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THE PHYSIOLOGY OF LARGE REPTILES
INTRODUCTION

This report, which deals not simply with the gaseous metabolism but to
a considerable extent with the physiology in general of many of the large
poikilotherms, touches upon a field of research that has already attracted
many workers. Owing to the rapid advances made in the technique for
studying animals of this type in the last two decades and especially to the
existence of several excellent general articles on this subject, it will be un-
necessary to extend the limits of this report to give (as is customary in
Nutrition Laboratory monographs) an extensive bibliography. So far as the
early literature is concerned, the article of Zuntz ! in Hermann’s Handbuch,
prepared with the meticulous care used in all his writings, is of special inter-
est, as evidenced by the fact that since its publication it has been the basis
of practically all discussions by subsequent writers on gaseous metabolism.
Among the later collections of literature dealing with the gaseous exchange
of cold-blooded animals is the review by Tigerstedt 2 in Winterstein’s Hand-
buch, which is accompanied by a number of keen comments born of his own
experience, the extensive compilation by Kestner and Plaut,? likewise in
Winterstein’s Handbuch, and the article by Cronheim ¢ in Oppenheimer’s
Handbuch, which covers much the same ground as the report by Kestner
and Plaut but includes later literature.  Detailed consideration of the
metabolism of cold-blooded animals, although only a part of his main treat-
ment, is incorporated in Krogh’s exccllent monograph on the respiratory
exchange of animals and man® The outstanding individual researches of
present-day value on poikilotherms are undoubtedly those of Krehl and
Soetbeer,® Krogh? and Rubner.® Rubner’s interest in the metabolism of
cold-blooded animals dates back many years, and he has continually recog-
nized in numerous papers the important réle that cold-blooded animals play
in studies dealing with general physiology. His two articles published in
1924 represent a most complete summarization of the results of his studies
covering several decades. No publications have been more stimulating and
of greater value to the Nutrition Laboratory, particularly in the preparation
and analysis of our results, than have these two fundamental papers of
Rubner. In citing these striking contributions of Rubner, Krogh, and Krehl
and Soetbeer, it is not meant to underestimate the contributions made by
others, and the frequent literature citations throughout this report will show
that the papers of Hill, Vernon, Martin, Regnault and Reiset, Hari and
others have been of incalculable service in this present research.

1 Zuntz, N, Hermann’s Handb. d. Physiol., 1882, 4 (Pt. 2), pp. 145 et seq.

2 Tigerstedt, R., Winterstein’s Handb. d. vergl. Physiol., 1910-1914, 3 (Pt. 2), p. 1.

3 Kestner, O., and R. Plaut, Winterstein’s Handb. d. vergl. Physiol., 1924, 2 (Pt. 2),
p. 901.

* Cronheim, W., Oppenheimer’s Handb. d. Biochem., 1927, 2d ed., 7, p. 291.

5 Krogh, A., The Respiratory Exchange of Animals and Man, London, 1916, 173 pp.

*Krehl, L., and F. Soetbeer, Arch. f. d. ges. Physiol., 1899, 77, p. 611.

"Ege, R, and A. Krogh, Internat. Revue f. Hydrobiol., 1914, @6, p. 48; Krogh, A,
Internat. Zeitschr. f. physik.-chem. Biol., 1914, 1, p. 491.

® Rubner, M., Biochem. Zeitschr., 1924, 148, pp. 222 and 268.
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Comparative physiology is most helpful in illuminating the many prob-
lems in human physiology. Particularly is this true in studying the laws
governing heat production and heat loss, the balance between thermogenesis
and thermolysis, the physiological heat regulation, the body temperature,
the reaction of the living organism to environmental temperature, and the
mobility of the protoplasm at different temperaturcs. Physiologists turn
to studies in comparative physiology in the search for interpretation of
phenomena in human physiology. The Nutrition Laboratory has had a
comprehensive program for studying the comparative physiology of animals,
with special reference to the gascous metabolism. Thus far its observations
have dealt with animals ranging in size from the 150-gram dove and the
small albino rat to the 600-kg. cow, stecr and horse. Information concern-
ing the physiology of each of these animals may be said to contribute directly
toward our knowledge of the physiology of humans. It is believed that
much the same can be said with regard to a study of the physiology of the
cold-blooded animals, particularly a study of their various methods of heat
production, heat loss and water loss, the character of their katabolism, and
their reaction to temperature, both internal and external, with special refer-
ence to the comparison of the protoplasmic activity of warm-blooded and
cold-blooded animals as measured by their oxygen consumption or carbon-
dioxide production at or about 37° C., that is, the ordinary body tempera-
ture of warm-blooded animals. Indeed, physicians have had these com-
parisons in mind, for Krehl and Soetbeer ! state in their classic research
that, in searching for the origin of the increase in heat production during
fever, they found it necessary to study the heat economy of cold-blooded
vertebrates. The factors entering into the heat loss of cold-blooded animals
differ to such an extent from the factors influencing the heat loss of warm-
blooded animals that a study of the former can not but be of aid in under-
standing the laws governing vital activity.

The physiology of the frog, the classic laboratory animal, has been
studied long and well, and much of our knowledge of the physiology of
cold-blooded animals rests upon observations with this relatively small
amphibian. But information with regard to the physiology of the frog
is not so directly applicable to human physiology, for the frog in many
respects differs widely from the warm-blooded human. It is a small animal.?
It is distinctly aquatic, living for the larger part of the time in water, a
medium for heat absorption and equalization of temperature altogether
different from that surrounding warm-blooded animals in general and espe-
cially man. It is perhaps because of the frog’s aquatic nature that one is
most critical of the application of knowledge concerning the physiology
of the frog to the interpretation of problems in human physiologv. For
comparative purposes, cold-blooded animals must be divided into three great
classes, (1) those living in water, such as fish and turtles, (2) those living
in air, such as most of the snakes, tortoises and lizards, and (3) those living

1Krehl, L., and F. Soetbeer, Arch. f. d. ges. Physiol.. 1899, 77, p. 611.

2With the development of the ingenious and accurate micro-calorimeter of I.. Algera
(Proc. Section of Sci., Royal Acad. Sci., Amsterdam. 1931. 34, p. 906) the potentiality
of experimenting with very small cold-blooded animals is greatly enhanced.
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both in air and water, such as the frog. It is clear from this classification
that the animals living in air, such as the snakes, tortoises and lizards, exist
more nearly under many of the life conditions of man.

Not only is it important to study cold-blooded animals living in air for
the closest comparison with humans, but to make the study more strictly
comparable, large animals are preferable. The structure of the body, the
body weight, and the amount of surface area ! exposed to the air should for
such a comparative study be as nearly as possible the same as in the well-
known studics of warm-blooded animals. Hence large cold-blooded animals
are necessary. The frog for this purpose is of little value, for not only
different species of frogs but individual frogs have in previous researches 2
shown a wide variability in heat production, a variability far greater than
the normal, rather considerable variability found in individuals among the
warm-blooded animals. Secondly, the activity of the frog is always uncer-
tain and is perhaps greater than that of any other cold-blooded animal save
the fish, and activity during any cxperimental period is detrimental to
securing observations of value for comparative purposes. It is illogical
to compare the metabolism of an active frog or fish with that of a man rest-
ing quictly or with that of a dog, a rat or a goose in complete muscular
repose. Another advantage in using large cold-blooded animals for com-
parative physiology is that it is desirable to apply the same experimental
methods employed for humans or warm-blooded animals to cold-blooded
animals, and since the metabolism with the latter is so low, it is necessary in
applying these methods either to study large animals or to conduct long
experimental periods. Therefore the frog, by reason of its small weight,
is ruled out. Furthermore, the frog is decidedly seasonal in its responses.
Thus, the summer frog is different from the winter frog. These character-
isties introduce scveral extrancous factors.?

In pursuance of its program of research in comparative physiology, the
Nutrition Laboratory thercfore decided to study large cold-blooded animals
living in the air and not to include the fish (a most important economic
problem) or any amphibious animals. To secure such animals became a
matter of great concern. In the temperate zone there are only relatively
small land tortoises, the turtles, even the large snapping turtle, being
aquatic. There arc no large snakes in the northeastern part of the United
States, and it is only in the South that one can find relatively large rattle-
snakes. The problem of obtaining suitable material, therefore, was an acute
one. The technique of maintaining under normal laboratory conditions
standard warm-blooded animals such as the dog, the rabbit and the guinea-
pig, and a standard cold-blooded animal such as the frog has been well

!The surface area concept is, on historical grounds, retained throughout this book
and finally completely disclaimed. A problem arose in writing this report, in that zoolo-
gists may possibly find the results even more of interest than physiologists. Hence much
that is obvious to the metabolism expert is necessarily included.

2 Tigerstedt, R., Winterstein’s Handb. d. vergl. Physiol.,, 1910-1914, 3 (Pt. 2), pp.
33 and 40. See, also, A. Krogh, Internat. Zeitschr. f. physik.-chem. Biol.. 1914, 1, p. 497.
*Rubner (Sitzungsber. d. preuss. Akad. d. Wissensch., 1924, 1%, p. 230) has emphasized

the importance of studying tropical animals. Fortunately nearly all our animals come
under this head.
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worked out, but large cold-blooded animals are as yet an unknown factor
for the average laboratory technician. Hence our only recourse was to go
to a large zoological park,' especially well equipped with a collection of
reptiles, and we naturally turned to the New York Zoological Park, pri-
marily because one of the foremost herpetologists in America, Dr. Raymond
L. Ditmars, was in charge of the extraordinary collection there. We were
fortunate in establishing most cordial relations with Dr. W. T. Hornaday,
the dircctor at that time of the New York Zoological Park, and always
sceured unfailing attention and advice from Dr. Ditmars. This deeply
appreciated cooperation, coupled with the splendid collection of reptiles in
the New York Zoological Park, resulted in our equipping in that Park a
speeial laboratory for the study of the metabolism of large, cold-blooded
animals. As can be scen from frequent reference to him in these pages,
this report owes its existence in no small part to the ever-ready cooperation
of Dr. Ditmars. All of his cooperation has been fully approved by the
present dircetor, Dr. W. Reid Blair.

*Two visits to the Carl Hagenbeck Tierpark in Stellingen-Hamburg, Germany, in the
personal company of Dr. Ludwig Zukowsky, the Scientific Director of the Park, brought
out many points that have been helpful in presenting the material in this report. We
are much indebted to Dr. Zukowsky for his many courtesics and the most valuable in-
formation which he kindly gave us.
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Our first experiment at the New York Zoological Park was made in
October 1915, and the observations there continued until the summer of
1921 with, however, several long periods of interruption due to the exigencies
of the World War. Supplementing these observations, special measure-
ments were likewise made at the Nutrition Laboratory in the spring of
1920 and in the fall and winter of 1930-1931.

In the special problems of handling these unusual and at times dangerous
animals, we relied upon the great skill of the late Mr. Charles E. Snyder
and Mr. John Toomey of the New York Zoological Park. When the
research first began in New York in 1915, Mr. Colbert Mason of the Nutri-
tion Laboratory staff was in direct charge of the respiration experiments.
After one year of intensive and successful experimenting, Mr. Mason re-
signed. The experimental work was then placed in the hands of Mr. E. L.
Fox of the Nutrition Laboratory, whose skill and fidelity in these long and
most tedious observations can hardly be overemphasized. A preliminary
statement, with regard to certain features of the research has already been
made in conjunction with Mr. Fox and presented before the National
Academy of Sciences.! Practically the entire experimental routine and the
collection of nearly all the data presented in this book have been in Mr.
Fox's hands, as will be evident by the constantly recurring text references
to his aid in this study.

Animals used—The kinds of cold-blooded animal studied, the number of

cach kind, and the number of days on which experiments were made are
as follows:

Kind and Number of Animals Days Ezperimenting
Boa constrictors............... 14 With hzards..................
Pythons .... .. 5 With tortoises.........
Rattlesnakes .. 13 With alligators .
Gopher snakes. . 4 With snakes..................
Lizards ....... 8
Alligators .................... 2 Total ........coiiviiiinns
Tortoises ..............ccouvune 11

Total ........coovvinnnn. 57

The names, species, habitats, and certain characteristics of these animals
were as follows:

Bull Snake, Pituophis sayi (Schlegel), southwestern United States. (Used
only in a preliminary orientation experiment.)

Cuban Boa, Epicrates angulifer (Bibr.), Cuba and Porto Rico. (Boa B,
12 kg))

South American Boa Constrictor, Constrictor constrictor (Linn.), tropi-
cal South America. (Boas A and D to N, inclusive.)

Black-tailed or Indian Python, Python molurus (Linn.), dark phase,
southern India, Malay Peninsula and Java. (Small Indian Python or
“Pepper,” 6 to 7 kg., and “1931 python.”)

! Benedict, F. G., and E. L. Fox, Proc. Nat. Acad, 8ci., 1031, 17, p. 584.
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Regal Python, Python reticulatus (Seba), Burma and Indo-China, Malay
Peninsula and Archipelago. (32-kg. python.)

African Python, Python sebe. (An incubating python, about 4.5 meters
long, at the National Zoological Park in Washington, D. C. See pages
95 to 114.)

Texas Rattlesnake, Crotalus atrox (Bd. x Gird), ‘Texas to California,
abundant near Mexican boundary.- (2 to 5 kg.)

Texas Gopher Snake, Drymarchon corais coupert (Holb), olive phase,
Texas and northern Mexico. (2 to 3 kg.)

Lizard, Iguana tuberculata (Linn.), tropical America. (about 1 kg.)

American Alligator, Alligator mississippiensis (Daudin), southeastern por-
tion of United States. (53 kg. and 4 kg., respectively.)

Radiated Tortoise, Testudo radiata, from Madagascar. (Used only in
orientation experiment.)

Gopher Tortoise, Gopherus polyphemus (Daudin), southeastern United
States. (Tortoises A to D, inclusive, 5 to 6 kg.)

South American Tortoise, Testudo denticulata (Linn.) (Tortoises Y and
Z,1930. 5 kg.)

Galapagos Tortoise, Testudo nigrita (Gray), found in the Galapagos
Islands, a small group in the tropical Pacific, and Aldabra Islands in the
Indian Ocean. (Tortoise E, 69 kg.)

Aldabra Tortoise, Testudo elephantina (Dum and Bibr), Aldabra Ielands
(Tortoise F, 80 kg.)

Galapagos Tortoise, Testudo vicina (Gunther), Galapagos Islands. (Tor-
toise G, 132 kg.)

Living conditions during captivity—The extraordinary skill of Dr.
Ditmars in the collection and care of the reptiles assured us of the closest
approximation to normality possible in an animal in confinement. Liberal
space, well-lighted, heated and ventilated, and food selected to promote well-
being and longevity made the most acceptable substitutes for life in freedom.
Lack of exercise has a pronounced effect upon the metabolism of warm-
blooded animals, as is shown by the experiments of Lusk?! on a dog con-
fined to the laboratory throughout the winter and then allowed free run
in the summer. Fortunately with snakes, lack of exercise plays a relatively
small role, as they are normally inert and do not travel far or fast. On
the contrary, tortoises and lizards are much more active, and confinement
may influence’ their metabolism. The alligators that we studied lived in
a large pool with ample space for exercise, and the lizards and tortoises
likewise had considerable space for exercise. The temperature of the
various animal cages was kept as nearly as possible that normal for the
reptile. Ideally, it is better to study animals under conditions approximat-
ing as nearly as possible those prevailing in their usual habitat, with normal
food, exercise, light, variations in climate and possibly seasonal variations
in food. In the northern states snakes hibernate; in the South they do not.
But in the New York Zoological Park no seasonal variation in temperature
was permitted, and the animals were kept at essentially a normal summer
temperature for them. Thus, for all the snakes, including boas, pythons,

! Lusk, G, Journ. Biol. Chemgf}p15, 20, p. 563
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gopher snakes, and rattlesnakes, the temperature of the air in the dens
was between 22° and 24° C., and the temperature of the gravel on which
the snakes usually lay was 30° C.! The temperature of the water in the
alligator pool was held at about 22° C. A long heating pipe running
through the pool controlled the temperature of the water. The tortoises
were kept in a chamber at essentially the same temperature as that of
the snake dens. Of the various conditions of life in eaptivity, it is probably
true that snakes arc less influenced by the monotony of existence than are
other animals. Particularly is it true that cxercise in captivity is at a
minimum, and food and exercise are the two factors affecting most pro-
foundly the metabolism. So far as food is concerned, every cffort was
made to approximate the conditions of wild life. The whole problem of
the care and feeding of reptiles has been most carefully studied by Dr.
Ditmars2 Usually captive snakes take food of their own accord, but
occasionally certain specimens were stuffed when they had refused food
for a long time3 The life and the food of these reptiles in the Park
were not wholly a normal outdoor life and food, but were approximately
fo. In any event, as has frequently been stressed by Dr. Hornaday, all
the animals in the Park are saved the continual contact with dangerous
encmies, a factor that would normally make for better living conditions
and better health. Furthermore, the animals do receive good care if they
are ill, and are artificially fed if they are not inclined to take food
naturally. On the whole, therefore, the captive animal at the New York
Zoological Park lives under conditions favorable for a normal existence.

Measurements made—With reptiles, particularly the large serpents, many
of them not only difficult but dangerous to handle, the measurements were
naturally somewhat limited. The chief measurements taken were of the
rectal temperature, the skin temperature, and most important of all the
gaseous mctabolism, primarily the carbon-dioxide production, but in the
1930 and 1931 experiments also the oxygen consumption and the respiratory
quotient. Direet calorimetry was attempted with one of the boas and with
the 1931 python, but proved to be negative. (See page 423.) The heart
rate of two of the tortoises was determined on several oceasions. The
surface arca of several of the snakes was likewise obtained from girth and
length measurements, and in the case of the 1931 python and one of the
1930 tortoises the skin area was actually measured. It was possible to
determine the weight of the skeleton of one snake and with the tortoises to
make allowances for the amount of inactive shell. The relative activity
during the gaseous metabolism measurements was recorded, although not
quantitatively, and a few obscrvations upon the respiration rate, the excre-
tion of water vapor and the insensible perspiration were sceured. TIn a few
instances analyses of feces and urinc were made. Our chief study, however,
centered around the caleulation of the heat production from the measured
carbon-dioxide production or oxygen consumption.

*Krehl and Soetbeer (Arch. f. d. ges. Physiol., 1899, 77, p. 634) state that at the
Hamburg Zoological Gardens the snakes’ cages arve heated to 30° (.

2 Ditmars, R. L.. Zoologica, 1912, 1, p. 197.

3F. W. FitzSimons (Pythons and their Ways, London, 1930. p. 20) also discusses the
method of forced feeding of serpents and feeding in captivity.
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Conditions of measurement—In any comparison of warm-blooded with
cold-blooded animals it is essential that both types of animals should be
studied under the same conditions so far as absence of activity and of
food is concerned. Perhaps no one problem is more confusing in making
studies in comparative physiology than the differences in activity of the
various animals used. It is impossible to compare animals other than
upon the basis of complete muscular repose. A quiet, well-trained dog
or rat or a man in complete repose can not be compared with another
animal engaged in any amount of muscular activity. The amount of
activity possible during confinement in a cage is, to be sure, somewhat lim-
ited but nevertheless this factor presents one of the greatest difficulties in
making the comparisons. In this respect the snakes were ideal subjects.
Ordinarily they remained hours at a time without movement, differing
greatly from frogs which are usually very active and can not be relied
upon to remain quiet. Indeed, our observaticns on snakes were for the
greater part secured during complete muscular repose, a factor always
stressed in the measurement of the basal metabolism of humans. The tor-
toises were, on the other hand, more active than the snakes and hence
our observations on them frequently do not have the comparative value of
those made with the large snakes. The influence of food and digestive
activity in stimulating metabolism is well known. As a result, every effort
is made with warm-blooded animals to study them in the post-absorptive
condition. Fortunately reptiles, and snakes particularly, can live for long
periods without food, so that it is possible to rule out the period of active
digestion and study these animals in the post-absorptive condition. The
effect of the digestive process may likewise be studied, as many of our
protocols show.

Special objects of research—One of the special objects of our research
was to study the gaseous metabolism of large cold-blooded animals, since*
it is much more logical to compare the metabolism of a human with that
of a large cold-blooded animal than it is with that, for example, of a small
frog. It would be necessary to multiply the metabolism of one small frog
several thousand times to bring the frog up to the corresponding
weight of a man. On the other hand, if one thousand frogs were studied
simultaneously in an attempt to secure a weight of frogs equivalent to the
weight of a man, 973 of these frogs might be active during the period of
measurement and 27 quiet, or vice versa. In other words, the individuality
of the frog not only as regards its own individual metabolism, which has
been found to vary enormously, but particularly as regards its tendency
to activity confuses the issue greatly. The small weight and the small
area of the frog, therefore, make it difficult to compare it at all with man
or even with the larger cold-blooded animals such as the alligator, the large
snakes and the tortoise. For comparison with a man weighing on the
average 60 kg. it was desirable, if possible, to secure a cold-blooded animal
weighing approximately this same amount. As a matter of fact, although
much of our work was carried out with snakes weighing only from 5 to
15 kg., we had one python weighing 32 kg., an alligator weighing 53 kg.,
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and a Galapagos tortoise weighing 132 kg., approximating the mass of a
fat man. Hence the mectabolism of these particular animals per unit of
weight or per unit of area could be, at least roughly, compared with the
metabolism of man without making too great assumptions in the matter
of activity, because only one animal was under study at one time and not
several and the activity or absence of activity could be definitely recorded.
Large snakes also are of advantage in studies of comparative physiology
because they can be studied without food over a long period of time.
Indeed, snakes have been known to live without food for two years. In
such cases the animal may finally weigh only half its original weight (sce
the fasting data for our boa D, for example, pages 163 to 168), and thus
the influence of size may also be studied, although, to be sure, the factor
of fasting or undernutrition enters into the comparison here.

PROBLEMS STUDIED

Environmental temperature—In planning our research, we scleeted for
study those problems that, by applying the special Nutrition Laboratory
techniques, we considered would probably be the most productive of results.
The well-known fact that with cold-blooded animals the metabolism de-
creases as the external temperature is lowered demanded immediate study.
It was impossible to consider with the cold-blooded animals a basal
metabolism. The very definition of basal metabolism as applied to warm-
blooded animals means the minimum metabolism compatible with normal
life and under conditions involving complete muscular repose and the
absence of digestive activity. With the cold-bloaded animals in general the
metabolism decrcases as the temperature goes down, the animal becomes
dormant, and gradually passes into a state approximating “suspended ani-
mation.”” The most notable instance of this phenomenon is the much
discussed and debated freezing of fish, first brought to public attention
by Raoul Pictet.! It is therefore immediately conceded that no definition
of basal metabolism as applied to warm-blooded animals can be thought
of here. The metabolism reaction at different temperatures has been
carefully studied with the frog and some small reptiles, and it was im-
perative that this be one of the first problems studied with our large
cold-blooded animals. The well-known change in the velocity of chemical
reactions with increasing temperature, the so-called “Van’t Hoff law” or
the “Q,, law” (according to which the velocity of the reactions increases
two or three times for each change of 10° C. in temperature) was thercfore
our first problem to be studied.

Size—The second problem was the metabolism of various cold-blooded
animals of the same species as affected by size. With most laboratory
animals, a study of the influence of size can be admirably combined with

! Pictet, R., Revue 8Sci., 1803 (cited by J. Lefévre, Chaleur Animale et Bioénergétique,
Paris, 1011, p. 241). Pictet’s experiments are also cited by W, Marcet (A Contribution
to the History of the Respiration of Man, Croonian Lecture, London, 1807, p. 13), who
mentions observations of his own that are mot fully in accord with Pictet’s findings,

Pembrey (Schaefer’s Text-Book of Physiology, London, 1898, 1, p. 817) likewise reports the
experiments of Pictet.
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a study of growth, as one can measure the metabolism of an animal when
young and then measure it again when older. In a zoological park it is
practically impossible to determine the metabolism of a young snake and
then wait until it grows to an adult, particularly in the case of large ser-
pents. The growth is relatively small, very slow, and the mortality, even
under ideal conditions, is high. One would therefore run the risk of study-
ing a youthful organism and before it had reached a much larger size
death might have occurred, so that one could not study the effect of growth.
It was possible, however, to compare small and large pythons and small
and large boas, and this was done.

Deposition of fatty tissue—Another problem considered was the effect
upon metabolism of the deposition of fatty tissue. A fat snake could be
compared with a thin snake, and it was possible to do this with the same
snake, although this involved a study of prolonged inanition.

Fasting and prolonged undernutrition—The incredible length of time
that cold-blooded animals can live without taking food makes the study
of undernutrition or prolonged fasting especially advantageous. Hence
observations on the course of the total heat production from day to day
and the course of the heat production per unit of weight and per unit of
surface area in long-continued fasting experiments were of special interest
in our experimental program. When we consider that a cold-blooded animal
as large as a giant python may subsist on its own tissues for nearly two
years, not in moribund hibernation but at a temperature of approximately
26° to 30° C., which ordinarily prevails in the reptile house of a zoological
park, and when we consider that during this time the draft upon body
material is not such as to make the animal so emaciated as to be unsuitable
for exhibition purposes, we see immediately the possibilities for studying the
influence upon metabolism of prolonged drafts upon body material.

Digestion—With warm-blooded animals the influence of digestion, which
is usually rapid and extensive, can be readily studied. With some of the
birds the period of digestion may be distinctly short—a few hours. Usually
with humans it is considered that the period of active digestion ceases after
12 hours, when the post-absorptive condition is reached. With ruminants
this period is protracted to from 24 to 36 hours, or even longer. The lengtt
of the digestive period with the large cold-blooded animals has not beer
known. In wild life their feeding is uncertain and they experience long
periods without food.. Hence in beginning an experiment with a snake, the
results of which are to be used for comparison with those obtained on othe
snakes or on warm-blooded animals, one should be fairly certain that the
metabolism approximates the post-absorptive condition. Owing to its un-
certain eating habits, especially in confinement, the cold-blooded animal
may be in a low state of nutrition. It is especially desirable, therefore, tc
study with those particular animals that are capable of prolonged fasting
and characterized by a low metabolism, the stimulus to metabolism derivec
from the taking of food. The effect of the various kinds of food should firsi
be noted. Usually animals in the wild, especially snakes, eat animal food
with a relatively large amount of protein. But it is possible by artificial
feeding to give a large amount of fat, as was done with several of our snakes
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The influence of the environmental temperature upon the course of the heat
production dpring digestion should also be studied, that is, the metabolism
during digestion at 20° C. should be compared with the metabolism during
digestion at a much higher temperature, such as 30° C. or possibly 37° C.,
which would approximate the body temperature of warm-blooded animals.
Three clements enter into this study of the influence of digestion at different
environmental temperatures. First, there is the time clement. How long
does the period of digestive activity last? Second, what is the maximum
heat production or the peak in metabolism and when does it occur? Third,
what is the total increase in heat production above that in the non-digestive
state caused by the ingestion of a definite amount of food? The difficulty
with most of the serpents is the uncertainty as to the exaet nature of the
food, for one can not easily analyze beforchand a litter mate control repre-
sentative of the rabbit, the guinea-pig, or the pigeon caten by the snake.
But approximate computations of the composition of the food caten may be
permitted. It is thus seen that in the field of digestion alone there are many
important problems suggested for study with these large, cold-blooded
animals.

Respiratory quotient—Although with most of the cold-blooded animals,
protein and fat are the chief food materials and hence striking changes in
the respiratory quotient would not be expeeted in the absence of carbohy-
drates, a study of the respiratory quotient with these animals was planned
and as finally carried out, especially in the 1930 and 1931 series, led to
some remarkable findings. Not only the character of the food but, even
more striking, the environmental temperature produced profound altera-
tions in the respiratory quotient. Time was not available, however, for an
extended study of the significant relations between temperature of the en-
vironment and the respiratory quotient.

Muscular work—The influence of muscular activity upon the metabolism
of cold-blooded animals has been studied practically only with the excised
gastrocnemius musele of frogs. It would therefore be important to study,
if possible, the effect of muscular activity upon the intact animal. Tt is,
however, practically out of the question to compare the efficiency as a
machine of a cold-blooded animal with that of a warm-blooded animal, for
one can not measure the work done by cold-blooded animals. In srome of
our observations it was noted that after the animals werc handled and
transferred, for example, from one cage to another, there was frequently a
high production of carbon dioxide. The questions therefore arise: Is this
high metabolism possibly caused by the exposure to a higher temperature
in a new environment, is it the result of struggle, that is, is there an increase
in heat production as with muscular work, or is it possibly due to a psychic
agitation or tension caused by the insult to the animal received in handling?
The cause may be classified under the head of muscular work, psychical
state, or agitation. A number of experiments were made to contribute to
this point.

Comparison of snakes with other cold-blooded animals—As a result of
observations on these animals in the post-absorptive condition, it was pos-
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sible for us to compare directly the metabolism of the snake with that of
the tortoise, the lizard and the alligator, referred to body weight and to sur-
face area, or more properly to the two-thirds power of the body weight.
This comparison enables a study of the comparative physiology of cold-
blooded animals of greatly varying sizes and supplements the literature on
small animals in such a way as to extend the metabolism measurements on
cold-blooded animals of widely different species into the range of large
body weights.

Comparison of metabolism of cold-blooded animals when raised to a
temperature approximately that of homoiotherms—In certain instances,
particularly with the snakes, it was possible to raise the temperature of
the environment to such a height that the animals themselves had a body
temperature not far from that of homoiotherms, that is, approximately
37° C., and a comparison of the metabolism of the cell tissues when the
cold-blooded animals were at this temperature with that of warm-blooded
animals became one of our most important problems.

Mechanism of heat loss in snakes—Because of the profound influence of
environmental temperature upon the metabolism of the cold-blooded animal
and because of the general tendency of the animal to assume the tem-
perature of the environment, the mechanism of heat loss in the snake
acquires special importance. One of our first problems, therefore, was the
study of the skin temperature of the various snakes compared with their
rectal temperature and the temperature of the environment. A large num-
ber of measurements were made for this particular study, which give in-
formation upon the rapidity with which the snake assumes the environ-
mental temperature, and the difference between the skin, the rectal and
the environmental temperature. With the use of a calorimeter at the
Nutrition Laboratory in Boston direct calorimetry was attempted, to meas-
ure any direct radiation of heat. Such measurements have been successfully
accomplished with animals living in water, by Rubner! with his micro-
calorimeter and later by A. V. Hill,2 but with animals living in air the
problem had to be studied by entirely different methods, with a ventilated
chamber. The direct calorimetry proved to be an entirely negative study,
and immediately the heat of vaporization of water assumed great impor-
tance. This was studied in connection with the ventilation rate and the
humidity of the air of the respiration chamber in which the snake was
placed. .

Particular features of observations on tortotses in 1930—Snakes were used
in the study of most of these problems. A number of lizards, which like-
wise live in the air, were also available, and the observations made upon
them included practically the same problems as were investigated with the
snakes. Two alligators were studied in the earlier stage of our experimental
program, but only when not submerged in water. The problems outlined
above were not, however, studied in detail with these alligators. Next to the
snake in the number of observations made upon it was the tortoise. The

! Rubner, M., Tigerstedt’s Handb. d. physiol. Methodik, 1911, 1, Abt. 2, p. 218.
' Hill, A. V., Journ. Physiol., 1911-1912, 43, p. 261.
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animals available ranged in size from the 5-kg. gopher tortoises to a giant
Galapagos tortoise of 132 kg. With the tortoises studied between 1915 and
1917 more difficulty was experienced in securing quiet periods than with
the snakes. Hence there were fewer consecutive experiments, and many
periods had to be rejected. For this reason further observations were made
upon two 5-kg. tortoises in 1930. In this later series the main problems
studied duplicated for the most part those with the snakes. Thus, atten-
tion was given to the influence of environmental temperature and the in-
fluence of digestion upon the respiratory metabolism, and in addition efforts
were made to secure accurate determinations of the respiratory quotient.
The calculation of the metabolism per unit of weight and per unit of
surface area presented special difficulties in the case of the tortoise, because
of the large proportion of inert matter (shell) making up its body weight.
Hence one of the 1930 tortoises was killed, and the weight of shell and the
flesh weight were actually determined. Finally, certain abnormal char-
acteristics of the mechanics of respiration were studied. Muscular and
digestive activity were ruled out only with difficulty in the case of the
tortoise, but a sufficient number of observations were obtained in the two
series with this animal to permit of making reasonable comparisons.
Particular features of observations on the 1931 python—Although an ex-
tensive series of respiration experiments and other observations were made
upon snakes from 1915 to 1921, it seemed important in 1931 to confirm and
amplify certain phases of this earlier investigation by measurements upon
a python with more modern technique. One of the main objectives of the
1931 research was to make a more complete comparison of the rectal and
environmental temperature, since it was clear that the relationship between
the temperature of the body and that of the environment of the snake
has an important bearing upon the heat lost by vaporization of water. The
earlier temperature studies were not satisfactory because, although the
environmental temperature might have been closely recorded, the recctal
temperature measurements were at best only imperfectly obtained. Further-
more no observations had been secured during digestion, and one of the
special features of the 1931 series was to determine what is the effect of
digestion upon the body temperature. In the earlier snake series the
respiratory quotients were as a whole considered unsatisfactory, owing to
the technique (see page 150), and the second objective of the 1931 research
was to determine the respiratory quotient accurately by more perfected
technique. A third objective was the measurement of the insensible
perspiration and the water output. Only a few observations regard-
ing these two factors had been made prior to 1931, but it was believed
that the relationship between the water vaporized and the heat lost by the
snake is such that quantitative measurements of the water vapor and the
insensible perspiration were imperative. Moreover, although the metab-
olism of a few snakes, notably the rattlesnake, had been measured at
37° C., it was felt desirable to secure more observations at this high tem-
perature with another and a larger snake. The measurement of the surface
area of the snake and particularly the determination of the constant to be
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employed in calculating the surface area were seriously questioned when
we analyzed our earlier data. To supplement the measurements of girths
and lengths obtained upon snakes in the earlier series, the same measure-
ments were made upon the 1931 python and, in addition, at the end of the
entire experimental program the python was killed and the skin was re-,
moved, photographed and measured. The fragmentary observations on
direct calorimetry obtained with a boa in 1920 were substantiated by a
second series of direct heat measurements on this python, with a view to
determining to what extent water vapor is a path for the loss of heat in
the snake, whether sensible heat as such is given off by the snake, and, if
so, under what conditions. The fact that a considerable increase in the
respiratory metabolism of the cold-blooded animal can take place during
digestion was repeatedly demonstrated. The 1931 program included meas-
urements of skin temperature, rectal temperature, respiratory metabolism,
water vapor and insensible perspiration during digestion. In addition,
further data were secured on the gaseous metabolism at different en-
vironmental temperatures, and incidental observations were obtained with
regard to feces and urine.

Body temperature during incubation—In the spring of 1931, when the
manuscript of this report was nearly completed, opportunity was had to
make a careful survey of the environmental and the body temperatures of
an incubating python, while coiled over her eggs. This study was made
at the National Zoological Park at Washington, D. C., thanks to the co-
operation of the Director, Dr. William M. Mann, and his assistant, Mr.
F. O. Lowe, to both of whom we are deeply indebted.

It is thus seen that our research dealt in large part with the measurement
of the total metabolism of large, cold-blooded animals, with special
reference to their relative size, their environmental temperature, and the
digestive activity, employing for this purpose cold-blooded animals of such
varying form, nature and chemical composition as the python, on the one
hand, and the Galapagos tortoise with its large preponderance of inert bony
structure, the shell, on the other. As our investigation progressed, it be-
came clear that a large number of problems had been by no means ade-
quately studied, and many other problems suggested themselves concern-
ing not only the development of the experimental side of the technique
and the experiments themselves, but particularly concerning the mechanism
of heat production and heat loss. We shall therefore frequently allude to
unsolved problems that await immediate attack. Unfortunately this attack
can not be expected from the Nutrition Laboratory.
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METHOD OF STUDYING THE GASEOUS METABOLISM

Since these observations dealt for the most part with the respiration
rate, the body temperature, and especially the gaseous metabolism, the
technique in the New York series of measurements was confined almost
entirely to body-temperature measurements and the measurement of the
carbon-dioxide production, with occasional determinations of the oxygen
consumption. As the investigation progressed and it began to be evident
that there was a relationship between the water vapor and the heat pro-
duction of these cold-blooded animals, determinations of the water vapor
assumed unusual importance and in many experiments the water vapor was
therefore directly measured. To determine the gascous metabolism, a
special metabolism laboratory was equipped at the New York Zoological
Park with a number of respiration chambers that had been designed, con-
structed and tested at the Nutrition Laboratory in Boston especially for
this purpose. Later, in the 1930 series of measurements on two South
American gopher tortoises and in the 1931 observations on a python car-
ried out at the Nutrition Laboratory, respiration apparatus were employed
that were similar in many respects to those used in New York but
which embodied some accessory features of technique and which enabled
accurate measurements of the oxygen consumption as well as the carbon-
dioxide production, thercby permitting a determination of the respiratory
quotient.

Many of the earlier researches dealing with cold-blooded animals have
been carried out on fish,! an aquatic animal demanding a type of respira-
tion apparatus different from that required for air-living animals. With
animals living in air and producing small amounts of carbon dioxide per
minute, such as the frog, some micro type of apparatus has ordinarily been
employed. Since this present research deals with large animals living in
air and since onc of the reasons for selecting these animals was that a
technique might be used comparable to that employed for humans, all
observations with these large cold-blooded animals were made with rela-
tively large respiration apparatus calling for the regularly established
Nutrition Laboratory technique that has been been in use for years in
metabolism observations on children and adult humans.

General principle of respiration apparatus—In general principle these
respiration apparatus consisted of well-ventilated chambers of the closed
or open circuit type in which the carbor. dioxide produced by the animal
was removed from the air current by a suitable absorbent and pure oxy-
gen was added to the system as needed to replace that consumed by the
animal. Each chamber was provided with a small expansion chamber or
spirometer. '

1 Rubner, (Biochem. Zeitschr.. 1924, 148, p. 223) has strikingly pointed out the diffi-
culties of using fish in such studies.
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RESPIRATION APPARATUS USED IN NEW YORK EXPERIMENTS

Respiration chambers of various sizes were employed, in that the chamber
was practically fitted to the animal. This was literally the case with the
largest tortoise, the animal being measured carefully beforehand and the
chamber constructed to fit exactly its size. In the beginning two respira-
tion chambers were used with a capacity of 85 and 75 liters, respectively,
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F1a. 1-—RESPIRATION CHAMBER (85-LITER VOLUME) FOR LARGE COLD-BLOODED
ANIMALS.

A, thermostat; D, electric heater for control of temperature of water
bath; E, outlet pipe; F, intake pipe; P, pneumograph.

but these were soon found to be much larger than necessary and a sub-
sidiary chamber, reducing the volume to about 27 liters, was used in the
majority of the experiments. This supplementary chamber could be em-
ployed inside the 85-liter or 75-liter chamber and still retain provision for
an air-tight water seal and a graphic registration of any activity that might
occur. For the largest tortoise a chamber was constructed containing 908
liters. In this chamber various experiments were made with one large
tortoise, two fairly large tortoises studied simultaneously, and a large
alligator. For observations on a 5-meter python, which was too large
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(from the standpoint of manipulation of the animal) to place in the 85- or
75-liter chambers and yet for which the 908-liter chamber was too large,
a special recessed cover was constructed to drop inside the 908-liter cham-
ber and thus reduce the volume to 339 liters.

The essential features of these chambers have already been bricfly
described.! The 85- and 75-liter chambers are of metal, double-walled,
water-jacketed vessels protected with a covering of cork and canvas for
insulation purposes. The metal cover, also protected by cork and canvas,
dips into a water seal between the two metal walls, thus making the in-
terior of the chamber absolutely air-tight (fig. 1). The cork and canvas
casing is especially helpful in securing uniformity in the temperature of
the respiration chamber, a point ecspecially important in studying cold-
blooded animals.

Air passes through the pipe, F, and enters the chamber near the top, at
the right-hand side. The outgoing air leaves directly through the pipe, E,
so there is a tendency for a maximum ventilation. A small baffle plate, not
shown in figure 1, deflects the ingoing air downward. Figure 1 shows the
electric heating device, D, and likewise the thermostat, A, for temperature
control. The snake or other animal to be studied is placed in a metal cage,
open at the top save for a wire-mesh cover to prevent the animal from
escaping. This cage in turn is placed on a movable platform or floor in-
side the chamber. The record of the activity of the animal is sccured in
the usual way by suspending the floor at the left-hand end on pin points
and supporting the right-hand end by a spiral spring (not shown in figure 1)
and a small pneumograph, P. Any movement of the animal causes a change
in tension on this spring, and the change in tension is transmitted by means
of the pnecumograph to a tambour and kymograph outside the chamber.
Thus any activity of the animal is graphically recorded.

