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. SUMMARY
(1) A study was made of the physiological and behavioural mechanisms
concerned with water and electrolyte balance in the lizard Varanus
gouldii.
(2) Evaporative water losses were partitioned in the laboratory
and the effects of temperature and size were observed, Approximately
70% of the pulmo-cutaneous evaporation is from the skin in inactive
animals, over a wide range of temperatures., There is a significant
amount of evaporation from the eyes, but 1little from the cloaca.
Above AOOC panting commences and there is a five-fold increase in the
rate of evaporation. Panting allows the dissipation of metabolic
heat and to some extent depresses the body temperature below the
ambient, Under basal conditions small animals lose relatively more
water by evaporation than large animals of the same species.,
However, this relationship is not necessarily observed in comparing
species where the adults are of a different size.
(3) Renal function in V. gouldii is typical of most reptiles in that
the glomerular filtration rate (G.F.R.) is low eompared with birds and
mammals. The G.F.R. is increased by water loading and decreased by
arginine vasotocin (AVT). The proportion of the filtered sodium
that is resorbed remains constant over a wide range of G.F.Rs, which
indicates that G.F.R. is determined by the number of functioning
glomeruli, The renal tubules control the osmotic concentration of
the urine to a greater extent than in many other reptiles. Over
80% of the filtered sodium is resorbed, but potassium is frequently

secreted by the tubules,
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(4) The liquid urine is modified in the cloaca by the precipitation
of insoluble urates and uric acid., Most of the fluid is withdrawn
from the urine, leaving a hard pellet which is then eliminated.
Fluid is also resorbed from the faeces. The withdrawal of fluid takes
place by the active transport of sodium from mucosa to serosa, and the
osmotic diffusion of water. AVT increases the rate of resorption.
(5) Electrolytes are excreted from a nasal gland in V. gouldii.
The secreted fluid emerges from the external nares and rapidly forms
an encrustation on the snout. The ratio of sodium to potassium in
the secretions of animals injected with a solution of sodium chloride
ranged from 0.1 to 4.09.
(6) Comparative field studies were made on populations at a temperate
and a semi-arid location. The microclimate of burrows was similar at
both sites, despite differences in the climate. The diurnal
behaviour was quite different in the two populations in Summer, those
in the semi~arid region being abroad for much shorter periods. The
concentration of electrolytes in the plasma remained low in both areas
during Summer which suggests that the nasal glands were excreting
electrolytes. Rates »f water loss were measured in the field by using
tritium, and a seasonal cycle in water loss was found. Animals in
the semi-arid region were able to significantly reduce water lmsses in
the Summer by remaining in the burrows for several days at a time.
The low rates of water loss in free-living V., gouldii illustrate the

efficiency of the mechanisms restricting water losse.
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GENERAL INTRODUCTION

Reptiles are very conspicuous in hot deserts because they are
meinly diurnal, whereas many other animals that live in deserts are
nocturnal. Most desert reptiles are therefore exposed for at least
part of the day to extremely hot and dry conditions, and this has
stimulated research into the mechanisms that enable them to overcome
the problems associated with living in arid environments.

Several comparative studies have been made in the laboratory on
water loss in reptiles from ereas of different aridity. However,
most of these investigations have been confined to a particular
aspect of water loss, either evaporation or excretion, and have
generally been conducted on different species. These studies
provide some insight into the physiological mechanisms involved in
the regulation of water loss in desert reptiles, but provide only a
composite description of overall water balance.

Electrolyte balance in terrestrial reptiles is interesting in
that nasal salt glands are functional in some but do not appear to
be so in others. When the glands are functional, their capacity
to control electrolyte balance is still far from clear. Hyper-
natremia has been observed in some reptiles (Bentley 1959, Bradshaw
1965), but it is still not known how widespread this oecurrence is
in reptiles. Therefore, further study of electrolyte balance in
terrestrial reptiles is warranted.

No integrated study on the water and electrolyte balanece of a
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single species of reptile has so far been accomplished, although the

study of Amphibolurus spp. by Bradshaw (1965) closely approaches

this. In the present study an attempt was made to conduct such an
investigation into water and electrolyte balance in a terrestrial
lizard, incerporating both laboratory and field studies.

The send goanna, Varanus gouldii (Gray), is a large monitor

lizard that may reach 120 cm. in length and 2 Kg. in weight. The
species is characterised by a dark band that extends from the
posterior margin of each eye along the sides of the head. Each
band is bounded above and below by a light coloured streak.
V. gouldii is the most common varanid species in Australia. It is
a carniverous lizerd that feeds on a variety of arthropods and small
vertebrates, and also carrion.

Mertens (1958) has described three subspecies which tend to
occupy habitats ¢f different aridity:

(l) Vego. flavirufus; from the arid zones ef Central Australia.

(animals used in this study were obtained
at Yuendumu, N.T.)

(2) Veg. gouldii; from more coastal regions of the continent,

in particular the semi-arid mallee areas.
(experimental animals were obtained at
Renmark, Sehe)

(3) V.g. rosenbergi; a melanistic form from the extreme S.W.

area of W. Australia, and from Kangaroe
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Island in S. Australia. This subspecies
also occurs on the mainland in the S.E.
of S. Australia, and may be generally
regarded as inhabiting mesic environments.
(animals were ¢btained from Kangaroo
Island.)

The experimental animals used in this study were cbtained from
the localities shown in Pig. 1.

The wide diversity of habitats which this species occupies was
one of the major factors that influenced its selection for study.
Thus physiological, behavioural and environmental comparisons could
be made to determine whether adaptations differ in animals from
different habitats. The large size of the animal was also cf
considerable value, not only in scume of the physiolugical techniqees
that were used, but also in the capasity for the animal to carry
radio—-transmitters for field studies.

In the laboratory, an attempt was made to partition water
losses, and this led to the recogniticn of two major ccmponents;
evaporstive and non-evaporative lesses. Evapcrative water loss was
analysed further according to the different sites from which
evaporation occurs, and seme of the major influences on evaporation
were studied. Evaporative studies are described in Section 1.
Nen-evapurative water losses are assoclated with urinary excretion

and defaecation, and so investigations were made intn renal and
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oloacal function in Sections 2 and 3 reapeectively, Electrolyte
exoretion by the nasal salt glands was studied in Section 4 to a
limited extent, but in suffioient detail to enable useful
conclusioens to be reached on its probable role in electrolyte
balance.

In the field study, described in Section 5, a mesic and a
seml-arid area were compared in a number of ways. The macro- and
microclimate o»f each area was studied to determine any differences
that might exist between the two hebitats. Also, blood samples
were taken at regular intervals in both field areas to see if there
was much variatien in the concentrations of sedium and potassium
that might indicate electrolyte imbalance, especially during summer.
The most important aspect of field work was the estimation of total
water loss in animals under natursal conditions. This was done on
a seasonal and e locational basis, using tritium turnover techniques.
Marked differences in the behavieur of animals at the two localities

were observed, and were therefore included in the study.
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EVAPORATIVE WATER LOSS
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INTRODUCTION

Total evaporative water loss has been measured in a number of

desert lizards; Dipsosaurus dorsalis (Templeton 1960); Uma notata,

Phrynosoma solare and Dipsosaurus dorsalis (Chew and Dammann 1961);

Crotaphytus ocllaris (Dawson and Templeton 1963); Tiliqua rugosa,

Amphibolurus spp. and Varanus gouldii (Warburg 1965a and 1965b) ;

Amphibolurus sppe (Bradshaw 1965); Amphibolurus ornatus, Gehyra

variegata (Dawson, Shoemaker and Licht 1966); Uta stansburiana

(Claussen 1967 and Roberts 1968)., Many of these workers have shown
that lizards that normally live in arid and semi-arid habitats lose
less water by evaporation than ligards from more moist environments
when exposed to the same experimental conditions of temperature and
humidity.

Measurements of total evaporative water loss have often been
assumed to represent pulmonary water loss, as the reptilian skin was
thought to be impermeable to water (Andrewartha and Birch 1954,

Chew 1961). This view prevailed until recently, despite indirect
evidence that suggested evaporation from the general body surface.
For example, Benedict (1932) found that at 38°C skin end cloacal
temperatures of snakes were as much as 2° or 30 below amblent.
Benedict explained this as being due to vaporisation of water from
the skin and lungs, but conoluded that it was technically too
diffioult to measure the exact amount of water evaporated from the

skin.
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Several workers have recently measured evaporation from the
skin of a nmumber of different reptiles (Chew and Dammann, 1961;
Tercafs, 1963; Bradshaw, 1965; Bentley and Schmidt-Nielsen, 19664a;
Claussen, 1967; Dawson et al. 1966, Prange and Schmidt-Nielsen
1969). It was found that the amount of water evaporated from the
skin was small in absolute terms if compared, for exemple, with the
amount of water evaporated from the skin of Amphibia, but cutaneous
evaporation was still found to represent a major portion of the
total evaporative water loss.

Two major sites of evaporative water loss have thus been
established; the skin, and the respiratory tract. The effects of
temperature on evaporation from these regions was therefore studied
in V. gouldii. Two other possible sources of evaporation are the
cloaca and the eyes. Little or no information 1s available regard-
ing water loss from these regions, and so experiments were done to
determine the magnitude of evaporation from these areas in
V. gouldii,

Previous workers have usually restricted the weight of
experimental animals to a narrow range, however, in this study
lizards of a wide range of sizes were used to investigate the effects
of body weight on evaporative water loss.

Wherever possible, comparisois between V. gouldii and other
lizards have been made to determine how well these animals are

physiologically adapted %o or arid environment.
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MATERTALS AND METHODS

Animals were kept in three large terraria each measuring
6! x 18', and fed on mice end raw meat; water was available at all
times. Animals were starved for at least two days before the
experiments to ensure that they were in a post-absorptive condition,
and only animals that were not moulting were used.

Preliminary observations indicated a diurnel rhythm in the
activity of animals in the experimental chambers, and rates of water
loss became stable only from late afternoon on to early morninge. In
this period water was evaporated at minimal rates. Therefore in all
experiments the animel was placed in the ohamber around midday, and
left to settle down and equilibrate to the experimental temperature.
Readings were taken from 7.30 p.m. onwards, by which time the animel
was placid or lightly sleeping.

Technique for Large Animals

Pulmo-cutaneous Water Loss

In this series of experiments the animels were contained in
different types of chamber,

In experiments 1 and 3 the chamber consisted of a 40 em, long,
18 cm. diameter tin can which was sealed air-tight with a metal lid
and rubber gasket. For smaller animals a simllar chamber 25 cm.
long and 10 om. diameter was used. A raised floor of metal mesh
was present in each chamber. The experimental chamber was placed

in a constant temperature cabinet which meinteined the temperature
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to within 0.1°C.

