor activity of the 
stomach. In Handbook of Physiology sec. 6, vol. 4, 
chap. 93. Am. Physiol. Soc, Washington. D.C. 

CORaET P. S. (1959a) Notes on the insect food of the Nile 
crocodile in Uganda. Proc. R. Ent. Soc. Lond. 34A, 
17-22. 

CORNET P. S. (1959b) The food of a sample of crocodiles 
Crocodylus niloticus L.) from Lake Victoria. Proc. Zool. 
Soc. Lond. 133, 561-572. 

COTT H. B. (1961) Scientific results of an inquiry into the 
ecology and economic status of the Nile crocodile 
(Crocodylus niloticus) in Uganda and Northern 
Rhodesia. Trans. Zool. Soc. Lond. 29, 211-337. 

COULSON R. A. & HERNANDEZ T. (1964) Biochemistry of 
the Alligator. Louisiana State University Press, Baton 
Rouge. 

COULSON R. A. • HERNANDEZ T. (1970) Protein digestion 
and amino-acid absorption in the cayman. J. Nutr. 
100, 810-826. 

COULSON R. A., HERNANDEZ T. & DESSAUER H. (1950) 
Alkaline tide in the alligator. Proc. Soc. exp. Biol. 
Med. 74, 866-869. 

DAVENPORT H. W. (1971) Physiology of the Digestive 
Tract, 3rd Ed. Year Book Medical Publishers, Chicago. 

DAVSON H. (1970) A Textbook of General Physiology, 4th 
Edn, Vol. 1. Williams & Wilkins, Baltimore. 

DIEFENBACH C. O. DA C. (1973) Integumentary permea- 
bility to water in Caiman crocodilus and Crocodylus 
niloticus (Crocodilia: Reptilia). Physiol. Zo61. 46, 
72-78. 

DIEFENBACH C. O. DA C. (1975a) Gastric function in 
Caiman crocodilus (Crocodilia: Reptilia)---II. Effects 
of temperature on pH and proteolysis. Comp. Biochem. 
Physiol. 51A, 267-274. 



Gastric function in Caiman crocodilus--I 265 

DIEFENBACH C. O. DA C. (1975b) Thermal preferences 
and thermoregulation in Caiman crocodilus. Copeia, 
1975 (3). 

FARNER D. S. (1960) Digestion and the digestive system. 
In Biology and Comparative Physiology of Birds 
(Edited by MARSHALL A. J.), Vol. 1, chap. 11. Aca- 
demic Press, New York. 

FRXA~rr M. ( 1941 ) La trituration des aliments par l'estomac 
chez les crocodiles. Bull. Mus. Nat. Paris 13, 405-407. 

GANS C. (1969) Comments on inertial feeding. Copeia 
1969, 855-857. 

GANS C. (1970) Respiration in the early tetrapods--the 
frog is a red herring. Evolution 24, 740-751. 

GORDON M. S., BARTHOLOMEW G. A., GRINNEL A. D., 
JORGENSEN C. B. & WHITE F. N. (1972) AnimalPhysio- 
Iogy: Principles and Adaptations. Macmillan, New 
York. 

HIRSCHOWJTZ B. I. (1967) Secretion of pepsinogen. In 
Handbook of Physiology, See. 6, Vol. 2, Chap. 50. Am. 
Physiol. Soc. Washington, D.C. 

HOPKINS A. (1966) The pattern of gastric emptying: a 
new view of old results. J. Physiol., Lond. 182, 144-149. 

HUNT J. N. & SPURRELL W. R. (1951) The pattern of 
emptying of the human stomach. J. Physiol., Lond. 
113, 157-168. 

HUNT J. N. & WAN B. (1967) Electrlytes of mammalian 
gastric juice. In Handbook of Physiology, Sec. 6, Vol. 2, 
Chap. 44, Am. Physiol. Soc., Washington, D.C. 

KELLOG R. (1929) The habits and economic importance of 
the alligators. U.S. Dept. Agric. Tech. Bull. 147, 1-36. 

KNOWLTON G. F. (1936) Lizard digestion studies. 
Herpetologica 1, 9-10. 