The 85- and the 75-liter chambers were soon found to be too large, and
hence a supplementary chamber was designed to be placed inside the larger
chamber (fig. 2). This inner chamber is suspended on a movable plat-
form, as before, only we are now looking at it from the rear. The cover,
K, of this inner chamber fits into a water seal, a, around the upper edge of
the chamber. The original cover of the larger chamber that also dipped
into a water seal has been removed and replaced by a wooden cover sup-
porting two pipes, E and F, which terminate in enlarged cylindrical thin-
walled tubes, each of which dips into a small water seal, b, and b,, on top of
the cover, K, of the inner chamber, H. These water seals, which make
air-tight closures for the pipes E and F, give perfect flexibility, so that
any movement of the inner chamber up and down, due to the activity of
the animal, is not hindered. Two screws, G, and G,, fit into the upright
standards and allow one to raise and lower the pipes, E and F, when re-
moving the cover or adjusting the apparatus. The small inner chamber,
H, has a volume of 27 liters. The air enters the chamber through the pipe,
F, and is deflected downward against the sides of the chamber by a baffle

t Benedict, ¥. G., Abderhalden’s Handb. d. biolog. Arbeitsmethoden, 1924, Abt. IV,
Teil 10, pp. 530 et seq.
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plate. It leaves through the tube, E. The temperature of the water bath
in the outer chamber is controlled by the electric heater, D, and the thermo-
stat, A. The majority of the observations were carried out with this sub-
sidiary 27-liter chamber inside the larger chamber. A wire-mesh cover, B,
was fastened just inside the cover, K, so that the chamber could be opened
at the end of an experiment and the snake left inside overnight, if desired,
without danger of its escape.
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F16. 2—RESPIRATION CHAMBER OF 85-LITER CAPACITY WITH SUBSIDIARY 27-LITER
CHAMBER INSIDE,

H, subsidiary 27-liter chamber, with cover, K, in water seal, a; E, outlet pipe,
and F, intake pipe dipping into water seals, by and bs, respectively. Gi and Gs,
screws to adjust height of tubes E and F; D, electric heater; A, thermostat; B, wire-
mesh cover to prevent escape of snake when chamber is left open overnight.

Since our largest Galapagos tortoise weighed 132 kg., a respiration cham-
ber was built to fit this animal. The tortoise was accordingly measured
and a chamber 91.2 cm. wide, 81.4 cm. deep, and 122.3 cm. long, with a
volume of 908 liters, was constructed of heavy galvanized iron. The out-
gide was reinforced by boards. Around the top, on the outside, was soldered
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a ﬂax.xge cogtaining water for a water seal. Into this seal a metallic cover,
A., with a rim about it could be lowered, to make a tight closure. (See the
view to the left in figure 3.) Tubes in the side and top provided for the
entrance and withdrawal of a ventilating current of air. To record the
degree of repose or activity of the tortoises the usual Nutrition Laboratory
method was femployed, that is, one end of the chamber base rested on a
crude approximation to a knife-edge, K. The other end was suspended on
several leaves from a light wagon spring, S. A rubber ball, R, was placed
beneath these leaves, so that any change in the center of gravity of the
animal would alter the degrec of pressure on this rubber ball, and the
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F16.'3—RESPIRATION CHAMBER OF 908-LITER CAPACITY WITH RECESSED COVER FOR
REDUCTION OF VOLUME.

One end of chamber rests on a knife-edge, K; other end is suspended on
leaves from a buggy spring, 8, beneath which is a rubber ball, R, connecting
with a tambour and kymograph. Cover, A, is used when full volume of
008 liters is desired, the recessed cover, B, when a much smaller volume is
preferable.

change in compression of the air in the ball was recorded by the usual
tambour and kymograph. Thus the entirc activity-recording equipment
was outside the respiration chamber. It gave most satisfactory records
and likewise showed that in many instances the tortoises were restless and
undesirable animals for metabolism work; hence numerous periods had to
be rejected on account of activity. Photographs of this 808-liter chamber
are shown in figures 4 and 5.

One or two of the animals, particularly the 5-meter python and the 53-kg.
alligator, were too large for the 27-liter chamber and, on the other hand,
were much too small to put into this 908-liter chamber. To reduce the
volume of this large chamber, therefore, a special recessed cover, B (shown
in place in view at the right in figure 3), was constructed. This recessed
cover was provided with a lip or rim which could be dropped into the
water seal attached to the large tortoise chamber. The cover was so

:The photographs shown in figures 5 and 6 were taken by Mr. E. R. Sanborn, the
photographer of the New York Zoological Park.
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constructed that it dipped down into the inside of the chamber close to the
walls and, when in place, reduced the volume of air in the chamber from
908 to 339 liters. Both the large python and the alligator still had plenty
of room to rest quietly bencath this recessed cover, and yet the chamber
volume was perceptibly reduced.

Fra. 4—View or A 62-Ka. TORTOISE INSIDE 908-LI'TER RESPIRATION CHAMBER.

Ventilation of the chamber—These chambers were ventilated by the
so-called ‘“universal respiration apparatus,” which has already been
described.! The usual Crowell blower of the positive type drew the air
out of the chamber, forced it through sulphuric acid to remove the water
vapor, and then passed it through a suitable absorbent for carbon dioxide.
This absorbent was the ordinary Nutrition Laboratory soda-lime, in a
special bottle. The air leaving this bottle was again passed through sul-
phuric acid to absorb any water vapor yielded to the air current in its
passage through the soda-lime, and the change in weight of the soda-lime
bottle and its following sulphuric acid bottle (weighed on a balance ac-
curate to 0.01 gram) was recorded as the carbon dioxide absorbed. The
volume of the universal respiration apparatus and the spirometer was about
cleven liters.  In figure 6 is shown the respiration chamber installed in

' Benediet, 19 G Amer, Journ, Physiol. 1909, 24, p. 345; ibid., Deutsch. Arch. f. klin.

Med., 1912, 107, p. 156; sbsd., Abderhalden’s Handb. d. biolog. Arbeitsmethoden, 1924,
Abt. IV, Teil 10, p. 440.



TECHNIQUES EMPLOYED 23

the -reptile house at the New York Zoological Park, with the universal
respiration apparatus in the foreground. The ventilation rate could be
adjusted by slowing the motor. or more particularly bv opening a by-pass
from one side of the blower to the other. By ecither of these means or
by both the ventilation could be held at any desived rate, usually not far

Fie, 5 LowrrinG A 132 KG. Tog10188 INTO SORLITER
RENPIRATION ¢ HAMUER,

from 3 to 8 liters per minute. Beecause of the small amount of carbon
dioxide produced by these cold-blooded animals, cxpeeially at relatively
low temperatures, the method was soon introdueed of having only intermit-
tent ventilation, Under these conditions the earbon dioxide was allowed to
accumulate inside the closed ehamber and at approximately definite periods
(about once every 1 to 6 hours) the chamber was ventilated for about 16
minutes, the aceumulated carbon dioxide then being removed and the air
refreshed with oxygen. This ventilation was usunlly carried out at a high
rate of speed, about 30 liters per minute, Undoubtedly this procedure did
remove all the carbon dioxide, but it is equally certain that varying amounts
of condensed water remained in the chamber from time to time, and hence
water determinations as such were not made under these conditions, This
intermittent ventilation made it possible to employ simultaneously two dif-
ferent respiration chambers ventilated by the same respiration apparatus
(fig. 7), it being only necessary to provide a supplementary spirometer for
the second chamber and two sets of sulphuric acid and soda-lime bottles
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for the }miversal respiration apparatus. Thus an animal could be allowed
to remain in one chamber without ventilation until the carbon-dioxide con-
tent of the air inside had increased to 1 per cent of the total volume, an
amount of carbon dioxide known to be in no sense injurious to animal life.
The air in this chamber could then be swept out by rapid ventilation
through one of the two sets of absorbing bottles. Meanwhile another ani-
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F16. 7T—SCHEMATIC DRAWING SHOWING SIMULTANFOUS UBE OF TWO RESPIRATION
CHAMBERS WITH UNIVERSAL RESPIRATION APPARATUSH.

Blower C draws air from respiration chamber A, passes it through sulphuric
acid in container D, to remove water vapor, through soda-lime in container ki, to
remove carbon dioxide, through sulphuric acid in container Fi, to remove any water
vapor given up by soda-lime, and back into respiration chamber A, the valves,

s to V., inclusive, being turned in the proper direction. When valves are turned
in reverse direction, chamber A is cut off from ventilating circuit and chamber B
is conmected with it. Blower C then draws the air out of chamber B, passes it
through containers D, Es, and F:, containing sulphuric acid. soda-lime, and sulphuric
acid, respectively, and returns it to chamber B. 8, and 8; are expansion chambers or
spirometers for chambers A and B.

mal could be studied in a second chamber, and when it was necessary to
ventilate this second chamber, a duplicate pair of valves could be turned on
the universal respiration apparatus to divert the ventilating air current
from the first to the second chamber and pass the outcoming chamber air
through the second set of absorber bottles. This use of two chambers with
one ventilating system was particularly successful when an exact measure-
ment of the oxygen consumption was not desired, and it was quickly found
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that with this particular set-up ! the accurate measurement of the oxygen
consumption of these animals was so difficult that for the most part such
determinations were hardly worth while. Another advantage of this
periodic ventilation is that the accumulation of water vapor inside the
chamber reduces the amount of water vapor that can be given off by the
animal and hence the rectal temperature of the animal can not fall ap-
preciably below that of the environment. This is in line with the experi-
ments of Krehl and Soetbeer,? who studied cold-blooded animals in
saturated air.

Measurement of water vapor—In those experiments in which the excre-
tion of water vapor was measured quantitatively an oil seal was used in the
respiration chamber and spirometer. The circulation of air through the
system was maintained throughout the entirc experiment to absorb the
water vapor, and the two Williams bottles of sulphuric acid preceding the
soda-lime bottle were weighed both at the beginning and end of the period.
It was disadvantageous to pass a large volume of air through the carbon-
dioxide absorbing vessel and carry water over from it into the following
sulphuric-acid bottle, and thus run the risk of diluting the acid and having
water escape. The air current was therefore shunted for the greater part
of the time around the carbon-dioxide absorbing system and only during
the last 15 minutes of each experimental period was the air passed through
the carbon-dioxide absorbent. Thus the carbon dioxide was quantitatively
absorbed in the last 15 minutes. The rate of ventilation was, on the aver-
age, approximately 7 liters per minute when the air current was being by-
passed and for 15 minutes, roughly speaking, 30 liters per minute. Thus
the total ventilation in the last 15 minutes would be equal to several times
the volume of air in the respiration chamber, making no allowance for the
volume of the snake, and hence any condensation of water vapor inside the
chamber would be prevented and the carbon-dioxide content of the air
residual in the chamber would always be reduced to an insignificant amount.
The duplication of results in various periods by this method shows an extra-
ordinarily uniform production of carbon dioxide and makes this procedure
thoroughly justifiable.

Determination of environmental temperature inside respiration chamber
during experiments—As early as 1915 the problem as to what was the true
environmental temperature in which these animals were living became an
acute one. Several mercurial thermometers were used in different localities
in the respiration chamber and air circuit. In addition, resistance ther-
mometers and thermo-electric devices in connection with a potentiometer
were employed. A most critical analysis of all these recorded temperatures
was made in estimating the probable environmental temperatures recorded
in the following pages. It can be seen, however, that even in the 1930 and
1931 studies this factor still presented a great deal of difficulty. In all these
‘ Carpenter gas-analysis apparatus, enabling the determination of minute changes
osition of chamber air, had not been perfected for use at the time of our New
“series of experiments. This gas-analysis apparatus was, however, used in our

P80 and 1931 experiments in Boston. (See pages 27 to 41.)
3 Krehl, L., and F. Soetbeer, Arch. f. d. ges. Physiol., 1899, 77, p. 629.
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cases the chambers were hermetically sealed with a water seal. They
were not calorimeters, but except for the 908-liter chamber, it was possible
to heat them and regulate the temperature satisfactorily. In the case of
the 908-liter chamber the temperature of the laboratory room sufficed for
control, together with a moderate amount of protective blankets over the
chamber. The particular feature of the combination of subsidiary chamber
inside the larger chamber was a more perfect control of the environmental
temperature at which these animals were studied.

Alcohol check tests—The accuracy of these respiration apparatus was
frequently controlled by alcohol check tests, as is the custom of the Nu-
trition Laboratory. One desirable feature of the alecohol check test could
not, however, be introduced. It is belicved that ideally every respiration
apparatus should be controlled by alcohol check tests, in which the amount
of alcohol burned corresponds to the development of carbon dioxide and
the absorption of oxygen under the conditions of experimenting in which
the animal will be used. The difficulty of burning alcohol at a rate to
produce as small an amount of carbon dioxide as that produced by the
albino rat was great and was surmounted only after a long period of
experimentation.! With these cold-blooded animals the carbon-dioxide
production was even lower, and hence this desired ideal test was not
attempted. We are convinced, however, that the apparatus functioned
perfectly, that there could be no loss or gain of carbon dioxide in the sys-
tem, and hence the results can be relied upon.

RESPIRATION APPARATUS USED IN 1930 BOSTON
EXPERIMENTS WITH TORTOISES

A seeming extraordinary diversity in the metabolism of tortoises as
compared with the metabolism of the other cold-blooded animals measured
in the experimental series of 1915-1921 was first brought out in the final
calculation and assessment of values in the early stages of preparation of
this report in the summer of 1930. This made it desirable to confirm, in
part at least, the earlier obscrvations on tortoises by further measure-
ments.2 Since 1921, when the research at New York stopped, there has
been a material advancement in technique, particularly in the determination
of the respiratory quotient, and with the Carpenter gas-analysis apparatus
respiratory quotients can now be determined with a higher degree of accu-
racy than ever before. The respiratory quotients obtained by the tech-
nique employed in the New York series of observations we specifically
disavow and hence shall not publish them, contenting ourselves with the
statement that the respiratory quotient in general with our animals was
essentially that corresponding to the combustion of fat. With the snakes,
alligators and possibly the lizards this is perhaps a justifiable assumption,
since they were living on animal food containing but a small amount of
carbohydrate and the combustion must have been essentially that of a mix-

1 Benedict, F. G., Journal of Nutrition, 1930, 8, p. 173.

*In these later measurements, made in the fall of 1930, fundamental changes in the

calculation of the surface area of the tortoise changed the picture materially. (See
pages 338, 362 and 427.).
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ture of fat and protein with the fat predominating, save in times of extreme
fasting. Tortoises, on the contrary, are essentially vegetarians. It is pos-
sible that food may remain in the stomach of the tortoise for a long period.
Hence the respiratory quotient may stay at a high level for a long time, and
it would be uncertain when the real fasting or the real fat respiratory quo-

F16. 8—SCHEMATIC OUTLINE OF RESPIRATION CHAMBER AND VENTILATING
SYSTEM USED IN 1930 EXPERIMENTS WITH TORTOISES.

H, subsidiary 27-liter chamber with water seal, a, wire-mesh top, B,

and cover, K. F, intake pipe and E, outlet pipe with water seals,
b and bs; C, blower; 8, spirometer; J, pump for sample of chamber
air; P, pneumograph; D, electric heater; A, thermostat.

tient would be obtained. The paucity of information regarding the relative
weight of shell and flesh of tortoises also made it desirable to study an
animal that could subsequently be dissected.

Thanks to the courtesy of Dr. Raymond L. Ditmars, two South American
gopher tortoises, weighing approximately 4 kg. each, were sent to the
Ngition Laboratory in the fall of 1930 for experimental purposes. These
tofoises were usually fed bananas, with some lettuce. The respiratory
exchange was studied in exactly the same respiration chamber as shown
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in figure 2 (page 20), that is, the subsidiary 27-liter chamber inside the
85-liter chamber. The 27-liter chamber, H (fig. 8), is provided with a wire-
mesh top, B, a cover, K, dipping into the water seal, a, and with tubes, E
and F, conducting air out of and into the chamber. These tubes are like-
wise provided with water seals, b, and b,, so arranged as to insure flexibility
for recording by means of the pneumograph, P, the degree of activity or
the degree of repose of the tortoise. Control of the temperature inside the
chamber is obtained by the electric heater, D, and the thermostat, A.
Instead of attempting to absorb all the carbon dioxide, as in the earlier
experiments, the chamber was used as a closed chamber apparatus and the
carbon dioxide allowed to increase during the period from 0.03 per cent
(the initial content of outdoor air) to approximately 1 or 1.25 per cent.
The length of time for this increment was noted, and the percentage increase
was multiplied by the total volume of the chamber (less volume of
animal), accessory tubes and spirometer, to compute the total carbon-
dioxide production.

At the beginning of the experiment, the animal is placed in the chamber
and the chamber thoroughly ventilated by connecting the inlet pipe, F,
directly with.outdoor air. The outlet pipe, E, leads directly to a small
rotary blower, C, which in turn drives the air into a 2.5 liter spirometer, S,
in which a light, non-volatile oil is used as a liquid. The air leaving the
spirometer either enters the room during the initial period, or during the
actual time of experimenting is returned to the chamber, H. In the latter
case the inlet pipe, F, is connected with the spirometer. The closed circuit
therefore consists of the respiration chamber, H, the pipe, E, leading to the
blower, the blower, C, the spirometer, S, and the return pipe, F, to the
chamber. The volume of this apparatus obviously was constant in all
the experiments, save for the two fluctuating values for the volume of the
animal used and the level of the spirometer bell, which latter could be read
on a millimeter scale. The carbon dioxide was thus allowed to accumulate
and the oxygen deficit could be noted. At the end of the time when approxi-
mately a 1-per cent increment in carbon dioxide was expected, the air was
rapidly circulated through the closed system for 5 minutes to insure uni-
formity, and then a sample was withdrawn for gas analysis in the pump, J.
Notes were also made at the end of the period regarding the level of the
spirometer bell, the temperature of the water bath surrounding the 27-liter
chamber, the temperature of the air leaving the chamber, and the atmos-
pheric pressure. The apparatus was ventilated with outdoor air before
each period, and the samples were always taken at the end of the period.
The gas analyses were all made on the Carpenter gas-analysis apparatus,?
usually either by E. L. Fox or by George Lee. This apparatus was used in

*The pump used has been described by Benedict, F. G., Boston Med. and Surg. Journ,,
1927, 197, p. 1161; ibid., Chinese Journ. Physiol., Report Beries No. 1, 1928, p. 39;
ibid., Abderhalden’s Handb. d. biolog. Arbeitsmethoden, 1929, Abt. IV, Teil 13, p. 1.

* Carpenter, T. M., Journ. Biol. Chem., 1923, 85, p. x1x; ibid., Journ. Metab. Research,
1923, 4, p. 1; Benedict, F. G., Abderhalden’s Handb. d. biolog. Arbeitsmethoden, 1924,

Abt. IV, Teil 10, p. 628; Carpenter, T. M., and E. L. Fox, Journ. Biol. Chem., 1926,
70, p. 115,
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its latest modification and most efficient form, as recently described.! As-
suming that the air is saturated with water vapor at the temperature of the
apparatus, one can compute rapidly from the volume of the apparatus and
the results of the gas analysis the carbon-dioxide production and the oxygen
consumption of the tortoise during the period of measurement. On the
Carpenter gas-analysis apparatus the percentage of carbon dioxide in a
sample of air can be determined to within =0.003 per cent and the oxygen
percentage can also be noted with an equally high degree of accuracy.

A typical calculation of the results of an experiment with this type of
apparatus is given in table 1. The volume of the apparatus, as reported
in this typical calculation, was determined by an exact calibration with a

TasLe 1—T'ypical caleulation of an experiment with a torloise, using the respiralion
apparatus tllustrated in figure 8.

Oct. 14, 1930; tortoise A. 4252 gm.; rectal temp. 30.5° C. at 4*45® pm.

Ventilation with outdoor air started at 4"55™ p.m.

Barometer 761.3 mm.; temp. bar., 21.0° (.; corrected bar. 759 mm.

Peerop 1
Start End
5"15™ p.m. 6b15™ p.m.

Temp. air line........ooovvvvvinennnn... 28.30° C. 28.74° C.
Temp. bath..................c.c0vvt....30.70° C. 30.70° C.
Sample drawn......ocoiiiiiiiiii i 6°15™ p.m.
Spirometer level at time of calibration....... ... ... ... ... . ..., mm. 1322
Spirometer level at end of period. ....oooiiuir i, mm. 1100

Difference .............. e PN mm. —22.2
Volume of apparatus by calibration (spirometer level 1322 mm.)............ 1. 31.383
Volume of animal. .. ... ..ottt ittt iiitenin i enaeanas 1. 4,252

Difference ...ttt i e e 1. 27131
Correction for difference in spirometer level (22.2 x .02132)......c000vvvnnnn 1. —.473
True volume of air in apparatus.........coovvtiiiriinnt it iinreennnernnens 1. 26.658
Volume at 0° (. (dry) and 760 mm. (26.658 x 0.868%) ..........covviniinnt 1. 23139
('0? produced by tortoise (23139 x OL186%) ...ttt iiiiiiiiiiiieiiannnnns e 2744
O: consumed by tortoise (23130 x .01468%) ......ovvivirriinienneennneannn. c.c. 339.7
R.Q. 0.81

! Each millimeter length of the spirometer bell corresponded to 21.32 c.c.

* Factor for reduction of saturated air in apparatus from 28.74° C. and 759 mm. to
0° C. (dry) and 760 mm, Sce Carpenter, I. M., Carnegie Inst. Wash. Pub. No. 3034,
1924, table 8. '

* Per cent carbon-dioxide increment and oxygen deficit, as determined by gas analysis,
corrected for COs and O: in outdoor air entering chamber.

known amount of carbon dioxide. Although one could compute the volume
of the apparatus with reasonable exactness from the measurements of the
rectangular chamber, the size of the tubings and the volume of the spirom-
eter, the volume was determined in a different way. The chamber with oil
seal was connected with the blower and the spirometer as usual, and a
sulphuric-acid bottle was placed between the exit tube of the chamber and

‘dibenter. T. M., R. C. Lee, and A. E. Finnerty. Wissensch. Arch. f. Landw., Abt. B,,
Tierernihrung u. Tierzucht, 1930, 4, pp. 1-26.
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the blower. The system was ventilated thoroughly until the air circulating
through it was absolutely dry. There was then introduced through a tube
leading to the base of the chamber one pumpful (370 c. ¢.) of dry carbon
dioxide, the exact volume of which under standard conditions one could
compute from the known temperature of the pump and the prevailing
atmospheric pressure. The carbon-dioxide-enriched air was then carefully
circulated throughout the system, this time without the sulphuric-acid bottle
in the circuit, and after equilibrium was established a sample was taken
for gas analysis and analyzed upon the Carpenter apparatus. From this
analysis and from the initial volume of carbon dioxide introduced, the
total volume of the circulating system was calculated from the equation:
Total volume of system is to volume of pump at standard conditions as 100
per cent is to percentage of carbon dioxide in sample analyzed. On Sep-
tember 10, 1930, the volume of the apparatus was found to be 31.34 liters
and on September 11 it was 31.42 liters.

By means of the water bath of the chamber, as shown in figure 8, the
environmental temperature could be satisfactorily controlled, and cxperi-
ments were made with temperatures as low as 14° C. and as high as
36° C. The use of the internal chamber likewise permitted the graphic
record of activity, although in general the tortoises were quiet, particularly
at the lower temperatures and when without food. With food and at the
higher temperatures they were more inclined to be active. Experimenting
in the cvening did not materially better this condition, so it beecame at
times essential, as it was in the carlier work, to watch the apparatus, make
the reading for volume (level of spirometer bell), and draw a sample during
the period when the repose was satisfactory.

Since the 27-liter respiration chamber was fairly large for the smaller of
our two tortoises, a special metallic chamber was constructed of 16-liter
capacity (fig. 9). This 16-liter chamber was placed inside the 85-liter
chamber and was ventilated and used separately. It was not encased in
wood and was not provided with a water seal, but was closed by a sheet
of galvanized iron, well waxed into place by the ordinary physicist’s wax.!
The ingoing and outgoing air pipes (at the bottom and in the cover of the
chamber, respectively) were then connected with the blower and the spirom-
cter, and although the degree of flexibility of the activity recording system
was thereby somewhat diminished, there never was doubt as to whether the
animals were quiet or too active to be employed in the so-called “standard
metabolism” measurements (sce page 155). Thix chamber, having a smaller
volume, made it possible for the periods of measurement to be somewhat
shorter with the smaller tortoise, as it was not necessary to wait an undue
length of time until the carbon-dioxide content of the chamber air increased
to 1 per cent. The smaller tortoise was used in both the 27-liter and the
16-liter chamber. The results were essentially the same with both chambers.

During the course of the investigation in the fall of 1930 fluctuations in
the respiratory quotient appeared that were o puzzling that one instinctively

1 This physicist’s wax consists of four parts beeswax and one part Venice turpentine
(not synthetic), melted together.
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wished it were possible to have a mask to put on over the head of the tor-
toise, that is, to reduce the extraneous volume to a minimum. This was im-
practicable, but a number of experiments were made with the following
equipment. A rectangular, glass aquarium chamber, A, 20 cm. wide, 33 cm.
deep, and 32 cm. long (internal measurements), was provided with a
metallic cover, C, to which tubes were attached (fig. 10). The tortoise was

s
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F16. 9—RESPIRATION CHAMBER OF 16-LITER CAPACITY, USED IN STUDYING
SMALL TORTOISES.

placed in this jar with water at the desired temperature, usually not far from
30° C. The animal floated with the head out of water, being usually fairly
quiet, and when the metallic plate was waxed on the top of the jar there was
a layer of air perhaps 20 mm. deep above the water. The cover was waxed
in place by physicist’s wax. Outdoor air was led into the apparatus by the
blower, B, the rotamesser, R, indicating the rate of ventilation. By thus
intteducing air into the jar at the rear of the animal and drawing it out
near the head, we hoped to be able to sweep out the carbon dioxide fairly
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rapidly with a continuous ventilating air current. For this purpose a slow
rate of _ventilation was sufficient. The outgoing air was collected in a 6-
liter spirometer, S, the volume collected was read by noting the change in
level qf the spirometer bell, and then a sample was taken therefrom for
analysis in the pump, G. A thermometer, T, was inserted through the
cover, C, into the air above the water in the aquarium jar. This form of
apparatus was used primarily to study any seeming rapid transitions in the

(‘

F16. 10--AQUARIUM CHAMBER FOR TORTOISE.

A, glass aquarium with metallic cover, C; B, blower; R, rotamesser; 'I', ther-
mometer; G, pump for withdrawing sample of air for gas analysis; 8, spirometer;
Py and Pa, spring pinchclamps to direct outcoming chamber air cither into the labora-
tory room or into the spirometer, 8.

respiratory quotient. The animal was not as tranquil when in the water
as when in the metallic chamber. Even when temperature conditions
were the same the metabolism measurements were always somewhat higher
when the tortoise was immersed in the water in the aquarium than when in
air inside the respiration chamber.

RESPIRATION APPARATUS USED IN 1931 BOSTON
EXPERIMENTS WITH A PYTHON

Analysis of the metabolism observations obtained upon snakes in the
New York series indicated that there were some lacunwe in the data that
should be filled in before publication. Furthermore, as with the tortoise,
it seemed desirable to control the measurements on snakes in the New York
series by observations on a large snake with even more modern technique,
particularly a technique that would permit the accurate determination of the
respiratory quotient. At the conclusion of the 1930 tortoise series, there-
fore, arrangements were made to secure a python, and fortunately it was
possible for the measurements to be made by the same operator, E. L. Fox,
who had assisted in the New York observations and in the Boston observa-
tions on the tortoise. Since it was desired to study the temperature relations
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between the animal and the environment, particularly during digestion, one
objective was to secure a snake that would feed and thus permit the study of
certain phases of the digestive cycle. Dr. Ditmars of the New York Zoo-
logical Park kindly purchased a “Python molurus” for the Nutrition Labora-
tory. It was taken to the Park and there kept for several days. Food was
offered to it, which it readily ate. Observations on its rectal temperature
compared with the environmental temperature were made at that time, and
on January 9, 1931, the python was brought to Boston. But perhaps the
most important feature of the work with this python was the measurement
of the respiratory exchange, with special emphasis upon the respiratory
quotient. These measurements greatly illuminated the whole picture re-
garding the physiology of snakes, although bringing to light some extra-
ordinarily complicated and thus far inexplicable facts.

The techniques employed varied in accordance with the special object
of the measurements, but were not fundamentally different from many others
employed in the Nutrition Laboratory. The variations were introduced to
secure the greatest accuracy in the determination of the respiratory quotient,
to measure the water vapor quantitatively, and to contribute especially to
the study of the difference between the cell temperature and the environ-
mental temperature of the animal. In all the techniques the galvanized
iron box in which the snake rested was placed inside the water-jacketed
chamber shown in figure 1 (page 18), because the temperature of this
water-jacketed chamber could be regulated so that it would be as low as 14°
or as high as 38° or higher, either by adding ice to the water bath or by heat-
ing the water with an electric heater controlled by a thermostat. Two dif-
ferent sized boxes were used, according to experimental conditions, with the
object of having the volume of extraneous air about the snake commensurate
with the production of carbon dioxide and the absorption of oxygen. At
the low temperatures, when the metabolism was very low, a box was used of
a size that would reduce the air about the animal as much as possible, thus
resulting in a higher percentage of carbon dioxide in the air remaining in
the box or coming from the box. On the other hand, at the high temperatures
it was disadvantageous to crowd the animal into such a small space and
possibly hinder its normally larger heat loss. Hence a larger box was used
at the higher temperatures. Both boxes were of galvanized iron, constructed
much like the 16-liter box used for tortoises (fig. 9, page 32), with ingoing
and outgoing air pipes in the bottom and cover, respectively, the cover
being sealed air-tight with physicist’s wax. The rate of ventilation of the
apparatus was likewise determined by the magnitude of the production of
carbon dioxide and the absorption of oxygen, and furthermore by the desir-
ability of maintaining a fairly low humidity in the chamber air. Hence
changes in the ventilation rate and in the type of rotary blower employed
were necessitated, and on occasions supplementary ventilation was installed.

When small amounts of carbon dioxide were produced, that is, at the
low’ ‘temperatures, the closed-circuit principle was employed. At the higher
texﬂperatures, when the metabolism was more rapid, the open-circuit prin-
oiple was used. In some instances the air leaving the respiration chamber
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was allowec'l for the greater part of the time to escape into the laboratory
room. At intervals, during short periods of from 3 to 4 minutes, the air
was collected and measured in a spirometer. A sample of the air in the
spirometer was then analyzed, and the gas-analysis determinations were
'apphed to the total volume of air collected in the spirometer. In other
instances most of the air leaving the chamber was passed through a wet
gas meter and a continuous aliquot sample was forced through a fine jet

F16. 11—CrLOSED-CIRCUIT RESPIRATION APPARATUS FOR MEASUREMENT OF GASKOUS
METABOLISM OF THE 1931 PYTHON AT LOW TEMPERATURES,

Air from chamber, A, is withdrawn by blower, B, passed through a U-tube of
sulphuric acid where the water vapor is removed, through the tube, . and into
the spirometer. 8. Tt leaves spirometer through tubes, a: and as and returns to
chamber. A sample of air in the closed system is withdrawn through cock, G, for
gas  analysis,

into the spirometer, at one side. This sample was ultimately analyzed, and
the results were applied to the readings on the gas meter.

CLOSED-CIRCUIT PRINCIPLE
The main features of the closed-circuit principle are shown in figure 11.
Air is withdrawn from the box or respiration chamber, A (in which the
snake is placed), by a blower, B, and passed through a U-tube containing
sulphuric acid. It is then discharged through a tube, a,, into the bell of a
small spirometer, S. The air leaves the spirometer through the tube, a,,
and the side tube, a;, and returns to the respiration chamber, passing on
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its way through a rotamesser ! (not shown in figure 11). This rotamesser
is used simply to indicate the rate of ventilation. With the apparatus
as thus set up, the air can be completely circulated through the system
&t any desired rate. The spirometer has an oil seal. The total water
vaporized is absorbed and weighed in sulphuric acid in the U-tube, and
hence the snake is in a closed volume of dry air. A sample of the air
in the closed system is drawn through the cock, G, at the end of the experi-
mental period and analyzed. The composition of the air in this system
at the start of an experiment was considered to be the same as that of
outdoor air, since the apparatus was thoroughly ventilated with dry out-
door air before the experiment began. For this preliminary sweeping out,
the system was used as an open circuit and the outdoor air was passed
through two calcium-chloride vessels beforc it entered the respiration
chamber. To be sure, the snake was continually adding a small amount
of carbon dioxide to the air, but because of the rapid rate of ventilation
used it can be assumed that the carbon-dioxide content at the start of the
metabolism measurements was essentially that of outdoor air. This fact
was checked by gas analysis on several occasions and found to be not far
from correct. When the respiration experiment proper was to begin, the
circuit was closed.

The volume of this closed circuit was calibrated as follows. The system,
including the empty box without the snake, was first thoroughly venti-
lated with outdoor air. Half a pumpful 2 (about 185 c.c.) of pure, dry
carbon dioxide was then introduced, the air inside was next thoroughly
mixed by the blower, and a sample was taken for gas analysis. The true
volume (at 0° C., dry, and 760 mm.) of the closed circuit, including not only
the respiration chamber but the blower, the U-tube, the spirometer bell at a
given level, and the rubber tubing, was then computed by proportion, the
ratio between the volume of the half pumpful and the volume of the sys-
tem being considered to be the same as the ratio between the percentage
of carbon dioxide in the system after the introduction of the half pump-
ful of carbon dioxide (less the percentage of carbon dioxide in outdoor
air) and 100 per cent. This calibration showed that the volume of the
closed system was 21.4 liters when the larger sized snake box was used,
and 13.8 liters when the smaller box was used. With the smaller box
it was possible to obtain a somewhat higher percentage of carbon dioxide
in the air inside the system within a reasonable length of time.

OPEN-CIRCUIT PRINCIPLE

Since at the higher temperatures the amount of carbon dioxide produced
by the snake and accumulated in the closed-circuit apparatus was so
great that the analysis of a sample of the chamber air gave a reading for
#carbon dioxide that was frequently “off scale” on the gas-analysis burette,
*The rotamesser, although a relatively old instrument, has only recently been used
in thg Nutrition Laboratory. In our experience it is exceeded by no other instrument
for theasuring air flow. It is furnished, unfortunately at a very high price, by the

Deutsche Rotawerke, Aachen, Germany.
2 See page 20,
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t!xe open-circuit principle was used when studying the python at the
higher temperatures. For this purpose the snake box, A, inside the 85-
liter chamber shown in figure 1 (page 18) is supplied with dry outdoor
air. A blower, B (fig. 12), withdraws the air from the chamber and passes
it through sulphuric acid in a U-tube, and then through a rotamesser (not
shown in figure 12) so that the approximate rate of ventilation is indi-
cated. The air then for the most part is discharged into the laboratory
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F16. 12—OPEN-CIRCUIT RESPIRATION APPARATUS FOR MEASUREMENT OF GABEOUN MET-
ABOLISM OF 1931 PYTHON AT HIGH TEMPERATURES, IN SHORT, INTERMITTENT PERIODS,

Air from chamber, A, is withdrawn by blower, B, passed through sulphuric acid
in U-tube, and discharged into laboratory room through tube, R. At intervals tube, R,
is closed, pinchclamp, P, is opened, and chamber air is collected in spirvometer, 8.
A sample for gas analysis is taken through cock, G.

room through the tube, R. At selected periods of from 3 to 4 minutes,
depending upon the rate of flow of the air from the chamber, the air is
discharged not into the room but into a 6-liter spirometer, S, by closing
cock, R, and opening pinchclamp, P. Thus all the air from the chamber
is not collected, but only a portion of it from time to time. When the
spirometer is filled, the outgoing air current is deflected into the room
again, the change in level of the spirometer bell is recorded, and a sample
of air is withdrawn from the spirometer through the cock, G. Obviously
before taking the sample, all the tubes and connections and the dead space
in the spirometer are washed out by partly filling the spirometer with
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chamber air two or three times. With this type of apparatus the measure-
ment of the respiratory exchange was limited to short periods of from 2
to 4 minutes, the time required to fill the 6-liter spirometer. In some
instances when this particular set-up was employed, the outdoor air was
not dried before being introduced into the chamber and hence the carbon-
dioxide production and the oxygen consumption alone were determined and
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F16. 13—OPEN-CIRCUIT RESPIRATION APPARATUS FOR CONTINUOUS MFEASUREMENT OF
GASEOUS METABOLISM OF 1931 PYTHON AT LOW AND MIGH TEMPERATURES.

Air from chamber, A, is withdrawn by blower, B, passed through sulphuric acid
in the U-tube, through the wet gas meter, M, and discharged into laboratory room.
Simultaneously a small portion of air escapes through jet, j, and is collected in the
spirometer, S. A sample for gas analysis is withdrawn through cock. G, pinchelamp,
P, momentarily cutting off connection between spirometer and rest of system.

no attempt was made to measure the water vapor given off by the animal.
When dry outdoor air was introduced, the water vaporized by the snake
was measured by the change in weight of the U-tube of sulphuric acid.
Thus it was possible to absorb all the water vapor given off by the snake
during the entire period of observation and at the same time measure the
respiratory gases only for short periods, by deflecting the air momentarily
into,the spirometer.

" In"some experiments the open-circuit principle was also used to measure
the entire carbon-dioxide production and oxygen consumption during the
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experiment, by metering all the air leaving the chamber, securing an ali-
quot sample, and analyzing that (fig. 13). Dry outdoor air was led into
the chamber as before. The air was withdrawn from the chamber, A, by
a blower, B, passed through a U-tube of sulphuric acid, through
a rotamesser (not shown), and finally through a calibrated, 1-liter
wet gas meter, M, of the American Meter Company. To secure
an aliquot sample, use was made of a jet such as has been employed in
the Nutrition Laboratory for some time. The air was not allowed to
enter the spirometer, S, at full speed so as to fill it in three or four
minutes, but a small jet, j, with a fine hole in the center of it (the equiva-
lent of a No. 65 drill with a diameter of 0.9 mm.) was placed at the
entrance to the spirometer. Thus a continuous flow of air entered
the spirometer at a slow rate and at the same time the main vol-
ume of outgoing chamber air was metered on the wet gas meter. A
sample of the chamber air collected in the spirometer was withdrawn
through the cock, (i, to be analyzed, the spirometer being cut off from the
rest of the system at the time by means of the pinchelamp, P. The total
volume of outgoing air was thus the sum of the volume recorded on the
gas meter and the volume collected in the spirometer. To this volume
(reduced to 0° C., dry, and 760 mm.) the results of the gas analysis of the
aliquot sample were applied, to compute the total carbon-dioxide produc-
tion and the total oxygen consumption. With this open-circuit arrange-
ment, as shown in figure 13, the larger snake box was used for the experi-
ments at the higher temperatures and the smaller box for the experiments
at the low temperatures. The total ventilation of the chamber was regu-
lated so that the carbon dioxide in the air leaving the chamber would not
be greater than 1 per cent. The earbon-dioxide content of the air in the
open system was assumed to be constant during the periods of measure-
ment, and no correction in the results was made for change in residual
carbon dioxide. This was believed to be consistent, since the period values
always showed good agreement and the ventilation rate was sufficiently
high to maintain a uniform percentage of carbon dioxide in the air re-
maining inside the chamber.

In the belief that, at the high temperatures, the humidity inside the
closed circuit shown in figure 11 would not be low enough to permit the
snake to lose heat properly by vaporization of water, even though the air
entering the chamber was dried by passing it over calcium chloride, a
supplementary ventilation of the open circuit was used at the higher tem-
peratures, much as was employed in the closed-circuit apparatus. The
arrangement with supplementary ventilation is shown in figure 14. The
blower, B,, draws the air from the chamber, A, forces it through sulphuric
acid in the U-tube, through the rotamesser (not shown), and back into
the chamber. Thus the water vapor is removed from the air current, but
not the carbon dioxide. A second blower, B,, simultaneously removes air
from the chamber, discharges the greater part of it into a wet gas meter,
M, a small fraction passing through the jet, j, into the spirometer, S,
as before. A sample for gas analysis is withdrawn from the spirometer
through the cock, G, the pinchclamp, P, serving to cut off the rest of the
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system momentarily. The rate of ventilation of blower, B,, was very high
so that the humidity was kept low. This equipment with the supplemen-
tary ventilation for reduction of the humidity was used in most of the
experiments at the higher temperatures.

It was thought that when the snake was resting in the galvanized iron
box, the ventilation over the animal might be somewhat restricted, since
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F16. 14—OPEN-CIRCUIT RESPIRATION APPARATUS FOR CONTINUOUS MEASURE-
MENT OF GASEOUS METABOLISM OF 1931 PYTHON AT HIGH TEMPERA-
TURES WITH SUPPLEMENTARY VENTILATION FOR REDUCTION OF HUMIDITY.

Air from chamber, A, is withdrawn by blower, B), passed through
U-tube of sulphuric acid, and returned to chamber. Blower, B;, simul-
taneously removes air from chamber and discharges most of it through
wet gas meter, §I. Part of air continually escapes through jet. j, into
spirometer, 8. A sample for gas analysis is withdrawn through cock, G,
the pinchclamp, P, being closed to shut off connection between spirometer
and rest of system.

a considerable portion of its surface area might not come in contact at all
with the moving air. To avoid this difficulty, in so far as possible, a false
wire floor was placed in the bottom of each of the boxes so that the air
mtering at the bottom of the box might filter up through the snake, so
0 speak, and leave at the top. On the supposition that it was still more
lesirgble to arrange the folds of the snake so as to have as little actual
soilifig as possible, a special cage was used inside the larger of the gal-
ranized iron boxes, in one experiment (January 24). This was a wire-
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mesh cage with three partitions so arranged as to represent almost a maze,
The python was placed in this cage, partitions serving to separate the coils,
and thus the largest possible surface arca war exposed to the ventilating
air current. A photograph of the pythun in thiz cage is shown in figure 15,

GAS ANALYSIS

It is obvious that no matter which of the teehuiques just described was
used, the success of all the experiments depended upou the possibility of
making an accurate gas analysis of an air mixture containing a small
amount, of carbon dioxide (abont 1.0 per cent) and having a small oxvgen
deficit. Fortunately, with the Carpenter gas-analysis apparatus such aceu-

Fra, 15 ~ WIRE-MESME CAGE WITIL PARTITIONS. T SEPARATE (OTLY OF SNAKE AND EXPOSE
AS MUCH OF IT8 SURFACE AS PORRIBLE T0 AR,

racy could be xecured, and the entire researeh during 1930 and 1931 was
made possible by the use of this apparatus,

GRAPHIC RECORD OF ACTIVITY

At first thought it would seem nonsense to attempt to register the activity
of an animal that ordinarily lies as quictly as the snake. One has but to
observe these large pythons in a zoological park to see that for hours
ab & time they remain almost motionless. Tt was found, however, that,
especially at the higher temperatures, there was a distinct tendency for
movement, although usually slow. Hence in every respiration experiment
made with the 1931 python a graphic record of the degree of repose was
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obtained, and it was found that when there were any movements of the
snake, the center of gravity of the respiration chamber was only slowly
but nevertheless positively changed. In the majority of the experimental
periods practically no movements were registered, but when activity was
noted, the record was of invaluable aid in interpreting the metabolism
results. Particularly was this true when the python was inside the differ-
ential calorimeter (see page 425), for at a period when an attempt was
being made to balance the electrical bridges, there was such a marked
change in the heat production that the operator was at a loss to know what
was the trouble until he examined the kymograph record and found that
the snake had been moving.

