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SUMMARY

1. Diel recordings of ¥, under a 12 h Light/12 h Dark regime, constant
light or constant dark revea] a strong endogeneous diurnal rhythm in L.
sicula. L. vivipara show an exogeneous rhythm with activity occurring only
in the light whilst L. wiridis have a weak endogeneous rhythm that is
modified by behavioural factors and inhibited by dark.

2. Standard (or basal) Fj, can only be attained after several hours in an
‘indifferent’ environment, shielded from extraneous stimult. Measurements
must be at night (light or dark) for unrestrained L. sicula and in the dark
(day or night, restrained or unrestrained) for L. vivipara and L. viridis.
Intrageneric std ¥, (ml h-* STPD) = 0-328 W®™ or 0-216 W7 for 1- or
3-days starvation at 30 °C for o2 to 34 g Lacerta.

3. Intrageneric maximum ¥, (determined for 30 to 608 of provoked
activity during the day) = 2:66 W7 at 30 °C for 1-days starvation.

4. Respiratory exchange ratio, R = o075 or 085 for std ¥, after 1 or 3 days
starvation and 0-95 and 1-45 for mean daily and max ¥, I-Lgh R values are
considered a result of anaerobic metabolism and hyperventllatlon during
activity.

INTRODUCTION

It is generally accepted that in mammals, birds and many poikilotherms oxygen
consumption under standard or basal conditions (std ¥,,) is related to body weight
(W) by an exponent of approximately o-75 (e.g. Kleiber, 1947; Hemmingsen, 1960;
Lasiewski & Dawson, 1967; Schmidt-Nielsen, 1970). This exponent is a compromise
between weight dependency, i.e. ¥, & W19, and surface area dependency, i.e. Vo,
a W*¢ (Hemmingsen, 1960; Gould, 1971) and has recently been explained by an
elastic rather than a geometric similarity theory (McMahon, 1973). Despite earlier
evidence that reptiles and amphibians also obeyed an approximate W% proportion-
ality (Hemmingsen, 1960; Kayser & Heusner, 1964), exponents to the contrary
appeared in later literature (reptiles, see review by Bennett & Dawson, 1976; amphi-
bians, Whitford, 1973; Ultsch, 1974). Recently, adherence to an approximate o-75
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exponent has been re-established interspecificially for reptiles (Bennett & Dawson,‘
1976) and for amphibians when in air (Feder, 1976), because care was taken to ensure
that the experimental animals were in a resting or even standard condition. The
latter is defined as the minimum metabolism of a fasting individual at a specified
temperature (Bartholomew, 1972). Only a few reptilian studies (e.g. Roberts, 1968a;
Ruben, 19764; Jameson, Heusner & Arbogast, 1976) have been performed under such
standard conditions. It is also becoming increasingly apparent that reptiles have a
marked circadian VE). rhythm (Roberts, 1968 a; Songdahl & Hutchison, 1972; Mautz &
Case, 1974; Jameson et al. 1976; Gratz & Hutchison, 1977) and thus std VE,‘ can only
be obtained in the dark whilst in the quiescent phase of the circadian cycle (Bennett &
Dawson, 1976). Also, the animal must be untethered (McDonald, 1976) and in an
‘indifferent’ environment (Aschoff & Pohl, 1970) and without thermal stress (Bar-
tholomew, 1972), which, for a reptile, is most likely to be attained near its preferred
body temperature (PBT).

This paper reports an intrageneric study for Lacerta in which std ¥, was determined
for a body weight range of o'2 to 34 g. The purpose was two-fold. Firstly, Bennett &
Dawson (1976) had rejected most of the available data for Lacerta on the grounds
that they were not even resting, let alone standard, measurements and thus it seemed
desirable to investigate thoroughly the procedure necessary to attain std V(')' in a
number of Lacerta species. Secondly, intraspecific or intrageneric studies of resting
V5, in lizards and other reptiles (see review by Bennett & Dawson, 1976) had yielded
exponents ranging from o-4 to 1-09 in marked contrast to the accepted interspecific
0-75 exponent. Although some departures from o-75 have been attributed to an in-
sufficient size range or a lack of measurement standardization (Kleiber, 1947; Schmidt-
Nielsen, 1970) some genuine departures have been documented in non-reptiles
(Hemmingsen, 1960; Hughes, 1977; Wilkie, 1977) and thus the intrageneric exponent
for Lacerta has been examined.

Maximum oxygen consumption (max V) scaling has received far less attention
than std ¥, but it appears that the approximate 075 exponent still applies to mammals
and birds (Hemmingsen, 1960; Pasquis, Lacaisse & Dejours, 1970; Berger & Hart,
1974; Taylor et al. 1978). In 14 reptilian species, max ¥V, yiclded an exponent of 0-82
although there was considerably more interspecific variability in max V5, than in std
V;, indicating different capactities for exercise or inaccurate max ¥, measurement
(Bennett & Dawson, 1976). On the latter point, lizard max ¥, can only be maintained
for 30 s to perhaps 2 min (Bennett, 1972; Bennett, Dawson & Bartholomew, 1975)
whereas many of the reported max ¥, measurements were from periods of 5 min or
more. Furthermore, the best exercise performance can only occur during the normal
activity period (Gratz & Hutchison, 1977) and the highest max 1}6' usually occurs
near PBT (Bennett & Dawson, 1976). With these conditions satisfied, max I,  has
been determined intragenerically in Lacerta. Other reptilian intrageneric studies are
not available and Hughes et al. (1971) and Prange & Jackson (1976) report the only
intraspecific studies finding exponents of 0-97 and 0-94, respectively, for two species of
chelonian in submaximal activity.