In experiment 2 the experimental chamber (Pig. 2) consisted
of an 80 om. length of 15 cm. diameter P.V.C. tubing, which was
permanently sealed at one end. The opposite end was open to allow
an animal to be placed inside and the chamber was then sealed off by
means of a rubber bung. The chamber had a raised floor of metal
mesh and a perspex roof allowed observation of the animal., The
chamber was immersed in a water bath thermostatically controlled to
within 0.1°C.

An open air flow system was used for all large animals.
Compressed air was led through drying celumns containing anhydrous
CaCl2 and silica gel, and finally through a pair of 'U'-tubes
containing magnesium perchlsrate. By occasionally checking the
weight changes of these 'U'-tubes, spent desiccant in the drying
colums could be detected and subsequently replaced. From these
tubes, dry air passed through a coil of metal tubing immersed in a
water bath, where it was warmed to the temperature of the
experiment before being led into the experimental chamber.

In all chambers dry air entered at one end and left at the
opposite end. The air emerging from the experimental chamber was
led to a second pair of weighed drying tubes containing magnesium
perchlorate. At the end of each experimental period the tubes were
reweighed to the nearest mg. on a Mettler H.16 balance. The

inerease in the weight of the tubes was due te evaporation from the
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animal., The average rate of water loss was calculated from four
experimental periods and this mean value was used in all subsequent
calculations. Experimental periods were usually 15 minutes long,
but were extended to 30 minutes for smaller animals, and reduced to
6 minutes when animals panted.

Cutaneous Water Loss

Cutaneous water loss was measured in the metal chamber described
for Experiment 3. The head and neck region were separate frcm the
rest of the body by a rubber diaphragm that was secured at the base
of the neck with rubber contact cement. The bedy was placed inside
the chamber which was then sealed with a 1id. The head of the
animal passed through a central hcle in the 1id, and the rubber
diaphragm also acted as a sealing gasket. With large animals the
head was clamped between two plates to prevent tearing of the
diaphragm or breaking of the cement seal, but this was unnecessary
with smaller animals. The apparatus is shown in Fig. 3a.

Technigue for Small Animals

Cutaneous and pulmonary water losses were measured simultaneously
in animals weighing less than 50 g. Here, the body of the animal
was placed in a glass tube, 3 cm. diameter and 15 cm. long, which
was sealed at ene end. Magnesium perchlerate desiccant was present
beneath a wire mesh fluor. The rubber diaphragm abcut the neck was
secured over the open end of the tube by means ef a strong elastic

band. This whole unit which is shown in Fig. 3b, was then placed



FI 3a
Apparatus for measuring cutaneous

evaporation in large animals

A = Clamp for head

B = Rubber diaphragm
C = Metal 1lid with central hole
D = Experimental chamber (metal)

E = Metal mesh floor

E E_3b

Apparatus for measuring evaporative

water losses in small animals

A = Rubber bands

B = Rubber diaphragm

C = MgClo,

D = Experimental chamber (glass)

E = Metal mesh floor
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in a lerger chamber contalning Ca012 desicoant, and this chamber was
in turn housed in a constant temperature oabinet. Weight changes
were measured for the complete unit (as shown in Fige 3b), the
animal plus diaphragm, and the glass tube, and these represented
pulmonary, pulmo-cutaneous and cutaneous evaporative leosses
respectively. Experimental periods were usually of 6 or 12 hours.

In all evaporative water loss experiments bedy temperature was
measured with a rapid response cloacal thermometer immediately af'ter
the animal was removed from the chamber. Body temperature could not
be measured continuously as the animals remeined agitated with a
thermister permenently placed in the cloaca. Also, &a film of
oloscel fluid fregquently escaped along the thermister leads despite
the use of adhesive masking tape to seal off the cloaca, This would
have lead to grossly inaccurate measurements of evaporative water
loss.

If an animel defaeccated during an experiment the data was
rejected.

Surface Area of the Skin

The surface area of the skin was measured by using a silicone-
rubber compound, 'Silastomer'. Each animal was anaesthetised by
intra-peritoneal injection of Nembutal (20 mg/Kg), and suspended
from a clamp by the tail tip. A thin coating of glycerine was
applied to the skin with a brush, and excess was removed by blotting

with tissue paper. 4 20:1 mixture by weight of Silastomer X9161
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and eatelyst N9162 was then applied to the skin in a thin even coat.
Within an hour the compound had set and could be peeled off after
meking a few cuts with scissors. The various sections of rubbar
£ilm thus obtained were laid out flat on paper, darts being out
where necessary to achieve a flat surface.

An outline was then drawn around each section of rubber film,
and the area enclosed by each outline was measured with a Coradi
Planimeter. Surface areas of the head/neck region and body were
obtained by summing the component areas. A check on the technique
was made against isolated skins and also geometric shapes, and these

tests demonstrated that the silicone-rubber was completely elastic.
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CLOACAL EVAPORATION

Eggeriment 1

To Determine the Magnitude of Evaporation
from the Cloacal Region

This experiment was conducted at 30°C on four specimens of

V. g. rosenbergi. The chamber used for measuring cutaneous water

loss in large animals was employed, thus reducing the variability in
evaporative water loss associated with respiration., Evaporative
water loss from the body posterior to the base of the neck was
measured in each animal, the cloaca being covered with adhesive
tape. After four experimental readings, the tape wes removed and
the rate of evaporation measured for e further four periods. The
data obtained in this experiment are presented in Table 1. No
statistical analysis of the data was attempted as it was quite clear
that a negligible amount of water was lost by evaporation from the
cloaca.

TABLE 1

Rate of Evaporation with the Cloaca Masked and Unmasked

Animal Masked (mg/hr) Unmasked (mg/hr) Difference (ng/nr)

1 101 101 0
2 119 120 +1
3 173 172 -1
4 170 175 +5

Claussen (1967) found that 47.2% of the total evaporative losses

in Anolis ocarolinensis were non-respiratory if the cloaca was covered,
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but this value increased slightly to 48.2% if the cloaca was uncovered.
The latter value ineluded losses due to defascation, urination and
cloacel evaporation, but no attempt was made to separate quantitatively
these three possible components. The results obtained for V. gouldii
would suggest that it is quite likely that urination, defaecation and
inereased activity during this elimination, could account for the

small discrepancy found by Claussen between taped and untaped cloacae.
Thus, the suggestion by Maderson (1965) that evaporation of water

from the cloacal walls is important has not been confirmed for
inactive V. _gouldii. When agitated, V. gouldii may be frequently
observed with parts of the cloaca evaginated, and in males the
hemipenes become erect. On these occasions there will obviously be
evaporation of water from the exposed moist mucosal surfaces of these
structures, as there would be during faecal and urinary elimination.
However these occasions would be quite infrequent and may be
considered as unimportant in the water balance of the animal. In

all subsequent evaporative experiments no attempt was made to cover
the cloaca, and the small error in measurements due to evaporation

from this region was disregarded.



PULMO~CUT/NEOUS EVAPORATION

Experinent 2

The Effect of Temperature on Total and
Pulmo—-cutaneous Evaporative Water Loss

Pulmo-cutaneous evaporative water loss was measured in six

specimens of V. g. rosenbergi with a mean weight of 956 g. (range:

813 - 1060 g). Measurements werc nade at ambient temperatures of
260, 300, 340, 380, 10° and 42.5°C. Dry air was passed through the
experimental chamber at a rate of 700 cc/min. between 26° ana 34°0,
but the airflow rate was increased to 1200 cc/min. at 3800 and above
to maintain a low humidity in the experimental chamber, despite
inereased evaporation at these higher temperatures.

The animals could be observed at all times by means of the
viewing port in the chamber. Between 26° and 3800 all animals
were inactive with the eyes closed, so the data obtained in this
part of the temperature range represent basal levels of pulmo-
cutaneous evaporation. Measurecnents at 400 and 42.500 were nade
only when animals were still, although the periods of inactivity
were of fairly short duration. At both of these higher temperatures
the eyes were open almost continuously in every animal and these
values therefore represent total evaporative water loss.

The results of this experiment are displayed in Figure 4,
where it is immediately obvious that panting at 400 and 42.500
resulted in a dramatic increase in the rate of evaporation. It is
probably better therefore to consider the results obtained between

26° and 3800 (i.e. prior to panting), separately from those obtained



FIGURE L

Effect of temperature on pulmo-gutaneous

and total evaporation

log, o pulmo-cutaneous H,0 loss (mg/hr) = 1.1684 + 0,0358T°C

(S.E.b = £ 0,0022)



Deep ponting

Shallow panting

42

40

38

34

i
30

26

35r

— 30—

E._\.mEv

]
R
o

5507 ONI %60

2:0

T°C.




15,

during penting. When this is done a regression line may be drawn to
£it the data between 26° and 38°¢c. The slope of this line is
described by the equation:

1.168L + 0.0358 T°C
£ 0.0022)

logq Pulmo-cutaneous HZO loss (mg/hr)
(S.E.Db

n

which is equivalent to a QlO of 2¢35. The regression coefficient
was found to be significantly different from zero (p < 0.001).

Thus, increase in ambient and body temperatures caused an increase
in the amount of water evaporated by the animal. This is due to
increased respiratory activity, and also due to the increase in
saturstion deficit in the chamber associated with the rise in amblent
temperature. The effect of temperature on water loss through the

skin will be described later.

Panting
When panting V. gouldii holds the mouth open and rapidly flutters

the pharyngeal floor by means of the hyoid cartilages and associated
musculature. Two panting intensities were observed in V., gouldii.
shallow panting, where the mouth was held only slightly
open, with a panting rate between 80 and 88 buccal
movements per minute;
deep panting, where the mouth was held wide open with a
panting rate in excess of 126 movements per minute.
Transition from shallow to deep panting was quite rapid, and no

information could be rollccted Auring this transition period.
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At hOOG two animals showed occasional shallow panting (panting
rates of 81 and 83 per minute), three exhibited continuous deep
panting (panting rates of 126, 132 and 152 per minute), and one
animel did not pant at alle At 42.5°C, however all enimals showed
continuous deep panting (panting rates of 137, 159, 173, 18, and 217
per minute) except for one animal which showed continuous shallow
panting at the rate of 88 per minute. This latter animel was that
which did not pant at 40°C. It thus appears that panting in
V. gouldii starts at approximately AOOC, and inoreases in intensity
with increased body temperature. To help clarify the effeot of
panting on evaporation rate an extra four recordings of evaporation
rate, panting rate and body temperature were made, and included in
the data displayed in Figure 4. Of these, one animal showed
sontinuous shallow panting at 80 per minute, and the other three
continuous deep panting at 132, 148 and 148 per minute.