At one time the Nutrition Laboratory was inclined to minimize the im-
portance of graphic records of activity, but from our experience with this
python we are now convinced that all respiration experiments should be
accompanied by activity records. It is furthermore clear that, although
these cold-blooded animals move slowly, whatever movement they do
make has a much greater effect percentagewise upon the metabolism than
do similar movements of a warm-blooded animal. In general one might say
that muscular effort requires the same amount of energy in the cold-
blooded animal as it does in the warm-blooded animal, and this results in
increased heat. If the baseline metabolism is very low, as it is with the
cold-blooded animal, obviously the extra energy needs for movement rep-
resent a much larger proportion of the basal needs than would be the
case if the baseline were higher, as with the warm-blooded animal.

RESPIRATION CALORIMETER

In some cxperiments carried out in Boston in 1920 on a boa constrictor
and in two experiments with the python studied in Boston in 1931, at-
tempts were made to measure the heat production directly by placing the
snake inside an electrical compensation or emission calorimeter. This
calorimeter has already been briefly described ! and a complete deseription
is being prepared for publication at the present time. The apparatus
consisted of a closed chamber ventilated by a universal respiration ap-
paratus, with an electrical equipment for the measurement of the heat
production. By means of this calorimeter the belief was confirmed that
the entire heat loss of a snake at the usual room temperature takes place
by vaporization of water and that under many conditions heat is actually
absorbed from the environment by the snake.

BODY TEMPERATURE MEASUREMENTS

The relationship between the temperature of the cells and the heat pro-
duction in warm-blooded animals, as shown by the increased metabolism
«during fever and muscular work and by the decreased metabolism during
hibernation, profound undernutrition, and starvation, together with the well-
known fact that with cold-blooded animals the metabolism is markedly af-

‘Bomaiet, F. G., Boston Med. and Surg. Journ., 1925, 198, p. 807; ibid., Bull. Soc
Sci. d’Hygiéne Ahmen 1927, 15, p. 172.
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fected by the environmental temperature, made body-temperature measure-
ments of prime importance. With the snakes and two of the tortoises, the
temperature in the rectum was frequently recorded. Oceasionally with the
5-meter python the mouth and the rectal temperature could be taken.
When practical, sensitive mercurial thermometers calibrated with a stand-
ard Richter thermometer were cmployed for these observations. These
could be read accurately to 0.1° C. and estimated to 0.01° C. The
thermometer was held in place until the mercury did not show any change.
The snakes did not resent this procedure appreciably. Indeed, on one day
when the rectal temperature of the 1931 python was determined, the snake
lay quietly in its cage with the thermometer inserted in the cloaca for an
hour, and the rectal temperature could be read as desired, without any
disposition on the part of the python to pull away from the thermometer.
It was found that with the very small differential between the environ-
mental temperature and the rectal temperature of the snake, a technical
error might easily be introduced when the thermometer was brought out
of a room having a temperature materially lower or higher than that of
the snake itself. It became necessary, therefore, to warm or cool the
thermometer gpproximately to the temperature of the snake before insert-
ing it.

In measuring the rectal temperature of the snakes in New York, the
animal was at first removed from the respiration chamber at the end of
an experiment and exposed to the roum air. This operation took at least
two minutes. Subsequently, to avoid handling the animal and subjecting
it to a change in temperature, the rectal temperature was measured at the
end of an experiment by pulling the snake’s tail out from the top of the
chamber and the greater part of the body remained in the chamber undis-
turbed. This latter procedure was followed likewise in the case of the
1931 python.

Thermo-electric body temperature measurements—The measurements
with the mercurial thermometer were frequently compared with measure-
ments made by thermo-electric couples! inserted in the cloaca, particu-
larly during the series of experiments carried out in Boston on boa N.
But the special use of the thermo-electric method was to measure the skin
temperature. These records of skin temperature were secured in a number
of ways, by using thermo-electric junctions or needles laid upon the skin.
Occasionally the pyrovolter, a modified potentiometer, was employed, but
in our most extensive study of skin temperature the device deseribed by
Benedict, Coropatchinsky and Finn2 was used. In the carlier studies of

! Although most of these measurements of rectal temperature with our animals were
made with mercurial thermometers, the importance of using a rapid method, particu-
larly the thermo-electric, soon became apparent. Nobili and Melloni (Ann. de Phys. et
Chim., 1831, 48, p. 198) first used the thermo-electric method to study the temperature
of cold-blooded animals. Lombard (New York Med. Journ., January 1866, p. 241) used a
similar method and points out with striking clearness the difficulties involved in this
type of temperature measurement. Although he did mnot work with vertebrates, he
noticed frequently that the temperature of the animals was lower than that of the air,

* Benedict, F. G., V. Coropatchinsky, and M. D. Finn, Journ. de Physiol. et de Path.

gén., 1928, 26, p. 1; ibid., Leopoldina (Amerikaband), Berichte d. kaiserl. Leopoldinischen
Deutsch. Akad. d. Naturforscher zu Halle, 1929, 4, p. 129. (In English.)
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the skin temperature of these cold-blooded animals at the New York
Zoological Park the junctions were connected with a small d’Arsonval gal-
vanometer, and the application junction was tied to a long bamboo pole,
which could be inscrted in the snake den and gently placed between the
folds of one of the larger pythons (fig. 16). The skin temperature in
this way could be readily and rapidly measured. Likewise by moving
the junction around in the air, one could have a quick indication of the
environmental temperature and the temperature of the graveled bed at
the bottom of the den, on which the snake rested. With this electrical

I"G. 16 MEASUREMENT 0F SKIN TEMPERATURE OF A SNAKE EY MEANS OF A THERMO-
JUNCTION ATTACHED TO A LONG POLE,

deviee [or skin-temperature measurements, particularly in the later ex-
periments in Boston, il was possible to demonstrate the extraorvdinary
relationship between the skin, the reetal aml the environmental tempera-
ture of (hese large cold-blooded animals,

In the 1931 observations on the python, the skin-temperature apparatus
wis kept in the same room with the snake. and hence it was possible to
measure the skin temperature at many different parts of the body and as
frequently as desired.  Thix was particularly helpful in stwlying the skin
temperature following (he ingestion of foad.  Thus, after the 1931 python
had calen two guinea-pigs, its body was greatly enlarged where the bodies
of the guinea-pigs rested. The question arose as to whether there was any
loeal heat due to digestive activity at this poinl,  This question was studied
by moving the thermo-junction over this part of the body and comparing
the skin temperatures over the lump with the skin temperatures at other
parts of the body (sce page 83).
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MEASUREMENT OF HEART RATE OF TORTOISE

The profound changes in metabolism noted with these cold-blooded
animals at different temperatures made it highly desirable to secure, if
possible, some indication of the heart rate. At the time of our New York
series of measurements it was out of the question for us to attempt to
determine the heart rate of any of the animals studied. But in 1930
when the two gopher tortoises were sent from the New York Zoological
Park to the Nutrition Laboratory, there was available a fine Hindle string
galvanometer with which records were taken by the physicist of the Nu-
trition Laboratory, V. Coropatchinsky. The intensely dry and non-con-
ductive character of the skin or hide of the tortoise leg made the attach-
ment of electrodes somewhat difficult, but after a little experience the
clectrodes were attached, frequently retained in place for some time, and
the electrocardiograms were secured. In most of the observations made,
simply the heart rate itself was recorded by noting on a slowly moving
paper the number of the major impulses. In a few cases the rapidity of
the moving paper was increased to obtain the picture for the entire heart
cycle. Our first experiments were made with the Cambridge string gal-
vanometer, for the heart action of the tortoise under ordinary tempera-
tures and with special feeding was strong enough to record with this instru-
ment. At lower temperatures, however, the Cambridge string galvanometer
was not sufficiently sensitive; hence the Hindle instrument with a 6000
ohm string was used, and this gave perfect satisfaction. In figure 17 are
shown two electrocardiograms of a tortoise, obtained with the Hindle gal-
vanometer. These were secured by attaching electrodes preferably under
the left front leg, near the body, and under the diagonally opposite rear
leg. The upper electrocardiogram in figure 17 shows the effect of major mus-
cular movements upon the heart rate and the general wandering of the
string. The lower electrocardiogram was obtained with rapidly moving
film when the tortoise was quiet. The time in seconds is indicated by the
breaks in the heavy straight line below each curve.

MEASUREMENT OF INSENSIBLE PERSPIRATION OF
TORTOISE AND PYTHON

The insensible perspiration of the two tortoises used in the 1930 series
and the python studied in 1931 was determined in a number of instances.
The animal was weighed on a Sauter balance of the so-called “10-kg.”
size. This balance is sensitive to within 10 mg. and enables extremely
accurate measurements. The tortoise was placed directly on one of the
balance pans. The python was suspended on the balance in various types
of box, always, however, with a natural ventilation that would insure
she carrying off of what small amounts of water vapor were produced.
[n some cases the python was suspended in a woven wire-mesh box, which
would permit the greatest exposure of its body surface. In other cases an
slectrie fan blew air over the entire body. Occasionally at night the draft
from the electric fan was directed into a funnel, which in turn conducted
wir to the bottom of the respiration box in which the snake was confined,
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and the air left the box at the top. Usually the snake was surrounded by a
rapid circulation of air at the humidity prevailing at the time.

HANDLING OF ANIMALS

At the start of the experimental series in New York the snake was
placed in the 85-liter or 75-liter box directly on the movable floor sus-
pended by knife-edges and the spiral spring. Subsequently it was placed
in a cage with metal walls and wire-mesh top, and this cage rested on the
movable floor of the prevailing chamber. Because of the numerous folds
of the snake, one could never be sure how much surface area was exposed
to the environment. The contact of the body of the snake with the
metallic walls of the chamber or cage reduced perceptibly the direet
area for vaporization of water from the skin, but the tendency for these
cold-blooded animals to approximate closely the environmental tempera-
ture reduced to a minimum the question of the surface area exposed in
the folds. Experiments were made later in the New York series in which
the snake was placed in the chamber inside a cage, the sides of which
as well as the top were of wire gauze, so that vaporization could take
place from all the folds that were not in contact with the snake itself.
When the subsidiary 27-liter chamber was used, the snake was not put
into a cage but was placed directly in the chamber, and the chamber was
provided with an inner wire-mesh cover which could be clipped into place
so that, if the outer cover (K, fig. 2) was lifted off, the animal could not
escape.

The animal to be studied was first weighed and then usually placed in
the respiration chamber several hours preceding the metabolism experi-
ment, so that it might recover from the cffects of handling and become
adjusted to the environmental temperature at which it was to be mearsured.
At the end of a series of measurements the animal was again weighed and
returned to the reptile house, where it might have access to food and water.,

Continuous measurements were made on the animal while inside the
respiration chamber, extending from 1 or 2 days to 5 or 6 weeks, according
to the type of observation made.

The python studied in 1931 was kept in a small room next to the labora-
tory containing the respiration apparatus, when metabolism measurements
were not being made. But in many instances it remained inside the respir-
ation chamber overnight, and the chamber temperaturec was controlled
by the insulated water bath. Duriag the intervals between the respira-
tion experiments the snake was placed in a regular Abderhalden metabo-
lism cage, but the wire grid around the top was reenforced with half-inch
(12 mm.) mesh so that it was impossible for the snake to get its head
out between the vertical wire bars. This cage proved to be particularly
helpful, for it enabled the separation of the urine from the feces on
several occasions and facilitated the handling of the animal. The bottom
of the cage, which consists of a number of metallic bars, was nearly
covered with a thin piece of wood and the snake was inclined to lie on
this board rather than on the metallic bars, which possibly conducted
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heat away from its body a little more rapidly than was to its liking. The
temperature of the small room was controlled by means of the windows,
the radiator and an electric fan. The radiating area of the radiator was
altered as desired by covering it with different sized shields. The windows
were opened or closed as much as needed, and an electric fan with an
electric thermostat was arranged so that an electric contact could be made
when the temperature of the room fell to a certain point and the contact
could be broken when the temperature rose to the desired level. A stand-
ard, engineering, recording thermometer was used, and a complete record
of the environmental temperature of the small room in which the python
was kept when not in the respiration chamber was obtained throughout
the entire period of experimentation. The environmental temperature
was usually not far from 30°, but at times was purposely as low as
18°. In spite of this temperature regulalion, however, there was one
occasion when the temperature for a short time fell to as low as 12° and
there were one or two occasions when it rose to 38°. The actual environ-
mental temperature obtaining inside the respiration chamber during the
metabolism measurements is shown in the tabulated data for this python.
(See table 55, page 208.) The records of the temperature in the small
room are of advantage in showing exactly the temperature conditions
under which the snake had been living for 24 hours or more prior to each
individual experiment, and will be referred to in the subsequent discussion.

PHYSIOLOGY OF LARGE SNAKES
RESPIRATION RATE OF SNAKES

The carliest study on the respiration of the cold-blooded animal is that
reported by Paul Bert,'! who gives a number of graphic tracings of the
respiration of such cold-blooded animals as the tortoise, the boa, the liz-
ard and the crocodile. The mechanism of the respiration of reptiles has
also been extensively studied by Siefert 2 who ineludes, in the report of his
observations, an admirable collection of literature with special reference
to the investigations of Sibson  and Hofmann.* 1In his report Siefert records
no respiration rates, since the chief emphasis was laid upon the mechanies
of respiration. In the absence of definite information on the respiration
rate of large serpents, action was taken in connection with our other
studies, particularly the skin temperaturc measurements, to record the
respiration rate of a few snakes. These records were obtained by observ-
ing the thoracic or abdominal movements and counting the time for ten
complete respirations.

Four pythons were used in the first study in December 1916. Python 1
was the so-called ‘“largest python,” being a fine specimen approxi-

! Bert, P.. Lecons sur la physiologie comparée de la respiration, Paris, 1870, p. 286.

! Siefert, E,, Arch. f. d. ges. Physiol., 1896, 64, pp. 321-506.

 Bibeon, F., Philos. Trans., 1846, Pt. 4, p. 501,

¢ Hof#fiann, Bronn’s Klassen. u. Ordnungen d. Thierreiches, Leipzig, 1890, 6, Abt. IV,
Reptilien. (Cited by Siefert.)
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mately 7 meters long. Pythons 2 and 3 were approximatcly 5 meters
long, and python 4 was a small Indian python. Three years later a boa
constrictor and another large python were observed. This large python
may possibly have been the same snake as python 1 observed in 1916,
but no record was made as to its identity. The results of these obscrva-
tions are given in table 2. In each case the rate per minute has been
computed from the count for ten minutes.  Little difficulty was experi-
enced in making the count, except that in the 1916 series pythons 1, 2 and

TanLe 2—Respivation rate of snakes

"Dateo Respiration
Snake and of obser- rate per
date since last fed | vations Time minute
1916
Python No. 1 . | Dee. 20 | 12825™ pm. 2.8
Dec. 19. 12 50 25
2 36 30
Python No. 2 .. | Dee. 20 | 12 33 13
Aug. 1. 12 43 13
12 58 1.3
225 21
2 50 30
2 58 28
Python No 3 . | Dee. 20 | 12 19 22
Dece 14. 12 37 0
225 1.8
2 36 2.2
Python No. 4 . Dec. 20 300 3.4
Dee. 7. 310 2.7
1919

| Python No. 1 (?) | Nov. 6 . . 16
. (7 meters) Nov. 6 R 1.6
i Nov. 8| ..... 21
! Nov. 8 e 3.0
| Nov.10 | .. .. 2.3
! Nov.10 | ..... 23
i Nov. 7| ..... 1.4
' Boa ...... Nov. 7 e 1.6
| Nov. 8| ..... 2.1
Nov. 8| ..... 23
' Nov. 11! ..... 17
L Nov. 11 seras 156

4 were at the time agitated as the result of previous handling for body-
temperature observations, and hence the results are probably a little high
rather than low. In the 1919 series the snakes were observed without
removal from their den and had not been agitated. Frequently the first
five respirations were counted and then the second five, and the time
required in each case was noted. Thus, a check was obtained upon the
counts, which practically always agreed- well.

The temperature of the gravel in the cages in which the animals rested
was in general in all the experiments not far from 30° C. In the 1916
series simultaneous or nearly simultaneous measurements of body tem-
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perature, usually the temperature in the folds, occasionally the rectal tem-
perature, were also secured to determine the probable temperature of the
animal itself at the time these observations on respiration rate were made.
Thus, on December 20, 1916, when the first records of respiration rate were
made, the temperature of python 1 between the folds averaged approxi-
mately 29° C. and that of pythons 2 and 4 between the folds about 30° C.
(Sec table 5, page 58.)

Under the moderately high environmental temperature, the respiration
rate of python 1 on December 20, 1916, averaged 2.8 per minute. The
python had eaten a pig at 6 p.m. the night before, that is, 18 hours before.
This of itself is ample reason to explain the high respiration rate noted
with this snake. In November 1919, when presumably python 1 was
observed again, the respiration rate on the first day was approximately
half that noted in December 1916. There is no record of when this large
python was last fed previous to November 6, 1919, but judging from the
comparison of the results obtained in 1916 and 1919, we believe that diges-
tion as such undoubtedly plays an important role in the respiratory activity
of even these cold-blooded animals. The discussion given later (sce pages
247 to 328) regarding the metabolism of these snakes during digestion
will show the need for a change in respiration rate to provide for the
removal of the carbon dioxide produced incidental to digestive activity.
On November 8 and 10, 1919, the respiration rate of python 1 was some-
what more rapid. The scecond count on November 8, a rate of 3 respira-
tions per minute, was obtained a few moments after the snake had made
some movement.

Two medium-sized pythons, Nos. 2 and 3, were studied on December 20,
1916, in separate chambers. Python 2 had been fasting since August 1.
The first three observations with this python showed a rate of about 1.3
per minute. The subsequent rates were much higher and are to be ex-
plained by the fact that between the third and the fourth readings the
snake had been taken out of the chamber and the rectal temperature
(29° C.) recorded. The python was much agitated as a result, and hence
a persistently high respiration rate was maintained during the rest of the
period of observation.

Python 3 had a respiration rate somewhat higher than the first three
records for python 2. The latter had been fasting since August 1, whereas
python 3 had been fed only six days before the respirations were counted,
and undoubtedly there was an increased metabolism and increased respira-
tory activity following the digestion of food. However, python 3 was not
subjected to any handling for body-temperature measurements on Decem-
ber 20 and its respiration rate was distinctly lower than the last three
records for python 2, which had been fasting for several months but had
“been agitated by being taken out of its cage for body-temperature
measurements.

Python 4 had been fasting for 14 days, but was much agitated. It had
been placed in a box by itself on December 18, and was distinctly restless
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at 1" 50™ p.m. on December 19. At 3* 30™ p.m.. December 20, it was still too
agitated to handle to take the rectal temperature. This therefore accounts
in part for the higher respiration rate found with this snake.

The boa observed on November 7 to 11, 1919, had been in a respiration
chamber for some time before. Rectal temperatures of this particular
snake were not taken. The boa weighed approximately 4.5 kg. The
respiration rate on the three days varied from 1.4 to 2.3, being definitely
higher on November 8 than on November 7 and 11.

The respiration rate of all these snakes is strikingly low, averaging 2.1
respirations per minute. The well-known retarded respiration rate of hi-
bernating warm-blooded animals and of dormant cold-blooded animals
can not be used for comparison here, beeause probably most of these
snakes had a rectal temperature of not far from 30° C. and hence, as will
be seen later, had a fairly active metabolism. The rates are extraordi-
narily low, probably the lowest in the animal kingdom, although there is the
unique instance of a human, a young woman, who has a respiration rate of
3 per minute.! With these snakes it was difficult to secure any information
with regard to the volume of respiration and the regularity in depth of
respiration, and we can simply record these low rates as characteristic of
these large cold-blooded animals, when at a body temperature of probably
not far from 30° C. Groebbels® maintains that with warm-blooded ani-
mals there is a close relationship between the oxygen consumption and the
respiration rate and that both the respiration rate and the oxygen con-
sumption decrease as the environmental temperature becomes lower, Un-
doubtedly our snakes would have shown an.even lower respiration rate had
the body temperature been much lower® but the cost of these large ser-
pents and the danger of exposing them to low temperatures made any
special tests at a low temperature impracticable.

The respiration rate of an incubating python was likewise studied by
us. The discussion of these records will be found on pages 97 to 101 and
the records themselves are tabulated in tables 16 and 17, pages 99 and 100.

BODY TEMPERATURE OF SNAKES

COMPARISON OF MOUTH AND RECTAL TEMPERATURES

With warm-blooded animals when one speaks of body temperature, one
may mean the temperature taken in any of the several cavities of the
body. With humans the body temperature is frequently taken in the
mouth or even in the axilla but, physiologically, human temperatures are
those taken either in the vagina or the rectum, that is, in a deep cavity.
It is well known that among humans and other warm-blooded animals the
temperature in the rectum, the ideal body cavity for temperature mea-
surements, is considerably higher than that of the extremities. The snake

1 Benedict, F. G., Bull. 8oc. 8ci. d’Hygiéne Alimen., 1929, 17, p. 321.

2 Groebbels, F.. Arch. f. d. ges. Physiol., 1925, 208, p. 661.

3 Britton (Amer. Journ. Physiol.,, 1924, 87, p. 418) finds that the respiration rate of
fish varies with the temperature of the surrounding medium.
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may be considered as an clongated cylinder with no appendages. What
is the distribution of temperature in this animal? The snake rarely lies
stretched out, but almost invariably is coiled upon itself in folds. In
experimental work with this animal, part of the snake’s body may be
exposed to the room air, part may be resting on a metallic box, on sand or
against wood, and as a result of the folds, the thickness of tissuc material
becomes greatly enlarged. What is the temperature at different parts of
the snake’s body? Fortunately we have with the snake two deep cavities,
in the mouth or throat and in the cloaca. Our study of the snake’s body
temperature, therefore, will deal first with a comparison of the tempera-
tures of the mouth and the rectum.! It would be logical and desirable,
perhaps, to extend the comparison to study simultaneously the skin tem-
perature at various parts along the length of the body, but since the
snake is seldom stretched out, our first study deals only with the comparison
of the temperatures of the mouth and the rectum. In the snake the dis-
tance between these two cavities is relatively great when compared with
the size of the animal itself. With warm-blooded animals one argues usually
that the heat production and the rapid circulation of the warm blood pro-
duce an equalization of temperature throughout the body. This is not
true, as pointed out above, for the temperature of the extremities is con-
siderably lower than that of the trunk. With the snake almost nothing
is known regarding the circulation of the blood or even the heart rate.
The only records of the heart rate of snakes that we have been able to
find are those reported by Wilford 2 in 1819, who studied a boa constrictor
in Africa at an environmental temperature of about 25° C. and found
on five occasions a heart rate varying from 15 to 25 beats per minute, the
majority being nearer 24 or 25.

In our study a comparison of mouth and rectal temperatures was not
the major feature. Incidentally on a few occasions such measurements
were actually made, and the results are incorporated in table 3. The first
comparison was made on December 20, 1916, with a python (No. 2)
approximately 5 meters long. The serpent had been taken from its cage
by five men, and the first rectal-temperaturc record was obtained in less
than three minutes after the snake was first seized. The time between the
first and second readings of rectal temperature, which were, respectively,
29.0° and 28.9° C., was about 5 minutes. The mouth temperature taken
at the same time was 29.2° C. That the snake had been exposed for
approximately 7 minutes to a room temperature of 22.2° C. with no
greater effect upon the temperature than is noted here is interesting. A
second series of observations was made with the same snake in 1917,
After the first reading at 3 p.m. on January 17, the snake was put in a
large respiration chamber in the reptile house and remained there over-
night and during the next day. The rectal temperature was 25.9° both

1Rxeept in those sections where it is definitely stated that the body temperatures
werbhtaken during digestion, all the body temperatures were taken, so far as we know,
when the snakes were' in the fasting condition.

! Wilford, Journ. Sci. and Arts, Roy. Inst. Great Britain, London, 1819, @, p. 115,
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at 3 pm. and at 4220 pm. The mouth temperature was 25.3° and
26.1°, respectively. The other observations which follow, two on January
18 and two on March 2, show at one time a temperature in the mouth a
little below that in the rectum and at another time a temperature in the
mouth a little higher. Practically there is no difference between the two.

On March 2 the snake was taken from the cage at 11*19™ am. and
the temperatures were noted. The snake was then carried by five men
outdoors from the reptile house to the primate house at the Zoological
Park, arriving there at 11"31™ a.m., thus being exposed to the outside tem-
perature of 0.5° C. for 10 minutes. As a result of this exposure the tem-
perature in the rectum fell 2.6° and that in the mouth 2.0° C. In spite

TasLE 3—Comparison of mouth and rectal
temperalures of a python

Body temperature

Date Time e
Rectal | Mouth

T N °C, °('.‘h
Dec. 20, 1916 145" pom.| 29 0 29 2

1 50 28.9 .

Jan. 17, 1017 300 2569 26 3
Jan, 17, 1917 4 20 25.9 26.1
Jan. 18, 1917 11 05 a.m. 23 8 23.7
Jan. 18, 1917 4 30 p.m. 219 22.6
Mar. 2, 1917 1119 am. 20 9 26 4
Muar. 2, 1917 11 31 24.3 24.4

of the sudden change in environmental temperature therefore, the mouth
and rectal temperatures, which were cssentially the same before the ex-
posure, were practically identical after the exposure. Tt is obvious that
the sudden removal by five men of a large snake from its environment in
the snake den subjects the animal to a considerable amount of exercise
that is certainly in the nature of an insult and may perhaps be the cause
for a rise in body temperature. It is also obvious that the mere handling
of the snake by the warm-blooded human hands may result in raising
the snake’s body temperature (see pages 59 to 61). Hence it is sur-
prising that in this experiment of March 2, 1917, the temperatures were 8o
nearly the same in the mouth and the rectum.

Apparently whatever may be the extraneous factors aﬁ'ectmg the body
temperature of snakes (even such factors as marked change in environ-
mental temperature, handling and agitation), the temperatures in the
rectum and in the mouth are practically the same. It is perhaps sur-
prising that the temperature is so uniform in the mouth and the rectum,
for the respiratory act in a snake must of necessity involve inhaling air,
usually not saturated, and then exhaling air probably saturated at the
temperature of the animal. In so doing there must be a local cooling
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effect of the trachea. This, one would imagine, might lower the mouth
temperature. Little is known regarding the heart rate of snakes, but one
can conceive that the circulation of the blood might be so sluggish that
the local cooling of the trachea would have an imperceptible effect upon
the rectal temperature.

COMPARISON OF SKIN AND RECTAL TEMPERATURES

With warm-blooded animals it is well known that the skin temperature
is invariably somewhat lower than the internal, rectal tempecrature, at
times much lower, depending in large part upon the extremities and the
circulation of the blood, particularly the surface or cutaneous circulation.
With cold-blooded animals, where the difference normally between the
temperature of the environment and the temperature of the animal is
much less than it is under ordinary conditions with warm-blooded ani-
mals, the question arises as to how the skin temperature compares with
the temperature of the internal part of the body, cither the mouth or the
rectum. The skin temperature of any animal is the resultant of several
factors. With warm-blooded animals there is a normal loss of heat
through the skin by radiation, there is the cooling effect of vaporization
of water from the skin, and with mammals there may frequently be an
actnal excretion of water through the sweat glands. If the warm-blooded
animal or human comes into an environment warmer than itself, it is
possible that the skin temperature may be increased by the absorption
of heat from the environment. With cold-blooded animals, particularly
snakes, the situation is much different. A very small amount of heat is
produced and, as is well known, the body temperature is not far from that
of the environment. Hence there would be little, if any, loss of heat
through the skin by radiation. There is, however, the cooling effect of
the vaporization of water, not only from the skin but likewise from the
lungs, and because of the diurnal changes in environmental temperature
and sunning to which many animals are subjected, there may be a time
when the animal is actually warmed by absorbing heat from the environ-
ment itself. Under these conditions it is conceivable that the internal
temperature of the animal would be colder than the external, for as the
animal is warmed it would absorb heat from the environment and the
skin would be nearest the source of heat.

The cooling effect of the vaporization of water upon the body tempera-
ture of humans has already been noted. Air, which enters the lungs of a
man approximately 60 per cent saturated at ordinary room temperature,
for example, and comes out saturated at 34° C. or thereabouts, brings
with it the latent heat of water vapor. This vaporization of water has so
cooled the tissues inside that they may conceivably be cooler than the
body surface. Our comparison of the mouth and rectal temperatures of a
python indicates that with snakes the temperature of the rectum is essen-
tlally“that of the mouth, that is, the local cooling effect in the mouth is
‘practically negligible, for no similar cooling effect could be ascribed to the
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section of the animal near the rectum. According to Wilford,! the boa
constrictor has a heart rate of not far from 15 to 25 beats per minute at
about 25° C. This is a slow rate when compared with that of the albina rat,
but not lower than that noted with steers during undernutrition ? and there-
fore not outside the range found in experimentation with warm-blooded ani-
mals. But it is conceivable that such circulation of the blood would ma-
terially aid in equalizing, in part at least, the temperature distribution
throughout the entire body and thus compensate for any localized heat-
ing or cooling effect. It is therefore obvious that a study of the skin tem-
perature itself, and particularly as compared with the internal tempera-
ture (mouth or rectum), is an important physiological problem dealing
with the total heat loss and the path of heat loss in snakes.

Although our research included a large number of rectal-temperature
records, the actual number made at the same time that the skin tempera-
ture was recorded is small. Our first comparison of skin and rectal
temperatures was made with python 2 in New York on December 20,
1916. The animal had been lying in a cage for some time, and the
temperature in the folds of the snake, determined by means of a thermo-
junction (see fig. 16, page 44). averaged not far from 31° C. The
temperature of the air in the cage, about 30 cm. above the graveled floor,
averaged 25° C. It is certain, however, from other experiments that
the true gravel temperature was much higher. With a small python in
a subsequent series of observations on rectal temperature alone, the
temperature of the gravel was found to be 27.3° C., a point 10 em. above
the gravel was 25.0° C., and a point 30 cm. above the gravel was 23.4° C,,
or 4° lower than the gravel temperature. We have reason to believe, there-
fore, that in the experiment with python 2 on December 20 the gravel
temperature must have been at least four or five degrees warmer than that
30 cm. above the floor, or not far from 30° C. After the skin temperature
measurements, the python was taken from the cage by five men, to be
transferred to an adjoining room containing the respiratlon chamber.
This operation required about 3 minutes. The thermometer was then
placed in the rectum and the body temperature recorded. The temperature
of the room in which this measurement was taken was 22.2° C. The
rectal temperature was 29.0° C. and the mouth temperature, taken at
essentially the same time, 29.2° C. A second rectal-temperature measure-
ment was made about 5 minutes later, and in that time the temperature
had fallen only 0.1° C. This first comparison would suggest that the
rectal temperature of the snake is slightly lower than the skin tempera-
ture. The skin temperature was measured by the usual thermo-electric
junction and the rectal temperature by a mercurial thermometer. Python
2 became restless after it was put back in the cage, moved around a good
deal, and finally drank some water. Further observations were therefore

precluded. 20900

! Wilford, loc. cit.
? Benedict, F. G., and E. G. Ritzman, Carnegie Inst. Wash. Pub. No. 324, 1923, p. .193.
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In February 1920, a 3-meter boa (boa N) was brought from the New
York Zoological Park to Boston and studied at the Nutrition Laboratory
with special reference to skin and rectal temperatures. The results of
this study are reported in table 4. On the night of February 27 the boa
was placed in a box and put inside a respiration calorimeter with free
ventilation. The calorimeter was heated so that the average environmental
temperature throughout the night was about 30° C. At 8"49™ am,,
February 28, the boa was taken from the calorimeter, removed from its
box, and six records of rectal temperature were obtained at 15-second inter-
vals. These successive readings and others made on subsequent days
showed that about 45 seconds were required for the mercurial thermometer

TasLe 4—Comparison of skin and rectal temperatures of boa N

Skin temperature

Rectal
Date Time N - tempera-
a h ¢ d e f Aver- ture
age

1920 °C. °(. °c. °C. °C. °c. °C. °c.
Feb. 28 8h49m am. |.......|..... B P I P 28 30
106 pm.| 28.60 | 28.60 | 28.74 | 29.34 | 29.62 | 28 56 | 28.91 29 55

4 30 25.21 | 25.78 | 27.00 | 27 61 | 28.88 | 27 08 | 26 93 .

4 35 26.43 | 26.47 | 28 22 | 27 82 | 28 39 | 27.90 | 27 54 27 17

Mar. 1| 900 am.| 16 26 [ 15.26 | 15.63 | 15 95 | 16 28 | 15 67 | 15.68 15.53
426 pm.| 14 35| 14 42 | 14.89 | 1500 | 15 31 | 14 89 | 14 81 15 07

Mar. 2 9000 am.| 14 42 | 14 38 | 14 65 | 14.77 | 14.64 | 14 47 | 14 56 14.02
Mar. 31215 pm.| 21.27 [ 21.49 | 21 51 | 22 07 | 22 46 | 21 65 | 21.74 22 R7
4 03 22.99 | 23 12 | 22 756 | 23.49 .. 23 09 23.56

Mar. 4 | 1101 am.| 256.72 | 25.92 | 26 04 | 26 97 | 27 97 | ..... 26.52 28.55
407 pm.| 24 33|24 50| 25 25| 25 13| 2540 26 00 | 25 10 25 42

|

to register a constant temperature after being inserted in the rectum. The
values for rectal temperature given in table 4 are therefore average values,
based upon a series of records in cach case continued until the
thermometer gave constant readings. After the rectal-temperature records
at 8"49™ a.m., boa N was put back into the calorimeter. At 1"06™ p.n. it
was removed and a series of six skin-temperature measurements was made
as the snake lay coiled in the small metallic box. This was followed by a
series of rectal-temperature measurements. The points on the snake’s
body at which the skin temperature was observed have been indicated
by the letters a to f in table 4. All of the measurements at positions @ and
b, the last four at position ¢, the last one at position d, and all but the
last at position f were on the top, exposed parts of the snake. The first
five measurements at position ¢, all but the last at position d and all at
position e were made between the coils or between the coils and the box.
At 407" p.m. on March 4 position f was on the belly at the bottom of
the box. The entire series of skin-temperature measurements required
about 2 minutes in each mstancc, and rectal-temperature measurements
immediately followed each series.
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On February 28 at 1%06™ p.m. the skin temperature at position e
was a little above the average rectal temperature, but was definitely
below it at all the other points. At 435 p.m. four points were above
and two below the internal body temperature. The boa was then placed
in the calorimeter overnight at a much lower environmental temperature
(15.5° C.). At 9 a.m., March 1, four points on the skin were above and two
below the rectal temperature; at 4"26™ p.m. only one point was above.
Practically all of the skin temperatures that were higher than the rectal
temperature were, however, taken between the coils and not on the exposed
surface, indicating that vaporization of water was retarded by the coiling of
the snake.

After another night spent in a cool environment, boa N was measured
again on March 2, at 9 am. The skin temperature was in every instance
higher than the rectal temperature, but the conditions of measurcment
were undoubtedly abnormal in this series for at 9'02™ a.m., when the
boa was taken out of the box to be weighed, considerable moisture was
found condensed on its body and there was moisture in the box. The
animal was given water to drink and left all night in an environment at
about 26° C. On March 3 at 12"15™ p.m. and again at 4"03™ p.m.
the skin temperature was in every instance lower than the rectal tem-
perature. After the snake had spent another night at a higher temperature
(31° to 32° C.) its rectal temperature at 11"01™ a.m., March 4, was
materially higher than that at any point on the skin. By design the
environmental temperature was lowered about 2° C. at 12 noon. This
accounts for the lower body temperatures at 4"07™ p.m. The =kin at
position f was warmer than the rectal temperature, probably explained by
the fact that position f in this instance was on the belly of the =nake near
the bottom of the box.

If we rule out those observations made between the coils and at points
on the body where radiation was hindered, exclude the abnormal secries
on March 2, and consider only the temperatures of those surfaces not
touching the metal walls of the box or protected by the coils of the snake
itseli, we find that in all but two cases the surface temperature was some-
what lower than the rectal temperature.

COMPARISON OF SKIN AND ENVIRONMENTAL TEMPERATURES

Our first observation on the skin temperature of snakes was an at-
tempt to note whether there is any differential between the temperature of
the skin and that of the environment. Obviously for this purpose the
thermo-junction suggested itself as the ideal method. A copper-constantan
junction was constructed and calibrated and the usual adjustment with
galvanometer and resistance boxes arranged, so that any degree of sensi-
tivity of the galvanometer could be obtained. Since we knew that in all
probability we would be dealing with small temperature differences, per-
haps of two- or six-tenths of a degree, the adjustments were made g0 that
the galvanometer showed a deflection of approximately 27 mm. per de-
gree. The sensitivity of the junctions and the number of millimeters



58 PHYSIOLOGY OF REPTILES

per degree deflection of the galvanometer were determined by calibration,
by immersing the two junctions in two Dewar flasks with a temperature
difference of approximately 5 degrees. The two junctions were tied to a
light bamboo pole, the tip of a fishing rod. To this pole was lashed like-
wise a mercurial thermometer with easily readable scale, in such a position
that one thermo-junction could actually be entered between the folds of
the snake and the other thermo-junction would be in the air above it but
in direct contact with the bulb of the mercurial thermometer.

TasLe 5—S8kin temperature of snakes

Temperature | Temperature

Snake and date Time in folds of on pole near
snake snake
1916 °C. °C.
Python No. 1
Dec. 19 1250 p.m. 27.59 24.95
2 03 28.04 24.65
2 06 28.06 25.06
207 20 .44 26.35
Dec. 20 11 60 a.m. 29.83 25 65
11 56 29.40 25 55
140 p.m. 29.38 25.05
30.51 25.85
322 29.46 24 .95
327 30.76 25.55
Python No. 2
Dee. 19 1 68 31.33 26,05
212 30.02 25.15
Dec. 20 11 45 a.m. 30.68 24 .95
12 03 p.m. 31.62 25.75
132 30.82 24.95
3 33 30.10 25.55
Python No. 4
Dec. 19 150 28.93 24.95
2 06 29.45 24.95
210 30.55 26.05
Dec. 20 11 64 am. 31.12 25.95
12 00 noon 30.35 25.95
137 pm. 29.90 25.35

Our comparisons of the skin and the environmental temperature were
made with pythons 1, 2 and 4 on December 19 and 20, 1916 (see table 5).
Python 1 had eaten at 6 p.m., December 19. Python 4 had been placed in
a box by itself on the afternoon of December 18. This resulted in con-
siderable agitation. It was assumed it would settle down during the
night, but the snake was still restless when observed at 150 p.m.,
December 19. When the snake was touched with the bamboo pole, there
was & reflex action which resulted in the snake drawing away from the
point of contact.! The junction could then be inserted in a fold and the

! This reaction noted with all the snakes with which we worked is in striking contrast
with the report of FitzSimons (Pythons and their Ways, London. 1930. pp. 29 et seq.)
who' records many instances where rats had eaten pythons, had sucked sufficient blood

to kill the snake, and often had eaten a number of pieces of flesh along the backbone
of the snake. FitzSimons suggests that the python is insensible to pain in this way.
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snake usually settled down again, so that there was a real contact between
the fold and the junction. In this way several observations were made.
The mercurial thermometer was read through the glass front of the snake
cage by means of opera glasses. This so attracted the attention of the
snakes themselves that there was no difficulty in inserting the pole through
the door of the snake den at the front end of the cage and manipulating
the wires leading to the galvanometer. The galvanometer indicated the
difference in temperature between the mercurial thermometer on the pole
near the snake and the junction in the fold of the snake, and with this
mercurial thermometer as a standard or constant junction the temperature
of the folds of the snake could be computed. But the difficulty of this
procedure was that, although it showed a difference of about 5 degrees
between the temperature of the air and that in the fold of the snake, we
found later that the temperature of the air at this level was measurably
lower than that of the real environment of the snake. Actually in these
tests the snake rested on a gravel bed, well heated by steam coils beneath,
and there was a pronounced gradient in temperature as the distance above
the gravel bed increased. In one instance (see page 55) the temperature
of the gravel was 4 degrees higher than that of the air 30 cm. above the
gravel, which was the position usually occupied by our thermometer in
these particular tests. Since we have no definite assurance as to what the
temperature of the environment was in these particular experiments, we
can make no comparison of the skin and the environmental temperatures.
These observations are therefore of chief importance in accentuating
the difficulty of comparing the skin temperature with the environmental
temperature and in bringing out clearly that the temperature of the
environment is frequently far more in question than that of the skin
itself. It is precisely this type of observation that challenged the re-
ported findings of body temperatures much above the environment in the
case of the incubating python.  (See pages 86 to 114 for further discussion
of this point.)