Oxygen consumption in the lizard genus Lacerta 35

METHODS
Animal maintenance

L. vivipara were collected locally between late March and August with the vivi-
parous young being born in captivity in July/August. L. sicula and L. viridus were
obtained from various importers between April and September. Each species,
including the recently-hatched L. vivipara, were kept in separate vivaria containing
sand, gravel and straw/hay terrains, rocky shelters, a constant supply of water and
plastic netting providing extensive climbing areas. Tenebrio larvae and blowfly maggots
were provided in excess three times a weck, occasionally being supplemented by other
insects and earthworms. Liquid multi-vitamins were frequently given with either
food or the water. Recently-hatched L. vivipara were continuously supplied with
green and black flies because if starved for more than 2 days they would not begin
re-feeding. All lizards were kept under a 12 h Light (06.00 to 18.00 h) and 12 h Dark
regime with the over-head lighting giving an incident temperature of 35 °C. Environ-
mental temperatures were kept constant at 30 + 1 °C, except for L. vivipara, where
it was approximately 20 °C, since higher background temperatures in this species
caused a premature death.

Diel and std f{). measurements

Lizards, except for recently-hatched L. vivipara, were entrained to the 12 h L/
12 h D regime for at least one month before studies commenced during the ensuing
summer months. 8 recently-hatched L. vivipara (a few days old, body weight o-2 g),
8 adult L. vivipara (1°5 to 4'1 g), 8 L. sicula (60 to 9-8 g) and 8 L. viridis (14 to 34 g)
were used and all were in a healthy condition. L. vivipara were housed at 30 °C for
24 h and all lizards were starved for 1 or 3 days (2 days in recently-hatched) prior to
the experiment. Each unrestrained lizard was placed in an appropriate sized cylindrical
respirometer (7 ml for recently-hatched, 225 ml for adult L. vivipara and L. sicula,
sro ml for L. virdis) which was shielded from all visual disturbances by a surrounding
black box containing an overhead 12 cm strip light. This light gave no incident heat
but followed the normal 12 h L/12 h D regime. The respirometer was shielded from
vibration by being placed on a § cm thick sponge base, and laboratory noise was kept
to a minimum. All experiments were conducted at 30+ 1 °C, this being close to the
PBT of 30-33 °C for L. vivipara, 34 °C for L. sicula and 33 °C for L. viridis (Pough,
1977), and begun between 12.00 and 15.00 h and continued for 28 h. Lizards were
weighed before and after the experiment to give a mean weight. Weight loss was
approximately 59, due mainly to dehydration since a lizard, on return to its vivarium,
drank copious quantities of water and virtually replaced all the loss.

V2o, and ¥, were measured using a Beckman LB1 infra-red COg analyser and
Servomex Industnal paramagnetic O, analyser whose outputs were displayed on a
three channel Rikadenki pen recorder together with a simultaneous thermistor
recording. Oy and CO, analysers were calibrated before and checked for drifts and
recalibrated if necessary during and after each 28 h experiment, calibration gases
being made with an H. Wosthoff gas mixing pump and checked by Scholander analysis.
All gases were dried with silica gel before entering the respirometer and with CaCl,
before entering the analysers. Initially the analysers and respirometer were contained
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in a closed circuit system with air circulating at 450 ml min~%, but later an open
circuit with a flow rate of 100 ml min—! was used since this was more accurate. With
closed circuits, the system had to be opened every time the %, O, or %, CO, had
changed by 19, (during the night a 29, change was allowed), flushed with fresh air
and then sealed again to continue the experiment. The lizards were always totally
unaware of this opening and closing but the procedure was tedious especially at night.
The other disadvantage of the closed circuit is that it was prone to CO, leakage. In
contrast, the open circuit involved gas changes of no more than o-59%,, CO, leakage
was unimportant, it required less attention and was more sensitive to small or short
changes in ¥,,. The details of the closed and open circuit respirometry, the type of
records obtained, the derivation of suitable equations for calculating ¥, and ¥, and
the errors involved are reported by Cragg (in prep.).

Since it took 2 to 3 h for the lizards to become accustomed to the respirometer, the
first 3 to 4 h of recordings were discarded and the next 24 h analysed in 20 min blocks.
I{,' and Vco, were measured in ml h—! at ATPD and corrected to STPD. As well as
investigating the diel thythm of Vb‘ under a 12 h L/12 h D regime, the effect of total
dark and total light, the effect of randomly switching the light on or off for an hour
and the effect of restraining the lizard or giving shelter within the respirometer were
also tested.

Max I{)' measurements

32 lizards that had been starved for 1 day only were used: 2 recently-hatched L.
vivipera, 9 adult L. vivipara, 12 L. sicula and 9 L. viridis with body weights similar
to those used in the diel studies. L. vivipara were housed at 30 °C for 24 h prior to
the experiment. All experiments were conducted at 30+ 1 °C between the hours of
06.00 and 18.00 and in the light.

Nose masks with an inlet and outlet tube of 2 mm diameter were constructed
from cannibalized syringes and stuck to adult lizards with neoprene glue and a small
latex rubber ring as previously described for a pneumotachograph nose mask (Cragg,
1978). With the lizard’s nose inside, the volume of the mask was o-05 ml (L. sicula
and L. vivipara) or o-3 ml (L. viridis) and weighed o-4 g or 1-0 g. The nose mask was
incorporated into an open circuit system similar to that used for the diel studies and
air was metered through at 100 ml min~1. This flow rate caused a slight negative
pressure of —3-0 mm H,O but such a pressure does not affect the normal breathing
pattern of Lacerta (Cragg, 1978). Further details of the mask open circuit are
reported by Cragg (in prep.) Lizards (23 animals) wearing such masks were either
taped to wooden blocks or allowed to run free in an enclosed area with the weight of
the mask’s tubing being supported. The lizard was provoked into vigorous struggles
by continual prodding or feet and tail pinching, and ¥, and ¥, were analysed at
15 s intervals, maximum ¥, levels being rcached rapidly (~ 30's) and maintained
for 30 to 60 s. Stimulation beyond this time was ineffective and was stopped after
a total of 2 min. At least one hour was allowed to elaspse before the next provocation.
The average of 3 max ¥, measurements was taken for each animal. (Electric shocking
was less effective than prodding.)