The evaporation rate increased to sueh an extent with panting,
that the calculated relative humidity in the chamber, agsuming complete
mixing of the zir, increased from below 20% to 50%. Even so, if the
regression line for the data between 06° and 38°C is extended to
cover the 40° to 42.500 temperature range, it can be seen that deep
panting caused the evaporation rate to rise by at least 4 to 6 times
the level expected if no panting was taking place. The effect of
shallow panting on evaporation is obscured to some extent since only

two animals exhibited continuous shallow panting, but these two
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enimals showed that shallow panting inereased the rate of evaporation
to approximately double the ron-panting rate.

A elose correlation between panting and evaporation rate is
therefore apparent. It will be shown later that water is
evaporated from the eyes, and therefore a small part of the
elevation in water loss at AOO and 52.500 was due to the eyes being
open (< 5% of the total).

The results for V. gouldii agree quite well with those described

for Crotaphytus collaris by Dawson and Templeton (1963). These

workers flound a Qlo of 1.8 for total evaporation between 320 and 4000,
and also reported that between 400 and 4400 there was a substantial
increase in evaporation, the QlO here being about 10. It is
interesting to note that while panting accounted for the mejor part
of this increase in Crotaphytus, the increase commenced about 2°¢
below the body temperature at which panting occurs in this species.
Dawson and Templeton offered no explenation for this, but an attempt
will be made later to account for this observation.

Warburg (1965a and b) found for a number of Australian lizards
that evaporation increased with temperature. His results indicated
that between 37.5° and 4000 there was a substantial increase in
evaporation under dry conditions, but he provided little information
about the species that panted at temperatures above AOOC. Warburg' -
results are difficult to interpret as several animals apparently lost

more evaporative water ot high humidity (95 - 100% RH) than at low
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humidity (0 - 5% RH)., No explanation was given for this.

The lizard Dipsosaurus dorsalis differs from V. gouldii and

C., collaris in that Templeton (1960) found ne abrupt increase in
evaporation with the onset of panting at 4490.

Panting is generally regarded as a thermoregulatory mechanism,
and this has been demonstrated experimentally by Templeton (1960)

in Dipsosaurus dorsalis. Templeton found that the body temperatures

of panting animals at 4600 in dry air were within 0.400 of the
ambient temperature, whereas at the same temperature in humid air
body temperatures were as high as 1,0°C above embient. Templeton
concluded that panting did not serve to lower the body temperature
below that of the environment, but served only to dissipate metabolic
heat. Dawson and Templeton (1963) however have shown that panting

in Crotaphytus collaris allows dissipation of 1.34 times the calories

resulting from metabolism at 4400.

The cloacal temperatures recorded from V. gouldii at #00 and
42.5° are shown in Table 2. At 40°C all animals had cloacal
temperatures equal to, or slightly above, the ambient, but at 42.5°C
five animals had cloacal temperatures equal to, or below, the ambient.
These results indicate that it is possible for V. gouldii to net only
dissipate metabolic heat by panting, but also to lower the body
temperature below ambient temperature.

While panting may be a useful short term method of thermo-

regulation at high temperatures, it is probably rarely used under
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natural conditions., This is because there are usually suffioient
areas of shade and also burrows available to enable the animal tc
avoid and also dissipate heat. Indeed, behavioural thermoregulaticn
is so efficient that it is probably unusual for V. gouldii to ever
reach body temperatures at which panting commences. Certainly
panting was never observed in the field even on the hottest days.
There can be no doubt, however, as to the value of this thermo-
regulatory mechanism. It would allow an animal exposed to extremely
hot conditions an extended period in which to find a less exacting
micro-climate,

TABLE 2

Cloacal and Ambient Temperatures

Ambient Temp. 40,0°¢ 42.5%
40,2 41.8
40,1 yl.1
40,8 42,5

Cloacel Temp. 4043 bl
40,0 41.8

40,0 42,7




The Effects of Body Weight on Eveporative Water Less

It has been suggested by Schmidt-Nielsen (1964) that body size
influences evaporative water loss in reptiles in two ways. One way
is due to the difference in the metabolic rate of small and large
animals, which has been clearly demonstrated for reptiles by Dawson
and Bartholomew (1965) and more specifically for varanid lizards by
Bartholomew and Tucker (196k).

The other effect of size is due to the well established fact
that small animals have a greater surface area to volume ratie than
larger enimals. It therefore follows that while small animals may
show a cutaneous evaporation rate the same as that of adults, they
lose a relatively greater amount of water from the skin. However,
the magnitude of these effects on the evaporative water loss of
reptiles is not known apart from the work of Gans et al. (1968).

An extensive weight range is found in V. gouldii, hatchlings
weighing approximately 15 g. while large adults may reach 2 Kg.

This species is therefore eminently suitable for investigations into
the intraspecific effects of size on evaporative water loss. An
even wider weight range exists between the different species of
Varanus found in Australia, where there are several species of pysgmy

monitor that weigh less than 50 g. as adults, as well as V. giganteus

which may exceed 10 Kg. in weight. Consequently the interspecific
effect of size on evaporative water loss in adults may also be

investigated using members of the genus Varanus.
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There is a substantial amount of data that indicates the
presence of physiologicalladaptations to reduce evaporative water
loss in desert reptiles. This can be seen by comparing genera
from xeric and mesic habitats (Dawson et al. 1966; Bentley and
Schmidt-Nielsen 1966a; Claussen 1967; Gans et al. 1968;

Krakauer 1968) or comparing species within a genus (Warburg 1965b;
Bradshaw 1965; Sexton and Heatwole 1968), but there is no
information of this type at the subspecific level.

It was decided therefore to conduct an experiment to determine
if any differences exist in the rates of pulmo-cutaneous water loss
in V. gouldii from mesic, semi-arid and arid habitats, and at the
same time test the hypothesis proposed by Schmidt-Nielsen.

Experiment 3%

The effect of body weight on the pulmo-cutaneous
water loss of three subspecies of V, gouldii

This experiment was conducted at 3000, in the apparatus
previously described. Pulmo-cutaneous evaporation was measured
from animals of different weight in each of the three subspecies.
Air-flow rates of 250 co/min. and 750 cc/min. were used, depending
on the size of the chamber. These air-flow rates provided a
caloulated rate of air movement through a chamber of approximately
3 cm/min., based on the cross-sectional area of the chamber. A
regression line was calculated for each subspecies and these take

the form:
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V. g. rosenbergi

log)q H,0 loss (mg/hr)

(S.E.b

0.026l. + 04772k 1oglo wte (g)

X 0.0679)

Ve 2o gouldii

log g HZO loss (mg/hr)

(S.E.b

~0.0465 + 0.8193 1og,, wte (&)

X 0.0606)

V. g. flavirufus

log; o HO loss (mg/hr) = 0.1374 + 0.7074 logyq Whe (g)

(S.E.b = & 0.0790)

Each of these regression lines was significantly different from
zero (p < 0.001 in every case)s The three regressions were then
compared by means of an Analysis of Covariance which is set out in
Table 3. The variance ratio had a value which was not significant
(p > 0.2) indicating that the three samples came from a homogeneous
pepulation.

Thus no difference could be shown between the subspecies in the
effect of body weight on pulmo-cutaneous evaporative water loss, and
also no difference was apparent between subspecies regarding the
water loss of animals of similar weight at 30°C. The regression

for the pooled data takes the form:

log,, H,0 loss (mg/tr) = -0.0013 + 0.7797 log,( wt. (g)

(S.E.b = % 0.0281)

I

and is shown in Fig. 5.



FIGURE
The effeect of body weight on pulmo-cutaneous

evaporation in three subspecies of V. gouldii
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T 2

TABLE )

Analysis of Covariance: Effect of Weight on Pulmo-—cutaneous
Water Loss in Three Subspecies of V. gouldii

Source SS. defs Variance V.R. P
Between Groups 0.,02888L L 0.007221 0.87 > 062
Within Groups 0333084 10 0.008327
Total 04361968 e

The effect of size on pulmo-cutaneous evaporation is seen more
clearly if the loss is expressed in mg.HZO/g. Body wt/hr., and plotted
against body weight, as has been done for the pooled regression in
Figure 6. A juvenile of 15 g. loses evaporative water at nearly three
times the rate of a 1000 g. adult, thus the predictions of Schmidt-
Nielsen regarding the effects of size on water loss are confirmed for
V. gouldii.

Warburg (1965&) attempted to demonstrate the inverse relation~-

ship of water loss and body weight in Tiliqua rugosa. However, he

provided no regression analysis for his data, and the variability in
his data suggests that the line drawn in Figure 13 of his paper is not
legitimate and also unlikely to be significantly different from a
line of zero slope.

The final aemplusion that nan be drawm from Experiment 3 is that,

sinoe ne differences exist in the rates of evaperative water loss in



FIGURE 6

Effect of body weight on pulmo-cutaneous

evaporation (mg/g/hr) in V, gouldii
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onimaels from mesic, semi-erid and arid environments, it is quite
possible that behavioural differences are more important between sub-
species in the regulation of evaporative water loss. It will be showmn
later that this is the case.

Warburg (1965a) measured evaporative water loss in a group of
V. gouldii with a mean weight of 80 g. The mean rate of evaporation
at 30°C in a dry environment was equal to Oe43 ng/g/br, a higher rate
than that found in this study for animals of similar welght
(0.32 mg/g/hr). The discrepancy is probably due to the different
techniques that were used in the two studies.

Experiment 4

The effect of body weight on evaporative water loss
in Varanus acanthurus brachyurus

This experiment was done to see if the body weight/ﬁater loss
relationship found in V. gouldii applied to the genus Varanus as a
whole, or was characteristic for the species only.

The experiment was conducted at 3000 with nine specimens of this
pyegmy species that ranged from 2.7 g. = 62 g. in weight. Pulmonary
and cutaneous water losses were measured simultaneously by means of
the small animel technique in four animals and pulmo-ocutaneous loss
in another four. Evaporative losses were measured by the large
animal technique in the biggest animal.

The results for pulmo-cutaneous evaporative water loss were

subjected to regression analysis, the regression equation taking
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the form:

Llogyq H0 loss (mg/hr)
(S.E.b

0.4546 + Ou416k log o Whe (&)
¥ 0.0709)

The regression coefficient was significantly different from zero
(p< 0.001)., When the water loss was expressed in mg/g/hr and plotted
against body weight it was seen that the smallest animal lost water at
a rate approximately 5 times that of the largest specimen (Fig. 7).

The regressions of water loss on body weight for V. gouldii and

V. a. brachyurus were compared using a 'Students'-t test that is set

out in Table 4. There was a significant difference between the
slopes of the two regressions shown in Pig. 8 (p< 0.001).