FACTORS AFFECTING RECTAL TEMPERATURE OF SNAKES

HanpLineg AND REcral TEMPERATURE

As hinted on page 53, it was noted in the course of our various measure-
ments that the mere handling of snakes by the warm human hand (the
temperature of which is normally not far from 30° C.!) may result in rais-
ing the snake’s body temperature. The snake is uzually grasped just back of
the head, especially when mouth temperatures are taken, and the local
area may be warmed by the hands of the operator. This problem of
local warming of the snake by the hands of humans has given us much
trouble, for it was our frequent experience that the snake coiled itself
about the warm parts of the human body such as the neck, the wrists,
and the arms, at times seemingly for the benefit of the heat. The literature

i Benedict, F. G., Asher-8piro’s Ergebnisse der Physiologie, 1925, 24, p. 594.
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is full of confusing statements regarding the body temperature of snakes,
and several investigators, notably Berthold,' have expressly mentioned the
difficulty of determining the true temperature of cold-blooded animals.
Wilford 2 was perhaps the first to point out that handling might increase
the body temperature. He reports many instances where the rectal tem-
perature of the snake was a little below that of the environment, although
in the majority of cases it was at or above the environmental temperature.
We therefore planned specifically to study the effect upon the rectal
temperature of the snake of contact with the human hands of the observer.
Two tractable, placid gopher snakes were selected for this study which,
because of their small body weight, would absorb heat from the operator
more rapidly than would a larger snake. Each snake was placed in a
chamber of constant temperature and left there for a sufficiently long
period until its body temperature was essentially that of the environment.
The snake was then taken out of the chamber, the thermometer was in-
serted in the rectum, and the body temperature read every minute. In a
typical instance the snake showed a rectal temperature of 17.55° C., one
minute after removal from the chamber. There was then a constant in-
crease from minute to minute until the sixth minute, the successive read-
ings being 17.71°, 17.81°, 17.98°, 18.24°, and 18.53° C. In the seventh,
eighth, and ninth minutes there was a rapid increase in temperature, the
records being 19.88°, 20.85°, and 20.95°, respectively. This increase is
explained by the fact that during these three minutes the snake was mov-
ing somewhat. From the tenth to the thirteenth minutes the body tem-
perature continued to rise slowly to a value at the thirteenth minute of
21.81° C.

Roughly speaking, with a snake of this type the rectal temperature will
increase about one-tenth of a degree cach minute when the snake is taken
from a constant environmental temperature and brought into contact with
warm human hands. That this increase is not due to agitation was clearly
shown whenever the snake moved, for in those cases (as illustrated above)
the increase was usually somewhat greater. As the outcome of 24 series of
observations of precisely this character on two gopher snakes we are
convinced that at environmental temperatures of 23° C. and below a con-
siderable amount of heat is absorbed by the snake from the body of the
operator. Experiments were not carried out at higher environmental tem-
peratures to study the effect of handling, but these observations with
gopher snakes illustrate clearly the difficulty of securing true body tem-
peratures, either rectal or mouth, of snakes when they must be handled.
The heat given up to the snake by the body or the skin of the operator
is a factor that must always be taken into consideration. This heat makes
for an increase in the snake’s body temperature, so that the true rectal
temperature is probably somewhat lower than what is recorded on the
thermometer. We believe that our experiments show that this heat ab-
sorption is entirely independent of any agitation of the snake, for with

*Berthold, A. A, Neue Versuche iiber die Temperatur der kaltblitigen Tiere,

Gottingen, 1835,
* Wilford, Journ. Sci. and Arts, Roy. Inst. Great Britain, London, 1819, 6, p. 115.
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agitation and movement our thermometer always showed a greater rise
in body temperature than when the snake was resting quietly, as was
usually the case.

AcITATION AND RECTAL TEMPERATURE

In several of our experiments in taking rectal temperatures it was noted
that, when the snake moved or seemed to be unduly agitated, the rectal
temperature rose. Thisx was entirely independent of any absorption of
heat from the body of the operator. To study the effect of agitation alone
we made a scries of experiments with boas T and D, the results of which
are reported in table 6. In these experiments the snake rested overnight
in a box in the laboratory, usually without any special heating device so
that the temperature of the box was essentially that of the laboratory it-
self. In each experiment the snake was taken out of the box before the
rectal temperatures were recorded, into a room at about 23° C., and was
deliberately agitated between the different readings. The reetal tempera-
turc increased markedly in all cases as a result of the agitation. Although
these experiments were made in July, these rises in rectal temperature
are not due to the fact that the temperature of the room was unduly high,
as might be expected from midsummer weather. Indeed, at the end of
each serics the temperature of the snake was usually considerably above
the room temperature so that the room temperature could not have played
any great role. Likewise the heat taken from the operator’s hands, al-
though undoubtedly contributing somewhat to the increased body tem-
perature of the snake, could not have been entirely responsible for the
striking increases in recetal temperature.

In the last experiment reported in table 6 boa I had spent considerable
time previously at a fairly high environmental temperature, approximately
28° C. Under these conditions, when the rectal temperature was taken
and the snake agitated at a room temperature of about 23° C.,, the agita-
tion had little effect upon the rectal temperature. In other words, the
snake started with a high body temperature, and the agitation had little
direet effect upon the rectal temperature. Since the environmental tem-
perature was now § degrees below the previous environmental temperature,
one would have expected a fall in the snake’s temperature. The agitation
actually prevented the normally expected fall.

These experiments demonstrate that the agitation, excitation, or active
movement of the snake results in an internal heat production that in-
creases the rectal temperature appreciably above the temperature of the
environment. The effect of agitation in raising the rectal temperature
of reptiles has also been noted by Sutherland,! who found that the great
blue-tongued lizard could increase its body temperature as much as 0.5° in
10 minutes of anger. The significance of the reaction of rectal temperature
to agitation in relation to metabolism will be considered in a later chapter
of this report, in the discussion of the metabolism as affected by agitation.
(See page 152.)

! Sutherland, A., Proc. Roy. Soc. Victoria, 1897, N. 8., 9; ibid., Nature, 1897-98,
57, p. 67.
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The snake loses heat by reason of the temperature potential between
its surface and the environment. If the loss of heat by this potential
is not equivalent to the production of heat, the snake’s temperature will
definitely rise. The heat-regulating mechanism of the snake is so poor
that there is practically no surface circulation. Hence even with a
moderate amount of activity there will be a rise in body temperature, if
the animal can not lose heat fast enough. From the teleological stand-
point, this is of distinct advantage to the snake. For example, as its body
temperature rises the snake becomes more active, and its protoplasm is
more receptive to stimuli, either for purposes of attack or to avoid danger
from other animals. The interesting problem arises as to whether it would

TasLe 6—Effect of agitation on rectal temperature of snake
(Room temperature 23° C.)

Snake! and . Rectal |lgpnake' and i Rectal
date Time tempera- date Time tempera-
ture ture
°C. °C.
1917 10h50™ a.m. 22.7 July 5 | 11h06m 20.9
Boa I: 11 00 23.9 11 10 21.6
July 3 | 11 05 25.4 11 15 22.2
11 15 27.1 11 20 23.0
11 25 28 9 11 25 23.8
July 4 | 11 01 21.7 July 6 | 11 36 20.8
11 056 22.7 11 40 21 1
11 10 23.3 11 45 22 1
11 15 24.1 11 50 22.9
11 20 24.6 11 55 23.7
Boa D:
July 6 4 00 p.m. 28 0
405 28.2
4 10 28 1

|
|
|

1 Agitated between measurements,

be possible to produce in the snake a self-induced rise in body temperature
to such a point that there would be something in the nature of a heat
stroke. Or as the body temperature rises, would the reaction to stimuli
be such that the animal would be simply exhausted by the higher tem-
perature and would fail to fight or engage in muscular activity to produce
sufficient heat to raise the temperature above any danger point?

Recrar TEMPERATURE WITH UNCHANGING TEMPERATURE OF ENVIRONMENT

Our observations of rectal temperature were made primarily to study the
relationship between the rectal temperature of the snake and the tem-
perature of the environment. As we have already seen, the difficulty of
obtaining true rectal temperatures is great. The verv act of handling
these serpents may result in muscular activity on the part of the animal,
with increased heat production and increased body temperature incidental
thereto. The snake is likewise affected by the heat from the hands or
body, of the operator handling it, and offsetting this is the cooling effect
of the room air, for often the snake was taken out of a somewhat warmer
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temperature than that of the room in which the observations were made.
A careful study of the relationship between the rectal temperature of the
snake and the temperature of the environment was therefore made in the
Nutrition Laboratory under conditions where the snake had been for a long
time at a constant room temperature and was measured at this constant
temperature, with the effects of handling and agitation completely ruled out.

In our comparison of the skin and rectal temperatures of the snake
(see p. 56), we found that the coiling of the snake upon itself inside the
metal box made for an uneven, perhaps irregular heat loss with possibil-
ity for divergence of observations, depending upon what part of the snake
was measured.! Believing that if the snake could be prevented from coiling,
the conditions for heat loss would be much more uniform, a snake (boa
N) was placed in a straight, wire-mesh tube made of metallic mosquito-
screcning. This tube was closed at the head end and was long enough and
narrow enough so that the snake could not coil upon itself. Thus the
entire surface of the body was exposed to the air. The tube was then
suspended inside a 20-cm. pipe, longer than the tube itself, and the snake
was allowed to remain in the laboratory in this tube overnight. A stream
of air was driven through the 20-cm. pipe by a blower. In the morning
two mercurial thermometers near the head and the tail of the boa registered
18.60° C., and from ihere on for three hours an assistant carefully regu-
lated the environmental temperature to hold the two thermometers as nearly
as possible at 18.6° C. The fluctuations did not amount to over =+ 0.2° C.

The thermo-junction system (see page 43) was used for measuring the
rectal temperatures. The two junetions, when placed in the air current,
showed no deflection on the galvanometer. A further check on the sensi-
tivity and accuracy of the galvanometer was obtained by dipping the
junctions in two Dewar flasks containing aleohol, with a temperature
difference of about 2 degrees. Two calibrations under these conditions in-
dicated that each millimeter deflection of the galvanometer was cquivalent
to 0.0133° C. One junction was placed near the thermometer that was
in the tube near the tail of the boa. The other junction was placed
through an opening in the center of an aluminum tube inserted in the
cloaca of the snake. With the junctions thus located, a series of measure-
ments at 12 noon showed that the average temperature of the mercurial
thermometers in the air current at the head and the tail of the snake was
18.62° C. and that, according to the galvanometer deflections, the rectal
temperature was 16.74° C. or ncarly 2 degrees lower than the environmental
temperature. The galvanometer zero was then tested again, and another
serics of observations at 120'17™ p.m. gave thermometer readings of air
temperature averaging 18.63°, with a galvanometer deflection indicating
a rectal temperature approximately 2 degrees lower. From this sccond
series of observations it seemed as if the temperature of the snake was
slowly rising, so the snake was left in the tube for another hour and at

1 A most critical experimental handling of this type of problem with humans has just
been published by H. Bohnenkamp (Arch. f. d. ges. Physiol., 1931, 228, pp. 40--168).
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1831™ p.m. measurements were made again. The air temperature at this
time, being carefully controlled, remained at 18.62° C. The galvanometer
now showed a deflection corresponding to a difference in rectal temperature
noticeably greater than that in the preceding hour. Throughout the entire
time the measurements were made in a rapidly moving current of air, which
removed water from the animal’s body by vaporization. Consequently
the boa was always actually colder than the environment.

In the next test the ventilation was stopped and the animal allowed to
remain in still air at a temperature as near 18° C. as possible, by con-
trolling the temperature of the room. Under these conditions one would
expect that the boa’s body temperature might rise somewhat. At 2h37™
p.m., when the snake had been an hour in still air, the blower was started
again, and a moment or two later another series of readings was taken.
These measurements showed that there was a slight, though probably in-
significant rise in rectal temperature from 16.46° C. at 1'32™ p.m., to
16.57° C. at 2"37™ p.m. Two different mercurial thermometers were
then inserted in the rectum and gave readings of 16.78° and 16.88° C,,
respeclively. But the handling of the animal with the warm hands would
tend to make for a slightly higher temperature with the mercurial
thermometer.

All these experiments point conclusively to the fact that in a constant
environmental temperature, without handling or agitation, the snake had
a rectal temperature below the room temperature, that is, from 1.5° to 2°
below. The vaporization of water from the skin of the animal undoubtedly
contributed to this lower rectal temperature. The snake may therefore
be compared to a wet bulb thermometer, for just as the temperature of
a thermometer is lowered by vaporization of the water on the surface of
the wet bulb, so is the internal temperature of the snake lowered by
vaporization of water from the skin and consequent loss of heat. If the
snake is studied in other than saturated air, much vaporization of water
from its body is possible, and theoretically the real rectal temperature
would then be much below the cenvironmental temperature. We did not
find pronounced differences between the temperature of the rectum and
that of the environment, although our observations were usually made in
relatively dry air, at least not in saturated air. But because of the in-
fluence of humidity; it is believed to be wise, whenever feasible, to record
the rectal temperature of the cold-blooded animal in conncction with any
metabolism observations.

Numerous observers have noted the effect of changes in the temperature
and the humidity of the air upon the rectal temperature of cold-blooded
animals. The extreme conditions imposed by John Hunter,! who placed
his snake in an atmosphere of 108° F. (42° C.), are, to be sure, rare. The
animal was allowed to stay only 7 minutes in this temperature, when
the temperature in its stomach and anus was found to be 99.5° F.
(37.@: C.). The temperature could not be raised above this point in the

3'Works of John Hunter (Palmer Edition), London, 1837, 4, p. 148.
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atmosphere employed, undoubtedly due to the rapid vaporization of
water. Soetbeer! has made a most extensive survey of the literature on
the body temperature of poikilotherms,? and likewise made observations
himself on the crocodile and the alligator. He concludes that when the
animals were in saturated air their temperature was above that of the
environment, but when they were in dry air their temperature was much
lower than that of the environment. Soctbeer’s article is especially to
be recommended on account of the admirable treatment of the ecarly litera-
ture on the body temperature of cold-blooded animals. Hall and Root?
using a thermo-electric method for determining the temperature in the
rectum of various animals, noted that the rectal temperature was fre-
quently much lower than the environmental temperature and that with
amphibia in very dry air the rectal temperature was as much as 8 or 9
degrees lower. In air 95 to 100 per cent saturated, the rectal tempera-
tures were less than 1 degree lower. The rectal temperature of reptiles
was considerably less affected by the humidity, but always in the same
manner, that is, in very dry air the rectal temperature was somewhat
below the environment and in saturated air it was gencrally somewhat
above. Hall and Root point out that the lower in the phylogenctic series
the animal is, the greater is the influence of very low humidity upon its
temperature. From their observations on the salamander, the frog, the
toad, the lizard, the horned toad, the turtle, and the alligator, they draw
the interesting conclusion that “possibly the increased ability of water
retention evolved in the reptiles is a ‘milestone’ on the road to homoio-
thermism.” We would suggest that before such a general conclusion
can be drawn, one should study somewhat more completely the relative
water content in the tissues of these animals. It could readily be argued
that the armorlike plating of the skin of the alligator or the hard shell
of the turtle would make for a decreased influence of humidity upon
water vaporization, but the actual percentage of water in the tissues un-
doubtedly must be taken into consideration.’

In our collection of rectal-temperature measurements on snakes, extend-
ing over several years, a large number of observations were obtained *
that were unaffected by agitation and transition in environmental tem-
perature and, in so far as possible, unaffected by handling, since the
snake was left in its box and its tail alone pulled out for the measurement.
These rectal temperatures have been averaged for the different 5-degree
intervals of environmental temperature between 15° and 35° C. and the
results are recorded in table 7. Practically all these temperatures, both
rectal and environmental, were taken with the mercurial thermometer and
the niceties of control of the thermo-junction method were not observed.
In 63 observations between 15° and 20° C. the rectal temperature was
usually somewhat greater than the environment, on the average 0.13°

1 Soetbeer, F., Arch. f. exper. Path. u. Pharm., 1898, 40, p. 53.

2 8ee, also, the literature citations on this subject by Pembrey in Schafer’s Tewt-book
of Physiology, London, 1898, 1, p. 793.

3 Hall, F. G., and R. W. Root, Biol. Bull,, 1930, 88, p. 52.
4See the observations recorded on page 163.
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greater. At all the other environmental temperatures from 20° to 35°
the rectal temperature was lower than the environment. It is clear from
our previous discussion (page 60) that the lower the temperature of the
environment the greater may be the influence of the handling of the snake
by the operator. It is believed, therefore, that the slightly plus value
of 0.13° in the temperature interval between 15° and 20° may be fully
explained by the heat obtained by the snake from the hands of the
operator. These general averages confirm the more accurate study made
with the thermo-junction method when the snake was extended in a
wire-mesh tube, to the effect that the rectal temperature of the snake is
lower than the temperature of the environment.

TaBLE 7—Average differences belween rectol and environ-
mental temperalurcs in observations with snakes

Rectal temp.
Number of greater ()

observations | Environment or less (—)

than environment

°C. °C.
63 15.01—20.00 +0.13
115 20.01—25.00 - .05
97 25.01—30.00 - .13
69 30.01—35.00 - .19

Fish, although surrounded by an ideal heat-absorbing medium (water),
have been found to have a body temperature somewhat above the tem-
perature of the environment.! It is to be questioned whether this higher
body temperature represents a normally existing condition or whether
it is caused in large part by the exercise and agitation incidental to catch-
ing the fish. Thus, Britton 2 has reported comparisons of the rectal tem-
perature of fish and the temperature of the water, which show that fish
taken at a depth of from 2 to 17 fathoms had on arrival at the surface a
rectal temperature from 0.4° to 0.9° C. above that of the deep water.
Fish kept in the laboratory tanks had a rectal temperature only insig-
nificantly higher than that of the tank water, from 0.1° to 0.3° C. Pos-
sibly here again the activity prior to and during capture contributed to
this temperature rise.

RecTAL TEMPERATURE AS AFFECTED BY CHANGES IN ENVIRONMENTAL TEMPERATURE

From the preceding discussion it would seem that the rectal tempera-
ture of the snake adjusts itself to the temperature of the environment
and remains generally somewhat lower than that of the environment. This
property of cold-blooded animals makes them especially adaptable for
studying the rapidity with which temperature adjustments of this kind

! Simpson, 8., Proc. Roy. Soc. Edin., 1907-8, 28, p. 66; ibid., Journ. Physiol., 1907-1908,
36, p: xlii.

* Britton, 8. W., Contrib. to Canadian Biology, Studies from Biol. Stations of Canada,
N. 8, 1923, 1, p. 415.
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can he made.! Sudden transitions in the temperature of the environment
should affect the rectal temperature. To what degree and with what
rapidity this effect takes place is a matter of interest. One of our earliest
observations on this point was obtained on a 5-meter python (No. 2) at
the New York Zoological Park. As already pointed out on page 55,
this snake was taken out of its den by five men and its rectal and mouth
temperatures were recorded in less than 3 minutes. These were 26.9°
and 26.4° C., respectively. The snake was then carried outdoors from the
reptile house to the primate house. This required 10 minutes, during
which the python was exposed to an outside temperature of 0.5° C. Body
temperatures, rectal and mouth, taken immediately upon arrival at the
primate house, were 24.3° and 24.4° C., respectively. There was there-
fore a fall of 2.6° in the rectal temperature and 2.0° in the mouth tempera-
ture. That the temperatures did not fall more is explained in part at
least by the agitation and struggle of the snake and by the heat given up
by the warm hands of the five men. In any event, we have here a rapid
fall in 10 minutes of approximately 2.6° C. in the body temperature of
this snake. It would have been interesting to note what would have been
the rate of cooling of a dead snake, if its initial body temperature had
been 26° and it had been exposed for ten minutes to an environmental
temperature of 0.5° C. The fall in body temperature probably would
have been somewhat greater in the case of the dead snake, for there would
be no internal factor of vital activity and the cooling effect of the environ-
ment would not be offset, as in the case of the live snake, by a production
of body heat resulting from agitation and handling.

Later in our research (April 16, 1918) a more accurate study of the
influence of sudden changes in environmental temperature was carried
out on a boa. The boa had been kept in a chamber overnight, lightly
covered with a blanket, and the temperature of its environment was ac-
curately determined to be 30.6° C. At 1"07™ p.m. the next day the boa
was uncovered and, while it was still in the chamber, its rectal tempera-
ture was taken. The snake was then placed upon the floor of the laboratory.
The temperature of the floor registered 20.2° throughout the entire after-
noon and the room temperature remained between 21.5° and 22.0° through-
out the entire experiment, which lasted from 1"07™ p.m. until 5"50™ p.m.
While the boa was on the floor, rectal temperatures were taken fairly

1 Although working with much smaller animals than we did, including clams, earth-
worms, salamanders and goldfish, Rogers and Lewis (Biological Bulletin, 1916, 31,
p. 1) found that the earthworm and the small salamander rapidly adjust their body
temperature to that of their environment, but that clams and goldfish require a much
longer time for the adjustment. They conclude that in the forms studied there is
evidently no mechanism for the regulation of heat production or heat loss from the
body, since such heat as is produced in the body is at once given off to the surrounding
medium. Bohr (Skand. Arch. f. Physiol, 1904, 15, p. 23) thought that the viper
that he studied should be kept for several days at the temperature at which it was
to be measured during the experiment. Therefore he is much against rapid shifts in
temperature. Kriiger (Zeitschr. f. Morphol. u. Okolog. d. Tiere, Abt. A., 1931, 22, p. 759)
likewise discusses the relationship between the environmental and the body temperature
of cold-blooded animals.
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frequently. There was a regular, persistent fall in temperature until, at
5850™ p.m., the rectal temperature had reached 20.49°, at which time the
experiment stopped. The data are given in detail in table 8. Much the
same picture was noted in a preliminary experiment with a boa on April
14, 1918, which showed a rapid cooling in rectal temperature as a result
of placing the boa on the floor. The data are much less complete and
simply confirmatory of the general picture. Both series of observations
show the pronounced effect of a sudden change in environmental tempera-~
ture and the tendency of the snake to adjust itself (in the experiment of
April 16, 1918, in about 5 hours) to a different environmental temperature.

TasLe 8—Effect on rectal temperature of
transferring boa from a chamber at 30°
to a floor at 20° C.

Temperature of—

Time
Rectum Environment

p.m. °C. °C.
1hQ7m | 30.59
109 30.19 | .....
115 | ..., 20 29
119 2781 | ...,
129 27.62 | ...,
139 26.67 | .....
151 25.72 | ...
201 25.18 | .....
215 24.69 | .....
2 34 23.56 20 20
2 50 23.30 | ...
3 07 22.8 | ...
328 22,28 | ...,
3 56 21.88 | .....
4 16 20.99 | .....
4 40 20.88 | ...,
5 20 20565 | ...
5 50 20.49 20 20

In this type of experiment there is always the difficulty of being certain
that the temperature of the environment as registered by the mercurial
thermometer is precisely that in contact with the snake.

In a series of experiments made in March 1920, there were a few in-
stances when a snake (boa N) was ecither purposely or inadvertently
removed from the environment in which it had been living for some time
and placed suddenly in an environment having a markedly different tem-
perature. In these instances the rectal temperature was measured re-
peatedly at 10- or 15-second intervals to note the rate of change in body
temperature in the new environment. On March 1 in the morning, when
the temperature of the snake’s chamber was 15.50° C., the rectal tempera-
ture of the snake was 15.563° C. Eight hours later the temperature of the
environment was approximately a half degree lower and that of the
rectum was 15.07°, representing a close approximation to the change in
environmental temperature. On March 3 at noon the temperature of the
environment was 26.35° and that of the rectum 22.60° C. In the after-
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noon the environmental temperature was 27.10° and the rectal temperature
had risen to 23.60° C. In this particular case the boa had been at a
lower environmental temperature the day before, nearer 14°, and we have
undoubtedly to deal here with the natural rise in body temperature in
keeping with the higher environmental temperature. On March 4 the
temperature of the environment in the morning was 31.60° and that of the
rectum 28.56° C. Five hours later the environmental temperature was
28.90° and the rectal temperature 25.70°. Even with relatively small
changes in temperature of the environment thercfore the snake’s body
temperature secks the level of the environmental temperature, although
as our results thus far presented have shown, the temperature of the snake
is usually somewhat lower than that of the environment.

A more quantitative study to determine at what rate and to what degree
the snake’s internal temperature adjusts itself to the change in external
temperature was carried out in the spring of 1918. From these experi-
ments it may be determined whether the rectal temperature approximates
the environmental temperature any more rapidly when the snake must
adjust itself to a higher environmental temperature than it does when the
snake must adjust itself to a lower environmental temperature. Special
provision was made to insure that the snake’s reetal temperature had
attained a constant level in a given environment. The environmental
temperature was then suddenly changed. After the snake had been living
for a time at a warm temperature it was suddenly placed in a cold en-
vironment and after staying in the cold environment for a while, it was
changed again to a warm environment. Four scries of such experiments
were carried out, two boas being studied almost simultancously in two
respiration chambers from March 24 to April 4, 1918, and from April 7
to April 14, 1918. The results are given in figures 18 to 21.

In figure 18 it can be seen that in the observations from March 24 to
April 4 the rectal temperature (full-line curve) rose with the environ-
mental temperature (broken-line curve) but was below the environment
at the beginning of the experiment. When the temperature of the environ-
ment was suddenly dropped to 15° C., that of the rectum rapidly followed
it but did not reach the same level or approximately the same level for
nearly 24 hours. The environmental temperature was not held constant for
any length of time, as is shown by the broken line. In gencral the rectal tem-
perature followed the environmental temperature, although lagging behind
and usually below it. At no stage of this particular experiment was the
environmental temperature sufficiently constant for the snake to be con-
sidered to have been at a uniform temperature for 24 hours.

In figure 19 are recorded the results of another series of observations
made with another boa in another chamber during the same period of
time, from March 24 to April 4. The rectal temperature at the start
was slightly above the environment, although the environment was fairly
constant. At 10 a.m., March 26, there was a sudden rise in the environ-
mental temperature, and the rectal temperature rapidly followed it, but
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with somewhat of a lag. There was inadvertently a tremendous increase
in the temperature of the environment at 8*30™ a.m., March 30, followed by
a marked decrease. With each fluctuation in environmental temperature
there was also a fluctuation in rectal temperature. When the temperature
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F16. 18—INFLUENCE OF CHANGES IN ENVIRONMENTAL TEMPERATURE UPON
RECTAL TEMPERATURE OF SNAKE.

Full-line curve represents rectal temperature and broken-line curve en-
vironmental temperature. Snuke was removed entirely from its box each
time vectal temperature was recorded in this series of measurements.

of the environment fell suddenly, the snake’s body temperature was above
it, but except during the periods of striking change the rectal temperature
remained below the cnvironmental temperature. From 8"30™ a.m., March
31, until the end of the experiment there was a period in which the environ-
mental and the rectal tempcratures changed but little. During this period,
however, the rectal temperature for the greater part of the time was a
little above the environmental temperature, although both were not far
from 18° or 19° C. During this period of secmingly constant temperature,
each time the snake’s temperature was measured, the snake was taken out
of its box into a room invariably a degree or two warmer than the rectal
temperature. This warmer room temperature and the necessary handling
of the snake would tend to increase the snake’s body temperature.

To obviate the effect of handling the snake, a change in the technique
was made at the end of the second series of experiments on April 4, and in
the next two series of experiments from April 7 to 14 the snake was not
taken entirely out of the chamber when the body temperature was recorded,
but the tail alone was pulled out and the thermometer (mercurial) inserted.
Ang, handling of the snake was thus confined to the small area below the
cloaca. Furthermore, the control of the environmental temperature was
bettered so that the extreme fluctuations noted in the first two series of
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experiments (fige. 18 and 19) were not experienced. The results of the
observations from April 7 to 14 are recorded in figures 20 and 21.

In the experiment charted in figure 20 the cycle of temperature changes
presents much the same picture as shown in figures 18 and 19. At both
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F16. 19—INFLUENCE OF CHANGES IN ENVIRONMENTAL TEMPERATURE UPON
RECTAL TEMPERATURE OF SNAKE.

Full-line curve represents rectal temperature and broken-line curve the
environmental temperature. Snake was removed entirely from its box each
time rectal temperature was recorded in this series of measurements.

the high and low temperature levels the rectal temperature after the period
of transition was in most cases distinctly lower than the environmental
temperature. The one exception occurred at 11"15™ p.m., April 13, when
the rectal temperature was above the environmental temperature.

In the experiment charted in figure 21, after two observations were
made at the low temperature, i.e., about 15°, there was a sudden change to
nearly 32° C. in the environment and the temperature of the snake rapidly
rose. The last two records of rectal temperature at the high level on
April 8, two hours apart, were seemingly constant and measurably lower
than the environmental temperature. The temperature of the environ-
ment was then suddenly dropped. The rectal temperature also fell,
although slowly, and at the end of about 24 hours it was lower than the
environment. The snake was again subjected to a warm environment
and the rectal temperature began to ascend, but with a lag. After
8858 p.m., April 9, there was a drop in environmental temperaturc in
two stages and an immediate response in the rectal temperature. When
the most pronounced drop in environmental temperature occurred, there
was a lag in the response of the rectal temperature, but after 24 hours
at-the lower level the rectal temperature at 915 a.m., April 11, was
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‘;‘."Fms. 20, 21—INFLUENCE OF CHANGES IN ENVIRONMENTAL TEMPERATURE UPON
: RECTAL TEMPERATURE OF SNAKE.

Full-line curve represents rectal temperature and broken-line curve the environ-

mental temperature. To avoid influence of handling, when body temperature was re- -
corded snake was not removed from its box but the tail alone was pulled out and

thermometer inserted in rectum.
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measurably below the environmental temperature. In the third cycle
of observations the environmental temperature was again increased. The
rectal temperature followed slowly, but did not reach the same level.
With the final rapid drop in environmental temperature there was like-
wise a rapid drop in rectal temperature and from 8 a.m. until 11*06™ p.m.,
April 13, or for 15 hours, the rectal temperature remained at a constant
level measurably below the environmental temperature.

The general picture to be drawn from figures 18, 19, 20 and 21 is that
the rectal temperature of the snake remains below the environmental
temperature when the temperature conditions are approximately uniform,
without transition. When the environmental temperature is suddenly
increased, the rectal temperature tends slowly to seck the same level, but
never reaches it and, indeed, is noticeably below it. When the environ-
mental temperature is suddenly lowered, the reetal temperature remains
above it at first, but in about 20 hours reaches the same level and finally
passes below it. These observations made in 1918 arc confirmed com-
pletely by the measurements made in March 1920, from which it was
concluded that the rectal temperature of the snake, under conditions where
the temperature of the environment is not fluctuating, is below that of the
environment, even at the lower temperatures. There is, however, a much
greater difference between the rectal and the environmental temperature
at the high levels than at the low levels.

Since the snake’s body temperature reacts relatively slowly to changes
in the temperature of the cnvironment, if one wishes to be certain that
the snake’s body has attained a given environmental temperature, one
must cxpose the snake for a long preliminary period to this temperature.
This conclusion emphasizes again the criticism raised by various writers !
against Vernon’s first investigations,®> that the temperature changes were
too rapid. Kanitz 2 is of the opinion that Krogh’s* experiments with the
curarized dog are likewise subject to this criticism, that the temperature
change was too rapid and that the recorded rectal temperature was prob-
ably not the temperature of the whole body.

INFLUENCE oF RaPip Winp MoveMeENT oN REecTAL TEMPERATURE

If the snake were to be considered as a wet bulb thermometer, it is
conceivable that its body temperature would be lowered if a rapid cur-
rent of air were blown over it. To contribute information regarding the
problem of heat loss and the effect of vaporization of water, rectal-tem-
perature measurements were made with two boas and a gopher snake
during periods with and without wind movement. The snake was placed
in a wire-mesh cage, open on all sides. This cage was put on the floor

1 Krehl, L., and F. Soetbeer, Arch. f. d. ges. Physiol.,, 1899, 77, p. 614;Lindstedt, P,
Zeitschr. f. Fischerei, 1914, 14, p. 193; Kanitz, A., Die Biochemie in Einzeldarstellungen,
I.: Temperatur and Lebensvorginge, Berlin, 1915, p. 139.

3Vernon, H. M., Journ. Physiol., 1895, 17, p. 277; loc. cit., 1897, 21, p. 443,

* Kanitz, A., loc. cit., p. 148.
*Krogh, A., Internat. Zeitschr. physik.-chem. Biol., 1914, 1, p. 491.
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of the laboratory under a table. Over the table was spread a blanket,
which fell to the floor on both sides of the table. The ends of the table
were only partly covered by the blanket, so that, by placing an electric
fan directly facing one end of the table, the air set in motion by the fan
would pass as if through a tunnel under the blanket, under the table,
through the wire-gauze cage, and over the snake. The observations
made under these conditions are by no means as complete as could be
wished, but they are of interest.

The first experiment was made with a boa that had been for several days
in a calorimeter chamber at an environmental temperature such that its
rectal temperature was not far from 23.5° C. Indeed, the rectal tempera-
ture of this snake at 2°30™ p.m. on March 12 in this respiration chamber
was 23.85° C. The boa was then put in the wire-gauze cage mentioned
above, and placed under the table with an electric fan running at slow
speed. A mercurial thermometer was hung in the draft of air just after
the air passed the cage. The rectal temperature, taken every haif-hour
thereafter (as shown in table 9), was at first high, undoubtedly reflecting
the high rectal temperaturc of 23.85° at 2"30™ p.n. The snake was
apparently endeavoring to seek the temperature of the environment. The
rectal temperature slowly fell and at 6 p.m. was slightly lower than the
environmental temperature. It remained essentially constant from 6 p.m.
until midnight. It was impossible to control the temperature of the room
perfectly, and there was a rise in the temperature of the environment
beginning at 5 p.m. and continuing steadily until 6"30™ p.m. Although
the snake'’s temperature had been falling prior to 5 p.m., it immediately
began to mount. Between 6"30™ p.m. and midnight the environmental
temperature fell 0.6° and the rcctal temperature also fell. The boa was
left in the wire-mesh box overnight, with a fan blowing over it steadily,
but the temperature of the room was not controlled. The next morning
at 8 a.m. the rectal temperature was 21.48° and the temperature of the
air was 21.38° C. In other words, even after 8 hours in a blast of air
at a temperature of not far from 21.40°, the rectal temperature had not
appreciably altered. This shows that there was not a continuous cooling
effect. The speed of the fan was increased to full speed at 8 a.m., March
13. The snake was not disturbed but was left in the box throughout the
day until 3 p.m., observations being made hourly. The rectal and the air
temperatures at 3 p.m. were essentially the same as at 8 am. Hence
even when the animal was in a strong blast of air for 7 hours, there was
no appreciable change in its body temperature. There was one instance
when the air temperature went up, and this was followed by a rise in
rectal temperature. On the other hand, when the environmental tempera-
ture fell, as in the latter part of the afternoon, the rectal temperature also
began to fall. No more striking illustration of the reaction of these snakes
to eyen small temperature changes could be given. It seems clear, there-
fore, that the strong blast of air affected the cold-blooded snake to a very
slight degree. Unfortunately no measurements were made of the water
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vapor under these conditions, but at least the heat-regulating device was
not suddenly disturbed so as to alter appreciably the rectal temperature.

TasLe 9—Influence of wind movement on rectal temperature of snake

Temperature of —

20.92

Snake and . Ventila-
date Time tion
Rectum Environment
1920 oC, o,
Boa:
Mar. 12....... 2430™ p.m. 23.85 23.50 Of
3 00 22.40 20.72 On slow
3 30 21.91 20.97 On slow
4 00 21.067 21.27 On slow
4 30 21.53 21.23 On slow
500 21.53 21.32 On slow
530 21.62 21.50 On slow
6 00 21.71 21.87 On slow
6 30 21.85 22 .07 On slow
11 59 21.33 21.43 On slow
Mar. 13....... 8 00 a.m. 21.48 21 .48 On slow
9 00 22.25 22 08 On full
10 00 22.34 21.73 On full
11 00 22.12 22 97 On full
12 00 noon 22.04 22,01 On full
100 pm. 21.91 21.81 On full
2 00 21.55 21.40 On full
3 00 21.41 21.38 On full
Gopher snake:
Mar. 15....... 5 00 20.70 20.12 On full
11 30 20.22 20.48 On full
Mar. 16...... 8 00 a.m. 18.80 18 02 on
10 00 22.74 292 88 On full
12 00 noon 23.19 23.32 On full
200 p.m. 22 88 23.12 On full
5 00 24.08 24 95 On full
8 00 23.08 23.54 On full
Mar. 17... .. 800 a.m. 21.59 21.53 o
10 30 22.35 22 68 On
100 p.m. 21.68 22.00 On
3 30 22.32 22.57 On
5 00 22.14 292 .20 On
11 30 20.65 20.82 On
Mar. 18....... 8 00 a.m. 17.71 17.62 o
10 00 19.71 20.31 On
12 00 noon 19.95 20.11 On
2 00 p.m. 20.08 20.16 On
5 00 20.27 20.27 On
11 00 21.29 21.48 On
Boa:
Mar. 30....... 12 00 noon 30.556 30.00 off
400 p.m. 20.42 10'00 On
6 45 19.67 10'80 On
10 456 18.91 18.87 On
Mar. 31....... 140 am. 19.43 19'73 On
8 00 18.78 10'32 On
11 00 18.97 10'42 On
200 p.m. 19.61 20.12 On
5 30 20.42 20‘92 On
11 45 20.63 . On
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Another series of experiments was made with a gopher snake under
exactly the same conditions. On March 15 a gopher snake was put in the
cage under the table at 3"15™ p.m., with the fan blowing over it at full
speed. The first rectal temperature measurement was made shortly after
5 p.m. and registered 20.70° C. Supplementing the thermometer used in
the experiment of March 12 to 13, we placed a temperature recorder on
top of the wire-gauze cage directly in line with the air blast. This record-
ing thermometer usually agreed within one- or two-tenths of a degree with
the mercurial thermometer, and hence the readings on the mercurial
thermometer alone are reported in table 9. The temperatures were
taken at 11"30™ p.m., the ventilation was then shut off, and the snake
allowed to remain quietly in the room. The next morning at 8 a.m. the
rectal temperature had fallen to 18.80° and the room temperature at that
time nearest the box was 18.02° C. After the observations at 8 a.m. the
ventilation was started with the fan on full speed, and at 10 a.m. the
rectal temperature was 22.74° and the air current 22.88°C. The ventila-
tion continued until 8 p.m., when it was again stopped. At this time,
in order to get further evidence with regard to the temperature of the
snake, a hale was made in the middle of the top of the cage, so that a
thermometer could be inserted to within 15 or 20 ¢m. of the snake, obvi-
ously likewise in the direct air current. The next morning, March 17,
before the ventilation was started, the rectal temperature was read as
21.59° and the temperature of the cage by this new thermometer as
21.53° C. It was soon found that the thermometer in the cage and the
thermometer in the air current registered nearly the same, within one- or
two-tenths of a degree, so from 8 a.m., March 17, and thercafter only the
thermometer in the cage is recorded in table 9. Comparisons of the rectal
and environmental temperatures were made at intervals throughout the
day on March 17, and the ventilation was again stopped at night. On the
morning of March 18 the rectal temperature had fallen to 17.71° and the
temperature of the cage to 17.62° C. With the starting of the fan again,
the rectal temperature rose, in spite of the increased ventilation, but
the temperature of the cage likewise rose. Several observations were
made throughout this day, and the cxperiment was ended at 11 p.m,,
March 18. :

Another series of observations was made with a boa that had been in
a warm chamber for 24 hours at an environmental temperaturc of not far
from 30° C. At 2425™ p.m., March 30, the snake was taken from the
warm chamber and placed in the wire-gauze cage under the table, with
air blowing over its body. The rectal temperature of this snake at 12
noon in the warm chamber was 30.55° C. (see table 9). At 4 p.m. or 4
hours later, when the snake was in the wire cage under the table, it was
20.42° C., but the environmental temperature had dropped 11 or 12 degrees.
The experiment continued all that day, throughout the night, into the
next day until 11"45™ p.m., March 31. There were unavoidable fluctua-
tions in the air temperature in the middle of the cage and, as formerly, the
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snake’s temperature tended to follow these fluctuations, slight though they
were, showing extraordinary sensitivity to the environmental temperature.

A critical experiment was not made to determine the rectal tempera-
ture of the snake over a long period of time with no air blast and with an
air blast. But the evidence seems clear that there can be no pronounced
effect of the movement of air per se. The movement of air with normal
human beings and warm-blooded animals has two distinct effects, the chief
of which is to bring to the warm body a blast of cold air, where there is
a large temperature gradient between the body, the skin and the air.
Theoretically, one could imagine that the blast of air would likewise make
for a greater and more rapid vaporization of moisture from the skin.
This, however, has been shown not to be the case, for the nude human
body with a blast of air over it does not losc more water than the body
without the blast of air! The actual mechanism of the loss of water
from the skin of the snake, especially of snakes having a scaly skin and
those of moister skin, presents a problem still to be investigated. The meas-
urements reported in table 9 do, however, emphasize the important role that
water vapor may have in temperature adjustment. Hence our study in-
cluded observations on the water vapor lost from the body of the snake.

SPECIAL STUDY OF RECTAL AND SKIN TEMPERATURES WITH 1931 PYTHON
INFLUENCE OF DiGEsTiION AND ENVIRONMENTAL TEMPERATURE UPON RECTAL TEMPERATURE

No feature of the study of the 1931 python promised at the start to
be of greater importance than the attempt to establish whether there is a
consistent difference between the cell or body temperature of the snake
and the temperature of the environment. One would think that with an
animal whose body temperature so closely approximates the temperature
of the environment, the relationship between these two factors could be
easily established. The difficultics of determining the rectal temperature
of these cold-blooded animals have already been dwelt upon, namely, the
fact that the mere physical resistance of the snake to handling results
in mechanical work that profoundly affects the body temperature and the
fact that when the snake is handled by the operator its body “steals”
heat from the operator’s hands, particularly at the lower temperatures.
But the difficulty of securing the true rectal temperaturc of the snake
may be nowhere near as great as that of determining the true temperature
of the environment, for the environment of the snake (air) is subjected to
large temperature changes. If the snake could be immersed in water,
the problem would be far simpler.