Another source (7 lizards) for max ¥, was from 30 to 60 s bouts of frantic activity
occurring over the first § min after placing the lizards into an open circuit respiro-
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Fig. 1. Histograms of diel Vo. under a 12 h L/12 h D regime in 5 adult L. vivipara deter-
mined by closed circuit respirometry. Note hyper-activity of 4-0 g lizard due to sloughing.
(In all histograms Vo. is in ml h=! STPD at 30 °C, solid and open bars denote dark and light
periods, respectively, and the number in the right hand corner of each histogram is the body
weight in g.)
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Fig. 2. Histograms of diel Vo' under a 12 h L/12 h D regime in 3 recently-hatched L. vivipara.
Closed circuit respirometry.
meter. This was the only method available for recently-hatched L. vivipara. The
final source (5 lizards) of max ¥, data was from one minute periods of very severe

exercise on a respirometer treadmill (Cragg, in prep.). ¥, and Vo, were measured in
ml h-1 at ATPD and corrected to STPD.

RESULTS
Diel rhythms of V,,
(1) L. vivipara
Figs 1 and 2 illustrate the F,_ diel thythm of 20-min periods in adults and recently-
hatched young under 2 12 h L/12 h D regime. During the dark hours, V,_ was never
completely constant but fluctuated about a mean with the rare occurrence of small
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peaks. The lizards were curled up with their eyes closed and if disturbed (by opening
the respirometer and then handling), were slow to respond. When the light switched
on at 06.00 h, there was nearly always an immediate increase in ¥, which then was
often minimal for the next 2 h. During the rest of the light period the activity peaks
were of variable amplitude and their distribution showed no consistent pattern relative
to time of day. One individual (Fig. 1, lowest trace) was in the process of sloughing
and this increased the day’s activity considerably, presumably becasue the lizard was
trying to assist the removal of dead skin. The beginning of the dark period at 18.c0 h
was marked by an immediate lowering of ¥, or by a small, short-lived increase. There
appeared to be no difference in the diurnal rhythm of 1-day or 3-day starved animals
(this applied to the other two species) nor between adults and recently-hatched young.

Observations on behavioural activity of L. vivipara in their vivarium showed that
the lizards would emerge from their rocky shelters as soon as the light came on or
up to 2 h later. During the light period, their time was spent basking, sheltering and
foraging (an exploratory activity not necessarily connected with feeding). Basking
and sheltering periods often last for 2o min or more whereas foraging periods were
always less than § min. Periods of activity appeared to be spread throughout the ‘day’
although some lizards were rather inactive in the ‘afternoon’. Some lizards were still
basking when the light was switched off at 18.00 h but within a few minutes they took
shelter and remained there. L. vivipara showed no obvious social interactions or
dominance and were not easily distrubed by observers. Presumably increased ¥, in
the respirometer reflects a modified form of foraging behaviour in an ‘indifferent’
environment.

Under conditions of constant dark (Fig. 3), all L. vivipara lost their diel rhythm
and remained inactive throughout the ‘day maintaining the mean dark V. Constant
light also obliterated the diel rhythm as well as stimulating continual elevated activity
throughout the 24 h with a mean Vb’ much higher than the normal mean light VO..
Constant light was so disturbing that one, apparently healthy, individual actually died.
If shelter was provided within the respirometer, activity still occurred throughout
the constant light but it was interspersed with bouts of sheltering and thus mean Vo.
was reduced to normal light values. Provision of shelter during constant or 12 h
dark periods did not reduce mean dark V(')’ any further. In short experiments in which
the light was switched on and off for one hour periods, L. vivipara responded im-
mediately by becoming active in the light and quiescent in the dark. Restraining to
a wooden block within the respirometer did not alter mean dark ¥, but during the
light, struggling often occurred and thus mean day ¥, was elevated.

(n1) L. sicula

Fig. 4 illustrates the diel rhythm under a 12 h L/12 h D regime. During the dark
hours, the lizards were curled up asleep and their ¥, fluctuated slightly as in L.
vivipara but, in contrast, if handled they were much quicker to respond. Although
the light was switched on at 06.00 h, a consistent increase in ¥, did not occur until
07.00 h. During the light phase, there was a very clear cut pattern of two very active
periods between 07.00 and 11.00 and between 13.00 and 15.00 h although individual
variation is also obvious. Around mid-day, i.e. 11.00 to 13.00 h activity was subdued.
V,, declined just before or just after the light was switched off at 18.00 h.
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Fig. 3. Effect of constant light or constant dark on diel Vo, in 2 adult L. vivipara determined
by open circuit respirometry. Note the greater sensitivity of open circuit as compared with
closed circuit analysis.

In the vivarium, L. sicula did not emerge until 07.00 h although the light came on
at 06.00 h. During the light phase, they were active from 07.00 to 18.00 h but were
always sheltering around mid-day. They were very active, restless creatures only
basking for short periods (5 min maximum) and spending much more time foraging
(10 min maximum) and less time sheltering than L. vivipara. When the light went
out at 18.00 h the lizards, if they had not already anticipated it, quickly retired. L.
stcula, being inquistive, were very easily distrubed by observers and showed obvious
social interactions within a group with the largest lizard always being dominant and
occasionally fighting. The non-dominant lizards always spent more time sheltering
and were not often allowed to bask directly under the light. The L. sicula used were
actually from two sub-species, L. s. sicula and L. s. compestris but no difference in diel
rhythm or their behavioural activity could be seen except that the latter were often
the larger and hence the more dominant.

