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Energetic Cost of Predation: Aerobic Metabolism during Prey 
Ingestion by Juvenile Rattlesnakes, Crotalus durissus 

ARIOVALDO P. CRUZ-NETO, DENIS V. ANDRADE, AND AUGUSTO S. ABE 

Departamento de Zoologia, Instituto de Biociencias, Universidade Estadual Paulista, c. p. 199, Cep 13506-900, 
Rio Claro, SP, Brasil. E-mail: neto@ms.rc.unesp.br 

ABSTRACT.-We investigated the cost of prey ingestion in the South American rattlesnake, Crotalus dur- 
issus, to see if the capacity to generate energy aerobically could be a constraint on the size of the prey that 
can be ingested. To accomplish this goal, we measured time and aerobic metabolism (inferred from oxygen 
consumption) of juvenile C. durissus ingesting prey ranging from 10 to 50% of their own body mass. Time 
needed for prey ingestion increased with prey size, with prey representing 10 and 20% of snake size being 
ingested with the same effort Whole animal rates of oxygen consumption increased linearly with prey size, 
but at a slower pace for snakes ingesting prey larger than 30% of their body mass. Aerobic factorial power 
input necessary for prey ingestion increased with prey size, and for snakes ingesting prey representing 50% 
of their body mass it equaled the aerobic factorial scope for exercise. For the maximum prey size tested, the 
aerobic derived energy necessary for prey ingestion represented 0.02% of the total energy content of the 
prey. Within the prey size range we studied, the cost of ingestion did not constitute any constraint on the 
size of the prey that can be ingested. These constraints are set by morphological (gape size), ecological 
(predation risk), and, probably, by physiological parameters, as suggested by the tendency of VO2 during 
ingestion to increase at a slower pace at relative larger prey sizes. 

Several evolutionary scenarios consider mor- 
phological modifications related to dietary de- 
mands as the main driving force for the im- 
pressive radiation experienced by snakes (Riep- 
pel, 1980; Greene, 1983). Early in the evolution 
of this group, small modifications of the jaw ap- 
paratus permitted them to ingest prey of rela- 
tively large mass (Gans, 1961). This modifica- 
tion were associated with a shift in foraging 
mode, from frequent ingestion of small prey to 
infrequent ingestion of large prey (Greene, 
1983). 

The feeding biology of snakes has been ex- 
amined from several perspectives: predator- 
prey relationships (Arnold, 1993), kinematics of 
jaw apparatus during prey handling and inges- 
tion (Cundall, 1987), dietary correlates of evo- 
lution (Greene, 1983), and physiological aspects 
of digestion (Andrade et al., 1997). Despite the 
attention given to morphological, behavioral, 
and ecological aspects of predation in snakes, 
some fundamental questions remain. For ex- 
ample, studies on the energetic correlates of pre- 
dation in snakes are rare (Feder and Arnold, 
1982). In lizards, studies on energetic expendi- 
ture associated with ingestion of different prey 
sizes have provided data that have clarified 
some aspects related to optimal foraging theory 
(Pough and Andrews, 1985), the constraints on 
feeding due to their morphological adaptation 
for a particular habitat (Andrews et al., 1987), 
the metabolic support (aerobic or anaerobic) 
during feeding (Preest, 1991), and the relation- 
ship between prey size and sexual size dimor- 

phism (Preest, 1994). Nonetheless, extrapolation 
of these interpretations to snakes may be mis- 
leading, due to fundamental differences in feed- 
ing mechanisms between these groups (Gans, 
1961). 

Herein, we quantify aerobic metabolism and 
the time expended by juvenile South American 
rattlesnakes, Crotalus durissus, in ingesting prey 
of relative different sizes. Crotalus durissus, like 
other viperids, possess very derived specializa- 
tions associated with feeding and ingest prey of 
a wide size range (S. S. Santana, unpubl. data), 
which make it a suitable model to test the effects 
of prey size on feeding energetics in snakes. 
Since there is a lack of data on the relationship 
between energetic expenditure and prey inges- 
tion in snakes (but see Feder and Arnold, 1982), 
we analyzed our data in two ways: (1) by com- 
paring energy expenditure for ingesting differ- 
ent prey size with the maximum aerobic capac- 
ity of this species, and (2) by analyzing the re- 
lationship between energy input and return as- 
sociated with the ingestion of different prey 
sizes. With this approach we attempted to de- 
termine how the physiological capabilities, in 
terms of oxygen consumption, vary with the in- 
gestion of different relative prey sizes. The re- 
sults will help to determine if these variation 
sets an upper limit to the size of the prey that 
can be ingested by juvenile C. durissus. 