The general picture of the observations in the Nutrition Laboratory
series of snakes studied in New York was that the temperature of the
snake’s body is usually a little below that of the environment and, to
express it in popular language, that the snake partakes more or less of
the nature of a wet bulb thermometer. It is not unusual for the snake to
have a temperature above that of the environment. This was shown to

1 Benedict, F. G., and C. G. Benedict, Biochem. Zeitschr., 1927, 186, p. 278.



78 PHYSIOLOGY OF REPTILES

be definitely the case in periods of activity following agitation or handling.
Is it possible for the body temperature by internal processes alone, un-
contaminated by muscular activity, to rise above the environmental tem-
perature? This condition seemed to be met best and perhaps only by
the process of digestion. During the peak of digestion does the snake
have a cell temperature above the environmental temperature? Prior to
bringing the 1931 python from New York to Boston for respiration experi-
ments and thanks to the ever cooperative spirit of Dr. Raymond L.
Ditmars, a number of body temperature measurements were made on well-
feeding pythons, including our so-called 1931 python, in the New York
Zoological Park. The rectal temperature was determined by the usual
method, a mercurial thermometer being placed in the rectum with a
minimum amount of agitation of the snake and the observations made
as rapidly as possible, in order to minimize the conduction of heat from
the hands of the operator to the body of the snake. These snakes had
been accustomed to being handled, were tractable, and through the skill
of Keeper John Toomey, the rectal temperature was measured with no
difficulty. But the determination of the true temperature of the environ-
ment was a problem. The floor of the ordinary python den, which may
be either of wood or, as is frequently the case, of roofing gravel, has a
temperature much different from that of the air a few centimeters above
it. Indeed, on different parts of the floor of the den the temperature may
vary greatly, depending upon the distance of that particular part of the
floor from the steam pipes below the floor. It soon became clear that
we had no certain knowledge as to the exact environmental temperature
under which the snake was living prior to the taking of the rectal tem-
perature. A number of body temperatures were measured under these
conditions, however, and the results are recorded in table 10, from which
it can be seen that the rectal temperatures were somewhat higher than
the uncertain floor temperatures.

In the attempt to secure a more uniform temperature of the environ-
ment, one of the snakes was placed in a dry, galvanized iron ash barrel.
The opening of the barrel was covered with cotton fabric, and the barrel
was then placed on the floor of a cage in which three giant pythons were
regularly exhibited. This floor was covered with gravel and its tempera-
ture could be determined with reasonable accuracy. The thermometer
placed in the fabric covering the opening of the barrel indicated pre-
sumably the temperature of the air. After the python, which was in the
digestive stage, had spent several hours in this barrel, the barrel was
rapidly removed from the cage and placed on the floor of the reptile
house. The tail of the python was lifted and the thermometer inserted.
Under these conditions 'the snake’s temperature for the most part seemed
to be somewhat above that of the environment, but here again the presence
of air currents from the main door of the reptile house made the com-
parisoq of the true rectal and environmental temperatures unsatisfactory,
and another procedure was adopted.
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At the Nutrition Laboratory, two galvanized iron wash tubs were se-
cured. The bottoms were cut out and replaced with half-inch (12 mm.)
wire mesh. A top or lid of the same kind of wire mesh that could be
fastened down was provided for each tub. Along the side of the tub was
soldered a slotted brass tube in which the thermometer could be placed,
and thus the temperature of the tub and presumably of the air in the

TaBLE 10—Comparison of rectal and environ-
mental temperatures of snakes during digestion

Temperature of—
Snake and date fH ours —_—
asting Floor of
den Rectum
1930-1931 °(, °C.
Snake 1:
Dec. 8 . ..| Fed Dcc. 8 27.0 28.2
Dec. 9 . 24 (N 27.1 28.9
Dec. 10 . 48 (M 27.0 20.2
Snake 2:
Dee. 11 1 27 0 30.0
Dec. 12 .o 27.0 30.0
Deec. 13. . 27 5 29.4
Dec. 15 . 27.1 30.4
Dec. 16 . 27.4 28.7
Dec. 19 . 27 2 29.0
Snake 3:
Dec. 13 ! 27.5 20.1
Dee. 15 . 27 1 30 0
Dec. 16 27 .4 20 0
Dec. 19 . 27.2 29.5
Snake 4:
Feb. 10 . 12 26.8 29.8
Snake 5:
Feb. 10 . 12 26.8 30.0
1931 python:
Jan. 7 ..... 24 26.9 27.0

*Well past the time when the stomach was
empty and after there was indication that the
intestinal content had been well cleared.

tub could be recorded accurately. These two tubs, thus adjusted, were
sent to Dr. Ditmars at the New York Zoological Park. A well-feeding
python at the peak of digestion was placed in each tub. The tubs were
then suspended from one of the trees in the exhibition cage for large
pyvthons, in order that there might be free circulation of air through
them at a reasonably uniform temperature. At the end of the day the
tubs were quickly removed from the exhibition cage, the temperature of
the thermometer in each slotted tube was recorded, and the rectal tempera-
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tures of the snakes were taken. This procedure, which necessitated the
transportation of the tubs from the python cage outside to a horizontal
ladder support in the reptile house, produced a change in the environ-
mental temperature which, although hardly 1° or 2°, was still much
greater than the possible difference that might have appeared between
the temperature of the rectum and that of the environment. This pro-
cedure was therefore modified in that the tubs, instead of being placed
in the exhibition cage, rested on the ladder in the reptile house overnight
at a constant temperature, regulated by a thermostat. The next morning
the environmental and the rectal temperatures were taken without mov-
ing the tubs. Under these conditions a large python was found to have a
rectal temperature of 24.2° as compared with an environmental tem-
peraturc of 24.8°, a small python of 24.5° as compared with 24.8°, and
the 1931 python of 29.8° as compared with 26.5°. These obscrvations
were made on January 9. The snakes had been fed 3 days before. De-
tails of this procedure are given primarily to point out that, although
one would a priori expect a small difference between the rectal and the
environmental temperature to be easily established, such evidence is by
no means simple to obtain. This type of observation was repeated on
February 10. One snake had a rectal temperaturc 0.4° below the en-
vironmental temperaturc and another snake 0.2° above. These results
again accentuate the difficulty in this seemingly simple experimental pro-
cedure.

In subsequent observations on the 1931 python in Boston, its rectal
temperature was recorded after nearly every metabolism experiment.
When the snake had been left inside the insulated respiration chamber
for several hours, the environmental temperature must have been uniform,
but cven under such conditions the record of the environmental tempera-
ture was not without possible error. The moment the cover of the respira-
tion chamber was removed, the air current from the room, which naturally
varied somewhat in temperature, might influence the thermometer in the
chamber and might even influence the snake’s body temperature. The
measurements of the rectal and environmental temperatures of the 1931
python obtained at the end of the several respiration experiments are
recorded in table 11. The average temperature of the rectum was 29.54°
and that of the environment 29.14°, that is, the rectal temperature was on
the average above the environmental temperature. Close examination
of the data, however, shows that in ten instances the rectal temperature
was actually below the environment, but that the python was fed at 5 p.m.
on January 24 and the rectal temperatures on January 27, 28 and 31 were
much higher than the environmental temperature. Indeed, if this period
of digestive activity were ruled out, the temperature of the rectum would
be on the average the same as that of the environment. Recognizing, as
only the experimenter can who has actually been working upon this prob-
lem, the difficulties of accurately measuring both the rectal and the en-
vironmental temperature, we are confident that there is nothing in the
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results. obtained with the 1931 python to alter the general impression se-
cured in the earlier observations that under ordinary conditions, not dur-

ing digestion, the rectal temperature of the snake is slightly below that
of the environment.

TaBLE 11—Rectal temperature of 1931 python

Temperature of— Tcmnperature of—
Date Date e —T
Rectum | Environ- Rectun | Environ-
ment ment
1931 °C. °C. 1931 °C. °C,
Jan 15 22 70 22 12 Feb. 4 38.70 37.40
Jan. 17 24.68 24 80 Feb. 6 33 10 31.30
Jan. 20 14.28 12 80 Feb. 10 18.90 18.50
Jan. 21 31 00 31.31 Feb. 13 30.02 31.60
Jan. 22 31.38 31.79 Feb. 18 29 42 31 20
Jan. 23 24 65 24 .69 Feb. 19 33.08 33.7
Jan. 24! 25 11 25.80 Feb. 20 36.20 35.20
Jan. 27 35.60 30.75 Feb. 21 36.10 36.10
Jan. 28 33 08 32 37 Feb. 24 37.90 39.80
Jan. 31 34 00 31 30 Feb. 26 17 30 15.75
Feb. 2 | 32.51 33.60 N T
Average temperature of Rectum 29.54; of Environment 29.14

1 Fed Jan. 24, after rectal temperature was taken.

INFLUENCE OF AcCTIVITY

With the 1931 python. two series of measurements were made to study
the possible influence upon the rectal temperature of activity or agitation
resulting from handling of the snake. Do the pulling out of the snake’s
tail from its box, the insertion of the thermometer into the reetum, and
the resistance of the snake to the forcible withdrawal of the tail make for
a slightly increased muscular activity on the part of the snake and con-
sequently a slightly higher cell temperature? To answer thix question two
series of observations were planned. In the first, on February 25, the
snake was allowed to rest in a wire cage in the small respiration chumber,
and an attempt was made to hold the temperatures of the room and the
respiration chamber constant. The snake’s tail was pulled out of the
cage, and the rectal temperature was determined approximately cvery
15 minutes. At the same time the wet bulb and the dry bulb thermometers
were read, as well as the temperature of the water bath of the insulated
respiration chamber. This series of measurements was made at a tem-
perature of about 30° C. The results are given in table 12. The rectal
temperature rose steadily throughout the forenoon. The picture is by no
means clear cut, however, since, although the temperature of the dry bulb
thermometer in the room underwent no material change, the temperature
of the thermometer on top of the wire cage in which the python rested
rose fairly steadily throughout the day, as did the bath temperature for
part of the time. At the end of the experiment the python had a rectal
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temperature 0.8° above that at the start. The dry bulb {emperature was a
little lower than at the start, the temperature on top of the wire cage was
the same as at the start, and the bath temperature was one degree higher.
Although it is realized that the body temperature of the python was
definitely affected by the uncontrollable changes in the temperature of
the room, nevertheless it seems justifiable to conclude that there was a
slightly increasing cell temperature as a result of the repeated handling
and the consequent activity of the snake.

TaBLe 12—Effect of continued agitation on rectal temperature
of 1931 python at a high environmental temperature (Feb. 25)

Environmental temperature

- Rectal
ime -
Dry bulb | Wet bulb| Bath snake's
wire cage
°C. °C. °C. °C. °C.

9+00™ a.m.! 30.2 16.8 29.80 29.72
9 15 ? 30.4 15.5 30 8 30 02 29 92
9 30 31.7 17.3 31.2 30.02 30.02
9 45 30.9 16.0 31.2 30 51 30 09
10 00 30.6 15 7 31.1 30 51 30.09
10 256 31.0 15.9 31.1 30.47 30.15
10 40 30.6 16.0 31.2 30.30 30.18
10 55 31.0 15.6 31.2 30.72 30.29
11 10 31.3 15.9 31.4 30 60 30.30
11 25 30.1 15.2 31.2 30.30 30.32
11 40 30.2 15.3 31.3 30 39 30.31
11 565 3 30.0 156 6 31.3 30 51 30.40
12 20 p.m. 30.3 15.3 31 4 30.63 30.48
12 50 30.1 14.7 31.6 30.80 30.59
120 28.1 13.8 31.8 30.74 30.58
135 27.1 13.4 31.6 30.51 30.55
1 50 27.2 13.8 31.7 30.23 30 50
2 05 29.5 156.5 31.8 29 80 30 51

1 Snake on insensible perspiration balance when temperatures
at 9 a.m. were taken.

2Temperatures recorded 7 minutes after snake was put in
respiration chamber.

* Snake handled more roughly at 11"55™ a.m. and thereafter
than it was before this.

A second experiment of much the same type but at a lower temperature,
nearer 20° C., was made on February 27 (table 13). At this temperature
the snake was extremely lethargic. In this particular experiment the
python had been left in the laboratory room overnight, and the recording
thermometer showed that the environmental temperature for the most part
had been about 20° and fell below 20° only at 6 am. At 9 a.m. and
thereafter the rectal temperature was read every 5 or 10 minutes. The
thermometer was left in the rectum throughout the series of observations,
so that the snake was not disturbed by continually pulling out the tail.
But its sides were touched every few seconds with a stick in the attempt
to cause the muscular activity of rhythmic contractions. It was frnd
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difficult to control the temperature of the room at this low level. The
temperature of the dry bulb thermometer increased from 17.2° to 18.8° C.
The wet bulb thermometer was about 12° C. The rectal temperature was
19.90° at the start and, as the experiment progressed, it slowly fell and
then slowly rose again. This particular experiment was entirely negative,
that is, there was nothing to indicate that there wag sufficient muscular
activity resulting from the slight stimulus to alter measurably the rectal
temperature when the snake was in the lethargic state predominating at
the temperature of 19.5° C.

TasLe 13—Effect of continued agitation on rectal temperature of 1931 python at a

low environmental temperature (Feb. 27)
Environmental Environmental

. temperature Rectal . temperature Roctal

Time | tempera- Time tempera-
ture T P ture
Dry bulb | Wet bulb Dry bulb| Wet bulh

a.m. °(. °C, o, °(, °(, °(, °(,
9ho0m 17 2 11 5 19 90 1005w 18 8 12.6 19 30
9 05 16 .4 11 3 19 65 10 10 18.3 12 0 19.38
910 17 0 11 6 19 60 10 12 19 48
915 18 1 12 3 19 60 10 14 L. .. 19 35
9 20 18 3 12 4 19 59 10 15 18 8 12 4 19.32
9 25 18 2 12 3 19 50 10 20 18 R 12 3 19.40
9 30 180 120 19 41 10 25 18 5 121 19 45
9 35 18 5 12 5 19 40 10 30 18 3 12 0 .
9 40 18 7 12 4 19 44 10 35 18 1 119 19 60
945 18 5 12 4 19 38 10 40 18 2 120 19 50
9 50 18 6 12 5 19 36 10 45 18 3 12 1 19.50
9 55 18 6 12 5 19 34 11 00 18 0 11 6 19 60
10 00 18.7 12 6 19 32 11 10 17 2 11 2 19.50

INFLUENCE oF DIGESTION UPON RECTAL AND SKIN 'TEMPERATURES
AT A Hicn ENviroN MENTAL TEMPERATURE

In the late afternoon of January 27, following a respiration experiment
at an average temperature of 31.9° C., the 1931 python was found to have
a rectal temperature of 35.6° when the environmental temperature was
apparently 30.7° C. As a result of this challenging ohservation a survey
of the snake’s skin temperature was made, to determine whether there
was on the body surface a local hot spot caused by the development of
heat resulting from the digestive processes. As can be seen from table
11 (page 81), the difference between the rectal and the environmental
temperature is greater during the digestive period than at any other time.!
After the python had eaten two guinea-pigs on January 24, there was a
distinet local swelling in its body. It was thought that because of the
active process of digestion or disintegration going on and because of the
normally slow circulation of blood in the long-drawn-out body of the
serpent, there might be a local development of heat in the snake’s digestive
tract that would not be rapidly equalized. It was impossible to insert
a thermometer down the gullet or up into the intestinal tract far enough
to reach this point of supposed local heat development, but the problem

1 Bee discussion on incubating python, page 86.
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was studied in another way. With the thermo-junction already described
(see page 43) a series of surface temperature measurements was made on
January 28 and again on January 29, that is, 4 and 5 days, respectively,
after the guinea-pigs had been eaten and after the snake had been resting
quietly for some time in a reasonably uniform environmental tempera-
ture. The thermo-junction was applied to different parts of the snake’s
body, usually about every 15 cm. along its length, and special attention
was paid as to whether there was any noticeable increase in skin tempera-
ture as the thermo-junction approached or receded from the large swelling
of the body indicating where the guinea-pigs were being digested. The
results are given in table 14. The snake was fed on January 24.

The rectal temperature taken just prior to the skin temperature survey
on January 28 was found to be 34.23° or a full degree higher than the
environmental temperature of 33° C. This suggests that at the tempera-
ture of 33° the snake is nearing the optimum temperature to lose its heat.
As a matter of fact, it was found that this python’s heat production on
the day before, January 27, was very large as a result of the digestive pro-
cesses and the high environmental temperature. Therefore, the interpre-
tation might be that the snake was actually overheated when the rectal
temperature of 35.6° was noted on January 27. During the respiration
experiment on January 27 the air was passed into the respiration chamber
directly from outdoors, that is, not dry, and undoubtedly a considerable
amount of moisture entered the chamber with the outdoor air. At one
time the glass tube of the rotamesser in the ventilating system actually
became fogged, and the rate of ventilation had to be increased. Between
the sixth and the seventh periods, two caleium-chloride tubes were inserted
in the line preceding the respiration chamber and during the next three
periods of the expcriment the outdoor air was dried before entering the
chamber. Under these conditions there was a more favorable opportunity
for the snake to vaporize water and thus control its body temperature.
But even so, the high rectal temperature of 35.6° was found. On January
29, therefore, during the respiration experiment preceding the skin tem-
perature survey, the outdoor air entering the respiration chamber was
dried the entire time. This made more favorable conditions for the snake
to lose its body heat and regulate its temperature.

In general the skin temperatures were slightly higher on the larger
parts of the body and lower near the tip of the tail and the top of the
head. That this difference in temperature could be attributed to the local
digestive processes is, however, difficult to say. The environmental tem-
perature in this skin temperature survey was between 32° and 33°. The
rectal temperature was more nearly 34°, and the skin temperature was
likewise more nearly 34°. The skin temperature on the whole was a little
below the rectal temperature, although parts of the skin showed essentially

! Thermo-junction without insulation in this series. ?Wet bulb, 17.9° C.

*On lump where guinea-pigs were being digested.

* Thergo-junction protected with hard-rubber cover. % About 10 cm. from tail, on
top of snake, ®Room temperature determined by thermo-couple, 34.06° near lump and
34.0° near head of snake. ?Near the lump. * Beneath belly and lump. *On belly,
near lump. ¥ On belly and on back. % Wet bulb, 20.1° C.
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TABLE 14—Influence of digestion upon rectal and skin temperatures of 1981 python*

Date and Temperature of— Skin
time Location on skin tempera-
Room Rectum ture
-1 [-Yal o,
Jan.lgg 1 c. C. Between folds! C.
4h28m pm.| 233 00 34.23 15 cm. from nose .| 34.00
4 29 45 cm. from nose. . . . .......... Jd 34.13
60 em. from noge. . ..., | 34.00
76 cm. from nose. ...... 33.81
91 cm. from nose ... 34,18
4 30 107 cm. fromnose. . ... .. . ... .. ... 34 006
122 em. fromnose. .. . ., ..., 34.25
137 em. fromnose .... ...... ....... 34.25
4 31 152 cm. from nose . ..., 334 .44
168 em. from nose 34 19
183 em. from nose. ..  .....  ...... 34 32
198 cm. from nose . e e 34.00
4 32 33.00 On top of folda¢
435 Head, 4 em. from nose .. ........ 33 81
e 15 em. from nose 33.08
30 ecm. fromnose .. . . ,.... 33.81
45 cm. from nose 33 94
436 60 cm. fromnose . . . ... ..., 33.87
76 ¢m. from nose 333.94
91 em. from nose 33 87
107 cem. from nose 33.904
152 cm. from nose 33 94
183 cm. from nose. .. ..., ..., 34.00
437 213 em. from nose® . . . ..., 34 00
¢ Between folds, on belly, under lump?t. . ... 34 32
Between folds, on belly, under lump! 34.00
. Tip end of tail 34.006
4 39 Beneath chin . ... ... ... ... 33.04
4 40
Between folds
Between belly and back, 16 em. from nose 34 25
Between two sides, 45 em. from nose 34 .26
Belly, 60 em. from nose’ . 34 44
4 41 Between folds, 76 ¢m. from (-hm" 34.32
4 42 Between two sides, 76 ¢cm. from heu,d 34 38
443 Between back and cage, 70 em. from head.| 33.94
Benecath cage, in middle of whole snake 34 . 1.
444 34 32 Outside rectum, 2 ¢m. towards head 34 13
4 46 34 1: Outside rectum, 2 em. towards tail 34.006
447 13 Against side, 90 em. from head . ....... 34.256
) 20 On top of folds*
an. 29:
. 22 R Top of head, 4 cm. from nose  ..... 33 08
435 pm 33 89 | 715 em. from nose . 33 34
30 em. from nose .. . ...... 33.60
45 cm. fromnose . . ... .. ..... 33.40
60 em. fromnose ... .... .. ..... 33 60
Over lump.. .. . 33.47
156 ¢cm. below lump ..... 33.60
4 36 132.43 30 em. below lump 33.73
132.63 60 cm. below lump ... .. ..... 33.60
75 em. below Jump.. .............. . 33.563
90 cm. below lump . . ... ........ 33 86
106 cm. below lump . ...... ....... 33.34
Tipof tail .. ........................ ...l 32.95
4 38 Between folds, 38 cm. from tail® .. .....| 34.056
4 39 On belly, 30 cm. from head . e 34.24
On back, 25 em. from tail............... | 34.24
Between folds, 50 cm from hend"' . | 34.31
‘4 41 31.91 34.21 | Between sides, near tail.......... ool 34.20
32.69 Outside rectum, 1 ¢cm. towards head....... 33.60
u32.24 Outside rectum, 1 cm. towards tail........ 33.53

* See notes on page 84,
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the same temperature as did the rectum. The fact that the skin tempera-
ture was obviously above the environmental temperature confirms the
belief that during the digestive processes at least there is an increase in
heat production sufficient to change the normal relationship between the
temperature of the environment and that of the skin so that the rectal tem-
perature, instead of being as usual a little below the environmental
temperature, is above it.! Indeed, this study shows definitely thati as a
result of digestion not only is the snake’s rectal temperature above the
environmental temperature, but likewise its skin temperature.

The contribution of digestive activity to the heat economy of the ser-
pent was strikingly illustrated by the behavior of the snakes in the large
python den in the New York Zoological Park, noted in January 1931, at
the time the observations of the rectal temperature during digestion were
obtained. This den is approximately 20 feet (6 meters) wide and 35 feet
(11 meters) long, and is heated by steam pipes running longitudinally
through the center below the cement-gravel floor. It was observed on
one occasion that two of the pythons were lying directly over the steam
pipes in the center of the den, while a third python was lying at one side
of the den and partly against the glass wall. The two pythons in the
center had not fed for some time. The third python lying against the
glass wall was in the active stage of digestion and obviously was suf-
ficiently comfortable not to need extra heat from the steam pipes. Meas-
urement of the temperature of the gravel on the floor where the third
python was lying showed it was about 21° C. The temperature of the
floor over the steam pipes, on the contrary, was 32° C.

COMPARISON BETWEEN ENVIRONMENTAL TEMPERATURE AND SKIN
TEMPERATURE OF AN INCUBATING PYTHON

It has been pointed out in the preceding pages that the difficulty of ob-
taining a correct record of the environmental temperature may be as
great, if not greater, than that of obtaining the snake’s true body tem-
perature. But it is nevertheless clear from the experience of the Nutri-
tion Laboratory that in general when the snake is in repose, its rectal
temperature is slightly below the environmental temperature and its
skin temperature somewhat lower than the rectal temperature. These
body temperatures, according to our experience, can be increased above the
temperature of the environment only when the snake is at the peak of
digestion or when it is agitated. Proper determination of the environmental
temperature is difficult even with modern technique. This, together with
the fact that the skin temperature of the snake, when in repose, is usually
below rather than above the environment, led to a reconsideration of the
classic reports on the incubating python, which state that the female
python, after laying its eggs, coils itself about them and produces sensible
heat to aid in the incubation. This current belief is based in large part
upon the early observations of Valenciennes and the later determinations
of Sclater and Forbes. In March 1832, the French naturalist, Lamarre-

1 Dumétil (Annales d. Sci. Nat., Zool., 1852, 3d ser., 17, p. 5) early noted an in-
creage in the body temperature of snakes after eating.
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Picquot,! read before the French Academy a communication regarding the
habits of serpents, in which he stated that there is a real incubation in
the case of the python of Bengal. This report was turned over to a com-
mittee of the Academy for examination, and they rejected Lamarrc-
Picquot’s statements as being hazardous and questionable. One of his
statements dealt with the ability of a certain species of snake “to with-
draw milk from the udder of a cow”!! No comments are made with regard
to the matter of incubation in the account published in 1835 of Lamarre-
Picquot’s communication.

Subsequently Valenciennes 2 presented before the French Academy a
communication regarding his observations on an incubating python. He
studied a python which had laid eggs in the Jardin des Plantes in Paris
He was granted the privilege of miking this study by Duméril, who had
been and was at that time the most severe critic of the statements of
Lamarre-Picquot. Valenciennes deseribed carefully how the snakes were
kept in the snake house and how they were heated from below by means
of water vessels refilled with hot water from time to time. On May 6 the
python laid 15 eggs. Apparently the snake had been covered with a cloth,
and the eggs were laid under the cloth. When the eggs were laid, the
python coiled about them so that it wasx impossible to sce a single one.
Prior to the laying of the eggs, the animal had been tranquil and tame,
but after she had coiled about the eggs, it was dangerous to approach her.
Valenciennes reports an extensive series of temperature measurements
taken by means of mercurial thermometers (1) in the room, (2) under the
cloth covering, and (3) between the folds of the snake and upon the eggs.
On May 8, when the room temperature was 23°, the air under the cover had
a temperature of 28.5° and the temperature between the folds of the ani-
mal and on the eggs was 41.5°. As time went on, the temperature between
the folds of the snake decreased steadily until, on July 2, it was 28°. It
was always, however, measurably above the room temperature and like-
wise measurably above the temperature under the cover. Valenciennes
recognized that the imperfect method of heating from below may have had
an influence upon these temperature differences and made some control
experiments, which scemingly rule out completely the possibility of heat
from the hot-water supply having had any great influence upon the animal
itself. It is not clear from his discussion whether the snake was in a
small box in which the air was more or less pocketed, or whether it was
in one corner of a large cage with the possibility of considerable move-
ment of air about it. In any event, a careful examination of the protocols
leaves no doubt but what Valenciennes recognized the possibility of errors
in determining the difference between the temperature of the environment
and that of the snake and made every effort to overcome such errors.
The largest difference between the air temperature and the temperature
of the python was 21° (room temperature 20°; snake’s temperature

* Lamarre-Picquot, L’Institut, 1835, 8, p. 70.
3Valenciennes, A., Compt. Rend., 1841, 13, p. 126.
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41°). This is the largest difference that has ever been noted under similar
conditions. The fact that the animal showed a desire to drink during the
incubation period and drank water with avidity is taken as an indication
by Valenciennes that it was in a “state of fever.”

In a short note published in 1842 Lamarre-Picquot ! maintained that he
had confirmed what he had previously stated with regard to the incubation
of certain large Ophidians by observations made in Transylvania of a simi-
lar case. At the same meeting at which Lamarre-Picquot made this com-
munication Duméril stated that he would shortly present to the French
Academy a discussion of the observations of Lamarre-Piequot and
Valenciennes. Later in the same year a communication was published by
Duméril 2 dealing with the development of heat in the case of serpents
and the influence attributed to the incubation by the mother. Duméril
began this communication by referring to the earlier statement in 1832
of Lamarre-Picquot and to the controversy started at that time. He
objected to the idea of the development of heat by the python comparable
to a state of fever, on the grounds that the broken eggs and the matter
cxcreted by the snake would ferment and this fermentation of itself would
result in a considerable production of heat. Therefore he thought it had
not been demonstrated that the snake actually produces sensible heat to
aid in hatching the eggs. Duméril includes in his report a long abstract
of a discussion on the procreation of serpents, their cggs, and the phenome-
non of the development of heat, which was published in a book entitled
L’Erpétologie Générale, by himself and Bibron. In spite of the care
taken by Valenciennes in making his observations under the direction of
Duméril, the latter believed that the experiments of Valenciennes were
not conclusive, because there might have been a considerable source of
heat from the bottom of the box in which the snake was studied, and the
heat might not have been produced by the animal itself. Duméril re-
peated some of Valenciennes’ experiments by placing vessels of warm
water beneath the same apparatus employed by Valenciennes. A woolen
cloth was placed in the apparatus, draped in a dome shape so as to have
an empty space in the center of it. At the end of several hours two
thermometers were placed in the apparatus, one outside the cloth and
onc in the empty space beneath the cloth. The latter thermometer indicated
a temperature 10° C. higher than the thermometer outside the cloth, and
Duméril concluded that the warm water in the water vessels was the source
of the extra heat. At the close of this communication by Duméril, Dumas
stated that he believed Valenciennes had used every reasonable precaution
to guarantee the accuracy of his observations but that the comments of
Duméril necessitated a new examination.

It was not until sixteen years later that Lamarre-Picquot presented
another communication 3 to the Academy, in which he stated that he wished

! Lamarre-Picquot, Compt. Rend., 1842, 14, p. 164,

* Duméril, Compt. Rend., 1842, 14, p. 193.
3 Lamarre-Picquot, Compt. Rend., 1858, 47, p. 525.
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to modify an earlier statement in which he used the expression “incubation
of Ophidians.” This expression, he said, had been interpreted wrongly
and had apparently led to the belief that he thought all animals of this
species had the ability to produce heat to favor the incubation of eggs,
whereas he meant the expression ic apply only to certain large species of
python and “anaconda” (sic). Immediately after Lamarre-Picquot had
made this communication to the Academy, Duméril spoke and after
criticizing Lamarre-Picquot’s contention with regard to the possibility of
the snake drawing milk from cattle, he made the following statement:

“Il est constaté d’autre part que les serpents, par suite méme de leur
mode de circulation et de respiration, ont une température variable comme
celle du milieu dans lequel ils vivent; qu’elle s'abaisse par le froid et s'éléve
tellement par le chaud, que si la niain vient & les saisir lorsqu'ils ont été
exposés & une forte chaleur, elle a pu reconnaitre quelquefois jusqu’d prés
de 60 degrés.” *

A temperature of 60° is 19 degrees above the highest snake temperature
observed by Valenciennes and would scem to be intolerable for a snake.
The inaccuracy of using the hand as a thermometer to express the tem-
perature in degrees is apparent.

A report of most careful observations on an incubating pyvthon made
in the Gardens of the Zoological Society of London was published by
Sclater in 1862.2 The female python studied was one of the largest that
this Zoological Society had ever had in captivity. It measured about 6.5
meters in length. Approximately one hundred eggs were laid during the
night of January 12-13, 1862. The snake took a characteristic position,
coiled completely around the eggs so as ncarly to exclude them from view.
Using especially accurate mereurial thermometers, Sclater made a series of
temperature measurements on the surface and between the folds of the
snake. To avoid, if possible. errors in determining the temperature of the
cnvironment, he measured not only the temperature of the female on the
eggs but likewise of the male in the same den, on the assumption that any
difference in temperature observable between these two animals would be
attributable to the effect of incubation. The data obtained by Sclater,
but converted from degrees Fahrenheit to degrees Centigrade, are given
in table 15, from which it can be scen that at least at one time there was
a difference of as much as 11° C. between the temperature of the male
and that of the female. In general, the temperature of the air in the den
was low, averaging 16.8° rather than the 30° commonly prevailing in snake
dens at the present day. The temperature of the male was high in com-
parison with that of the environment, from 3.5° to 9° higher. This is a
finding wholly out of accord with the observations secured by the Nutri-
tion Laboratory on snakes in repose. The author states that on April 4
the eggs were evidently undergoing decomposition and gave forth a strong,

! Duméril, Compt. Rend., 1858, 4%. p. 526.
2 Sclater, P. L., Proc. Zool. Soc., London, 1862, p. 363.
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nauseous odor. A few of the eggs were fertile, containing small embryos,
but the larger number of them contained only fatty matter in a state of
decomposition. Sclater concludes from his own observations, taken in
conjunction with those of Valenciennes and a communication addressed
to him by Wray,! that it is & normal habit of these Ophidians, the pythons,
to incubate their eggs, much as in the superior class of birds.

Wray’s communication referred to a letter received from a Colonel Abbott,
who stated that in March 1838 a female python, some 3.5 meters in
length, was removed from under a rock with a nest of 48 eggs. The snake
was in his possession for upwards of two and a half months and was con-
stantly coiled around her eggs. On leaving the town of Arracan for

TaBLE 15—Study of body temperature of an incubating
python—Sclater

Te!:l- Skin temperature Diff
perature iffer-
Date of air | T ence
in den Location i Male | Female
°C. °C. °C. °C.
Feb. 12 14.8 On surface .. ... 21 2 22 8 1.6
Between folds. . .| 23.8 27.6 3.8
Feb. 23 18.6 On surface. . .... 22 1 24.1 2.0
Between folds. . .| 23.3 28.4 5.1
Mar. 2 15.6 On surface. . .... 22.0 28 9 6 9
Between folds. . .| 24.4 35 6 11.2
Mar. 9 16.1 On surface. . .... 22.7 26.4 3.7
Between folds. . . 2 30.3 ..
Mar. 16 18.9 On surface . ...| 22 4 25.3 2.9
Between folds...| 25.3 30.0 4.7

!Sclater, P. L.. Proc. Zool. Soc., London, 1862, p. 367.
? Not observed, the male being very restless.

Calcutta, Abbott took the snake and the eggs with him, but had to leave
Calcutta before the eggs were fully hatched. This interesting communica-
tion suggests that it would be possible to study the gaseous metabolism of
an incubating python while on her eggs, a study so keenly desired by
Krogh.2 Apparenty the python is very loath to leave her eggs, and it
From the standpoint of our temperature studies, the results of Sclater
would not be an impossible procedure to transfer a python and her eggs
. to a respiration chamber and measure the gaseous metabolism.
are inexplicable because of the great difference between the temperature
of the male python and the environment. If his measurements on the
male python are true and there is this difference between the temperature
of the environment and that of the male python, then it is a question
whether the male as well as the female produces sensible heat. The ob-
servations of the Nutrition Laboratory on snakes in repose all point against
this, @ur direct calorimetric measurements (see page 423) rule out, at

?*Wray, G. O., Proc. Zool. Soc., London, 1862, p. 108.
*Krogh, A., The Respiratory Exchange of Animals and Man, London, 1916, p. 123.
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least with the python and the boa during repose, the possibility of sensible
heat being produced. It would thus appear as if the possibility of error in
determining the true environmental temperature was not recognized suf-
ficiently in Sclater’s experiments. His clever scheme of comparing the
temperatures of the male and the female, on the assumption that the en-
vironmental temperature would be the same for both, is likewise unfor-
tunately open to criticism, for it is more than likely that the two snakes
were not near each other, as will be seen in subsequent discussion (see page
95) of the actions and habits of the male when the female is incubating
eggs, and that the environmental temperature might have been markedly
different for one than for the other. Furthermore, the possible source
of heat from the large mass of fermenting eggs (100 or more, each about
7 or 8 cm. in diameter) must not be overlooked. For these reasons the
observations of Sclater are not, in our judgment, conclusive.

In 1881 another instance of incubation of an Indian python was observed
at the London Zoological Park and reported by Forbes.! The snake, a
Python molurus, about 3.5 meters long, produced during the night of
June 5-6, 1881, about 20 eggs and coiled herself around them in the char-
acteristic manner. In this position she remained for 6 weeks without once
eating and with only one break in her incubation. On July 18, that is,
43 days after the eggs had been laid, the eggs were evidently decomposing
and thercfore were removed. Their state on examination was found to
be similar to that observed by Sclater on a previous ocecasion, that is,
strongly decomposed. Forbes employed specially graduated mercurial
thermometers for the temperature measurements and followed the same
scheme adopted by Sclater of determining the temperature both on the
female and on the male. The male had been removed from the female
when the cggs were laid and was kept in a cage next to that of the female,
under practically identical conditions. The temperature of the snakes
was measured by placing a thermometer on the surface of the body, then
between the folds of the coils, but in each case the snake’s body was
covered by the blanket under which it usually rested. The temperature
of the air was taken by suspending a thermometer a little way above the
floor of the cage; that of the gravel in the cages by burying the bulb of
the thermometer in the gravel in the same position in each cage and over
the hot water pipes which ran beneath the floors of the cages. The tem-
perature study extended from June 14 to July 18, observations being made
practically every other day. Though the male was kept in another chamber,
the temperature of the chamber air was much the same as that of the cham-
ber in which the female was kept. The air temperature varied from 22.4°
t0 30.6° C. The temperature between the folds and on the surface of both
snakes closely followed the temperature of the air, in accordance with the
well-known adjustment of the snake’s temperature to its environment.

1 Forbes, W. A,, Proc. Zool. Soc., London, 1881, p. 960.
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Forbes has averaged all the temperature records of both animals and
finds that on the average the temperature between the folds is higher
than that on the surface. The average temperature on the surface of
the male was 28.3° and on the surface of the female 29.1° C., the female’s
temperature being 0.8° higher. Between the folds the temperature of the
male averaged 30.0° and that of the female 31.7°, or 1.7° higher. The
individual records show that invariably the temperature between the folds
was somewhat higher with the female than with the male. On several
occasions the temperature on the surface was actually higher in the case
of the male. The temperature of the air of the cage was usually lower
than that of the air under the blanket, but that of the gravel was high,
averaging 29° C.

In view of our own experienced difficulties in determining the true tem-
perature of the environment, we are quite disposed to consider that this
difficulty likewise entered into the experiments of Forbes. Furthermore,
there is also the confusing factor of putrefying eggs. It is reasonably
clear that the female python remains practically the entire time on her
eggs and does not leave them, nor does she eat. The male ate at least
once, and as these animals are of nocturnal habit, it is more than likely
that he left his box and went outside a number of times. The undoubt-
edly greater vaporization of water when the animal was out from under
the blanket would result in a somewhat lower body temperature. But the
finding that the temperature of the male was many degrees above that of
the air is, we believe, evidence of an error in establishing the true tem-
perature of the environmental air.

Soetbeer,! in 1898, discussed the experiments of Valencienncs, Sclater,
and Forbes, and stated that he considered their findings problematical. In
1905 Doflein 2 had an opportunity to observe a specimen of the Python
molurus in Colombo, brought there recently from the Malayan Archipelago.
This python laid 100 eggs and coiled herself about them, in which posi-
tion she remained for 11 weeks, without eating anything in this time. The
young snakes finally came out of the shell, and he naively observes that
“to his great astonishment in the evening they went back into their empty
shells, about which the mother snake still lay coiled.” (Sic!) In 1916
Krogh,? in his monograph on the respiratory exchange of animals and man,
commented upon the experiments of Valenciennes and made the statement
that he had had occasion to observe that the python is “especially quiet
during the first period of incubation when the temperature is highest,
and it appears unlikely that muscular movements should be at all re-
sponsible for the large increase in temperature.” In a personal communi-
cation to the writer on May 20, 1931, Professor Krogh stated that he saw
this brooding python at the Zoological Gardens in Copenhagen. The

! Boetbeer, F., Arch. f. expt. Pathol. u. Pharm., 1898, 40, p. 53.

* Dofleis, F., Tierbau u. Tierleben, 11: Das Tier als Glied des Naturganzen, 1914,

Leipzig and Berlin, p. 593.
8Krogh, A, The Respiratory Ewxchange of Animals and Man, London, 1916, p. 123.
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python had laid a large number of eggs and was coiled conically around
them, with the head in the apex. The breathing was deep and regular,
but otherwise the animal was very quiet. Preparations were made to
determine the respiratory exchange of this snake but permission to do so
was refused.

In 1929, during the course of the Chancellor-Stuart expedition of the
Field Museum of Natural History, a photograph was taken of an incu-
bating python (Python reticulatus) coiled around her eggs. A second
photograph was taken of the eggs with the python removed. These are
reproduced in figures 22 and 23. They were taken on the Upper Ogan
River, Sumatra, by Dr. Philip M. Chancellor, and permission to reproduce
them in this report was kindly given to us by Director S. C. Simms of
the Field Museum of Natural History in Chicago. Nething has been
published thus far about this specimen, other than the reproduction of
these photographs in the public press. The python was 8 meters long.
No record was made of its weight.

FitzSimons, in his book on Pythons and their Ways (1930, pp. 14 to 16),
mentions the incubating python, gives an illustration of one coiled about
her eggs, and lists a number of records of the eggs laid by pythons of
different size. He states that the number of eggs laid varies according
to the size of the snake, that the mother python coils about the eggs in the
form of a cone so that they are invisible, and that during the process of
incubation her blood rises to a temperature of 90° F. (32.2° C.), “which
is apparently Nature’s rule for the hatching of infant pythons.”

Our interest in the incubating python is far greater than the desire
simply to know whether the eggs are incubating. Thus, we are interested
to know whether it is possible for a large cold-blooded animal, such as
the python, to produce sensible heat without muscular activity, without
agitation, and without digestion. If this is true, then the incubating
python represents an intermediary stage between the cold-blooded and
the warm-blooded animals. If sensible heat is produced, there must be
an alteration in the mechanics of heat production and heat loss. In some
of the reports on incubating pythons, comments have been made with
regard to their irritability and their tendency to defend their eggs from
anyone who approaches. But the fact that temperature measurements
could be made without difficulty over a period of several weeks or several
months, as was the case in some of the observations reported in the litera-
ture, would imply that the incubating python is not excessively agitated,
for if this were so, it would certainly have been recorded by the careful
observers who have written on this subject. When a snake is coiled flat,
no muscular effort is necessary to hold that position. When the snake is
coiled somewhat in a cone shape around its eggs, one can conceive that a
certain amount of tension would be necessary to hold the conical form.
That there is any great amount of tension is, however, greatly to be
doubted. The importance of a further study of the incubating python
became apparent upon reading the literature on this subject, and fortun-
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F1e. 22—DPuorocrarn or AN S8-METER INCUBATING PYTIION.