Constant dark and constant light for one day (Fig. 5) in no way altered the diel
rhythm or the pattern of ‘day activity in L. sicula in marked contrast to L. vivipara.
However, sometimes activity did start at 06.00 instead of 07.00 and finish at 19.00



Oxygen consumption sn the lizard genus Lacerta 41

L. sicula

Vo, ml h=! STPD

24 6 12 18 24
Time of day

Fig. 4. Histograms of diel Vo. under a 12 h L/12 h D regime in 3 L. sicula. Closed circuit
respirometry.

instead of 18.00 h. Thus, as would be expected, switching the light on or off for an
hour did not cause stimulation or inhibition of activity. Provision of shelter within the
respirometer did not lower the mean dark or night ¥j,. Restraining the lizard caused
some struggling activity even during the dark and hence elevated mean dark V.

(ii1) L. viridis

Fig. 6 illustrates the diel rhythm of L. viridis under a 12 h L/12 h D regime. As
with the other two species, ¥, fluctuated slightly about a mean during the dark phase
whilst the lizard slept. The response to handling at night was variable ranging from
docile to very aggressive. There was no consistent time at which activity was initiated
nor was there a consistent pattern of activity during the light phase: peak activity
would occur at any time or be evenly distributed throughout the light phase or be
virtually absent, and activity could cease at 18.00 h or many hours before.

In the vivarium, L. vfridis were active between 06.00 and 18.00 h, but there was
considerable variation in how early they emerged or retired and when they were most
active. Periods of basking could be as long as 45 min and they would also forage for
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Fig. 5. Effect of constant light or constant dark on diel Vo, in 4 L. sicula. Open circuit
respirometry.
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Fig. 6. Histograms of diel Vo, under a 12 h L/12 h D regime in 5 L. viridis. Closed circuit
respirometry.

long periods (30 min or more) without a basking or sheltering interruption. L. viridis
showed marked social interactions and would spend much of their time guarding
their own territory, often fighting, especially over food. Overcrowding could lead to
mutilation of the weaker, smaller lizards, The largest lizard was always the more
dominant and would often show threatening behaviour to both the other lizards and
to observers intent on handling. In contrast to the other two Lacerta species, if
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Fig. 7. Effect of constant light or constant dark on diel f’o‘ in 4 L. viridis. Open circuit
respirometry.

a L. viridis was placed in isolation in a vivarium, there was a marked reduction in
foraging behaviour and if the vivarium contained only a shelter with straw/hay and
no climbing area, foraging behaviour was virtually non-existent.

In constant dark (Fig. 7), L. viridis showed no diel rhythm remaining inactive
throughout the ‘day’ as well as ‘night’ as was the case with L. vivipara. Under
constant light, activity occurred within the normal day, i.e. 06.00 to 18.00 h but it
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Table 1. Comparison of unrestrained activity in a respirometer under 12 h L/12 h D
regime. Values reported as +8.D.

Species N mean light Vo, /mean dark Vo, peak Vo,/minimum Vo,
L. vivipara 8 1°35t+ 022 377+0'8
(recently-hatched)
L. vivipara 8 1'6+o0°15 4'44+0°35
adult
L. sicula 8 1'83+ 038 5'35+2'02
L. viridis 8 1'24t02 36+084

was as variable in pattern as in the 12 h L /12 h D regime. This was similar to L. sicula.
However, the ‘night’ ¥, during constant light was in some cases normal but in
others elevated ~ presumably sleep was not possible in the latter. This response was
in some respects similar to that of L. vivipara, except that bouts of high activity did
not occur. Switching the light on tended to stimulate activity and switching off tended
to inhibit activity but on many occasions there was no change in ¥, in response to
these stimuli. Provision of shelter within the respirometer did not alter mean dark
Vo, but did allow sleep at ‘night’ in constant light. Restraining the lizard made no
difference to mean dark ¥,_ values and tended to lower mean light ¥,, indicating that
it seemed to ‘accept’ the restriction.

(iv): Comparison of the 3 species

An indication of the differences between the 3 species in unrestrained behaviour in
a respirometer whilst under a 12 h L/12 h D regime can be obtained by comparing
mean light Vo./ mean dark ¥} ratios and peak V(',‘/ minimum Vb. ratios (Table 1). It is
apparent that the recently-hatched L. vivipara and L. viridis were less active in terms
of both these ratios than the adult L. vivipara and L. sicula, the latter being the most
active. The same trend also occurred after 3 days of starvation.

(v) Respiratory exchange ratio, R

For 1-day starved and 3-day starved conditions, the respiratory exchange ratio (or
respiratory quotient, R = Vco, /Vo,) was 0-95+ 005 and 0:94 £0-06 respectively,
during the light phase of the 12 hL /12 h D regime. In contrast, R was 0-85 + 0-05 and
075 + 0-04 respectively, during the dark phase. All R values are obtained from open
not closed circuit respirometry.

Standard and diel Vo. scaling

From the data obtained in the 12h L/12h D experiments, four categories of
¥, were considered for the 1- and 3-day starved conditions: mean dark ¥, , mean
light ¥, peak ¥, and minimum ¥, . Peak values only occurred in the light and
minimum values usually in the dark. Logarithmic plots of }5, versus body weight are
reported in Table 2 and one is illustrated in Fig. 8. Initially ¥}, data from recently-
hatched animals were not incorporated with the adult data in case development factors
obscured metabolic scaling. However, after examination of total and adult-only
exponents, this precaution does not appear to be necessary although inclusion of
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Table 2. Logarithmic relationship between V, and body weight (02 to 34 g).
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Vo,=a W® where Vo, is in ml h=! STPD, W in g, g is the intercept in ml h™ and b the logarith-
mic regression coefficient (or exponent). No exponent had a s.D. greater than +0-05. Number of
lizards = 12 to 15 for each regression (N = 9 to 12 for adult only). CC = correlation coefficient.
(All correlations significant at P < o-oor level.)