MATERIAL AND METHODS 

Experimental Animals.-We used 15 juvenile 
Crotalus durissus of both sexes in this study. 
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These snakes came from the same litter as those 
used in our previous study on the energetics of 
digestion in rattlesnakes (Andrade et al., 1997). 
Protocol for maintenance of the snakes in cap- 
tivity are in Andrade et al. (1997). We fasted 
snakes for at least 10 d before the experiments 
in order to raise the level of hunger, and used 
only healthy snakes that were not in shedding 
phase. 

Experimental Protocol.-We assessed the aero- 
bic cost of ingestion by measuring rates of ox- 
ygen consumption before and during prey swal- 
lowing. All experiments were carried out in a 
constant temperature room at 30 C. After 
weight measurements, we placed a snake in a 
metabolic charber (volume = 1.2-1.8 L). The 
snakes were left overnight in this condition and 

during this time room air was pumped through 
the chamber. On the next morning, the pump 
was shut off, the chamber sealed, and rates of 
oxygen consumption were measured for the 
next two hours by taking a 10 ml sample every 
30 min. To assure mixing, we pushed air back 
and forth several times with a syringe before 
taking a sample. After removing CO2 and water 
vapor, we injected the air sample into an Ap- 
plied Electrochemistry S3A Oxygen Analyzer. 
Oxygen concentration was read directly from 
the digital output of the 02 analyzer and whole- 
animal rates of oxygen consumption (VO2) were 
calculated according to Vleck (1987). 

Following baseline measurements, we opened 
the chamber and introduced a live mouse 
weighing 10, 20, 30, or 50% (?1% for all cases) 
of the body mass of the snake in the respirom- 
eter. Each of the fifteen snakes used in this ex- 
periment were tested with each of the four prey 
sizes, with an interval of 10-20 d between mea- 
surements. We randomly determined the order 
of prey presentation to avoid possible effects of 
training on prey ingestion ability and to bal- 
ance, as closely as possible, the snake masses 
among experimental groups (see below). 

In all cases, following the introduction of the 

prey in the respirometer, the snakes immediate- 

ly struck and released the prey. The prey often 
died in less than 5 min, and the snake started 
to ingest it after 2-10 min. When the swallowing 
phase of ingestion started, we took a first 10 ml 
sample and injected it into the 02 analyzer. A 
second 10 ml air sample was taken when the 
prey had just disappeared into the snake mouth 
and the tongue first protruded. During this pro- 
cedure, we pushed air back and forth several 
times with a syringe before taking a sample in 
order to assure perfect mixing. We recorded 
with a stop-watch the time elapsing between 
these stages, and calculated whole-animal rates 
of oxygen uptake as described above. Only 

snakes that swallowed prey head-first were in- 
cluded in the analysis. 

Data Handling and Analysis.-We assumed that 
the average of the two lowest values recorded 
before the feeding trials was the standard met- 
abolic rate (SMR). For the feeding trials we as- 
sumed that the oxygen consumed and time 
elapsed between the first and second sample 
represented, respectively, the oxygen consump- 
tion (VO2ing) and time expended (T,,) during 
prey ingestion. 

We transformed VO,ing and prey mass to en- 
ergetic equivalents by estimating the following 
parameters: (1) Energy content of the prey, by 
assuming that each g of a mouse (wet mass) 
yields 8.95 kJ (Smith, 1976); (2) the net energetic 
cost of ingestion by assuming that each ml of 
02 consumed during prey ingestion (after sub- 
tracted the cost of maintenance during this pe- 
riod, calculated from SMR values) was equiva- 
lent to 0.0198 kJ (Gessman and Nagy, 1988). The 
percentage of the total energy content of the 
prey that is used for ingestion was found by the 
following formula: 

(net energetic cost of ingestion 
- total energy content of the prey) * 100 

For statistical purposes, we defined four 
groups, based on the weight ratio of prey! snake 
body mass (hereafter referred as G10%, weight 
ratio = 0.1; G20%, weight ratio = 0.2; G30%, 
weight ratio = 0.3, and G50%, weight ratio = 

0.5). Comparisons of the variables (body mass, 
SMR, V02, VO2ing, Ting, and so on) were carried 
out between these groups. Because each individ- 
ual was measured repeatedly for each prey size, 
we employed a one way repeated-measure AN- 
OVA with univariate-corrected probabilities 
(Potvin et al., 1990). Before running this test, we 
checked for the assumptions of normality and 
homogeneity of variances. If these assumptions 
failed, we first attempted to log-transform the 
variables prior to analysis. A parametric ANO- 
VA was used in the cases where the log-trans- 
formation helped to achieve normality and ho- 
mogeneity. In situations where this was not the 
case, a Friedman Repeated Measures Analysis 
of Variance on Ranks was used with the raw 
data. Since we had equal number of observa- 
tions for each group, a Student Newman-Keuls 
(SNK) post-hoc test was used to distinguish dif- 
ferences between experimental groups. We pre- 
sent all values as mean +1 SD and designate 
the level of statistical significance as P - 0.05. 