TABLE 4

Comparison of body weight/water loss regressions
in two species of Varanus

Species n b Var. V.R. t53 P
Ve gouldii 46  0.779728 0.007753 1.07 .66 < 0.001

V. a. brachyurus 9  0.416391 0.007215

Reference to Fige 8 shows that increased body weight does not

affect the absolute rate of evaporative water loss in V. a. brachyurus

as much as it does in V. gouldii. Also, where the weight range for

each species overlaps (i.e. 20 — 60 g.) the two lines cross, small



FIGURE

Bffect of body weight on pulmo-~cutaneous

evaporation in V, acanthurus brachyurus
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specimens of V. a. brachyurus losing more water than V. gouldii of

the same weight, whereas large V. a brachyurus lose less water than

V, gouldii of the same weight. If only adults are compared the
relative rate of evaporation is approximately 020 mg/g/hr in both
species.

These experiments show that within a species the rate of water
loss, expressed as mg/g/hr, is higher in small animals, but this is
not necessarily true when adults of different sized species are
compared. These findings agree with those obtained by Krakauer
et al. (1968) for several snakes and amphisbaenians. - These workers
compared water loss in several species that differed in size, and
found that the marked differences in water loss were not dependent
on size or classification, but were correlated with the aridity of
the natural environment. However, Gans et al. (1968) found an
intraspecific effect of weight on evaporative water loss in the

snake Elaphe climacophora.

It is therefore clear that physiological adaptations to the
environment are responsible for so much variation in the rate of
evaporative water loss in reptiles, that intraspecific comparisons
of rates of water loss will not necessarily show a relationship to
body weight. However, the intraspecific effect of weight has been

olearly established for E. climacophora, V. gouldii and V. a. brachyurus.




FIGURE 8

Comparison of regression lines for

V. gouldii and V, acanthurus brachyurus
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CUTANEQUS EVAPORATION

A necessary prerequisite of any measurement of cutaneous water
loss is to knew the surface area from which water has evaporated, as
well as the total surface area.

The Surface Area to Body Weight Relationship

Total surface area and body weight were measured in 30 animals
by means of the silicone rubber technique. The only part of the
integument not measured was that of the digits, as it was difficult
to remove the rubber from these portions and measure them accurately.

The data were subjected to regression analysis and the following

relationship was found.

loglo total surface area (cm2) 1;0696 + 0.6673 logyg wt. (g)

(S.E.b = X 0.0150)

The regression, which is shown in Fig. 9 clearly indicates that
small animals have a relatively larger surface area than bigger
animals.

A general surface area formula for lizards has been suggested by
Benedict (1932) and this takes the form:

5 (en?) = 10 x W (g)°°67

Expressed in this way, S = 12 x W0'67 for V. gouldii. Claussen (1967)
measured surface area in two species of lizards and obtained the

following relationships:

0.83

Anolis carolinensis S 11 xW

I}

16 x'WO'A7

Uta stansburiana S




FIGURE 9

The relationship of surface area to body weight

1oglo surface area (omz) 1,0696 + 0,6673 loglO wte (g)

(S.E.b = £ 0,0150)
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It can be seen therefore, that there is a great deal of variatio

]

in the surface area/body weight relationships of lizards.

Experiment 5

The effect of temperature on cutaneous evaporation

Specimens of V. g. rosenbergi were used in this experiment, which

was conducted at 300, 350, 380 and AOOC. A gtream of dry air flow-
ing at a rate of 500 cc/min. passed through the chamber, shown in

Fig. 3a, and weighed drying tubes were connected downstream to the
chamber for periods of 15 minutes. The surface area of skin covering
the part of the body within the chamber was measured with silicone-
rubber,

The results are described by the following regression equation:

Cutaneous H,0 loss (mg/cmz/hr) ~0.36L5 + 0.01597°C

(S.E.b = % 0.0022)

The regression is significantly different from zero (p < 0.001),
and is shown in Fig. 10.

The QlO value for cutaneous evaporation between 300 and AOOC is
2.41 for V. gouldii, which is similar to the high QlO values obtained
by other workers. Bentley and Schmidt-Nielsen (1966&) found a QlO

of 2.8 for cutaneous sveporation in the lizard Sauromalus obesus

between 230 and AOOG, and Gans et al. (1968) found a similarly high

QlO of 2.2 for cutaneous water loss in the snake Lampropeltis doliata

between 27° and 34.°C. However, Dawson et al. (1966) found that

cutaneous water lese in A. ornatus was unaffected by temperature



FIGURE 10

Effect of temperature on cutaneous evaporation
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between 20o and 30°C, whereas in S. labillardieri the QlO value was
1.8, It is possible that higher QlO values could have been observed
if measurements had been made at the higher temperatures used in

this and other studies,

The rates of cutaneous water loss obtained in this experiment
may be used to estimate the peroentage contribution that evaporation
from the skin makes to pulmo-cutaneous evaporative water loss. By
using the mean weight of animals used in Experiment 2, i.e. 956 g.
together with the total surface area formules described on page 27
cutaneous water loss (mg/hr) may be calculated for animals of this
weight at different temperatures. It is then found that cutaneous
evaporation accounts for 73% and 81% of the pulmo-cutaneous
evaporative loss at 30o and 3800 respectively. The slight increase
in the cutaneous portion at higher temperatures is more apparent than
real when the variability of the data is taken into account, and so
it can be concluded that between 30O and 3800 cutaneous evaporation
contributes approximately 75% of pulmo-cutaneous evaporation.
However, Bentley and Schmidt-Nielsen (1966a)and Dawson et al. (1966)
found that as temperature increased the cutaneous oontribution to
total evaporation decressed in the reptiles that they studied.

Experiment 6

Cutaneous evaporation in three subspecies of V. gouldii

This experiment was conducted at 3000 using the technique

described in Experiment 5, but the smell animal technique was used
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for three animels. The data for cutaneous evaporation in

V. g+ rosenbergi at 3000 were taken from Experiment 5.

The results that are set out in Table 5 were subjected to an
analysis of variance to determine if the data were homogeneous.

The results of the analysis appear in Table 6 where the variance ratio
is seen to be non-significant (p > 0.2). The experiment therefore
failed to demonstrate a difference between the mean values of
cutaneous water loss for each subspecies.

Consequently the data for all subspecies were pooled to derive a
mean value of 0.1l I o.01 mge HZO/cm%/hr for cuteneous water loss at
3000 in V. gouldii.

TABLE 5

Cutaneous evaporation (mg/bm%[hr) in three sub=-
species of V, gouldii at 30°¢

V. g rosenbergi Ve 2o gouldii V. g. flavirufus
0.139 0.062 0.12
0,104 04065 0.118
0.162 0.096 0.081
0.116 0.125 0,055
0.065 0.162
0,100 0,169
0.191 0,072
0,082
0,138
0.118

X = 0,1215 0.1073 0.0945
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TABLE 6

Analysis of Variance - Cutaneous evaporation at 30°C
in the subspecies of V. gouldil

Source S.S. d.T, Variance VeRe P
Between 0.002280 2 0,001140 0.73 P> 0.2
Within 0.028105 18 0,001561

Total 0.030385 20

This experiment was done at the same time as Experiment 3 in

V. g. gouldii and V. g. flavirufus, before the results of that

experiment were known. Consequently the results of the present
experiment are redundant to a certain extent, as it would be unlikely
for the rates of pulmo-cutaneous evaporation to be similar in the three
subspecies, and yet the rates of cutaneous evaporation to be different.
However, these results do complement those of Experiment 3 quite well,

Experiment {

Cutaneous evaporation at 30°G in V. a. brachyurus
and V. gilleni

This experiment was done to determine the variability in skin
permeability between different varanid species.

Date was obtained from five V. a. brachyurus in Experiment 4 and

from four specimens of V. gilleni. The data for cutaneous weter loss

are present in Table 7.
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TABLE

Cutaneous evaporation (mg/bmg/hr)
in twe species of Varanus

V. a. brachyrus Ve gilleni
0.137 0,061
0,118 0.058
0,127 0.070
0.135 0.031
0.07k

x = 0,1182 0.0550

The data for cutaneous evaporation in V. gouldii, V. a. brachyurus

and V. gilleni were arranged in order of magnitude with respeot to
their mean values, and t-tests were cerried out as shown in Table 8.
It was not possible to show a significant difference between

V. a. brachyurus and V. gouldii (p > 0.8), but a significant difference

was found between V. gouldii and V. gilleni (p < 0.01). V. gilleni

therefore has a much less permeable skin than the other two varanids,
losing water through the skin at half the rate of the others. This
difference in skin permeability is found even though all three species

examined are found in the arid zones of Central Australia.
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TABLE 8

Cutaneous evaporation in three species of Varanus

Hl

Species n Ver. V.R. d.f. t P

Vea, brachyurus 5 0.,1182 0.000667

2,170 23 0.357 0.8

V. gouldii 20  0.1116 0.001447
5.131 22 2,816 0.01
V. gilleni 4L 0.0550 0.000282

Data on cutaneous water loss in a number of reptiles has been
accumulated in Table 9, Comparisons are difficult due to the
different techniques and temperatures employed by the various authors.
All authors worked with intact skin except Tercafs who worked with
isolated skin. Only Tercafs (1963) and Claussen (1967) measured the
surface area of the skin under test, while Bentley and Schmidt-—
Nielsen (1966a), and Schmidt-Nielsen and Bentley (1966) estimated
surface area by means of Benedict's formula;

S =10 =x WO.67

Bradshaw (1965) and Dewson et al. (1966) made no attempt to measure
the surface area of the skin,and so,in order to allow comparison of
their data with those of othér authors, Benedict's surface area
formula was used to enable expression of cutaneous water loss in
terms of mg.HZO/cmz/hr. Claussen has expressed his data in terms

of surface ares derived from direct measurement as well as from
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Benedict!s formula. The data for V. gouldii and other varanids have
been treated in a similar fashion to facilitate comparison with the

other data.
Examination of Table 9 reveals that cutaneous water loss in
V. _gouldii at 3000 is of a similarly low order to that of other reptiles

from arid zones e.ge. Uta stansburiana, Amphibolurus ornatus,

V. a. brachyurus, Sauromalus obegus and Gopherus agassizii, The mean

value for cutaneous water loss in V, gilleni appears to be the lowest
so far reeorded for a reptile, The value obtained for isolated skin

of Natrix maura by Tereafs (1963) is also very low, but not deseribed in

suffieient detail to allow useful comparisons.

It is not elear what is responsible for the decreased permeability
of the skin of desert lizards. An investigation into skin structure
and permeability would be most useful and perhaps allow recognition
ef that part of the skin that asets as a barrier to water losse
Mederson (1964) has suggested that the main site of cutaneous water
loss is in the hinge area between the secales where the }B-keratin
layer is thinnest, but experimental data is necessary to substantiate
this suggestion.

The high QlO values that have been described for cutaneous
evaperation in several reptiles, suggests that at higher temperatures
physical and/or physiological changes may oecur in the skin, either by
way ef inereaged peripheral perfusion as proposed by Gans et al.