Exponent cCc
(adults (adults
Category Intercept Exponent cC only) only)
Minimum I;'o' 1-day starved 0208 o83 097 o078 093
3-day starved 0'147 077 0'97 0'94 093
Dark 170' 1-day starved 0328 076 098 0'74 095
(12 h mean) 3-day starved o216 077 0'99 o'8o 0'g6
Light V, 1-day starved 0'547 077 092 057 o8
(12 h mean) 3-day starved 0355 076 098 063 o089
Peak Vo. 1-day starved 0'975 o8 096 074 09
3-day starved o608 078 098 o069 089
0779 £ 0'022 0737t01
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-
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Fig. 8. Log/log. plot of std I}'o. (ml h~! STPD) and the body weight (g) at 30 °C after 3-days
starvation. Std VO. determined from mean dark Vo, under 12 h L/12 h D regime. For further
details see Table 2.



Oxygen consumption in the lizard genus Lacerta 47

recently-hatched data does improve the correlation coefficient. There are two reasons
for this: (@) the size range is increased from 1-25 to 2-25 log. cycles and (b) L. viridis
and o'z g L. vivipara both gave the lower behavioural ¥}, ratios (Table 1) and since
they occupy the two extremes of the body weight range they are both needed to
provide an even balance to the log/log plot.

Better correlation coefficients were obtained for 3~ than for 1-day starved conditions
and the best was found in the mean dark ¥, after 3 days starvation. Desplte the fact
that the minimum and peak I/O recordmgs were each taken from one 20 min period
per 24 h, they gave surprisingly clear cut regressions. Standard metabolism is con-
sidered to be measured most accurately by mean dark ¥, regressions and thus std
Vo, = 0:328 W78 for 1-day starved or std ¥, = 0216 W®7 for 3-days starved.
Likewise, routine day activity is best measured as mean light ¥, and thus day
Vp, = 0'547°7 (1-day starved) or day ¥}, = o0-355 W™ (3-days starved)

Max I{), scaling and max R

Max V;, was related to body weight as max Vo, = 2-57 WO (correlation coefficient
095, significant at P < o-oor level) for 1-day starved adult lizards and with inclusion
of 02 g L. vivipara data, the relationship became max ¥, = 2:66 W0 (correlation
cocfficient 0-975, significant at P < o-oo1 level). These intercepts were approximately
8 times greater than std Vg, for 1 days starvation (Fig. 9). During maximum activity,
the respiratory exchange ratio was high and variable being 1-45 + 0-25. Further details
concerning the speed of attainment of max ¥}, and ¥, and their decline during
recovery are the subject of another paper (Cragg, in preparation).

DISCUSSION
Diel actrvity rhythms

These experiments were designed primarily to determine the best procedure for
recording standard metabolism rather than to study circadian rhythms per se in
Lacerta. Although, it is appreciated that in circadian studies an acktograph is prefer-
able to ¥, measurements (Aschoﬁ & Pohl, 1970), recent work has shown a good
correlatlon of diel activity and V in the lizard, Xantusia, and snake, Natrix, albeit
only at higher temperatures in the latter (Mautz & Case, 1974; Gratz & Hutchison,
1977). Thus the diel V5, of Lacerta is probably a reasonable reflection of diel activity
and since circadian rhythms can only be demonstrated in constant light or dark in an
‘indifferent’ environment (Aschoff & Pohl, 1970), it is considered that this study can
contribute to reptilian circadian data.

Some reptiles are diurnal and some nocturnal or crepuscular butall have a periodicity
of approximately 24 h with either one or two periods of activity (Cloudsley-Thompson,
1961; Saint-Girons, 1971). If the rhythm is endogenous (or circadian), the 24 h
periodicity persists for many days when under constant light or dark. Endogenous
rhythms can, however, still be adjusted to seasonal changes using cues from light
and/or temperature fluctuations, the latter often being the more dominant (Evans,
1966). The pineal organ is one of the detectors of light cues and may even be one of
the circadian oscillators (Songdahl & Hutchison, 1972; Underwood, 1977). Reversal
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Fig. 9. Log/log plot of max Vo' (ml h~! STPD) and body weight (g) at 30 °C after 1-days
starvation. Dashed line is for std Vo, at 30 °C after 1-days starvation with an intercept 8 times
less than max Vo'.

of the light/dark phases causes constant activity in endogeneously rhythmic reptiles
with entrainment to the reverse lighting taking many days to become established
(Cloudsley-Thompson, 1961).

In contrast, a few reptiles (agamid lizards) have weak or no endogeneous rhythms,
and their rhythmic behaviour is strongly controlled by exogeneous stimuli, light so
far being the only stimulus tested (Toye, 1972; Rao & Rajabai, 1973). During 12 h
L/12 h D regimes these lizards are active throughout the light phase and will entrain
immediately, or at least by the second day, to reversed lighting. Under constant light
they become arrhythmic and under constant dark they become either arrhythmic
(Sitana; Rao & Rajabai, 1973) or maintain some of the normal ‘day’ activity (Agama;
Toye, 1972 and skink, Tiligua, Firth, Webb & Johnson, 1972).