RESULTS 
Mean body mass of the snakes varied only 

about 1% among the experimental groups, rang- 
ing from 49.8 to 50.4 g (Table 1). There was no 
difference between snake body mass among the 
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TABLE 1. Snake body mass (grams), meal mass (grams), meal energy (kJ), cost of ingestion, quantified as 
kJ and as a percentage of total energy content of prey for juvenile Crotalus durissus ingesting mice equalling 
10%, 20%, 30%, and 50% of snake body mass (experimental groups). The calculations for meal energy, total 
energy content of prey and costs of ingestion are explained in the text. All values presented are mean ? 1 SD 
for 15 observations. Values in parentheses denote range of observations. 

Cost of 
Experimental Snake body Meal energy Cost of ingestion ingestion/meal 

groups mass Meal mass (kJ) (kJ) energy (%) 

G1 49.9 -t- 19.2 5.06 + 1.9 45.3 - 17.4 0.0013 ? 0.0002 0.003 + 0.001 
(WR = 0.1) (23.5-85.6) (2.4-8.6) (19.4-69.2) (0.0003-0.002) (0.001-0.005) 

G2 50.4 + 18.5 10.03 + 3.7 89.8 + 34.1 0.008 + 0.007 0.008 + 0.004 
(WR = 0.2) (26.6-85.1) (5.2-16.6) (41.4-133.1) (0.0016-0.026) (0.003-0.02) 

G3 49.03 + 18.7 14.8 + 5.6 132.5 + 51.9 0.018 + 0.015 0.01 + 0.007 
(WR = 0.3) (25.3-79.3) (7.8-23.8) (61.9-190.3) (0.003-0.047) (0.004-0.02) 

G4 49.8 + 16.9 24.8 + 8.5 221.5 + 78.7 0.042 + 0.035 0.02 + 0.009 
(WR = 0.5) (27.8-80.4) (13.6-40.6) (108.8-324.8) (0.009-0.126) (0.007-0.03) 

four experimental groups (F359 = 0.49, P = 0.69). 
VO2 before feeding trials (SMR) followed the 
same pattern as described for snake body mass. 
There was no difference in SMR among exper- 
imental groups (F359 = 0.86; P = 0.47), with av- 
erage values ranging from 0.044 to 0.046 
mlO2-g--.h-I (Fig. 1A). 
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FIG. 1. Variations in oxygen consumption (A) and 
ingestion time in relation to the prey weight/snake 
weight ratio. Prey weight/snake weight ratio is rep- 
resented as relative prey size (10, 20, 30 and 50%). 
Dots and transversal bars represent mean values and 
+1 SD. Lower trace in A indicate the mean SMR val- 
ues for the experiemental subjects. 

We found that the rate of oxygen consumed 
during prey ingestion (VO2) varied among the 
four experimental groups (F3,9 = 100.8; P < 
0.001; Fig. 1A). VO2 varied from 0.07 
mlO2 g- -h-1 for snakes in G10% to 0.21 
mlO2.g--.h-1 for snakes in G50%. VO2 increased 
with the increase in prey size (Fig. 1A), so that 
the values recorded for the G50% > G30% > 
G20% > G10% (SNK: P < 0.05 for all compar- 
isons). Time needed for ingesting a prey also 
varied among the experimental groups (F3,9 = 

69; P < 0.0001; Fig. 1B), ranging from three 
minutes for snakes in G10% to 12 min for 
snakes in G50%. Snakes in group G50% took 
more time to ingest than snakes in other groups 
(SNK: P < 0.05 for all comparisons). Also, 
snakes in G30% needed more time to ingest 
than those in G20% or G10% (SNK: P < 0.05 
for both comparisons). Snakes in G10% and 
G20% did not differ from each other in respect 
to time needed for ingestion (3 and 4.2 min- 
utes-SNK: P > 0.05). 

Data on ingestion cost are found in Table 1. 
Both the total energetic content of the prey (F3 59 
= 115.8; P < 0.0001) and the net energy spent 
for ingestion (F359 = 281.3; P < 0.0001) in- 
creased with increasing prey size (SNK: P < 
0.05 for all pairwise comparisons). The energy 
allocated for ingesting a prey varied with prey 
mass (X2 = 42.9, df = 3; P < 0.001), representing 
only 0.003-0.02% of the total energy content of 
the prey. 