(1968), er possibly by change in the structures conferring
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impermeability on the skin., It is also possible that the previously
mentioned abrupt increase in water loss that takes place before pant-

ing in Crotaphytus collaris, is due to a sudden increase in skin

permeability.
These suggestions are purely speculative, and further investigation
is desirable to help clarify the effects of temperature on cutaneous

struecture and water losse
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Cutaneous evaporation in Reptiles

Gutaneous Loss

Animal (mg/om%/hr.) °¢ Author
Lacerta 0.50)%
Uromastix 0.703 Tercafs (1963)
Natrix 0,0

Amphibolurus ornatus O.41 352
A, caudicinctus 0.2 35,  Bradshaw (1965)
A, inermis 0.13 35
Tguana iguana 0.20 238 Bentley and
Sauromalus obesus 0.05 25 Schmidt-Nielsen
8. obesus 0.l 40 (1966)
Terrapene carolina 0.22 257  Schmidt-Nielsen
Gopherus agassizii 0.06 23 and Bentley
G. agassizii 0.17 35 (1966)
Sphenomorphus labillardieri 0.25 302 Dexison et al.
Gehydra variegata 0.21 30 (1968) —
Amphibolurus ornatus 0.10 30
o

Anolis carolinensis 0.123* 0.19 300
Uta stansburiana §0-08 0,10 30 Claussen (1967)

: " . 0 Prange and
Natrix taxispilota 0.70;‘ 25o Sehmidt-Nielsen
Pituophis eatenifer 0.15 25 (1969)
Varanus gouldii 0.11)* 0,13 302

" " 0.16 0.19 35,

" n 0429 0.3 400 Present study
Varanus a. brachyurus 0.12 0ol 300
Varanus gilleni 0.06) 0.07 30

*Pigures in brackets represent rates of cutaneous water loss calculated

by using a true surface area measurement.

Aariwrad hv nedine Ranadintla anrfana araa farmiiac

A1l other values have been
8 = 10wW0.67.
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PULMONARY EVAPORATION

Rates of pulmonary evaporation are easily derived from
estimates of pulmo=cutaneous and cutaneous water loss by
subtraction. Pulmonery water loss represents approximately 25%
of the pulmo~cutaneous evaporation between 300 and 3800. As
it has already been demonstrated that rates of cutaneous water
loss are quite low in V. gouldii, this small pulmonary fraction
suggests that rates of pulmonary evaporation are also low.

This is best seen by expressing pulmonary evaporation as the
amount of water logt for each ml. of oxygen taken up during
respiration.

No attempt was made to measure oxygen consumption in this
study, however, Bartholomew and Tucker (1964.) have published data
of this type for some Australian varanids, including V. gouldii.
Using their results for three specimens of V. gouldii it is
possible to estimate the pulmonary evaporation rate in terms of
oxygen consumption at 3000. The estimates of pulmonary water
loss were obtained by using the equation from Experiment 3
relating pulmo-cutaneous evaporation to body weight, the surface
area formula for V. gouldii, and the mean rate of cutaneous
evaporation as in Experiment 6. The relevent estimates are

shown in Table 10,
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TABLE 10

Pulmonary evaporation in V. gouldii
(mg. H20/ml. 02)

Wt Oxygen consumption

(&) (ml. 0 o/nr) Pulmonary evaporation
(ng/hr) (me/e/ox) (me/ml. 0,)
89 0.074 6.9 0.078 1.1
127 0.119 10.3 0.081 0«7
71 0.092 6243 0,087 0.9

The rates of pulmonary evaporation of some other reptiles are
shown in Table 1l. It can be seen that the estimate for V. gouldii

is probably the same as that for Sauromalus obesus at the same

temperature, but is lower than the other reptiles shown. A low
rate of pulmonary water loss is probably a physiological adaptation
for water conservation, as several authors have observed that
reptiles from drier habitats exhibit reduced pulmonary evaporation
when compared with those from non~arid environments. (Bentley

and Schmidt-Nielsen 1966a), Dawson et al. 1966, Claussen 1967).

Tt has been suggested by Dawson et al. (1966) that there might be
differences between species in respiratory efficiency that could

account for the differences in pulmonary evaporation.



39.
TABLE 11

Pulmonary evaporation in Reptiles

Species Temp. OC mge H20/hl. 02 Authors

Tguana iguana 23 0.9

Bentley and Schmidt-

Sauromalus obesus 23 0.5 Nielsen (19664a)
S. obesus 40 1k
h . N . . %

Sphenomorphus labillardieri 20 21.1 Dawson et al. (1966)
Amphibolurus ornatus 20 Le3
Anolis carolinensis 30 5.3

Claussen (1967)
Uta stansburiana 30 2.7
Natrix taxispilota 25 1.6 Prange and Schmidt-
Pituophis catenifer affinis o5 1.3 Nielsen (1969)
Varanus gouldii 30 0.9 Present study

#*
Own calculation from data presented in the reference.

Although the estimated rate of pulmonary evaporation in V. gouldii
is higher than in many mammals (Schmidt-Nielsen and Schmidt-Nielsen
1950z)it is low compared with other reptiles and is therefore important

in water conservation in V. gouldii.
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EVAPORATION FROM THE EYES

The eyes of most terrestrial vertebrates are kept moist by
lachrymal secretions, and the eye surface is continually swept by
movement of the lids or niectitating membrane. The eyes would
therefore appear to be an impartant site of evaporation, and so an
attempt was made to determine the magnitude of water loss from this
region,

Experiment 8

Evaporation from the surface of the eyes (Indirect method)

This experiment was conducted at 30°C with seven animals in the
chamber shown in Fig. 2. An airflow rate of 700 cc/hin. was
maintained throughout the experiment. Each animal was placed in the
chamber around midday and by the late afternoon it was usually
drowsing. The animal was then aroused by tapping on the side of the
chember. This caused the animal to open both eyes and yet remain
inactive, and it was found that shining a lamp into the chamber through
the window helped maintain the eyes open. During the experimental
periods it was occasionally necessary to tap the chamber to cause the
eyes to reopen. Total evaporative water loss was measured for four
experimental periods, after which the lamp was removed and the
animal was allowed to close its eyes.

Within half an hour after taking readings with the eyes open,
the animal was invariably found to have its eyes closed, and a further

four measurements of total evaporative water loss were then made.
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Subtraction of the mean value for evaporative water loss with eyes
closed from the mean value with eyes opened, was taken as a measure
of water evaporated from the eyes. The surface area of the
exposed part of the eye was calculated by the technique described on
page 4D

The results of this experiment are presented in Table 12, where
it can be seen that there is a great deal of variation in the amount
of water evaporated per unit area of eye surface. This is possibly
due to respiratory variation that could have occurred between
measurements with the eyes open and closed, but could also be due to
differences in the time that individuals spent with their eyes closed
during the initial eye-epen periods. Some animals kept their eyes

open at all times, whereas others had to be roused quite frequently.

TABLE 12

Evaporation from the Eyes (Indirect method)

ETZTS?imggf mgi 0/ mg/mn’/hr
18.9 41 1.09
2346 90 1.91
2745 78 L.42
2.0 101 1.19
37.7 - 71 0.94
18.9 : 51 1.35
2745 54 0.98

% = 1.27 £ 0,13

]
( Measurement represents single eye)
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Consequently an alternative experiment was performed to measure
evaporation from the eyes directly at 3000.

Experiment 9

Evaporation from the Surface of the Eyes (Direct method)

Direct measurements of evaporation from the eyes were obtained
by anaesthetising animals and affixing a plastic cap over each eye
with rubber cement. The caps measured 16 mm, in diameter and the
bottom was drilled out of each one. Each eye was then prised open
and held in this way by means_of a small copper clip, the tips of
which were covered with a layer of dried rubber cement to prevent
damage to the eye., The area of eyeball exposed in this way was
diamond-shaped due to tension in the eyelids, and this facilitated
surface area measurement of the exposed region. The nictitating
membrane was quite active immediately after inserting the metal
clips between the eyelids, but after thirty minutes or so, activity
of the membrane had returned to normal.

Plastic tubes, which contained magnesium perchlorate as dessicant,
were weighed and then connected to the caps affixed to the eyes.
After one hour the tubes were removed and re-weighed to the nearest
0.5 mg., and the weight difference was taken as the amount of water
evaporated from the eyes. The eyes remained moist throughout the
experiment, as the nictitating membrane was able to lubricate them,
The experimental apparatus is shown in Fig. 11. The surface area of

the eye exposed to the dry atmosphere of the attached tubes, was



FIGURE 11

Diagram of apparatus for measuring

evaporation from the exes.directlx

A = Contact cement
B = Plastie oap

C = Metal clip

D = Plastic tube
E = Plastic gauze

F = MgClo,
o
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obtained by measuring the dimensions of the forced eye lids (to the
nearest millimeter) with the metal c¢lips in place.
The results of this experiment are presented in Table 13. The

mean rate of evaporation from the eyes was 0,67 ¥ 0.02 mg/mm?/hr at

30°C.
TABLE 13
Evaporation from the Eyes (Direct method)
S.A. tested (mmz) Water loss (mg/hr) ng. HZO/ﬁmz/hr

20 13.5 0.67
20 13.5 0.67
16 10.0 0.63
16 11.0 0.69
16 10.5 0.66
20 12.0 0.59
16 10.0 0.63
16 13.0 0.81

% =067 20,02

The mean values for rate of water loss obtained by the two methods
differ quite markedly. The higher values obtained by the indirect
method may be due to two factors:

(1) that evaporation was measured in a moving air stream in the
first experiment, and consequently a greater evaporative rate than
that in still air might be expected.

(2) that in allowing the animals to drowse during the final
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periods of the first experiment, it is possible that a depression in
respiratory rate, and therefore respiratory water loss, occurred.
This would result in the values for optical evaporation obtained by
subtraction being too large.

It is more reasonable therefore to accept the values obtained
by the direct method as being more reliable than those of the indirect
method. These values represent a substantial amount of evaporative
water loss and it is surprising that this site of water loss has
previously received so little attention. No mention of the eyes as
a source of water loss is to be found in the literature, exocept for a
passing reference by Sexton and Heatwole (1968). These workers

mentioned that specimens of Anolis limifrons and A. auratus kept their

eyes clised after they had become dehydrated "thereby decreasing water
loss frem these vital organs".

It seems reasonable to consider the exposed surfaces of the eyes
as free water surfaces, and as such, for.the rate of evaporation to
be dependent upon temperature, saturation deficit of the atmosphere
and convection rate of the air., The water evaporated from the eyes
is obligatory as good visual acuity requires a good interphase between
the air and the eye. Reduction of water loss from the eyes could be
achieved by means of spectacles as found in Ophidia, Gekkonidae, and
some Scincidae, but it is not known if these structures evolved as a
mechanism for restricting water loss. The fact that the majority

of vertebrates inhabiting arid zones do not possess structures
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covering the eyes to restrict water loss, would indicate that visual
acuity may be greatly reduced when these structures are present.