Diel activity rhythms have been studied previously in Lacerta by Kayser & Marx
(1951), Hoffman (1955, 1959, 1960) and to some extent by Avery (1976). Fischer
(e.g. 1961) has shown that L. sicula, L. muralis and L. viridis are able to use orientation
of the sun to judge the time of day. In L. sicula, it is apparent that the diel rhythm is
endogenous because it persists during constant light or dark (Hoffman, 1955, 1960; this
study) and because activity is consistently delayed for an hour after the onset of light
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and consistently reduced around mid-day (this study). However, the rhythm can be
entrained to cycles of fluctuating temperature (Hoffman, 1969) with the active period
reduced at lower temperatures (Hoffman, 1969; Avery, 1976). Data for L. agilis and
L. muralis (Kayser & Marx, 1951) show many similarities to L. sicula.

L. vivipara, on the other hand, had no endogenous rhythm, activity being con-
tinually stimulated by light and inhibited by dark - a phenomenon which has not been
reported for any other reptile. However, some endogeneous control must be present
since (@) in constant light there was obviously a need for intermittent shelter, i.e.
voluntary semi-darkness, and (b) Avery (1976) found two consistent peaks in basking
activity which could be reduced to just the early peak at lower temperatures of radia-
tion intensities. In contrast to basking activity, no distinct pattern could be discerned
for foraging activity in L. vivipara either at ~ 20 °C (vivarium) or 30 °C (respirometer)
although there was a consistent tendency to be less active in the first 2 h particularly
at ~ 20 °C. Avery & McArdle (1973) have shown that this delay in L. vivipara
emergence or activity is governed by the amount of incident solar radiation, in contrast
to other lizards (Heath, 1962; Evans, 1967).

L. viridis showed a diel rhythm which was similar in some respects to L. vivipara
and in other respects to L. sicula. In constant dark, L. viridis were totally inactive and
appeared to have no endogeneous rhythm but in constant light, a normal diurnal
rhythm persisted. This may indicate that L. viridis has an endogeneous rhythm
which is completely inhibited by the dark. However, the situation is complicated by
the fact that L. viridis are often inactive when there is nothing to investigate and this
may explain (a) the activity inhibition in constant dark and () the lack of a consistent
activity pattern in the ‘day’. Using an acktograph with a simulated natural environ-
ment, Hoffman (1959) found no difference between the diurnal rhythm of L. sicula
and L. viridis. One must conclude that behavioural factors are a very strong modifier
of any endogeneous rhythm in L. viridss.

Apart from the different balance of factors controlling their diel rhythms, the three
Lacerta species also had different amplitudes of diurnal activity both in the vivarium
and respirometer as well as different proportions of foraging, sheltering and basking
(for more detailed behavioural comparisons between L. sicula and L. vivipara, see
Avery, 1g76). Jameson et al. (1976) found distinct male and female activity patterns
in Sceloporus occidentalis although the mean ‘day’ ¥} levels were the same (at sea
level), but an obvious male/female difference was not apparent in Lacerta, apart
from the dominant lizard of a group being male. Even in L. sicula which had a clear
pattern of diurnal activity, there was obvious variation from one animal to another
but such variations from individual to individual and within the same animal from
day to day are the rule rather than the exception (Songdahl & Hutchison, 1972; Mautz
& Case, 1974; Jameson et al. 1976). During the abrupt transition from light to dark,
Sceloporus cyanogenys gave a final activity peak (Songdahl & Hutchison, 1972) and
such a phenomenon was occasionally seen at the onset and offset of light in Lacerta.
In constant light, S. occidentalis required sand in which to bury before a clear diel
rhythm and std ¥, could be recorded (Jameson et al. 1976). Such shelter was
immaterial to L. sicula, useful for L. viridis and vital to L. vivipara but in the latter
a clear diel rhythm still could not be established.
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Determination of std Vo‘

As Bartholomew (1972) has pointed out, the environmental circumstances for
minimum stress differ from species to species and the accuracy of the standard
metabolic determination will depend largely on how well the investigator knows his
experimental animal. It is apparent that std ¥ can be measured in unrestrained
L. sicula only at night but either in the dark or light. In contrast for L. vivipara and
L. viridis restrained or unrestrained measurements during the day or night can be
made providing the animal is in the dark. Shelter is not necessary in any of these
conditions. Thus, although Kramer’s (1934) statement that std ¥, could not be
recorded in the dark if it was daytime was made for both L. sicula and L. viridis, I find
it applicable to L. sicula only. Roberts (1968a) also found that dark during the day
would not yield std VO. in Uta stansburiana. Further criteria for std ¥, are that the
lizards must be in an ‘indifferent’ environment, shielded from extraneous stimuli, and
allowed at least 2 to 4 h to settle down.

Factors that can modify std ¥, e.g. circadian rhythms, behavioural aggregation,
temperature, thermal acclimation, season or hibernation, age, sex and feeding/
starvation, have been discussed extensively by Bennett & Dawson (1976). Most
metabolic studies have not considered the possibility of sex differences but females
are considered to have a lower (about 759%,) metabolic rate than males (e.g. Uta,
Roberts, 1968a). However, Jameson et al. (1976) only found this difference at high
elevations and not at sea level. Sample size in this Lacerta study did not allow a sex
separation but a preliminary analysis did not reveal any sex influence on std V..
Finally, starvation for only one day was required to render Uta in the post-absorptive
state and std F,, then remained unchanged for the next two weeks (Roberts, 1968a).
In contrast, Lacerta gave a 309, reduction in std V()' from 1 to 3 days starvation which
might be explained by the fact that Tenebrio larvae take two days to be cleared from the
stomach of Anolis (Gist, 1972), although Avery (1973) reports one day for clearance
in L. vivipara.