DISCUSSION 
Rates of oxygen consumption and time need- 

ed for ingestion increased with increasing rela- 
tive prey size for juvenile C. durissus, but in a 
different fashion. V02 increased more sharply 
from G10% to G30% than from G30% to G50%, 
i.e., 02 consumption rate did not increase pro- 
portionately with the increase in relative prey 

a I& 
& 0 
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size. Thus, our data suggest a tendency for the 
VO2 to increase at a slower pace as snakes took 
larger prey. Due to their lung morphology, the 
02 extraction efficiency of snakes is very low 
(Stinner, 1982). Moreover, it has been suggested 
that the rates of gas exchange of crotaline and 
viperine snakes are further constrained by the 
lower capacity of their cardio-respiratory sys- 
tems (Lillywhite and Smits, 1992), which seems 
to be more pronounced in juveniles than in 
adults (Pough, 1977). Taken together, these lim- 
itations may account for the slow increase in 
VO2 as C. durissus were ingesting relative prey 
sizes above 30%. These limitation may be fur- 
ther enhanced because, during ingestion, the 
airway was blocked for most of the time. The 
extent by which 02 stores present in air sacs 
could be used to accommodate the increased 
demand for 02, and offset the problem of 
blocked airways during ingestion, is debatable 
(Brattstrom, 1959; McDonald, 1959). Thus, it 
seems that juvenile C. durissus have difficulty in 
supplying an adequate amount of 0, during in- 
gestion of relative large prey. 

Facing the limitations discussed above, it is 
plausible that some of the energy needed by C. 
durissus to ingest relative large prey could be 
provided by anaerobic metabolism. Feder and 
Arnold (1982) reported that for Thamnophis ele- 
gans eating a salamander (Plethodon jordani) with 
a relative prey mass of about 14%, the total 
amount of energy derived from the anaerobic 
pathway may be as much as 26% of the total 
energy devoted to ingestion. Similar patterns, 
albeit with a lower proportion (ca. 8%), have 
been reported for lizards swallowing prey 
whole (Pough and Andrews, 1985; Preest, 1991). 
Anaerobic pathways may become important 
when animals reach a certain threshold where 
the demands for activity exceed levels than can 
be met by aerobic pathways (Taigen and Beu- 
chat, 1984). In snakes, the upper limit of this 
threshold is normally associated with the aero- 
bic factorial scope for activity (Ruben, 1976; 
Cruz-Neto and Abe, 1997), which, for juveniles 
rattlesnakes, is 4.4 (Andrade et al., 1997). The 
aerobic factorial power input necessary for ju- 
veniles C. durissus to eat prey representing 10, 
20, 30, and 50% of their body mass is respec- 
tively, 1.6, 2.4, 3.4, and 4.3. This means that dur- 
ing ingestion of relative prey size ranging of 10, 
20, 30, and 50%, C. durissus uses about 36, 55, 
77, and 98% of their total aerobic factorial scope 
for activity. Notwithstanding the problem in 
comparing muscles that might have different 
oxidative capacities (see also Andrade et al., 
1997; Secor and Diamond, 1997), it seems prob- 
able that C. durissus incur anaerobiosis when in- 
gesting relative large prey, especially in the prey 
mass range above 30%. The use of anaerobic 

metabolism, however, has a serious drawback, 
since it is not very efficient in generating energy 
and is often correlated with rapid exhaustion 
(Glesson, 1991). Thus, a snake cannot rely on the 
use of this pathway for long periods, since ex- 
haustion may jeopardize the ability to engage in 
other activities. 

Ingestion time increased in an approximately 
linear way with relative prey size, with larger 
prey requiring more time to be ingested than 
smaller ones. Thus, the time for prey ingestion, 
contrary to that observed for VO2, continues to 
increase as relative prey size increases. Presently 
it is very difficult to determine if ingestion of 
large prey could be constrained by the longer 
time needed for its ingestion. However, as prey 
size increases, more time is needed for its in- 
gestion, and the snake, during this process, may 
be at risk of predation. After ingestion, snakes 
that feed on large prey have their locomotion 
ability impaired (Garland and Arnold, 1983) 
which further increases the risk of predation. 
Given this considerations, it seems plausible 
that, together with morphological (e.g., gape 
size: see Forsman, 1996) and physiological lim- 
itations (discussed above), ecological factors 
(e.g., ingestion time) could make the large en- 
ergetic return provided by a large prey less prof- 
itable. 