MACKAY R. S. (1968) Observations on peristaltic activity 
versus temperature and circadian rhythms in undis- 
turbed Varanus flavescens and Ctenosaura pectinata. 
Copeia 1968, 252-259. 

MEDEM F. (1960) Dados Zoogeograficos y ecologicos 
sobre los Crocodylia y Testudinata de los rios 
Amazonas Putomayo y Caquita. Caldasia (Bogota) 8, 
341-351. 

NAIFEH K. H., HUGGINS S. E., HOFF H. E., HUGG T. W. & 
NORTON R. E. (1970) Respiratory patterns in croco- 
dilian reptiles. Resp. Physiol. 9, 31-42. 

NEILL W. T. (1971) The Last of the Ruling Reptiles. 
Columbia University Press, New York. 

OPPEL A. (I 896) Der Magen. In Lehrbuch der Verglei- 
chenden Mikroskopischen Anatomic der Wirbeltiere, 
Vol. I. Fischer, Jena. 

PATTERSON T. L. (1916) Comparative studies in the 
physiology of gastric hunger contractions in the 
Amphibia and the Reptilia. Am. J. Physiol. 40, 140- 
141. 

PATTERSON T. L. (1933) Comparative physiology of gastric 
hunger mechanism. Ann. N. Y. Acad. Sci. 34, 55-272. 

PERNKOPF E. & LEHNER J. (1937) Vergleichende Beschrei- 
bungen des Vorderdarms bei den einzelnen Klassen der 
Cranioten. In Handbuch der Vergleichenden Anatomic 
der Wirtbeliere (Edited by KALLIUS E., BOLK L., 
GOPPERT E. & LUBOSCH W.), Vol. 3, Chap. 3. Urban 
und Schwarzenberg, Berlin. 

POOLEY A. C. (1962) The Nile crocodile, Crocodylus nilo- 
ticus. The Lammergeyer (Natal) 2, 1-55. 

PROSSER C. L. & BROWN F. A., JR. (1960) Comparative 
AnimaIPhysiology. Saunders, Philadelphia. 

REESE A. M. (1913) The histology of the enteron of the 
Florida alligator. Anat. Rec. 7, 105-129. 

RIDDLE O. (1909) The rate of digestion in cold-blooded 
vertebrates--the influence of seasons and temperature. 
Am. J. Physiol. 24, 447-458. 

ROOT H. D. (1961) Gastric degestion with hypothermia: 
observations and applications. Ph.D. thesis, University 
of Minnesota. Abstract in Diss. Abstr. 22, 1954. 

SKOKZYLAS R. (1970) Influence of temperature on gastric 
digestion in the grass snake, Natrix natrix L. Comp. 
Biochem. Physiol. 33, 793-804. 

SMrr H. (1968) Gastric secretion in the lower vertebrates 
and birds. In Handbook of Physiology, Sect. 6, Vol. 5, 
Chapt. 135. Am. Physiol. Soc., Washington. D.C. 

STALEY F. H. (1925) A study of the gastric glands of 
Alligator mississippiensis. J. Morphol. 40, 169-189. 

SrURKm P. D. (1965) Avian Physiology, 2nd Edn., Chapt. 
11. Cornell University Press, Ithaca. 

THROCKMORTON G. (1973) Digestive efficiency in the 
herbivorous lizard Ctenosaura pectinata. Copeia 1973, 
431-435. 

WELMAN J. B. & WORTHINGTON E. B. (1943) The food of 
the crocodile (Crocodilus niloticus L.). Proc. Zool. Soc. 
Lond. 113, 108-112. 

YON WEarS'rEIN O (1954) Crocodilia. In Handbuch der 
Zoologic (Edited by HELMCKE J. & YON LENGERKEN H.), 
Vol. 7, Part 1, Chapt. 4, pp. 321-424. de Gruyter, 
Berlin. 

WILSON J. A. (1972) Principles of Animal Physiology. 
Macmillan, New York. 

Key Word Index Caiman crocodilus ; gastric digestion; 
temperature. 