Table 3 lists the standard, resting or semi-active F,, determinations previously
measured in Lacerta and shows conclusively that Bennett & Dawson (1976) were
correct in their selection of only Kramer’s (1935) data for their interspecific scaling
studies. They also rejected Krehl & Soetbeer’s (1899) 30 °C data but retained the
37 °C data. Recently, Jammes & Grimaud (1976) reported a resting Vb. of o145 ml
h=1 g™, 109, of which was due to cutaneous oxygen exchange, for restrained L. viridis
(31-8 g) at 20 °C which again is considerably above the 0-046 ml h—! g—! predicted for
the same size lizard at 20 °C by Bennett & Dawson (1976).

Determination of max V(').

Criteria for the measurement of a genuine max F,, were outlined earlier but use of
a mask (20 out of 32 experiments) rather than a whole animal respiratory prevents the
inclusion of any cutaneous respiration. Although there was no obvious trend of ¥},
values from the respirometer being higher than from the mask, the possible error
involved must be considered. It has only recently been appreciated that reptilian
scales do allow both gas exchange and water loss (e.g. Heatwole & Seymour, 1975;
Jammes & Grimaud, 1976). There is considerable species variability but, to some
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Table 3. Standard, resting or semi-active V,, measurements in ml k= g=* STPD
for Lacerta at 30 °C.

(Last column is std Vo’ inmlh=1 g=! STPD at 30 °C as predicted from the equation Vo, = 0328 Wn
for l-day starved Lacerta at night and in the dark.)

Body weight, . Predicted
Source Animal g Measured Vo, std Vo,
Kramer, 1935 L. trilineata 54 0'124 o126
Krehl & Soetbeer, 1899 Lacerta spp 110 022 0'105
L. muralis 50 o408 0'224
L, sicula 55 0425 o218
Gelineo & Gelineo, L. melisellensis 68 0323 0210
1955 L. viridis 192 0°436 0159
Nielsen, 1961 L. sicula and ~ 19'0 ~ 06 o160
L. viridis
Avery, 1971 L. vivipara ~ 40 ~ 07§ 0325
Tromp & Avery, 1977 L. vivipara 20 o038 028

extent, the more aquatic the reptile, the greater is its proportion of cutaneous gas
exchange. In resting L. viridis (Jammes & Grimaud, 1976), cutaneous r&piration
accounts for 16%, of the Vo, and 109% VO The only data during activity is for sea
snakes in which cutaneous proportions for I{;O and ¥;, did not alter from those at rest
(Heatwole & Seymour, 1975) and therefore with no further evidence available, it has
to be assumed that active Lacerta consume 109, more O; and produce 169, more
CO, than is measured with the mask. Thus max ¥ , might be 2-93 instead of 2:66 m
h-1for a 1 g Lacerta whilst the respiratory exchange ratio might be 1-53 instead of 1-45

Respiratory exchange ratio, R

According to Bennett & Dawson (1976) a resting, fasting reptile should have an R
of approximately o-7 with higher or lower values being found in reptiles equilibrating
(over several weeks) to high or low temperatures, respectively. This equilibration is
necessary because blood bicarbonate concentration (i.e. COy retention) is inversely
proportional to temperature. However, many of the R values previously reported (see
Bennett & Dawson, 1976) range from o0-65 to 1°46 under what often appear to be
acclimated conditions and with no clear correlation between increasing R and tem-
perature increases. It has been suggested (Cragg, 1978b) that some of the low R
values in the literature might be a result of CO, leakages in closed circuit respiro-
metry and Table 4 indicates that high R values for Lacerta are a result of varying
degrees of activity. Table 4 also shows that lack of acclimation to the prevailing
temperature does not influence R in Lacerta (Nielsen’s data) and that an R of 0-7 to
0-75 is only obtained in Lacerta during standard metabolism after 3 days starvation.

R values as high as 1°5 or 17 occur in exercising man due to mainly hyper-
ventilation but partly anaerobic metabolism (Mountcastle, 1974) and this is probably
the explanation for lizards. Anaerobic metabolism may be a greater contributor to the
lizard’s high R value since it is very predominant in reptilian activity (Bennett &
Dawson, 1976). Of course, increasing body temperature during lizard activity may also
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Table 4. Respiratory exchange ratio, R, in Lacerta
Tem-
perature
Species °C R Comments Source
L. trilineata, 20 064 Acclimated, std Kramer, 1934
L. sicula and to metabolism. Few
L. viridis 078 days starvation
L. sicula and 10 o-88 Not acclimated, Nielsen, 1961
L. virddis 20 o'80 restrained, semi-
30 o081 active, 1-days
35 o082 starvation.

L. viridis 20 o-89 Acclimated, Jammes &
resting, Grimmaud, 1976
restrained,
$-days starvation

L. viridis 20 o83 Acclimated, Jammes &
semi-active, Grimmaud, 1976
{-days starvation

L. vivipara, 30 07§ Acclimated, std This study

L, sicula and I"o,. 3-days
L. viridus starvation
30 o8y Acclimated, std This study
f’o‘. 1-days
starvation
30 0'9% Acclimated, daily This study
Vo,. 1- and 3-
days starvation
30 1°4§ Acclimated, max This study
f’o‘. 1-days
starvation

drive off CO,. The only other reptilian study (Gratz & Hutchison, 1977) that has
measured R during maximum activity found that in the snake, Natrix, R actually
decreased (at 15 and 25 °C) or rose only slightly (35 °C), but they suggest that this
was because snakes are not as dependent as other reptiles on the bicarbonate buffer
gystem.