In energetics terms, a given relative prey size 
might become limiting for a snake if the costs 
associated with all phases of predation (cf. Tay- 
lor, 1984) exceed the net profit provided by the 
prey. Considering only prey ingestion, we have 
shown that the aerobic cost to ingest prey rang- 
ing from 10 to 50% of the snake body mass rep- 
resents only 0.003 to 0.02% of the total energy 
content of prey. These results, however, could 
represent only a fraction of the total ingestion 
cost, because we did not include the costs as- 
sociated with the use of anaerobic metabolism, 
as well as the costs associated with a possible 
oxygen debt. Moreover, data on assimilation ef- 
ficiency for rattlesnakes are not available. Feder 
and Arnold (1982) estimated that the total en- 
ergetic cost of prey ingestion in T elegans eating 
P jordani was equivalent to 0.76% of the total 
energy content of the prey. If we only consider 
the amount of energy aerobically derived, T. ele- 
gans will spent ca. 0.3% of the total energetic 
content of the prey to ingest it (Feder and Ar- 
nold, 1982; Arnold, 1993). This value is aproxi- 
mately 45 times higher than the energy expen- 
diture expected for a rattlesnake ingesting a 
prey of same mass ratio. At present, we can re- 
late this difference to three factors: (1) The aer- 
obic cost of prey ingestion in T elegans was es- 
timated and not directly quantified; (2) the low- 
er energy content of salamanders, compared to 
mice, causes an increase in the relative cost of 
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prey ingestion as expressed in percentual terms; 
(3) the specialized cranial morphology of viper- 
id snakes (see Pough and Groves, 1983) could 
reduce the energetic cost of prey ingestion as 
compared to colubrids. 

In summary, our data have highlighted some 
ways in which physiology, ecology, and mor- 
phology could interplay during prey ingestion 
in snakes. However, our data interpretation is 
far from being complete for two main reasons. 
First, to gain a complete overview of the ener- 
getic correlates of feeding in snakes we need to 
quantify the costs of prey pursuit and capture. 
Second, more data on other species of snakes are 
needed to verify if the pattern described here is 
restricted only to viperid snakes or constitutes 
a common feature for other snakes as well. The 
study of the aerobic and anaerobic metabolism 
during prey ingestion in snakes with variable 
feeding strategy and different degrees of mor- 
phological and ecological specializations for 
feeding would be very helpful. Also, the study 
of the possible variation that occur in the phys- 
iological parameters involved with prey inges- 
tion during snakes' ontogeny, and the way this 
variation interacts with morphology (e.g., Fors- 
man, 1996) and ecology (e.g., Greene, 1983, 
1992), may help to understand some of the ob- 
served patterns of prey size-snake size rela- 
tionship (Pough and Groves, 1983; Shine, 1991; 
Arnold, 1993). 

Acknowledgments.-Financial support for this 
work was provided by CNPq (proc. 530339/93- 
5), FAPESP (proc. 94/6026-9) and FUNDUNESP 
(proc. 589/92-DFP) grants awarded to A. S. 
Abe. A. P. Cruz-Neto is in receipt of FAPESP 
graduate grants. E. M. Venticinque helped with 
statistical analysis and S. S. Santana allowed us 
access to unpublished data. M. Martins, R. A. 
Anderson and two anonymous reviewer provid- 
ed valuable comments on an earlier version of 
this manuscript. J. Somera provided the figure. 

LITERATURE CITED 

ANDREWS, R. M., F. H. POUGH, A. COLLAZO, AND A. 
DE QUEIROZ. 1987. The ecological costs of morpho- 
logical specialization: feeding by a fossorial lizard. 
Oecologia 73:139-145. 

ANDRADE, D. V., A. P. CRUZ-NETO, AND A. S. ABE. 
1997. Meal size and specific dynamic action in the 
rattlesnake Crotalus durissus. Herpetologica 53:485- 
493. 

ARNOLD, S. J. 1993. Foraging theory and prey-size- 
predator-size relations on snakes. In R. A. Seigel 
and J. T. Collins (eds.), Snakes: Ecology and Be- 
havior, pp. 87-115. McGraw Hill Inc., New York. 

BRATTSTROM, B. H. 1959. The functions of the air sac 
in snakes. Herpetologica 15:103-104. 

CRUZ-NETO, A. P., AND A. S. ABE. 1997. Oxygen up- 
take during forced activity and recovery in the pit- 

viper Bothrops moojeni (Serpentes: Viperidae). Cien. 
Cult. 49:195-198. 

CUNDALL, D. 1987. Functional morphology. In R. A. 
Seigel, J. T. Collins, and S. S. Novak (eds.), Snakes: 
Ecology and Evolutionary Biology, pp. 106-140. 
McGraw Hill Inc., New York. 

FEDER, M. E., AND S. J. ARNOLD. 1982. Anaerobic me- 
tabolism and behavior during predatory encoun- 
ters between snakes (Thamnophis elegans) and sal- 
amanders (Plethodon jordani). Oecologia 53:93-97. 

FORSMAN, A. 1996. Body size and net energy gain in 
gape-limited predators: a model. J. Herpetol. 30: 
307-319. 

GANS, C. 1961. The feeding mechanism of snakes and 
its possible evolution. Amer. Zool. 1:217-227. 