The Relationship of Eye Size to Body Weight

It is a general rule that the head and eyes of vertebrates do
not increase in size to the same extent as the rest of the body
during growth. Consequently eye measurements were made on 40
animals ranging in weight from 13.5 g. to 1632 g., and an attempt
was made to calculate the approximate surface area of the exposed
surface of one eye in each animal. The distance between upper and
lower lids, and between anterior and posterior eye margins was
measured with calipers to the nearest millimeter, accuracy greater
than this being impossible due to the sensitive nature of the eye.

In calculating the exposed area of the eye, two approximate
assumptions were made:

(1) That the exposed surface of the eye was flat,

(2) That the exposed surface of the eye had an elliptical shape
the major diameter of which was the distance between the anterior and
posterior margins of the eye.

The calculated surface areas were plotted against body weight as

in Pig, 12, and the regression

Exposed surface area of eye (mmz) 11,0716 + 0.0217 wt. (g)

(S.E.b = < 0.0017)

was calculated for the datae. Tt is clear that small animals have



FIGURE 12

Relationship of exposed surface area

of the eye

to body weight
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relatively larger eyes, and so the eyes may be expected to contribute
to the total water loss of the animal to a different degree in small
and large animals.

An approximate estimate may be made of the contribution made
by optical evaporation to the total evaporation of a resting animal
at 3000 with open eyes. This can be done by using the eye size/%ody
weight formula and the mean rate of optical evaporation at 30°C
(0.67 mg/ﬁm?/hr). If this calculation is coupled with an estimate of
pulmo-cutaneous evaporation at 3000, obtained from the formula in

Experiment 3, the information in Table 14 can be derived.

TABLE 14

Partitioning of Evaporative Water Loss
in Juvenile and Adult

Pulmo-  gyrface are ti
Wt. cutaneous ofaeges @ Optical Evap. O%v:;?1 Total Evap.
)

O (ve/rw) PP (ne/e/br

15 8.2 22.8 15.21 6L .9 1.563

1000 217.60 65.6 43.75 16.7 0.261

Under these conditions it is seen that the eyes are a major site
of evaporation in a juvenile animal, but this is not so for an adult.
When the estimate for optical evaporation is added to that for pulmo-

eutanesus evaporation, and expressed as ng/g/hr, the juvenile leses
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water at 6 times the adult rate. This compares with the 3 : 1
(juvenile:adult) ratio found when pulmo-cutaneeus evaporation only
is considered, and emphasizes the importance of eyes in water loss,

particularly in Juveniles.
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SUMMARY

(1) The various sites from which water is evaporated have been shown,
as well as the magnitude of water loss from these areas. The cloaca

is not an important site of evaporation, but the respiratory tract,

skin and eyes are all major regions of water loss.

(2) As temperature rises, evaporation steadily increases (Qlo = 2.4).
Between 400 and 4200 panting commences and causes a four to six-fold
increase in evaporation rate. This high rate of evaporation enables
the animal to dissipate metabolic heat and also reduce the body
temperature slightly below ambient.

(3) No significant differences were found between the subspecies of

V. gouldii in the rates of pulmo-cutaneous and cutaneous evaporation,
although they inhabit areas of different aridity.

(4) The rates of cutaneous evaporation in the varanid species studied are
low end similar to the rates of other desert reptiles. There are
indications that the skin becomes more permeable at higher temperatures.
(5) There are indications that the rate of pulmonary evaporation in

V. gouldii is low compared with many other terrestrial reptiles.,

(6) The overall effect of size is that small animals lose relatively
more water by evaporation than large animals of the same species, but
interspecific comparisons do not necessarily show this effect.

(7) Small and large animals differ in partitioning of total evaporative
water losse This is due to relative differences in metabolic rate,

cutaneous surface area and surface area of the eye.



Section 2

RENAL FUNCTION
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INTRODUCTION

Excretion of nitrogen is accompanied by the loss of water, the
amount of which depends on the toxicity and solubility of the excreted
compound, It has been known for some time that terrestrial reptiles
excrete most of their nitrogen as uric acid, which is a highly
insoluble compound. Consequently, little water is lost in excretion.
Between glomerular filtration and the elimination of uric acid pellets,
however, the urine undergoes many changes, both in the kidneys and in
the cloacae.

Investigations were made into renal function under extreme
Physiological conditions to determine the degree of control over water
and electrolyte excretion shown by the kidneys. In particular a study
of the renal responses to water loading in V. gouldii was considered
important, because observations made by Khalil and Abdel-Messeih (1959)

on water-loaded Varanus monitor are anomalouse.

All of the reptiles studied so far are unable to produce hyperosmotic
urine, due to the absence of a countercurrent multiplier system in
reptilian kidneys. Reptiles in general also exhibit limited tubular
control over the concentration of the urine. However, renal studies
have been made on only a few reptiles, and more research in this field
was thought desirable,

It has been demonstrated by Shoemaker et al. (1966, 1967) that
temperature is an important factor in the renal physiology of reptiles.

These workers pointed out that renal studies should be conducted at
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temperatures close to the thermal preferenda of the animals, since
at low and high temperatures renal function is irregular. In

this study all experiments were carried out at 3000, which is
sufficiently close to the thermal preferendum of 3700 described

for Ve gouldii by Licht et ale. (1966). Working at this temperature
also facilitated comparisons with other work that has been déne on

the renal physiology of reptiles.
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MATERTALS AND METHODS

Animals from Kangaroo Island were used in all renal experiments.
The animals were kept in a large pen which had heating lamps at one
end to provide a temperature gradient. The lamps also provided light
and were operated by a time switch to give a 12 hour light and dark
cycle. Animals were fed on mice, but starved for at least two days
before experiments. In the case of "normal" animals water was
available continuously.

At about 10 p.m. on the day before an experiment, animals were
anaesthetised with an intraperitoneal injection of Nembutal (20 mg/Kg).
The animals were left overnight in a room at about 20°C, and they
remained unconscious until after ureteral cannulae were inserted at
about 9 a.m. on the day of the experiment. After cannulation the
animals were placed in a room at BOOC where they usually regained
consciousness within an hour.

Urine was collected by means of ureteral cannulae to prevent
changes in volume and constitution of the urine that would occur if
the urine entered the cloaca. Each cannula consisted of Portex
polythene tubing (Size 524) to which a skirt of "Araldite" epoxy-resin
was attached, as shown in Fig. 13. The tapered part of the skirt
facilitated insertion into the ureteral opening, while the sharply
stepped rear of the skirt prevented the animal from pushing the
cannula oute The ureteral papillae were exposed by opening the lips

of the cloaca with retractors. The papillae were easily located in



FIGURE 1

Location of cannula used for oollecting urine

C = Coprodasum
U = Urodaeum

P = Proctodasum
X = Kidney

Ur = Ureter
Pa = Ureteral papilla
Ca = Cannula

S = Skirt of epoxy-resin
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the urodaeum by observing the flow of urine from the ureteral
openings. ~Both ureters were camnulated, and then the retractors
were removed. The cannulae were then trimmed back with scissors so
that they extended for about 4" outside the cloaca.

The animals were suspended from a raised horizontal bar by straps
that were tied around the thorax and the base of the tail. This was
the only way in which animals could be restrained. -Animals had been
conscious for at least three hours before the experiment was started.
Urine was collected in graduated centrifuge tubes or, at lower rates
of flow, in the barrels of graduated 1 ml. syringes that were plugged
at the base. The rate of urine flow was measured in five consecutive
periods for each animal, the periods usually being 30 minutes longe
The five urine samples obtained from each animal were stored in plastic
tubes in a refrigerator until analysed.

When urine was flowing at a low rate, the cannulae occasionally
became partially obstructed with uric acid. When this happened the
cannulae were cleared by inserting small gauge polythene tubing into
them, but clearing was only done at the end of a collecting period.

Glomerular filtration rate (G.F.R.) was assessed by measuring
inulin clearance as described by Smith (1956). A single intraperitoneal
injection of 10% inulin (5 ml/Kg) provided a pool which maintained a
fairly constant level of inulin in the duration of the experiment. All
animals were injected with inulin immediately after they were

anaesthetised. The use of a single sub~cutaneous injection of inulin
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has been ghown by Ramsay and Coxon (1967) to be a more reliable
technique than the constant infusion of inulin, as the latter technigque
causes a diuresise. An intraperitoneal injection acts in the same way
as a sub-cutaneous inJjection.

Blood samples were taken by cardiac puncture half an hour before
the first collecting period, and immediately after the last. To
avoid stressing the animals no blood samples were taken while urine
was being collected. Samples of plasma were stored in plastic tubes
and kept frozen until analysed.

The concentration of inulin in the plasma and urine was measured
by the micro-technique described by O'Brien and Ibbott (1962). The
samples were treated with diphenylamine reagent and then read with a
Beckman Spinco 151 Spectrocolorimeter, The blood samples included
blanks of plasma that were obtained before the injection of inulin.

The osmotic concentration of the plasma and urine samples were
measured with a Fiske osmometer (Model H) using 0.2 ml. samples.

When there was insufficient urine for this, a Mecrolab vapor pressure
osmometer was used.

Sodium and potassium were measured with an EEL flame photometer,
and all dilutions were made with double-distilled water.

The concentration of inulin in the plasma at the midpoint of each
collection period was derived by interpolation between the initial and
final concentrations. The midpoint values for osmotic, sodium and

potassium concentrations of the plasma were derived by the same method.



Formulae
The following formulae were used to calculate the data;

G.F.R. (ml/Kg/hr) inulin ratio x urine flow rate (ml/Kg/hr)

=0
P

% filtrate resorbed = G.F.R. - urine flow rate x 100
G.F.R.

% of filtered

solute resorbed = (Plasmaosm x G.F.R) - (Urineosm x urine flow rate) x 100

(Plasma x G.F.R.)
osn

% of filtered Na

(or K) rosorved = (k.PlasmqNa x G.F.R) - (Urine_ x Urine vol.)

Na x 100
(x Plasma, X G.F.R.)

where k = Gibbs-Donnan factor. For Na and K the k value is 0.94

The expressions concerned with tubular resorption are only accurate
in the absence of net secretion by the tubules. As some secretion does
occur, particularly of urates, the estimates of resorption by the
tubules may be too low. This is more likely to be true for estimates
of the percentage of filtered solutes that are resorbed.