Although in mammals an R of o-7 is indicative of fat metabolism, o-82 of protein or
mixed diet and 1-0 of carbohydrate metabolism (Mountcastle, 1974), Roberts (19685)
has pointed out that in uricotelic animals R for protein metabolism also approximates
to o-7. The lizard diet of Tenebrio larvae is composed of protein, lipid and carbo-
hydrate in the proportions 2:2:1 (Gist, 1972) and thus R should approximate to
a mixed diet/protein value, i.e. 0-7. R values around o-85 for less than 3 days starvation
(Table 3) may be indicative of an increased proportion of carbohydrate metabolism.

Scaling of std and max VO'

Std Vp, of Lacerta in the minimum stress period, i.e. at night whilst in the dark, was
proportional to W% to W8 (Table 2). Measurements that relied on the spontaneous
behavioural actions of the lizards (Table 1) gave a wider range of exponents: 0-77 to
0-94 for minimum 7, 057 to 0-77 for mean day F_ and 069 to 0-8 for peak F,,
(Table 2). It is considered that under true standard conditions at 30 °C in Lacerta,
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std ¥, = 0328 W™ or 0-216 W7 for 1- or 3-days starvation. Kramer’s (1934)
exponent of 0-694 for Lacerta covering a greater species and size range of 1-7 to 71 g
is not at variance with the above data especially as further treatment of his data to
regression analysis yields an exponent of 0794 with a correlation coefficient of 0-995
significant at P < o-oo1 level. Interestingly, the exponent relating food consumption
to body weight in L. vivipara is reported as 0-7 to 079 (Avery, 1971). Thus, intra-
generically Lacerta obey the o-75 exponent for metabolic scaling in contrast to many
other reptiles (see Bennett & Dawson, 1976). The intercept value of this Lacerta study
is very similar to Bennett & Dawson’s (1976) reptilian data: resting F,, = 0-287 W¥7
at 30 °C, implying that their resting values were close to standard conditions. Also, in
agreement with Bennett & Dawson (1976), it is concluded that very young reptiles
do not have a greater or lower weight-specific ¥,, than would be predicted from adult
data (Figs. 8 and g) in contrast to mammals (Wilkie, 1977) and fishes (Hughes, 1977).

Although the intercept value is similar for all reptilian Orders (Bennett & Dawson,
1976), mammalian and bird Orders each have their own intercept in the sequence
monotrene, marsupial, eutherian, non-passerine and passerine (Dawson & Hulbert,
1970). In Table 5, Lacerta and eutherian data are compared, eutherians being chosen
only because their data are more extensive. Eutherians consume approximately 11 times
more O, than 1-day starved Lacerta (Table 5) and if Lacerta data is adjusted from
30 °C to 37 °C by assuming a Q,, of 2:12 (Bennett & Dawson, 1976), the eutherian/
Lacerta ratio becomes approximately 6.

In maximum activity, Lacerta continue to obey the o-75 scaling exponent with
a relationship of max ¥, = 2:66 W™, This results in a max V,, increment of ~ 8
times std Fj, being identical to small eutherians (Table 5) although increments of
11 to 22 for large eutherians (Pasquis et al. 1970) and ~ 10 for all eutherians (Taylor
et al. 1978) have also been reported. Since Bennett & Dawson (1976) report an inter-
specific lizard increment of only 5-8 fold, it seems likely that the conditions were
sub-maximal. An alternative or contributory explanation is that lizards have differing
capacities for exercise (Bennett & Dawson, 1976) as a result of different lung com-
plexities, enzyme activity and muscle myoglobin concentrations (Ruben, 19765).

Even under maximum activity at 30 °C, Lacerta cannot reach the std F,, of a
eutherian (Table 5) and are not likely to even at 37 °C because all lizards so far
examined, except Varanus, show a metabolic pleateau or even a decline in max P, at
temperatures above their preferred body temperature (Bennett & Dawson, 1976).
Only two reptiles, the lizards, Cnemidophorus tigris (Asplund, 1970) and Varanus
gouldii (Bennett, 1972), have surpassed in maximum activity the eutherian std Vo'.
Explanations for this reptile/eutherian metabolic differential are various (see Bennett
& Dawson, 1976).

In conclusion, Lacerta data obey the o:75 metabolic scaling exponent for both std
and max ¥, but it is considered, in agreement with Schmidt-Nielsen (1970), that
a range of 07 to 0-8 is an equally acceptable exponent. This is because errors are
introduced by the use of linear regression analysis for log/log allometric relationships
(e.g. Manaster & Manaster, 1975). Whilst believing in genuine deviations from the
075 exponent, the author fells certain criteria must be satisfied before such a departure
can be readily accepted, viz: (a) an adequate size range of no less than one log cycle,
(b) rigorous standardization of the degree of starvation, minimum stress for std ¥,
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Table 5. Comparison of metabolic scaling in Lacerta and small Eutherian mammals
(Wing. Vo‘ in ml h-! STPD. E/L = Eutherian/Lacerta ratio)

Variable Lacerta 30 °C Eutherian 37 °C E/L ratio Eutherian source
Std Vo, 0328 Wo-Tse 342 Wos ~ 110 Pasquis et al. 1970
1-days 38 Won Schmidt-Nielsen, 1975
starvation
Max I'/o‘ 2:66 W47 2616 Wo'Bs ~ 10'0 Pasquis et al. 1970
1-days or or
starvation 2:57 Wo'm 28-2 Wo# Taylor et al. 1978
max I..,On/ ~ 8o ~ 75 ~ o0
std Vo.

and true short period maximum activity for max ¥}, and (c) where possible an equal
distribution of points along the body weight axis so that regression analysis is not
‘weighted’ in favour of the larger or smaller animal.

This study was financed by a Medical Research Council Studentship. 1 would like
to express my thanks to my supervisor, Professor G. M. Hughes, and to Dr R. A.
Avery for supplying some of the L. vivipara and for many discussions on the ecology
and behaviour patterns of Lacerta.
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