GARLAND, T., AND S. J. ARNOLD. 1983. Effects of full 
stomach on locomotory performance of juvenile 
garter snakes (Thamnophis elegans). Copeia 1983: 
1092-1096. 

GESSAMAN, J. A., AND K. A. NAGY. 1988. Energy me- 
tabolism: errors in gas-exchange conversion fac- 
tors. Physiol. Zool. 61:507-513. 

GLESSON, T. T. 1991. Patterns of metabolic recovery 
from exercise in amphibians and reptiles. J. Exp. 
Biol. 160:187-207. 

GREENE, H. W. 1983. Dietary correlates of the origin 
and radiation of snakes. Amer. Zool. 23:431-441. 

.1992. The ecological and behavioral context 
for pitvipers evolution. In J. A. Campbell and E. D. 
Brodie (eds.), Biology of the Pitvipers, pp. 107-118. 
Selva, Tyler, Texas. 

LILLYWHITE, H. B., AND A. SMITS. 1992. The cardio- 
vascular adaptations of viperid snakes. In J. A. 
Campbell and E. D. Brodie (eds.), Biology of the 
Pitvipers, pp. 143-154. Selva, Tyler, Texas. 

MCDONALD, H. S. 1959. Respiratory functions of the 
ophidian air sac. Herpetologica 15:193-198. 

POTVIN, C., M. J. LECHOWICZ, AND S. TARDIF. 1990. 
The statistical analysis of ecophysiological re- 
sponse curves obtained from experiments involv- 
ing repeated measures. Ecology 71:1389-1400. 

POUGH, F H. 1977. Ontogenetic changes in blood ox- 
ygen capacity and maximum activity in garter 
snakes (Thamnophis sirtalis). J. Comp. Physiol. B 
116:337-345. 

, AND J. D. GROVES. 1983. Specializations of the 
body form and food habits of snakes. Amer. Zool. 
23:443-454. 

,AND R. M. ANDREWS. 1985. Energy costs of 
subduing and swallowing prey for a lizard. Ecol- 
ogy 66:1525-1553. 

PREEST, M. R. 1991. Energetic costs of prey ingestion 
in a scincid lizard, Scincella lateralis. J. Comp. Phy- 
siol. B 161:327-332. 

. 1994. Sexual size dimorphism and feeding en- 
ergetics in Anolis carolinensis: why do females take 
smaller prey than males? J. Herpetol. 28:292-298. 

RIEPPEL, 0. 1980. The evolution of ophidian feeding 
system. Zool. Jb. Anat. 103:551-564. 

RUBEN, J. A. 1976. Aerobic and anaerobic metabolism 
during activity in snakes. J. Comp. Physiol. 109: 
147-157. 

SECOR, S. M., AND J. DIAMOND. 1997. Determinants of 
the postfeeding metabolic response of burmes py- 
thons, Python molorus. Physiol. Zool. 70:202-212. 

233 

This content downloaded from 200.145.191.239 on Thu, 28 Nov 2013 10:48:59 AM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


A. P. CRUZ-NETO ET AL. A. P. CRUZ-NETO ET AL. 

SHINE, R. 1991. Why do larger snakes eat larger prey 
items? Funct. Ecol. 5:493-502. 

SMITH, G. C. 1976. Ecological energetics of three spe- 
ces of ectothermic vertebrates. Ecology 57:252- 
264. 

STINNER, J. N. 1982. Functional anatomy of the lung 
of the snake Pituophis melanoleucus. Amer. J. Phy- 
siol. 243:R251-R257. 

TAIGEN, T. L., AND C. A. BEUCHAT. 1984. Anaerobic 

SHINE, R. 1991. Why do larger snakes eat larger prey 
items? Funct. Ecol. 5:493-502. 

SMITH, G. C. 1976. Ecological energetics of three spe- 
ces of ectothermic vertebrates. Ecology 57:252- 
264. 

STINNER, J. N. 1982. Functional anatomy of the lung 
of the snake Pituophis melanoleucus. Amer. J. Phy- 
siol. 243:R251-R257. 

TAIGEN, T. L., AND C. A. BEUCHAT. 1984. Anaerobic 

threshold of anuran amphibian. Physiol. Zool. 57: 
641-647. 

TAYLOR, R. J. 1984. Predation. Chapman and Hall, 
London. 

VLECK, D. 1987. Measurement of 02 consumption, CO2 
production, and water vapor production in a 
closed system. J. Appl. Physiol. 62:2103-2106. 

Accepted: 15 January 1999. 

threshold of anuran amphibian. Physiol. Zool. 57: 
641-647. 

TAYLOR, R. J. 1984. Predation. Chapman and Hall, 
London. 