Fic. 23—EaGs LAID BY A PYTHON.

Photographs taken by Field Museum of Natural History on upper Ogan
River in Sumatra, in 1929.
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ately before this report was sent to the press, an opportunity was had to
make some observations on such a snake.

On April 5, 1931, a python (African sebe) laid approximately 20 eggs
in the new reptile house of the National Zoological Park in Washington,
D. C. The writer was given an opportunity to observe this animal,
and arrangements were immediately made with Dr. William M. Mann,
the Director of the Park, to undertake a careful survey of the en-
vironmental temperature and the body temperature of the python. In
figure 24 is reproduced a photograph of this snake, which was originally
published in the public press, unfortunately considerably altered for dis-
play purposes. Figure 24 shows the snake coiled around her eggs, appar-
ently on the day on which they were laid. The cfforts of the artist to touch
up the original photograph have resulted in the head of the serpept appear-
ing to have a rather grotesque form. This python had been brought to the
National Zoological Park in 1927. At that time it was about 3.5 meters
long, but had grown nearly a meter since its capture. On May 1, 1931,
E. L. Fox of the Nutrition Laboratory staff, wha has contributed so
much to the study of snmakes reported in this book, and our physicist,
V. Coropatchinsky, went to Washington with instruments and made a
careful temperature survey of the snake. At that time another photo-
graph (fig. 25) was taken of the python coiled about her eggs. This shows
the state of the eggs on May 1. At this time they had more or less the
nature of dough. The lines of demarkation of the individual eggs were
not always clear. (See observations of Dr. W. M. Mann, this report, page
113.) This is in striking contrast to the condition of the eggs shown in
figure 24, which was taken on the day the eggs were laid.

In the den there were three pythons. On the night of April 5 the female
python, which had not eaten for ten weeks, selected the extreme corner of
the cage near the glass window, in front and at one side, there laid her
eggs, and coiled about them. It was noted by the keepers that whereas
formerly all three snakes had traveled about the cage at will, exploring
nearly every corner of it, and were not inclined to stay in any one place
more than any other, on this particular day both of the other snakes in
their voyage around the cage crawled over the female and then went off
immediately to the diagonally opposite end of the cage and had hardly
left that corner since that day, at least not when observers were about.
The female; therefore, remained entirely unmolested, right next to the
glass window and hence in a good position for public view. A photo-
graph of the python den in the National Zoological Park is shown in
figure 26. At the extreme right, next to the glass window, is the incubating
python coiled about her eggs. At the extreme left, at two different levels,
are the other two pythons. These pythons remained in this part of the den
for the greater part of the time. Only once during the day-when our tem-
perature studies were made did.one of them stretch out to nearly its full
length, but then immediately withdrew to its corner where it remained for
the rest of the day.
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The method of Sclater and Forbes of making a comparative study of
the temperature of the male and female would have been of no value in our
survey. If the male could have been transported to the same corner where
the female was, even then undoubtedly the agitation and disturbance of
the male would have defeated our ends. As it was, rather considerable
differences in temperature existed in the different parts of the cage through-
out the day when our observations were made, although fortunately in the
corner where the female was located the minimum variations in environ-
mental temperature occurred.

The female python was reported as being unusually placid and quiet,
had been many years in the park, had been frequently handled, and there-
fore was ideally adapted for this type of temperature study. Agitation
or viciousness would have complicated the situation greatly, by causing
of itself a rise in body temperature. Fortunately this complication was
not encountered. Throughout the entire day on May 1, when Fox and
Coropatchinsky were making their observations upon her, together with
the extremely cfficient caretaker, Mr. F. O. Lowe (without whose assist-
ance we could have done little), the python only once indicated the
slightest bit of disturbance. At one time in the afternoon when she was
gently pushed to one side to give a view of the eggs, she hissed. In plan-
ning these temperature observations on the incubating python, we recog-
nized that equal stress must be laid upon an accurate survey of the tem-
perature of the environment. Obviously it would have been ideal to have
recorded the rectal temperature. We did not dare to disturb the animal
to take the rectal temperature, fearing she might permanently leave the
eggs and thus precipitate a distinct calamity for a zoological park. As
the result of our experience with this animal, however, and judging from
the comments of Colonel Abbott in 1838 (sec this report, page 90), we
believe that the snake would have endured without too much agitation
a great deal more handling than we dared to give her. Since it was real-
ized that agitation would defeat our ends, every concession was made to
approach the animal as quictly as possible and to avoid undue discomfort.

Respiration RaTe

To aid in determining whether the python was agitated between observa-
tions, it was planned to record for comparison her respiration rate before
the operators entered the den and again two or three times during the day.
It was reasoned that if the animal had been obviously disturbed or agi-
tated between temperature surveys, this agitation would be reflected in the
respiration rate. The records obtained of the respiration rate are given
in tables 16 and 17. The respirations were somewhat irregular but
usually were well marked, deep respirations with occasionally minor, small
movements. The respirations were counted by E. L. Fox, who used a
watch reading to decimal parts of a minute. The time on the watch
was recorded at the end of each complete respiration. During the first
series of observations from 10"30™ to 10%50™ a.m., 18 counts were made.
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The average rate was 2.0 respirations per minute. Another series of 12
counts at about 11 a.m. showed an average rate of 2.3 respirations per
minute. The sixth count in each of these series was omitted. The observa-
tions taken at 10°30™ .and 11 a.m. preceded any measurements of the
temperature of the snake. The skin temperature survey began at 11t13m
a.m. and continued throughout the afternoon with the observers working
in the cage and sometimes almost over the snake, as will be seen in figure

TaBLE 16—Respiration rate of an incubating python

10430m-10b50™ a.m. 11h00m-11206™ a.m. 1h47m—1h52m p.m,
Number off Time | Rate | Numberoff Time | Rate | Numberoff, Time | Rate
respira- on per respira-~ on per respira- on per
tions watch | minute tions watch | minute tions watch | minute
min. min. min.

10 4.11 2.4 1 0.52 1.9 1 0.51 2.0

7 3.02 2.3 2 0.76 2.6 2 0.91 2.2

1 0.42 2.4 3 . 1.15 2.6 3 1.23 2.4

2 1.00 2.0 4 1.36 2.9 4 1.52 2.6

3 1.52 2.0 5 2.00 2.5 5 2.91 1.7

4 2.21 1.8 6 6 3.24 1.8

5 2.79 1.8 7 3.12 2.2 7 3.60 1.9

6 8 3.52 2.3 8 4.11 1.9

7 3.70 1.9 9 4.11 2.2 9 4.40 2.0

8 4.28 1.9 10 4.39 2.3 10 4.92 2.0

9 4.88 1.8 11 4.92 2.2 11 5.16 2.1

10 5.20 1.9 12 5.62 2.1 .. ..

11 5.65 1.9 . A .

12 5.93 2.0 .

13 6.46 2.0 .
14 6.75 2.1
15 7.50 2.0
16 e e
17 8.70 1.9
18 9.50 1.9

Avg. 2.0 2.3 2.0

27, page 102. Between 1"47™ and 1852™ p.m., at the end of the morning's
temperature observations, 11 respirations were counted and the average
rate was 2.0 per minute, an insignificant change from the first two series
in the morning. At 3"13™ p.m., when the operators returned from an
hour’s absence for lunch, 14 counts showed an average rate of 2.2 respira-
tions per minute. At 3'34™ p.m. another series of 15 counts showed a
distinctly faster rate, averaging 3.1 per minute. Although probably with-
out significance the keeper, Mr. Lowe, opened the cage door and sat in
the doorway just prior to this particular set of readings. Two tempera-
ture surveys were then made throughout the afternoon, during which time
the python was almost continually handled and touched either with the
thermo-junction or, at times, by the hand with rarely an indication of
irritation. Between 5*15® p.m. and 5"26® p.m., 30 counts showed an
average rate of 3.0 respirations per minute. This rate was slightly higher
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than that of the morning, but can hardly be taken as indicating any
significant amount of agitation and certainly not an agitation of the order
we found necessary to raise materially the snake’s temperature in our
New York studies. This respiration study confirms our belief that with
this particular python the temperatures measured were unaffected by any
agitation. The last series of counts in the afternoon, which showed a

TaBLE 17—Respiration rate of an incubatling python

3h13m-3h27m p.m. 3h34m-3h40m p.m, 5h15m-5h26m p.m.
Number of] Time Rate | Number of| Time Rate | Number off Time Rate
respira- on per respira- on per respira- on per
tions watch | minute tions watch | minute tions watch | minute
min. min. min.

1 0.40 2.5 1 0.22 4.5 1 0.21 4.8

1 0.52 1.9 2 0.53 3.8 2 0.61 3.3

2 0.81 2.5 3 0.80 3.7 3 0.82 3.7
3 1.60 1.9 4 1.13 3.5 4 1.39 2.9
4 2.30 1.7 5 1.48 34 5 1.81 28
5 2.56 19 6 2 03 3.0 6 212 28
6 2.81 2.1 7 2.48 2.8 7 2.41 29
7 3.02 2.3 8 2.80 2.9 8 2.77 2.9
8 3.63 2.2 9 3.31 27 9 3.04 3.0
9 3.84 2.3 10 3.60 2.8 10 3.57 2.8
10 4.13 2.4 11 4.02 2.7 11 3.93 2.8
11 4.58 2.4 12 4.31 2.8 12 Lt
12 5.11 2.3 13 4.84 2.7 13 4.71 28
13 5.66 23 14 5.23 2.7 14 4.92 2.8
14 5.95 2.3 15 5.54 2.7 15 5 24 2.9
v N 16 5.25 3.0
17 6.07 2.8

18 6.30 2.9

19 6.67 2.8

20 6.92 2.9

21 7.70 2.7

22 7.91 2.8

23 8.11 2.8

24 8.31 2.9

25 8.92 2.8

26 9.13 2.8

27 9.62 2.8

28 10.10 2.8

29 10.39 2.8

30 10.92 2.7

Avg. 2.2 3.1 3.0

slightly higher respiration rate, were coincidental with a slightly higher
body temperature, as will be seen by further consideration of the data.

In our study of the respiration rate of snakes in the New York Zoologi-
cal Park it was found that the average respiration rate was 2.1 per min-
ute (see page 51) or not far from the average rate (2.5) of this incubating
python. ..The temperature of the incubating python was, however, prob-
ably 3° or 4° higher than that of the snakes studied in New York, a fact
which might of itself account for the slight difference in the respiration
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rate in the two series. It might be argued that with a respiration
rate as low as 2.5 there could not have been any great increase in metab-
olism, and a more rapid respiration rate might have been necessary to
enable the elimination of the carbon dioxide produced. The snakes whose
respiration rates were observed in New York were much larger than this
incubating python, 6- or 7-meter pythons as compared with the 5-meter
incubating python, and the respiration rate itself is not necessarily an
index of the volume of respiration. Hence any inference with regard to
the total metabolism from the respiration rate is not justifiable.

Meruops oF OBTAINING TEMPERATURE MBASUREMENTS

In the well-planned reptile house in the Zoological Park at Washington
it was feasible to set up all the apparatus in back of the cages in a satis-
factory, well-lighted place. On this particular day the environmental
temperature was very high for human comfort, and one had to be ex-
tremely careful not to have undue movements of air inside the snake’s
cage. The operator, Fox, and the keeper, Lowe, spent a good part of the
day in the den with the python and found it very warm. The sky-lights
in the reptile house were provided with a glass having a high trans-
mission of ultra-violet rays. Considerable sunlight thus came into the
snake chamber, and this aided in developing a rather high temperature,
although the sun at no time came in contact with the brooding python.
The hot-water pipes under the gravel floor were used only in the coldest
weather and had not been used for some time. The chamber was heated,
when necessary, by a series of hot-water coils, fastened to the walls just
above the long plate-glass window of the den, at a fairly high level.

After the first two series of respiration counts were made in the morning
by noting the respirations through the glass, the observers entered the den
and made a complete survey of the temperature of the air about the
python, of the temperature of the gravel, of the temperature between
the folds of the snake, and of the temperature on the surface of the snake
at different points. It was believed that only with this complete program
could a definite conclusion be drawn. Certainly the temperature meas-
urements of the animal itself are without significance unless the tem-
perature of the environment is accurately known. A thermometer hung
in the cage is without value if the air is stratified, and the stratification
depends in large part upon the local heating. It was emphasized to the
observers that a temperature survey of the air was equally as important as
any survey of the temperature on the surface or between the folds of the
animal. At the end of the forenoon’s work the operators withdrew from
the cage for an hour. During this time the apparatus was practically dis-
mantled and the temperature of the thermostat was purposely somewhat
altered so that, on the return of the operators to the cage in the afternoon,
the observations would represent practically a new survey, since it would
be necessary to reassemble the apparatus and calibrate the thermo-junction.
Two complete temperature surveys were made in the afternoon. Hence
three series of measurements are available for comparison, in which the
tempepature of the environmental air was most elaborately studied.
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The techniques employed were almost entirely thermo-electric. For
the skin-temperature measurements, the apparatus deseribed by Benedict,
Coropatchinsky, and Finn was used,! with two methods of application of
the junction. In some instances the application junction was protected

I'1¢. 27—MEASUREMENT OF SKIN TEMPERATURE OF AN INCUBATING PYTHON BY
. L. F'ox AT NATIONAL ZOOLOGICAL PARK IN WASHINGTON, D. C.

Application junction laid on surface of snake, unprotected by hard-rubber
backing. Electrically controlled thermostat in center of picture near snake.

with a standard hard rubber backing and cotton batting and was applied
to the skin of the snake much as it is applied in the case of humans. This
protection was always used when the junction was laid on the surface of
the snake. In other instances, especially when taking the skin tempera-
ture between the folds, the junction was not protected by the rubber
backing but was applied directly to the skin, as shown in figure 27.2 From
the calibration of the apparatus, from the deflection of the galvanometer
at the time the junction was applied to the skin, and from the temperature
of the thermostat the true skin temperature could be computed. The pro-
tection of the application junction by a backing has been called in ques-

! Benedict, F. G., V. Coropatchinsky, and M. D. Finn, Journ. de Physiol. et de Path.
gén., 1928, 26, p. 1; ibid., Leopoldina (Amerikaband), Berichte d. Kaiserl. Leopold.

Deutsch. Akad. d. Naturforscher, Halle, 1929, 4, p. 129.
*This photograph was taken by Underwood and Underwood.
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tion by Aldrich.! To answer this possible criticism, the backing on the
application junction was removed and a series of observations made with
the bare junction. The bare junction was especially desirable in determin-
ing the temperature between the folds of the snake, for it could easily
be directly inserted between the folds without disturbing the snake. When
the junction was inserted between the folds, the snake usually separated
the two coils slightly, allowing the junction to enter freely, and then al-
most immediately the snake settled back so that the junction was held
firmly in contact with the two coils.

The measurements of the air temperature were made in two ways. One
end of the standard skin-temperature thermo-junction was placed in a
thermostat, the temperature of which was exactly known. From the
readings on the galvanometer, which had previously been calibrated, one
could compute exactly the temperature of the other junction, which was
held in the air. For further insurance against possibility of error, a
second survey of the air temperature was made with a differential thermo-
junction. A fork was fashioned from a 60-cm. length of constantan wire,
soldered to two copper leads connecting with the galvanometer. One end
of the fork was placed on the snake or in the gravel at any desired spot,
and the other end, 60 cm. away, was held in the air in a horizontal posi-
tion to allow for any possible differences in the stratification of the air.
This latter junction was provided with a sensitive mercurial thermometer
that could be read directly. The differential reading between the two
junctions was noted on the galvanometer. By this means a survey of
the temperature of the air and the temperature of the gravel or of the snake
could be made and checked with the direct junction method. In all cases
a most satisfactory agreement was found. A small, portable, electrically
controlled thermostat and heater (see figure 27) were especially con-
structed by Mr. Coropatchinsky to hold automatically the constant tem-
perature junction at approximately 30° to 32°.

TEMPERATURE MEASUREMENTS

The earlier studies in the literature and our own experience at the New
York Zoological Park and at the Nutrition Laboratory in Boston have
stressed the difficulties of determining the true environmental temperature.
Since the snake den in the Zoological Park in Washington was large and
the incubating python was located in one corner, near a glass window that
was but a few centimeters from the cold air in the corridor outside, it
was feared that the temperature of the environment here would be far
from constant. A thermometer hung in the den at about the level of one of
the trees showed a variation throughout the afternoon of from 33° to 29° C.
Just what would be the air currents in the corner of the den where the
incubating python was lying could not be predicted. The opening of the
door for the operators to enter and leave might of itself produce
air currents. The first determinations therefore represented a de-

* Aldrich, L. B, A Study of Body Radiation, Smithsonian Misc. Collections, 1928, 81,
No. 6, p. 10.
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tailed survey of the temperature of the air about the snake and the tem-
perature of the gravel, compared with the temperatures on the surface
and between the folds of the snake. The results of this first survey, which

TaBLe 18—Comparison of enwmronmental temperature with the skin temperature of an
incubating python (11%13m am. to 12426™ p.m.)

Environmental temperature Skin temperature
On surface
On gravel | 10 to 15 | 30 cm. | 60 cm.
around | em. above | above | above Under Between
thon floor foor floor python | Near .Cove{'ed L‘{ncovgred folds
py gravel | junction | junction
°C. °C. °C. °C. °C. °C. °C. °C. °C.

31.72 32.00 | 31.12 | 31.32 | 33.20| 33.01 | 34.21 33.76 33.68
31.51 31.11 31.64 | 31.24 34.03 | 33.25 34.29 33.21 33 82
31.30 31.70 | 31.96 { 31.12 | 32.74 | 32.85 | 33.89 33.58 33.33
31.34 31.69 |[31.12 | 31.44 | 32.78 | 32.98 | 33.53 33.49 33.80
31.38 31.60 | 31.08|31.32| 32.72 | 33.30 | 35.33 33.38 33.81
31.74 30.92 | 31.20 | 31.20 | 32.72 | 32.62 | 34.09 | ..... 33.77
31.52 31.00 | 31.12 (31,36 | 33.34 ..... 34.26 | ..... 33.57
30.57 30.80 | 31.04|31.00( 33.14| ..... 33.97 | ..... 34.21
31.54 30 92 31.04 | 31.16 32.58 | ..... 34.010 | ..... 33.89
31.62 31.76 | 31.04 ] ..... 34.22 | ..... 33.69 { ..... 33.97
31.54 31.04 [20.82 | .....| .....| ..... 33.73 | ..... 33.90
31.38 30.84 [29.82 | ..... | ..... | ..... 33.41 | ..... 33.98
31.20 30.84 30.02 | ..... | ..... | ...l 33.26 | ..... 33.568
31.60 32.04 [30.06 | ..... | ..... | ..... 33.73 | ..... 34.14
31.80 30.84 (30.33 | ..... | .....| ..... 33.09 | ..... 34.30
30.36 30.84 (32,00 . . | .....|..... 33.61 | ..... | .....
32.44 31.32 | 32.02| .....| ..... | ..... 33.8 | ..... | .....
32.16 29.80 (31.91 ) ... | .....|..... 33.66 [ ..... | .....
31.72 29.52 | 31.94| .....| ..... | ..... 33.90 | ..... | .....
31.56 20.56 | ..... | ... o o] el 33.88 | ..... | .....
R 07 S A N IO (R R 32.98 | ..... | .....
3 U 7 R O EP e e 33.82 | ..... | .....
32.04 | ... | oo el e el 33.46 | ..... | .....
31.04 | ... | oo e e 33.86 | ..... | .....
30.48 | ... oo o el 33.74 | ..... | .....
20,92 | ... ..o oo, 33.90 | ..... | .....
3 S O N S (O 34.02 | .....
.............................. 32.86
.............................. 33.22
........................ 33.74
.............................. 33.38
.............................. 33.62
.............................. 33.62 che e

Avg. 31.38 31.01 31.07 | 31.24 | 33.15| 33.00 | 33.73 33.48 33.85

was completed at 12825™ p.m., are shown in table 18. It was assumed that
the snake in a cubical box of air (60 by 60 by 60 cm.) and meas-
‘urements of the temperature of the air in this hypothetical box were taken
at the corriers and at different points away from the snake, on the sides, and
to a height of 60 cm. above the floor. The observations in table 18 are
recorded without regard to the exact location of the air temperatures.
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The gravel around the python had an average temperature of 31.38° C.
The temperature of the air 10 to 15 cm. above the gravel averaged 31.01°;
30 cm. above it averaged 31.07° and 60 cm. above, 31.24° C. The tem-
perature between the python and the gravel averaged 33.15°. Six ob-
servations on the side of the snake approaching the belly and near the
gravel gave an average of 33.00°. The temperature on the surface of the
snake was determined with the thermo-junction protected with the hard-
rubber backing (fig. 28). Thirty-three observations gave an average sur-
face temperature of 33.73°. Five observations on the skin with the junc-
tion uncovered showed an average temperature of 33.48°, and 15 observa-
tions between the folds, 33.85°. These average values indicate that in
general the temperature of the environment was 31.2°, the temperature on
the skin of the snake 33.5°, and the temperature between the folds of the
snake 33.85°. These measurements clearly establish the fact that there
was a difference in temperature between the snake and the environment of,
on the average, 2.5° C.

One of the surprising features of this particular survey was the general
uniformity of the temperature of the air in this corner of the python den
at the different levels at which the measurements were made, the highest
level in this case being 60 cm. from the floor. To aid in visualizing the
exact location of the various temperature measurements that were made
in this first series, representative values have been written directly on
photographs of the snake. Thus, in figure 29 the upper photograph shows
the location of some (not all) of the air temperatures taken between
11*13= and 11*57™ a.m., and the lower photograph shows temperatures
on the surface and between the folds of the snake taken during the same
time. The arrows indicate temperatures between the folds of the snake.
The small dots near the temperature values show the exact location of
the temperature measurements on the surface of the snake or in the air.
The temperatures marked by crosses were taken in the air 30 cm. above
the floor. The ruler on the floor serves to show the dimensions of the
snake and likewise the approximate dimensions of the imaginary air box.
In figure 30 another typical series of readings is shown, taken at 12b25m
p.m. Here again the upper photograph gives the air temperatures and
the lower the snake temperatures.

Between 3!40™ p.m. and 4"05™ p.n. a second survey was made. At
this time it was becoming cloudy. There was no sun and there were
changes in the temperature of the air in the den. Although the morning
series had established clearly that there was no appreciable gradient in
air temperature and practically no air movement, it would perhaps have
been of value to have determined by means of the smoke from a burning
cigarette or joss stick the presence or absence of air currents and their
relation to the window, the wall, and the center of the cage. In any
event, such air currents must have been very feeble. The temperatures
of the wet and the dry bulb thermometers were not recorded, and hence
the humidity existing at the time of the different surveys is not known.
The air in the den, although warm and uncomfortable, was probably not
saturated. The temperature of the air in the outside corridor was 20.4°



106 PHYSIOLOGY OF REPTILES

and the inside of the glass window in the den must have been below the
temperature of the air in the den, because cooled by the temperature of
the corridor air. Hence if the air inside the den had been saturated, there
would have been condensation on the window, which was not the case. A
probable figure for the degree of humidity would be approximately 80 per
cent saturation at 31° C.

K16, 28-—MEASUREMENT OF SKIN TEMPERATURE OF AN INCUBATING PYTHON AT
NATIONAL ZooLoGICAL PARK IN WasHINGTON, D. C.

Application junction, protected with hard-rubber backing, is shown resting
on snake. Electrically controlled thermostat and heater at left, in rear of snake.

In the survey made at about 4 p.m. it was assumed that the snake was
in a triangular air box, and the air temperatures accordingly were taken
at different levels in the three corners of this imaginary triangle to a
height of 60 cm. A complete list of these observations is given in table
19 and typical readings to show the location of the measurements are
given in figure 31. There was no evidence of any appreciable stratifica-
tion of the air. The gravel unaccountably had a temperature somewhat
above that of the air. We were assured that the heating system had been
out of commission for some time. The source of this heat is difficult to
understand, unless possibly it was derived from the body of the snake,
Yet the poor conductivity of the gravel would hardly lead one to expect
such a rise in temperature, although the gravel temperatures were taken
but 5 cm. from the point of contact between the snake and the gravel.
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F16. 20—COMPARISON OF SKIN TEMPERATURE OF AN INCUBATING PYTHON WITH ITS
ENVIRONMENTAL TEMPERATURE.

Observations were taken between 11"13™ and 11"57™ A.M. Ubpper photograph
hows location of temperature measurcments of air about snake. Lower photograph
shows temperatures on surface and between folds of snake, determined at same time
as environmental temperature. Arrows indicate temperatures between folds. Small
solid dots show exact location of temperature measurements on surface of snake or in
air. Air temperatures marked with crosses were 30 cm. above floor.
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F16. 30—COMPARISON OF SKIN TEMPERATURE OF AN INCUBATING PYTHON WITH ITS
ENVIRONMENTAL TEMPERATURE.

Observations were taken at 12825 pm. Upper photograph shows location of
measurements of air temperature and lower photograph temperatures on surface and
between folds of snake. Arrows indicate temperatures between folds. Small solid dots
show exact location of temperature measurements.
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Farther from the snake the gravel temperature was usually 1.5° to 2°
lower. It is significant that the air 10 to 15 em. above the gravel has a
temperature averaging somewhat over 2° lower than that of the gravel.
The air 30 and 60 cm. above the floor had an essentially constant tem-
perature of not far from 30°. In the rear corner of the imaginary tri-
angular air box, that is, the corner nearest the glass window and the wall,
the air temperatures were about 0.8° or 0.9° above those in the middle
foreground. One would have expected the reverse, since the temperatures

TaABLE 19—Comparison of environmental temperature with skin tempera-
ture of an incubating python (3*40™ to 4*06™ p.m.)

Environmental temperature Skin temperature
On gravel 10 to 156 | 30 cm. | 60 cm. On surface
around cm. above | above | above Ux;ger (covered B?t:\:;aen
python floor floor floor | PY'ROM | iunction) olds
°C. °C. °C. °C. °C. °C. °C.
32.32 29.96 30.55 | 29 92 | 33.39 33.85 34.27
32.34 29.34 30.50 | 30.46 | 33.64 35.26 34.42
32.82 30.98 30.38 | 30.94 | 33.24 35.06 34.15
..... 30.32 30.35 | ..... 33.37 34.30 34.16
..... 29.46 30.32 | . ... 32 42 34.50 33.91
..... 30.98 30.32 | ..... 32.38 34.06 34.82
..... 30.50 2090 | ..... 32.04 34.10 35.10
..... 30.29 30.78 | ..... 33.82 34.34 35.06
.................... 33 74 33.98 34.98
.................... 33.74 34.18 35.18
.................... 33.43 34.74
.................... 33.14 33.86
.................... 33.91 33.94
.................... 34.62 34.06
..... .. 32.07 34.34
......................... 34.34 e
Avg. 32.49 30.23 30.39 | 30.44 33.32 34.31 34 61

in the rear were taken near the glass, which was affected by the cold air
of the outside corridor. In any event, it is clear that the temperature of
the environment of the snake in this particular series was well established
and was not far from 30.4°, on the average. The temperatures of the
snake itself, both on the skin and between the folds, were as high as
35.06°, 35.10°, 35.18° and 35.26°, and practically all of them were above
34°. There was, therefore, at this time a difference of at least 4° C. be-
tween the air temperature and the temperature of the snake. The average
temperature of the snake in this four o’clock series, 34°, was a little higher
than the average body temperatures in the morning series, namely, 33.5° to
33.85°, in spite of the fact that the environmental temperature was nearly
one degree below that in the morning. Whether this is of real significance
or whether it simply means that there was a small amount of agitation,
although hardly detectable, on the part of the snake, can not be
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AAUs OLTTLUMUARISON OF SKIN TEMPERATURE OF AN I

NCUBATING PYTHON WITH 118
ENVIRONMENTAL TEMPERATURE.

Alr temperatures shown in upper photograph were taken at 4410 p i, Skin tem-
peratures shown in lower photograph were taken Dbetween 3v45m and 4"10™ p.m.
Arrows indicate temperatures between folds of snake. Small solid dots show exact lo-
cation of temperaturc measurements.
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determined, but certainly a temperature potential of approximately 4°
was shown in the four o’clock series.

Between 4 and 5 p.m. the third and last survey was made. Again the
snake was assumed to be in a triangular-shaped air box and the measure-
ments were made accordingly. The results are recorded in table 20 and a
typical illustration is given in figure 32. The gravel near the snake was
warm, possibly from the body of the snake. The average environmental

Tasre 20—Comparison of environmental temperature with skin tempera-
ture of an incubating python (4*06™ to 6*16™ p.m.)

Environmental temperature Skin temperature
; On surface
On gravel | 10 to 15 | 30 em. | 60 em. | Under Between
around | cm. above | above | above | puthon folds
python floor floor floor Near | Covered
gravel | junction!
°C. °C. °C. °C. °C. °C. °C. °C.

30.19 31.77 20.44 | 29.16 | 32.07 | 33.4 33.73 34.79
30.74 31.49 29.32 | 20.40 | 33.14 | 33.17 | 33.45 35.01
30.63 31.56 29.50 | 29.43 | 33.43 | 33.29 | 33.73 35.06
31.19 31.04 20.30 | 29.14 | 33.91 | 32.85 | 33.61 34.48

31.00 30.56 20.38 | ..... 34.62 | ..... 33.93 34.28
32.44 3044 | ... | ..... 33.34 | ..... 34.09 34.22
31.44 2084 | ... ..... 33.30  ..... 33.49 34.93
31.03 29.20 O 33.3¢ ( ..... 33.53 34.89
..... 30.11 R T I P8 T I 34.056 34.81
.................... 32.18 | ..... 33.97 34.77

.................... 33.69 35.13
.................... 34.49 35.01
.................... 34.17 35.17
.................... 34.567
.................... 33.93
.................... 33.93
.............................. 33.97

Avg.31.08 | 30.67 29.41 | 29.28 | 33.23 | 33.19 | 33.90 34.81

10ne reading with uncovered junction on the surface of snake
showed a temperature of 32.34° C.

temperature 30 and 60 cm. above the snake was at this time not far
from 29.5°, or measurably below that at about four o’clock, The tem-
perature of the snake itself, on the-other hand, both on the surface and
between the folds, was almost the same as at four o’clock. Thus in about
an hour’s time there was a relatively small change in environmental tem-
perature but the snake underwent no appreciable change in its body tem-
perature. This is as is to be expected. This third series, like the second
series, proves that there was a definite temperature potential between the
snake and the environment of the order of 3° or 4° C. Furthermore, in
those instances when the forked junction was used, one junction in the
air and the other on the surface of the animal or between the folds of the
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COMPARISON OF SKIN TEMPERATURE OF AN INCUBATING PYTHON WITI[ IT
ENVIRON MENTAL TEMPERATURE.

ir temperatures shown in upper photograph werve taken at 5 r.a.  Skin tempera-
tures shown in lower photograph were taken between 4"38™ and 5 p.M. Arrows indi-
cate temperatures between folds of snake. Small solid dots show exact location of.
temperature measurements.
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animal, the temperature gradient was strikingly uniform around the entire
animal, corresponding to from 3° to 3.5° C.!

If it is assumed for the moment that the lower temperature potential
of 3° prevailed, one could make a rough estimate as to the probable amount
of heat lost in the form of sensible heat, although, since the emissivity of
the snake’s skin is not known, the heat lost from the surface of the skin
can not be accurately calculated. This particular snake was 4.6 meters
long or not far from the length (5 meters) of the 32-kg. python studied at
the New York Zoological Park. This 32-kg. python was found by actual
measurements of girths and length to have a surface area of 1.44 square
meters, and this may be assumed to have been the surface area of the
incubating python likewise. It is impossible to calculate accurately what
proportion of this area was actually exposed to loss of heat by radiation,
for undoubtedly the lower part of the snake’s body resting on the gravel
was well insulated, the part around the eggs was well insulated, and the
radiation would be chiefly from the visible surface. If a rough estimate
is made that this visible surface corresponded in the case of this incubat-
ing python to approximately two-thirds of the total surface, then the ex-
posed surface would amount to 0.96 square meter and this exposed surface
has a temperature potential of 3° C. Without making any speculative
calculations, one can see that a considerable amount of sensible heat must
have been lost by this animal to the environment. Indeed, a considerable
amount of heat must have been produced to maintain this temperature
potential of 3°, even if the emissivity is extremely small (which it is not
likely to be), owing to the well-known tendency for vaporization of water
from the body of the snake.

Theoretically a considerable amount of heat may have been developed
by the putrefying eggs, but the heat from this source could not represent
any considerable proportion of the total heat probably lost by the snake.
Duec to an oversight in planning this study of the incubating python, in-
structions were not given to measure the temperature of the egg mass.
Since it is conceivable that the heat of the serpent might have been derived
entirely from the putrefying eggs, such temperatures should have been
taken. From an examinaion of figure 31 it can be seen that two records
were secured of temperatures between the snake and the egg mass, both
readings showing a temperature of 33.91°. If the eggs had been the source
of heat, one would have found a higher temperature. But these two tem-
peratures are slightly lower than the temperatures taken on the upper
coils of the snake. Hence, one can infer that the eggs received heat from
the snake rather than gave off heat to the snake.2

All the evidence, therefore, points clearly to an actual production of
sensible heat by this incubating python, a large share of which, however,

1Under these conditions the temperature differential noted is really somewhat too
small in all cases, for if the air junction had been shielded from the radiation from
the snake, there would have been a somewhat lower air temperature.

*Dr. W. M. Mann writes that “on June 3. after having been coiled around the eggs
since April 5, the python definitely left them. There were 20 eggs. Before they were
sent to the Museum a few of them were opened and found to be full of paste, with no
sign of an embryo.” Although these eggs appeared to be a dough-like mass, they were

eagily separated and the relatively small amount of putrefaction that had taken place
was not sufficient to disintegrate them.
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does not contribute toward keeping the eggs warm but actually is lost to
the environment. The mechanism' for this heat production is not known.
In all probability this condition of the incubating python corresponds to
the febrile state shown by the higher order of animals, the birds, in in-
cubating their eggs. Although this incubating python was slightly dis-
turbed at times, the records of respiration rate indicate that she had a
fairly placid disposition; hence the heat production undoubtedly did not
result from agitation, but is unquestionably an internal process and the
snake may possibly be considered to have been in a febrile state. One
can now appreciate, even more fully than before, Krogh’s?* regret at being
unable to make gaseous metabolism measurements on the incubating
python.

Of special interest in connection with the attempts to compare the metab-
olism of cold-blooded animals with that of warm-blooded animals by
bringing the cold-blooded animal to a high body temperature (see later
discussion on pages 494 to 506) is the fact that this particular snake ex-
isted for many weeks at a body temperature measurably above 30°, having
at times a temperature between the coils of close on to 34° or 35° C. It
therefore seems unreasonable to suppose that, if the incubation process can
result in maintaining a body temperature as high as this, the snake can
undergo any appreciable damage when experimented upon at 37°.

The disposition of this particular type of snake to incubate its eggs is
an astounding zoological trait. Since in the animal kingdom the birds
represent the next highest stage in the development from the reptile, and
since birds invariably incubate their eggs, it is possible that the incubating
python represents one ‘“milestone” (as Hall and Root? have so aptly
expressed it) in the step from the cold-blooded or poikilotherm to the
homoiotherm.

WATER-VAPOR OUTPUT OF SNAKES

Under the head of respiratory exchange one usually considers only the
elimination of carbon dioxide and the absorption of oxygen. The water
vapor, as a rule, does not enter into such considerations, for measurement
of the water vapor given off from the lungs alone (as is commonly the
case, in respiration- experiments) would have no particular value unless
accompanied by simultaneous measurement of the large amount lost from
the skin. With these snakes, since invariably their respiratory exchange
was studied in a closed-circuit chamber, it became feasible and in many
cases desirable to measure the water vaporized. Hence the technique was
at times adjusted to include direct determinations of the water vaporized
as well as the carbon dioxide produced. To differentiate between the
water vapor actually given off from the lungs and skin of an animal,
that existing in the respiration chamber, and that arising from possible
excretions (to say nothmg of the changes in humidity of the air inside the
chamber, with possibilities for deposition of water on the walls

1 Krogh, A., The Respiratory Exchange of Animals and Man, London, 1916, p. 123,
2Hall, F. G., and R. W. Root, Biol. Bull,, 1930, 58, p. 57.
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of the respiration chamber) presents difficulties that make the measure-
ment of the water-vapor output less accurate than that of the carbon-
dioxide production. On the other hand, in long experiments such as we
made with snakes, in which a condition of equilibrium was reasonably well
established at the beginning and the end of the experiment and oil seals
were used both for the respiration chamber and for the spirometer, the
water vapor removed by the ventilating air current may be considered as
that actually given off by the body of the subject. This is especially true
in fasting experiments, when there is a minimum excretion of feces and
urine. So many factors enter into the elimination of water vapor, that it
is difficult to isolate any particular one. Probably measurements of the
insensible perspiration of these cold-blooded animals would furnish im-
portant evidenceregarding these factors. A few such measurements were
carried out with the 1931 python and the 1930 tortoises and will be dis-
cussed later. (See pages 123 and 350.) Inasmuch as any discussion of
the method of heat loss of these snakes must take into account the output
of water vapor, and since, in the last analysis, carbon-dioxide production
and oxygen consumption have their greatest value as indices of heat pro-
duction, the obscrvations with regard to the water vaporized will be pre-
sented first in our consideration of the respiratory exchange of snakes.

In all the experiments the water vapor was determined by direct absorp-
tion by sulphuric acid in a suitable absorbing vessel, usually a so-called
“Williams bottle.” With large respiration chambers it has always been
our custom to determine at the beginning and the end of each period the
water vapor inside the chamber, that is, the degree of humidity. This is
done either by direct analysis of the air by passing a definite volume over
sulphuric acid and pumice stone in U-tubes or, perhaps less ac-
curately, by inserting a wet and dry bulb psychrometer in the ventilating
air circuit. The air entering the respiration chamber invariably was abso-
lutely dry. The air leaving the chamber will indicate its degree of satura-
tion by depression of the temperature of the wet bulb thermometer. In
the experiments with snakes it was not considered necessary to determine
the degree of humidity at the beginning and the end of each experiment,
since the water vapor was of secondary importance. It must be assumed,
therefore, that the water vapor in the respiration chamber was the same
at the beginning and the end of the periods of observation with snakes
and that which we report as water vapor was the water actually absorbed
in sulphuric acid during the period and weighed.

With warm-blooded animals the water vapor has recently been shown
to bear a close relationship to the total metabolism, for the water vaporized
from the lungs and skin (at least in conditions of rest) is in relatively
constant proportion to the total insensible loss and this total loss is closely
correlated with the heat production.! With cold-blooded amphibians the
moisture of the skin may vary greatly according to how recently the ani-
mal has left the water. Hence the loss of water under these conditions is

! Benedict. F. G.. and H. F. Root, Arch. Intern. Med.. 1926, 88, p. 1; Benedict, F. (.1',
and C. G. Benedict, Biochem, Zeitschr., 1927, 186, p. 278.
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obviously disturbed. A typical case with a warm-blooded animal would
be the hippopotamus. In earlier observations of the skin temperature of
the hippopotamus! it was found necessary to have the animal out of
the water tank for at least 6 hours in order for the skin to be at any rea-
sonable degree of dryness. Most of the cold-blooded animals studied in
this research, however, were animals living in the air, although prior to
being placed inside the respiration chamber they had access to a water
tank in which they could submerge themselves. It is believed that the
moisture content of the skin of these animals was essentially uniform.

The rapid and profound changes in the body temperature of these large
snakes, accompanying changes in environmental temperature, made it
necessary to insure that in any studies of water vapor a constant tempera-
ture should have been attained before the measurements began. Hence
in our discussion of the water vaporized by snakes only those experi-
ments will be considered in which the animal had been sufficiently long
at a constant environmental temperature to assure us that the body tem-
perature and likewise the skin temperature were not undergoing any
significant alteration. As was noted in the preceding section, under these
conditions the rectal temperature of the snake is somewhat below the en-
vironmental temperature and the skin temperature is considerably below,
2 degrees or more. This of itself speaks for a large vaporization of water
from the skin or surface of the snake, and hence the non-incubating snake
may properly be compared to a wet bulb thermometer.

WATER-VAPOR OUTPUT WITH UNCHANGING ENVIRONMENTAL
TEMPERATURE

An early inspection of our data obtained with snakes seemed to suggest
that, because the rectal temperature is below that of the environment un-
der constant conditions of environmental temperature, all the heat pro-
duced by the snake must be given off as heat of vaporization. This view
was apparently substantiated by our unsuccessful attempt to measure
directly the heat production of a snake. One of the snakes (boa N) was
brought to the Nutrition Laboratory in Boston and placed inside an elec-
trical compensation- calorimeter.? It was found that this animal’'s heat
production could not be measured directly. No heat as such was given off
to the environment. The compensation chamber was actually too warm
and could not be cooled. Simultaneous measurements of water vapor
showed a large output of water vapor, indicating that the major portion,
if not all, of the heat produced by the snake left the body by the path
of vaporization of water. If the snake had been placed in a water bath
in a large type of micro-calorimeter, such as that used by Hill or Rubner,
direct heat measurements could have been obtained. But the vaporization

’Bﬂipedict, F. G, E. L. Fox, and M. L. Baker, Amer. Journ. Physiol, 1921, 56,
p. 464; ibid., Proc. Nat. Acad. Sci,, 1921, 7, p. 154.

*Benedict, F. G., Boston Med. and Surg. Journ.,, 1925, 183, p. 807; ébid., Bull. Soe.
Bci. d’Hygi¢éne Alimen.,, 1927, 15, p. 172.
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of water by boa N removed so much heat that there was no loss of heat
by radiation.