Experiment 10

Renal Function in Normal Animals

Renal function was studied in five normal animalse. Normal animals
are defined as animals which had free access to food and water. The
urine flowed at quite an even rate in these animals, and contained

little or no precipitate of uric acid. The osmotic, sodium and
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potassium concenbrations in the urine and plasma are shown in Table 15.
The calculations were based on mean urine and plasma values for each
animal, The urine of normal animals was hyposmotic (U/Posm = 0.5)
and hypotonic with respect to the plasma. The concentration of
potassium in the urine was higher than in the plasma in some cases,

but lower in others.
TABLE 15

Analysis of the Urine and Plasma of Normal Animals

Osmotic conc.
(mOsm/Ke) Na (meq/L) K (meq/L)
Urine (5) 146 T o 40 ¥ 13 L7 Y11
Plasma (5) 328 % 5 151 = 4 3.7 £ 0.3

Values are given ¥ 8.E. The number in parenthesis is the number

of animals,

After the concentration of inulin had been determined for the plasma
and urine samples, the components of renal function presented in Table 16
were calculated for V. gouldii, and included with data from other
reptiles to facilitate comparisons.

Glomerular Function

The mean glomerular filtration rate in normal V. gouldii was
6.79 ¥ 1.33 m/Ke/hr. This is approximately the same as the G.F.R. in
other terrestrial reptiles as can be seen in Table 16. Strict comparisons
between the species is not possible however due to differences in the

experimental temperatures.



TABLE 16

Renal Function in Reptiles

o . Urine Vol. G.F.R. % Filtrate % Solute % Na*
TG ) SR (m1/Xg/hr) U/P Osm (ml/Kg/hr) resorbed  resorbed resorbed Authce
23° - 29°  Natrix sp. 3.49 10.83 89.6 1
. 250 -~ 29 Natrix sipedon 3.49 0.21% 19.38 53.15% 89.96 2
56 o 105 Pseudenys scripta 1.32 0.62 L.73 72.1* 82.7* 93.4 3
Gopherus agassizii 2,00 0,36 L7k 57.8% 84..8% 98.0%
Hemidactylus sp. 255 0.64 10.4 .2 83.8 8. 3%
2,° - 29°  Phrynosome cornutum 1.97 0.93 3.5, 12,3 47,0 45.1% A
Tropidurus spe. 1.86 0.96 3.62 47.1 50.0 L6,8*
27° - 29 Crocodylus acutus 1.23% 0.80 9.6 87.2% 89.7* 5
30° Varanus gouldii 3.11 0.45 6.79 53.0 77.5 87.7 6

*Caleulated from data published in the references.

1.
24
3

Lebrie and Sutherland (1962)
Dantzler (1967a)
Dantzler and Schmidt-ielsen

L.
5.
6.

Roberts and Schmidt-Nielsen (1966)
Schmidt-Nielsen and Skadhauge(1967)
Present study

(1966)

.95
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Tubular Function

Normal V. gouldii resorbed 53.0% of the glomerular filtrate
during the passage of urine along the kidney tubules. The urine was
much more dilute than the plasma (U/POsm = 0.45), which indicates that
some solute was transported out of the tubules without the accompaniment
of water. Roberts and Schmidt-Nielsen (1966) studied the lizards

Phrynosoma cornutun and Tropidurus sp., and found the urine of normal

animals was almost isosmotic, but hyposmotic urine is produced by

several reptiles under normal conditions, as can be seen in Table 16.
More than 87% of the filtered sodium was resorbed in V. gouldii

which is a similar value to that found in the water snake Natrix

sipedon (Dantzler 1967:), and the gecko Hemidactylus spe (Roberts and

Schmidt-Nielsen 1966). There appears to be a correlation between
tubular resorption of sodium and dilution of the urine. When high

levels of sodium are resorbed as in the tortoise Gopherus agassizii,

the urine is quite dilute (U/Posm = 0.36), but with lower levels of
sodium resorption e.g. Tropidurus, the urine is almost isosmotic to the
plasma (U/T’osm = 0.96). The elevated values for sodium resorption are
therefore assoclated with reduced tubular permeability to water.

The ability of reptiles to produce a hyposmotic urine has been
shown by Roberts and Schmidt-Nielsen (1966) to be associsted with the

structure of the distal tubular cells. In Hemidactylus, cytoplasmic

lamellae and elongate mitochondria are present in the contraluminal

wall of the tubule cells, and this arrangement is believed to be
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associlated with sodium transport. It is also considered that the
luminal wall of these cells exhibits low permeability to water when
dilute urine is produced.

The results obtained for potassium were quite variable, values for
resorption of potassium ranging from 93.6% of the filtered load to zero
resorption, and in six collection periods tubular secretion of
potassium was evident.

After examining glomerular and tubular function in normal animals
an experiment was done ;o study the effects of water and salt loads on

renal function.

Experiment 11

The Effect of Water and Salt-loads on Renal Function

In this experiment five animals were used in each treatment, and
five urine samples were collected from each animal. The technigue
for inulin injection and cannulation of ureters was identical to that
described for normal animels.

Animals were loaded with salt by an intraperitoneal injection of
5M NaCl (2 ml/Kg/day) on each of three days. Despite this extreme
treatment the animals were able to tolerate the loades Animals were
left unstressed for one day before the start of the experiment.

Over the whole period of loading the animals were kept in individual
cages and provided with heating lamps.

After receiving the second or third injection a white encrustation

of salt appeared around the external nares of most animals. The
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nasal secretion of salt will be considered in Section 4.

Animals were water-loaded by the intraperitoneal injection of
distilled water (100 ml/Kg). An initial injection of 40 ml/Kg was
given on the evening before the experiment. A second injection of
30 ml/Kg was given at 9 a.m. the following day, and a final injection
of 30 ml/Kg was given two hours later. The collection of urine was
started about three hours after the final injection of water. An
additional injection of inulin was given to water-loaded animsls after
the second water load (2 ml/Kg of 10% inulin solution),

The osmotic, sodium and potassium concentrations in the urine and

plasma of both experimental groups are shown in Table 17.

TABLE 17

Analysis of the Urine and Plasma of Water
and Salt-loaded Animals

Os?zg;;/§2§c. Na (meq./L) K (meqg./L)
Urine (5) 299 ¥ 16 8o ¥ 20 164 2 3.
Salt-loaded 8 .
Plasma (5) 421 = 10 202 Xy 5.0 ¥ 0.5
Urine (5) 11 %20 47 1.1
Water-loaded 5 +
Plasma (5) 287 = 7 3.8 = 0.5

All values are given 2 5.E. The figure in parenthesis

is the number of animals.



TABLE 18

Components of Renal Function in V, gouldii

Urine volune o as G.F.R. % Filtrate % Solute % Na©
(m1/Keg/hr) U/P inulin (m1/Kg/hr) U/P Osm resorbed resorbed  resorbed

Normal 3,11 2.09 6.79 045 53,0 77+5 -87.7
¥ 0.89 ¥ o.32 ¥1.33 ¥ o.04 9.3 1.6 a8

NaCl loaded 1.71 5.91 8.37 0.71 79.0 85.1 .89.6
¥ o0.38 ¥ 0.92 ¥o.82 ¥ 0.02 I,.3 1.8 ¥,.8

H,0 loaded 7.72 1.75 12.82 0.39 38,3 4.5 83,0
* 1,38 t0.16 1,70 ¥ 0.03 ¥ 3.8 *s3.0 3.3

A11 values are given ¥ S.E. All values are based on mean values of 5 animals.

*09
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There were no differences between the controls and water-loaded
animels in the osmotic concentration, or in the concentrations of
sodium and potassium in the urine. However, in the salt-loaded group
the urine was more concentrated than the controls in all respects.

The urine/plasma inulin ratios of the two experimental groups are
presented in Table 18, along with the same information for the controls.
Also shown are various components of renal function that have been
calculated for each groupe

Most of the items in each treatment were compared by analysis of
variance and t-tests. Analysis of variance was carried out only when
variances were not significantly different.

Glomerular Function

The G.F.R. in water-loaded animals was approximately double that
of the controls (p < 0.02), but there was no significant difference
between the salt-loaded and control groups (p > Ouli) s The relevant

statistical tests are presented in Tables 19 and 20,

TABLE 19

Analysis of Variasnce: G.F.R. (ml/Kg/hr)

Source d.f. Ss. Var. V.R. P
Treatments 2 97.7663 1,8,88315 5491 < 0.05
Error 12 106,7764 8.89803

Total /A 20l 5427

The S.E. of the difference between any two means (n = 5) = 1.77961.
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TABLE 20

Comparison of G.F.Rs.

Treatment n x Var, V.R t8 be]

Normal 5 6.79 8.8600 1.629 3,196 <0.02

Water-loaded 5 12,82 UrLL373

Normal 5 6.79 8.8600 2,608 0.838 > 0ok
Salt-loaded 5 8.37 32,3968

Tubular Function

The rates of urine flow are compared in Tables 21 and 22. As the
variances were significantly different the data was transformed to
logarithmslo before analysis. There was a copious flow of urine in
water-loaded animals, at approximately double the rate of the controls
(p < 0.02). However, there was no significant difference in the rate
of flow in normal and salt-loaded animals (p > 0.1).

TABLE 21

Analysis of Variance: Rate of Urine Flow (loglo ng/Kg/hr)

Souroe d.f. SS. Var. V.Re p
Treatments 2 1.139450 0.569725 12.589 < 0,005
Error 12 04543050 0.045254

Total 1 1.682500

The S.E, of the difference between any two means (n e 5) = 0,009051.
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TABLE 22

Comparison of urine flow rates

Treatment n x  Var. (loglo) V.R. tq o
Normal 5 3,11 0.063717 24,063 3,190 < 0.02
Water-loaded 5 Te72 0.,030891

Normal 5 3.11 0.063717 1.548 1.759 > 0.1
Salt-loaded 5 1.71 0.04115.

The comparisons for the percent of filtrate resorbed are shown in
Tables 23 and 2. There was no significant difference between the
controls and water-loaded animals (p > 0.1) but a significantly greatexr

percentage of the filtrate was resorbed in salt-loaded animals (p < 0.02).

TABLE 23

Analysis of Variance: % of Filtrate Resorbed

Source d.fe SEN Var, V.Re P
Treatments 2 8255.14 4127.57 20,721 < 0.001
Error 12 2390, 3. 199.20

Total 1k 10645.48

The S.E., of the difference between any two means (n = 5) = 39.839.



TABLE 2

Comparison of % Filtrate Resorption

|

Treatnent n Var. V.Re tg P

Normal 5 53.0 431.2275 6.130 1.647 > 0.1

Water—-leaded 5 38.3 70.3525

Normal 5 53.0 431.2275 4492 2.913 <« 0.02
Salt=loaded 5 79.0 96,0050

The urinq/plasma osmotic concentration ratios in the water-loaded
group were not significantly different from those in the oontrol group.
(p > 0.5), but those of the salt-treated group were (p < 0.05). The

tests are set out in Tables 25 and 26.