VLECK, D. 1987. Measurement of 02 consumption, CO2 
production, and water vapor production in a 
closed system. J. Appl. Physiol. 62:2103-2106. 

Accepted: 15 January 1999. 

Journal of Herpetology, Vol. 33, No. 2, pp. 234-240, 1999 
Copyright 1999 Society for the Study of Amphibians and Reptiles 

Effects of Post-hatching Maintenance Temperature on Desert Tortoise 
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ABSTRACT.-Effects of post-hatching maintenance temperature on growth, morphology, and behavioral 

thermoregulation were studied in the desert tortoise (Gopherus agassizii). Tortoises were held at one of three 

temperatures (19, 28, 37 C) during the four months following hatching, then placed into a control temperature 
of 28 C. Body mass, maximum plastron width, height, and length ratios were determined monthly for the 

following year. Nine months post-hatching, cloacal and shell temperatures were determined while animals 
were allowed to behaviorally regulate their temperature in a thermal gradient ranging from 23-45 C. Ani- 
mals held at 37 C had a greater surface area-to-volume ratio (flat morphology) than animals maintained at 
19 or 28 C (round morphology). These morphological changes were correlated with thermoregulatory be- 
havior. Animals with a greater surface area-to-volume ratio (37 C) had a lower cycle frequency (movement 
between minimum and maximum temperatures) and higher mean core temperature than 19 and 28 C ani- 
mals. These experiments indicate the existence of a window during juvenile development in which tem- 

perature will influence morphological and behavioral characteristics. 
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During the summer months the desert tor- 
toise exhibits a bimodal activity period, with an- 
imals more active during the early morning and 
late afternoon. Animals retreat to shallow bur- 
rows during the hottest part of the day, where 
they are protected from the sun and can take 

advantage of the lower subsurface temperatures 
(Nagy and Medica, 1986). Even with activity 
limited during mid-day these animals must tol- 
erate harsh temperature regimes and limited 
water availability. This tortoise has evolved a 
number of interesting behavioral and physiolog- 
ical mechanisms that allow it to survive in such 
a harsh environment (Auffenberg, 1969; Voight 
and Johnson, 1976; Bailey et al., 1995). Some of 
the less understood adaptations to hot, arid en- 
vironments occur during development (embry- 
onic and juvenile) when physiological set-points 
and behavioral thermoregulatory patterns can 
be established. 
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Environmental parameters have been shown 
to play a significant role in determining both 
morphological and physiological characteristics 
in a number of amphibian and reptilian species 
(Barber and Crawford, 1979; Burggren and 
Mwalukoma, 1983; Pinder and Burggren, 1983; 
Spotila and Standora, 1986). For example, incu- 
bation temperature influences the duration of 
development, sex ratios, and hatchling mass 
(Miller et al., 1985; Spotila and Standora, 1986; 
Gutzke and Packard, 1987; Packard and Pack- 
ard, 1988; Spotila et al., 1994; Birchard and Rei- 
ber, 1995; Lewis-Winokur and Winokur, 1995). 
Incubation temperature has also been shown to 
alter long-term physiology and behavior in pine 
snakes (Pituophis melanoleucus), black racers (Col- 
uber constrictor), kingsnakes (Lampropeltis getu- 
lus) (Burger, 1989, 1990) crocodiles (Crocodylus 
siamensis) (Lang, 1985), scincid lizards (Bassiana 
duperreyi) (Shine et al., 1997), water pythons 

Environmental parameters have been shown 
to play a significant role in determining both 
morphological and physiological characteristics 
in a number of amphibian and reptilian species 
(Barber and Crawford, 1979; Burggren and 
Mwalukoma, 1983; Pinder and Burggren, 1983; 
Spotila and Standora, 1986). For example, incu- 
bation temperature influences the duration of 
development, sex ratios, and hatchling mass 
(Miller et al., 1985; Spotila and Standora, 1986; 
Gutzke and Packard, 1987; Packard and Pack- 
ard, 1988; Spotila et al., 1994; Birchard and Rei- 
ber, 1995; Lewis-Winokur and Winokur, 1995). 
Incubation temperature has also been shown to 
alter long-term physiology and behavior in pine 
snakes (Pituophis melanoleucus), black racers (Col- 
uber constrictor), kingsnakes (Lampropeltis getu- 
lus) (Burger, 1989, 1990) crocodiles (Crocodylus 
siamensis) (Lang, 1985), scincid lizards (Bassiana 
duperreyi) (Shine et al., 1997), water pythons 

234 234 

This content downloaded from 200.145.191.239 on Thu, 28 Nov 2013 10:48:59 AM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp

	Article Contents
	p. [229]
	p. 230
	p. 231
	p. 232
	p. 233
	p. 234

	Issue Table of Contents
	Journal of Herpetology, Vol. 33, No. 2 (Jun., 1999), pp. 173-352
	Front Matter
	Ecology
	Variation in Clutch Size and Offspring Size Relative to Environmental Conditions in the Lizard Sceloporus virgatus [pp.  173 - 180]
	Diets of Spectacled and Black Caiman in the Anavilhanas Archipelago, Central Amazonia, Brazil [pp.  181 - 192]
	Comparative Phenology and Demography of Triturus boscai from Portugal [pp.  192 - 202]
	Reproductive Ecology of the Horseshoe Whip Snake (Coluber hippocrepis) in the Iberian Peninsula [pp.  202 - 207]
	Movement and Microhabitat Use of a Terrestrial Amphibian (Bufo marinus) on a Tropical Island: Seasonal Variation and Environmental Correlates [pp.  208 - 214]

	Behavior
	Aggressive Interactions during Basking among Four Species of Emydid Turtles [pp.  214 - 219]

	Morphology
	Absence of Dorsal Glands in the Cloaca of Male Chioglossa lusitanica and the Possible Correlation with Courtship Mode [pp.  220 - 228]

	Physiology
	Energetic Cost of Predation: Aerobic Metabolism during Prey Ingestion by Juvenile Rattlesnakes, Crotalus durissus [pp.  229 - 234]
	Effects of Post-Hatching Maintenance Temperature on Desert Tortoise (Gopherus agassizii) Shell Morphology and Thermoregulatory Behavior [pp.  234 - 240]

	Behavior
	Winter Aggregation and Its Relationship to Social Status in the Tree Lizard, Urosaurus ornatus [pp.  240 - 248]

	Ecology
	Ecological Attributes of Two Commercially-Harvested Python Species in Northern Sumatra [pp.  249 - 257]

	Behavior
	Aggressive Interactions and Mating in Wild Populations of the European Pond Turtle Emys orbicularis [pp.  258 - 263]

	Systematics
	Additional Species of Mabuya Fitzinger (Reptilia: Squamata: Scincidae) from Western Madagascar [pp.  264 - 280]

	Conservation
	Nightly and Seasonal Movements of Boiga irregularis on Guam [pp.  281 - 291]

	Physiology
	Embryonic Energetics in Eggs of Two Species of Australian Skink, Morethia boulengeri and Morethia adelaidensis [pp.  291 - 297]

	Shorter Communications
	Conservation
	Amphibian Habitat Preferences among Artificial Ponds in the Palouse Region of Northern Idaho [pp.  298 - 303]
	Effects of a Pesticide on Tadpole Activity and Predator Avoidance Behavior [pp.  303 - 306]

	Physiology
	Parental Investment in the Red-Eared Slider Turtle, Trachemys scripta elegans [pp.  306 - 309]

	Behavior
	Male Preference for Large Females in the Lizard Platysaurus broadleyi [pp.  309 - 312]

	Morphology
	The Tadpole of Physalaemus santafecinus, with Comments on Buccopharyngeal Morphology [pp.  312 - 315]

	Ecology
	Ecological Distribution of the Geckos Tarentola mauritanica and Hemidactylus turcicus in the Urban Area of Rome in Relation to Age of Buildings and Condition of the Walls [pp.  316 - 319]

	Systematics
	Possible Phylogenetic Constraint on Clutch Size in the Parthenogenetic Teiid Lizard Cnemidophorus neotesselatus [pp.  319 - 323]
	Description of the Tadpole of Bufo tutelarius, Natural History Notes on the Bufo valliceps Group, and a Key to the Tadpoles of the Group [pp.  324 - 328]

	Ecology
	Dispersal of Namaqua Fig (Ficus cordata cordata) Seeds by the Augrabies Flat Lizard (Platysaurus broadleyi) [pp.  328 - 330]

	Morphology
	The Timing and Pattern of Myogenesis in Hymenochirus boettgeri [pp.  330 - 334]

	Conservation
	Ontogenetic Shifts in Carrion Attractiveness to Brown Tree Snakes (Boiga irregularis) [pp.  334 - 336]

	Ecology
	Reproductive Cycle of the Tropical Night Lizard Lepidophyma pajapanensis from Veracruz, México [pp.  336 - 339]
	Aspects of the Ecology of Worm Snakes (Carphophis amoenus) Associated with Small Isolated Wetlands in South Carolina [pp.  339 - 344]
	Effects of Toe-Clipping and PIT-Tagging on Growth and Survival in Metamorphic Ambystoma opacum [pp.  344 - 348]

	Behavior
	Courtship Behavior in a Polymorphic Population of the Tiger Salamander, Ambystoma tigrinum nebulosum [pp.  348 - 351]

	Back Matter [pp.  352 - 352]