If it is true that all the heat produced by the snake is given off as heat
of vaporization, then the water vaporized should bear a close relationship
to the carbon dioxide produced.- To determine whether this argument
holds, we have presented in table 21 a comparison of the water-vapor out-
put and the carbon-dioxide production, simultaneously measured, in ex-
periments with snakes during periods of no agitation, no handling, no
transition in environmental temperature during the experiment itself and
for several hours beforehand, and with full ventilation of the respiration
chamber (6.5 to 8.5 liters per minute). Although no record was made as
to the exact time when the snakes were fed prior to these experiments, it
is believed that they were all substantially in the post-absorptive condition.
For purposes of comparison the values for the carbon-dioxide production
and the water output have been computed per kilogram of body weight
per 24 hours. These are average values for a number of consecutive
periods on the given dates.

Examination of the data in table 21 shows that in general for every
gram of carbon dioxide produced per kilogram of body weight per 24
hours, approximately 5 grams of water vapor per unit of weight and time
were given off from the body of the snake. In other words, there is usually,
although not invariably, a rough approximation to correlation between
the carbon-dioxide production and the water-vapor output. As the carbon-
dioxide production increases the water vapor also increases, and in most
cases this increase is associated with an increased environmental or rectal
temperature. At first it was our belief that the relationship between the
production of carbon dioxide and the elimination of water vapor by the
snake is so close that we could argue that the entire heat produced by
the snake is lost by vaporization of water. If this close relationship
actually exists, this is a further argument in favor of using the carbon-
dioxide measurement as an index of the heat production. But subsequent
analysis of our data in table 21 will show that the assumption that the
snake’s entire heat production is lost by vaporization of water is unproved.

The heat production has been calculated from the carbon-dioxide pro-
duction, on the basis that each gram of carbon dioxide exhaled corresponded
to the production of 3.325 calories, that is, that the respiratory quotient
was 0.72. From this computed heat production has then been calculated
the theoretical amount of water that would have been vaporized, if all
the heat produced had been given off in the vaporization of water. For
this calculation it has been considered that for each gram of water vapor-
ized, 585 gram-calories (the latent heat of vaporization of water at 20° C.})
are needed. Comparison of the water vapor calculated from the heat
production and the water vapor actually measured indicates that the
agreement between the two is anything but satisfactory. Almost in-
variably there was actually much less water vaporized than would be
accounted for by the assumption that all the heat produced was lost by

* Smith, A. W,, Phys. Rev., 1907, 25, p. 145.
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vaporization of water. With boa II, for example, in the first and the last
experiments the actually measured water vapor is reasonably close to the
calculated amount, but in the second experiment the measured loss of
water should have been twice as much in order to equal that calculated
from the carbon-dioxide production. Explanation of this great discrepaney

TasLE 21—Comparison of carbon-dioxide production and water-vapor output of
snakes in periods of mo agitation, no handling, and no transilion in
environmental temperature

Temperature of— | Per kilo. per 24 hours
Date Snake and time Body Water vapor
weight .
Envi- Carbon
ronment Rectum dioxide
Meas- | Calcu-
ured | lated!
kg. °C. °C. gm. gm. gm.
1920 Boa N:
Feb. 18 9.34 am.-10.34 am. | 10.15| 35.80 | ..... 1.58 7.78 9.0
Feb. 18 10.34 am.~ 1.54 p.m. | 10.15 | 36.00 | ..... 1.66 9.01 9.4
Feb. 18 1.54 pm.— 4.54p.m. | 10.15 | 36.20 | ..... 1.70 13.60 9.7
Feb. 19 9.21 am.~12.21 p.m. | 10.08 | 34.8 | ..... 1.67 11.02 9.6
Feb. 19 12.21 pm.— 431 p.m. | 10.08 | 34.9 | ..... 1.43 10 07 8.2
1921 Boa II%:
May 11-14 12 noon -10.45 a.m. 5.98 | 22.62 22.52 .384 2.07 2.2
May 17 12.30 p.m.~12.01 a.m. | ..... 17.39 | ..... .455 1.33 2.5
May 18-20 4.30 p.m.-10.45 a.m. 5.56 | 17.74 | ..... .229 1.41 1.3
Boa III:
May 26-29 3.30 a.m.~ 2.30 p.m. 6.01 | 20.98 21.82 .261 1.26 1.5
June 1- 4 12.15 a.m.— 2.00 p.m. 5.98 | 24.64 24.92 .394 1.39 2.2
June 6- 8 1.30 a.m.~ 2.30 a.m. 595 | 27.23 | ..... .837 1.95 3.1
June 8- 9 6.00 p.m.~10.45 a.m. | ..... 29.60 | ..... .659 2.30 3.8
June 9-11 10.46 am.-11.00 am. | ..... 29.96 29.77 .750 2.57 4.3
Two small boas:
June 14-15 2.00 a.m.~ 6.00 p.m. 4.48 | 23.79 | ..... .485 3.66 2.8
~June 28-29 2.05 a.m.— 7.00 p.m. 4.42 | 24.79 | ..... .526 3.66 3.0
Boa IV:
June 20-21 2.00 a.m.~11.30 a.m. 595 | 2466 | ..... .375 2 03 2.1
July 7- 8 1.30 a.m.-11.30 a.m. 590 | 25.64 e .425 1.98 2.4
July 19-223 1.56 a.m.-10.30 a.m. 5.84 | 24.21 24 .51 .670 2 29 3.2

* Calculated from carbon-dioxide production, assuming a respiratory quotient of 0.72
and 585 gram-calories for each gram of water vaporized.
. *Boa II shed skin on May 14, after experiment was ended.

3 Boa IV about to shed July 18; not known when it did shed.

is not simple. With boa III the water actually measured is in all cases
considerably below that computed to have been given off, provided all the
heatiwas given off as water vapor. Of itself this series of experiments with
boa III could be taken as an argument against the notion that the heat
produced is all lost by vaporization of water. In the experiments
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with the two small boas, the measured water vapor agrees fairly well
with the calculated amounts. Much the same can be said with regard to
the results obtained with boa IV, although in general the water vapor
actually measured is less than that computed.

The snake has not simply a source of heat within the body itself, but
can actually absorb heat from the environment, and either of these sources
of heat can facilitate the vaporization of moisture. To apportion the
source of heat for vaporization of water hetween heat absorbed. from the
environment and heat produced within the body is out of the question in
these experiments. Had the actually measurcd water vapor been much
greater than that calculated from the carbon-dioxide production, one could
easily account for the difference on the ground that extra heat was ab-
sorbed from the environment. Such heat absorption can of itself vaporize
water, independent of any heat production. The body temperature of a
dead snake, for example, would fall off to a certain extent but would not
continually decrease and the snake’s body would lose water in absorbing
heat from the environment. When the measured water vapor is lower
than the calculated, as with boa III particularly, the inference is that the
body temperature was materially above the environment. This was not
the case with boa III, however. Thus, in three of the experiments with
this boa the rectal temperature was measured at the end of the experiment.
In two instances the rectal temperature was only slightly above the en-
vironmental temperature and in the third instance it was actually some-
what below. The rectal temperatures recorded in table 21 are not, how-
ever, directly comparable with the environmental temperature, for the
body temperature was measured at the end of the series of measurements
in each case, whereas the values for environmental temperature represent,
averages for the whole period of measurement.

In view of this analysis of our data, it is believed that the relationship
between the carbon-dioxide production and the water-vapor output is not
so close as to represent a further argument in favor of using the carbon-
dioxide measurement as an index of the heat production of snakes. Water
vapor itself, therefore, becomes simply onc of the factors in the heat loss
of a snake, a factor complicated by the fact that the actual amount of
heat required to vaporize the water will be in part the heat produced
by the snake and in unknown part the heat absorbed by the colder snake
from the slightly warmer environment. It is clear from this incomplete
study that observations on the insensible perspiration of snakes are neces-
sary, particularly with reference to the relationship between the carbon-
dioxide production and the water vaporized, and with reference to the
time of shedding the skin and the character of the integument. Such
observations would be important in throwing light upon the methods of
heat regulation and heat loss of these cold-blooded animals. Thus far no
technique has been developed for measuring separately the loss of water
from the skin of the cold-blooded animal and that from the lungs. The
water vapor leaving the lungs with the carbon dioxide exhaled can be com-
puted approximately. For this computation one must know the amount of
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carbon dioxide exhaled and the humidity of the inspired air and must
assume that the air leaving the lungs would be saturated with water
vapor at the temperature of the animal itself. Again one would have to
assume that the ventilation rate was approximately uniform per liter of
carbon dioxide exhaled. Further, it must be assumed that the respiratory
center of these animals reacts with the same degree of stimulation as does
that of man. All of these assumptions, however, are so doubtful as to
make such speculations at this time unprofitable. But it is obvious that,
because of the rdle played by the vaporization of water in the loss of heat,
the skin area of the cold-blooded animal is a really important factor in
the regulation of the body temperature. The heat regulation of cold-
blooded animals is therefore deserving of further intensive study.

WATER-VAPOR OUTPUT AS AFFECTED BY DIFFERENT
ENVIRONMENTAL TEMPERATURES

In the experiments reported in table 21, in which the water vapor given
off by snakes was determined, the snakes had in all cases been under a
constant environmental temperature for several hours beforehand, so that
they were in a uniform state. On February 18 and 19, 1920, experiments
were made with a boa (boa N) at a high temperature, 35° or 36° C. De-
ferring for the present the discussion of the carbon-dioxide output at dif-
ferent temperatures, we can see that the water vaporized per kilogram of
body weight per 24 hours was on the average of the two days not far
from 10 grams. This is a much higher value than those found in subse-
quent experiments in 1921 with other boas at distinctly lower environ-
mental temperatures. A high environmental temperature thus has a
noticeable effect on the water vaporized by the snake. Perfect correlation
between the water vaporized per kilogram of body weight per 24 hours
and the environmental temperature is, however, not found, for with boa II1
on June 8 to 9 and June 9 to 11, when the environmental temperature was
about 30° C., the water vapor was only about 2.5 grams or one-fourth
that at 36° C. There is evidence in much of our work that between 30°
and 36° C. there may be a critical temperature for water elimination. On
more than one occasion we have taken snakes out of a warm environmental
temperature and found them distinctly moist. The presence of sweat glands
as such in the snake has not been demonstrated. Indeed, their absence
has been the basis for argument ! that the vaporization of water must be
accomplished largely by the lungs. From the relationship between the
carbon-dioxide excretion and the water-vapor output, especially under
varying conditions of environmental temperature, it is hardly probable that
the large amounts of water involved in the snake’s metabolism can be lost
solely through the lungs and it appears that the skin, in spite of the ab-
sence of sweat glands, still furnishes a large supply of water vapor.

3 Wetmore, A, Smithsonian Mise. Coll,, 1921, 72, pp. 12 and 22.
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WATER VAPOR AS AFFECTED BY AGITATION

That the water vapor may be affected by conditions other than environ-
mental temperature is shown by the experiments with boa N. On February
20, 1920, at an environmental temperature of 23° C., the water vaporized
per kilogram of body weight per 24 hours was 11.33 grams, or not far
from that on the two preceding days (see table 21) when the environmental
temperature was nearer 36° C. That the water vaporized at 23° C. was not
lower than that at 36° C. is explained by the fact that prior to the ex-
periment on February 20 the snake had been in a wire tube preparatory to
some body-temperature observations, had been handled excessively for
measurements of length and girths, and the agitation incidental to this
handling had by no means disappeared at the beginning of the respira-
tion experiment. This experiment proves that agitation has an effect on
the excretion of water vapor.

INFLUENCE OF VENTILATION RATE (RELATIVE HUMIDITY) ON WATER
VAPORIZED BY SNAKES

Under the conditions of experimenting, air entered the respiration
chamber absolutely dry, having been passed over sulphuric acid. Con-
scquently, although no direct measurements of the relative humidity of
the air in the chamber were made, it could be assumed that the more
rapid the ventilation the drier was the air. Several experiments were made
in the series of water-vapor determinations in which the environmental
temperature was unchanged during the period of measurement but the
ventilation rate was altered greatly. Knowledge regarding the water vapor
per kilogram of body weight per 24 hours with varying ventilation rates
is of importance in determining whether changes in humidity have any
influence upon the elimination of water vapor. Our data show that in
threc periods with a boa weighing 6 kg., at an average environmental tem-
perature of 26.3° C., and with a ventilation rate of 8 liters per minute,
the water vaporized per kilogram of body weight per 24 hours was 2.11
grams. In seven periods with the same snake at the same environmental
temperature, but with a ventilation rate of but 2 liters per minute, the
water vapor was 2.10 grams, that is, there was no change. With two small
boas (combined weight 4.48 kg.) in the chamber it was found that in two
periods at the higher rate of ventilation (8 liters) and at an environmental
temperature of 23.1° C., the water vapor per kilogram of body weight per
24 hours was 3.48 grams. In four periods.at the lower ventilation (2.5
liters), at the same temperature, the water vapor was 3.32 grams, a slight
decrease. Seven periods with these two snakes at 24.31° C. and with a
ventilation of 7 liters per minute gave 3.73 grams of water vapor, and six
periods at the same temperature but with a ventilation rate of 2.5 liters
gave 3.72 grams. From these comparisons it can be seen that the lower
degree of humidity necessarily accompanying the more rapid ventilation (a
ventilation four times as great as the slower rate) was without any effect
on the water vaporized by the snakes. It is unfortunate that the actual
relative humidity was not recorded. We have reason to believe that at
the higher rate of ventilation the humidity must have been very low.
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INFLUENCE OF SHEDDING THE SKIN UPON LOSS OF WATER VAPOR

The profound change taking place during the shedding of the skin of
serpents suggests the possibility of an alteration in the water exchange of
the skin during this period. Certain of our data were obtained toward
the terminal stages of shedding. A boa weighing 4.14 kg. was studied
at an environmental temperature of approximately 21° C., in a number
of periods covering three days, and the water vapor given off per kilogram
of body weight per 24 hours averaged 5 grams. This boa was about to
shed and the scales came off and stuck to the hands, as the rectal tem-
perature was taken. At the end of the fourth day, but not during a period
of measurement, feces were passed in the chamber, so the boa was taken
out, the chamber cleaned, and the animal put back. On the next two
days, at the same environmental temperature, an average of 11 grams
of water vapor per kilogram of body weight per 24 hours was obtained
in five periods. Thus with the snake, there is evidence of a highly in-
creased water output during the shedding stage, in spite of the absence
of sweat glands. On the last day, during a period following these five
periods, feces were passed and during this period the water vapor rose
to 23 grams per kilogram of body weight per 24 hours, this increment
being without doubt in very large part due to the water vaporized from
the excreta.

Another boa was studied that was about to shed. The eyes were coated
and blue, and the belly was blue. Five periods covering the time from
11230™ a.m., June 1, to 8*30™ p.m., June 2, gave on the average 4 grams of
water vapor per kilogram of body weight per 24 hours. This is much
lower than the values noted with the serpent mentioned above, although
the body weight in this second casc was 3.40 kg. as compared with 4.14 kg.
in the first case. The environmental temperature was about 21° C. It
is clear by reference to table 21 (page 118) that the excretion of even
4 grams of water vapor per kilogram of body weight per 24 hours is
much higher than that noted at about 21° in the experiments recorded
in table 21.

These two instances give fairly distinet evidence to the effect that the
shedding process, or at least the onset of the shedding process, results in
a considerably increased vaporization of water. Fortunately the rectal
temperatures were taken in all the periods of observation. With the first
serpent, especially during the periods when the high loss of water was
noted, the rectal temperature was frequently 2 or even 3 degrees lower
than the environment. In the second instance, where the water vapor
was much less than in the first, but still higher than normal, the rectal
temperature was only slightly below the environment. With the vaporiza-
tion of as much as 10 to 12 grams of water vapor per kilogram of body
weight per 24 hours there is a profound lowering of the rectal temperature,
and the snake has distinctly the characteristic of a wet bulb thermometer.
It would appear that just prior to the shedding period there is an unusualy
largé loss of water vapor, resulting in a pronounced depressmn of the body.
temperature of the snake. Just what rdle this plays in the physiology qf
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the shedding of the skin is not clear at present. The results of these ex-
periments do point out, however, the significance of water vapor as a
means of heat loss in these animals.

INSENSIBLE PERSPIRATION AND WATER OF VAPORIZATION
OF THE 1931 PYTHON

From experience with many warm-blooded animals it is obvious that
insensible perspiration is affected to a certain extent by the environmental
temperature and particularly by the intensity of the metabolism, such as
the high metabolism directly reflecting the after-effect of digestion. Conse-
quently in the study of the insensible perspiration of the 1931 python (this
type of measurement was not made on any of our other cold-blooded ani-
mals except the tortoise—see pages 350 to 353) a number of factors had
to be taken into consideration, such as environmental temperature (both
dry bulb and wet bulb), the length of time after the ingestion of food,
the possible effect of agitation and handling prior to the observations,
and the possible effect of wind movement. In the course of the two
months of experimentation with the 1931 python a large number of body
weight measurements were secured, notably measurements of the insensible
loss in body weight, but these were so interwoven with the factors men-
tioned above that a clear picture of the effect of each different factor is
only with difficully obtained. The first series of determinations of the
insensible perspiration began on January 10, the python remaining sus-
pended from the balance continuously from 9"05™ a.m. on this day until
8843™ a.m. on January 12. The results of this and the following series of
measurements are recorded in table 22. A Sauter balance of 10-kg. capa-
city was used, capable of weighing accurately to the nearest centigram.

The accuracy of the determination of the insensible perspiration is pro-
portional to a certain extent to the length of the period. Frequently the
periods were short, and any error in weighing would therefore be appre-
ciable. It is furthermore probable that, in spite of seeming lethargy, the
snake was perceptibly disturbed by the presence of the operator at the
time of the weighings. Indeed, at times, although not invariably, audible
deep respiration or hissing was heard. In short periods the effect of this
agitation would be greater than in long periods. During long periods
extending throughout the night such agitation would play the smallest
réle. Fortunately during the series from January 10 to 12 there were
two overnight periods, one 773 minutes and the other 853 minutes long.
During these overnight periods the insensible perspiration amounted to
approximately 4 grams per kilogram of body weight per 24 hours. This
may be taken as approaching the basal or standard insensible perspiration
of the python at an environmental temperature (dry bulb) of 25° or 26°
(wet bulb, 14° to 15°). This value of 4 grams does not, however, neces-
sarily represent the insensible perspiration under conditions of complete
fasting, since the snake had been fasting only from 112 to 135 hours, which,
although a long time for a warm-blooded animal to fast, represents but a
relagtively short time in the digestive cycle of the snake. Hence this in-
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sensible loss of 4 grams was undoubtedly somewhat complicated by the

after-effect of digestion.
During the 2-hour period and the immediately following 7-hour period
on the afternoon of January 11 an electric fan was blowing air over the

TasLe 22—Insensible perspiration of 1931 python

Environmental
Date and | Hours Length temperature Insensible.
body after Time of loss per kg
weight food period per 24 hrs.
Dry bulb | Wet bulb
1931 mins. °C. °C. gm.
Jan.10...| 88 9.05 a.m. 26.3 18.0
5529 gm. 89.5 | 10.50 a.m. 105 25.7 18.0 6.57
90 11.14 a.m. 24 26.3 18.3 3.58
92 1.12 p.m. 118 26.0 17.3 5.56
93 1.57 p.m. 45 26.7 14.9 5.67
94 2.60 p.m. 53 26.5 14.9 4.28
95.5 4.33 p.m. 103 26.3 15.9 4.32
99.5 8.37 p.m. 244 26.7 14.9 5.63
Jan. 11...| 112.5 9.30 a.m. 773 26.5 14.9 4.21
5502 gm. | 114.5 | 11.30 a.m. 120 27.3 15.4 15.06
121.5 6.30 p.m. 420 27.6 e 15.42
Jan. 12...| 135.5 8.43 a.m. 853 25.3 14.2 3.99
5478 gm.
Jan.28...| 87.5 9.43 a.m. 32.0 18.6
6407 gm. 88 10.16 a.m. 33 32.4 19.2 28.30
88.5 | 10.42 a.m. 26 33.4 19.3 7.28
89 11.13 a.m. 31 33.4 19.0 7.03
90 11.46 a.m. 33 33.3 18.8 7.51
90.5 | 12.16 p.m. 30 33.1 18.7 7.30
91 1.10 p.m. 54 34.4 18.5 18,43
92 2.06 p.m. 56 33.9 17.8 7.33
92.5 2.41 pm. 35 33.7 17.8 7.43
93 3.08 p.m. 27 33.9 18.0 7.26
Jan. 30-31| 143.5 5.17 p.m. e 32.6 17.1 e
6577 gm. | 158.5 8.40 p.m. 923 32.4 17.3 16.74
Feb.7....| 328.5 | 10.29 a.m. 20.6 8.8
6237 gm. | 331.5 1.22 p.m. 173 20.4 8.2 3 .67
334 4.14 p.m. 172 19.3 8.2 .42
337.5 7.21 p.m. 187 19.5 10.2 .43
Feb.8....| 351.5 9.40 a.m. 859 20.0 11.2 .35
366 2.10 p.m. 270 19.6 11.6 .26
Feb.9....| 375 8.48 a.m. 1118 20.5 10.7 .85

! Electric fan blowing air over snake during this measurement.
2 Rectal temperature measured at 9*15™ a.m., Jan. 28.
?Rectal temperature measured at 9*45™ a.m. Feb. 7.

snake, and the insensible loss per kilogram of body weight per 24 hours

during these two periods was 5.06 and 542 grams, respectively. Com-

parison of these values with the approximately basal value of 4 grams ob-

tained in the two overnight periods indicates that the violent movement of

air gver the snake resulted in a definite increase in the vaporization of

water. This strengthens our belief that the snake has to a certain extent the
. nature of a wet bulb thermometer.
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Handling would be expected to result in a somewhat higher insensible
loss than quiet repose, and it is to be noted that in the first period on
January 10 the insensible perspiration was 6.57 grams per unit of weight,
that is, the highest of any of the values in the series, and undoubtedly
it reflects the after-effect of handling prior to the experiment.

A second series of observations on the python was made from 9"43™ a.m.
to 3"08™ p.m. on January 28. The periods were short, varying from 26
to 56 minutes in length. The dry bulb temperature averaged 33.3° and
the wet bulb temperature 18°, or notably higher than in the preceding
experiment. In the first period the rate of insensible loss was high, 8.3
grams, because of previous handling. Thereafter during all but the sixth
period it averaged 7.3 grams per kilogram of body weight per 24 hours.
During the sixth period between 12823= and 1P06™ p.m., that is, for
nearly three-quarters of an hour, air was blown over the snake by an
electric fan and the insensible loss increased to 8.43 grams, but in the
following periods when no air was blown over the snake the loss again
reached a level of approximately 7.3 grams. In this experiment, as in the
first, there is a clear indication of an increase in the vaporization of water
as a result of wind movement.

On January 30 a respiration experiment with the python ended at
4013 pm. In order that the snake should not be disturbed before the
next day’s experiment it was left in its box, the box resting on the labora-
tory floor. To insure ventilation, a blast of air from an electric fan was
directed through a funnel into the box throughout the night. The in-
sensible loss was determined during the night of January 30 to 31 in a
15-hour period, at an average dry bulb temperature of 32.5° and a wet
bulb temperature of 17.2°. It was found to be 6.74 grams per kilogram
of body weight per 24 hours, a value agreeing well (taking into con-
sideration the 2-degree difference in temperature) with that obtained in
the short period on January 28, when the fan was also blowing air over
the snake.

The insensible loss was determined in an experiment at a lower tem-
perature, about 20°, on February 7 to 9. The experimental periods were
approximately three hours long, though some were longer, one being 19
hours long. The insensible loss computed per kilogram of body weight
per 24 hours varied considerably in this experiment, from a minimum of
0.26 to a maximum of 0.67 gram. Before the experiment the python had
been at a low temperature, for the recording thermometer showed that at
one time during the night of February 6 to 7 the temperature had been
13°. The animal had been placed in its box and left on the laboratory
floor on the evening of February 6 and had not been handled since that
time until 9*45™ a.m., February 7, when its rectal temperature was taken.
It is possible that the first high insensible loss of 0.67 gram may reflect the
effect of this handling. If the high value of 0.67 gram is ruled out, the other
values range from 0.26 to 0.55, showing that the insensible perspiration
at an environmental temperature of about 20° was much less than that at
26° or 33°. The snake, however, had been without food long enough
to have reached the true fasting stage.
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In general, the insensible loss of this python per kilogram of body weight
per 24 hours was about 0.4 gram at 20°, 4.0 grams at 26°, and 7.3 grams
at 33°. Since the python weighed not far from 6 kg., the total 24-hour
loss would be about 2.4 grams at 20° and 24 grams at 26°, or ten times
greater. At 33° it would be nearly 50 grams. It is impossible to approxi-
mate natural conditions with these animals in the laboratory. It is clear
that air movement plays a role in the insensible loss. On the other hand,
the degree of humidity to which the snake was subjected during its stay
in the laboratory in the winter months was evidently much lower than
would be found in its natural habitat, particularly when the temperature is
high. Sufficient evidence is at hand, however, to show that the water
of vaporization plays an important réle in the total heat economy of these
cold-blooded animals.

It may be assumed, for purposes of discussion, that the insensible loss
in weight of the snake represents entirely loss of water. This assumption
is certainly debatable, and there seems to be some evidence that there may
be a retention of oxygen as a result of possible intermediate oxidative pro-
cesses. But on the basis of this assumption it is interesting to compare the
total 24-hour insensible loss of this python of approximately 50 grams at
33° C. with the water loss of the ordinary human. The total insensible per-
spiration of the normal adult human would average not far from 720 grams
per 24 hours.! This is nearly 15 times the amount lost by the serpent.
The serpent, however, weighed 6 kg. and the average adult human would
weigh 60 kg. or ten times as much. Thus it is obvious that at the tempera-
ture of 33° (which approaches, although it is not actually the same as, the
human body temperature) the water loss of the cold-blooded snake per
kilogram of body weight may approximate that of the warm-blooded hu-
man. Another interesting comparison between the cold-blooded and the
warm-blooded animal is the effect of wind movement on the insensible
perspiration. With humans the water loss is not appreciably altered when
air is blown over the body, whether the body is clothed or nude, but
with the python our data show that wind movement results in a material
increase in the water of vaporization or the insensible perspiration.

During many of the periods when the respiratory products of the 1931
python were measured inside the respiration chamber the water vaporized
by the snake was collected and weighed. The determination of the water
vaporized has two special uses in the study of these cold-blooded animals;
to give information concerning (1) the water actually vaporized, con-
sidered as a product of the metabolism or as a loss from the body itself
contributing toward the water metabolism or the water balance, and (2)
the role of water vapor as a path for the loss of heat, for we believe that
a large part of the heat lost from the body of the cold-blooded animal or,
under certain conditions, all the heat lost from the body is lost through
the vaporization of water. Finally, measurements of the water vaporized
are of interest because the water vaporized would be expected to have a
fairly definite relationship to the insensible perspiration. It so happened,

* Benedict, F. G., and C. G. Benedict, Biochem. Zeitschr., 1927, 186, p. 278.
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unfortunately, that we could not simultaneously determine with the neces-
sary accuracy the insensible perspiration, the water of vaporization, and
the gaseous metabolism. On the days when the insensible perspiration
was measured, we had to forego the direct determination of the water
vapor and the gaseous metabolism. On the other hand, the environmental
temperature was always well known, and hence the relationship between
the water given off as such, the insensible perspiration, and the metabolism
in general can be treated.

For purposes of discussion it may be considered that if the total
heat production is known, the probable water output can be computed
on the assumption that the entire heat produced is lost by means of the
water of vaporization. In table 23 have been recorded the measurements
of the water actually vaporized per kilogram of body weight per 24 hours
during the various respiration experiments made with the 1931 python.
For purposes of comparison there are also given the calculated amounts
of water that would have had to be vaporized to bring away all the heat
produced during the metabolism experiments. These last values have been
computed from the indirectly measured heat production (table 55, p. 208)
on the basis that each gram of water vaporized is accompanied by the
loss of 585 gram-calories. The environmental temperature recorded in
table 23 is the temperature that prevailed inside the respiration chamber
during the measurement of the water vapor and the gaseous metabolism.
The rectal temperature was taken after the respiration experiment ended.
The environmental temperature noted at the time the rectal temperature
was determined is shown in tables 11 and 56 (pages 81 and 211).

The python was fed on January 24, following the measurement of the
water vaporized, and the dates from January 27 through February 3 are
considered to represent the period of digestion. Inspection of the data
in table 23 shows that the amounts of water vaporized seem to be in large
part independent of the digestive activity. If the days affected by diges-
tive activity are not taken into consideration it can be seen that, although
the amounts of water actually vaporized vary considerably with the tem-
perature of the environment, in general the lowest amounts were found
at the low temperatures and the highest at the high temperatures. This
was not always the case, because at the high environmental temperature
of 35.4° on February 4, the water vaporized amounted to only 3.14 grams,
whereas on February 20 when the temperature was 35° or practically the
same, the water vaporized was 5.26 grams. . It is true, however, that the
maximum amount of water vaporized was 6.18 grams on February 24,
when the highest environmental temperature prevailed. On the five days
when the environmental temperature was as low as 17° or 18°, less water
was vaporized, ‘although the variability was again great, 7.e., from 1.35
grams on January 19 to 0.57 gram on February 26. In general, the water
of vaporization follows fairly directly the environmental temperature, and
the larger amounts are vaporized at the high temperatures.

Perhaps the most striking feature of table 23 is the comparison of the
water actually vaporized with the water calculated as having been vapor-
ized:to take care of the entire heat produced, as measured by the gaseous
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metabolism. This comparison shows extraordinarily discordant results.
On only a relatively few days is there even an approximate agreement
between the two sets of values. On January 19 and 20 at the low en-

TasLe 23—Comparison of water vaporized by 1931
python as actually measured and as calculated from
indirectly measured heat production

Water vaporized

Temperature of— per kg. per 24 hours

Date
: Calculated|
Environ- | po tum | Measured | from heat
ment

produced!
1931 °C. °C. gm. gm.
Jan. 14 256.8 2.72 4,57
Jan. 15 22.2 22.7 2.36 3.06
Jan. 16 24.5 2.31 3.04
Jan. 17 24 .4 24.7 1.86 2.70
Jan. 19 18.2 1.35 1.55
Jan. 20 20.0 14.3 1.71 1.83
Jan. 21 31.6 31.0 3.67 5.25
Jan. 22 31.4 31.4 4.97 5.19
Jan. 23 24.9 24.7 2.44 2.75
Jan. 24 25.3 25.1 4.39 3.09
Jan. 27 31.9 35.6 26.04 36.21
Jan. 29 31.3 4.51 22.99
Jan. 30 31.1 4.29 13.11
Jan. 31 32.9 34.0 34,90 15.46
Feb. 2 30.9 32.5 33.04 9.81
Feb. 3 31.4 3.00 6.33
Feb. 4 35.4 38.7 3.14 11.70
Feb. 6 31.3 33.1 1.54 4.79
Feb. 9 18.0 .63 1.14
Feb. 10 18.8 18.9 .74 1.24
Feb. 12 17.6 1.09 1.33
Feb. 13 31.9 30.6 1.69 5.07
Feb. 18 29.1 29.4 2.64 4.20
Feb. 19 32.4 33.1 3.78 5.44
Feb. 20 35.0 36.2 5.26 7.85
Feb. 21 36.1 36.1 4.48 6.91
Feb. 24 38.1 37.9 6.18 7.77
Feb. 26 17 .4 17.3 .87 1.36

1 Agsumed that all the heat produced was lost as water vapor and that 1 gm. of
water was vaporized for each 585 gram-calories lost.

3Not measured simultaneously with carbon-dioxide and oxygen measurements, but
immediately following such measurements.

3 Includes one observation on water vaporized after respiration experiment proper
had ended.

vironmental temperature there is close agreement. On January 22 there
is good agreement. But after January 24 the water vaporized, as actually
measured, is considerably lower than that calculated from the heat
produced. The snake was fed at 5 pm. on January 24, following the
water-vapor determination. On January 27 and 29 and on February 4
and 6 the discrepancy between the measured and the caleulated amounts
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of water is pronounced, but thereafter there is a tendency for the two
values to approach each other more nearly as time goes on. The
natural inference is that sensible heat is given off by the snake, and that the
water vaporized does not account for all the heat produced. Against this,
however, are the results of experiments with this python by direct calori-
metry on February 16 and 17, which will be discussed subsequently (see
p. 423). These direct calorimeter experiments showed that at two dis-
tinctly different environmental temperatures the python in repose produced
no sensible heat. It is clear from this study that the relationship between
the water vapor and the heat loss of the snake, particularly during and
after digestion, is by no means definitely established. With the snake
the vaporization of water as a physical path for the loss of heat represents
a much larger proportion of the total heat developed than is the case
with humans. Man and many animals, at least under basal conditions,
lose only from 20 to 25 per cent of their heat as a result of vaporization
of water. It is regretted that this problem could not have been studied
further. The two calorimeter experiments with this python, as far as
they go, are extremely illuminating, although the calorimeter itself was
not designed primarily to measure such small quantities of heat as are
represented in the metabolism of these cold-blooded animals.

A comparison may be made of the water vaporized per kilogram of body
weight per 24 hours as actually measured and recorded in table 23 and
the insensible perspiration per unit of weight as recorded in table 22.
For this purpose the results for the actually measured water vapor (not
including those obtained during the period of digestion, i.e., from January
27 through February 3) have been plotted with reference to the environ-
mental or rectal temperature of the snake in figure 33. All the values for
water vapor obtained at temperatures below 25° have been plotted with
reference to the temperature prevailing inside the respiration chamber at
the time the water vapor was determined and are indicated as dots. Those
obtained at temperatures above 25° (indicated as crosses) have been
plotted with reference to the rectal temperature of the snake, since at the
higher temperatures the rectal temperature is somewhat below the environ-
mental temperature. The dots and crosses representing data obtained
before the ingestion of food on January 24 have been enclosed in circles.
The three average values for the insensible perspiration, of 0.4, 4.0, and
7.3 grams at 20°, 26°, and 33°, have been plotted as dots enclosed in
squares. It will be noted instantly that at 20° the insensible perspiration is
measurably lower than any line that could be laid through the plotted
points for water vapor to represent the general trend. At 26° the insensible
perspiration is slightly higher than the general trend for the water vapor,
and at 33° much higher. To what extent the more sensitive, more keenly
alert snake at the higher temperatures was cognizant of the movements
of the operator in obtaining the weights at the higher temperatures, and
to what extent this influences the insensible perspiration it is difficult
to tell. The disturbing presence of the operator was probably not with-
out influence. The insensible perspiration is, however, on the whole meas-
urably above the water vaporized, and one recalls instantly that the
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calculated amount of water necessary to absorb all the heat produced was
likewise above the measured water vapor. Hence it may be concluded that,
in general, the insensible perspiration tends to approximate the values
for the calculated water output. Since simultaneous determinations of
insensible perspiration and actual weighing of the water output were not
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F16. 33—COMPARISON OF WATER OF VAPORIZATION AND INSENSIBLE PERSPIRATION OF THE
1931 PYTHON PER KILOGRAM OF BODY WEIGHT PER 24 HOURS.

Dots enclosed in squares represent insensible perspiration. Dots enclosed in circles
represent values for water vapor obtained before ingestion of food and plotted with
reference to environmental temperature. Dots not enclosed in circles represent values
obtained after ingestion of food and plotted with reference to environmental tempera-
ture. Crosses enclosed in circles represent values obtained before ingestion of food
and plotted with reference to rectal temperature. Crosses not enclosed in circles
represent values obtained after ingestion of food and plotted with referemce to rectal
temperature.

feasible and strikingly different conditions obtained in the two sets of
measurements, this apparent accord is probably not of real biological sig-
nificance.

THE SOLID AND LIQUID EXCRETA OF THE SNAKE

The urine and the feces of the snake are frequently passed together or
nearly simultaneously. In many instances they are passed when the snake
is agitated or handled, and it has been thought by some observers that
in such cases the excreta were voided as a means of defense, since their
odor at times is very bad. It was not intended to include in this research
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a study of the intermediary metabolism ! of the snake or a study of the
excreta, but during the course of the digestion experiments with snakes
at the New York Zoological Park our interest in the composition of snake’s
excreta was aroused by the obviously fatty nature of the feces that were
voided when the snakes were forcibly fed with beef fat. Hence in a few
instances these feces were collected, weighed and analyzed to verify the
ocular impression of the egcessive fat content. Subsequently, when the
1931 python was being studied, a few samples of excreta were likewise
collected. These were analyzed at the Nutrition Laboratory for their
water, ash and fat content, and Professor Otto Folin of the Harvard Uni-
versity Medical School determined their nitrogen content and made other
observations regarding them. We wish here to express to him our deep
appreciation of his cooperation in these analyses.

In the New York experiments it was difficult to collect all the feces
passed during any one digestive cycle, and no method was worked out to
separate the feces ascribable to a certain food ingestion. Six different sam-
ples were analyzed, all obtained during the fat-digestion experiments. The
results are given in table 24. On June 10, 1918, a sample of feces (sample
1) from boa G was collected. Boa G on May 16 had been fed 227 grams
of beef fat wrapped in a 57-gram rabbit pelt, and had been studied in the
respiration chamber from May 16 to May 30. During the collection of the
feces approximately 30 grams were lost. The actual amount collected
was 314 grams. There was no record of other feces passed during this
digestive cycle. Since the amount lost can be only crudely estimated, and
since it is uncertain whether other feces were passed during the digestive
cycle, no attempt has been made to correct the results of our analyses for
this uncollected mass, and the percentage values reported for sample 1 in
table 24 are based only upon the collected amount of 314 grams. This
amount, when dried in a hot-air bath, finally rcached an air-dry weight
of 147.7 grams. On June 12 boa G was fed 340 grams of beef fat plus
43 grams of rabbit pelt. The only specimen of feces collected following
the ingestion of this food was passed on June 26 (sample 2) and weighed
161 grams. This was subsequently dried to 111.6 grams and analyzed.
On July 1 feces weighing 182 grams (sample 3) were passed by this same
boa, presumably belonging to the digestive cycle following the fat ingestion
on June 12. Unfortunately no record was made, however, as to whether
this animal was fed again between June 12 and July 1. Since in the May
digestion experiment this boa had been fed on May 16 and feces were not
passed until June 10, and since in the June digestion experiment it was
fed on June 12 and feces were passed on June 26, it is highly probable
that the feces collected July 1, that is, only five days after those of June 26,
are ascribable likewise to the fat feeding of June 12. On December 20,
1919, boa J passed 348 grams of feces (sample 4). It had been fed 198
grams of beef fat and 28 grams of rabbit pelt on December 5. In this
particular case there were some lumps of fat in the feces that had obviously

1The interesting suggestions of Szretter, regarding the protein utilization of fasting

snakes, are worthy of serious consideration. See Szretter, R., The Hunger Metabolism
of Fasting Snakes, Travaux de 'Institut Nencki, Varsovie, 1922, 1, No. 31.
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undergone no noticeable change. Boa J was fed again on December 30,
being given 227 grams of beef fat and 57 grams of rabbit pelt. Feces
weighing 127 grams were passed on January 12. These were not analyzed.
The boa ate three dead rats on January 12 and passed feces again on
January 18-19. This collection of feces (sample 5) was sent to Boston
for analysis, but was not analyzed until considerably later. One other
sample of feces (sample 6) was collected, but unfortunately no record was
made regarding which animal passed them or what the fresh weight was.
They were characterized as containing a large proportion of hair, and were
known to be a normal fecal excretion. The analyses of these samples of
feces reported in table 24 indicate & large percentage of fat due to the
forced feeding of fat. The last sample, which consisted chiefly of hair,

TasLe 24—Composition of feces of snakes

Per cent of air-dry sample
Sample| Fresh | Air-dry
No. | weight | weight

Water | Fat Ash | Nitrogen

gm. gm.
1 314 147.7 2.20 77.3 4.37 2.42
2 161 111.6 86.9 2.67
3 182 139.8 87.1 5.51
4 348 | ..... 1
3 133 | ..... 7.67 24.5 36.4 4.01
26 oo ] e 5.88 0.13 | 29.3 3.08

1Contained 180 grams of fat, or 51.7 per cent on fresh basis,
2 Contained 49.8 per cent of hair on air-dry basis.

was probably a true residual product representing the indigestible hair.
This sample had a low fat content and a high ash content. By the
method of washing, we were able to determine that approximately half
of the dry weight was hair.

In these studies of feces we were dominated first by the fatty nature of
these excreta and hence we laid emphasis upon the first five samples, be-
lieving that they represented a real fecal discharge. Sample No. 6 was
so obviously made up, in large part, of hair as to represent probably the
normal feces of the snake uncontaminated, so to speak, by large masses of
fat. Subsequent experience with the 1931 python leads us to believe that
the normal feces will have a relatively high ash and low fat content,
whereas the solid urine will have a markedly different composi-
tion. These six samples therefore unquestionably represent feces.

The 1931 python was kept in an Abderhalden metabolism cage, the
bottom of which was formed of iron rods. Any liquid urine passed fell
immediately into a box below the cage, and the solid excreta were of such
form, usually like a ball or bolus, that they remained in the cage. In
figuré 34 is shown a photograph (taken February 3) of the 1931 python
with three boluses of excreta lying beside it, voided just before the photo-
graph was taken. Rather badly out of focus in the immediate foreground,
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at the left, is a mass of whitish, chalklike substance that was passed first
by the animal. Professor Folin found that this mass contained 82 per
cent of uric acid. The other two masses near the snake were brown in
color and different in texture. To show the segment-like form of these
masses of feces, a closer view of a sample of true feces, laid on paper ruled
in square inches, is given in figure 35. These masses obviously contained
a large amount of hair. Each bolus was about the size of two walnuts with
a fairly sharp plane marked off at each end, as if they had been in a tube

F16. 34—1931 PYTHON IN AN ABDERHALDEN METABOLISM CAGE WITH EXCRETA
RECENTLY PASSED.