TABLE 2

Analysis of Varience: U/P osmotic
concentration ratios

Source d.f. SS. Var. V.R. P
Treatments 2 0.284490 0.142245 6.913 < 0.05
Error 12 0.246896 0.020575

Total 1 0.531386

The S.E. of the difference between any twe means (n = 5) = 0,004115



65,

TABLE 26

Comparison of U/P osmotic concentration ratios

Treatment n p'd Var. V.Re t8 P
Normal 5 0e453 0.036272 1.849 0.650 > 0.5
Water-loaded 5 04394 0.019621

Normal 5 0453 0.036272 6,22 284k  <0.05
Salt-loaded 5 0.711 0.005831

The percentage of filtered sodium that was resorbed was not found

to vary significantly between the treatments (p > 0.2), approximately

85% of the filtered sodium being resorbed in all cases. The test is

shown in Table 27.

TABLE 27

Analysis of Variance: % of filtered sodium resorbed

Source defe SS. Var. VeRo P
Treatments 2 114,50 57.250 0.700 > 0.2
Error 12 980442 8L.702

Total 1 1094.,92

The increased resorption

of filtrate in the salt-=loaded animals
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appears to be inconsistent with the observations that G.F.R. and rate
of urine flow were not significantly different from the controls.
However, the G.F.R. tended to be higher in salt-loaded animals while
the rate of urine flow tended to be lower than the controls. This
indicates that there was in fact increased tubular resorption in the
salt treated group. The increase in U/P osm suggests that resorption
of extra water accounted for most, if not all, of the increased
resorption of filtrate. Certainly sodium was not resorbed at a
gregter relative rate than in the controls. Although there was an
increase in resorption of water, the tubules were not completely
permeable to water as the urine remained hyposmotic.

Thus the renal response to salt-loading in V. gouldii is confined
to the tubules, which become more permeable to water. A similar

response occurs in Crocodylus acutus when subjected to hyperosmotic

salt loads (Schmidt Nielsen and Skadhauge 1967). Hemidactylus sp.

also exhibits no change in G.F.R. when salt-loaded, but this animal also
shows no change in tubular permeability (Roberts and Schmidt-Nielsen
1966). In other reptiles, however, the response to salt loading
consists of a decrease in G.F.R. as well as an increase in tubular
resorption e.g. Tropidurus sp. and P. cornutum (Roberts and Schmidt-

Nielsen 1966), P. scripta and G. agassizii (Dantzler and Schmidt-

Nielsen 1966).
Little difference could be detected between the three groups

regarding tubular resorption of potassium as the data were so variable.
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Values for potassium resorption ranged from over 80% of the filtered
load through to tubular secretion in all three groups. Tubular
secretion of potassium has also been shown in the sleepy lizard

Tiliqua rugosa by Shoemaker et al. (1966), and mammals (Berliner

et al. 1950).

The diuresis induced by water is produced solely by an increase
in G.F.R. in V. gouldii. The absence of a tubular response is
indicated by U/P osm. ratios and filtrate resorption values in water-
loaded animals that are similar to those in control animalse. This
diuretic response is similar to that of other reptiles treated in
the same way, for example Natrix sp. (Lebrie and Sutherland 1962),

T. rugosa (Shoemaker et al. 1966), P. scripta and G. agassizii

(Dantzler and Schmidt-Nielsen 1966). However, there is a tubular

response to water-loading in Hemidactylus sp. (Roberts and Schmidt-

Nielsen 1966) where there is a decrease in the amount of filtrate
that is resorbeds A similar reduction is indicated in C. acutus by
the lower U/P osm. ratios in water-loaded animals (Schmidt-Nielsen and
Skadhauge 1967).

It has therefore been demonstrated that V. gouldii responds to
water-loading with a marked diuresis, However, Khalil and Abdel=-

Messeih (1959) reported that Varanus griseus could be loaded with an

amount of water corresponding to 15% of the body weight "without
indueing urinary output". These workers did not define what was meant

by urinary output, but they mentioned that urine was collected for two
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weeks before the water-loading experiments. It is unlikely that
ureteral urine was collected over this long period of time, and so it
can be inferred that these authors meant urine elimination by "urine
output"”. If this is the case, then the diuresis shown by V. gouldii
is compatible with the observations of Xhalil and Abdel-Messeih.

Three water-loaded V. gouldii were each placed in a cage over a tray
of oil, but no urine was eliminated by the animals over a period of
several days. This shows that although there is a diuresis when these
animals are water-loaded, the urine is later resorbed in the cloaca.
In this way the animal is able to store extra water in the tissues, as
suggested by Khalil and Abdel-Messeih.

Some misunderstanding has arisen in the interpretation of the work
of Khalil and Abdel-Messeih. Shoemaker et al. (1966) agsumed that
"urine output" meant urine flow rate, as they cite V. griseus as an
example of a reptile that does not exhibit the diuresis shown by other
reptiles when water-loaded. This citation seems unfounded in the light
of present observations,

Even when water loaded, 38% of the filtrate is resorbed by the
tubules. This value probably represents obligatory resorption of
water in the proximal tubular region, and compares with a value of 4LOF%
found in T. rugosa (Shoemaker et al. 1966) and 60% in Natrix sp.
(Lebrie and Sutherland 1962), under similar conditions of hydration.

Over the whole range of G.F.Rs observed in the treatments, the
same relative amount of sodium was resorbed, This indicates that

variation in G.F.R. is achieved by changes in the number of functioning
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glomeruli, as suggested by Lebrie and Sutherland (1962) and later
corroborated by Dantzler and Schmidt-Nielsen (1966) and Dantzler
(19672). In T. rugosa, however, it has been found that the percent-
age of sodium resorbed varies inversely with Ge.F.R. (Shoemaker et ale
1966)

Antidiuresis

Arginine vasotocin (AVT) has been found in neurohypophyseal

extracts of the turtle Chelonia mydas (Sawyer et al. 1959) and the

snake Crotalus atrox (Munsick 1966) and is generally regarded as

being the antidiuretic hormone of reptiles and most other non-
mammalian vertebrates. In order to study antidiuresis, an experiment

was set up to determine the effects of A.V.T. on glomerular and tubular

activity.

Experiment 12

The Effects of Antidiuretic Hormone on Renal Function

The water-loaded animals used inbExperiment 11 were also used in
this experiment. After the finsl blood samples had been taken in the
previous experiment, the animals were left for half an hour to settle
dovwn.e Bach animal was then injected in the heart with 0.05 ml/Kg body
welght of a solution containing 1.0 ug. AVT/hl.

The response to the AVT injection was quite dramatic; urine flow
ceased within a minute in two animals and within four minutes in
another, In two animals the urine flowed for slightly longer and here

it is possible that the injection was not made completely into the heart.
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However, all animals were anuric within 15 minutes of injection, and
remained so for up to 45 minutes before urine began to flow again.
Here, the urine was thick in consistency, and milky in appearance due
to the presence of precipitated uric acid and urates.

The results of the urine analyses are set out in Table 28. The
changes in renal function induced by the hormone were so marked that

little statistical treatment of the data was required.

TABLE 28

The Effects of AVT on Renal Function

Urine vol U/P G.F.R. U/P % filtrate % Na
SEEREHSKE (ml/Kg/hr) Inulin (ml/Kg/hr) osm. resorbed resorbed
X 7.72 1.75 12.82 0439 3843 83.0
-AVT
S.E. 0.60 0.16 1.70 0.06 3.8 343
X 0.86 2.83 2454 0455 5145 86.1
+AVT
S.E. 0,20  0.56 0.80 0,09 8.3 AL
w

All means are based on the results of 5 animals.

The major effect of AVT in V. gouldii appears to be at the glomerular
levels At first the hormone caused glomerular activity to cease, but
when filtration started again the G.F.R. was much lower than the pre-
injection rate in every animal. The tubular effects of the hormone,

were not as pronounced, but there was an increase in the permeability
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to water. This was indicated by increases in the percentage of
filtrate resorbed and the osmotic concentration of the urine after AVT
was injecteds The percentage of filtered sodium resorbed was unchanged
by the injection, however there was a significant increase in the
number of collecting periods in which secretion of potassium occurred
(p < 0.05)s The data for potassium secretion are presented in Table
29.

TABLE 29

Number of Urine Samples Showing Net K Secretion

Net K secretion
Treatments Totals

(+) (=)

—AVT 6 19 25
+AVT U 11 25
Totals 20 30 50
2
X1 = 5.333 p < 0.05

The results of this experiment agree in part with those obtained
by Dantzler (1967a)for the water snake N. sipedon, where it was found
that AVT reduced the G.F.Re and increased tubular resorption. The
tubular effects persisted long after G.F.R. had returned to normsl,
but the present experiment was not continued for long enough to see if

a similar response nrevailed in V. gouldii.
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Dantzler found that sodium resorption was increased when AVT
was injected, but this effect was not seen in V. gouldii. 1In
addition, Dantzler showed that AVT increased the percentage of
potassium resorbed in N. sipedon whereas in V. gouldii it has been
shown that AVT promoted secretion of potassium by the tubules.

Injection of vasopressin caused a decrease in G.F.R. in

Alligator mississippiensis (Burgess et al. 1933, Sawyer and Sawyer

1952) and Natrix sp. (Lebrie and Sutherland 1962), but there was no
effect on the tubules. However, vasopressin is not the naturally
occurring antidiuretic hormone in reptiles, therefore care must be
taken in interpreting these results.

The glomerular and tubular effects of antidiuretic hormone have
been studied in other reptiles by using dehydrated animals. Some
reptiles, when dehydrated exhibit reduced G.F.R. and increased
resorption by the tubules e.g. T. rugosa (Shoemaker et al. 1966),

P. scripta (Dantzler and Schmidt-Nielsen 1966), whereas others show
a marked reduction in G.F.R. but little tubular response e.gs

Hemidactylus sp. and Tropidurus sp. (Roberts and Schmidt-Nielsen 1966).

Some reptiles show only modest tubular and glomerular responses to
dehydration e.ge C._ acutus (Schmidt-Nielsen and Skadhauge 1967) and
P._cornutum (Roberts and Schmidt-Nielsen 1966)., It is clear therefore
that reptiles are quite variable in their renal response to dehydration
or administered antidiuretic hormones.

It appears that V. gouldii is capable of controlling the osmotic
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and ionic composition of the urine to a greater extent than many other
reptiles that have been studied. However, the urine emerging from
the ureters bears no resemblance to the urinary waste that is finally
eleiminated, which indicates that the cloaca is a resorptive structure
capable of modifying the urine to a marked extent.

Nitrogen Excretion

No attempt was made in this study to investigate nitrogenous
excretion by the kidney. The main excreting compound in lizards and
snakes is uric acid but smal