The two masses of excreta near snake were brown in color. In immediate fore-
ground at left, out of focus, is a whitish, chalklike mass which was found on analysis
to contain 82 per cent of uric acid.

and had been cut off or separated, much as the segments, for example, in
the normal feces of the horse or in those of the steer after long fasting.
The 1931 python was fed two guinea-pigs on January 24. Subsequently,
on being handled, it passed considerable excreta. On January 31 liquid
urine was voided, collected, and later analyzed by Professor Folin. The
solid excreta passed on February 5 were definitely white and chalklike, as
are commonly found in zoological parks. On February 13 solid excreta were
passed, amounting to 49 grams. The samples analyzed for February 5 and
February 13 proved, from their chemical composition, to be solid urine.
On February 14 a large mass of feces, not unlike those of the dog, were
passed. These contained some hair. Two weeks later (February 27) when
the animal was taken to the roof of the Laboratory for photographs, three
balls of feces amounting to 47 grams were passed. At the time of dis-
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section of this snake (March 4) 25 grams of feces in two boluses were
removed from the intestinal tract. - No other intestinal contents were noted.

The several samples of excreta collected from the 1931 python were
analyzed, some only in part and some rather fully (table 25). Thus, the
only analysis made of the samples obtained on February 27 and March 4
was with regard to the ash content. In the fresh substance of February 27
the ash content was 2.05 per cent and on March 4 it was 3.27 per cent.
Chemically the solid exerements differed from each other. That on Feb-

F16. 35—NORMAL, HATR-CONTAINING FECES PASSED BY THE 1931 PYTHON.

Squares are one inch (25 mm.) on each side.

ruary 5 was chiefly uric acid, with a small amount of ash and fat. These
small percentages of ash and fat point to a urinary rather than a fecal ex-
cretion. The normal feces were represented by the sample on February 14,
which consisted of a large amount of hair and had a large percentage of
ash. This is in conformity with the analysis of the last sample listed in
table 24, which contained 29 per cent of ash. This ash content is probably
more nearly representative of the normal feces of the snake, as distin-
guished from the urine and as distinguished from the so-called “fatty
feces” which represent a wholly special condition.

The two samples of February 27 and March 4 were obviously of a fecal
rather than a urinary nature. In the March 4 specimen fourteen of the
python’s teeth were found. On the other hand, the percentage of ash in
both of these samples is very low, much lower than that in the sample for
February 14, true feces, and likewise lower than that in samples 5 and 6
in table 24. Although the presence of teeth seems to make it clear that we
were dealing with feces rather than urine, it is obvious that a more
elaborate analysis of these two samples should have been made.
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Of the liquid urine voided, that on January 31 was dark brown in color,
indeed almost black. It was uncontaminated by -feces but had been in
contact with the galvanized iron walls of the respiration chamber. It was
found to react strongly acid to litmus paper. Liquid urine passed on
February 13 reacted neutral to slightly alkaline, and urine passed on
February 10 gave a very slight alkaline reaction. Professor Folin analyzed
a sample of the urine voided on January 31 and likewise made analyses
of the excreta passed on February 5, 13 and 14. He reported that the
specimen of January 31 (volume 175 c.c.) “had a specific gravity of only
1.014. It was black in color, but this dark color seemed to be due to
material in suspension rather than in solution. The reaction with alkaline
picrate was so weak that at the most there could not have been over 35
mg. of creatinine present, and the character of the reaction was so atypical

TasLe 25—Composition of solid excreta of 19381 python

Per cent| Per cent of air-dry sample
Date Kind of | Fresh | Air-dry | water
excreta | weight | weight | lost in
drying | Fat Ash | Nitrogen
1931 gm. gm.
Feb. 5| Urine 42.6 31.1 27.0 0.35 1.11 35.6
Feb. 13| Urine 49.2 29.0
Feb. 14| Feces | 161.4 58.2 64.0 6.25 | 43.9 3.7
Feb. 27 | Feces 47 .4 1
Mar. 4| Feces 25.4 3

! Per cent of ash in fresh feces, 2.05.
2 Per cent of ash in fresh feces, 3.27.

that I do not think any of the reducing material was really creatinine.
The total nitrogen was 603 mg. and of this, 170 mg. were present as
ammonia nitrogen. There was no urea present. There were 172 mg. of
ammonium salt. The ammonium salt was probably mostly that of some
organic acid, for the organic acids were equivalent to 133 c.c. of tenth
normal acid. Tests for lactic acid were negative. The large amount of
ammonia was not due to decomposed urea, because the urine was still
slightly acid in reaction. The total amount of uric acid was 159 mg.
There were present phosphates (inorganic) equivalent to 163 mg. of P.
One of the curious features of the urine is the fact that of the 271 mg. of
total sulfate-sulfur present, all but 26 mg. (less than 10 per cent) were
present as ethereal sulfate.”

Of the bulky solid excrements, Professor Folin examined only the clean-
est, which was practically free from hair. It contained 82 per cent of uric
acid. He repeated several of the determinations on two other samples
of urine. These gave results which agreed substantially with what was
obtained from the first, and hence only the figures for the urine of January
31 are reported.

As seen on the gravel beds of the various snake departments in zoological
patks, the excreta of the snake usually appear like fairly large, whitish
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balls or masses of dry, chalklike consistency. Although our observations
of snake’s excreta were of a wholly incidental nature, at least four types
of excreta were noted: (1) A white, chalklike mass, found to be largely
uric acid; (2) a mass heavily impregnated with fat, the result of digestion
experiments with fat, which we have designated as “fatty feces”; (3) a
brownish mass consisting in large part of hair, evidently true undigested
food material; and (4) a liquid excreta which may be called urine. Judged
from their chemical composition, the white, chalklike masses are in all
probability not a fecal but a urinary excretion or at least a product of
protein metabolism. The brownish, hair-containing masses represent the
true, normal feces and contain a large percentage of ash. The liquid
urine was found to have a chemical composition wholly unexpected, owing
to the presence of a large amount of ethereal sulfate. A liquid excreta
from snakes has in general not been recognized by most writers, prob-
ably because on the beds of the dens (which are usually warm) there is
considerable gravel and the urine will rather rapidly vaporize. Indeed,
until 1931 our own observations on snake’s excreta were confined to the
solid and semi-solid excreta found in the cages. In handling the snakes,
not infrequently large voidings of liquid were noted. If the snake is placed
in an Abderhalden cage, however, any liquid passed will immediately fall
to the bottom of the cage and there it can be collected in a suitable vessel.
It is hardly reasonable to think that in an animal that drinks as the snake
is known to drink (for the water needed for its metabolism is by no
means confined to that obtained when bathing) there would be such a
fine proportionality between the water of vaporization and the water
drunk that there would be no liquid excreta. The 1931 python frequently
passed liquid excreta when in the Abderhalden cage.

Most of our samples of snake’s excreta were collected with the obvious
intent of studying the so-called “fatty feces” and therefore contained a
large amount of fat. We analyzed so few samples of normal feces, that it
would be unprofitable and only speculative to compare the normal feces
with the fatty feces. The securing of information regarding the mechanism
for the discharge of these various types of excreta, their serial order in
the digestive cycle, and their chemistry ! calls for far more study than the
Nutrition Laboratory had time to engage in, owing to the large amount
of other experimental work on hand. Our observations are admittedly
fragmentary and serve chiefly to show the great number of lacun® exist-
ing in the knowledge of the excretory products of the snake. Originally
it was hoped to secure some information with regard to the digestibility
of fat with the snake, to clarify the problem of the “specific dynamic
action” of fat, but it was uncertain whether all the fatty feces for the
particular digestive cycle studied had been collected, and some feces were
lost in a number of instances when the snakes smeared the feces in such a
manner as to make a complete collection impossible. The observations
here cited are therefore given more as a matter of record than as a com-
plete;solution of any of the great problems in the intermediary metabolism

1The chemistry of the feces of snakes formerly played an important réle in certain
pharmaceutical operations.
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of serpents. If these fragmentary observations serve no other purpose than
to call the attention of biochemists and physiologists to the importance of a
further study of the excreta of the snake, this result will fully compensate
for the labor involved in the analyses here reported.

The earlier literature concerning the excreta of reptiles has been cited
by Ellinger.! There is also an article by Roberts 2 on the urine of serpents
and an article by Lewis® on some analyses of the urine of turtles and
alligators. As far back as 1862 Hastings* published an account of an
inquiry into the medicinal value of the excreta of reptiles, in which he
commented on the chemical composition of the excreta.

BODY MEASUREMENTS OF SNAKES
BODY SURFACE AND SKIN AREA

The custom of comparing the heat production of living animals on the
basis of the surface area, although universal in the case of warm-blooded
animals, has not generally been applied to cold-blooded animals in any-
thing like a convincing manner. Seemingly the snake is the simplest of all
living forms for the direct measurement of surface area. To be sure, the
head is slightly more irregular in configuration than the tail, and yet
there are no extremities such as legs or wings, no ears of unusual shape,
and no recesses. The body is not an elongated cylinder nor yet is it really
two elongated cones with their bases together, but nevertheless it has
such a fairly simple geometric design that, theoretically, it would seem as
if the surface area of a snake could be fairly accurately determined by
measuring the length and a number of girths. At first sight it would seem
that the best method would be to remove the snake’s skin and measure its
area by a planimeter or some similar instrument. This was done only in
the case of the 1931 python. It was undesirable to kill the other snakes for
this purpose, and with two exceptions they had to be measured while alive.
Of the snakes used in metabolism experiments before the 1931 python, body
measurements were made on two pythons, four boas and two rattlesnakes.
The measurements consisted of the total length from the tip of the nose
to the tip of the tail and a number of girths, obtained with a steel tape
measure. The girths were measured along the length of the body at inter-
vals usually of from 10 or 15 to 30 or 60 cm., depending upon the size
of the snake. It was fully realized that by this method of measuring the
girths any change in traction on the tape would affect the girth
readings and therefore the computation of the body surface. Hence
every effort was made to secure uniform traction, in so far as possible.
The results of these measurements, including the body weight of the snake
at the time of measurement, are recorded in table 26. These data give
some hint as to the state of nutrition of these snakes.

1 Ellinger, A., Oppenheimer’s Handb. d. Biochem., 1910, 8 (1), p. 540.

2 Roberts, W., On the Ohemistry and Therapeutics of Urioc Acid Gravel and Gout,
Croonian Lectures, London, 1892,

3 Lewis, H. B., Science, 1918, n.s., 48, p. 376.

4 Hastings, J., An Inquiry into the Medicinal Value of the Eworeia of Reptiles in
Phthisis and some other Diseases, London, 1862, p. 7.
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TaBLE 26—Body measurements of snakes

Girth measurements Girth measurements
Snake, date, weight, Snake, date, weight,
and total length Pi’ tance | gy and total length Distance Girth
TOm NOse from nose
Large python: 30 21 Boa C: 15 15
Mar. 16, 1916 69 28 Mar. 22, 1916 46 20
31.8 kg 122 38 12.45 kg. 91 32
491.5 cm. 183 41 289.6 cm. 137 36
274 36 183 25
335 30 229 18
396 26 274 9
427 22
488 8 Boa D: 10 18
Apr. 4, 1917 15 16
Large python: 38 22 13.21 kg. 46 21
Mar. 20, 1916 76 27 293.4 cm. 76 27
31.8 kg. 122 37 107 28
495.3 cm. 168 39 137 31
213 42 168 32
259 39 198 28
3056 34 229 23
366 28 259 13
427 21 284 7
493 7
Boa G: 7 15
Small Indian python: 8 13 Apr. 4, 1917 16 11
Apr. 6, 1917 15 10 9.3 kg. 46 19
7.34 kg. 46 17 242.6 cm. 76 25
253.4 cm. 76 22 107 30
107 27 137 31
137 27 168 26
168 22 198 20
198 23 229 7
14
gig 6 Boa H: 8 17
Apr. 4, 1917 30 16
Rattlesnake: 1(8) 1(15) 7.46 kg. 46 18
Mar. 19, 1916 1(9) 1(10) 243.8 cm. 61 26
4.59 kg. 30 15 76 28
2185.4 cm 61 22 91 26
91 24 107 27
122 22 122 27
152 17 137 26
180 8 152 23
168 23
Rattlesnake: 5 15 183 21
July 3, 1917 9 12 198 19
3.49 kg. 30 13 213 17
3180.3 cm. 46 17 229 10
61 21 236 6
76 22
) 22
107 22
122 19
137 17
152 13
168 9
173 6
1 Assumed. Includes 5 cm. for rattle. *Includes 7 cm. for rattle.
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No attempt was made to measure the girths and the length of the 1931
python while it was alive, since it was realized that it was ultimately to
be sacrificed. However, on the day of autopsy, after the snake was chloro-
formed, measurements were carefully made corresponding to those made
with the earlier series of snakes. Since the traction of the tape plays such
a role in these measurements, two different observers determined the
girths at given distances from the nose of the snake and recorded their

TasLe 27—Comparison of girths and breadth

of skin of 1931 python, based on measure-

ments of body after death and of skin laid
on cross-section paper?

Measurements of —
Distance
Body girths
from nose y & Skin
breadth
Observer A | Observer B

em. mm. mm. mm.
15 106 108 147
30 131 131 1490
45 1569 158 181
60 207 208 218
76 214 209 222
91 214 213 229
107 216 215 223
122 214 213 222
137 207 206 218
162 195 108 218
168 185 189 213
183 179 183 209
198 166 169 198
213 142 145 190
229 75 77 183
244 356 34 171
259 vee een 147
274 e cee 70
290 e . 35
Average 165 166 181

1Length before skinning, 247 cm.; length
of skin, 297 cm.

observations independently. The results are shown in table 27. There
was no question with regard to the length of the snake, although a cer-
tain degree of stretching could have been introduced if one had tried to
stretch the animal. The snake’s body was straightened without any
tension whatsoever, laid out as straight as possible on a board covered
with cross-section paper ruled in square inches (fig. 36), and the length was
found to be 247 em. Figure 37 is a photograph of the 1931 python, taken
while it was still alive, to show its length in comparison with a man
having a stature of 183 cm. This photograph likewise shows (as does
figure 38) that, although the 1931 python was subjected several times to
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36 37

F16. 36—1931 PYTHON STRETCHED OUT ON SQUARE siun rarmk AFIER ITS DEATH, TO
MEASURE ITS LENGTH.

Fia. 37—THE 1931 ry1THON (ALIVE) HELD AS NEARLY AS POSSIBLE WITHOUT TWISTS IN ITS
BODY, TO COMPARE ITS LENGTH WITH HEIGHT OF A MAN OF 183 CENTIMETERS.
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temperatures as high as 37° or over, it still had plenty of vitality, as evi-
denced by its obvious muscular contortions.

Skin area—The skin of the 1931 python was removed immediately after
it had been chloroformed and its area directly measured. To remove the
skin of a large snake and measure its area accurately was no simple task,
and yet it was accomplished in the following way. A smooth board, wider
than the snake’s skin would be when laid out flat and longer than the
snake, was covered with a number of sheets of cross-section paper ruled
in one-inch squares and carefully matched end to end. Upon this the

F16. 38—ACTIVITY OF THE 1931 PYTHON AFTER EXPOSURE TO 37° C.

Photograph, taken at end of experimental series with python, after it had
been subjected several times to temperatures of from 36° to 38° C., shows
snake still capable of active movement.

snake’s skin was laid. The snake’s body was slit down its entirc ventral
length and the skin gently lifted or separated from the rest of the body
tissue with a sharp knife, with extraordinary precaution to avoid any
tension or traction on the skin that would tend to stretch it. After re-
moval, the skin was at no time lifted at one end or in the middle but was
rolled up from the tail to the head, then laid upon the board, unrolled
from the head to the tail, gently patted into position without any stretch-
ing, in so far as possible, and held in place on the board with thumb tacks.
The skin was photographed in this position in two sections (fig. 39), so as
to enable subsequently more accurate measurements of the skin area from
the photograph by means of a planimeter. The removal of the skin around
the neck and jaws resulted in two flaps, which are prominent in figure
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39. Near the tail two small sections of skin were lost, when the vestigial
pelvic appendages were cut out for another purpose. In computing the
area, however, allowance was made for these two missing portions of skin.
An outline was drawn around the skin with a pencil on the cross-
section paper to indicate the skin area, and then the skin was removed
and added to the other parts of the body for subsequent analysis of the
body composition. The cross-section paper was next carefully dried with a
hot flat iron to prevent any wrinkling or stretching due to moisture. The
actual area enclosed in the traced outline of the snake's skin was de-
termined by counting the number of square inches and fractions of a
square inch on the cross-section paper and converting the total to square
centimeters or square meters. The skin area as thus determined was 0.53
square meter. The photograph of the skin was likewise measured with
a planimeter and the skin area was found to be the same by this method.

It was observed that in spite of every possible precaution to prevent
stretching of the python’s skin, the length of the skin was 297 cm. after
it was removed from the body, as compared with the original length,
247 cm., of the dead snake before being skinned. Thus the skin had ac-
tually stretched 50 cm. in length while being removed from the animal’s
body.! It was conceivable that this lengthening might have been at the
sacrifice of the width and hence that the area as such had not been ma-
terially altered. With this in mind, the width of the skin was measured
after it had been laid flat on the cross-section paper, the attempt being
made to obtain these measurements at the same distances from the nose
as those at which the girths were measured before the snake was skinned.
These widths are also shown in table 27, and it can be seen that, in spite
of the care taken to prevent stretching of the skin, it had not only stretched
in length but likewise in width or girth. These data give evidence of the
extreme difficulty of removing the skin from a snake and not unwittingly
stretching it, or they may indicate that there is a tendency for the skin
to relax completely after death and thus result in a greater area.?

After a number of preliminary calculations of the surface area from
these measurements of lengths and girths given in tables 26 and 27, it
was concluded that the best method was to assume that the snake is
made up of a series of sections shaped either like a trapezoid or a truncated
cone. The tail end was thought of as shaped like a cone and the area was
computed by multiplying the perimeter of the base (the girth nearest the
tail) by half the slant height of the cone, represented by the distance

1 The d)stensnbxhty ni the iskin of the snake can hardly be over-emphasized. F. Dof-
lein (Tierbau u. Tierleben, II: Das Tier als Glied des Naturganzen, Leipzig and Berlin,
1914, p. 150) gives an illustration of a python that has just swallowed a pig, which
indicates the extent to which the skin can be stretched. Barbour, in his most interesting
ook on Reptiles and Amphtbmm (New York, 1926, fig. 40) reproduces this difficultly
aocqsmble illustration. It is well known that the skin of the living serpent after dlgemon
rétrgcts to its normal size. It is not at all inconceivable that with tonus missing in the
dead animal, the skin can eaéxly be inadvertently stretched and will not return to any-
thmz like its original normal size.

,role played by the stretchmg of the skin has been interestingly discussed by

'.l'homas (Arch. f. Physiol,, 1911,'p. 86) and by Pfaundler (Zeitschr. f. Kinderheilk,, 1916,
14, p. 48).
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from the tip of the tail to that point along the snake’s length where the
girth nearest the tail was measured. The head was not assumed to be
shaped like a cone, because the noses of these snakes were somewhat blunt.
The head section therefore and all the other sections between the head
and the tail sections were considered to be made up of two trapezoids each,
the snake being visualized as split open down its length and spread out
flat. The area of each section of two trapezoids was computed by multi-
plying the length of that particular section (the distance between the
two given girths of the snake) by the sum of the two given girths (the
girths representing the parellel sides of the two trapezoids). The girth
at the end of the nose of the snake was not measured, but an assumption
was made as to this girth. The computed areas for all these different sec-
tions were then added together to obtain the total surface area of the
snake’s body. (See table 28, page 146.) Another method of calculating
the surface area from the length and the girths was tested in the case of
boa H. The snake’s body was considered to be made up for the most
part of a number of cylinders, with the head as the frustum of a right cone
and the tail as a right cone. The resulting surface area agreed within less
than 1 per cent with the area calculated on the basis of the trapezoids.
With the smaller snakes the measurements were accomplished without
great difficulty, for the operator could easily handle them. They could
be stretched out and measured as desired. Two of them were measured
after they were dead, namely, the small Indian python and the rattle-
snake measured on July 3, 1917. The greatest difficulty was experienced
with the largest python, weighing 31.8 kg. and having a length of 5
meters. As figure 40 shows, the services of five men were required to
handle this animal, besides the person making the measurements. It was
difficult to keep it straightened out. There were continually muscular
movements, contraction and expansion of the muscles, and consequently
the girths could be obtained only with a certain degree of error. Attention
is called to this fact and also to the fact that a second series of measure-
ments was made on this python, in order to obtain a check upon the com-
putation of the surface area. In spite of the difficulty of securing the
girth measurements, the two series gave almost the same surface area.
It is believed, however, that among all the snakes measured the greatest
errors in measurement, particularly in the girths (which in this type of
calculation play an important rble), occurred with the large python.
Although we were able to measure indirectly the surface area of nine
snakes and to measure directly the skin area of one snake, it was desirable
to obtain, if possible, a factor that, when applied to the two-thirds power
of the weight, would give a close approximation to the measured surface
area. Consequently the measured surface area was divided by the two-
thirds power of the weight, and the factor K (in the formula S=K x w?/3)
obtained. The results of such calculations are shown in table 28, in which
the weight, the length, the measured surface area, and the factor K are
recorded. Comparison of the weights and the surface areas shows, as is
to be &xpected, that the larger the animal the larger is the surface area.
It so happened that no two animals had identically the same weight, so
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that the measured areas can not be compared directly. The factor K
recorded in the last column of the table ranges from 12.0 to a maximum

s Fb e e

of 14.4, one of the two factors obtained with the large pyvthon.  Except
for the large python, however, the factor is fairly uniform for all the
snakes. With the 1931 python the factor was 12.9 and 13.0, respectively,
based upon the two series of girths obtained by two different observers.
The agreement in these two results is extraordinarily close and only slightly

WEIGHING 32 KILOGRAMS.

PYTHON

2-METER

A

F'16. 40—MEASURING LENGTH OF

E. R. Sanborn. New York Zoological Park.

Photographed by Mr.
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higher than the average of 12.5. The snakes measured varied greatly in
weight from 3.5 to 32 kg., and yet the body-surface constant is essentially
the same with all of them, although based on measurements taken inde-
pendently at several different times by different observers. Hence the
possibility of any personal equation playing a rdle is ruled out, and it
would appear as if the technique of determining the surface area by measur-
ing a series of circumferences and lengths was reasonably standardized.

The one existing body-surface constant for snakes thus far appearing
in the literature is that found by Inaba.! Inaba has reported body-surface
constants for five snakes ranging in weight from 48 to 109 grams.
His individual values for K are 19.1, 17.0, 17.5, 18.7 and 19.9, and the

TasLe 28—Body surface constants (K) for snakes, derived from
actually measured body weight and surface area

Body Body-
Snake Length “]?c:dgt surface surface
elg (measured)| constant
cm. kg. 8q. cm.

Small Indian python.| 253.4 7.34 4877 12.9
Rattlesnake......... 185.4 4.59 3302 12.0
Rattlesnake......... 180.3 3.49 2903 12.6
BoaC.............. 289.6 12.45 6474 12.1
BoaD.............. 293 .4 13.21 6725 12.0
BoaG.............. 242.6 9.30 5476 12.4
BoaH.............. 243.8 7.46 5147 13.2
1931 python......... 247.3 5.58 4097 13.0
Average. ....... 0. .cceiiieifinininen]i i, 12.5
Large python........ 491.5 31.80 14336 14.3
Large python........ 495.3 31.80 14435 14 .4

average value is 18.6. Inaba’s article gives every evidence of most care-
ful work.2 The agreement among the individual values for K is excellent,
and there is no hint that there was any systematic technical error. We
found it difficult, therefore, at first to understand the difference between
his average value of 18.6 and our average of 12.5. There is one notable
difference in the two series of snakes studied, that is, Inaba’s snakes were
all small, the maximum length being 84 cm., whereas our snakes were all
large, the maximum length being 495 ¢cm. That two animals of the same
general configuration should not have areas approximately in the same
proportion to the two-thirds power of the body weight is, however, in-
conceivable, especially when the general configuration is relatively so
simple as that of the snake. Hence we were at first at a loss to under-
stand why Inaba’s constant should be so high when compared with ours.

1Inaba, R., Arch. f. Physiol.,, 1911, p. 7.

2Only. after our body surface measurements with the 1931 python were made did we
receive a private communication from Professor Karl Thomas that Inaba had especially
]aid otté his snake skin so that the length of the skin was no longer than before the snake

was skinned. This was apparently possible with Inaba’s small snake, but we believe
it could not have been done with our large python.
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Inaba’s values for K, however, were based on measurements of the snakes’
skins after they had been removed. There is in Inaba’s report no hint of
any stretching of the skin, as is only too commonly and erroneously done
in measurements of surface area of animals, and yet it seems as if such
stretching, at least laterally, must have taken place. We are confirmed
in this belief by the fact that the body-surface constant of our 1931 python
was found to be 17.0, when based upon the measured skin area after the
skin had been removed from the body, whether the photograph of the
skin area was planimetered or whether the skin area was measured by
counting the number of square inches and fractions of a square inch
enclosed in the traced outline of the skin on the cross-section paper. This
factor of 17.0 is somewhat smaller, to be sure, than Inaba’s average value
of 18.6 but measurably greater than the constant of 13.0 calculated from
the length and girths of the python’s body. The fact that the value for K
for the 1931 python was distinctly greater both on the basis of plani-
metering the photographed skin area and counting the square inches en-
closed in the traced outline on cross-section paper rules out the possibility
of any error in planimetering, any error resulting from the possible dis-
tortion of the photograph by having the camera out of focus, or any error
due to shrinkage of the cross-section paper in drying. It would thus ap-
pear as if the increase in the size of the constant were due to the stretch-
ing of the skin.

In order to compute the body surfaces of all the snakes that we ex-
perimented upon, we shall use a value of 125 for K, representing the
average derived from the factors for all the measured snakes, excluding
the large python. It is our belief that the factor for the large python is
probably a little too large. Consequently it is not included in the average.
The measured surface area of this large python is probably somewhat
too large, inasmuch as the factor is larger than the average, but the
measured surface area of this large python is retained in all the calcula-
tions of its heat production per square meter of body surface.

The surface area of the large python (see table 28) is striking, when
compared with the surface area of a human. Thus, the area of the
large python, which weighed but 32 kg., is 1.44 square meters or the
same as that of a human 151 cm. tall and weighing 50 kg. In other
words, the surface area of this python per unit of weight is large. This
should be borne in mind especially, in the subsequent discussion of the
heat production of this large python per unit of measured surface area.

In a few instances measurements were made of the metabolism of
snakes, both when they were in a normal condition and when greatly
emaciated. In one case (boa D) the animal had lost nearly half its
initial body weight. It is unfortunate that the length and particularly
the girths were not measured again on boa D in the highly emaciated
state. The application of the factor 12.5 to the two-thirds power of
the body weight of this emaciated animal must be made with con-
siderable reserve, for it is not yet demonstrated that this factor would
apply to a greatly emaciated animal. Experiments on this point should
be made. But in view of the general appearance of the skin of an emaciated
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snake, it is difficult to conceive how there could be a shrinkage in the skin
area of the snake to correspond to the great loss of tissue due to ex-
treme emaciation. The true surface area of the emaciated snake may
therefore be not far from that obtaining during full nutrition and not
the greatly reduced area that would result from the application of the
factor 12.5 to the two-thirds power of the body weight of the emaciated
snake. Measurements of the skin area of two snakes originally having
the same length, weight and girths, one animal in a well-nourished state
and the other nearly starved for comparison, would be a direct contribu-
tion to this problem of the effect of state of nutrition on skin area.

Perhaps no animal is so frequently folded upon itself with consequent
reduction of actual surface area exposed to the temperature of the en-
vironment as is the snake, which is habitually coiled. Typical illustra-
tions of such coiling are shown in figures 16 and 34 (pages 44 and
133). Because of this habit of the snake, probably the use of the sur-
face area in any calculation of the snake’s heat production is more in-
consistent than with any other type of animal known. Indeed, one
must continually bear in mind Rubner’s injunction that skin area and
surface for heat loss arc two entirely different things.! In the attempt
to prevent this coiling, we forced one of our snakes to enter a large wire-
mesh tube (seec page 63), in which there could be no folding of the
body on itself. But this defeated our aims, in that the snake was then
in contact with a highly conducting metallic surface. Rubner, by suspend-
ing the animal in a net, attempted to avoid this tendency for animals,
such as the sleeping dog, to reduce their heat-losing surface by curling
up. This procedure, however, has been by no means universal in metab-
olism measurements in studies of comparative physiology. Our use of
these measured surface areas of snakes is in full cognizance of the fact
that we know nothing of the amount of body surface actually exposed
for heat radiation or, what is more important with snakes, the vaporization
of water. However, since it seems to be important to compare the heat
measurements of these cold-blooded animals (regarding which so little
information is available) on every possible basis, we shall in a subse-
quent chapter report the heat production per unit of computed skin
area, fully cognizant of the fact that the computed area does not repre-
sent the surface actually exposed to the environment.

COMPOSITION OF THE SNAKE'S BODY

In considering the nature of the metabolism of these cold-blooded
animals and particularly in comparing them with warm-blooded ani-
mals, we believed it would be helpful to know something about the body
composition of the snake, such as the percentage of water and fat in the
body, the nature of the fat, and the weight of the skeleton. Consequently,
following the autopsy of the 1931 python, which was kindly made for us
by Dr, H. W. Rand of the Zoological Laboratory of Harvard University,
some Gbservations on body composition were secured. It was impracticable

1 Rubner, M., Beitrige zur Ernihrung im Knabenalter, Berlin, 1902, p. 40.
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to carry out a complete chemical analysis of the body. Such an analysis,
to be complete, should include separate analyses of the flesh, skin, fat and
skeleton. But the water, ash and nitrogen content of the entire body were
determined. After the autopsy, the entire body, including the skin and the
skeleton, was put through a meat chopper several times. The ground ma-
terial was then placed in enamel pans and dried in a hot-air bath (but
never exceeding 80° C.) until it reached a reasonably constant weight. The
material was then left in the air to assume an air-dry condition. Subse-
quently the ash and the nitrogen content were determined. These measure-
ments represent far from a complete analysis and only accentuate the
importance in future studies of more careful consideration of the chemical
composition of the body of the animals that are used for experiments.

As the result of several well-agreeing analyses, the body of the 1931
python was found to contain on the average, on the fresh basis, 75.2 per
cent of water. On the air-dry basis it contained 5.1 per cent of water, 23.8
per cent of ash, 8.26 per cent of fat and 9.88 per cent of nitrogen. It can
be seen that the ash content was high and that there was a fairly liberal
supply of fat in the body, although the snake had not been excessively fed
and had been subjected to a fairly long fast. The value for the fat content,
8.26 per cent, in part confirms the results of the autopsy carried out by
Dr. Rand, who reported:

“I can make no statement about the quantity of blood beyond the general
statement that the blood was rather scanty. I was especially struck by the
smallness of the heart, which was relatively much smaller than in turtles
and in tortoises. The fat of the abdominal region was present as thin, flat
plates or disks of roundish form, 10 to 15 mm. in diameter, lodged in the
peritoneum. The animal was a male.”

In 1917 the body of a rattlesnake 159 cm. long (3.8 cm. of which repre-
sented the rattle), weighing 1939 grams, was peptonized at the American
Museum of Natural History and the weight of skeleton thus prepared was
found to be 205 grams. On the assumption that the skeleton was com-
pletely dry and that it was made up exclusively of mineral matter, it
would represent 10.5 per cent of the flesh weight. This percentage does not,
however, include the ash of the skin or of the flesh. Dr. Rand was im-
pressed with the fact that the skeleton of the 1931 python was relatively
light, which he thinks consistent with the fact that the body weight rests
directly on the ground and there is free mobility of all parts. On the other
hand, the high percentage of ash found in the total body of the 1931 pythun
would suggest that the skeleton was rather large, unless there is a high per-
centage of ash in the flesh.

The chemistry of the body of snakes has been little studied. Kerr?
reports an analysis of the fat content of a boa constrictor. The egg-shaped
masses of fat spoken of by him are in full conformity with the buttons of
fat noted when our 1931 python was dissected.

i1Kerr, R. H., Journ. Amer, Chem. Soc., 1927, 49, p: 2046.
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GASEOQOUS METABOLISM AND ENERGY TRANSFORMATIONS OF
THE FASTING SNAKE

CARBON DIOXIDE AS A MEASURE OF HEAT PRODUCTION

Since the Nutrition Laboratory possesses calorimeters of various forms,
it may be surprising that direct calorimetric measurements were not a
prominent, feature of this study. The earliest and, indeed, the most exten-
sive use of direct calorimetry with cold-blooded animals was the study of
Krehl and Soetbeer,! who employed a Rubner calorimeter. A personal visit
to the laboratory of Hari in Budapest showed that as early as 1909 his
differential compensation calorimeter 2 was being used in some preliminary
observations on the heat production of a small crocodile. The results were
never published. Hill® employed a differential calorimeter successfully
in a study of cold-blooded animals. He found it made no difference whether
pure oxygen or air was used in his calorimeter. With these methods of
direct calorimetry it was usually necessary to immerse the animals in water
or to study them exclusively in saturated atmospheres. For our experi-
mental animals, this type of apparatus presented an abnormal condition
of life. A few tests were made with our boa N and the 1931 python in the
emission calorimeter of the Nutrition Laboratory (see pages 116 and 423),
and important deductions were drawn therefrom, but our experience proved
that it is out of the question to attempt to measure directly the heat pro-
duction of these large terrestrial, cold-blooded animals. No matter how
successful direct measurement of heat production may be with animals
submerged in water, radiation or cmission calorimeters are obviously use-
less for studying animals whose body temperature is actually somewhat
below that of the environment. Gaseous metabolism measurements are
therefore the best means of studying the energy transformations of cold-
blooded animals. Although the measurement of a respiratory product, water
vapor, has been considered in a preceding section of this report (see pages
114 to 130), the term “gaseous metabolism” is usually applied to the in-
terchange of oxygen and carbon dioxide in the living organism. In order
to secure an index of the energy transformations of these animals, our
technique employed in the New York series of observations was so ar-
ranged that it was possible to measure accurately the carbon-dioxide pro-
duction. But the determinations of the oxygen consumption were only
partly successful.

Ideally, the determination of the oxygen consumption would be the best
indirect measure of the heat production, for the caloric value of oxygen
is practically unchanged with different respiratory quotients, the maximum
difference being but 7 per cent, whether fat or carbohydrate is burned.
Since snakes eat almost no carbohydrate, it was thought probable that
the respiratory quotients would range only between the quotient of fat
and that of protein. Between these limits the caloric value of carbon
dioxide varies only about 10 per cent. With air-tight, closed-circuit respira-

*Krehl, L, and F. Soetbeer, Arch. f. d. ges. Physiol., 1899, 77, p. 611.

’7H£“ P, Abderhalden’s Hand. d. biolog. Arbeitsmethoden, 1925, Abt. IV, Teil 10,
p. 711,
Y Hill, A. V,, Journ. Physiol,, 1011-1912, 48, p. 261.
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tion apparatus, such as were used in our New York series of experiments,
it is impossible to lose or gain carbon dioxide. All the carbon dioxide
produced is therefore collected and weighed, and the only probability of
error is in the efficiency of the absorbing vessels and in the accuracy of
weighing. Since it is possible to safeguard against these errors, the de-
termination of the carbon-dioxide production in the closed circuit is extra-
ordinarily accurate. The measurement of the oxygen consumption is
much more complicated. With the closed-chamber technique employed
in our New York series of experiments the measurement of the oxygen
consumption required an exact knowledge of the average temperature of
a relatively large volume of air, in part affected by the thermostatic control
of the temperature of the respiration chamber and in part by the tempera-
ture of the room. Such measurement also demanded knowledge of the rela-
tive humidity, and the water content of the air in these closed chambers was
difficult to control. The barometric pressure inside the system must like-
wise be known at the beginning and end of each period. But when small
amounts of oxygen are consumed over periods lasting sometimes from 6
to 12 hours, as with these cold-blooded animals, gross fluctuations in
pressure may be expected to occur in that time, and the determination
of the oxygen consumption under such conditions presents infinitely greater
difficulties than does the oxygen measurement in a short period with man.

Since in most of our experiments the cold-blooded animals that we
studied were in the fasting condition, it was assumed that they were sub-
sisting upon fat and that therefore the respiratory quotient would be about
0.72. Examination of the long series of quotients based upon the ap-
proximate measurements of oxygen consumption in the New York series
of experiments and upon the exact oxygen determinations in the 1930 and
1931 series, when gas analysis was used, shows that, although there was
considerable variability above and below this value, the average respira-
tory quotient of these animals in the fasting condition, whether snakes or
tortoises, is close to 0.72. Hence in all our experiments, except the 1930
series with tortoises and the 1931 series with the python (see pages 206
and 386), we have made use of the carbon-dioxide measurements alone and
have computed the fasting heat production therefrom by assuming the
caloric value of carbon dioxide at the respiratory quotient of 0.72. The
oxygen measurements thus became less vital in our New York series, and
the carbon-dioxide measurements alone were considered significant.

Joel, in Kestner’s laboratory, has criticized the use of carbon dioxide as
a measure of heat production with cold-blooded animals.! He claims that
the production of carbon dioxide and the absorption of oxygen are two
separate processes and that the carbon-dioxide production can not be used
as a measure of the heat production, but the oxygen consumption should
be measured directly. Most of the curves published by Joel (all of them
based on experiments with animals much smaller than rats) indicate an
increase in oxygen consumption with increasing temperature, a more rapid
effect of temperature as the temperature goes up and, in some cases, a de-
crease in oxygen consumption at the higher temperatures. There is no

*Joel, A., Zeitschr. f. physiol. Chemie, 1919, 107, p. 233.
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hint in any of our observations that there is an optimum point beyond which
the oxygen consumption falls off rapidly, as is noted in some of Joel’s ex-
periments. Although our earlier determinations of oxygen were not at all
satisfactory, the general picture obtained from the study of all our data
shows that the respiratory quotient of our fasting animals remained close
to 0.72. Further observations on cold-blooded animals in which accurate
measurements of both the oxygen consumption and the carbon-dioxide pro-
duction are obtained would certainly seem justifiable. Another point em-
phasized by Joel is that the partial pressure of oxygen influences oxygen
consumption. Hill, on the other hand, found that the use of oxygen instead
of air in his calorimeter made no measurable difference in the average heat
production.! The evidence for this statement is not clear in Hill’s paper.
We avoided abnormally high percentages of oxygen in our observations
and can state definitely that in general the oxygen content of the chamber
air was essentially that of ordinary outdoor air. In all the experiments
during 1930 and 1931 outdoor air only was used in the respiration chambers.

EFFECT OF AGITATION ON GASEOUS METABOLISM OF THE SNAKE

Early in our study (March 1916) it was noted that on two occasions
after handling the large python its metabolism remained at a high level
for a long time and only gradually settled down after about 5 hours to a
reasonably constant value. On these two occasions girth measurements
were made (fig. 40, p. 145), during which operation the python was
handled by five men, and the snake struggled more or less. This high
metabolism pointed clearly to an effect of agitation or muscular activity.
At this time rectal temperature measurements following agitation had not
been made; indeed, it was a year later before such measurements were
carried out. As is shown in table 6 (p. 62), agitation resulted in a marked
increase in rectal temperature. In one case at least the body temperature
rose 6° C. within 35 minutes, with considerable agitation between each tem-
perature reading. These rectal-temperature measurements were made on
a boa, an animal notably much less irritable than the python. The metab-
olism measurements of the large python will be found in table 53 (p.
202). In the discussion of this table, as indeed in the discussion of many
of the subsequent tables in which the metabolism of the various serpents
is reported, one will eontinually find reference to periods of measurement
preceded by agitation caused by handling, by placing the snake in its
new environment, by body-temperature measurements, or by deliberate
insult. In all cases an increased metabolism is noted.

In February 1917, a special series of experiments was planned to study
with one serpent the course of the metabolism following periods of agita-
tion. The snake used was the small Indian python, an animal that was
the subject of many metabolism measurements at varying environmental
temperatures. At this time the python weighed approximately 6 kg.
and had been without food for from 9 to 19 days only. The results are
shownin table 29. The animal was deliberately and severely insulted or
agitated just prior to each experiment, but there were no indications of

*Hill, A. V., Journ. Physiol., 1911-1912, 43, p. 386.
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definite muscular activity during the periods of gaseous metabolism meas-
urement. By accident, before the first experiment on the first day, Feb-
ruary 14, the snake escaped into the room and was consequently severely
agitated just prior to the first period. Indeed, the agitation was much
more intense than that preceding the second experiment on February 14.

TasLE 20—Effect of agitation on metabolism of small
Indian python'

Date, Period CO: | Environ-
: per kg. mental
weight, . per 24 tempera-
and days fasting No. ng. hours ture
tion

mins. gm. °C.

Feb. 14 1 38 6.222 31.3
6.09 kg. 2 40 3.783 30.4

9 days 3 40 2.365 29.9

4 40 1.773 29.6

5 40 1.478 29.2

6 40 1.300 29.2

7 40 1.123 290.6

Feb. 14 1 45 3.954 29.5
6.07 ke. 2 40 1.957 29.0

9 days 3 40 2.016 28.7

4 40 1.127 28.8

Feb. 15 1 60 4.507 31.9
6.07 kg. 2 60 2.254 32.0
10 days 3 60 1.621 31.2

4 65 1.752 31.2

5 60 1.740 32.0

Feb. 16 1 60 5.316 36.4
6.05 kg. 2 90 2.354 36.8
11 days 3 68 2.240 37.8

4 80 2.440 38.1

Feb. 23 1 60 2.488 23.3
5.98 kg. 2 64 1.580 24.2
18 days 3 60 1.324 23.9

4 76 1.077 23.9

5 61 1.106 24.1

6 60 1.124 24.3
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